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ARTICLE INFO ABSTRACT

Keywords: Gastropods and ostracods are widely used in Quaternary paleoenvironmental reconstructions but the taphonomic
Comparative taphonomy studies that should precede them are not as common. In this paper we compare the taphonomic information
Gastropods obtained from assemblages recovered in Holocene fluvial sequences of the Salado River basin (Buenos Aires,
Ostracods . T . L. . . . .

Holocene Argentina) and analyze the changes or similarities between species, localities and stratigraphic units. Using
Argentina taphonomic grades, gastropod shells were cataloged based on three attributes: fragmentation, discoloration and

dissolution. For ostracods, discoloration and dissolution together with the population structure (adults-juveniles
A/J, valves-carapace V/C and male-female ratios) were analyzed. For gastropods, Heleobia parchappii, Bio-
mphalaria peregrina and Succinea meridionalis showed similar preservation patterns, and Miradiscops brasiliensis
showed least evidence of alteration. In ostracods, these patterns varied among species. For V/C ratio, 7% of
assemblages were formed only by valves, 82% were dominated by valves and 11% were dominated by carapaces.
Fragmentation and population structure allowed autochthonous and allochthonous associations to be distin-
guished. Gastropod assemblages with low levels of fragmentation were recovered mainly from the uppermost
levels of the stratigraphic profiles. For ostracods, the A/J ratio showed that 52% of the assemblages were
dominated by adults with most ontogenetic stages represented and 29% retained their original population
structure suggesting they would be autochthonous associations, whereas 19% of the assemblages were domi-
nated by juvenile valves therefore assuming allochthonous associations. Our results indicate that taphonomic
analysis is an effective tool that allows identifying autochthonous assemblages, which are the most reliable for
robust paleoenvironmental reconstructions.

1. Introduction Taphonomic studies allow interpreting the degree in which the fossil

assemblages reflect the community and the original environment (e.g.

Multi-proxy studies are ideal for carrying out paleoenvironmental
and paleoclimatic reconstructions (e.g. Sayer et al., 1999; Adams et al.,
2002; Palacios-Fest et al., 2006, 2016, 2021; Birks et al., 2010; Hassan
et al., 2014; Laprida et al., 2006; Borromei et al., 2018; Coviaga et al.,
2017); however, the taphonomic analyses on which they should be
based are mostly limited to individual taxa. Comparative taphonomic
studies provide information on the preservational history of different
groups accumulated in the same sequence (e.g. Brett and Baird, 1986;
Adams et al., 2002; Hassan et al., 2014; Palacios-Fest et al., 2021), and
how these biases can differentially affect the individuals involved and
therefore the subsequent interpretations.

* Corresponding author.

Cohen, 1989; Palacios-Fest et al., 1994; Park et al., 2003; Rodrigues
et al., 2009; Ferrero, 2009; Hassan et al., 2014; Prieto et al., 2014;
Pisano et al., 2015; Bullard et al., 2017). The analysis of fluvial se-
quences has several difficulties, such as the transport and the mixing of
materials, which are common in water courses. Therefore, as long as the
depositional characteristics of the environment are understood a priori,
through taphonomic analyzes, it is possible to extract from the in-
dividuals and associations information to know with greater certainty
the dynamics and characteristics of the environments they inhabited (e.
g. Adams et al., 2002; Tomassini and Montalvo, 2013; Erthal et al., 2015;
Martello et al., 2017; Pisano et al., 2018; Ilarri et al., 2019; Palacios-Fest
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et al., 2021).

Ostracods and gastropods are very abundant invertebrates in Qua-
ternary freshwater environments. They share a series of characteristics,
such as exoskeletons made of calcium carbonate and high sensitivity to
changes in the aquatic environments they inhabit, e.g., temperature, pH,
alkalinity, salinity and fluctuations in water levels (Adams et al., 2002;
Dillon, 2004; Mezquita et al., 2005; Ruiz et al., 2013). However, they
differ in other characteristics; for example, gastropods are bigger than
ostracods, gastropods are univalves whereas ostracods have two valves.
In addition, gastropod shells grow continuously throughout their lives,
while ostracods grow by molting (8 stages), which means that a single
individual can generate up to 16 potentially preservable sets of skeletal
elements.

From an environmental point of view, taphonomic studies of marine
invertebrates have been more frequent than those performed on fresh-
water associations and, the analysis of assemblages recovered in limnic
environments has been prioritized over those of lotic environments (i.e.
Kotzian and Simoes, 2006; Martello et al., 2006; Kusnerik et al., 2020).
The analysis of Quaternary fluvial sequences in the upper basin of Sal-
ado River, allows analyzing for the first time gastropod and ostracod
assemblages from a taphonomic point of view in the area. With this
general objective, the following specific goals were proposed for this
study: (1) to characterize the general state of preservation of the
recovered gastropod and ostracod species, based on taphonomic attri-
butes; (2) to recognize and differentiate autochthonous and allochtho-
nous assemblages via taphonomic analysis; (3) to evaluate whether the
state of preservation of the groups is due to the particular characteristics
of each locality or stratigraphic unit where the organisms were found;
and (4) to compare and complement the taphonomic information ob-
tained from both groups to decide which analysis are the most reliable to
perform palaeoenvironmental reconstructions.

2. Study area
2.1. General characteristics

The Salado River basin is located in northeastern Buenos Aires
Province, in the Pampa Deprimida (Depressed Pampa) region (Fig. 1A).
The Salado River watershed, with an area nearly 170,000 km2, is the
main watershed of this region. Its headwaters are located in an area of
shallow lakes and wetlands in the province of Santa Fe and it flows east
into the Samborombén Bay. The Salado River extends for about 650 km
and receives, mainly from its right bank, the contribution of numerous
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tributary courses and artificial channels (Pommarés et al., 2021).

The studied localities (Fig. 1B) are in the upper basin, where the
Salado River is braided, with several active channels, internal bars and a
wide and well-defined flood plain. This braided design contrasts with
the sinuous pattern of much of the middle and lower basin. Unlike what
happens in the middle sectors, in the study area the river has almost no
ravines; therefore, the fluvial units could only be observed by manual
drilling in the floodplain areas adjacent to the main course.

2.2. Stratigraphic scheme

Following the stratigraphic scheme proposed by Fucks et al. (2015),
we recognized three lithostratigraphic units of the fluvial Lujan For-
mation, the La Chumbiada, Gorch and Puente Las Gaviotas Members,
and a soil that is developed in the top of these sequence. In previous
works, numerous radiocarbon dates obtained from gastropod shells,
organic matter and vertebrate collagenic allowed to obtain a chrono-
logical scheme between Late Pleistoceno-Holocene for this succession
(see Fucks et al., 2011; 2015; Mari et al., 2013; Scanferla et al., 2013;
Pommarés et al., 2021).

The La Chumbiada Member is the lowest unit composed of sandy silt
to silty sandy with brown to pinkish gray color, about 40 and 80 cm
thick, deposited in channels and floodplains (Pommarés et al., 2021).
The total thickness could not be determined, due to drilling limitations
resulting from the sediments’ hardness or the water table. This unit is
poorly constrained temporarily due to the lack of datable material; some
of the chronological ages taken from the literature are between 14,040
+50and 12,100 + 100 *4C years BP (Scanferla et al., 2013; Fucks et al.,
2015), which encompass the Late Pleistocene.

The Gorch Member consists of light gray to white sandy muddy to
muddy sandy sediments, about 10-60 cm thick that increasing in
thickness towards the west. Aggregates of fine sand, as well as other
poorly sorted ones sediments with abundant carbonate cement, are
common. They were interpreted as deposited in channels and flood-
plains, during the Early to Middle Holocene with maximum and mini-
mum ages of 11,690 + 110-5130 + 100 '“C years B. P. (Fucks et al.,
2015; Pommarés et al., 2021). Two new AMS ages on H. parchappii
specimens have been obtained for this unit, 10,539 + 36 years BP
(D-AMS 025862) in Vientos del Mar and 9911 + 36 years BP (D-AMS
034847) in Ruta 30.

The Puente Las Gaviotas Member is composed of gray to light gray
sandy silt to mud-clay silt sediments, about 10 and 75 cm thick that
increase in thickness towards the west. Vegetal remains and
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Fig. 1. Study area and Salado Basin (A) and location of sampling sites (B). Source: Google Earth, DigitalGlobe.
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carbonaceous concretions are found in the very coarse sand fraction,
while in the coarse and medium sands there are found seeds, vegetal
remains and valves and shells of gastropods and ostracods. This unit is
interpreted as channel and floodplain environments, was deposited
during the Late Holocene, and its age ranges between 3002 + 40 and
680 + 60 4C years B.P. (Fucks et al., 2015). Finally, a soil is developed
on the top of all sedimentary successions. It is dark gray to black, with
abundant content of decomposing organic matter, roots, lots of seeds,
and saline efflorescence on the surface. Its thickness, which increases
towards the east, varies between 20 and 72 cm.

3. Material and methods
3.1. Materials, sampling and processing

Three localities were selected for this study, from west to east:
Alberti Pla (AP, 35° 4'9.60”S/60°14'32.70"W), Ruta 30 (R30,
35°13'20.80”S/59°43'4.00"W) and Vientos de Mar (VM, 35°16'6.10”S/
59°32'54.20"W) (Fig. 1B). An Edelman manual auger (Eijkelkamp) of 7
cm of diameter was used at each locality to extract samples at depth of
approximately 5 or 6 cm. Therefore, the AP profile comprises 32 samples
that were extracted along ~200 cm; the R30 profile comprises 31
samples that were extracted along ~160 cm, and the VM profile com-
prises 35 samples extracted along ~210 cm.

In the laboratory, each sample was divided in two and each sub-
sample processed separately for gastropods and ostracods indepen-
dently. Samples were washed under running water through two types of
sieves, 500 pm aperture to recover mainly gastropods and 63 pm to
mainly ostracods assemblages. Samples were weighted before and after
washing, dried at room temperature and all valves, carapaces and shells
were recovered using a stereoscopic microscope. The type of sediment
and the stratigraphic unit to which it belonged were recorded for each
sample.

3.2. Methodology

3.2.1. Faunal analyses

In order to select the species to be used in the subsequent taphonomic
analyses, it was first necessary to identify the most abundant species in
the profiles. With this objective, the absolute abundance data of recov-
ered specimens (shells, carapaces or valves) were calculated for a fixed
weight of sediment of 5 g for ostracods and 100 g for gastropods (Ber-
nasconi et al., 2019; Calvo Marcilese et al., 2019; Parras et al., 2020)
using a stereoscopic microscope. These abundances were graphically
represented along stratigraphic profiles, and cluster plots were created
from the Constrained Clustering Analysis, and a broken stick model was
used to determine the number of significant groups or sectors in the
cluster analysis (Birks, 2010); these groups made it possible to define
sectors used to describe the results. Following Adams et al. (2002), the
results for gastropods and ostracods are presented at the species and
community levels, taking all the individuals that form a sample as an
approximation of the paleocommunity.

3.2.2. Taphonomic characterization of gastropods

Taphonomic analysis was performed for each of three attributes:
fragmentation, discoloration and dissolution. Fragmentation is the per-
centage of complete shells preserved, discoloration according to the
colors or finish of the shells and dissolution considering the degradation
of the external surface of the shell, manifested by micro-perforations or
pits and even holes in extreme cases.

These taphonomic attributes were described using taphonomic
grades, which are arbitrary hierarchies of measurements defined in
advance of the analysis (Kowalewski and Flessa, 1995; Kowalewski
et al., 1995) following the criteria described in Table 1 and illustrated in
Fig. 2.

For each attribute, the Total Taphonomic Grade (TTG) was
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Table 1
Description of taphonomic grades used for characterization in gastropods.
Grade 0 Grade 1 Grade 2
Fragmentation =~ More than 80% of Between 80 and Less than 30% of
the shells preserved 30% of the shells the shells preserved
preserved
Discoloration Translucent and White shells with Yellowish,
shiny shells matte finish brownish or black
shells
Dissolution Without alteration Between 10 and More than 50% of

or a chalky surface
over less than 10%
of the shell

50% of the shell
with a chalky
surface and small

the shells with
chalky surface and
large pits or holes

pits

calculated using the formula ((NO*0) + (N1*1) + (N2+*2)/total N)
(Brandt, 1986; Brown et al., 2005) where NO, N1 and N2 are the number
of individuals present in each taphonomic grade. Low TTG values are
expected to be found in samples with well-preserved biological remains.
Taphonomic characterization and quantification of the shells were un-
dertaken using a stereoscopic microscope by a single operator in order to
maintain consistency of the classification criteria (Rothfus, 2004).
Taphonomic analysis was performed only on samples with more than 50
specimens per sample; in the case of those with a high abundance of
individuals, 150 were randomly selected.

3.2.3. Taphonomic characterization of ostracods

Taphonomic attributes (Fig. 3) and population structure were
considered in this study.

For taphonomic characterization, three taphonomic grades were
defined for the attributes of discoloration and dissolution, which are
described in Table 2 and illustrated in Fig. 3. Fragmentation was not
considered in the taphonomic analysis of ostracods. Although some
authors have considered this attribute as a taphonomic parameter for
microfossils (Laprida and Bertels-Psotka, 2003; Bernasconi et al., 2019).
De Decker (1988, 2002) believes that the fragmentation of individuals
may arise during sampling or the subsequent processing of the samples.

As for gastropods, taphonomic analysis was performed only for those
samples with more than 50 specimens, and in the case of those samples
with a high abundance of individuals, 150 were randomly selected. The
TTG was calculated according to the formula described above and
classification and quantification of the taphonomic grades were made by
a single operator.

For population characteristics, following the guidelines of Whatley
(1983, 1988), Wakefield (1995) and Boomer et al. (2003), the
adult-juvenile (A/J) and valves-carapaces (V/C) ratios, were consid-
ered, as well as the male-female ratio in species which exhibit sexual
dimorphism. For the A/J ratio, the length and height of the specimens
were measured. These values were plotted as a graph that was made to
define groups, for each locality and each species, assignable to the
different ontogenetic stages (Danielopol et al., 2008; Coviaga et al.,
2015; Ramos et al., 2019). The reconstruction of the population struc-
ture was carried out only for species with more than 50 individuals in at
least one sample, to ensure the presence of the largest number of onto-
genetic stages. From the A/J ratio, the structure of the assemblages was
qualitatively classified (Coimbra et al., 2006) as excellent when it pre-
served the original proportions (1:8-1:7), very good when the pro-
portions were 1:6-1:3, adult-dominated (<1:8) or juvenile-dominated
(>1:3).

3.2.4. Characterization of the associations

Taphonomic attributes and population characteristics were used to
identify and differentiate autochthonous or parautochthonous assem-
blages that are a more reliable basis for paleoenvironmental re-
constructions than allochthonous assemblages. For example, for
gastropods the level of fragmentation has been considered, by many
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Fig. 2. Reference specimens of Succinea meridionalis, Biomphalaria peregrina and Heleobia parchappii showing different degrees of fragmentation, discoloration and

dissolution. Scale: gray bar = 1 mm and white bar = 0.5 mm.
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Fig. 3. Reference specimens of Cypridopsis vidua, Cyprideis salebrosa, Limnocythere cusminskyae and Heterocypris sp. showing different degrees of discoloration and

dissolution. Scale bar = 0.5 mm.

Table 2
Description of taphonomic grades used for characterization in ostracods.
Grade 0 Grade 1 Grade 2
Discoloration  Translucent valves and Milky white White valves or
carapace valves or carapaces
carapaces
Dissolution Without pits or Marks occupied Marks present

over more than
50% of the valve
or carapace

less than 50% of
the valve or
carapace

microperforations
(dissolution marks)

authors, as a good indicator of the degree and energy of transport of the
assemblages (i.e. Kidwell and Bosence, 1991; Parsons-Hubbard, 2005;
Hauser et al., 2008), but for ostracods this is better determined by the
relationships A/J and V/C (i.e. Palacios-Fest et al., 1994; Wakefield,
1995; Arias, 1999; Boomer et al., 2003; Coimbra et al., 2006).

3.3. Statistical analysis

To evaluate whether the profiles of preservation of the species vary
in the same locality, we compared the TTG values of each taphonomic
attribute using the Kruskal-Wallis test. In those cases where the differ-
ences were significant, we performed pair-wise comparisons using a
Wilcoxon rank sum test. P-values obtained were adjusted by the Bon-
ferroni method.

To assess whether the state of preservation of the assemblages
(samples) was due to particular characteristics of the studied location or
to their age, we carried out a Multivariate Analysis of Variance with
Permutation (PERMANOVA; Anderson et al., 2008). Two factors were
selected: locality with three levels of analysis: AP, R30 and VM; and
stratigraphic unit also with three stratigraphic levels: Gorch Mb., Puente
Las Gaviotas Mb., and soil. The samples from the La Chumbiada Mb.
were excluded from the taphonomic analysis because most of them had
very few (less than 10) or no specimens. PERMANOVA analysis was
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performed with 999 permutations and Manhattan distance, followed by
pairwise comparison tests, to assess the contribution of localities or
stratigraphic units to differences in taphonomic modifications.

All analyses and diagrams were performed with the rioja (Juggins,
2012) and vegan statistical packages (Oksanen et al., 2011) of the pro-
gram R version 3.0.1. (R CORE TEAM, 2013).

4. Results
4.1. Gastropods: abundance and preservation

In the Alberti Pla profile, specimens assignable to seven gastropod
species were recovered (in order of abundance): Heleobia parchappii
(d’Orbigny, 1835) (75.86%), Biomphalaria peregrina (d’Orbigny, 1835)
(22.13%), Succinea meridionalis d’Orbigny, 1846 (1.79%), Uncancylus
concentricus (d’Orbigny, 1835) (0.05%), Miradiscops brasiliensis (Thiele,
1927) (0.05%), Lymnaea viator d’Orbigny, 1835 (0.02%) and Pomacea
canaliculata (Lamarck, 1822) (0.1%). Two sectors were recognized in the
profile (Fig. 4A, Supplementary material 1.A). In sector 1 (from —150 to
—36 cm) the assemblages of Gorch Mb and a large part of Puente Las
Gaviotas Mb. were composed of only the three main species with low
abundance: H. parchappii was recorded in all samples, while B. peregrina
and S. meridionalis appear discontinuously. In the samples recovered
from the uppermost 36 cm of the profile (sector 2, Puente Las Gaviotas
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Mb. and soil), the highest abundance of individuals and diversity of
species were recorded.

Of the 32 samples in the Alberti Pla profile, four were devoid of
fossils and for the subsequent taphonomic analysis only 12 samples were
considered, all of them from the upper 90 cm, since in the remaining 16,
the number of individuals recovered was insufficient for taphonomic
characterization.

Regarding preservation (Fig. 5A), the specimens of S. meridionalis
had the highest fragmentation values and low dissolution. For
H. parchappii, TTG values showed an increase with depth in the three
taphonomic attributes. For B. peregrina the highest TTG values for
fragmentation were found in sector 2, while for dissolution there are
records of low values throughout the entire profile, without any obvious
trend.

Profile Ruta 30 displayed the highest abundance (8160 specimens)
and diversity of gastropods, with 10 species: H. parchappii (96.33%),
S. meridionalis (1.86%), B. peregrina (1.45%), U. concentricus (0.1%),
Gastrocopta nodosaria (d’Orbigny, 1835) (0.1%), P. canaliculata (0.06%),
Antillorbis nordestensis (Lucena, 1954) (0.05%), Drepanotrema heloicum
(d’Orbigny, 1835) (0.03%), D. kermatoides (d’Orbigny, 1835 (0.01%)
and M. brasiliensis (0.01%). Three sectors were identified in Ruta 30
profile (Fig. 4B, Supplementary material 1.B). In sector 1 (from —150 to
—70 cm) samples of La Chumbiada and Gorch Members were charac-
terized by absence or a very low density of specimens (maximum 37). In
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sector 2 (from —70 to —45 cm) samples of Puente Las Gaviotas Mb. had
the highest abundance of H. parchappii and S. meridionalis. Sector 3, the
upper 45 cm, includes the samples of the soil where the highest diversity
of species was recorded.

The taphonomic analysis was performed in 10 of the 31 samples
obtained from sectors 2 and 3 of Ruta 30 profile (Fig. 5B), because four
were devoid of specimens and 17 did not have the minimum number of
specimens. The samples with the greatest deterioration (the highest TTG
values) come from the transition zone between sectors 2 and 3.

Fragmentation was the process that most affected the specimens from
this locality; discoloration was more frequent on the specimens of
H. parchappii and S. meridionalis, while dissolution affected most
B. peregrina and S. meridionalis.

Finally, in Vientos del Mar, seven species were recorded:
H. parchappii (89.27%), S. meridionalis (8.43%), M. brasiliensis (1.21%),
B. peregrina (0.8%), G. nodosaria (0.16%), U. concentricus (0.11%) and
A. nordestensis (0.02). In this profile a clear difference was observed in
the composition of the assemblages, allowing the identification of three
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sectors (Fig. 4C, Supplementary material 1.C). In sector 1 (from —212 to
—114 cm) the assemblages of La Chumbiada and Gorch Members were
dominated by S. meridionalis together with H. parchappii and
M. brasiliensis and yielded the only specimens of G. nodosaria. In sector 2
(up to —90 cm) where some samples of Puente Las Gaviotas Mb. were
included, H. parchappii reached its maximum abundance and B. peregrina
was recorded; S. meridionalis and M. brasiliensis completed the assem-
blage. In the last section (from —90 cm to the top) upper samples of
Puente Las Gaviotas Mb. and the soil were characterized by assemblages
with a high diversity of species but very low abundance of individuals.

From the 35 samples, 16 were analyzed taphonomically, mainly from
sectors 1 and 2 and with few samples from sector 3 of the Vientos del
Mar profile. One sample was sterile and 18 did not reach the necessary
number for analysis. The specimens of M. brasiliensis had the lowest
fragmentation and dissolution values in the profile. For H parchappi and
B. peregrina the highest TTG values for fragmentation were obtained,
while discoloration and dissolution affected mainly S. meridionalis
specimens (Fig. 5C).

4.2. Ostracods: abundance and preservation

The ostracod assemblages of Alberti Pla yielded of nine species (in
abundance order): Limnocythere cusminskyae Ramon Mercau et al., 2014
(70.71%), Cypridopsis vidua (Miiller, 1776) (15.64%), Heterocypris sp.
Claus, 1893 (6.35%), Cyprideis salebrosa Van den Bold, 1963 (3.72%),
Potamocypris sp. Brady, 1870 (1.87%), Ilyocypris sp. Brady and Norman,
1889 (1.47%), Eucypris sp. Vavra, 1891 (0.12%), Chlamydotheca incisa
(Claus, 1893) (0.09%) and Candonopsis sp. Vavra, 1891 (0.03%). Two
sectors were recognized in this profile (Fig. 4D, Supplementary material
1.D). In sector 1 (from the base to —30 cm, including samples of La
Chumbiada, Gorch and some of Puente Las Gaviotas Members) the as-
semblages recorded all the species mentioned above, except for Ch.
incisa, in low abundance. In sector 2 (upper 30 cm) the samples of Puente
Las Gaviotas Mb and the soil showed the highest abundance of in-
dividuals and diversity, as well as the few specimens of Ch. incisa were
identificated.
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The structure of the assemblages of sector 1 showed a large pro-
portion of samples devoid of ostracods or with a low number of in-
dividuals that prevented their characterization. However, in the samples
in which the population structure could be reconstructed (Fig. 6) not all
ontogenetic stages were found, as juvenile forms of the first stages were
underrepresented. So, these assemblages were dominated by adult or
large juvenile forms. This sector was dominated by assemblages
composed exclusively or mainly by valves (Supplementary material 2).
In a few assemblages the V/C ratio was 2 or 1. Regarding the sex ratio,
females were dominant for both L. cusminskyae and C. salebrosa. The
exceptions in which males predominated correspond to samples with a
low abundance of individuals.

In sector 2, the population structure of the different species could be
analyzed in all samples; representatives of almost all ontogenetic stages
were recovered (Fig. 6). The A/J ratio (Fig. 7A) showed that for
L. cusminskyae the assemblages were dominated by adults, whereas ju-
veniles dominated for C. salebrosa. Only in the case of C. vidua and
Heterocypris sp. did assemblages preserve the normal proportions of the
original structure (1:6-1:3). Assemblages were mostly dominated by
valves. For L. cusminskyae and C. salebrosa the sex ratio could be quan-
tified and in both species females were dominant.

Regarding the preservation along the profile (Fig. 8A), 10 samples
could be analyzed to a taphonomic approach. In color changes, the
highest values were for Heterocypris sp. and C. salebrosa, while most
specimens of C. vidua and L. cusminskyae retained their original color.
Dissolution in valves or carapace was very low; in general TTG values
were not higher than 0.25.

Profile Ruta 30 yielded the same nine species as Alberti Pla:
L. cusminskyae (51.07%), C. vidua (29.08%), C. salebrosa (9.16%), Ilyo-
cypris sp. (3.78%), Eucypris sp. (3.03%), Potamocypris sp. (1.64%),
Candonopsis sp. (1.14%), Heterocypris sp. (0.75%) and Ch. insisa (0.35%).
Two sectors were identified in the profile (Fig. 4E, Supplementary ma-
terial 1.E). Sector 1 extends from the base to —25 c¢m including all the
samples of La Chumbiada, Gorch and Puente Las Gaviotas Members and
some of the soil, and sector 2 from —25 cm to the top of the profile,
which includes the most superficial samples of the soil. The difference
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between them is a growth in diversity in the assemblages from the upper
sector. In addition, a notable increase in abundance occurs. For example,
L. cusminskyae went from 16 individuals in sector 1 to 1000 in sector 2,
C. vidua from 29 to 540, and C. salebrosa abundance from 10 specimens
in sector 1 to 510 in sector 2.

Regarding the population structure (Fig. 7B, Fig. 9), although for
C. vidua and L. cusminskyae almost all ontogenetic stages have been
recovered, mainly in sector 2. In the case of C. vidua a higher proportion
of juvenile specimens was recorded in the upper 15 cm, while in the rest
adults are more abundant. For L. cusminskyae also adults are dominant,
and in some assemblages the proportions of the original structure was
very good, (A/J ratio between 1:6-1:3). For C. salebrosa the assemblages
were dominated by juveniles. For Ilyocypris sp. the A/J ratios showed an
excellent (1:8-1:7) to very good (1:6-1:3) representation population
structure in sector 2, while sector 1 was dominated by juveniles.
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As for the V/C ratio, although the valves dominated the assemblages
of this profile (Supplementary material 3), for C. vidua carapace appear
more than valves or in the same proportion, in the interval between —80
and —40 cm, and these assemblages correspond mainly to adult speci-
mens. In C. salebrosa and L. cusminskyae females were more abundant
than males, and in a large number of assemblages of C. salebrosa, no
male specimens of C. salebrosa were recovered.

Alterations of color and dissolution were almost absent in the upper
samples (sector 2). However, in sector 1, maximum TTG were recorded
for discoloration (Fig. 8B) in specimens of C. vidua and L. cusminskyae in
samples between —100 and —50 cm deep. Dissolution in these samples
showed TTG near 1 for Ilyocypris sp., whereas the maximum TTG values
for C. salebrosa and L. cusminskyae were 0.5.

Species richness was lower in the Vientos del Mar profile which had
the least number of specimens, only 481 specimens were recovered
(Fig. 4F, Supplementary materiall.F). The six species recorded were:
L. cusminskyae (45.74%), C. vidua (24.53%), C. salebrosa (19.13%),
Candonopsis sp. (5.82%), Heterocypris sp. (4.57%) and Ilyocypris sp.
(0.21%). Three sectors were recognized in this profile. Sector 1 (from
—212 to —141 cm) include samples of La Chumbiada and some of Gorch
Members. Sector 2 (from —141 to —30 cm) comprehend samples of
Gorch and Puente las Gaviotas Members and some of the soil, and sector
3 from —30 to the top of the profile which includes the upper samples of
the soil. Sectors 1 and 3 yielded the highest number of specimens.

Population structure (Fig. 7C; Fig. 10) could be reconstructed in
sector 1 only for C. vidua and L. cusminskyae. Most stages were preserved
in the assemblages of L. cusminskyae, reflecting a very good structure (A/
J ratio 1:6-1:3) regarding proportion of adults (mostly females) and
juveniles, with a dominance of valves. For C. vidua, the structure was
very incomplete and with mostly adult specimens.

In sector 2 the population structure could not be reconstructed due to
the low number of specimens, but we found assemblages dominated or
formed exclusively by valves.

In sector 3 the structure could only be reconstructed for C. salebrosa
which was dominated by juveniles of different stages, and to a lesser
extent for L. cusminskyae formed mainly by adult females. Males domi-
nated in samples with a low number of individuals. Concerning the V/C
ratio (Supplementary material 4), in the assemblages of C. vidua and
Heterocypris sp. valves and carapace were recovered in equal proportion
or carapace dominated, opposite to what was observed in the remaining
species.

Only five samples from sector 1 and 3 could be analyzed from the
taphonomic approach (Fig. 8C). The few associations analyzed showed
greater evidence of discoloration, and the highest TTG values, for
discoloration and dissolution, were obtained in C. vidua and
L. cusminskyae.

4.3. Spatio-temporal changes in preservation

The analysis of taphonomic attributes in gastropods shows that
M. brasiliensis was the single species with significant differences in its
preservation, and the specimens recovered showed the lowest values of
TTG, although it could only be quantified in Vientos del Mar (Table 3).
The remaining species showed similar preservation profiles to each
other. Consequently, since the shells of H. parchappii, B. peregrina and
S. meridionalis showed no interspecific variation within any locality, the
specimens of one sample could be analyzed as a set.

PERMANOVA results suggest that the preservational state, calcu-
lated TTG, of the gastropod samples varied according to the strati-
graphic units (0.001) which explained 32% of the taphonomic
variability of the assemblages, but no variations between localities were
found. Therefore, with respect to the stratigraphic units, the highest TTG
values for fragmentation and dissolution were recorded in samples from
the Puente Las Gaviotas Mb., while the lower TTG were obtained in the
oldest samples that belong to the Gorch Mb. and that differed signifi-
cantly from those of the younger levels (Table 4, Fig. 11). For
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discoloration, the highest TTG were recorded in samples from Puente
Las Gaviotas and Gorch Members. Specifically, a larger number of the
specimens recovered from the Gorch Mb. are whitish because they are
full of the surrounding sediment that gives it that characteristic color,
and this can raise the TTG values.

For ostracods, discoloration was selective, with differences among
species in AP and Ruta 30 localities. In AP, L. cusminskyae recorded the

least evidence of change in color, and its preservation was significantly
different from C. salebrosa and Heterocypris sp. In R30 the highest values
for discoloration were obtained to C. vidua, and were significantly
different from those registered for C. salebrosa and Ilyocypris sp. Disso-
lution did not show variations between the species.

The analysis of the behavior of the taphonomic attributes in the
different units (discoloration p = 0.007, dissolution p = 0.009) revealed
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that color changes were more intense (higher TTG values) than evidence
of dissolution. Significant differences were found when comparing the
assemblages recovered from the Gorch Mb. with those from the soil.
These differences regarding color, as with gastropods, occur because the
specimens, present in the Gorch Mb., are usually whitish and filled with
the surrounding sediment.

Among localities, the assemblages showed no differences in color (p
= 0.82), unlike dissolution (p = 0.004), which was different between
Alberti Pla and Ruta 30 (Fig. 11).

The V/C ratio showed that valves were dominant in 82% of the as-
semblages and in 7% they were the only elements recovered. Carapaces
were dominant only in 11% of the samples which, mostly, were recov-
ered from the transitional zone between the Gorch and Puente Las
Gaviotas Members in the Ruta 30 locality. Except for this distinctive
feature, the V/C ratio did not show discrepancies either among localities
or stratigraphic units.

5. Discussion

The taphonomic information provided by the study assemblages of
gastropods and ostracods from the Holocene fluvial sequences of the
Salado River basin is reported here, especially the changes or similarities
among species, localities and stratigraphic units. Few works jointly
analyzed the taphonomic history of different groups of microfossils (e.g.
Martin et al., 1996; Palacios-Fest et al., 2006; Hassan et al., 2014) and
when it comes to ostracods and gastropods, these are particularly scarce
(Adams et al., 2002; Palacios-Fest, 2017; Palacios-Fest and Holliday,
2017; Palacios-Fest et al., 2021). Therefore, this work is an important
contribution to understand what kind of taphonomic information can be
obtained by evaluating both groups together in the same Holocene
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sequences.

5.1. Assemblage characteristics

Regarding the composition of the gastropod assemblages, the species
found in this work are similar to those found elsewhere in Holocene
sediments of the Salado River basin (Pisano and Fucks, 2016) and in
other sectors of the Pampean region (Tietze and De Francesco, 2010; De
Francesco et al., 2013; Steffan et al., 2014).

However, the assemblages analyzed in this work present some
particular characteristics compared to the lower Salado Basin (Pisano
and Fucks, 2016), such as the first report of specimens of G. nodosaria
and the greater abundance of S. meridionalis and M. brasiliensis. Ac-
cording to the environmental preferences of the diverse species, two
groups can be recognized. Heleobia parchappii, B. peregrina,
U. concentricus, L. viator and P. canaliculata inhabit freshwater bodies,
lotic and mainly lentic with high vegetation; whereas S. meridionalis, M.
brasiliensis and G. nodosaria have terrestrial or amphibious habits and
live in humid areas near water bodies (Castellanos and Fernandez, 1976;
Castellanos and Landini, 1981; Rumi, 1991; Tietze and De Francesco,
2010, 2012).

The species of the ostracod assemblages collected in this study were
already mentioned for the Pampean region, both in modern and Late
Quaternary sediments. In the first case, C. salebrosa, L. cusminskyae
(referred as L. aff. L. stapplini) and C. vidua, as well as species of the
genera Ilyocypris and Heterocypris were found in shallow lakes or
oligotrophic permanent streams (Laprida, 2006). Species of the genera
Candonopsis and Chlamydotheca were cited in temporary hypo-to oligo-
haline environments (Laprida, 2006). In Pleistocene-Holocene se-
quences of the Province of Buenos Aires, L. cusminskyae and C. salebrosa
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Table 3

Summary of the results of the Kruskal Wallis tests among the TTG calculated for
the attributes by species between the different localities. When the differences
were significant (*), a pairwise comparison using Wilcoxon rank sum tests was
performed, p-value adjustment method was Bonferroni. Abbreviations: AP =
Alberti Pla, R30 = Ruta 30, VM= Vientos del Mar, Hp: H. parchappii, Sm:
S. meridionalis, Mb: M. brasiliensis, Cv: C. vidua, Lc: L. cusminskyae, Het: Heter-
ocypris sp., Cs: C. salebrosa, Ily: Ilyocypris sp.

Locality  TTG TTG TTG
Fragmentation Dissolution Discoloration
P-value P-value P-value
Gastropods AP 0.93 0.10 0.22
R30 0.47 0.80 0.48
VM 0.0003* 0.005* 0.005*
Mb-Hp: 0.0007 Mb-Hp: Mb-Hp: 0.009
Mb-Sm: 0.03 0.0039 Mb-Sm:0.05
Mb- Sm:
0.0140
Ostracods AP 0.97 0.0002*
Lc-Cs: 0.005
Le-Het: 0.007
R30 0.056 0.002*
Cv-Cs: 0.001
Cv-Ily: 0.015
VM 0.14 0.10

Table 4

Summary of the results of the Kruskal Wallis tests among the calculated TTG for
the attributes between the different stratigraphic units and localities. When the
differences were significant (*), a pairwise comparison using Wilcoxon rank sum
tests was performed, p-value adjustment method was Bonferroni. Abbrevia-
tions: G = Gorch Mb., PLG= Puente Las Gaviotas Mb., S= Soil, AP = Alberti Pla,
R30 = Ruta 30, VM= Vientos del Mar.

TTG TTG TTG
Fragmentation Dissolution Discoloration
P-value P-value P-value
Gastropods  Between 0.0008* 0.011% 0.000006*
stratigraphic G-PLG: 0.002 PLG-G: S-G: 0.014
units G-S: 0.007 0.09 S-PLG:
PLG-S: 0.03 0.00004
Between 0.51 0.32 0.08
localities
Ostracods Between 0.009* 0.007*
stratigraphic G-S: 0.009 G-S: 0.006
units
Between 0.004* 0.82
localities AP-R30:
0.05

have been found in salty environments of oligo-mesohaline waters
(Ferrero, 2009; Marquez et al., 2016) and L cusminskyae, C. vidua and
species of Heterocypris or Chlamydotheca in alkaline waters or temporary
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Fig. 11. Difference between TTG calculated for the attributes between the different stratigraphic units and localities. When the differences were significant, pos-
teriori comparisons using Wilcoxon rank sum tests were calculated. The p-value adjustment method was Bonferroni as indicated by bars and the p-value.

shallow lakes from the Middle-Late Holocene (Laprida et al., 2014).
Thus, the analysis of the abundance of the species in the associations,
allowed selecting those suitable for subsequent taphonomic character-
ization by their representativeness in the sequences.

5.2. Assemblage preservations

The most abundant gastropod species, H. parchappii, B. peregrina and
S. meridionalis, showed trends in preservation patterns similar to each
other, mainly at the Alberti Pla and Ruta 30 localities. However, at
Vientos del Mar, M. brasiliensis showed the least evidence of taphonomic
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alteration when compared to the others species, allowing us to infer that
the associations of M. brasiliensis would be a good environmental indi-
cator in those levels where this species appears. Furthermore and
particularly for H. parchappii, some congruencies are observed when
comparing our findings from the high Salado River basin with the results
previously obtained for assemblages of this species from the lower basin
(Pisano et al., 2018). On the one hand, coloration changes were more
frequent than alterations by dissolution and, in addition, the ranges in
TTG values obtained for dissolution and discoloration were similar in
both sectors, showing homogeneity for the region.

Erthal et al. (2011) noted that intrinsic characteristics, such as shell
thickness, influence the preservation of remains by favoring the pres-
ervation of organisms with thick shells (such as Heleobia, among others)
to the detriment of organisms with thin shells (e.g. Biomphalaria). Ac-
cording to the authors, in freshwater environments, the shells thickness
could compromise the compositional fidelity of fossil associations when
compared to dead or living associations. In the same sense, Tietze and De
Francesco (2017) observed preservation differences in favor of
H. parchappii when compared to U. concentricus, a thin shell species. In
our results, no preservation changes were recorded between species,
which could indicate that there is no preservation bias associated with
shell thickness. Therefore, if taphonomic processes did not differentially
affect the main species, it could be assumed that changes in diversity,
abundance and dominance (of H. parchappii, S. meridionalis and
B. peregrina) could be attributed mainly to extrinsic factors.

In the case of ostracods, dissolution did not differentially affect the
species analyzed, but differences were observed when evaluating
discoloration. In the Alberti Pla locality, the species affected were
L. cusminskyae, C. salebrosa and Hetocypris sp., while in Ruta 30 they
were C. vidua, C. salebrosa and Illyocypris sp. Regarding the analysis of
this attribute, Palacios-Fest et al. (1994, 2021) proposed a scale of valves
and carapace color alteration directly linked to changes in the oxygen
concentration of the environment. Thus, the authors associate the dark
remains (light to dark gray) to disoxic environments, the presence of
light to dark orange stains to oxidizing environments, and the clear or
white shells would be linked to well oxygenated environments. In this
regard, it is important to note that, although our results showed intra-
specific changes, all the samples analyzed consisted of translucent or
white shells, with no dark or orange specimens. This result coincides
with those found by Palacios-Fest et al. (2021) in freshwater environ-
ments, indicating clear and well oxygenated water environments, in-
formation that could be extrapolated in the reconstruction of the
paleoenvironments developed in the Salado River Basin.

5.3. Changes in preservation over time

The preservation of the fossil remains in the different stratigraphic
units of the profiles shows differences among them, both for gastropods
and ostracods.

The taphonomically active zone (TAZ) is the sector in the strati-
graphic sequence where taphonomic processes act more intensely (i.e.
Davies et al., 1989; Sadler, 1993; Olszewski, 2004; Ritter and Erthal,
2011). The residence time of the fossils in this zone will determine that
they can be modified, destroyed or even eliminated from the record.
Generally, this zone is near the water-sediment interface, but Cristini
and De Francesco (2017) reported that it may develop even below this
interface.

The TAZ is a dynamic zone that changes over time and the processes
that occur in it also, according to the deposition environments (Powell
et al., 2011; Erthal et al., 2015). In freshwater environments where
waters are usually undersaturated with respect to calcium carbonate,
dissolution and color changes commonly occur (e.g. Brett and Baird,
1986; Nielsen et al., 2008; Powell et al., 2011; Erthal et al., 2011, 2015).
Dissolution alters preservation of valves (Dwyer et al., 2002) and is more
intense in freshwater fluvial than in marine environments (Erthal et al.,
2015); it can be intensified by different processes that make the
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carbonate remains more susceptible and fragile. For example, bacterial
action can affect ostracod valves as soon as the organism dies, attacking
the chitinous covering. In environments with a high percentage of
organic matter, the waters can be slightly acidic and favor dissolution,
which usually begins in the areas of pores where the ostracod valve is
thinner (De Decker, 2002). Knowing that the dissolution is more active
in the TAZ, this factor should be taken into account when analyzing the
population structure of the ostracods that are in, or have crossed, this
zone where the juvenile specimens, especially of the first stages more
susceptible to dissolution, or those with thinner shells may be more
affected and underrepresented (Kidwell and Bosence, 1991).

Our results indicate changes in the different stratigraphic units
(Fig. 11). The gastropod specimens recovered from the Gorch Mb. (5130
+100-11,690 + 110 *4C years B. P.) showed less taphonomic alteration
than those recovered from the Puente Las Gaviotas Mb. The low evi-
dence of alteration in the specimens from the Gorch Mb., compared with
others of minor age, could be explained by the low residence time in the
TAZ at the moment of their accumulation (Olszewski, 2004). This may
be due to the high sedimentation rates and/or the lack of rework that
occurred after the accumulation of the assemblages, this is also consis-
tent with the low fragmentation values obtained for the associations of
this unit (Fig. 11). However, the few ostracod assemblages from Gorch
Mb yielded slightly higher TTG values for dissolution.

Conversely, the gastropod specimens found in the Puente Las Gav-
iotas Mb. (3002 + 40 and 680 + 60 C years B.P.) have the greater
evidence of fragmentation, discoloration and dissolution, some of them
would even be still undergoing denudation processes that alter their
original color and could be subjected to more intense dissolution pro-
cesses. Some of the causes that could explain this greater degree of
modification could be a longer time of permanence of these associations
in the TAZ, which would increase mainly the dissolution and discolor-
ation and/or a greater degree of transport associated with the high
values of TTG obtained for the fragmentation.

Finally, the remains found in the soil levels, near the surface, are
recent accumulations that show little post-mortem modification.
Discoloration and dissolution taphonomic attributes indicated the least
evidence of alteration (the lowest TTG values) for assemblages of both
groups in the soil.

It is important to note that the TTG values obtained for ostracods,
both for discoloration and dissolution, are always lower than those ob-
tained for gastropods found in the same stratigraphic unit. These dif-
ferences could be due to a different time averaging or to a mixture of
non-coetaneous populations; that is, the ostracod and gastropod asso-
ciations recovered from the same level may not have accumulated at the
same time; a more specific chronological control could help to resolve
this question. In addition, the performance of laboratory taphonomic
studies that evaluate, for example, the decay rates of ostracod and
gastropod shells would allow us to analyze the rate at which dissolution
affects the carbonatic fossils in these environments.

5.4. Ostracods as indicators of autochthonous and allochthonous
associations

The A/J ratio and the identification of different ontogenetic stages in
ostracods assemblages proved to be the best indicators to differentiate
the thanatocoenosis of high and low energy that correspond to autoch-
thonous or parautochthonous assemblages from the taphocoenosis
linked to allochthonous assemblages, as proposed by other authors (i.e.
Whatley, 1988; Palacios-Fest et al., 1994, 2021; Wakefield, 1995; Arias,
1999; De Decker, 2002; Boomer et al., 2003; Coimbra et al., 2006;
Palacios-Fest and Holliday, 2017). Those associations with adults and
juveniles together are considered to be a thanatocoenosis, which are
goods representative of the living communities from which they origi-
nated, with little or no transportation. Those associations with carapace
and complete ranges of ontogenetic stages suggest low energy envi-
ronments, where the transport capacity of the agent is lower and
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preserves the molts of the smallest individuals, while in those with high
energy, the valves and adult specimens prevail. On the contrary,
taphocoenoses are allochthonous associations dominated by juvenile
individuals, easily transported because of their small size and because
they are much lighter. It is worth noting that certain anatomical char-
acteristics of the shells (type of hinge, overlap of the valves), way of life
and reproductive habits due to stability or environmental stress, can
modify the adult-juvenile, valves-carapaces and male-female ratios in
the analysis of population structure. Likewise, the presence of articu-
lated carapaces have been interpreted as an indicator of unfavorable
events, such as changes in the chemistry of the environment (anoxia,
hypersalinity) or increases in temperature that can cause unexpected
mortality, mainly in juvenile specimens. On the other hand, the presence
of adult individuals may suggest a rapid burial that prevents the disar-
ticulation of the valves (Whatley, 1988; Palacios-Fest et al., 1994;
Wakefield, 1995; Arias, 1999; De Decker, 2002; Boomer et al., 2003).

Based upon the population characteristics of the ostracods, different
types of associations have been reconstructed in this study:

1) Associations dominated by adult individuals (A/J < 1:8): these were
recorded mainly for L. cusminskyae and C. vidua, which are the most
abundant species in the studied samples. These associations would be
thanatocoenoses, i.e., autochthonous or parautochthonous assem-
blages, and on the basis of presence/absence of the different onto-
genetic stages whether they are of high or low energy can be defined.
For example, low energy thanatocoenoses with a good record of all or
most ontogenetic stages are mainly recorded in the upper levels of
localities AP and R30. Whereas high energy thanatocoenoses with an
incomplete record of ontogenetic stages, mainly with adult or
advanced juvenile forms, are distributed along the profiles and
mainly in the lower samples from all localities. Although these high-
energy thanatocoenoses indicate some degree of flow transport or
biological activity, they are still good for reconstructing environ-
mental features.

2) Associations in which population structure were excellent (A/J 1:8
to1:7) or very good (1:6 -to 1:3): although less abundant, they are
another example of low energy thanatocoenoses and would be
representative of the environments in which they are found. For
example this condition was recorded in samples from the basal levels
of C. vidua and L. cusminskyae of R30 and VM, and in some upper
samples of Ilyocypris sp. and Heterocypris sp. of R30.

3) Associations dominated by juveniles (A/J > 1:3): these are mostly
represented by C. salebrosa. These associations are considered
taphocoenoses, specimens have been transported and hence are not
good for environmental reconstructions because the species may be
out of their natural context.
Finally, special cases are those associations in which carapace was
dominant or the only preserved element. These are the least
numerous associations and were mostly characterized by adult in-
dividuals of C. vidua. These levels would represent mass mortality
events, probably due to the desiccation of the water bodies, which
implies unfavorable conditions for the association, or a rapid burial
of the individuals.

4

—

6. Conclusions

This work is one of first, where the taphonomic state of ostracods and
gastropods assemblages are analyzed together in a fluvial environment.

In gastropods, the states of preservation of Heleobia parchappii, Suc-
cinea meridionalis and Biomphalaria peregrina (the most abundant spe-
cies) were similar. The specimens of Miradiscops brasiliensis suffered the
least damage (low TTG values), probably because they represent as-
semblages with little transport. In any case, this species’ low abundance
would not allow regional inferences to be made, but would help in the
interpretation of local situations.

For the ostracods, the analysis of population structure through the
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record of the different ontogenetic stages and the C/V ratio was the best
indicator in the differentiation of high and low energy thanatocoenosis
and taphocoenosis. In ostracods, the states of preservation vary between
species, but the evidences of dissolution and discoloration obtained in
this group is lower than for the gastropods recovered from the same
levels. So, subsequent analyses are necessary to elucidate whether these
particularities are due to the time averaging, or the ecological re-
quirements of the species, or maybe intrinsic characteristic that influ-
ence the effect of the processes.

This analysis suggests that the study of fragmentation and population
structure in gastropods and ostracods, respectively, allows differenti-
ating autochthonous from allochthonous assemblages. On the other
hand, to analyze color changes and dissolution contributes to location of
the Taphonomic Active Zone in the profiles, and therefore to recognition
of which are the associations with more propensity to undergo modifi-
cations in terms of their composition and structure, either due to the
disappearance or underrepresentation of the least calcified species, the
smallest or the juvenile specimens.

Although some questions remain open, we consider that to perform
taphonomic and population structure analyzes are important for the
future paleoenvironmental reconstructions based on these groups,
which are the most abundant in the Holocene fluvial sequences of
Buenos Aires Province of Argentina.
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