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Morphological diversity and discrimination
tools of the non-marine ostracod
Cypridopsis silvestrii across temporal
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Abstract: Geometric morphometric methods are powerful tools to discriminate between
closely related ostracods taxa as well as to study the relationship between their
morphological variations, taxonomy and paleoecology. In this study, valve outline analysis
allows the discrimination between the non-marine ostracod C. silvestrii and R. whatleyi
juveniles, pointing out differences in the posterior valve area and surface ornamentation.
Modern female specimens of C. silvestrii from 23 sites located in a spatial transect (41
to 51 °S) exhibited extensive morphological variability, on the basis of which three
morphotypes (acuminated, transitional, subtruncated) were determined. Multivariate
analyses showed that acuminated and transitional shapes are not arranged in groups
but the subtruncated morphotype, previously described as E. cecryphalium, seems to be
associated with low water conductivity (372 uS cm™), dominant cold (5 2C) and windy (8.6
m s”) climatic conditions. The fossil cluster which included nine cores spanning the last
15.6 kyr, only covered acuminated and transitional shapes, which may indicate that these
lineages might be older than the subtruncated morphotype. In addition, morphological
differences between reproduction modes suggested that parthenogenetic females
exhibit de posterior margin more acuminate than sexual females. These results set the
ground for more precise ecological and paleoenvironmental studies in Patagonia.

Key words: Cypridopsis silvestrii, morphological variability, Ostracoda, Patagonia, valve
outline analysis.

taxa and characterize intraspecific variation
and its possible causes (e.g. Monferran et al.

The study of the form (shape and size)
and quantitative descriptions of the shell
morphology of diverse aquatic invertebrates has
already shown to have substantial implications
to the taxonomy, functional morphology,
phenotypic plasticity, ecology and biogeography.
Geometric morphometric methods (Adams et al.
2004) have further proven to be powerful tools
to describe and compare fossil and modern
shells of various taxonomic groups. Specifically,
they objectively discriminate between close

2013, Mazzini et al. 2014, Aguirre et al. 2015,
Bayer et al. 2016). Ostracods (Class Ostracoda),
are small crustaceans with a low-magnesium
calcite bivalve carapace (“hard parts”) that
totally encloses the body and appendages
(“soft parts”) (Meisch 2000). Morphometric
analysis allows relating the range of their valve
morphologies with reproduction mode and sex
(Wrozyna et al. 2014, Pérez et al. 2019), growth
stage (Baltanas et al. 2000, Danielopol et al.
2008) and even with environmental conditions
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and genetic characteristics of the populations
(Baltanas & Geiger 1998, Wrozyna et al. 2018b).
Based on their environmental sensibility and
often excellent preservation in lake sediments,
ostracods are biological proxies widely used
to interpret past limnological, environmental
and climatic changes (Griffiths & Holmes
2000). For that reason the precise identification
of species as well as the knowledge of their
morphological variability and ecological
preferences are critical to the successful use of
ostracods in paleoenvironmental and climatic
reconstructions (Mezquita et al. 2005, Coviaga et
al. 2018a, Ramos et al. 2019).

TheArgentinean partofPatagoniainsouthern
South America has a broad environmental
heterogeneity and is particularly interesting for
paleoclimatic reconstructions (Kilian & Lamy
2012). The study of ostracods in this region started
at the beginning of the 20" century and mostly
focused on paleoenvironmental reconstructions.
Further research dealing with taxonomical
descriptions, ecological requirements and intra-
and interspecific morphological variability have
increased in the last decades (Cusminsky &
Whatley 1996, Schwalb et al. 2002, Cusminsky et
al. 2005, Ramon-Mercau et al. 2012, 2014, Coviaga
et al. 2018 a). Geometric morphometric methods
have also been successfully applied to analyse
phenotypical changes in the carapace along
a wide environmental range and Quaternary
sequences (Ramos et al. 2015, 2017, 2019,
Coviaga et al. 2018b, Pérez et al. 2019). These
results provided new insights to determine
the role of factors triggering morphological
trends while improving our knowledge about
taxonomy, ecology and morphological traits of
ostracod species in Patagonia. Applying these
methods and comparative analysis of limb
morphology, Coviaga et al. (2018b) reassigned
Patagonian Eucypris fontana (Graf 1931) to genus
Riocypris as Riocypris whatleyi, enabling an
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accurate determination of the taxonomic status
with ample paleolimnological significance.
Subsequently, Pérez et al. (2019) proposed a
new taxonomical combination of Cypridopsis
silvestrii (Daday 1902) based on the analysis
of living fauna from northern and southern
Patagonia environments. In the same taxonomic
study, individuals originally described as
juveniles of E. fontana (now R. whatleyi) from
previous paleoenvironmental reconstructions
from Los Juncos (Cusminsky & Whatley 1996)
and El Toro lakes (Coviaga et al. 2017) and as
Eucypris cecryphalium (Cusminsky et al. 2005)
from Lake Cerro Frias (Ramon-Mercau et al.
2012), were reassigned to C. silvestrii. These
misidentifications were probably due to the
fact that C. silvestrii is a species of small size,
pedomorphic shape and shows considerable
morphological variability. Indeed, previous
morphometric analysis by Pérez et al. (2019)
appliedto C silvestriifrom two living populations,
i.e. El Toro and El Sello, with distinct modes of
reproduction (sexual and parthenogenesis),
shows a considerable morphological plasticity of
valves. Also, the species has a wide geographical
range, inhabits a broad variety of environments
and is part of the subfossil sedimentary
record in Patagonia Argentina (Pérez et al
2019). Therefore, this scenario provides a good
opportunity to apply geometric morphometric
methods to discriminate between these taxa
while evaluating valve morphological variability
along both broad environmental and temporal
ranges.

In this contribution, we use outline-based
morphometric analysis to test this method
for discriminating between problematic
identification taxa i.e. taxa that visually are
similar, using specimens of R. whatleyi juveniles,
E. cecryphalium and C. silvestrii. In particular,
the aims of this study are to provide confident
tools for the correct identification of C. silvestrii
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based in its hard parts by (1) investigating its
morphological variability along both a spatial
transect (41 to 51 °S) within a broad climatic
gradient mainly related to precipitation patterns
as well as (2) temporal distribution from the Late
Pleistoceneto present. Thetaxonomic, ecological,
biogeographical and paleoenvironmental
implications of its morphological variability are
also discussed.

MATERIALS AND METHODS

Regional setting And study area

Patagonia is a cold temperate region in southern
South America ranging from about 36-55° S and
covering an area of approximately 770,000 km’
(Mazzoni & Rabassa 2018). Its large latitudinal
and longitudinal extension guarantees a wide
range of climatic conditions and environmental
heterogeneity. The climate is mainly ruled
by the presence of the Andean Mountains,
anticyclones of the Pacific and Atlantic oceans,
and strong and constant West winds (Southern
Westerlies) (Paruelo et al. 1998). The effective
moisture is predominantly driven by the
strength and latitudinal position of the Southern
Westerlies and the orographic effects of the
Andes mountains which determine a West-
East precipitation gradient from 4000 mm/y
to 120 mm/y, concentrated mainly during the
Austral winter (May-August) (Paruelo et al. 1998,
Villalba et al. 2003). South of 52° S the average
altitude of the Andean range is lower while
losing continuity, thus the rain shadow effect
diminishes (Coronato et al. 2008). Because of
the high wind velocities reaching a maximum
in spring, the wind chill effect is an important
bioclimatic factor (Coronato et al. 2008). The
mean annual temperature ranges from 12 °C in
the northeastern part to 3 °C towards the south
because isotherms have a northeast-southwest
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distribution due to the combined effect of
latitude and altitude (Paruelo et al. 1998).

The study area covers at least 400,000
km?” of Patagonia comprising modern and
fossil records containing C. silvestrii from the
Late Pleistocene to the present (Figure 1). To
review and update the actual distribution of
C. silvestrii in Patagonia, Argentina, samples
collected from 114 sites including streams, small
ponds, wetlands and large lakes, during four
field campaigns between 2002 to 2018 were re-
examined (see Schwalb et al. 2002, Cusminsky et
al. 2005, Ramos et al. 2017, Coviaga et al. 201843,
¢, Pérez et al. 2019). In addition, a dataset of 26
modern sites from southern Patagonia was also
considered (Ramon-Mercau & Laprida 2016).

Material

The targeted species was found in Quaternary
and modern environments from 47 sites in
the Argentinean Patagonia including sediment
and water samples (Supplementary Material
- Table SI). We refer to modern specimens to
those individuals sampled alive or recovered
from surficial sediments. We especially
investigated individuals identified initially as
E. fontana juveniles and specimens described
as E. cecryphalium. Selected specimens
(valves and carapaces) were also examined
and photographed under Scanning Electron
Microscope (SEM) (Phillips SEM 515, CNEA
Bariloche, Argentina).

A subset of 351 well-preserved valves from
23 modern sites and nine Quaternary sequences
were analysed by morphometric methods. This
morphological dataset represents the 68% of the
total sites (n = 47) with presence of C. silvestrii so
far registered in this work and in the literature
(Supplementary Material - Table SI). In order to
test for shape differences between C. silvestrii
and R. whatleyi juveniles and to compare
with those individuals without available soft
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Figure 1. Location of 47 sampling sites showing the occurrences of Cypridopsis silvestrii in Patagonia. Morphotype
and age of specimens are also indicated. For details of number information see Supplementary Material - Table SI.

parts, this morphological dataset included the
holotype and paratype left valves from living
specimens of adult C. silvestrii recovered from
El Toro (ET= 40) and El Sello (ES = 20) lakes used
in the taxonomic study by Pérez et al. (2019).
Moreover, living (ET, n = 20) and fossil (ETC, n
= 25) A-3 juvenile stage of R. whatleyi from ET
were added. We chose stage A-3 of R. whatleyi
because these juveniles had a similar size to
adults of C. silvestrii (C. silvestrii adults from ET,
mean length + SD = 664 * 19 um; A-3 juvenile
of R. whatleyi from ET, mean length + SD = 725
+ 28 um) and therefore, they are more likely to
be mistaken for C. silvestrii. Secondly, in order
to study similarities between E. cecryphalium
and C. silvestrii, the holotype and paratype of
E. cecryphalium from Las Encadenadas (LE)
pond (Cusminsky et al. 2005), including valves
and remains of soft parts, were added to the
morphological dataset to the analysis. Besides,
a valve previously assigned to E. cecryphalium
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from Lake Cerro Frias (CFl) was digitalized from
the literature (Figure 4, 3 in Ramon-Mercau et al.
2012) and included in the analysis. The holotype
and paratype living specimens of C. silvestrii
recovered from El Toro (ET) (Pérez et al. 2019)
were integrated and compared.

Morphological data acquisition

All well-preserved valves were separated,
counted and grouped according to body size and
gender. Sex determination was done only in the
case of those individuals with preserved soft-
parts and visible reproductive organs. Valves
were photographed in external lateral view
against translucent background with a digital
camera (AmScope MD500) fitted to a standard
light microscope (Olympus BX40, BX50) at a
magnification of 40x. Size variations, maximum
length and height (um) were measured for
each valve on digital images using Image-Pro
software (Supplementary Material - Figure S1).
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In order to obtain as much morphological and
biogeographical information as possible and
because no significant asymmetries between the
left and right valves were found (Supplementary
Material - Table SII), we used in our analyses
both the left and right valves . Images of right
valves were reflected in Photoshop CS6 in
order to get just one valve orientation because
this procedure is a necessary step prior to
morphological analysis.

The pictures of the valves were processed
using TpsDig software (Rohlf 2010) which digitize
outlines. Then, for the reconstruction of valve
outlines, we applied the Linhart's B-spline
algorithm implemented in the Morphomatica
software v1.6 (Neubauer & Linhart 2008, Linhart
et al. 2007). This method fits elementary
polynomial curves to the valve outline, with
each curve is defined by its corresponding
control points. To describe the outline of each
specimen, valve outlines were approximated
in Morphomatica using the command for
32 control points (16 dorsal and 16 ventral)
(Supplementary Material - Figure S1). Finally,
the shape differences between any two outlines
were estimated as the area deviation using
Morphomatica, which is the area ‘between’ the
outlines, when valves are superimposed after
being normalized for position, rotation and
size (outline size was normalized to unit area)
(Neubauer & Linhart 2008).

Environmental and climatic variables

The following environmental variables were
included in the analyses: electrical conductivity
(uS cm™), pH, temperature (°C) and dissolved
oxygen concentration (mg L") of host waters.
Additionally, climatic variables were added to
the local environmental conditions. Annual
mean wind speed (m s”) and the 19 bioclimatic
variables were extracted from the WorldClim
v.2 database (Fick & Hijmans 2017). These
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climatic variables were obtained at the spatial
resolution of 30 seconds (approximately 1 x 1
km per pixel), which is an adequate coarse
resolution to detect climate influence in species
distribution (Pearson & Dawaon 2003). Single
non-parametric correlations tests (Spearman
rank) were performed to explore the relationship
among the environmental and climatic variables
using the package ‘corrplot’ (Wei & Simko 2017,
R Core Team 2019). The final set of variables
chosen consisted of electrical conductivity,
pH, water temperature and dissolved oxygen
concentration, annual mean wind speed (Wind),
mean annual temperature (Bio 1 or MAT),
mean annual precipitation (Bio 12 or MAP)
and precipitation seasonality (coefficient of
variation, Bio 15).

Morphological and statistical analysis

Taxonomic considerations

Based on area deviation, the matrix of pairwise
dissimilarities including all living and fossil valve
outlines of C. silvestrii from 31 sites (n =322), E.
cecryphalium from LE (n = 29) Supplementary
Material - Table SI) and A-3 R. whatleyi juvenile (ET
=20 and ETC = 25) was analysed with nonMetric
Multidimensional Scaling (n-MDS) in order to
investigate interspecific valve shape variability.
A valve of E. cecryphalium digitalized using a
scanned SEM photograph from the literature
(Figures 4, 3 in Ramon-Mercau et al. 2012) was
also added to the n-MDS (Supplementary
Material - Table SI). The statistical differences in
valve shape between (1) holotype and paratype
individuals of C. silvestrii from Lake ET and the
A-3 juvenile stage of R. whatleyi, and (2) between
C. silvestrii from ET and holotype and paratype
individuals of E. cecryphalium from LE pond
were tested by performing One-Way ANOSIM
Pairwise Test (Clarke & Warwick 2001). ANOSIM
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is a non-parametric test useful to differentiate
groups in a multivariate context, where the value
of the R statistic measure indicates the degree
of separation of groups. It is approximately 0
when there is no separation between samples
and 1 when samples are completely separated
(Clarke & Warwick 2001). In addition, for shape
comparison a virtual mean outline (consensus
shape) for each species, R. whatleyi, C. silvestrii
and E. cecryphalium, were computed using the
Morphomatica software.

Morphological variability

Firstly, a cluster analysis of unweighted pair
group mean averages (UPGMA) was performed on
the obtained pairwise resemblance matrix using
the area deviation, of the modern specimens
previously assigned to adults of C. silvestrii (n =
116 individuals). These results allowed assessing
the morphological variability of C. silvestrii as
well as to explore the morphological groups
across all modern sites. Additionally, statistical
differencesinvalve shape between morphotypes
were tested by performing an ANOSIM. Males
were only used to evaluate sexual dimorphism
at each site also by ANOSIM. Additionally, size
differences between sexes and morphotypes
were evaluated using Kruskal-Wallis tests
(Statistica v.7, StatSoft, Inc. 2004). Secondly, a
non-metric multidimensional scaling (n-MDS),
including both the modern valves and those
previously assigned to C. silvestrii in the
sedimentary sequences, was done to compare
dissimilarities in valve shape between modern
and fossil specimens. All multivariate statistical
analyses applied on the dissimilarity outline
matrix representing the pairwise distances
given by the area deviation, were carried out
with PRIMER 6 software (Clarke & Gorley 2006).

MORPHOLOGICAL PATTERNS IN Cypridopsis silvestrii

Distribution and ecological preferences of C.
silvestrii and its morphotypes

The environmental tolerance index (ETI),
ecological tolerance (t,) and optimum (u,)
values of the species and morphotypes for
environmental and climatic variables were
calculated by weighted-averaging (WA) using
the rioja package (Juggins 2017, R Core Team
2019). To update the ecological preferences of C.
silvestrii, all sites with presence of this species
were considered, including those cited in the
bibliography (see Supplementary Material -
Table SI). However, only populations with living
specimens were pondered to calculate local
environmental preferences. Optimum values
have been obtained by calculating the weighted
averaging of the values of the environmental and
climatic variables in the samples where species
and morphotypes were present. ETI index was
used to calculate relative tolerance ranges of
ostracod species for different environmental
and climatic variables from the formula ETI =
(range of X species) / (range of X dataset) (Curry
1999). Accordingly, ETI ranges from zero indicate
no tolerance to one, higher tolerance.

Principal Component Analysis (PCA) was
applied using the Canoco software to summarize
the most important environmental and climatic
gradients along the sites (Canoco 5, Leps &
Smilauer 2003). From a total of six variables
were used for the PCA after eliminating strongly
correlated and not well represented variables.
Climatic and local environmental variables were
centred and standardized prior to ordination
analysis. The occurrence of morphotypes in each
site was indicated for illustrative and descriptive
purposes.
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RESULTS

Taxonomic considerations

The n-MDS plot, that exhibits the overall valve
shape variation, shows a clear shape separation
between A-3 juvenile stages of R. whatleyi and
adults of C. silvestrii from Lake ET (Figure 2a).
Moreover, there were statistically significant
differences of valve shape between these
species (ANOSIM R, .. = T, p = 01%). The main
differences in valve outline between R. whatleyi
juvenile and adults of C. silvestrii are found
in the posterior area, which is more pointed
in the juvenile stage of R. whatleyi than in
adults of C. silvestrii (Figure 2b). In addition, C.
silvestrii has the antero-dorsal margin straight
whereas that of R. whatleyi is more rounded.
On the other hand, R. whatleyi juvenile has a

a)
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longitudinal ribbing ornamentation especially
in the posterior margin (Figure 3a-c) whereas
adults of C. silvestrii have a surface reticulation
and, in general, abundant setae (e.g. Figure 3 n, p
and r). Both species present wart-like elevations
in the anterior area of the valves (Figure 3). The
n-MDS plot and ANOSIM, including recent and
fossil specimens (Figure 2a, both solid and open
symbols), evidence that it would be possible
to discriminate between R. whatleyi juveniles
and C silvestrii using valve shape (ANOSIM R
= 0.884; p = 01%). Therefore, some specimens
previously described as R. whatleyi juveniles
are in fact adults of C. silvestrii (Supplementary
Material - Table SI).

Furthermore, based on the n-MDS plot,
E. cecryphalium partially overlaps in the C.
silvestrii morphospace (Figure 2a). The R value

Figure 2. a) Non-metric

R. whatleyi juvenile ETC Modern and

® C.silvestriET @ E. cecryphaliumLE 3 R. whatleyiA-3 ET
fossil C. silvestrii

Multidimensional Scaling
(n-MDS) plot showing

the shape dissimilarities
between all digitized outlines
(normalized for area) of

C. silvestrii (n = 351) from
32 modern and fossil sites
Sk and R. whatleyi juvenile
valves from Lake ET (n =
20) and ET Core (ETC, n =
25). Superimposition of the
mean outline (consensus
shape) in “normalized

for area” mode of b)
holotypes and paratypes
of C. silvestrii females from
Lake ET (0, orange line)
and R. whatleyi juvenile,
instar A-3 (1, pink line) and

2D Stress: 0.09
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¢) C. silvestrii females from
Lake ET (0, orange line) and
holotypes and paratypes of
E. cecryphalium (hereafter
C. silvestrii) from LE pond (1,
green line).
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(ANOSIM, R, . = 0.389; p = 01%) also points to
partial overlapping between E. cecryphalium
from LE pond and C. silvestrii from the Lake ET.
Valves of E. cecryphalium from LE pond (Figure
3 i and j) have a more subrectangular outline
in the posterior area than those of C. silvestrii
(Figure 2c and Figure 31), and the body size of
females from E. cecryphalium (mean + SD pym =
719 +19) is slightly larger than that of C. silvestrii
females (mean + SD = 664 + 18 pm). Moreover,
the analysis of soft parts of E. cecryphalium
from LE pond, especially the uropodal ramus
strongly reduced and flagelliform in the females,
indicate that analysed specimens do not belong
to Eucypris. Therefore, given the set of observed
morphological characters of hard and soft
parts, we suggest that the specimens previously
described as E. cecryphalium belong to C.
silvestrii. Further details about differences in
shape, size and ornamentation are given in the
section presenting the morphological variability
of C. silvestrii.

Characterization of morphological variability
through spatial and temporal scales

Modern female C. silvestrii specimens
exhibita high degree of morphologicalvariability,
which was observed mainly in valve shape, size
and surface ornamentation (Figure 3e-s). The
dendrogram resulting from the cluster analysis
based on outline valve similarities shows three
principal groups or morphotypes (Figure 4). In
the first group, denominated as “subtruncated”
morphotype, which includes the valves from
LE (originally described as E. cecryphalium),
the more triangular shapes with the posterior-
dorsal margin subtrapezoidal to subtruncated
were placed. In the second group, denominated
as “transitional” morphotype, which includes the
valves from ET, valves neither subtruncated nor
acuminated, which had transitional shapes were
placed, and, in the third cluster, the “acuminated”
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morphotype with more elongated valves and
the posterior-dorsal area more acuminate were
located (Figure 4a). These differences in valve
shape between morphotypes were statistically
significant (Figure 4b). Length and height also
differ significantly between these morphotypes
defined by the cluster (Kruskal-Wallis Test,
length H, ,, = 9013, height H, , = 8846, P <
0.001; Figure 4c). Specifically, the subtruncated
morphotype tends to have larger valves in
length (mean + SE = 733 + 3) and height (mean +
SE = 440 + 2) than the acuminated morphotype
(length, mean + SE 705 + 4; height, mean + SE =
394 + 2). The latter has a greater length (mean
+ SE =700 + 4) and height (mean + SE = 384 +
2) than the transitional ones (Kruskal-Wallis
Test, multiple comparisons Z' values, P < 0.05).
The three morphotypes have a surface valve
ornamentation characterized by a delicate
reticulation concentrically disposed at about the
central area (Figure 3e-s). This ornamentation is
more evident in the subtruncated morphotype
(Figure 3e-k) which also has fewer setae than the
transitional or acuminated morphotypes (Figure
3l-s). In relation to internal valve characteristics,
the acuminated and transitional morphotypes
(Figure 3, l and q) show a calcified inner lamella
more developed and the selvage on the anterior
margin more noticeable than the subtruncated
morphotype (Figure 3 fand j).

Acuminated and transitional morphotypes
of C. silvestrii occurred both in northern and
southern Patagonia whereas subtruncated
morphotype was collected in five lakes located
in South Patagonia (Figure 1). This species was
found both in populations consisted exclusively
of females suggesting parthenogenetic
populations, and with occurrence of males
indicatingsexualreproduction(See Reproduction
modes and sexual dimorphism section for more
details). However, note that the subtruncated
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Riocypris whatleyi juveniles

Figure 3. SEM photographs of R. whatleyi juvenile from Lake ET and C. silvestrii from different localities showing
its morphological variability. Figs a) to d): R. whatleyi juveniles. External lateral view of a), b) left valves, c) right
valve and d) internal view of a right valve. Figs. e) to s): female valves of C. silvestrii. Figs. e) to k): “Subtruncated”
morphotype. e) External view of left valve from ES, f) internal view of right valve from ES, g) external view of

left valve from Pet, h) carapace in ventral view from LE (originally described as E. cecryphalium), i) external

and j) internal view of left valve from LE and k) external view of left valve from Cha. Figs. l) to o): “Transitional”
morphotype. 1) Internal view of left valve from ET, external view of m) right valve from LP, n) left valve from CM and
o) left valve from L3L. Figs. p) to s): “Acuminated” morphotype. p) External view of left valves from Cha, q) internal
view of right valve from ES, r) external view of left valve from CVO and s) external view of right valve from MTB.
Figs. t) to w): males of C. silvestrii. Left valves in external view from t) ET, u) Cha, v) LE and w) internal view of a
right valve from ES. Arrows indicate the anterior part. Abbreviations of sites are given in Supplementary Material -
Table SI.
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morphotype only was registered in populations
with presence of males (Figure 4a).

The Nonmetric multidimensional analysis
(n-MDS) using fossil and modern specimen’s
shows that individuals recovered from
Quaternary sediments are similar to modern
acuminated and transitional morphotypes
(Figure 5). Holocene specimens from Lake ET
(ETC) display a broad overlap with modern
specimens from the same lake characterized

a) Dissimilarity
80 60 40 20

! ] Il |
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by transitional valve shapes. Fossil valves from
Lake L) (LJC), Cari-Laufquen Grande (CLG-5b) and
the Maquinchao River (LGW and MO) also have
transitional shapes and are similar to modern
specimens from CG and ET lakes, all of them
located in Northern Patagonia. Specifically, fossil
specimens from Lake Cari-Laufquen Grande
(CLG-5b) display triangular shapes and are more
similar to those from Lake ET, with the exception
of the levels corresponding to 2580, 2500, 1749

Figure 4. Results of
0 morphometric analysis

performed on 216 valves
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of adult C. silvestrii from
modern sites. Males

were removed from the
analyses. a) Dendrogram of
cluster analysis based on
the dissimilarity matrix in
“normalized area” modern,
with superimposition of
the reconstructed mean
shape outline of each
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and 1740 cal. yr BP that are characterized by
acuminated shapes. Specimens from cores from
the more southernmostsitessuch asLago Cardiel
(CAR 99-7P, CAR 99-9P and CAR 98-2) and Laguna
Carmen (LCTF2) show a boarder shape variability.
Most fossil valves from Lago Cardiel have shapes
similar to modern individuals from the L3L pond
near Lago Cardiel. However, specimens from the
base of core CAR 99-7P (15,665 cal. yr. BP) and
from Holocene sediments from cores CAR 99-
9P and CAR 98-2 exhibit a broad overlap with
modern acuminated individuals from Lake ES.
LCTF2 core, comprise acuminated individuals
similar to Late Pleistocene valves from core
CAR 99-7P and modern specimens from Lake
ES, except for specimens from 3150, 2100 and
1500 cal. yr BP, which show a broad overlap with
modern forms from Lake ET characterized by
transitional shapes.

MORPHOLOGICAL PATTERNS IN Cypridopsis silvestrii

Reproduction modes and sexual dimorphism

Seven sites with living specimens of C. silvestrii
included both males and females, suggesting
sexual or mixed reproduction (Table 1). Valves
display a moderate sexual dimorphism degree,
females (Figure 3e to s) have subtruncated or
acuminated posterior margins, whereas the
posterior part of males is more rounded (Figure
3t to w). The R value (ANOSIM, R > 0.5) from each
site confirms these valve shape differences
between sexes (see Supplementary Material
- Table SlII for more details). However, valve
size differences between sexes were subtle,
significant length differences between males
and females were only detected at LE and Cha
sites, where males were shorter than females
(Mann-Whitney U test, LE site: Z,;,=220P=003;
Kruskal-Wallis test, Cha site: H, &= 37.42,P < 0.001;
Supplementary Material - Figure S2). In relation

2D Stress: 0.11 | Cores
O ETC
+ CLG-5b
+ Lic

Magquinchao river cores
M (MO and LGW)
Late Pleistocene

Lago Cardiel cores
B (CAR 99-7P, CAR 99-9,
CAR 98-2)

0O LCTF2

Modern sites
®ET
vCG

®ES
<$L3L

Morphotypes
Modern Acuminated
specimens

o Modem Transitional
specimens

Modern Subtruncated
specimens

212772
12600

Figure 5. Non-metric Multidimensional Scaling (n-MDS) plot showing the shape dissimilarities between digitized
outlines (normalized for area) of C. silvestrii from Quaternary and modern sites with superimposition of
reconstructed outline of selected specimens. Males were removed from the analysis. Numbers indicate calibrated
ages of fossils valves. Modern morphotypes were classified according previous cluster analysis. Abbreviations of

sites are given in Supplementary Material - Table SI.

An Acad Bras Cienc (2021) 93(Suppl. 2) €20200635 11| 21



to valve height, females of the subtruncated
morphotype from LE pond and Lake Cha as well
as transitional morphotypes from Lake ET were
greater than males (Mann-Whitney U test, LE
site: Z,,= 4.02 P <0.007; Kruskal-Wallis test, Cha
site: H, . = 37.43, P < 0.001, ET site H, , = 7.46, p =
0.003; Supplementary Material - Figure S2).
Three living populations in the most
austral portion of the study area (Bo, CVO and
MTB sites) consisted of all-female individuals
suggesting parthenogenetic reproduction. In
these populations, females of the acuminated
morphotype are dominant. However, populations
with males indicating a sexual reproduction also
included females of the three morphotypes.
Nevertheless, subtruncated individuals were
found exclusively in populations with males
(sexualfemales)(Tableland Figure 4a). Therefore,
populations (ES, Cha and GM sites) with males
and coexistence of two female morphotypes,
i.e. acuminated and subtruncated (Table 1),
would suggest a mixed reproduction mode, in
which there is a co-occurrence of both sexual

MORPHOLOGICAL PATTERNS IN Cypridopsis silvestrii

(subtruncated females) and parthenogenetic
(acuminated females) populations (Figure
4a). Moreover, the sex ratio highly biased in
favour of females is coherent with this type of
reproduction (Table I).

Distribution, environmental and climatic
preferences of C. silvestrii and its morphotypes

Cypridopsis silvestrii has a large modern
distribution in both northern and southern
Patagonia, ranging from latitude 402 to 512 S and
from longitude 689 to 732 W. This species was
found in 24% of the sites containing ostracods
in Patagonia (n = 140), including temporary
ponds and permanent lakes but mainly in lentic
environments (Figure 1). Living specimens were
recorded in 24 out of the 38 sites with C. silvestrii
occurrence and displaying higher tolerance
and ETI values (>0.4) for variations in local
environments and climatic variables (Table I1).
PCA results show the main environmental
and climatic gradients of sites where
morphotypes were identified (Figure 6 and

Table I. Morphotype, sex ratio (male:female) and reproduction mode information on 10 living populations of C.
silvestrii. Abbreviations of sites are given in Supplementary Material - Table SI.

Site Code Q Acuminated Q Transitional Q Subtruncated d Sex ratio Reproduction
ET X X 28:27 Sexual
LE X X 19:10 Sexual
cMm X X 8:2 Sexual
Pet X X 11 Sexual
ES X X X 36:6 Mixed
Cha X X X 204:53 Mixed
GM X X X 31 Mixed
Bo X 0:23 Parthenogenesis
cvo X 0:72 Parthenogenesis
MLB X 0:1 Parthenogenesis
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Supplementary Material - Table SIV). The first
two dimensions of the PCA accounted for 86 % of
the total observed environmental and climatic
variance. PC 1 (48 %) is positively correlated with
electrical conductivity and negatively correlated
with wind. Therefore, this axis separates quite
well the sites with higher electrical conductivity
and lower wind values, mostly located in
northern Patagonia (e.g. ET, CG, Di, LP), from sites
with lower conductivity and higher wind values,
located in southern Patagonia (e.g. Es, Cha, Bo,
EN, L3L). PC 2 (38 %) is positively correlated with
altitude but Bio 15, MAP and MAT are also related
with this axis. PC 2 provides a good division
between southern Patagonia sites from the Lake
Buenos Aires Plateau (i.e. ES, Cha, Pet, GM and
Bo), Strobel Plateau (i.e. CM, PO, CVO, L6L, Mar
4 EN and MTB) and lowlands near Lago Cardiel
(i.e. TPD, L3L, MC, MCO1 and BS) because they are
located on an altitudinal gradient (Figure 1 and
6). In relation to northern Patagonia, Lake ET has
the highest altitude with higher values of Bio
15 and MAP, whereas CG, NE, LP and Di sites are
located at lower altitudes and are characterized
by lower Bio 15 and MAP values.

The acuminated and transitional
morphotypes are not clearly arranged in groups
in the biplot of the PCA, indicating that they
occur across a wide environmental gradient
(Figure 6). The subtruncated morphotype seems
to be an exception, because it occurs in sites
from the Buenos Aires Plateau (ES, Cha, Pet and
GM) and the Strobel Plateau (LE), all of them
characterized by lower conductivity and MAT
values as well as high wind speed and Bio 15
values. Estimated species optimum (uk) and
tolerance levels (tk), based on the weighted
averagingvalues, also show high tolerance values
to different environmental and climatic variables
for C. silvestrii transitional and acuminated
morphotypes, but a narrow tolerance index
for the subtruncated morphotype (Table I1).

MORPHOLOGICAL PATTERNS IN Cypridopsis silvestrii

The subtruncated morphotype has the lowest
optimum values for conductivity (372 pS cm™)
and MAT (5 °C), and the highest optimum value
for wind speed (8.6 m s7).

DISCUSSION

Morphological tools for species identification

Thisstudy providestoolsto differentiate between
Cypridopsis silvestrii and juveniles of Riocypris
whatleyi (previously known as Eucypris fontana
in Patagonia). Both taxa were difficult to separate
by hard parts observation only. The small size
of both species has caused difficulties in the
identification of specimens from Quaternary
sediments and, especially in Lake El Toro,
where these taxa have coexist (Supplementary
material - Table SI). The morphological analyses
demonstrated that R. whatleyi juveniles have a
more acuminate posterior area and a different
surface ornamentation than adult valves of
C. silvestrii. These shape differences could be
attributed to the development of reproductive
structures in adults of C. silvestrii. In most
podocopids, the anterior part of the valve has a
shape similar to the adult from the beginning of
development, but the posterior part is the one
that undergoes the greatest changes due to the
addition of appendages and the development
of reproductive structures (Baltanas et al.
2000, Meisch 2000). Moreover, further evidence
showed that C. silvestrii exhibits an extensive
valve morphological variability. In many
paleoenvironmental studies involving ostracods,
the evolution of ecological characteristics over
time are reconstructed from data based on
current species ecologies, therefore accurate
species identification is mandatory and will
allow better inferences of environments changes
(Karanovic & Brandao 2016). In this study, the use
of geometric morphometric techniques shows
that the shape comparison of the posterior part
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Table II. Number of occurrences (N), optima (u,) and tolerances (t,) for environmental and climatic variables of C.
silvestrii and its morphotypes.

N and variable Cypridopsis silvestrii “Subtruncated” “Transitional” = “Acuminated”
N 24 5 7 1
X u, 2331 372 3465 979
Electrical
conductivity t, 5274 164 8696 2531
(S cm?)
ETI 0.6 0.1 1 09
N 17 5 7 1
u, 8.9 8.8 91 8.8
pH t, 0.7 0.6 0.5 0.9
ETI 0.6 0.4 0.6 09
N 14 4 6 10
. u, 10.7 10.3 10.5 10.4
Dissolved oxygen
(mgL") t, 1.6 0.2 1.6 0.8
ETI 0.4 0.1 0.8 0.8
N 17 5 7 1
u, 12.0 11.7 1.8 1.8
Water
temperature t, 32 2.8 35 3.8
(°0)
ETI 0.7 0.7 0.8 1.0
N 38 5 14 15
u, 7.2 8.6 74 83
Wind speed
I t, 1.2 0.4 09 0.8
(ms)
ETI 0.7 0.2 0.8 1.0
u, 6.3 5.0 7.8 57
MAT
0) t, 18 15 13 18
ETI 0.7 0.4 0.6 1.0
u, 221 206 186 197
MAP
t, 66 36 48 38
(mm)
ETI 0.8 0.3 1.0 1.0
u, 31.5 29.6 27.2 303
Blo 15 t 7.7 25 6.0 33
ETI 0.7 0.3 1.0 0.9

MAT: mean annual temperature, MAP: mean annual precipitation, Bio 15: precipitation seasonality (CV).
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of the valves with the examination of the surface
ornamentation could serve as determinant
factors to achieve an effective differentiation
and identification of these taxa, especially when
soft parts are not available.

Cypridopsis silvestrii and Eucypris
cecryphalium were previously misidentified
because they are similar in valve shape
(Ramon-Mercau et al. 2012, Pérez et al. 2019).
In this work, valve shape of E. cecryphalium
holotype specimens from LE pond were
characterized as “subtruncated” (Figure 3i and
j) and were analogous to four other populations
(ES, CHA, GM y Pet) from southern Patagonia
(Figure 3 e, f, g, k). In addition, the uropodal
ramus flagelliform and the morphology of the
hemipenis of E. cecryphalium specimens from
LE correspond to the holotype of C. silvestrii
from ET and ES lakes. Based on these sets of
observed morphological characters we propose
that specimens from LE, previously described as
E. cecryphalium, actually belong to C. silvestrii.
In a previous taxonomic study of C. silvestrii two
main shapes where described, females from the

MORPHOLOGICAL PATTERNS IN Cypridopsis silvestrii

oligohaline Lake ES with a more acuminated
postero-dorsal margin that females from Lake
ET characterized by mesohaline waters (Pérez
et al. 2019). In this work, three morphotypes
of C. silvestrii are described: (1) “acuminated”
that includes holotypes valves from Lake ES; (2)
“transitional” that comprises holotype valves
from Lake ET; and (3) a new “subtruncated”
morphotype that encompasses holotype valves
from LE pond (Figure 3, e-k). Even though the last
one shows an ornamentation pattern and valve
length similar to the acuminated or transitional
morphotypes, which can lead to confusion, it
has a posterior valve area more subtruncated
and a more distinct ornamentation.

Distribution patterns and ecological
preferences of C. silvestrii

Despite the growing number of investigations
carried out during the last few decades, several
aspects dealing with ostracods in Patagonia
remain unexplored. Thus, our results contribute
to increase the existing knowledge of taxonomy,
morphological patterns, ecology and distribution
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of species that are still poorly known. Cypridopsis
silvestrii was highly tolerant to environmental
and climatic conditions investigated, however
was found living in stagnant waters in both
permanent and temporary environments with
preference for oligohaline to mesohaline waters
(2331 + 5274 pS cm™ see Table 11). Accordingly, C.
silvestrii was more evenly distributed and very
abundant in southern Patagonia (e.g. EN, L3L, ES,
see Supplementary Material - Table SI) where
aquatic environments are characterized by lower
conductivities and windy climate. However,
in the North Patagonia, where sampled lakes
were characterized by higher conductivity, this
species was found in temporary and more saline
waters, as Lake ET. Previous taxonomic studies
of C. silvestrii also pointed out its remarkable
tolerance to high conductivity and its preference
for alkaline and well oxygenated waters (Pérez et
al. 2019). Therefore, this significant tolerance to
environmental factors, particularly conductivity
(78 - 42400 puS cm™) and water temperature
(4 - 21°C), might explain why it is one of the
most abundant ostracod species present in
lacustrine records from Patagonia since the Late
Pleistocene (Figure 1).

Morphological variability of modern C.
silvestrii across spatial scales

The results of this study provide further evidence
that C. silvestrii exhibits extensive morphological
variability along a broad geographic, climatic
and environmental gradient. The geographical
range of distribution of modern C. silvestrii in
Patagonia comprised an extensive area of about
400,000 km’, where the latitudinal range was
associated with higher wind speed and lower
MAT, and the longitude range was mainly linked
to differences in MAP and electrical conductivity
of host waters. The phenotype is a product
of the interaction between genotype and
environment, and environmental heterogeneity
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is an important driver of biological adaptation
(Schlichting & Pigliucci 1998). However, our
results show that morphological differences
between populations of C. silvestrii could not be
clearly attributed to a particular environmental
or climatic factor and even morphologically
dissimilar forms, such as acuminated and
subtruncated morphotypes, were found living
together on the same environment (Figure
6). Although it is important to note that even
the transitional morphotype had its optimum
in waters with higher conductivity values (u, =
3465 uS cm™) than the acuminated morphotype
(u, = 979 pS cm’), both forms were widely
distributed in northern and southern Patagonia
and occurred under a variety of environmental
conditions. Nevertheless, the distribution of
the subtruncated morphotype was apparently
confined to southern Patagonia and therefore
was associated with lower conductivity waters
(uk = 372 uS cm™) as well as cold and windy
conditions (Figure 1 and 6). Probably due to
these hydrological preferences, transitional
morphotypes were mainly associated with
R. whatleyi and Limnocythere rionegroensis,
whereas acuminated and subtruncated shapes,
common in southern Patagonia, mostly occurred
together with Newnhamia patagonica, Eucypris
virgata and Limnocythere patagonica. Although
further studies of Patagonian lakes should
obtain more environmental and morphological
data of this paleo-indicator species, these
results provide additional evidence to improve
the environmental and climatic interpretation of
extant and fossil ostracod assemblages.

Sexual dimorphism and reproduction modes

According to the description of the sexual
dimorphism of living C. silvestrii from Lake ET
(Pérez et al. 2019), males from other localities
also had a more rounded posterior area than
females (Figure 3u-w). This was especially
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noticeable in populations with subtruncated
females (Supplementary Material - Table SlII).
Cypridopsis silvestrii belongs to the Cyprididae,
a family that harbours many species with either
fully asexual, fully sexual or mixed modes of
reproduction (Horne et al. 1998, Martens et
al. 2008). Living populations of exclusively
females, suggesting fully parthenogenetic
reproduction, had individuals with the posterior
valve acuminated, whereas sexual populations
tended to have females with a subtruncate
posterior margin. Interestingly, a few southern
Patagonian populations had two well-separated
shape clusters of females, i.e. acuminated and
subtruncated, with one type of males and a sex
ratio highly biased in favour of females (Table
). Large excesses of numbers of females are
common in mixed populations of ostracods
(Chaplin 1993). This fact could point towards a
mixed reproduction mode for C. silvestrii, where
both sexual (diploid) and asexual (di- or triploid)
females coexist. According to the C. silvestrii
morphological pattern, likely parthenogenetic
females are linked to acuminated shapes,
whereas sexual females are more subtruncated
inthe posterior area (Figure 4a). Previous studies
similarly identified recognizable morphological
differences amongfemales related to contrasting
reproductive modes in some species (Bellavere
et al. 2002, Rossi et al. 2007, Wrozyna et al. 2014).
Consequently, the high morphological disparity
in C. silvestrii seems to be multi-causal. A
more detailed and comparative analysis of the
variability of their soft parts, along with DNA
analysis, might provide additional data that
could help to clarify the mechanisms ruling the
observed valve shape variations as well as the
mixed reproductive mode and ploidy level of
this species.

Morphological variability across temporal
scales

Cypridopsis silvestrii has occurred in Patagonia
since the Late Pleistocene, and the geographical
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range overlapped with that of their modern
representatives (Figure 1, square and circle
symbols). However, temporal differences in
the distribution of C. silvestrii morphotypes
was identified (Figure 5). Ecological and
microevolutionary processes are expect to be
responsible for the observed morphological
diversity (Baltanas & Geiger 1998, lepure et al.
2008). The available data show that the modern
assemblage includes a greater diversity of
shapes, whereas the fossil cluster covers only
acuminated and transitional shapes (Figure 5).
Thus, these results indicate that lineages of
acuminated or transitional morphotypes might
be older than the subtruncated morphotypes.
However,thereisalack of sedimentary coresfrom
the western Plateau area, where this morphotype
is currently found (Figure 1), highlighting the
need for further sampling in these poorly
explored regions of Patagonia. Populations
colonize new habitats, especially when they are
able to distribute along broad environmental
gradients. This can generate the presence of
differentiated forms, genetic diversity or even
speciation events (Martens 1998, Wrozyna et
al. 2018a). According to previous studies about
reproductive strategies (e.g. Chaplin et al. 1994),
the mixed reproductive mode of C. silvestrii
and the presence of parthenogenetic lineages,
which likely have desiccation-resistant eggs,
would confer efficient dispersal capabilities
to colonize new habitats. Thus, the latter can
possibly explain its extensive actual distribution
as well as its morphological variability.

We also found valve shape differences
between fossil records. In general, fossil
specimens were similar to actual individuals
in the same lake or a nearby one (Figure 1 and
5). This fact indicates a possible funder effect
accompanied by successive morphological
separation from other populations. However,
specimens from Lago Cardiel (CAR 99 7P, CAR 99
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9P and CAR 98-2) and Laguna Carmen (LCTF2)
displayed a remarkable shape variability. Few
acuminated valves at the base of CAR 99 7P and
at 13.6 cal kyr BP might be the result of variable
salinity conditions during the Late Pleistocene.
Conversely, after the disappearance of C.
silvestrii around 12.5 cal kyr BP, coinciding with
sensible hydrological changes in the lake, the
isolated and low abundance of acuminated C.
silvestrii during the Late Holocene (Ramos et al.
2019) likely suggests a new colonization event.
Furthermore, more acuminated valves recovered
at31,21and 1.5 cal kyr BP in core LCTF2 coincided
with some oligohaline pulses (Borromei et al.
2018). This also may suggest an ecophenotypic
response or change in mode of reproduction
towards parthenogenesis. At short time scales,
factors such as conductivity, temperature and
photoperiod affecting phenotypic valve traits are
easier to detect, but over longer time periods,
more complex microevolutionary processes are
also involved (Roberts et al. 2002). Therefore,
the low-resolution morphological data provided
by fossil records do not allow more detailed
analysis to detect the impact of environmental
changes on the phenotypic variability of C.
silvestrii.

CONCLUSIONS

Our results confirm the need of studying a large
number of samples covering a broad geographic,
environmental and temporal scale. This is
fundamental to characterize a given ostracod
species and obtain more information about the
diverse factors influencing their morphological
variations. Morphometric analysis allows
discriminating between morphological similar
taxa i.e. C. silvestrii and R. whatleyi juveniles,
providing a tool for the correct taxonomic
identification and to distinguish between
juveniles and adults. These outcomes have
substantial implications when estimating
biodiversity and environmental reconstructions.

MORPHOLOGICAL PATTERNS IN Cypridopsis silvestrii

Additionally, improving the knowledge of
the morphological variability, ecological
requirements and geographical distribution of C.
silvestrii provides much needed information to
be used as a proxy in paleolimnological studies.
These results also enhance our understanding
of the morphological variations in this species
and set the ground for further taxonomic and
molecular studies.
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SUPPLEMENTARY MATERIAL

Table SI. Overview of the occurrences of C. silvestrii
in Patagonia including information about samples,
age, number of valves analysed with Geometric
Morphometric techniques, morphotype and species
former name.

Table SII. Results of the One-Way ANOSIM for
shape differences (expressed by the R statistic
values) between left and right valves of females
for morphotype and population, respectively.
Abbreviations of sites are given in Supplementary
Material - Table SI.

Table SIII. Results of the One-Way ANOSIM for the
shape differences (expressed by the R statistic
values) between males and female, respectively.
Abbreviations of sites are given in Table SI.

Table SIV. Summary of the principal component
analysis (PCA) results. Abbreviations of sites are given
in Supplementary Material - Table SI.

Figure S1. Scheme of the variables measured on each
valve and the reconstructed outline (red line) using
B-spline outline analyses. v1-v15 = control points
along the ventral part of the outline; m1-m2 = control
points on the intersection of the axis of minimum
moment of inertia and the outline and d1-d15 =
control points along the dorsal part of the outline.
Figure S2. Boxplots showing the median valve length
and height for sexes for each population. Letters
indicate significant differences (p < 0.05) between
pairwise non-parametric comparisons of sex and
female morphotypes at each site. Abbreviations of
sites are given in Supplementary Material - Table SI.
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