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Abstract

Understanding the mechanisms structuring metacommunities is a fundamental question in community ecology. Ostracods are
an ideal study group for metacommunity studies, due to their environmental sensitivity, high dispersal capacity and increased
use as biological proxy in (paleo-)ecology studies. We studied the contribution of environmental and spatial processes in
the structure of non-marine ostracod metacommunities in Northern and Southern Patagonia. A total of 37 ostracod species
were found at the 105 environments studied. According to variation partitioning results, the metacommunities in Northern
Patagonia were influenced by a combination of species sorting (environmental control, including non-spatial and spatial
components) and spatial effects (e.g. dispersal limitation), while species sorting (environmental control, due to non-spatial
components) was the principal mechanism affecting Southern Patagonia. Discrepancies between the degree of environmental
and spatial control affecting ostracod metacommunity structure was associated with differences in study area extension and
in sampled site distances, more than differences in Ostracoda response. Instead, the spatial extent did not influence total beta
diversity and its components between the studied areas. Our study expands the understanding of the drivers affecting the
non-marine ostracod metacommunities in Patagonia, Argentina, and also the variables affecting the structure of the ostracod
assemblages. Increased knowledge in these aspects has important implications for (paleo-)ecology studies, allowing reliable
interpretation in biological assessment programs and paleoenvironmental interpretation.

Keywords Environmental control - Metacommunity dynamics - Ostracoda - Patagonian environments - Spatial effects

Introduction

A metacommunity can be defined as “a set of local com-
munities that are linked by dispersal of multiple poten-
tially interacting species” (Leibold et al. 2004). Currently,
understanding the underlying drivers that shape a metacom-
munity is a crucial component of community ecology. In
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this context, and depending on the relative importance of
environmental and spatial processes, four main models of
metacommunity dynamics have been identified: species sort-
ing, patch dynamics, mass effects, and neutral (Leibold et al.
2004). In species sorting, variation in local environmental
features prevails, and species occupy suitable sites along
environmental gradients. Although adequate dispersal rates
are necessary so that species can track variation in environ-
mental conditions among localities (Leibold et al. 2004),
dispersal-related processes are the basis in patch dynamics,
mass-effects and neutrality models (Alahuhta et al. 2014).
The patch dynamic model is characterized by low rates of
dispersal across a homogeneous landscape, in which com-
munities are majority structured by competition coloniza-
tion dynamics. In the mass-effects model, high dispersal
rates allow species inhabiting adjacent localities regardless
of their environmental conditions. The neutral perspective
assumes that the species are ecologically equivalent and
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the community assemblage is driven by random speciation,
extinction, migration and immigration (independently of the
abiotic environment and species traits) (Leibold et al. 2004;
Heino et al. 2015). Different authors have indicated that
these models do not have clear boundaries, and the different
mechanisms may have greater or lesser importance depend-
ing on spatial scale (Leibold et al. 2004; Cottenie 2005). In
addition, it has been recently suggested that these perspec-
tives should break down and that community studies should
focus on the relative influence of spatial and environmental
factors, rather than on the identification between the four
paradigms (Rosati et al. 2016). In this context, metacommu-
nity studies should focus on the relative influence of species
sorting (i.e., environmental factors ‘filter’ species presence
and abundance, which only occurs at environmentally suit-
able sites) and dispersal (i.e., a spatial process that affects a
local community irrespective of local environmental condi-
tions) (Heino et al. 2015).

The relevance of the environmental and the spatial influ-
ence is affected by the spatial extent; however, there is
limited knowledge about the relative importance of these
processes at different scales (He et al. 2020). Spatial extent
is a key factor in metacommunity studies, having a pro-
found effect on community inferences, so that one should
expect different dispersal effects at different spatial exten-
sions, and observations made at one scale cannot readily be
extrapolated to others (Mykri et al. 2007; Heino et al. 2015).
Viana and Chase (2019) postulate that “if spatial scale influ-
ences conclusions about the relative importance of different
assembly mechanisms, it would be critical to recognize, and
account for this relationship”. In general, landscapes with
a broader spatial extent tend to be associated with a larger
influence of dispersal limitation, because suitable sites can
be more separated than in landscapes with smaller spatial
extents (Soininen 2016). According to He and coworkers
(2020), it could be expected high dispersal rates in small
spatial areas or in well-connected systems, leading to a
strong spatial signal and a low influence of environmental
control. At intermediate spatial scales, a metacommunity
would show an increased relation between environment and
community composition. Moderate spatial extensions enable
more environmental heterogeneity and a weaker dispersal
rate, so the species could track variation in environmen-
tal heterogeneity showing a strong environmental signal.
Finally, at large spatial extents or in regions with major dis-
persal barriers, dispersal limitation leads to a strong spatial
signal, as species are no longer able to effectively track vari-
ation in local environmental conditions (Heino et al. 2015;
He et al. 2020). Related to the spatial extent, there is the
difficult to define strict limits of a metacommunity. Defining
when a spatial extent is too large to consider it ‘a metacom-
munity’ remains an open question, and defining the strict
limits to their boundaries is difficult (Heino 2013). In this
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context, metacommunity studies ideally should consider
various spatial ranges (Heino 2013).

On the other hand, spatial scale also can influence beta
diversity patterns (i.e., heterogeny in community composi-
tion among sites), due to differential contributions of local
and regional processes (Fu et al. 2019). Beta diversity can
be partitioned into two different components: nestedness and
turnover. Nestedness occurs when the sites with a smaller
number of species represent subsets of sites with higher rich-
ness, reflecting a non-random process of species loss (or
gain) along an environmental gradient. The turnover compo-
nent implies the replacement of some taxa by others due to
environmental filtering, or spatial and historical constraints
(Baselga 2010). Both nestedness and turnover components
contribute to the total compositional changes among com-
munities; however, they imply distinct ecological processes.
In this sense, the distinction of the turnover and nestedness
components of beta diversity can enhance our understand-
ing of the mechanisms that shape biodiversity patterns (Fu
et al. 2019).

Ostracods are abundant in freshwater environments,
being present in almost every aquatic system, including
temporary environments, streams, estuaries, deep lakes and
semi-terrestrial habitats (Mesquita-Joanes et al. 2012; Cov-
iaga et al. 2018a; Cusminsky et al. 2020). The presence and
relative abundance of these microcrustaceans are influenced
by the physical and chemical features of host waters, such
as electrical conductivity, temperature, energy level and
dissolved oxygen concentration (Yassini and Jones 1995;
Holmes 2001; Mezquita et al. 2005). Ostracods are passive
dispersers with a relatively high dispersal rate, being able
to identify abiotic environment changes by habitat tracking,
reaching suitable patches more often and, therefore, being
less affected by spatial structure than low-dispersal organ-
isms (Padial et al. 2014; Michelson et al. 2016). Previous
results showed that environmental factors (species-sorting
mechanism) contribute significantly in structuring the entire
ostracod metacommunity (Cottenie 2005; Michelson et al.
2016; Castillo-Escriva et al. 2017; de Campos et al. 2018).
In contrast, other studies found that both environment and
space significantly explain the assemblage variation of
ostracod communities (Escriva et al. 2015; Zhai et al. 2015;
Rossatti et al. 2016). In Patagonia, environmental studies
on ostracods have been often conducted on regional scale
(e.g. Schwalb et al. 2002; Cusminsky et al. 2005; 2020;
Ramoén Mercau et al. 2012; Coviaga 2016; Coviaga et al.
2015, 2018a; Ramos et al. 2015; 2017); nevertheless, the
influence of space itself remains uncertain. In this sense,
due to their environmental sensitivity and high dispersal
capacity, non-marine ostracods are an ideal study group for
evaluating the spatial influence on metacommunity struc-
ture and composition (Michelson et al. 2016). Additionally,
given that ostracods are increasingly used as biological and
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paleoecological indicators, understanding the influence of
environmental and spatial processes on their metacommu-
nity structure has important implications for trustworthy
biological and paleoenvironmental interpretations (Castillo-
Escriva et al. 2016).

The aim of this study is to compare the relative contribu-
tion of environmental and spatial processes in the assem-
blage structure and composition of non-marine ostracod
metacommunities in two different areas of Argentina,
Northern and Southern Patagonia, and separate the unique
and shared effects of these two categories of variables. We
hypothesized that (H;) Ostracoda metacommunities are
mainly influenced by environmental parameters and that
(H,) the spatial processes are more relevant in the larger
study area.

Study region and methods
Study area

Argentine Patagonia is located in the southern part of South
America extending southward of Rio Colorado, between 36°
S to 55° S, and covering 28.5% of Argentine continental
territory (790,000 km?) (Rabassa 2008). This region pre-
sents a large latitudinal and longitudinal extension, which
guarantees a wide range of climatic conditions and a broad
environmental heterogeneity. In this context, studied sites
were located in four ecoregions: Andean-Patagonian forest,
Patagonian steppe, Monte, and Espinal; defined according
to climate, geomorphology, soils and vegetation (Burkart
et al. 1999). In the Andean-Patagonian forest, the presence
of the Andean mountains provides a glacial to fluvial geo-
morphology. In this ecoregion, the climate is wet (800 to
3500 mm/year of precipitation), temperate to cool (5.4 to
9 °C mean annual temperature), and the soils are rich in
organic matter (Burkart et al. 1999). The Patagonian steppe
ecoregion is located to the east of the Andean-Patagonian
forest, representing about 85% of Patagonia territory. This
large ecoregion is characterized by a tableland relief, form-
ing numerous landscape steps from the Andean piedmont to
the Atlantic Ocean coast (Paruelo et al. 1998). Their soils
are poorly developed, with a low organic matter contents
and scrubby vegetation (Paruelo et al. 2005). The climate
of the Patagonian steppe is cool temperate, with a mean
annual temperature range from 10 to 14 °C in the north to
5 to 8 °C to the south of the region, and dry, with low pre-
cipitations (200 mm/year) (Burkart et al. 1999). The Monte
ecoregion comprises a relief of steppes and plains; with soils
poorly developed and a vegetation mainly represented by
scrub steppe. Also, it is characterized by a climate temperate
(mean annual temperature range from 10 to 14 °C) and dry
(precipitation between 300 and 800 mm/year). The Espinal

ecoregion presents a relief with drained plains, gentle slopes
and poorly developed soils. The climate is warm (tempera-
ture between 15 and 16 °C) and semiarid (precipitation from
300 to 600 mm/year, temperature between 15 and 16 °C)
(Menendez and La Roca 2006).

In this study, two different areas were considered: North-
ern (59 sites) and Southern Patagonia (46 sites) (Fig. 1).
Additionally, sampling sites were selected to represent a het-
erogeneous gradient of freshwater habitat types: permanent,
semi-permanent and temporary pond as well as lentic, spring
and stream environments.

Field sampling and sample processing

A total of 105 permanent, ephemeral, pond and spring fresh-
water bodies of Patagonia were sampled in the course of this
and other investigations (Schwalb et al. 2002; Coviaga et al.
2015; 2018a; Ramén Mercau et al. 2012; Ramén Mercau
and Laprida 2016; Pérez et al. 2019) (see Online Resource
1, Table S1 for more details). At each site, ostracods were
collected from surface sediment and/or from the water—sedi-
ment interface. Sediment samples were taken by scraping
over the sediment surface with a plastic bag, using an Ekman
grab sampler from a rubber boat or with a bolapipe dredge.
The water—sediment interface samples were recovered using
a hand net (D frame 200-pm mesh aperture) along a 1-6-m
long transect, or with 12-ml glass bottles with a silicon sep-
tum. Samples were fixed with ethanol (70%). Electrical con-
ductivity (uScm—1) was simultaneously measured in situ.
For more methodologic details, see Schwalb et al. 2002;
Coviaga et al. 2015, 2018a; Ramén Mercau et al. 2012;
Ramoén Mercau and Laprida 2016; and Pérez et al. 2019.

All adult ostracod individuals were sorted under a ster-
eomicroscope. Representative specimens were measured and
dissected under stereoscopic microscopes (Olympus SZ30
and SZ61 and Nikon SMZ-645). Taxonomic identification
was done based on carapaces, valves and appendages fol-
lowing Van Morkhoven (1963), Martens (1990), Cusmin-
sky and Whatley (1996), Meisch (2000), Cusminsky et al.
(2005), Karanovic (2012), Coviaga et al. (2018b) and Pérez
et al. (2019).

Explanatory variables

The effects of two types of explanatory variables on ostra-
cod distribution and abundance were evaluated, environ-
mental and spatial variables. The environmental group
included electrical conductivity and climatic variables. We
have chosen electrical conductivity because it is known to
strongly affect the distribution and abundance of Patagonian
non-marine ostracods, and this has been the only variable
exhaustively recorded in studies of ostracods in the region
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Fig. 1 Geographic location of the 105 sampled sites (59 in Northern Patagonia and 46 in Southern Patagonia). The map on the left shows Argen-
tina (in light grey) with the Patagonian region in dark grey. The map on the right shows the studied region with the surveyed environments

(Cusminsky et al. 2005, 2020; Ramén-Mercau et al. 2012;
Coviaga et al. 2018a).

The historical (1970-2000) climate data for South
America was obtained from WorldClim data set version 2.1
(Fick and Hijmans 2017). For this data set, we selected the
wind speed and the 19 bioclimatic variables derived from
the monthly temperature and rainfall; representing annual
trends, seasonality and extreme or limiting environmental
factors. The variables were obtained at the spatial resolu-
tion of 30 s (approximately 1 X 1 km per pixel), which is an
adequate coarse resolution where climate influences species
distributions (Pearson and Dawson 2003).

Spatial variables comprised the second group of explana-
tory variables and were generated as Moran’s Eigenvector
Maps (MEMs) from two different geographical coordinates
matrices (one for Northern Patagonia and the other for
Southern Patagonia) (Dray et al. 2012; Legendre and Leg-
endre 2012), using the R package ‘adespatial’ (Dray et al.
2018). MEMs are a set of orthogonal (linearly independ-
ent) eigenvectors computed from a multiscale analysis that

@ Springer

represent the spatial relationships among study sites and can
be used to detect complex patterns of spatial variation at
different scales (Dray et al. 2012; Legendre and Legendre
2012; Castillo-Escriva et al. 2017). In Southern Patagonia,
spatial structure was not detected (i.e., we did not detect a
significant positive correlation between the relative species
abundance and the MEMs, i.e., the geographic variation).
In order to determine whether this was a result of an irregu-
lar sampling, the correction suggested by Brind' Amour (the
complete-grid approach in cases of irregular sampling) was
applied to compute the MEMs (Brind'Amour et al. 2018).
Different types of spatial connectivity criteria (Gabriel
graph, relative neighborhood graph and minimum spanning
tree) and weight (binary without weights, linear weighting
function) were tested for the two matrices, preserving only
the eigenvectors with positive autocorrelation (Dray et al.
2018). For Northern Patagonia sites, a relative neighbor-
hood graph connection network with a linear weighting
function generated the spatial weighting matrix that com-
puted the eigenvector subset with the highest adjusted R>.
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In Southern Patagonia, a spatial weighting matrix based on
a relative neighborhood graph connection network with a
binary without weights assessed the eigenvector subset with
the highest adjusted R>. A forward selection procedure with
double-stopping criterion was implemented to select only
the significant subset of MEMs (R package ‘adespatial’;
Dray 2018). For these MEMs, smaller eigenvectors were
associated with broader-scale patterns (i.e., at a watershed
level, linked to biological constraints as climate, dispersion
and colonization), whereas higher eigenvectors were associ-
ated with finer-scale variations (i.e., at a microhabitat level,
related to biotic interactions and/or environmental filtering)
(Gascon et al. 2012; Benito et al. 2018).

Data analysis

Correlation between electrical conductivity, wind speed
and the 19 bioclimatic variables was checked running a
Spearman analysis using the package ‘corrplot’ (Wei and
Simko 2017) for species matrices of Northern and Southern
Patagonia; and only uncorrelated data (r <0.7) were kept.
Assumption of normality was previously evaluated using the
Lilliefors test, with the package ‘nortest’ (Gross and Ligges
2015).

The similarity between Northern and Southern Patago-
nia species assemblages was tested by the Jaccard/Tanimoto
similarity index, using the ‘jaccard’ package (Chung et al.
2019).

Because ostracod samples were obtained with different
methods and were of different sizes, we used the relative
species abundance as response variable in our analyses to
allow for comparison between samples. These relative abun-
dances were Hellinger-transformed (Peres-Neto et al. 2006),
which is the appropriate method for matrices with abundant
zeros (Legendre and Gallagher 2001). We also tested the
response data (i.e., relative species abundance) for linear
trends and detrended them if the trend surface was signifi-
cant to remove the effect of a linear gradient. Eliminating
the linear spatial trend in the data (i.e., the directional com-
ponent) allows us to detect possible patterns at finer scales
(Borcard and Legendre 2002; Borcard et al. 2004; Dray et al.
2006). The ‘vegan’ package was used for Hellinger trans-
formation. From explanatory data, only conductivity values
were log-transformed prior to ordinations.

Exclusive and shared effects of environmental and spatial
variables on species composition were determined using a
partial redundancy analysis (pRDA; Legendre and Legendre
2012), with adjusted canonical R values (Legendre and Leg-
endre 2012). A forward selection with 999 permutations
was used to identify variables that significantly explained
(p <0.05) ostracod abundance and distribution (ter Braak
and Prentice 1988; ter Braak and Smilauer 201 2). For this
analysis, the correction method proposed by Clappe et al.

(2018) was used to assess the importance of spatialized
and non-spatialized environmental drivers. In nature, the
environment and space are usually intercorrelated, making
it difficult to distinguish their particular influences. There-
fore, our conclusions would not be the same if the shared
fraction were fully or majority linked to the environment,
or conversely if the shared effect could be a consequence of
dispersal-related processes (Rosati et al. 2016). In this sense,
Clappe’s method allows us to separate the spatialized (i.e.,
spatially autocorrelated) contribution of the environment
that is due to spurious correlations from the contributions
of the environment to species sorting. As such, this variation
partitioning approach allowed us to determine the variation
explained by the non-spatially structured environmental (E)
fraction, the pure spatial (S) factors, the overlap between
environment and space (E N S; spatialized environmental
variation) and the unexplained fraction (U).

Both for Northern and Southern Patagonia, the total beta
diversity and their two components (turnover and nested-
ness) were calculated using the species beta diversity par-
titioning proposed by Baselga (2010). This approach was
based in three dissimilarity coefficients: (1) Sgrensen coef-
ficient, a measure of total beta diversity, (2) Simpson coef-
ficient, a measure of turnover, and (3) a coefficient assessing
nestedness richness differences (Baselga 2010).

Statistical procedures were performed with R version
3.5.2 (R Core Team 2018).

Results

A total of 37 ostracod species were found in the 105 envi-
ronments studied. Both regions shared 13 species, while
14 species were recorded exclusively in Northern Patago-
nia and 10 in Southern Patagonia (Table 1). The Jaccard/
Tanimoto similarity index showed a very small similarity
(uncentered =0.31, centered=—0.17, p=0.007) between the
community composition of Northern and Southern Patago-
nia. The most frequently occurring species were Ilyocypris
ramirezi and Cypridopsis silvestrii, occurring at 40 and 21
sites in Northern and Southern Patagonia, respectively. Five
species (Limnocythere cusminskyae, Darwinula stevensoni,
Typhlocypris sp., Cypridinae indet. 1, Isocypris beauchampi)
were found only at single sites.

The uncorrelated subset of environmental variables for
Northern Patagonia sites were compose by mean annual
temperature (MAT), isothermality (ISO), minimum tem-
perature of the coldest month (MTCM), mean temperature
of the driest quarter (MTDQ), annual precipitation (AP),
precipitation of the warmest quarter (PWQ), wind speed
(wind) and electrical conductivity. Of these, environmental
RDA results indicated that four variables explained signifi-
cantly the Ostracoda variability: AP, electrical conductivity,

@ Springer
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Table 1 List and frequency of identified ostracods and their occur-
rence in the study area. NP Northern Patagonia, SP Southern Patago-
nia

Species Fre-
quency
(NP-SP)

Superfamily Cytheroidea Baird, 1850
Family Limnocytheridae Klie, 1938
Limnocythere cusminskyae Ramén Mercau et al., 2014 1-0

Limnocythere patagonica Cusminsky and Whatley 4-9
1996

Limnocythere rionegroensis Cusminsky and Whatley 7-3
1996

Superfamily Darwinuloidea Brady and Norman, 1889
Family Darwinulidae Brady and Norman, 1889
Darwinula stevensoni (Brady and Robertson, 1870) 1-0
Penthesinelula incae (Delachaux, 1928) 0-8
Superfamily Cypridoidea Baird, 1845
Family Candonidae Kaufmann, 1900

Candonidae indet. 1 0-2
Eucandona megapudus (Cusminsky et al. 2005) 0-2
Typhlocypris sp 0-1

Family Cyprididae Baird, 1845
Amphicypris argentinensis Fontana and Ballent, 2005  4-1

Amphicypris nobilis Sars, 1901 2-0
Bradleystrandesia fuscata (Jurine, 1820) 3-0
Chlamydotheca incisa (Claus, 1892) 2-0
Cyprididae indet. 1 0-2
Cypridinae indet. 1 0-1
Cypridopsis silvestrii (Daday, 1902) 2-19
Cypridopsis vidua (O.F. Miiller, 1776) 11-0
Cypris pubera O.F. Miiller, 1776 5-0
Eucypris virens (Jurine, 1820) 14-2
Eucypris virgata Cusminsky and Whatley 1996 1-11
Heterocypris cf. H. Bogotensis Roessler 1982 0-2
Heterocypris hyalinus Klie, 1930 5-0
Heterocypris incongruens (Ramdohr, 1808) 12-5
Herpetocypris intermedia Kaufmann, 1900 3-0
Heterocypris salina (Brady, 1868) 6-0
Isocypris beauchampi (Paris, 1920) 0-1
Kapcypridopsis megapodus Cusminsky et al. 2005 04
Potamocypris smaragdina (Véavra, 1891) 2-3
Potamocypris unicaudata Schifer, 1943 10-0
Potamocypris villosa (Jurine, 1820) 1-1
Riocypris sarsi (Daday, 1902) 2-14
Riocypris whatleyi Coviaga et al. 2018a, b, ¢ 2-8
Sarscypridopsis aculeata (Costa, 1847) 6-0
Sarscypridopsis lanzarotensis (Mallwitz, 1984) 4-0
Tonnacypris lutaria (Koch, 1838) 8-0
Family Ilyocyprididae Kaufmann, 1900
Tlyocypris bradyi Sars 1890 0-5

Ilyocypris ramirezi Cusminsky and Whatley 1996 23-17
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Table 1 (continued)

Species Fre-
quency
(NP-SP)

Family NotodromadidaeKaufmann, 1900
Newnhamia patagonica (Vavra, 1898) 3-7

MAT and MTCM. Variance partitioning analysis for North-
ern Patagonia showed that the spatial variables explained the
highest portion of ostracod variability (14.0%), followed by
the spatialized environmental variables (6.8%) and the envi-
ronmental variables (4.3%) (Fig. 2). For Southern Patagonia,
the uncorrelated variables were mean annual temperature
(MAT), isothermality (ISO), mean temperature of the wet-
test quarter (MTWQ), annual precipitation (AP), wind speed
(wind) and electrical conductivity. Three of these variables
(MAT, electrical conductivity and wind) explain signifi-
cantly the ostracod assemblage composition. The variation
partitioning analysis displayed that the pure environmental
portion explained the highest portion of variability (14.6%),
followed by the overlap fraction of space and environment
(5.0%). The spatial variables do not explain a significant
proportion of Southern Patagonian ostracod composition
(Fig. 2).

Both Northern and Southern Patagonia ostracod meta-
communities showed similar results of beta diversity, with
intermediate levels of total beta diversity and a variation
in community composition almost entirely due to species
turnover with a negligible portion attributable to the nested-
ness component (Table 2).

Discussion

Assessing the relative importance of environmental and
spatial processes on community assembly is one of the
key approaches for enhancing our basic understanding of
metacommunity dynamics (Heino 2011; Garcia-Gir6n et al.
2019). In this context, this is the first study to evaluate the
relative importance of environmental and spatial factors at
broadscale distributional patterns of freshwater ostracods
in Patagonia.

Variance partitioning analysis partly supported our
hypotheses (H; and H,), indicating that both spatial and
environmental (non-spatially and spatially structured) vari-
ables contributed equally and significantly in structuring
ostracod metacommunities in Northern Patagonia, whereas
only the environmental variables significantly influenced the
ostracod assemblage in Southern Patagonia. Previous studies
carried out on ostracods are not conclusive, showing differ-
ent effects of the space over their metacommunities (Gans-
fort et al. 2020). Existing investigations on this group have
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Fig.2 Venn diagrams of the
variation partitioning analysis,
showing the fractions of ostra-
cod metacommunity structure
explained by the shared and
pure effects of environmental
(E) and spatial (S) variables.
The explained variation (%) is
based on adjusted R? values (**
denotes p <0.005). U represents
the unexplained fraction

Northen Patagonia

Table2 Results of beta diversity analysis. Sorensen dissimilarity
index (i.e., total beta diversity)

n  Total beta Turnover (%) Nestedness (%)

diversity
Northern Patagonia 46 0.45 98.2 1.8
Southern Patagonia 59 0.47 99.9 0.1

shown a high pure spatial effect over their metacommunities
(as in our Northern Patagonia results, and in e.g. Escriva
et al. 2015; Zhai et al. 2015; Rosati et al. 2016), whereas
in other surveys it has been found that the relative effect of
the space was low and not significant (as in our Southern
Patagonia results, and in e.g. Michelson et al. 2016; Castillo-
Escriva et al. 2017; de Campos et al. 2018). Probably, much
of the variation between these results is due to differences
in habitat connectivity, spatial extent, and environmental
heterogeneity (Gansfort et al. 2020).

Our results suggest that both species sorting and spatial
effects contributed to the structure of ostracod communities
of the North, while only the species-sorting mechanisms
seem to be structuring the Ostracoda metacommunity of
South Patagonia. Species sorting has long been recognized
as a key mechanism underlying metacommunity structure,
in which community composition is driven by environmental
conditions (Leibold et al. 2004). Ideally, one should estimate
the contribution of the total environmental variation con-
taining both its non-spatial and spatial components (Clappe
et al. 2018). In Northern Patagonia, most of the environmen-
tal variables were spatially autocorrelated (fraction [ab]).
Hence, the correction proposed by Clappe and coworkers
(2018) allowed us to consider this fraction as part of the
environmental contribution to species distribution, instead
of only considering the fraction [a] as an indicator of spe-
cies sorting as in previous studies. In Southern Patagonia,
because the complete-grid approach was applied to compute
the MEM:s, it was not possible to apply the method proposed
by Clappe et al. (2018) and therefore separate the effects of
spurious correlation from the spatial structure of the envi-
ronment in the fraction [ab]. Probably the environmental
contribution be superior to that considered in this study,

U74.9%

Southern Patagonia

E**

14.6%

U77.7%

given that fraction [ab] is greater than [a]. With respect to
the spatial influence in structuring the ostracod metacommu-
nities in Patagonia, our results showed that in the North, the
pure space effects were stronger. This suggests that despite
dispersal ostracod adaptations (e.g. small propagules,
drought-resistant eggs, parthenogenesis reproduction), the
dispersion may be limited within this studied area (Escriva
et al. 2015; Zhai et al. 2015; Castillo-Escriva et al. 2016;
Rosati et al. 2016). In Southern Patagonia, the pure fraction
attributed to the space was not significant, suggesting that
the dispersal of ostracods was high enough so all species can
reach all lakes, and therefore the abiotic environment of each
lake is the primary determinant of species composition in
that lake (Michelson et al. 2016).

The discrepancies between the degree of environmental
control and spatial structuring in the studied regions could
be due to differences in the extension of study areas (almost
twice larger in Northern than Southern Patagonia), and in
relation with this, due to differences in the distance between
sampled sites (average distance 247 km and 119 km, and
maximum distance 715 km and 556 km in Northern and
Southern Patagonia, respectively). In this sense, a higher
spatial influence is expected at a broader spatial scale (Heino
et al. 2015), due to the importance of a dispersal-related
processes is likely to increase with increasing spatial extent
in a metacommunity context (Leibold et al. 2014; Cottenie
2005). In agreement, studies including different spatial
scales on meiofauna metacommunities showed that species-
sorting relevance was scale-dependent, with less significance
at larger scales, which were dominated by dispersal pro-
cesses (Gansfort et al. 2020). Additionally, we cannot rule
out that the high spatial structure significance in Northern
Patagonia could be an artifact of unmeasured environmental
variables or an imbalance between the number of environ-
mental and spatial variables (more than double than envi-
ronmental variables). It has been suggested that the degree
of environmental influence is positively correlated with
the number of environmental variables included (Soininen
2014).

Conductivity and mean annual temperature (MAT) con-
tributed significantly to the structure of ostracod assem-
blages in both north and south regions. The significant
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influence of electrical conductivity on species composition
of ostracod assemblages has been repeatedly demonstrated
across various aquatic habitats (Mesquita-Joanes et al. 2012;
Zhai et al. 2015; Gansfort et al. 2020). Previous studies in
Patagonia have shown that conductivity has special rele-
vance in the distribution, abundance and life cycle of Patago-
nian ostracods (Schwalb et al. 2002; Cusminsky et al. 2005;
2020; Ramoén Mercau et al. 2012; Coviaga 2016; Coviaga
et al. 2015, 2018a). In line with this, ostracods are widely
used as a bioproxy for conductivity paleo-reconstructions
(Whatley and Cusminsky 1999; Cusminsky et al. 2011;
Rodriguez-Lazaro and Ruiz-Muiioz 2012; Coviaga et al.
2017; Coviaga et al. 2018c; Borromei et al. 2018; Ramos
et al. 2019). Similarly, water temperature is a key factor for
distribution, survival, growth and reproduction of ostracods
(Mesquita-Joanes et al. 2012 and references cited therein).
The temperature relevance on ostracods has been shown in
different studies carried out in Patagonia (Schwalb et al.
2002; Cusminsky et al. 2005, 2020, 2018a; Ramén Mercau
et al. 2012; Coviaga 2016; Coviaga et al. 2015). Likewise,
the minimum temperature of the coldest month (MTCM)
explains significantly the Northern Patagonia ostracod
distribution. This index represents the minimum monthly
temperature occurrence over a given year or averaged span
of years, information which is useful when analyzing spe-
cies distributions that are affected by cold temperatures
(O'Donell and Ignizio 2012). Previous studies showed that
the minimum air temperature of the coldest month predicted
the Ostracoda potential distribution in the south of South
America (Conceigdo et al. 2020). In addition, some spe-
cies recorded in Northern Patagonia were associated with
cold waters (Coviaga et al. 2018a). Annual precipitation
(AP) also influences the ostracod metacommunity of North
Patagonia and the distribution of total water inputs, which
is useful when ascertaining the importance of water avail-
ability (temporal vs. permanent) to the species distribution
(O'Donell and Ignizio 2012). In most areas of Patagonia,
with arid and semiarid characteristics, water is a scarce
resource and thus limits the presence of waterbodies and dis-
tribution of ostracod habitats. Wind significantly explained
the distribution of Southern Patagonian ostracods. This is
considered an important vector for dispersal and, therefore,
can be a significant driver of metapopulation dynamics (Pin-
ceel et al. 2020 and references therein). It has been shown
that wind can transport desiccation-resistant eggs of aquatic
organisms over distances of 100 km (Rivas et al. 2019), so
wind could allow ostracod (individuals and resistant eggs)
dispersal over regional distances (Meisch 2000 and refer-
ences therein). In particular in Patagonia, wind is a key fac-
tor, as it is the only region which is permanently affected by
the westerly wind belt that influences the regional biota com-
position and distribution (Villa Martinez and Moreno 2007).
In this sense, Ramos and coworkers (2022) have recently
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shown that wind speed was the main climatic predictor of
Patagonian ostracod abundance, resulting in higher abun-
dances in windy areas.

Our variation partitioning results showed that a consid-
erable percentage of the variation was not explained by the
environmental or by the spatial variables studied. This is rel-
atively common in metacommunity studies (Alahuhta et al.
2014; Bispo et al. 2017), especially for those with a large
numbers of sites and species (Zhai et al. 2015). We suggest
that the fraction of unexplained variation could be related
to some important variables unmeasured and biotic inter-
actions ignored that affect the ostracod biota (Bispo et al.
2017; Lindholm et al. 2018). Moreover, we have to consider
possible effects of the sampling design, as we sampled the
ostracod communities only once, which reduced the prob-
ability of obtaining complete species lists for sites (Zhai
et al. 2015). On the other hand, the unexplained variation
related to stochasticity (probably inherent in communities)
can also be responsible for the structuring.

Regarding the ostracod metacommunity composition, our
beta diversity analysis showed similar results in Northern
and Southern Patagonia. In both regions, we found inter-
mediate levels of total beta diversity, which could be almost
entirely attributed to species turnover. This suggests that
total beta diversity and associated components would not
be influenced by the spatial scale between the studied areas.
Hill and coworkers (2018) found an increase of the turnover
component and total beta diversity with study extent; how-
ever, they explain that such finding must be interpreted with
care, as their data set included a few smaller-scale studies,
and multiple site beta-diversity metrics did not vary with
scale. On the other hand, the higher contribution of the turn-
over component in total beta diversity has been verified in
different studies. Hill et al. (2018) found that turnover is typ-
ically much higher than the nestedness component (in some
data sets even approaching zero, like in this study), and this
suggests that dissimilarity among sites was mainly driven
by variation in community composition rather than differ-
ences in taxonomic richness (Hill et al. 2017). Particularly
in Patagonia, Epele and coworkers (2019) identified species
turnover as the most important component influencing the
freshwater invertebrate’s beta diversity from isolated ponds.

Non-marine ostracods are increasingly used as biologi-
cal indicators in paleolimnology and paleoclimatology
studies, as well as in pollution monitoring and manage-
ment and environmental change studies, being of utmost
importance enhancing our knowledge about their ecology
and taxonomy (e.g. Kiilkdyliioglu 2004; Castillo-Escriva
et al. 2016; Michelson et al. 2016, and references therein;
Coviaga et al. 2018a). For their use as bio- and paleo-
indicators, a direct relationship between the environmen-
tal variables and the metacommunity structure is assumed
(Michelson et al. 2016). Thus, spatial processes could lead
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to misinterpretations of the relationships between analyzed
environmental variables and observed community structure
and diversity (Castillo-Escriva et al. 2016). In this context,
studies combining the environmental and spatial roles, like
this, are fundamental for a better understanding of the main
processes structuring the metacommunities, and therefore
for a trustworthy interpretation in biological assessment
programs and paleoenvironmental interpretations (Castillo-
Escriva et al. 2016).

Conclusion

This represents the first study evaluating the relative impor-
tance of environmental and spatial factors at broadscale
distributional patterns of freshwater ostracods in Patagonia.
Understanding the influence of environmental and spatial
processes on the metacommunities’ structure has important
implications for both ecology and applied paleoecology.
Our results showed that the structures of Northern Patago-
nia metacommunity were influenced by a combination of
species sorting (environmental control) and spatial effects
(dispersal process). On the other hand, the Southern Patago-
nia metacommunity was structured only by species-sorting
mechanisms. The differences between environmental and
spatial roles in structuring both Northern and Southern
Patagonia Ostracoda metacommunities could be due to dis-
crepancy in the extension of study areas, more than differ-
ences in Ostracoda response. Conversely, the spatial scale
differences did not affect the beta diversity of non-marine
ostracod metacommunities from Northern and Southern
Patagonia. The strong and consistent relationships between
community structure and the environment in Patagonia sug-
gest that we can use these organisms as bio- and paleo-indi-
cators, recognizing a priori how is influencing the space in
the metacommunities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00027-023-00981-9.
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