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ABSTRACT

Aim: Tardigrades are important members of Antarctic metazoan communities with many endemic species. Major biogeo-
graphic patterns of Antarctic fauna have been identified, in particular regarding the zonation across the Gressitt line, dividing
Continental and Peninsular Antarctica. Evidences suggest that Antarctic tardigrades follow this zonation too, but this has never
been rigorously tested.

Location: Limnoterrestrial ecosystems of Antarctica.

Time Period: 1950 to Present.

Major Taxa Studied: Tardigrades.

Methods: Records of tardigrades from Antarctica were collected and their taxonomy and coordinates harmonised. Alpha and
Beta diversity measures were calculated and compared across different Antarctica biogeographic areas, in particular across the
Gressitt line. Analyses were repeated at different spatial scales to ensure their robustness.

Results: Tardigrades communities are different both in terms of alpha and beta diversity across the Gressitt line. Results were
consistent across the analyses at different spatial scales. Taxa richness was higher in the Antarctic Peninsula compared to the
Continental Antarctica. Sampling effort had a substantial effect on the measured richness. Despite having a significant effect,
Gressitt line side and biogeographic areas explained a low amount of variance.

Main Conclusions: The presence of a different Tardigrade communities composition across the Gressitt line is supported, and
a geographical structure is present also at smaller scales. This geographic structuring suggests local endemisms and calls for
attention to eventual effects of climate change on tardigrades communities. Faunistic data on Antarctica is still far from being
exhaustive and Linnean and Wallacean biodiversity shortfalls are the two most immediate issues to be solved to have a more
reliable estimation of the true Antarctic tardigrades biodiversity.

1 | Introduction free. The biodiversity of terrestrial Antarctica is constrained

by specific environmental abiotic stressors. Among others, the
Antarctica is the coldest, driest and windiest continent of the scarcity of liquid water, the year-round constancy of extremely
world, with less than 0.3% of its surface seasonally ice and snow low temperatures, the high salinity and the reduced nutrient

Matteo Vecchi and Sara Brandoli contributed equally to this article.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
© 2024 The Author(s). Journal of Biogeography published by John Wiley & Sons Ltd.

Journal of Biogeography, 2025; 52:735-749 735
https://doi.org/10.1111/jbi.15063


https://doi.org/10.1111/jbi.15063
https://doi.org/10.1111/jbi.15063
https://orcid.org/0000-0002-7995-6827
mailto:
mailto:
https://orcid.org/0009-0000-1930-6649
https://orcid.org/0000-0001-6367-1897
mailto:sara.brandoli@unimore.it
mailto:sara.brandoli1@gmail.com
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjbi.15063&domain=pdf&date_stamp=2024-12-13

availability act as strong filters for the biological communities
(Convey et al. 2014). The taxa composing most of Antarctic
terrestrial biodiversity are relatively few, yet showing an el-
evated biodiversity at the species level. Some of them (bacte-
ria, algae and fungi) are found almost ubiquitously (Dragone
et al. 2021), while others (micrometazoans, lichens and bryo-
phytes) are rather confined to the sparse ice-free areas (Phillips,
Leihy, and Chown 2022). Focusing on the latter group of organ-
isms, it is known that isolation and fragmentation play a key
role in shaping their evolutionary histories, resulting in a high
level of endemism (Pugh and Convey 2008; Velasco-Castrillén,
Gibson, and Stevens 2014). As a result of biotic, abiotic and his-
torical features, a major biogeographic discontinuity named
Gressitt line was identified by Chown and Convey (2007) be-
tween the Antarctic Peninsula and Continental Antarctica, un-
derlining the ancient and different evolutionary history of their
biological communities. More recent studies revealed that the
Antarctic terrestrial ecosystems are highly spatially structured
and can be further divided into a series of ecoregions, known
as the Antarctic Conservation Biogeographic Regions (ACBRs;
Terauds et al. 2012; Terauds and Lee 2016).

Many studies focused on specific taxa have demonstrated the
existence of biodiversity patterns consistent with the biogeo-
graphical barrier represented by the Gressitt line. Considering
bryophytes, for instance, though the extent of ice-free areas
seems to be a key factor influencing their diversity levels, it
is not sufficient to explain the observed biodiversity trends at
the continental scale. This difference was therefore attributed
to different evolutionary origins of the bryophyte communities
present on either side of the Gressitt line (Cannone, Convey, and
Guglielmin 2013; Satuga, Ochyra, and Ronikier 2022). Similarly,
nematodes and mites show no overlap at the species level across
the Gressitt line (Andréassy 1998; Pugh 1993), while in spring-
tails, only a single species, Friesea grisea (Greenslade 1995) is
found to be ‘pan-Antarctic’ and therefore present on either side
of the Gressitt line (Torricelli et al. 2010).

In this study, we focus on the cosmopolitan phylum
Tardigrada. In spite of their small dimensions (< 1mm in
length), these bilaterians have a complex morphology and
anatomy and need to be surrounded by a film of water to be
active (Mobjerg et al. 2018). Terrestrial tardigrades dwell in
moist microhabitats such as mosses, lichens and temporary
ponds (Schill 2019). Nonetheless, thanks to their cryptobiotic
ability, tardigrades are particularly adapted to deal with the
cold desertic polar ecosystems. The cryptobiotic form, called
‘tun’, together with their small size and lightweight, favours
their passive dispersal through Antarctic winds (e.g., Nkem
et al. 2006); additionally, the parthenogenetic reproduction,
which characterises many tardigrade species, implies that a
single specimen is potentially able to start a new population
after being dispersed.

Similarly to other microfaunal metazoans, tardigrades taxon-
omy is a complex task constrained by the scarcity and small
dimension of morphological characters. Before the implemen-
tation of an integrative approach to tardigrades taxonomy
(Cesari et al. 2009), it was thought that many species also
found in Antarctica were cosmopolitan and had a very wide
distribution.

Nonetheless, genotyping is revealing increasing evidence in
the presence of very localised endemisms within the Antarctic
continent (e.g., Guidetti et al. 2014, 2019b; Velasco-Castrillon
et al. 2015; Vecchi et al. 2016a), but the dispersal vectors for these
animals are still understudied and, therefore, their role in deter-
mining the current biogeographical patterns of tardigrade species
is hardly predictable (Gasiorek 2023). Currently, 12 families and 31
genera of tardigrades have been reported for Antarctica (Register
of Antarctic Species, accessed on 05/02/2024; RAS 2024).

Studies on the biogeographic pattern of tardigrades in Antarctica
are scarce, with only McInnes and Pugh (1998) providing a
whole-phylum formal analysis of tardigrade faunas. The phylum
Tardigrada was found to exhibit a marked Laurasian/Gondwana
separation at familial and generic levels in their extant represen-
tatives (McInnes and Pugh 1998, 2007; Pugh and McInnes 1998;
Guidetti et al. 2017), and in particular, three loose faunistic clus-
ters were found in the Antarctic region (Continental Antarctica,
Maritime Antarctica and sub-Antarctic islands), with about a 50%
of species overlap between the Antarctic Peninsula and continental
Antarctica (Chown and Convey 2007; Convey and McInnes 2005).

Here, we aim to study the biogeographic pattern of tardigrades
in Antarctica at a finer scale than in previous studies, by as-
sessing the similarity in communities across different spatial
granularity. To perform this task, we collected and harmonised
the primary records of tardigrades from Antarctica, evaluating
how sampling effort and the geographic area (in terms of side of
the Gressitt line and geographic region) influence the alpha and
beta diversity. We also tested if the results were robust across
different spatial scales by replicating the analyses at different
spatial granularities.

2 | Materials and Methods
2.1 | Study Area

Antarctica is geographically divided into East Antarctica, West
Antarctica, the Antarctic Peninsula, the maritime Antarctic and
the sub-Antarctic islands, with most of these regions character-
ised by a polar climate (category ET as for the K&ppen climate
classification, i.e., with monthly average temperatures never
exceeding 0°C; Koppen 1931), apart from some areas of the
Peninsula and the islands, that show a tundra climate (category
EF,i.e., at least a month with an average temperature above 0°C)
(Gonzalez and Vasallo 2020).

The Antarctic continent with its biota underwent a process
of increasing isolation from the other landmasses starting
from the early Cretaceous and culminating with the open-
ing of the Drake Passage at the Eocene-Oligocene transition
(about 34million years ago), once connecting the Antarctic
Peninsula to South America (e.g., Bergstrom, Hodgson, and
Convey 2006). As a result of both environmental and biogeo-
graphical conditions, the organisms dwelling Antarctic eco-
systems are profoundly different if compared to that of other
continents (Convey and Smith 2006), with Antarctic organ-
isms presenting highly specialised adaptations, such as short
life cycles, small body size and the ability to withstand pro-
tracted freezing and desiccation.
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2.2 | Dataset Assembly

A database containing all the tardigrade records from Antarctica
(i.e., all records southern than 60°S; in agreement with Terauds
and Lee 2016) was assembled by screening all the tardigrade lit-
erature available in the personal collections of the authors, sup-
plemented by a search on Google Scholar done on 01/12/2023
(Keyword: ‘Tardigrad* Antarctica’). Only primary records below
the family level (only genus and species levels) were retained
(checklist and reviews were excluded). The extracted tardigrade
taxa occurrence data were included in the database by, when avail-
able, single analysed sample. In the case of records in which data
could not be disaggregated to single sample level, the number of
total samples composing that record was noted. When the number
of samples composing a record was not indicated, it was assumed
to be a single sample. Coordinates were extracted and when not
available they were derived by the locality names indicated in the
references. ACBR (Terauds and Lee 2016) and the position in rela-
tion to the Gressitt line (Continental or Peninsular side of the line)
of each record were also noted. When indicated, we also included
in the dataset samples inspected for tardigrades but found empty
(to have a more precise quantification of the sampling effort).
Tardigrade taxa names were harmonised to be comparable across
studies, following the taxonomic changes that happened during
the records timespan. The compiled dataset is available in Data S1
and the related references are available in Appendix 1.

2.3 | Data Analysis

For the data analysis, community data (presence or absence of taxa)
was binned into approximate equal-area hexagons. To test the ro-
bustness of the analyses, they were replicated by using 14 different-
sized hexagons, spanning from about 12,000 to 231,000km?. Due
to inherently distortions at different latitudes (as the latitude
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decreases, a greater span of the Earth's surface falls into a given grid
cell) by the used Polar stereographic projection (https://spatialref
erence.org/ref/epsg/3031/), all hexagon cells in a given replicate do
not exactly show the same area, thus only the approximate average
area in square kilometres is indicated from now on. Additionally,
all the analyses were repeated with the full dataset and for a sub-
set of the dataset excluding the taxa records to genus level. As the
sample size of individual ACBRs was too heterogeneous, seven
geographic regions with comparable sample size were delimitated
by merging contiguous ACBRs (Figure 1, left panel).

To test the effect of sampling bias and geographical region on the
alpha diversity (number of taxa found per hexagon), a Poisson
GLM (Generalised Lineal Model) with log link was implemented
using the number of taxa found in each hexagon as dependent
variable and the sampling effort (number of examined samples
per hexagon) and locality (administrative region nested inside
the side of Gressitt line) as predictors. The formula of this model
is ‘Number of taxa ~ Sampling effort + Side of Gressitt line/
Geographic region’ and is referred to hereon as Model 1.

To test if the Gressitt line influences beta diversity, a
PERMANOVA was implemented. To obtain a community dis-
tance matrix to be used as the dependent variable, a zero-adjusted
Serensen dissimilarity (Clarke, Somerfield, and Chapman 2006)
was calculated between hexagons. This adjusted dissimilarity
measure was chosen due to its higher performance when sam-
ples with very few taxa are present in the dataset. As predic-
tors in the PERMANOVA, geography (geographic region nested
inside the side of the Gressitt line) was used, together with the
alpha diversity (number of taxa found per hexagon) and the
sampling effort (number of examined samples per hexagon) as
covariates. The formula of this model is ‘Community dissimilar-
ity matrix ~ Side of Gressitt line/Geographic region + Sampling
effort + Alpha diversity’ and is referred to hereon as Model 2.
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FIGURE1 | Sampling points in Antarctica. Left panel: Antarctica landmass relief map showing sampling locations (in red) and the geographical

regions used in this study, along with the ACBRs that compose them, and the number of samples collected and analysed. n=number of samples.

Right panel: Antarctica bivariate map (Prener, Grossenbacher, and Zehr 2022) of yearly average temperature and total rainfall. Climatic data ob-

tained from Wagner et al. (2018), temperature and rainfall breaks for visualisation were calculated with the Fisher's Natural Breaks Classification

algorithm (Fisher 1958; Jenks 1977).
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Climatic data was not included in the models as (except for
the climatic difference between Continental and Antarctic
Peninsula, which correlates to the Gressitt side variable) all the
areas from where tardigrades have been recorded share similar
temperature and precipitation patterns (Wang and Hou 2009;
Souverijns 2019; Figure 1, right panel). Substrate type (moss, li-
chen, freshwater sediment, etc.) was not considered in this study
(although reported in Data S1) due to the inconsistencies in how
it was reported in different studies and the presence of many
mixed-type samples in the dataset.

The consistency of the results across the different versions (hexa-
gons areas and the presence or not of genus-level records) of the
analyses was assessed by comparing the explained variance by each
predictor in the two models. P-values were not used to evaluate the
consistency between the different versions of the analyses, since
the number of data points (number of hexagons) varies when dif-
ferent analyses with different hexagon areas are used, and p-values
are sensitive to sample size (Thiese, Ronna, and Ott 2016).

All data analyses were performed in R (R Core Team 2024) with
the packages ‘targets’ (Landau 2021), ‘Rmarkdown’ (Allaire
et al. 2024), ‘readx]’ (Wickham and Bryan 2023), ‘magrittr’
(Bache and Wickham 2022), ‘sp’ (Pebesma and Bivand 2005),
‘raster’ (Hijmans 2023), ‘vegan’ (Oksanen et al. 2024), ‘geosphere’
(Hijmans 2022), ‘data.table’ (Barrett et al. 2024), ‘graph4lg’
(Savary et al. 2021), ‘ecodist’ (Goslee and Urban 2007), ‘plotrix’
(Lemon 2006), ‘tidyr’ (Wickham, Vaughan, and Girlich 2024),
‘ggplot2’ (Wickham 2016), ‘ggbreak’ (Xu et al. 2021), ‘hex-
bin’ (Carr et al. 2023), ‘patchwork’ (Pedersen 2024), ‘dplyr’
(Wickham et al. 2023), ‘grDevices’ (R Core Team 2024), ‘scales’
(Wickham, Pedersen, and Seidel 2023), ‘cowplot’ (Wilke 2024),
‘sf” (Pebesma and Bivand 2023), ‘factoextra’ (Kassambara and
Mundt 2020). The analysis script, along with the results, are
available as html file rendered with Rmarkdown (Data S2).

3 | Results
3.1 | Dataset and Geographic Regions Delimitation

A total of 71 references published after 1950 with primary records,
providing data for 511 sampling locations (Figure 1, left panel)
for a total of 1681 samples were identified (Data S1). The num-
ber of recorded taxa is 94, of which 83 are classified below genus
level (species or species group) and belong to a total of 16 families
and 28 genera (Data S1). Sampling effort, alpha and beta diversity
were found to vary, even between adjacent hexagons (Figure 2),
and this heterogeneity is not influenced much by granularity
(Figure 2) or by the removal of genus-only records (Data S2). Due
to the similarity between the analyses with and without genus-
only records, only the results on the full dataset are presented and
discussed below (genus-only results are available in Data S2).

3.2 | Model1 - Alpha Diversity

Sampling effort (number of samples) explained 9.26%-24.28%
(average 13.66%) of variance in alpha diversity across the differ-
ent granularities, whereas the side of the Gressitt line explained
7.96%-27.94% (average 18.97%) of variance and the geographic

region explained 4.81%-14.12% (average 10.23%) of variance
(Figure 3). The effect of the number of samples was significant
only at lower hexagon sizes (Table 1; Data S3), whereas the
Gressitt line size was significant through all the hexagon sizes
(Table 1; Data S3), finally the effect of the Geographic region was
not significant on alpha diversity (Table 1; Data S3). The model
coefficients for the Number of samples (Data S4) are always pos-
itive, indicating a positive relationship between sampling effort
and alpha diversity. The model coefficients for the side of the
Gressitt line (with the continental side used as intercept) are also
always positive (Data S4), indicating a higher alpha diversity in
the Peninsular side of the Gressitt line.

3.3 | Model 2 - Beta Diversity

Sampling effort (number of samples) explained 2.37%-4.22%
(average 2.97%) of variance in beta diversity across the different
granularities, number of taxa explained 10.19%-16.96% (average
13.93%) of variance in beta diversity across the different granu-
larities. The side of the Gressitt line explained 8.49%-18.23% (av-
erage 12.63%) of variance and the geographic region explained
14.05%-18.23% (average 18.99%) of variance (Figure 4).

The effect of the number of samples was never significant
(Table 2; Data S3), whereas the number of taxa was significant
across granularities (Data S3). The Gressitt line size was signifi-
cant through all the hexagon sizes (Table 2; Data S3), finally the
effect of the Geographic region was almost always significant
(Table 2), except for some isolated cases with no evident pattern
(Data S3).

4 | Discussion

Our data analysis points to a geographical structuring of tardi-
grades communities, both in terms of alpha and beta diversity,
in agreement with previous studies. The observed patterns are
also robust across the spatial scale of the analyses, providing ad-
ditional support to our conclusions.

Our compiled dataset provides an updated checklist of limnoter-
restrial Antarctic tardigrade species (Data S1). The total num-
ber of families (16) and genera (28) we report is not consistent
with the data that can be derived from the Register of Antarctic
Species (RAS 2024; accessed on 05/02/2024), where 12 families
and 31 genera are reported. This incongruence can probably be
explained by taxonomical changes occurred in the last few years
(e.g., erection of new families, transfer of species from one genus
to another) that have not yet been included in the Register.

Other than the sampling effort, the main driver of alpha diver-
sity was found to be the localization compared to the Gressitt
line (Figures 2 and 3): more taxa are generally found on the
Peninsular side of the line compared to the continental side.
Multiple factors could be hypothesized to explain this pattern:

i. In a palaeogeographical framework, the Antarctic
Peninsula has a different geological and ice sheet for-
mation history with respect to Continental Antarctica
(McLoughlin 2001; Davies et al. 2012) that likely
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FIGURE2 | Sampling effort, alpha and beta diversity. Number of examined samples (Sampling), alpha diversity (number of taxa) and beta diver-
sity (NMDS of zero-adjusted Serensen dissimilarity matrix) of tardigrade communities at three arbitrarily chosen granularities covering the range of
tested hexagon sizes (approximate area in square Kilometres indicated above each column). One hexagon (red border) in the ~206,000km? granular-
ity plots contained only one sample in which no tardigrades were found.

influenced the biogeography of species, including
tardigrades. The connection between the Antarctic
Peninsula and South America was the last bridge al-
lowing population interchange with Antarctica, since
Continental Antarctica was already isolated during
the breakup of Gondwana (about 100-60 million years
ago; McLoughlin 2001). Even though the estimates for
the opening of the Drake passage are still debated (e.g.,
Livermore et al. 2005; Evangelinos et al. 2024), this
event marked the history of the Antarctic continent al-
lowing the onset of the Antarctic Circumpolar Current,

a deep-water circulation that established around the
Antarctic continent enhancing its thermal isolation and
leading to the inception of the continental ice sheet.
After the last glacial maximum, the Antarctic Peninsula
showed a generally warmer climate with respect to
the areas on the Continental side of the Gressitt line.
This may have helped species colonising the Antarctic
Peninsula that survived the last glacial maximum to
extensively recolonize the Peninsular side once the cli-
mate warmed, leaving more ice-free areas available for
colonisation.
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by each of the three predictors across different granularities.

ii. Climate is different between Continental Antarctica and
Antarctic Peninsula (Gonzalez and Vasallo 2020), with the
Peninsula experiencing higher average temperatures. The
presence of a warmer climate in the Antarctica could pro-
vide either a more welcoming habitat for species colonising
it from South America or by favouring in situ speciation
thanks to more resources from primary producers.

iii. For the effect of climate change, the glacial retreat in the
Antarctic Peninsula progressively exposes new terrestrial
areas suitable for colonisation by non-native species (e.g.,
Chown et al. 2012; Znoj et al. 2017). To date, the Drake pas-
sage separates South America and Antarctica for 1000 km.
Notoriously, tardigrades undergo passive long distance
dispersal events mediated by, for example, endozoochory
(Mogle et al. 2018; Robertson et al. 2020). Recent, ongo-
ing immigration of tardigrade species from South America
to the Antarctic Peninsula is therefore not to exclude, and
their establishment may be favoured by climate warming.

iv. The Antarctic Peninsula is subject to tourism, that may
enhance the introduction of non-native species from else-
where (e.g., Huiskes et al. 2014). This could also apply to
tardigrades, whose cryptobiotic ability makes them cer-
tainly able to survive and be dispersed by footwear (Cukier,
Fudala, and Bialik 2023).

The patterns of beta diversity we identified (effect of Gressitt line
side and biogeographic area on tardigrades community compo-
sition) were robust across the different granularity analyses and

provided clear evidence of a separation between the Peninsular
and Continental Antarctica communities, confirming and rein-
forcing previous results (Chown and Convey 2007; Convey and
McInnes 2005).

However, the variance explained by those factors was gener-
ally low (usually <25%) than what was expected based on ex-
treme bio-regionalization patterns found in other Antarctic
taxa, in particular regarding the different sides of Gressitt line
(Pugh 1993; Andrassy 1998; Peat, Clarke, and Convey 2007;
Stevens, Greenslade, and D'Haese 2021; Torricelli et al. 2010).

Those results could have been generated by two non-mutually
exclusive causes: a biological one and a technical one. The bio-
logical explanation relies on the coexistence of tardigrade species
showing extremely localised distributions with cosmopolitan
species (including all the variations in between). As reviewed by
Gasiorek (2023), tardigrades show variable distribution patterns:
almost cosmopolitan (see for example Paramacrobiotus fair-
banksi; Kayastha et al. 2023), continental endemic (Acutuncus
antarcticus; Cesari et al. 2016) and regional endemic species
(e.g., Mesobiotus aradasi found only in the Antarctic Peninsula;
Vecchi et al. 2024) are known to exist. The coexistence of species
with different distribution breadth could be a probable cause
leading to the presence of a weak, but significant biogeographic
signal in tardigrade communities. Previous studies (Chown and
Convey 2007; Convey and MclInnes 2005) identified approxi-
mately 50% of species overlap between the Antarctic Peninsula
and continental Antarctica, supporting these conclusions.
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| Analysis of deviance results for Model 1 under three arbitrarily chosen granularities covering the range of tested hexagon sizes.

TABLE 1

Hexagons area ~123,000 km? Hexagons area ~206,000km?

Hexagons area ~24,000 km?

Sum

p Df SumSq MeanSq R? p Df SumSq MeanSq R?
4.517 0.046

0.025

RZ

Mean Sq

2.883  0.109

204.3 0.26

204.3

1

280.6 0.301

280.6

1

248.8 248.8 0.335 5.443

1

Number of samples

6.394  0.022

453.2 0.577

453.2

1

9.054 0.007

562.5 0.604

1 562.5

423.4 0.57 9.262 0.004

423.4

1

Gressitt line side

0.569

0.072  0.795

56.4

26.5 0.028 0.426 0.825 5 281.9

121.5 24.3 0.033 0.532 0.751 5 132.5

5

Geographical region

0.09

70.9

1134

16

62.1 0.067

1242.5

20

0.062

45.7

1737.2

38

Residuals

Note: p-values below 0.05 are bolded.

Abbreviations: Df

Sum of Squares. p-values below 0.05 are bolded.

p-value; R?=Explained variance; Sum Sq

=F-statistic; Mean Sq=Mean of Squares; p=

Degrees of freedom; F

A correct and unbiased estimation of the biogeographic pat-
terns is however subordinate to the quality and quantity of
data that we can gather, which is influenced by technical and
methodological factors affecting our ability to recognise and
detect species. Fonseca, Fontaneto, and Di Domenico (2018)
listed seven shortfalls of biodiversity (Hortal et al. 2015) that
affect our meiofauna biodiversity knowledge. Based on the
data collected for this study, some insight can be gathered
on the magnitude of effect and possible solutions on three of
these shortfalls impacting specifically the study of Antarctic
tardigrades communities:

« Linnean shortfall (large number of unknown species):
world's tardigrade species are far from being all known
(Bartels et al. 2016 estimated that only 44.5% of extant tar-
digrade species have been described). Antarctica is not an
exception, and the high number of species described in the
last decades (see Data S1) suggests that many species remain
undiscovered. One particular reason behind the recent in-
crease in species description rate is the relatively recent
acknowledgement that cryptic and pseudocryptic spe-
cies are common in tardigrades (e.g., Gasiorek et al. 2019;
Guidetti et al. 2019a; Stec et al. 2021), which was allowed by
the adoption of an integrative taxonomy approach (Padial
et al. 2010). The identified relationship between sampling
effort and alpha diversity (Figure 3) coupled with an ex-
tremely heterogeneous sampling effort across Antarctica
hints that a big fraction of diversity (including undescribed
species) has not been sampled yet. Additional exploration,
sampling, and faunistic studies coupled with increased
use of integrative taxonomy and biogeographical consid-
erations would significantly reduce the Linnean shortfall
in our knowledge of Antarctic tardigrades (e.g., Guidetti
et al. 2017, 2019b).

« Wallacean shortfall (unknown distribution for most of the
species): obtaining reliable distribution maps requires the
coordinated effort of many researchers in extracting and
classifying many individuals. Despite being a trivial task
on the paper, thisis a complex and problematic issue in tar-
digrades research. The correct identification of many tar-
digrade species requires the analysis of both animals and
eggs (asexemplified by the genera Macrobiotus, Mesobiotus
and Paramacrobiotus: Kaczmarek and Michalczyk 2017;
Kaczmarek et al. 2020; Guidetti et al. 2019a), which are
not always found together. To further complicate the
framework, rare cases are known in which the same tar-
digrade species lays markedly different egg morphotypes
(e.g., Kihm et al. 2020; Brandoli et al. 2024), making ge-
notyping even more important for species delimitation.
In addition, the differentiation of many species relies on
minute characters (often morphometrics), which can be
influenced by the preparation method (Morek et al. 2016),
thus making a positive species determination difficult. A
misidentification stemming from those issues would lead
to incorrect geographic ranges estimates, but the inabil-
ity to provide a reliable positive identification could be
equally problematic. This last issue seems to be common
in our dataset (Data S1), as in particular (but not limited
to) for some genera (Milnesium and Macrobiotus), most of
the record could be assigned only to genus level. Other
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FIGURE4 | Explainedvariance on beta diversity across different granularities. Explained variance on beta diversity across different granularities

by number of samples, number of taxa, Gressitt line side and geographic region. Left panel: Explained variance for each examined hexagon side with
LOESS regression lines, black triangles indicate the three arbitrarily hexagon sizes shown in Figure 2 and Table 2. Right panel: Boxplot of explained

variance by each of the four predictors across different granularities.

than the training of new taxonomists, an increment in
the use of molecular techniques like DNA metabarcoding
(which has been shown to be useful in tardigrades detec-
tion and identification: Topstad et al. 2021; Arakawa 2020;
Pust et al. 2024; He et al. 2024), alongside with the use of
integrative taxonomy to describe species and produce re-
liable DNA databases, would allow to alleviate this issue.
Unknown distribution also refers to the habitat type: for
example, despite tardigrades being usually found in cryp-
togams (Nelson, Bartels, and Guil 2018), they can also
be present in unusual habitats like rock pools (Vecchi
et al. 2022, 2023a, 2023b; Troell and Jonsson 2023), which
were neglected by tardigradologists until a few years
ago. Rock pools are present in Antarctica (Trokhymets,
Zinkovskyi, and Dykyy 2024) and represent still an unex-
plored habitat from this point of view.

Linnean and Wallacean shortfalls are not independent, and
species description and identification and determination of
their distributions are interconnected. The presence and dis-
tribution of the genus Barbaria in Antarctica is an example
of how these two aspects are linked to each other: Barbaria
jenningsi (Dastych 1984) belong to a prevalently South
American genus, which dispersed recently northward in
North America [B. danieli (Meyer, Tsaliki, and Sorgee 2017)]
and southward in the Antarctic Peninsula (B. jenningsi)
(Gasiorek et al. 2022), providing a clear example of Antarctic
Peninsula colonisation by a South American taxon. However,
Miller and Heatwole (1995) and Vecchi et al. (2016a) found

individuals morphologically similar to B. jenningsi in conti-
nental Antarctica. Whether those individuals are conspecific
of B. jenningsi found in the Antarctic Peninsula or a different
species would lead to different conclusions regarding their
biogeography (high dispersal capacity in the first case vs. low
dispersal capacity and allopatric speciation in the second case,
if not ever more complicated scenarios).

4.1 | Conservation Implications

Despite the noise in the dataset due to the different issues
in tardigrade biodiversity data presented above, it is clear
that the tardigrade fauna in Antarctica is regionalized and
endemic taxa with restricted distribution exists. Antarctic
taxa are also adapted to its peculiar climatic conditions,
which makes them sensible to climate change (Convey 2006;
Turner et al. 2009, 2014). While some widespread Antarctic
taxa are known to tolerate higher temperatures (Giovannini
et al. 2018, 2023), this does not mean that this will be true
for all species. Climate change, as already happened for
other cold-adapted groups (Felde, Kapfer, and Grytnes 2012;
Hillfors et al. 2024) could mean range shift or, in the worst
case, extinction. Introduction of alien species is also a concern
as, despite we don't know almost anything about the trophic
relationships between tardigrades and other taxa, the intro-
duction of predators, competitors or even pathogens (Vecchi
et al. 2016b) could be the nail on the coffin for some species
already weakened by climate change.
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PERMANOVA results for Model 2 under three arbitrarily chosen granularities covering the range of tested hexagon sizes.

TABLE 2

Hexagons area ~123,000 km? Hexagons area ~206,000km?

Hexagons area ~24,000 km?

p Df SumSq MeanSq R? p Df SumSq MeanSq R?
10.369 0.001 5.607 0.001

RZ

Df Sum Sq Mean Sq

5.238 0.001

0.837 0.146

0.837

1

1.044 0.147

1.044

0.152 1

1.72

1.72

Number of taxa

0.588

0.138 0.138 0.024 0.864

1

1.012 0.446

0.188 0.027

0.188

1

0.084

0.268 0.024  1.615

0.268

1

Number of samples

6.542  0.001

1.045 1.045 0.182

1

0.114 4.336 0.001

0.807

0.807

1

8.446 0.001

1.401 0.124

1.401

1

Gressitt line side

1.848 0.002

5 1.475 0.295 0.257

1.639 0.002

0.305 0.215

1.526

5

0.351 0.155 2115 0.001

1.754

5

Geographical region

0.39

0.16

2.236

14

0.498

0.186

3.537

19

0.166 0.544

6.137

37

Residuals

Note: p-values below 0.05 are bolded.

Abbreviations: Df

Sum of Squares.

p-value; R?=Explained variance; Sum Sq

=TF-statistic; Mean Sq=Mean of Squares; p=

Degrees of freedom; F

5 | Conclusions

We presented an updated checklist of Antarctic limnoterrestrial
tardigrades, and identified geographical structuring of tardigrade
communities, with more taxa on the Antarctic Peninsula com-
pared to Continental Antarctica. In other words, the presence of a
different Tardigrade communities composition across the Gressitt
line is supported, and a geographical structure is present also at
smaller scales, influenced by historical biogeography and current
climatic differences. However, the variance explained by these fac-
tors is low, likely due to a mix of endemic and more spread species.
Addressing challenges through higher sampling effort, involve-
ment of expert taxonomists and innovative molecular approaches
will improve our understanding of Antarctic biodiversity.
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