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ABSTRACT. Meiofauna is a guild of microscopic organisms (delimited by the mesh width of two sieves, upper
500 um and lower 44 pum) that inhabit the sediment grains and periphyton of aquatic environments (both
freshwater and marine). Despite the fact that this definition is based on size, all the environments inhabited by
these microorganisms present similar ecological challenges, which suggests that the meiofauna is a biologically
and ecologically independent entity. Currently, meiofaunal organisms are represented in 23 of the 34 known
metazoan phyla, including Tardigrada, Gastrotricha, and Kinorhyncha. The goal of this study was to compile
information on the diversity and distribution of these phyla in Brazil. Based on the taxonomic contributions
published until July 2023, a total of 97 Tardigrada species, 88 Gastrotricha species, and five Kinorhyncha species
have been recorded. They are distributed throughout five biomes, eight hydrographic regions, 10 terrestrial
biogeographic provinces, three marine biogeographical provinces,and 15 political states in Brazil. The species
accumulation curve suggests that there are still many Tardigrada and Gastrotricha species to be discovered
with increasing sampling effort, as the rate of discovery of new species is linearly increasing. Unfortunately,
knowledge of the biodiversity of these meiofaunal groups is still limited due to sparse information on identity
and distribution. We recommend future studies dealing with meiofauna taxa to prioritize redescribing endemic
species based on integrative taxonomy and increase the number of the type series deposited in Zoological
Museums (e.g.,specimen photos). Furthermore, the training of researchers specialized in these taxa is a priority,
as some of these phyla do not have any Brazilian specialists.

KEY WORDS. Biodiversity,endemic species, less-known taxon, Linnean shortfall, microinvertebrate, taxonomy.
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INTRODUCTION

Meiofauna is a guild of microscopic organisms, i.e., a
set of phylogenetically independent lineages that exploits
the same ecological niche, formally delimited by the mesh
width of two sieves, upper of 500 um and lower of 44 um
(Giere 2009). Meiofaunal organisms are omnipresent in
sediments and vegetation of marine and freshwater habitats,
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but can also be found in mosses, wet soils, and semi-aquatic
agricultural ecosystems around the world (Higgins and Thiel
1988, Giere 2009, Fonseca et al. 2018).

Despite being a size-based definition, including ex-
ceptions such as larger vermiform organisms that can pass
through the upper sieve due to their small diameter, despite
being millimeters in length, the environments inhabited by
these microinvertebrates present similar ecological challenges
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that allow considering the meiofauna as a biologically and
ecologically independent entity (Higgins and Thiel 1988).
These challenges are a major force in selecting traits that re-
sult in the “meiofaunal syndrome”, that is, a series of morpho-
logical attributes, such as the reduction of body appendages,
the elongation of the body to a worm-like shape, and the
development of adhesive structures (Brenzinger et al. 2013).

Currently, the meiofaunal organisms are represented
in 23 of the 34 known metazoan phyla, presenting diverse
ecological interactions with distinct levels of trophic and
energetic links with macrofauna and plankton communi-
ties (Giere 2009, Cerca et al. 2018). In an effort to compile
information on the diversity and distribution of meiofauna
in Brazil, several taxonomists with expertise in the meiofau-
na phyla Tardigrada, Gastrotricha, and Kinorhyncha have
been continuously updating the Taxonomic Catalog of the
Brazilian Fauna (in Portuguese: Catdlogo Taxondmico da
Fauna do Brasil - CTFB), an online catalog started in 2015.

Meiofaunal studies in Brazil had this early foundation
in the 1930s with Dr. Eveline du Bois-Reymond Marcus and
Dr. Ernest Gustav Gotthelf Marcus, as foreign researchers
in Brazil fleeing from nazism in Germany; and posteriorly
Brazilian researcher Dr. Veronica Fonseca-Genevois in the
1980s. The Marcus couple conducted a large number of stud-
ies in Brazil, mainly in the state of Sao Paulo, dealing with
many distinct phyla (e.g., Tardigrada, Onychophora, Platy-
helminthes, Oligochaeta, Bryozoa, Mollusca, and Nemertea)
resulting in the publication of approximately 162 scientific
papers (Mendes 1994). Notably, Ernest Marcus described the
first marine tardigrade from the South Hemisphere, Batillipes
pennaki Marcus, 1946.

Veronica Fonseca-Genevois embarked on her doctoral
studies in France and, during this time, Dr. Renaud-Mornant
(MNHN Paris, specialist in marine tardigrades) proposed
a collaborative effort, starting a new era in meiofaunal re-
search in Brazil (dos Santos et al. 2014). While Veronica Fon-
seca-Genevois primarily focused on marine nematodes, her
contributions extended to various meiofauna taxa including
Acari, Copepoda, Oligochaeta, and Tardigrada. In addition,
she had a significant role in training over 200 students in
meiobenthic studies (dos Santos et al. 2014). Nowadays,
some research groups are actively studying meiofauna in
Brazil, with the majority of these researchers directly and
indirectly related to Fonseca-Genevois.

The aim of the present contribution was threefold:
first, present a historical background of the taxonomic
knowledge of some meiofaunal taxa found in Brazil; second,
estimate a first scenario of species richness extrapolation of
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Tardigrada and Gastrotricha based on the actual taxonomic
knowledge of these phyla compiled directly from The Tax-
onomic Catalog of the Brazilian Fauna; third, compile all
available information on the Brazilian tardigrade, gastro-
trich and kinorhynch species in a single resource and point
out some future perspectives regarding these phyla.

MATERIAL AND METHODS

All data was gathered directly from the CTFB catalog,
which has some of the authors of the present study respon-
sible for feeding the taxonomic information in the database
(ARS Garraffoni: Tardigrada, Gastrotricha, Kinorhyncha; E
Santos and RC de Barros: Tardigrada). Geographic distribu-
tion data are organized in four datasets: i) biomes, as defined
by the Brazilian Institute of Geography and Statistics (IBGE
2004); ii) hydrographic regions, as defined by the National
Water Agency (ANA 2015); iii) political division in states plus
the Federal District; iv) terrestrial and marine biogeographic
regionalization, as defined, respectively, by Morrone et al.
(2022) and Spalding et al. (2007). All maps were made using
ArcGIS Desktop software and detailed in Adobe Photoshop
CC software.

We use the hypothesis that a description rate curve
can be extrapolated to a larger time frame, producing an
estimate of the number of expected species based on the
actual rate of species discovery, which was considered as the
sampling effort. We accumulate the species found in Brazil
by the year of the description of that species, treating the
year as a sampling unit. The extrapolation of the cumulative
curve of species in and within (Family level) each Phylum
(Tardigrada and Gastrotricha) was based on the Chao2
estimator (Chao and Colwell 2017). We used the R package
iNEXT (Hsieh et al. 2022) to estimate richness.

RESULTS

Below we present information about the taxonomy,
classification, and phylogeny of these groups, as well as the
historical background of the studies of these taxa in Brazil.

Tardigrada
Overview of Tardigrada

The phylum Tardigrada (from Latin, fardus, slow +
gradus, step) comprises a group of hydrophilic micrometazo-
ans, commonly known as tardigrades or “water bears”. They
were first described at the end of the 18™ century by the
German naturalist Johann August Ephraim Goeze (Goeze
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1773) and named “il tardigrado” by Italian naturalist Lazzaro
Spallanzani (Spallanzani 1776).

Tardigrades have a bilaterally symmetrical body, cov-
ered by a chitinous cuticle, and divided into a head and four
trunk segments. Each segment of the trunk bears a pair of
lobopods legs, usually ending in claws, digits, or digits end-
ing in claws or suckers (Nelson et al. 2015, Schill 2019). In
the last segment, the lobopods are turned backward. They
have a complete digestive tract and a body cavity filled with
coelomocytes, cells responsible for gas exchange, circulation,
and nutrient storage. The nervous system consists of a simple
brain and a ventral nerve chain with four bilobed ganglia.
Tardigrades can be herbivores and feed on algae and/or plant
cells; carnivores, feeding mainly on rotifers and nematodes, or
even on other tardigrades; and omnivores feeding on mosses,
invertebrates, and bacteria. They can be dioecious, parthe-
nogenetic, or monoecious (Nelson et al. 2015, Schill 2019).

Tardigrades are found on all continents of the planet,
inhabiting a wide range of terrestrial, freshwater, and marine
habitats, from abyssal zones to the highest peaks (Ramazzotti
and Maucci 1983, Kinchin 1994, Bertolani et al. 2009). The
phylum is divided into two classes, Heterotardigrada Marcus,
1927 and Eutardigrada Marcus, 1927. The former class has
both marine and limnoterrestrial/freshwater species and the
latter contains mainly terrestrial and freshwater species but
also few marine representatives. They are mainly found in
substrates as sediments from beaches to deep-sea, but are
also found associated with macroalgae (Santos et al. 2019a).
Marine tardigrade dispersal occurs — as many meiofaunal
groups — mainly by marine currents, although is limited by
their low mobility and absence of larval stage (Boeckner
et al. 2009, Santos et al. 2018). Limnoterrestrial tardigrades
can survive in both freshwater and terrestrial environments.
They are usually found in different types of substrates, such
as mosses, lichens, algae, and soil, in addition to varied types
of sediments in aquatic environments (Nelson 2002, Nelson
et al. 2015). Active dispersal of terrestrial tardigrades is
limited by body size, speed of movement, and the need for
a constant film of water covering the body. Thus, dispersal
occurs passively when eggs, cysts, and anhydrobiotic speci-
mens are dispersed predominantly by wind. Other animals
associated with terrestrial communities (e.g., birds) may also
aid in the dispersal of terrestrial tardigrades (Nelson et al.
2015, Mogle et al. 2018).

They are probably the most famous cryptozoan due
to their ability to survive in a wide spectrum of extreme
environmental conditions, such as lack of water, temperature
extremes, lack of food or oxygen, exposure to high levels of
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pollutants and ionizing radiation, or even the space vacuum
(Ramazzotti and Maucci 1983, Kinchin 1994, Schill 2019).

Morphological and molecular studies have shown
that Tardigrada is a monophyletic group within the molting
animals belonging to the clade Ecdysozoa (Aguinaldo et al.
1997) and closely related to Panarthropoda, composed of
Onychophora and Arthropoda (Nielsen et al. 1996, Giribet
et al. 1996, Campbell et al. 2011, Dunn et al. 2014, Giribet
and Edgecombe 2017, 2019).

Currently, 1,464 species of tardigrades have been de-
scribed, including three fossil species, split into 159 genera
and 33 families (Degma and Guidetti 2023). The description
of new species is expected as new geographic regions are
explored, possibly exceeding 2,000 (Bartels et al. 2016).

Historical background of Tardigrada studies in Brazil

In Brazil, they have been episodically explored, with
the first records being made in 1910 (Murray 1913) and
the early 1930s (Rahm 1931, 1932). We can distinguish at
least two periods in which tardigrades were more intensely
researched in Brazil.

The first period begins in the late 30s and lasts until
the mid-50s. During this period, the German couple Ernest
Gustav Gotthelf Marcus and Eveline du Bois-Reymond
Marcus, then residing in Brazil, and the Brazilian researcher
Dr. Rosina de Barros made dozens of new records, as well
as the description of new species, many of them still valid
today (de Barros 1938, 1939a, 1939b, 1942a, 1942b, 1943,
Marcus 1937, 1946, du Bois-Reymond Marcus 1944, 1952).
The first marine tardigrade from Brazil, Batillipes pennaki
Marcus, 1946, was described at this time. After this period,
other studies were sporadically published by Brazilian and
foreign researchers (Iharos 1969, Hofling-Epiphanio 1972,
Corréa 1987, Renaud-Mornant 1980, 1984, 1989). Part of
these studies were not executed in Brazilian universities,
but biological samples were sent to European researchers
who published those new species.

The second period marks the rebirth of Brazilian tar-
digradology and began at the end of the 90s. The seminal
works are from the Brazilian researchers Dr. Claudia Maria
Leite Assungdo (Assungao 1999a,1999b,2001) and Dr. Clélia
Marcia Cavalcanti da Rocha (da Rocha 1999, 2001), as well
as the Italian Dr. Giovanni Pilato (Pilato 2000). Since 2010,
the number of studies on tardigrades in Brazil by Brazilian
researchers has increased and was followed by an increase in
publications, with new species described, new occurrences,
and approaches (da Rocha et al. 2013, 2016, de Barros 2020,
Gomes Junior and da Rocha 2015, Gomes Junior et al. 2017,
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2020, Guidetti et al. 2021, Santos et al. 2017, 2018, 2019b,
Ugarte et al. 2023, Brotto-Guidetti et al. 2024). Currently,
there are about one hundred reports of species occurring
in the Brazilian biomes (de Barros 2020, Santos et al. 2023).

Gastrotricha
Overview of Gastrotricha

The phylum Gastrotricha (from Greek, gaster, stom-
ach + thrix, hair) is composed of free-living acoelomate mi-
crometazoans found in practically all aquatic environments
worldwide, from freshwater psammon to periphyton or
marine intertidal endobenthos to the deep sea (Balsamo et
al. 2014, 2020, Garraffoni and Aradjo 2020, Kanneby 2016).
In these habitats, gastrotrichs can reach abundances that
make them one of the top five most common taxa. Feasting
on microbial biofilm and algae but also being prey to small
active predators and macrofaunal sediment filters, they are
an important component of the trophic web as a bridge
between macro and microfauna (Hochberg 2000, Balsamo
et al. 2020, Madji et al. 2020). The majority of gastrotrichs
have a body length around 300 to 400 um, but there are
extremes from 60 pum (in some representatives of Ichthy-
dium) to macroscopic worms reaching 3,500 um (Megadasys
pacificus Schmidt, 1974) (Balsamo et al. 2014, Kdnneby 2016,
Kieneke and Schmidt-Rhaesa 2015).

Currently, the taxa add up to 900 described species
worldwide (Krizanova and Vd’a¢ny 2022) that are clas-
sically divided into the morphologically distinct orders
Macrodasyida Remane, 1925 [Rao & Clausen, 1970], and
Chaetonotida Remane, 1925 [Rao & Clausen, 1970] (Balsamo
et al. 2014, 2020, Kanneby 2016). The former encompasses
nine families and 38 genera of long, tape-shaped, worm-like
animals bearing multiple adhesive tubes along the body
length, with about 400 species of marine species and four
exclusively freshwater species (e.g., Ruttner-Kolisko 1955,
Kisielewski 1987, Garraffoni et al. 2010, 2019a, Todaro et al.
2012). The latter taxa, Chaetonotida, is composed of smaller
tenpin-shaped animals distributed into seven families and
31 genera adding up to 500 species, characterized by the
reduction of adhesive tube number to a single pair on the
posterior region, or even a total loss of the structure in some
lineages of periphytic animals (Garraffoni and Aratijo 2020).

The diversity of body plans within the phylum is
grouped by several synapomorphic characters. The set of
locomotory cilia arranged through the ventral region, from
the anterior head to the posterior end of the body is the most
recognizable feature of the phylum, and where the name
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is derived (Hochberg and Litvaitis 2000, Kdnneby 2016).
Furthermore, the monophyly of the phylum is supported by
the cuticle with two layers, frequently ornamented with a
diversity of scales, spines, and plates, the motor and sensory
cilia covered by epicuticle, adhesive tubes associated to a
duo-glandular system that secrete adherent and releaser
substances, the myoepithelial pharynx with triradiate lu-
men, and the intestinal tube partially enveloped by a set
of duo-helicoidal muscle arrangements (Hochberg and
Litvaitis 2000, Todaro et al. 2003, 2006, Petrov et al. 2007,
Kieneke et al. 2008, Balsamo et al. 2014, 2020, Kieneke and
Schmidt-Rhaesa 2015).

Since the discovery and description of the first gastro-
trich in the late 18t century, its taxonomic position has been
drifting between different branches of the Tree of Life. Miiller
(1773) grouped the first specimens in Infusorian, among
small animals and protozoans, from where it was transferred
to Rotataria by Ehrenberg (1830) until it was assigned the
phylum rank Gastrotricha by Metschnikoff (1865). Even with
the advent of phylogenetic techniques, its precise position in
Bilateria presented inconsistencies between analyses based
on morphological and molecular data (Winnepenninnckx
et al. 1995, Wallace et al. 1996, Littlewood et al. 1998). It has
even been considered close to rotifers (Hyman 1951), or part
of Cycloneuralia (Sgrensen et al. 2000); Neotrochozoa (Rieger
1976, Zrzavy et al. 1998); or even paraphyletic Platyzoa (Giri-
bet et al. 2000, Garey 2002, Todaro et al. 2006).

Only recently, phylogenetic studies using molecular
data (e.g., mitochondrial and nuclear markers, transcrip-
tome) brought to light the monophyletic clade Rouphozoa
composed of Gastrotricha and Platyhelminthes as a sister
group to Lophotrochozoa (Struck et al. 2014, Egger et al.
2015, Laumer et al. 2015, Fromm et al. 2019). Despite that
Giribet and Edgecombe (2019) proposed the duo-gland
adhesive system as a possible synapomorphy for both taxa,
Balsamo et al. (2020) questioned this hypothesis. Balsamo
et al. (2020) pointed out that these features were recently
studied in detail only in Platyhelminthes (Wunderer et al.
2019) and the studies of the gastrotrich duo-gland system
are much older and highlighted that this system is probably
not homologous in both taxa (Tyler and Rieger 1980, Rup-
pert 1991). Thus, a reanalysis of the duo-gland system in
Gastrotricha, using modern morphological and molecular
techniques is urgently needed.

Historical background of Gastrotricha studies in Brazil

The first records of Brazilian gastrotrichs date back to
the early 1900s when three freshwater species were report-
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ed in Rio de Janeiro city (Murray 1913). Subsequently, new
records of unpublished marine gastrotrichs were mentioned
by du Bois-Reymond Marcus (1952) and Forneris (1985).

Even with these previous records, the field of Brazilian
gastrotrichology can be considered truly inaugurated by the
outstanding studies done by the Polish Dr. Jacek Kisielewski
in the late 80s and early 90s. Kisielewski (1987) described
two new genera and two new species of freshwater animals
endemic to Brazil, including the enigmatic macrodasyid
Redudasys fornerise Kisielewski, 1987. Afterward, he sampled
various freshwater habitats across different Brazilian states,
reporting 59 species, including 33 species previously known
from Europe, and discovering 26 new species native to
Brazil (Kisielewski 1991). This study significantly expanded
our understanding of freshwater gastrotrichs in the world,
particularly with the description of several new endemic
species within Chaetonotidae and the extraordinarily rare
semiplanktonic representatives of Dasydytidae Daday, 1905
and Neogosseidae Remane, 1927.

In the marine environment, only a decade later, we
can consider that the first true taxonomical studies with
gastrotrichs were done by Todaro and Rocha (2004, 2005)
along the Northern coasts of the state of Sao Paulo. The
authors described one new species, Macrodasys fornerisae
Todaro & Rocha, 2004, and reported almost 50 other species,
most of them undescribed species from both orders within
Gastrotricha (Campos and Garraffoni 2019).

The taxonomical research with this taxon gained a
new boost only after 2010, with the establishment of the first
laboratory with national researchers and students interested
in unraveling the diversity of Brazilian gastrotrichs. Thus,
in the last decade, the description of new species and new
records of freshwater (e.g., Garraffoni et al. 2017, 2019a,
Minowa and Garraffoni 2020, 2021, Magpali et al. 2021) and
marine (e.g., Todaro 2012, Campos et al. 2020, Aratjo and
Garraffoni 2021, Aratjo et al. 2022) gastrotrichs have been
constantly updated by Brazilian and international research-
ers leading to a constant improvement of the knowledge
of the gastrotrichofauna in both environments along the
Brazilian territory (Aratjo et al. 2024).

Kinorhyncha

Overview of Kinorhyncha

The phylum Kinorhyncha (from Greek, kinein, to
move + rhynchos, beak) is composed exclusively of marine
and free-living metazoans with less than 1 mm in length,
inhabiting sand or muddy sediments, from the intertidal
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zone to abyssal depths throughout the world (Neuhaus
and Higgins 2002, Sgrensen and Pardos 2008). Currently,
the taxon contains 342 accepted species distributed in 31
genera and 10 families (Herranz et al. 2022, Neuhaus 2023).

The body of a kinorhynch can be divided into three re-
gions: a) head: with a protrusible mouth cone surrounded by
oral styles and an eversible introvert equipped with several
circles of small scalids; b) neck: with small plates or placids,
¢) trunk: with eleven segments with spines or tubules bilat-
erally arranged (Higgins 1988, Sgrensen and Pardos 2008).

The name Kinorhyncha and the first subdivision of the
taxon were introduced by Dujardin (1851). For a long time,
kinorhynch diversity was grouped into two major orders:
Cyclorhagida and Homalorhagida. This classification was
based on systematic hierarchies proposed by Zelinka (1896,
1907, 1928) and Higgins (1964) and recently modified and
updated by Higgins (1990) and Adrianov and Malakhov
(1996, 1999). However, this traditional classification has been
revisited by new studies using molecular and morphological
data, as distinct studies obtained the taxon Cyclorhagida as
non-monophyletic (Dal Zotto et al. 2013, Yamasaki et al.
2013, Sgrensen et al. 2015). Sgrensen et al. (2015) established
the first reconstruction based on morphology and molecular
data and proposed a new systematization based on the phy-
logenetic analyses and assigned class rank to Cyclorhagida
and Allomalorhagida, and consequently assigned order rank
to the cyclorhagid groups (Echinorhagata, Kentrorhagata,
and Xenosomata). This systematization was slightly modified
by Herranz et al. (2022) due to new findings regarding the
major clades within Kinorhyncha obtained as a result of the
first phylogenomic analysis of the taxon including 21 species
representing 15 genera: i) Cyclorhagida is composed of three
subclades: Xenosomata, Kentrorhagata (now including the
aberrant Zelinkaderes) and Echinorhagata, ii) Allomalor-
hagida is composed of two subclades: Pycnophyidae and
Anomoirhaga (now accommodating the aberrant genera
Cateria — previously nested within Cyclorhagida — and Fran-
ciscideres together with five additional genera).

For a long time, Kinorhyncha was considered a group
of the Aschelminthes or Nemathelminthes; however,
currently, they are grouped into Scalidophora, along with
Priapulida and Loricifera, within the Ecdysozoa clade (Edge-
combe et al. 2011, Nielsen 2012, Dunn et al. 2014).

Historical background of Kinorhyncha studies in Brazil

The taxonomy of the Brazilian kinorhynchs is incom-
pletely known and only five species have been published
so far (Gerlach 1956, Higgins 1968, Sgrensen 2011, 2013,

5/18



siLEn

# ZOOLOGIA

s-.-%°  AnInternational Journal for Zoology

013°

A.R.S. Garraffoni et al.

2014, Dal Zotto et al. 2013, Neuhaus and Kegel 2015). Until
2013, only one aberrant species, Cateria styx Gerlach, 1956,
belonging to Cateriidae Gerlach, 1956 was described from
intertidal sands in a high-energy beach in Macaé (state of Rio
de Janeiro). The taxonomic status of Cateria was discussed by
Higgins (1968) based on new material collected at Toninhas
beach in Ubatuba (state of Sao Paulo) and from Cavaleiros
beach in Macaé, near the type location. In this same study,
the author also designated a new lectotype and paralecto-
types. Recently, Neuhaus and Kegel (2015) conducted a tax-
onomic restudy of type and non-type specimens belonging
to Cateria and for the first time redescribed C. styx using light
microscopy techniques.

More than 30 years after Higgins’ study, Sgrensen
(2011) published the first report of Echinoderes from Brazil
from material collected at Sdo Francisco Beach in Sao Se-
bastido and Martim de S4 Beach in Caraguatatuba (state of
Sdo Paulo). All specimens collected in Sao Francisco were
juveniles, but the single specimen collected in Martim de S
was an unidentified species. In 2013, Dal Zotto and co-au-
thors described another aberrant kinorhynch, from Ilhabela
and Sao Sebastiao (state of Sao Paulo) and Guaratuba (state
of Parand), with morphological characters unknown for
the entire taxon, called Franciscideres kalenesos Dal Zotto,
Di Domenico, Garraffoni & Sgrensen, 2013. However, due
to uncertainties and conflicting findings between morpho-
logical and molecular data, the authors preferred to classify

Tardigrada
28-
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©
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Gastrotricha
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Franciscideres as incertae sedis. After, Sgrensen et al. (2015)
designated the new family Franciscideridae to accommo-
date Franciscideres and an undescribed new genus based
on a phylogenetic relationship obtained by molecular and
morphological (with the presence of a neck region with a
segment-like ring as an apomorphic feature) data.

Sgrensen (2014) described three new species, Echino-
deres ajax, E. marthae, and E. astridae from the Ara¢d Bay
in Sdo Sebastido (state of Sao Paulo) as part of the project
“Biodiversity Inventory of Meiofauna at Ara¢d Bay”. It is
important to point out that the study done by Sgrensen
(2014) was only the second contribution to the systematics
of Echinoderes (the richest genus in Kinorhyncha) from the
entire Atlantic South American coastline.

Quantitative results

A total of 190 species of the three taxa mentioned in
the present study were recorded for Brazil until June 2023
(Tardigrada: 97 species; Gastrotricha: 88 species; Kinorhyn-
cha: 5 species) (Fig. 1), from which 66 (35%) are endemic
to the country (Tardigrada: 20 species; Gastrotricha: 41
species; Kinorhyncha: 5 species). Interesting to note that all
Kinorhyncha species described from Brazil are endemic and
respectively, 21% and 46% of Tardigrada and Gastrotricha
species are endemic to this country. The average rate of
description by year in each phylum is extremely low if we
consider the period from the first Brazilian species described

Kinorhyncha

/ l

1NN R |

1936 1946 1956 1966 1976 1986 1996 2006 2016

Figure 1. Number of Tardigrada, Kinorhyncha and Gastrotricha species described or reported to Brazil by year (from 1936

to July 2023).
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within each phylum until now (Tardigrada: 0,23 species/year;
Gastrotricha: 1,13 species/year; Kinorhyncha: 0,07 species/
year) (Fig. 1).

Atlantic Forest is the biome with the highest number
of known species reaching 88 species (Tardigrada: 45; Gas-
trotricha: 43), followed by 21 from Cerrado (Tardigrada: 5;
Gastrotricha: 16), 11 from Amazon Forest (Tardigrada: 2;
Gastrotricha: 9), 4 from Caatinga (Tardigrada: 4) and 4 from
Pantanal (Gastrotricha: 4) (Figs 2C, 3C). Atlantic Forest also
presents the highest proportion of endemic species, with 71
endemic species (Tardigrada: 40; Gastrotricha: 31), whereas
Cerrado has 8 endemic species (Tardigrada: 4; Gastrotricha: 4).

Concerning the hydrographic regions, the Parand Hy-
drographic Region has 102 species recorded (Tardigrada: 45;
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Gastrotricha: 57) and showed the highest number of species,
followed by the Southeast Atlantic Hydrographic Region with
47 (Tardigrada: 15; Gastrotricha: 32) (Figs 2D, 3D). Sao Paulo
and Rio de Janeiro (Southeastern Region) are the states with
more species records, respectively with 121 (Tardigrada: 50;
Gastrotricha: 71) and 22 (Tardigrada: 10; Gastrotricha: 12),
whereas Pernambuco and Rio Grande do Norte (Northeastern
Region) have 21 Tardigrada species in each state (Figs 2A, 3A).

Regarding the biogeographic regionalization, terres-
trial meiofaunal species were more frequently sampled in
the Atlantic province (146, Tardigrada: 90; Gastrotricha:
56), followed by Parand Forest province (51, Tardigrada: 22;
Gastrotricha: 29) and Cerrado province (20, Tardigrada: 5;
Gastrotricha: 15) (Figs 2B, 3B), whereas marine meiofaunal
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Figure 2. Map of Brazil in South America showing sampling sites of Tardigrada, Kinorhyncha and Priapulida: (A) the 26
states plus the Federal District; (B) the terrestrial and marine bioregionalization; (C) the six continental biomes following
IBGE (2004); (D) the twelve hydrographic regions in the country following ANA (2015).
ZOOLOGIA 41: €23060 | https://doi.org/10.1590/S1984-4689.v41.e23060 | June 24, 2024 7/18

This document has an erratum that corrects this page: https:/doi.org/10.1590/S1984-4689.v41.e24er1



2,

ZOOLOGIA

An International Journal for Zoology

GPADE

x
o

H
NSRS

05N

A.R.S. Garraffoni et al.

)

-4
’

s
iy

/

0 190 380 760
km

Lt Ty
4

S

[ Atlantic Rain Forest
] Pampa
1 Pantanal

0 190 380 760
kM

I

= Araucaria Forest province
[ Atlantic province S
[ Caatinga province
[ Cerrado province
[~ JGuianan Lowlands province \
[ imeri province
[~IMadeira province ¢
[_1Pampean province 3
[JPantepui province L
[Parana Forest province

[~ JParé province }
[T1Rondénia province =
[JRoraima province }
|1 Xingu-Tapajos province /'
[J North Brazil Shelf /

[ Tropical Southwestern Atlantic

Warm Temperate Southwestern Atlantic N
% .
\\ 4

D T

>
¥y

\ T

N )

(] Amazon =

[] Tocantins-Araguaia ~

[ Ocidental Atlantic Northwest

] Parnaiba

[ Oriental Atlantic Northwest | L

[ Sao Francisco A

] East Atlantic

[] Southwest Atlantic

[ ] South Atlantic

] Uruguay

[ 1 Parana

[ Paraguay

Y o’

4

o od et

0 190 380 760
km

0 190 380 760
km

Figure 3. Map of Brazil in South America showing sampling sites of Gastrotricha: (A) the 26 states plus the Federal District;
(B) the terrestrial and marine bioregionalization; (C) the six continental biomes following IBGE (2004); (D) the twelve

hydrographic regions in the country following ANA (2015).

species were more often sampled in the Tropical Southwest-
ern Atlantic province (33, Tardigrada: 29; Gastrotricha: 3;
Kinorhyncha 1) followed by Warm Temperate Southwestern
Atlantic province (37, Tardigrada: 6; Gastrotricha: 27; Kino-
rhyncha 4) (Figs 2B, 3B).

The temporal accumulation curve of species of Tardi-
grada and Gastrotricha shows a linear pattern of increase,
not indicating an asymptotic trajectory (Fig. 4A, 4B), which
means that the rate of discovery of new species is linearly
increasing. For Tardigrada, considering a constant rate of
discovery of new species, an average of 194 species would be
expected, ranging between 164 and 225 species. This scenario
does not change when predicting expected richness based
on Family rank. Half of the tardigrade families do not allow

8/18

any extrapolation due to the low richness (Fig. 4A) and for
those we did estimate richness (Hypsibiidae, Halechinis-
cidae, Macrobiotidae, and Echiniscidae, Fig. 5A) the pattern
of temporal accumulation still holds, with a linear increase
in species discovery. In Gastrotricha, the pattern is the same
as in Tardigrada, a linear increase in species discovery with
time leading to an extrapolated number of 167 species,
ranging between 133 and 202 species, assuming the same
rate of discovery we found till now (Fig. 4B). Estimating the
richness of each Gastrotricha family shows a scenario of only
four families (out of 10) with sufficient sampling to predict
richness (Fig. 5B). Overall, we expect that the number of
species of both phyla will double. However, there is a clear
uncertainty in each estimation.

ZOOLOGIA 41: 23060 | https://doi.org/10.1590/S1984-4689.v41.e23060 | June 24,2024
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Figure 4. Temporal accumulation curve of species of (A) Tardigrada and (B) Gastrotricha and the number of endemic and
not endemic species in Brazil. Solid lines depict the interpolated curves, representing the rate of species description over
time, while dashed lines extend these curves to show extrapolated rates. The gray areas surrounding the curves signify the
95% upper and lower bound confidence intervals for the estimated species description rates. Actual counts of described
species are denoted by dots.
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Figure 5. Species richness estimation within (A) Tardigrada and (B) Gastrotricha families in Brazil. Dark dots represent
the actual number of described species and gray dots the extrapolated number of species for families with a number of
described species that allows extrapolation.
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DISCUSSION

Even though the description of the diversity of meio-
faunal taxa has been improved by new techniques and sam-
pling protocols (Fonseca et al. 2018) and they represent an
important component of biodiversity in various ecosystems,
these taxa are often underestimated due to challenges posed
by their extremely small size and the fragility of their bod-
ies (Curini-Galletti et al. 2012, Garraffoni and Freitas 2017,
Garraffoni et al. 2019b). It can be confidently stated that a
significant portion of the research dealing with taxonomic,
diversity, and distribution patterns regarding these marine,
freshwater, and terrestrial organisms found in Brazil is still
in its early stages. This worrisome panorama can be related
to the modus operandi to study and identify these fragile
organisms with tiny bodies (Garraffoni et al. 2019b); the
time-consuming activity and resources required to train a
taxonomist, and the low number of Brazilian experts dedi-
cated to the study of these taxa (see below). Thus, Brazilian
meiofaunal taxa exemplify well the groups that are globally
under pressure and have shortfalls in accessing biodiversity
knowledge, two of which (among a total of seven) are known
as the Linnean and Wallacean shortfalls (Hortal et al. 2015).

The discrepancy between the number of described
species and the number of existing species is referred to as
the Linnean deficit (Hortal et al. 2015). This deficiency can be
particularly severe in meiofauna (Fonseca et al. 2018), as the
number of studies aiming to discover new species is marked-
ly lower compared to research on macrofauna (Fenchel and
Finlay 2004). The Wallacean deficit is related to the lack of
information regarding the geographic distribution of species
and low sampling effort due to geographical and accessibility
constraints (Hortal et al. 2015). It is worth noting that both
deficiencies lead to a specific problem in meiofauna, known
as the “paradox of meiofauna” (Giere 2009). The scarcity of
taxonomic knowledge on the species level results in impre-
cise species delimitation and misidentification, leading these
species to exhibit artificially ubiquitous distributions, which
is paradoxical for small benthic meiofaunal organisms with
limited dispersal capability, short life cycle, and no pelagic
larval phase (Fenchel and Finlay 2004, Fonseca et al. 2018).

In addition to the low number of known species, there
are a limited number of experts specialized in the identi-
fication of these animals, which is reflected in the scarcity
of biogeographic, ecological, and diversity studies. Further-
more, there is a lack of suitable type (series) material, limited
descriptions, and few photographic or illustrative records
(Garraffoni and Freitas 2017, Garraffoni et al. 2019b). This
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issue affects a considerable portion of these taxa, leading to
confusion in identifications and ‘false’ occurrence records,
thereby hindering biogeographic, phylogenetic, and diver-
sity studies and raising questions about the accuracy of this
information, compromising future research efforts (Cerca et
al. 2018, Garraffoni et al. 2021, Magpali et al. 2021).

As pointed out by Garraffoni et al. (2021), the available
information on global meiofaunal diversity has a strong
bias in favor of the Northern Hemisphere compared to the
Southern Hemisphere. Tardigrades, gastrotrichs, and kino-
rhynchs were first described in Europe during the 18" and
19 centuries, but in Brazil, new species were only discovered
in the 20" and 21* centuries. Marcus (1937) described the
first Brazilian freshwater/limnoterrestrial tardigrade and
successively brought to light a marine species — that came
to be the first description for the Southern Hemisphere
(Marcus 1946). Kisielewski (1987) contributed with the first
freshwater gastrotrichs followed by marine species of Todaro
and Rocha (2004). Kinorhyncha had its first description by
Gerlach (1956). If we consider the first Brazilian researchers
that participated in the description of new species of these
taxa, the numbers are even worse: first on freshwater Tar-
digrada was done by de Barros (1938), and marine one by
Santos et al. (2017); freshwater Gastrotricha by Garraffoni
and Melchior (2015); Kinorhyncha by Dal Zotto et al. (2013).

Interesting to note that the sampling bias can also
be observed on a regional scale, as most of the meiofauna
sampling sites in Brazil are concentrated in the state of Sao
Paulo. This unequal distribution of the sampling effort is
directly related to human and financial factors. Sao Paulo
houses the first meiofaunal studies done in Brazil in the early
XX century (see Introduction and Historical background of
Tardigrada, Kinorhyncha and Gastrotricha studies in Brazil)
and also has the financial support provided by FAPESP (Sao
Paulo Research Foundation) through the Biota Program,
which contributed to provide structural and logistical
support that leverages the advancement of our knowledge
about the fauna and plant biodiversity in this state (Joly et
al. 2010, Percequillo et al. 2022).

There are several methods, with different degrees of
complexity to estimate richness, ranging from expert opinion
to extrapolation from samples and rates of species description
(May 1988, Costello and Wilson 2011, Mora et al. 2011, Bartels
et al. 2016). Nevertheless, regardless of the chosen method, it
is still quite impossible to ascertain how many species there
are of most zoological groups (Mora et al. 2011, Caley et al.
2014) mainly because research and funding in systematics/
taxonomy lag behind the number of species to be discovered.
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Our analysis showed that the cumulative richness,
observed and extrapolated, of Tardigrada and Gastrotricha,
are unsaturated, that is, did not reach an asymptote. Fur-
thermore, the analysis among families within each Phylum
showed an asymmetry in richness showing some taxa are
sampled less frequently which could be just the evolutionary
result of macroevolution between lineages and/or a sampling
effect. Thus, we are aware that the explanatory power of our
results from the species cumulative curve of both taxa is
weaker than we would expect. This happened because there
is a true hidden taxonomic diversity yet to be described due
to inventory incompleteness, and, unfortunately, a pattern
similar is observed for marine tardigrades and gastrotrichs
(Costello and Wilson 2011, Bartels et al. 2016).

Currently, there are few groups of researchers in Brazil
dedicated to studying the meiofaunal groups analyzed in the
present contribution, such as Clélia Rocha, who focuses on
marine tardigrades, at the “Universidade Federal Rural de
Pernambuco”; André Rinaldo Senna Garraffoni, who focus-
es on limnoterrestrial tardigrades, freshwater and marine
Gastrotricha, and Kinorhyncha at “Universidade Estadual
de Campinas” and Maikon Di Domenico, who focuses on
Kinorhyncha, at “Universidade Federal do Parand”. Thus,
the training of new researchers in the taxonomy/systematics
of these meiofaunal groups and the consolidation of these
research groups is crucial to continue their legacy. Never-
theless, despite the difficulties mentioned and discussed
above regarding the study of these meiofaunal groups,
some actions have been taken to change their current state
of knowledge.

In the last years, Brazilian meiofaunal researchers have
been trying to increase the students’ engagement and inter-
est in meiofaunal taxa by organizing regular symposiums,
such as the V International Scalidophora Workshop (2019),
I Brazilian Symposium of Meiofauna (2020), II Brazilian
Symposium of Meiofauna (2021) and I Brazilian Sympo-
sium of Tardigrada (2022). These kinds of events are great
opportunities for senior researchers to share their knowl-
edge in many fields with younger researchers. Furthermore,
increasing the number of undergraduate lectures that aim
to teach how to collect, sort, and identify these tiny animals,
can also help to make them more visible and attractive to
undergraduate and graduate students (Guidetti et al. 2021).

In conclusion, given the sporadic nature in which the
gastrotrichs, tardigrades, and kinorhynchs fauna have been
studied in Brazil, several shortfalls still need to be addressed,
mainly Linnaean, Wallacean, and Darwinian shortfalls. Some
goals are considered priorities for Brazilian meiofauna re-
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searchers, such as: a) a review of species that have Brazil as
the type-site and indication of neotypes, since the original
specimen has not been preserved or has been lost; b) an
expansion of sample areas, since a significant part of the Bra-
zilian territory remains unexplored; and c) training of new
specialists in this taxon, especially in taxonomy and ecology.
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