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ABSTRACT

We examined all available records of limno-terrestrial tardigrade distribution in the Nearctic realm (Greenland, Canada,
Alaska, the continental United States of America, and northern Mexico), both to compare this fauna with other realms and to
investigate distribution within North America. We included only those records in which tardigrades had been identified to species. Of
204 Nearctic limno-terrestrial tardigrade species, 38 were cosmopolitan, while 55 were unique to the Nearctic realm. The Nearctic
tardigrade fauna is most similar to the Palearctic, with 135 species in common, 39 of which have not been reported elsewhere. The
Nearctic realm shares 82 species with the Neotropical realm, only 10 which are not also Palearctic. These data are consistent with
the geological history of the three realms, and indicate a distinction between Laurasian and Gondwanan tardigrade faunas.
Although little is known about limno-terrestrial tardigrade distribution in much of North America, there are several excellent
regional or local surveys. Many species are distributed widely throughout the continent, but 30.0% of Nearctic species have been
reported from a single site. Cluster analysis of the fauna of 11 Nearctic regions shows that the Arctic and sub-Arctic fauna constitute
a regional fauna distinct from the rest of the continent. Ecological analysis is hampered by inconsistent reporting of tardigrade
substrate, though available data suggest little substrate specificity in terrestrial tardigrades. Most species are found in both mosses

and lichens. Many are also present in soil and leaf litter, but few are found only in these substrates.
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1. INTRODUCTION

The Nearctic biogeographical realm consists of
Greenland, Canada, Alaska, the continental United
States of America, and the northern tier of Mexican
states. Knowledge of the distribution of terrestrial and
freshwater tardigrades (Phylum Tardigrada) in this
realm is patchy at best. Although some areas have been
sampled intensively, most are poorly known. Even
though the first reports of Nearctic tardigrades were in
the Nineteenth Century (Bailey 1850; Beal 1880; Pack-
ard 1873), serious study of the distribution of this phy-
lum in North America only began after 1900. Richters
(1908) and Murray (1910) published the first Canadian
surveys. Mathews (1938) reported 32 species from
North America, including 12 in the United States. The
first record of the phylum in Nearctic Mexico (May
1948) reported a single species, supplemented thereafter
by only two studies (Schuster 1971; Hoffman & Jimé-
nez 1994). Petersen (1951) conducted the first rigorous
survey of Greenland Tardigrada.

Although most studies of Nearctic limno-terrestrial
tardigrades (i.e., those inhabiting freshwater, crypto-
gams, soil, and leaf litter) have had a narrow geographi-
cal focus, concentrating on the diversity and ecology of
a single site or at most a relatively small area, they nev-
ertheless provide some distribution data (Curtin 1948,
1957; May 1948; Ramazzotti 1956, 1957; Higgins 1959,
1960; Baumann 1960; Gustavson 1963; Grigarick et al.
1964, 1973, 1983; Schuster & Grigarick 1966, 1970,
1971; Boudrye 1967; Crowe & Higgins 1967; Beasley

1968, 1972, 1990, 2001; Kimmel & Meglitsch 1969;
Mehlen 1969; Sayre 1969; Landreth & Thomas 1970;
Weglarska 1970; Barrett & Kimmel 1972; Tharos 1973;
Fleeger & Hummon 1975; Nelson 1975; Schuster 1975;
Bernard 1977; Pilato 1977; Schuster et al. 1977, 1980;
Christenberry 1979; Christenberry & Higgins 1979;
Christenberry & Mason 1979; Crowe et al. 1979; Wain-
berg & Hummon 1981; Weglarska & Kuc 1980;
Dastych 1982, 1987; Kristensen 1982; Lee & Woolever
1983; Dewel et al. 1985; Meininger ef al. 1985; Beasley
& Pilato 1987; Dewel & Dewel 1987; Kathman & Nel-
son 1987, 1989; Maucci 1987; Nelson et al. 1987; Pilato
& Beasley 1987, 2005; Meininger & Spatt 1988;
Maucci 1988, 1991; Manicardi 1989; Séméria & Elin
1989; Kathman 1990b, c; Séméria 1990; Nelson 1991;
Tarter et al. 1992; van Rompu ef al. 1992; Nelson &
McGlothlin 1993, 1996; Tarter & Nelson 1993, 1994,
Strayer et al. 1994; Kendall-Fite & Nelson 1996;
Guidetti 1998; Grongaard et al. 1999; Peters & Dum-
jahn 1999; Guidetti et al. 2001; Hohl et al. 2001; Meyer
2001; Nelson & Adkins 2001; Nichols et al. 2001;
Romano et al. 2001; Pilato & Binda 2003; Guidetti et
al. 2006). However, some investigators have surveyed
the tardigrade fauna of larger regions. These include
southern Greenland (Maucci 1996), New Brunswick
(Argue 1971, 1972, 1974), Newfoundland (Bateman &
Collins 2001), Labrador (Boeckner et al. 2006), Van-
couver Island (Kathman 1990a; Kathman & Dastych
1990), the Appalachians (Riggin 1962, 1964; Bartels &
Nelson 2006), Florida (Meyer 2006a), Oklahoma
(Beasley 1978), Missouri (Hidalgo & Coombs 1985),
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Fig. 1. Nearctic regions used for cluster analysis. AC = Arctic Cluster, AS = mainland Arctic and sub-Arctic, NF = Newfoundland,
NE = New England and the Northeastern United States, MW = Midwestern states and provinces, AP = Appalachians, OZ = Ozarks,
GC = Gulf Coast and Georgia, RM = Rocky Mountains, PC = Vancouver Island and the Pacific Coastal States of the U.S.A., and SW

= Southwestern U.S.A. and northern Mexican states.

[llinois (Puglia 1964), New Mexico (Beasley 1988), the
American Pacific coast states (Schuster & Grigarick
1965), and Sonora (Schuster 1971).

A cluster analysis of global limno-terrestrial tardi-
grade taxa showed that the Nearctic and Palearctic fauna
were more highly associated than were Nearctic and
Neotropical species (Mclnnes & Pugh 1998). Pugh &
MclInnes (1998) performed the only analysis of bio-
geographical associations within the Arctic. They found
that the tardigrades of Greenland and Axel Heiberg
Island formed a coherent "Arctic cluster" with those of
Iceland and Svalbard.

Few studies have investigated substrate specificity in
terrestrial Nearctic tardigrades. Kimmel & Meglitsch
(1969) and Meyer (2006a) found little evidence for sub-
strate specificity beyond a preference is some species
for lichens or mosses.

In this paper we present the results of a survey of the
literature on Nearctic limno-terrestrial Tardigrada. We
compare the Nearctic fauna to those of the Palearctic
and Neotropical realms, and analyze the Nearctic fauna
for regional associations and evidence for terrestrial
substrate specificity.

2. METHODS

We consulted 100 published papers, 2 dissertations,
and 7 theses. From each we derived whatever data could
be culled concerning distribution and substrate. We

assigned species to U.S.A. counties (where possible),
Canadian provinces and territories, Mexican states and
to Greenland. Papers varied widely in the detail with
which locations were reported. While some provided
detailed records for each sample taken, many indicated
only the county or state. Three U.S.A. species —
Echiniscus perarmatus Murray 1907, Macrobiotus hig-
ginsi Maucci 1987 and Hexapodibius christenberryae
Pilato & Binda 2003 — could not be assigned to states
but only to larger regions. We also included unpub-
lished data from our own collections of tardigrades in
Louisiana and Vermont. We included only tardigrades
that had been identified in the literature to a described
species, i.e., we excluded collected tardigrades identi-
fied as "sp." and "cf." We accepted authors' identifica-
tions at face value, unless modified in a subsequent
publication. All species identifications were harmonized
with the taxonomy in Guidetti & Bertolani (2005).

We compared the Nearctic tardigrade fauna with
those of the Palearctic and Neotropical regions, as listed
in Mclnnes (1994) and subsequent literature, by tallying
the species in common. We divided the Nearctic realm
into 11 regions (Fig. 1): the Nearctic portion of Pugh &
Mclnnes (1998)'s Arctic cluster (AC; 82 species),
mainland Arctic and sub-Arctic sites (AS; 64 species),
the island of Newfoundland (NF; 22 species), New
Brunswick and the northeastern U.S. (NE; 32 species),
southern Ontario and Midwestern states surrounding the
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Fig. 2. WPMGA cluster analysis of Sorensen coefficients for the Nearctic tardigrade fauna. AC = Arctic Cluster, AS = mainland
Arctic and sub-Arctic, NF = Newfoundland, NE = New England and the Northeastern United States, MW = Midwestern states and
provinces, AP = Appalachians, OZ = Ozarks, GC = Gulf Coast and Georgia, RM = Rocky Mountains, PC = Vancouver Island and
the Pacific Coastal States of the U.S.A., and SW = Southwestern U.S.A. and northern Mexican states.

Great Lakes (MW; 31 species), the Appalachians and
adjoining mountainous areas (AP; 84 species), the
Ozarks and adjoining areas (OZ; 32 species), Georgia
and the states of the Gulf Coast from Florida to eastern
Texas (GC; 49 species), the Rocky Mountains and
adjoining mountainous areas (RM; 61 species), Van-
couver Island and the Pacific coastal states of the U.S.A.
(PC; 68 species), and the southwestern U.S.A. and
northern Mexican states (SW; 31 species). Although
based on North American landforms, the number and
boundaries of the regions are perforce to some extent
arbitrary. We used cluster analysis to determine whether
the Nearctic fauna demonstrated distinct regional
groupings, employing a simple weighted pair-group
mean analysis (WPGMA; MVSP 3.1 software) of a
Sorensen species present/not present algorithm (Sneath
& Sokal 1973). The Sorensen coefficient can range
from 0 to 1, with 0 indicating two regions have identical
lists of species and 1 indicating complete difference.

All limno-terrestrial species were included in our
biogeographical and distribution analyses. However, we
excluded freshwater species from our analysis of sub-
strate specificity. For terrestrial substrates, the quality of
substrate information provided varied widely among
papers. Some identify substrates to species, while others
use larger categories, e.g., "moss," "lichen," "mosses
and lichens," or "cryptogam." Some papers include no
substrate data. Species were included for substrate
analysis only if the substrate was reported at three or
more separate sites. Papers do not always clearly distin-
guish between soil and leaf litter samples; therefore
these were combined into one category, soil/leaf litter.
We examined substrate specificity at two levels: pres-

ence in cryptogams vs presence in soil/leaf litter (94
species), and presence in moss vs presence in lichens
(73 species). We tallied the number of species in each
category. Due to the wide variation in sampling meth-
ods and reporting of substrates in the literature, these
data were not subjected to statistical analysis, but rather
were examined for evidence of general trends.

3. RESULTS

In lichens from Essex County, Vermont, we have
found three species previously unrecorded in the state:
Milnesium tardigradum Doyére 1840, Macrobiotus
tonollii Ramazzotti 1956, and Minibiotus furcatus
(Ehrenberg 1859).

Currently 204 limno-terrestrial tardigrade species
have been reported in the Nearctic realm. Of these, 18
have been found exclusively or primarily in freshwater
habitats; the remainder are terrestrial. Thirty-six species
are cosmopolitan sensu Pilato & Binda (2001), i.e., pre-
sent in at least five biogeographical realms. Although
many Nearctic tardigrade species are widespread, 61
species have been reported from only a single site. The
number of species per sample ranges from 1 to 8, and
per site from 1 to 13.

The Nearctic tardigrade fauna includes 55 species
unrecorded in other biogeographical realms. The realm
shares 135 of its species with the Palearctic, including
63 exclusive to those two realms. It shares 82 species
with the Neotropical realm, but only 10 of those are not
also present in the Palearctic.

The Nearctic regions form two well-defined clusters
(Fig. 2): the Arctic and sub-Arctic NF, AS, and AS
(Sorensen coefficients 0.387-0.548) and the remaining 8
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regions (0.383-0.543). Within the former, NF and AS
are highly associated (0.548). South of Arctic and sub-
Arctic North America, the most closely associated
regions are RM and PC (0.543) and OZ and GC (0.494).

Terrestrial tardigrades have been reported from
lichens, mosses, liverworts, club mosses, anthophytes,
fungi, bark, soil, and leaf litter. About one-third of
Nearctic tardigrade species have been found in both
cryptogams and soil/leaf litter samples; few are found
exclusively in the latter (Tab. 1). Although most cryp-
togam-inhabiting species have been found in both
mosses and lichens, a substantial number have only
been found in the former (Tab. 1). Few are restricted to
lichens.

Tab. 1. Substrate specificity in Nearctic terrestrial
tardigrades. The only species included are those
for which the substrate was recorded at 3 or more
separate sites.

Substrate category n. species
Cryptogams only 64
Both cryptogams and soil/leaf litter 27
Soil/leaf litter only 3
Both moss and lichen 50
Moss only 18
Lichen only 5

4. DISCUSSION

Large areas of the Nearctic realm have seen little or
no sampling. Even in better-studied areas, the high level
of small-scale spatial variability in tardigrade distribu-
tion (Meyer 2006b) makes it likely that species have
been missed. Better estimates of Nearctic tardigrade
species richness can be obtained by a wider application
of the sampling methodology and species accumulation
curves employed in All Taxa Biological Inventories
(e.g., Bartels & Nelson 2006). Accurately assessing
regional variation would be facilitated if consistent
standards of specific diagnosis were used (see Pilato &
Binda 2001; Guidetti & Bertolani 2005). Many papers
consulted in this survey were published before the
development of such rigorous standards. For example,
the "hufelandi group" was once considered one (or a
few) cosmopolitan Macrobiotus species, but systematic
revision (Biserov 1990a, b; Bertolani & Rebecchi 1993)
has shown that it includes a large number of non-cos-
mopolitan species.

The number of reported tardigrade species in the
Nearctic realm is roughly equivalent to the known spe-
cies richness of the Neotropics (Pilato et al. 2004), but
less than half the number recorded in the Palearctic
(Pilato & Binda 2001). It was noted that a relatively
high percentage (68.4%) of limno-terrestrial tardigrade
species were limited to a single biogeographic region
(Pilato & Binda 2001), with only 30.0% of Nearctic
species endemic to North America. Pilato & Binda
(2001) characterized 53 species, 6.8% of the global
fauna, as cosmopolitan. Of these species 36 have been
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found in the Nearctic realm, constituting 17.6% of the
continent's known species richness, a much higher per-
centage than the global proportion. No doubt much of
the difference between New World and Palearctic spe-
cies richness and level of endemism reflects historical
differences in sampling intensity.

Nearctic Tardigrada have much more in common
with the Palearctic than the Neotropical fauna. This
pattern reflects the breakup of Pangaea into Laurasia
and Gondwana 135 million years ago (Mclnnes & Pugh
1998). The tardigrade fauna of North America shares
few non-cosmopolitan species with the Afrotropical,
Australasian, Antarctic or Indomalaysian realms.

Pugh & Mclnnes (1998) noted that the Arctic cluster
had a close affinity with the North American and north-
ern Eurasian clusters. Our cluster analysis, conducted at
a continental level, shows that Arctic and sub-Arctic
North America have a regional tardigrade fauna associ-
ated with, but distinct from the rest of the Nearctic realm
(Fig. 2). Indeed, 37.6% of the Arctic and sub-Arctic
species have not been found elsewhere in North America.

The most highly-associated Nearctic regions are all
geographically contiguous: NF-AS, RM-PC, and GC-
OZ (Figs 1 and 2). The only high association we found
between non-contiguous regions was between AP and
RM-PC. Whether this high association between widely-
separated areas has a biogeographical explanation, or
simply results from the fact that these areas are the most
heavily sampled non-Arctic regions, cannot be ascer-
tained at this time.

Most Nearctic tardigrade species are either widely-
distributed throughout the continent or have highly-re-
stricted known distributions. Evidence for distinctive
regional faunas — suites of species widely-distributed
within regions of the continent but absent elsewhere —
outside the Arctic is limited. We have identified 5 spe-
cies widespread in the southeastern United States that
are not found elsewhere, and there are several possible
candidates in the western United States. However, until
the distribution of North American tardigrades is much
better known the existence of such regional faunas must
remain speculation.

Investigators of North American tardigrades have
collected mosses and lichens far more often than any
other terrestrial substrate. Table 1 supports the conten-
tion that most tardigrade species are equally at home in
both moss and lichen (Meyer 2006a). Indeed, many of
the 23 species reported in only one of the two substrates
are from areas where only one substrate was collected
(e.g., Boeckner et al. 2006 collected only mosses in
Labrador). Although many Nearctic tardigrade species
are found in both cryptogams and soil/leaf litter, very
few widespread species have been reported only from
soil and leaf litter. Given the paucity of sampling in
Nearctic soil and leaf litter, the possibility that a larger
number of species are specific to those substrates cannot
be precluded.
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