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ABSTRACT

Variation of abundance, dominance and diversity of tardigrades were studied over a period of 54 months in a carpet of the moss
Rhytidiadelphus squarrosus that covered a lawn in the Black Forest (Germany). Altogether 19,909 individuals belonging to 24
species were extracted from the moss. Macrobiotus hufelandi (56%), Macrobiotus richtersi (18%) and Diphascon pingue (12%) were
the most abundant and dominant species. Dominances of the other species varied between 0.01 to 2.15%. Generally, species
diversity (Shannon-Index and evenness) was highest during the winter. A temporal variation in numbers with a decline in winter and
an increase in spring until fall was seen in M. hufelandi, D. pingue and less clear in M. richtersi. Three species (Diphascon rugosum,
Hypsibius dujardini, Hypsibius cfi. convergens) showed a cyclic variation with clear peaks in wintertime. The moist season favoured
species that were considered as hygrophilous in the literature, whereas the relatively dry sunny seasons promoted the relative
increase of euryhygric species. The composition of the tardigrade community was strikingly robust over the years. Fourteen species
were always present during the entire period of investigation. However, changes in the species composition over the years, and
cyclical temporal presence of certain species stress the significance of long-term studies to estimate species richness in a given
habitat. Application of the Spearman rank correlation test to the data set of the whole study period showed different correlations
between the mean number of tardigrades as well as the mean number of individuals of selected species (dominance >1) and rainfall,
humidity and temperature. Correlations confirmed some of the ecological dependences of tardigrade species known from literature.
Conflicting classifications suggest dependence from other variables or perhaps presence of ecotypes.
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number of tardigrades with the regional climate

1. INTRODUCTION (=mesoclimate). For example, the abundance of Hypsi-

Terrestrial tardigrades are found in various environ- bius convergens was stud.led over 11 agd 12 months
ments, from which mosses appear to be one of the most (Marf:qs 1927);  Macr qbzotus hufelandi - and - Pseu-
favourable habitats. Here they may occur abundantly dechinicus pseudocor onifer Ramazzottl,. 1983 over 4
and often with a considerable number of species (Mar- months (.Fr.anceschl et al. 1963); Macrobiotus hufelandi
cus 1929; Morgan 1977; Greven 1980; Ramazzotti & and Echinicus testudo (Doyer.e, 1840) over 28 months
Maucci 1983; Schuster 2003). However, the processes (Morgan 1977); several species were studied over 21
determining abundances, temporal variation, and spe- months by Jennings (1979), and several species over 5
cies diversity of tardigrades in mosses are not well months by Grabowski (1995). . .
understood. A variety of abiotic "gross" factors is dis- In the present article we examined population
cussed or has been demonstrated affecting tardigrade dyna.m%cs of a ftardigrade community in the moss
populations such as temperature, rainfall, humidity, Rhy tzdtade.lphus squarrosus (Hedwig) Warnstorf, 1906
slope, exposure, type of bedrock, air pollution, altitude, over a period of more than 4 years and correlated t.he
etc. In addition, the species of mosses and factors of mean number of certain species with temperature, rain-
these microhabitats such as growth form, rates of desic- fall, and humidity. The study is part of a wider project
cation, and pH-values are of considerable significance on the population biology (abundance, age distribution,
(Franceschi et al. 1963; Fleeger & Hummon 1975; sex ratio, annidation) of tardigrades in mosses of genus
Nelson 1975; Morgan 1977; Hallas 1978; Dastych 1987, Rhytidiadelphus.

1988; Hofmann 1987; Wright 1991; Steiner 1994;

Grabowski 1995 Guidetti e al. 1999). 2. METHODS

Articles about quantitative variations in populations The study site, a lawn of approximately 14 m?, was
and communities of tardigrades in mosses of a given located on the north side of the Schule Birklehof,
site are scarce and rarely cover a sampling period more Hinterzarten, Black Forest, Germany (47.9 N, 8.1 E;

than one year. Among them a few attempted to correlate 880 m above sea level). The type of bedrock was gneiss
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Fig. 1. Monthly mean temperature plus standard deviation from October 1999 to July 2004 (n = 58).

that does not contain carbonate and there was consider-
able acidification of the soil; the pH within the moss
was <5 (Schuster 2003).

The lawn was nearly completely covered by the
acidophilous moss Rhytidiadelphus squarrosus rising 3-
4 cm above the ground. Herb and grass species were
present in small numbers. Depending on the seasons we
recorded Taraxacum officinale Weber, 1780; Veronica
chamaedrys Linné, 1753; Ajuga reptans Linné, 1753;
Plantago lanceolata Linné, 1753; Stellaria graminea
Linné, 1753; Ranunculus repens Linné, 1753; Bellis
perennis Linné, 1753; Alchemilla monticola Opiz, 1838;
Dactylus glomerata Linné, 1753; Trifolium pratense
Linné 1753; Hypochoeris radicata Linné, 1753; and
Leontodon autumnalis Linné, 1753.

Single plants of the moss measured 6-10 cm in
length. In the current study we did not distinguish the a-,
b-, and c-layer (Overgaard 1948; Hallas 1978; Wright
1991), but samples always contained the c-layer, which
was small at our study site and contained only few soil
particles.

The site was protected from wind by a hedge
(Carpinus betulus Linné, 1753) bordering the north and
the west side and by a house wall on the east side. A
larch (Larix kaempferi (Lambert) Carriere, 1856) in the
middle of the southern border shaded the study site for
some hours per day, but the area was sunlit from 11:00
to 16:00 during most of the year. Needles, twigs and
branches of the larch were removed in spring every
year; the meadow was mowed five times a year (May to
October with the exception of August). The lawn-
mower was adjusted at a level not damaging the moss-
layer, but cutting sparse grass and herbs growing
between the moss carpets.

From October 1999 to July 2004 six moss samples
of 1.8 cm?® one per sector, were cored fortnightly
(except August; total number of sampling dates was

108). Each sector was approximately 2.3 m’. In total
648 samples were taken. Samples were examined for
tardigrades within 36 hours by soaking them in tap
water. Tardigrades were collected using a pipette and a
stereoscope and identified according to Ramazzotti &
Maucci (1983) and Dastych (1988) and, if necessary,
according to the original description. For the Macro-
biotus hufelandi group, we consulted the key published
by Bertolani & Rebecchi (1993) and for the Diphascon
pingue group, measurements were based on those of
Pilato & Binda (1997, 1999).

Mesoclimatic data (temperature, rainfall and atmos-
pheric humidity) from October 1999 to July 2004 were
obtained from the climatic station "Hinterzarten"
(Deutscher Wetterdienst) 2 km from the site of investi-
gation. Three values per day were averaged monthly
(temperature, humidity) or summed up (rainfall)
including August, resulting in 58 values. The biotic and
abiotic parameters recorded were calculated fortnightly
(n = 108), for clarity in some cases, however, monthly
(n = 54) (for details see the legends). Linear regression
was used to show increase or decline of populations and
the Spearman rank correlation test to exhibit relation-
ships of mesoclimatic data to abundance of tardigrades
(Backhaus et al. 1966). Analyses were performed using
WINSTAT (R. Fitch Software D79189, Bad Krozingen).

3. RESULTS
3.1. Temperature, rainfall, and humidity

Monthly mean temperature, rainfall, and atmos-
pheric humidity during the investigation period are
shown in figures 1 and 2. There were heavy frosts in
January 2002, in winter 2003 and 2004, with warmer
summers in 2002 and 2003 (Fig. 1) exceeding the mean
for many years (not pictured). Temperatures below the
freezing point were to some extent buffered by snow



Population dynamics of tardigrades in a moss

143

100 400
90 1 1 350

80 11|
300

4
=
4 250
g By £
- =
2 a01 +20 £
E;m k=
T 4180 E
[¥a

30+
+ 100

20 f
10l 4 80

Oc Ja Ap Ju Oc Ja Ap Ju Oc Ja Ap Ju Oc Ja Ap Ju Oc Ja Ap Ju
20 20 20 20 20 20

Fig. 2. Monthly summed up rainfall (thombi) and atmospheric humidity (black squares) plus standard deviation from October 1999
to July 2004 (n = 58).

Tab. 1. Total number of individuals, exuviae with eggs, eggs, dominances, and frequencies for each
tardigrade species collected within the investigation period. Asterisks indicate species found in each
year at least once.

Species N. individuals Eggs / Exuviae Dominance (%) Frequency (%)
*Macrobiotus hufelandi Schultze, 1833 11118 448 55.84 100
*Macrobiotus richtersi Murray, 1911 3600 179 18.08 100
*Diphascon pingue (Marcus, 1936) 2359 170 11.85 100
*Hypsibius scabropygus Cuénot, 1929 429 15 2.15 78.5
*Macrobiotus patiens Pilato et al., 2000 403 7 2.02 87.9
*Hypsibius dujardini (Doyére, 1840) 390 58 1.96 72.9
*Diphascon rugosum Bartos, 1935 348 22 1.75 48.6
*[sohypsibius prosostomus (Thulin, 1928) 294 29 1.48 67.3
*Hypsibius convergens Urbanowicz, 1925 246 18 1.24 46.7
*Hypsibius pallidus Thulin, 1911 246 13 1.24 65.4
*Hypsibius cfr. convergens 164 8 0.82 31.8
*Milnesium tardigradum Doyére, 1840 101 4 0.51 48.6
*Diphascon oculatum Murray, 1906 77 0 0.39 41.1
*Diphascon prorsirostre Thulin, 1928 63 1 0.32 39.3
Isohypsibius pappi (Iharos, 1966) 24 7 0.12 16.8
Hypsibius sp. 12 0 0.06 2.8
Diphascon nobilei Binda, 1969 8 0 0.04 2.8
Minibiotus cfr. poricinctus 8 0 0.04 3.7
Minibiotus cfr. scopulus 6 0 0.03 5.6
Diphascon scoticum Murray, 1905 5 0 0.03 2.8
Minibiotus intermedius (Plate, 1888) 5 0 0.03 3.7
Diphascon bullatum Murray, 1905 1 0 0.01 0.9
Diphascon higginsi Binda, 1971 1 0 0.01 0.9
Mesocrista spitsbergense (Richters, 1903) 1 0 0.01 0.9
Sum 19909 979 100

cover. Therefore, the period in which tardigrades were
inactive by extreme low temperatures (e.g. December /
January 2002) was relatively short and at most dates in
the winter tardigrades were active. Mean rainfall varied
considerably and was on average 1588 mm per year
(Fig. 2). However, comparing total rainfall (in mm) per
year with the mean for many years, a clear drop was
seen in 2003, particularly in 2004 (not pictured).
Atmospheric humidity varied between 66% and 91%
over the months and showed a significant positive cor-

relation (Spearman rank correlation test, p <0.01) with
rainfall (Fig. 2).

3.2. Number, abundance, dominance, and frequency of
species

Tardigrades were found in 100% of the moss sam-
ples. A total of 19,909 eutardigrades and 979 free eggs
and exuviae containing eggs were extracted belonging
to 24 species (Tab. 1). Eggs and exuviae were not
included in the calculations of ecological parameters;
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Fig. 3. Monthly fluctuations of the number of tardigrades (ind. cm™), standard deviation and regression line during the period of

investigation (n = 54).
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Fig. 4. Fortnightly fluctuation of the absolute number of species during the period of investigation. Species number is higher in

autumn and winter (n = 108).

sample surveys showed that they would not have sig-
nificantly changed the results. Heterotardigrades were
not found at the study site.

Abundances ranged from 58 to 320 individuals per
sample (5.5-30.2 ind. ecm™; n = 108). Dominances var-
ied considerably and ranged from 0.01 to 56%. Ten spe-
cies were found sporadically (<0.32%), four species
were subrecedent (0.32 - 0.99%), seven were recedent
(1 -3.1%), two species were dominant (10 — 31.9%) and
one species was eudominant (32 - 100%; classification
after Engelmann 1978). The same holds for the fre-
quency ranging from 0.09%, to 100% (Tab. 1). Three
species (Macrobiotus hufelandi, Macrobiotus richtersi

and Diphascon pingue) were found in each month and
in each sample showed the highest dominances and fre-
quencies.

3.3. Temporal variation of the community

The entire community indicated some fluctuation
over the years (Fig. 3), but did not decrease significantly
(F =0.788; p = 0.3788). This held also for the number
of species (Fig. 4) that varied from 4 (October,
November 1999) to 14 (December 2000, 2001, January
2001, 2002, 2003). We found 11 species in 1999 (3
months), 19 species in 2000 and 2001 (12 months), 16
species in 2002 (12 months), 17 species in 2003 (12
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Fig. 5. Fortnightly fluctuation of the Shannon-Wiener diversity index (squares) and Evenness (thombi) of the tardigrade community

during the investigation period (n = 108).
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Fig. 6. Dominance of the three most frequent and dominant species (white columns) versus the remaining species (black columns) (n = 108).

months) and 20 species in 2004 (7 months). Generally,
the same 14 species were found every year except 1999,
when sampling covered only three months (Tab. 1).
Some species were found only once, some only in a sin-
gle year, and some intermittently.

Accordingly, the diversity index (Shannon-Wiener
index) showed significant fluctuations with the highest
values in wintertime; it was paralleled by evenness (Fig.
5). The dominances of M. hufelandi, M. richtersi, and
D. pingue revealed seasonal fluctuations at a high level
that appear exactly opposite to the remaining species
(Fig. 6). Among the remaining species the most
important were Diphascon rugosum, Hypsibius dujar-
dini, and Hypsibius cfr. convergens. These species were
responsible for relative high dominances and the high

Shannon-Wiener index and evenness in wintertime. We
did not see any noticeable change in species compo-
sition, decrease in abundance, or other changes of the
tardigrade community after mowing.

3.4. Temporal variation of selected populations

For the above-mentioned six species, figures 7a-¢
show fluctuation of the mean number of individuals per
cm’ over the years.

In M. hufelandi (Fig. 7a) lowest mean numbers were
found in wintertime. A slight but not significant
increase of the population may be stated throughout the
study period (F = 0.1788; p = 0.6741). Also in M. rich-
tersi (Fig. 7b) lowest mean numbers were recorded in
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cfr. convergens.

wintertime except April 2003. Comparing the years
1999 to 2002 and 2002 to 2004, a considerable decline
of the population is suggested leading to a highly sig-
nificant decrease of the population during the study
period (F = 53.043; p = >0.0001). Mean number of
individuals of D. pingue (Fig. 7c) were very low in
some months, but decrease could not attributed to a
definite season. Over the years the abundance changed
but not significantly (¥ = 0.001764; p = 0.9667).

A remarkable seasonal cycle was apparent in three
species. Diphascon rugosum (Fig. 7d) was collected
only from October to April. The period when animals
could be found varied from five to seven months. Over
the years there was no significant decline of the popula-
tion (F = 0.1788; p = 0.6741). Hypsibius dujardini (Fig.
7e) was collected in sufficient numbers especially from
October to March. The period varied from two to six
months. No significant decline was seen over the years

(F = 0.7439; p = 0.3924). Hypsibius cfr. convergens
(Fig. 7f) was not found in 1999/2000 and was shown to
be present in the following years from December to
March in sufficient numbers. In 2003/2004 only a few
individuals were extracted. The population did not
decline significantly (F = 0.5325; p = 0.4688).

3.4. Correlations with rainfall and temperature

Variation of the Shannon-Wiener diversity index
and the air temperature are mutually dependent, i.e. low
temperatures cause a high diversity, high temperatures a
low diversity (Fig. 8).

Table 2 shows the correlation matrix for the mean
number of 10 tardigrade species per cm” reaching domi-
nances >1. Abundance of several species correlated sig-
nificantly with rainfall 10, 20, and 30 days or at least 20
and 30 days after sampling. Correlation was positive
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investigation period. Note the opposite course of the two curves (n = 108).

Tab. 2. Correlation matrix for the mean number of 10 selected tardigrade species and total number of individuals per
em?®. *: p <0.05; **: p <0.01. For further explanation see text.
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20 days -0.11 0.15 0.09 0.54**  0.40%* -0.25%% 0.23%* 0.00 0.18* 0.49%* 0.19%
30 days -0.08 0.10 0.08 0.58%*%  0.41**  -0.24%*  0.27** 0.02 0.19% 0.54%* 0.23*
Temperature (°C)
10 days 0.35%%* 0.10 0.06  -0.67** -026% 015 -0.25%*  0.04 -0.07 -0.73**  0.14
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(M. richtersi, D. pingue, H. dujardini, Hypsibius con-
vergens, Isohypsibius prosostomus, Hypsibius pallidus),
negative (M. hufelandi, Macrobiotus patiens, Hypsibius
scabropygus), or indifferent (D. rugosum). Abundance
of several species correlated significantly with humidity
10, 20, and 30 days or at least 20 and 30 days after sam-
pling. Correlation was positive (H. dujardini, H. con-
vergens with a change to a negative correlation 10 days
before sampling (H. scabropygus, H. pallidus, D. rugo-
sum), negative (M. hufelandi, M. patiens, and M. rich-
tersi in part), or indifferent (D. pingue, I. prosostomus).
Abundance of several species correlated significantly
with temperature 10, 20 and 30 days or at least 20 and

30 days after sampling. Correlation was positive (M.
hufelandi, M. patiens), negative (H. dujardini, H. con-
vergens, H. scabropygus, H. pallidus, D. rugosum) or
indifferent (M. richtersi, D. pingue, 1. prosostomus).

4. DISCUSSION

The present study is the first following the popula-
tion dynamics of tardigrades over more than 4 years at a
limited and uniform study site overgrown by a single
moss species. These conditions allow for assuming a set
of microhabitats identical to a large degree and similarly
affected by the local climate (which is generally char-
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acterized by a relatively high atmospheric humidity,
steady rainfall, and relatively low average temperatures;
see Schuster 2003). Here we showed a notable richness
of largely ubiquitous eutardigrade species, dominated
by Macrobiotus hufelandi, Macrobiotus richtersi, and
Diphascon pingue. Variation of species composition
and the absence of species throughout certain months
obviously reflect a regular pattern rather than inconsis-
tent or unstable associations of tardigrades. This sug-
gestion is supported by the fact that 14 species (with dif-
ferent variation patterns) were always present through-
out the period of investigation and that diversity and
evenness regularly parallel the fluctuations and showed
no remarkable drop during the investigation period. The
moist and cold winters with only few warming sunshine
hours favour development of more hygrophilous and
even cold-stenothermic species, the relatively dry sum-
mers rich in sunshine summers, the relative increase of
euryhygric species.

4.1. Quantitative sampling of tardigrades in the moss
Rhytidiadelphus squarrosus

Reliable quantitative data of the density of tardi-
grades (and other organisms) in moss cushions are diffi-
cult to obtain in practice and from literature as 1) tardi-
grades show a patchy distribution within a moss cushion
(e.g., Hallas 1975, see Fig. 2 in his article) not fully un-
derstood yet, but probably due to microhabitat differ-
ences, and 2) density is either expressed as individuals
per area (Morgan 1977; Jennings 1979; Ito 1999) or per
dry weight of the substrate (Morgan 1977; Grabowski
1995; Jonsson 2003). Authors usually do not give rea-
sons for that. The first problem may be relative to the
number of samples.

In the present study, due to the homogeneity and
continuity of the substrate, we could randomly collect
several homogeneous samples (12 samples per month).
These numbers gave reliable data over years despite
high variation and standard deviations of the mean
number of tardigrades per cm”. The second problem
largely depends on the moss species, i.e. the length of
the single moss plants and the proportions and qualities
of the three moss layers, mainly of the dense bottom of
the rhizoid and soil layer (c-layer) (Overgaard 1948;
Hallas 1975). The c-layer of R. squarrosus was small at
our study site and density expressed per area and weight
fairly corresponded in our samples (not shown).

4.2. Rhytidiadelphus squarrous as habitat for
tardigrades

Mosses in general are considered as potent habitats
for tardigrades, but it is a matter of debate, whether a
relationship exists between tardigrade species and moss
species. Specific associations between moss character-
istics and tardigrades have been suggested (Hallas 1978;
Hofmann 1987; Grabowski 1995) as well as a correla-
tion between species diversity, habitat preferences and
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the process of aging and / or biodegradation of a moss
restricting tardigrade species to a specific range of
microhabitats (Hallas 1978). The presence of micro-
habitats suitable for certain species (and their forage
organisms) depends not only on mesoclimatic regimes,
but also more directly on the structure of the respective
moss, i.e. its ability to hold water and other moss-related
factors (e.g., Overgaard 1948; Wright 1991; Grabowski
1995; Greven & Schiittler 2001).

The moss, R. squarrosus, at our study site indicates
acid soils (pH 5-6; Diill 1991) and is the most common
"weed" in lawns that dry out occasionally (Frahm 2001).
This moss has a considerable hydration capacity storing
water up to ten times of its dry weight (Grabowski
1995). The surface of the leaves is well structured and
the ratio between the three layers of a single shoot from
our study site was approximately 3:3:1 (Schuster &
Greven in preparation). When fully hydrated, R. squar-
rosus is covered by a continuous water film. Numerous
water-filled axils provide sufficient space for locomo-
tion and foraging provided that the interstitial water and
their interconnected water pockets allow such activities
(Greven & Schiittler 2001).

Terrestrial mosses house a varying number of tardi-
grades and density estimations extend to 823 specimens
per g dry weight and 228.7 per cm’® (Bryum argenteum
(Hedwig, 1801); Morgan 1977) and even 660 tardi-
grades per 0.0286 g (i.e., 22000 animals g'; Marcus
1929). July sampling from a coniferous forest stand in
Sweden, the moss Rhytidiadelphus loreus (Hedwig)
Warnstorf, 1906, Jonsson (2003) yielded on average of
161.2 £ 152.3 tardigrades per g dry weight of only two
species (M. hufelandi and D. pingue). In our July sam-
ples (July 2000 - 2004) we collected a mean number of
specimens ranging from 106.5 + 18.3 to 276.5 + 15.5
ind. g"'. The considerable high species richness at our
study site and their cyclical fluctuations (see below)
implies that apart from the properties of the moss plant
itself, other factors (e.g. the environment in which the
moss grows as exposure, insulation, ambient relative
humidity, temperature, amount of rainfall) are responsi-
ble for development and maintenance of the large
populations of tardigrades.

In the few studies on tardigrades of grassland soils
(Ramazzotti 1959; Fleeger & Hummon 1975; Manicardi
& Bertolani 1987; Bertolani & Rebecchi 1996) species
number do not reach the number shown in the herein
examined lawn. In no case was the possible effect of
mowing on the tardigrade community studied. Mowing
may change the microclimate enhancing desiccation
and, thus, may favour more desiccation-tolerant species
and even may cause lower diversity and abundance.
However, we did not recognize any drop or other
noticeable changes of the tardigrade community after
frequent mowing. Surely, intactness of the moss layer
after this procedure (see above) the conditions (shaded,
relative low light levels) at the study site and the
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regional climate (high humidity and moderate tempera-
tures) alleviates the possible impact of mowing. Inter-
estingly, Jonsson (2003) could not demonstrate a sig-
nificant difference in tardigrade density between a
spruce/pine forest (16 species) and a clear-cut site (11
species).

4.3. Ecological characterisation of selected tardigrades
species, their correlations with rainfall,
temperature and humidity, and temporal changes

The majority of the identified tardigrade species are
common, widespread, and classified as cosmopolitan,
subcosmopolitan, or holarctic (Dastych 1988; Mclnnes
1994) and tychoalpine, i.e. euryzonal and mesocalci-
philous (classification after Dastych 1987, 1988). For a
more detailed classification of tardigrades recorded
from the Black Forest (Germany) see Schuster (2003).

Notable is the absence of heterotardigrades at our
study site. Echiniscus testudo, a heterotardigrade species
with eurytopic tendencies without clear xeric affinities
(Wright 1991), was regularly collected nearby in sun-
exposed habitats (mosses on the roof and between tiles
of a terrace) not colonized by R. squarrosus. We attrib-
ute the absence of xerophilous and eucalciphilous
Echiniscidae (Dastych 1987, 1988; Wright 1991) to the
moisture regime and the relatively low pH of the moss
carpet.

Knowledge of the microclimate in a moss cushion
should significantly contribute understanding processes
affecting population dynamics of tardigrades and char-
acterizing species ecologically, which measurements,
however, encounter considerable difficulties (Schuster
et al., in preparation). Some indirect evidence is given
by correlations with the number of tardigrades and
mesoclimatic variables (Franceschi et al. 1963; Morgan
1977, Wright 1991; Grabowski 1995). From these
studies two consider a single moss species or mosses at
a limited study site (Franceschi et al. 1963; Morgan
1977). Positive and negative correlations, e.g. of
humidity and rainfall, with the abundance of a given
species reported in these studies obviously depended on
the duration of the sampling period and on specific
regional climatic effects (Franceschi et al. 1963; Mor-
gan 1977). The highly significant positive correlation
between the total number of tardigrades and the rainfall
shown herein reflects simply the strong dependence of
the tardigrade species living in the moss R. squarrous
on moisture and humidity, which in turn is influenced
by temperature. These variables have a strong influence
on the Shannon-Wiener diversity index.

At the species level this correlation is qualified to
some extent. Macrobiotus hufelandi, with a broad eco-
logical valence and eurytopic capacity, classified as eu-
ryhygric-hygrophilous (Grabowski 1995) or hygrophi-
lous (Wright 1991), is the only species that benefited
from the temperatures, whereas the other species did not
or reacted indifferently. Rainfall and humidity had no
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positive effect on M. hufelandi. In our study site with a
mean rainfall already relatively high, moisture may be
of secondary importance for this species. Strikingly, the
xerophilous (Grabowski 1995) or eurytopic (Wright
1991) M. richtersi appeared to depend closer on the
moisture regime at our study site like the euryhygric
(Grabowski 1995) or hygrophilous (Dastych 1988) D.
pingue. Hypsibius dujardini, known also from water
bodies (Marcus 1929), was classified as hygrophilous
by several authors (Ramazzotti & Maucci 1983;
Dastych 1988; Wright 1991), and even xerophilous by
Grabowski (1995). Correlations with mesoclimatic fac-
tors of this species and of H. convergens support
hygrophily and indicate preference of relative low tem-
peratures. Macrobiotus patiens might prefer drier habi-
tats (negative correlation with rainfall, in part with
humidity, and a positive correlation with temperature).
Hypsibius scabropygus, Isohypsibius prosostomus (see
also Grabowski 1995) and Hypsibius pallidus may be
euryhygrous and Diphascon rugosum (Dastych 1988)
may be hygrophilous.

Macrobiotus hufelandi, M. richtersi and D. pingue
occurred consistently in all months (frequency 100%),
but abundances show an annual cycle with a basically
unimodal pattern. In M. hufelandi we observed a mini-
mum in wintertime and an increase in spring with
maxima until fall. Similar results were obtained by
Morgan (1977) for M. hufelandi (and E. testudo) in roof
mosses in one of his study sites and the increase in
spring was reported by Franceschi et al. (1963). How-
ever, in two other study sites Morgan (1977) did not
found such a temporal variation in M. hufelandi. For
varying fluctuations of tardigrade population over a
longer time also refer to Jennings (1979).

Fluctuations of D. pingue and M. richtersi are less
regular, but compared to the preceding and following
months in most cases relative low mean numbers were
seen in winter. In M. richtersi the pattern was addition-
ally obscured by a significant gradual decline of the
population, namely in the second half of the study
period. Drop of tardigrade populations have been attrib-
uted to climatic factors as suggested for the temporal
variation in tardigrade numbers described herein and by
other authors. For example, desiccation influences the
population of Hypsibius convergens (Marcus 1927);
trophic overlapping and predation by arthropods influ-
ence various species (Hyvonen & Person 1996); food
availability seems to influence H. convergens (Marcus
1927) and Macrobiotus harmsworthi Murray, 1907
(Hallas & Yeates 1972). Reasons for the decline of M.
richtersi at our study site are not clear. Wright (1991)
described negative associations between M. hufelandi,
M. richtersi and Hypsibius prosostomus and suggested
competitive exclusion due to trophic overlap and eco-
logical resemblances. However, M. richtersi is a largely
carnivorous species, whereas the other two dominating
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species, M. hufelandi and D. pingue, are considered
omnivorous or algae-feeders.

There are only a few hints of a strictly seasonal
presence of tardigrade species in literature. Dastych
(1988) found Diphascon rugosum in Poland between
October and April only. Depending on the altitude
Guidetti et al. (1999) and Guidetti & Bertolani (2001)
reported on species found exclusively in autumn and
winter such as H. convergens, or species that dominated
in winter and spring such as Isohypsibius sattleri Rich-
ters, 1909 and others, suggesting "specific ecological
requirements” not further specified. We showed herein
clear cyclic variations of D. rugosum, Hypsibius dujar-
dini, and Hypsibius cfr. convergens in a nearly identical
pattern every year over several years. The three species
were found in reliable numbers in fall to early spring
only. In the rest of the years they were not found or
were collected in low numbers. Absence in summer
may reflect real absence or extreme rareness. How and
where animals may survive unfavourable months, per-
haps as cysts in the moist soil, remains to be studied.
Ecological needs of these species are unknown. How-
ever, regarding the preference for wintertime and the
above-mentioned correlations with temperature, we
tentatively classify at least D. rugosum as cold-steno-
thermic and H. cfr. convergens as oligostenothermic.
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