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Abstract  Most information on rotifers living in lake 
sands comes from the 1930s, when the first reports 
on this subject by Jerzy Wiszniewski appeared. After 
some decline in the interest in lake psammon in the 
following years, research on lake psammon returned 
in the last decade of the twentieth century. The last 
comprehensive review of ecology of psammon Rotif-
era was included in the excellent 1998 publication by 
Schmid-Araya on Rotifera in interstitial sediments. 
More than 20 papers have been published since that 
time. So far, research conducted almost exclusively 
in the northern hemisphere have dealt with issues 
related to distribution of rotifers, their species struc-
ture and diversity as well as to their relation to abi-
otic and biotic factors. The aim of the present study 
was to collect all available information on psammon 
rotifers, assess the shortcomings in our knowledge 
and fill these gaps with the results of some of my 
recent research. The results of the study show that the 
species richness of this group in geographical terms is 
still unknown. It means we also do not know the level 
of endemism among the psammon rotifers. The role 

of psammon rotifers in benthic food webs is another 
issue requiring research.

Keywords  Meiofauna · Lake · Arenal · Abundance · 
Diversity · Ecology

Introduction

Although there are far more non-plankton forms 
of small invertebrates living in littoral habitats than 
planktonic ones, little is known about their physiol-
ogy, taxonomy, biology and ecology. The sandy habi-
tat in lake littoral (referred to as arenal, which means 
sand in Spanish) has been subdivided by Wiszniewski 
(1934b, 1937) into three categories: hydro-, hygro- 
and euarenal occupied by hydro-, hygro- and eupsam-
mon. Focussing on lake psammon, the hydroarenal is 
a layer of submerged sands along the edge of a lake. 
The hygroarenal is a layer of sand which is above and 
adjacent to the water level and is completely saturated 
by cappillar and wave action. Finally, the euarenal 
is a part of beach partially saturated and submerged 
only during periods of high water. On the sand sur-
face there is often a layer of dry sand. The biological 
assemblages of the three habitats are subjected to dif-
ferent level of physical disturbance with the hydrop-
sammon being the least exposed to environmental 
stress while the hygropsammon is subjected to strong 
mechanical disturbances, because the waves cause 
constant mixing, transfer and destruction of some of 
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organisms (Neel, 1948). A characteristic feature of 
the eupsammon microhabitat is its strong daily vari-
ation, i.e. humidity drop and temperature increase 
during the day, humidity increase and temperature 
drop at night, as well as susceptibility to atmospheric 
factors. A zone of wet sand would seem to be a very 
unfavourable environment for life. High fluctuations 
of temperature during the day and night, small liv-
ing space, low concentration of oxygen and very high 
concentrations of organic and mineral compounds are 
factors that affect the life of organisms inhabiting this 
habitat decisively (Wiszniewski, 1937; Pennak, 1951; 
Schmid-Araya, 1998; Radwan & Bielańska-Grajner, 
2001; Ejsmont-Karabin, 2003a, b; Bielańska-Grajner, 
2005). Capillary water in the euarenal may change 
over a short period of time due to strong changes in 
temperature and heavy rains. The hygroarenal may be 
under the influence of wave actions and heavy rains. 
The least disturbed zone is the hydroarenal which 
may be influenced by changing temperature and the 
concentration of organic particles.

In the psammon nematodes and rotifers seem to 
be the most abundant and richest groups, although 
Protozoa, Platyhelminthes, Tardigrada and Harpacti-
coida may be sometimes even more abundant as well 
(Zhadin et al., 1972; Whitman et al., 1994; Nawrot & 
Mieczan, 2012).

Most information on rotifers living in the sand of 
lake beaches comes from the 1930s, when the first 
reports on this subject by the Polish scientist—Jerzy 
Wiszniewski appeared (Wiszniewski, 1932, 1933, 
1934a, b). The discovery of this living in quite unu-
sual conditions community caused a short-term 
increase of interest in the psammon, which resulted in 
the appearance of several studies devoted to this habi-
tat in this and the next decade (e.g. Myers, 1936; Pen-
nak, 1940; Neel, 1948; Pennak, 1951). However, for 
five decades, publications from this period remained 
the most complete source of information about the 
characteristic features of the psammolittoral and its 
organisms, as this period saw a decline in the interest 
in lake psammon, and the published works were of a 
contributing nature and most often concerned taxo-
nomic issues.

Research on the ecology of lake psammon was 
revived in the last decade of the twentieth century, 
and the topic was often addressed by Polish research-
ers. The studies in this period include a description 
of the species structure and functioning of psammon 

algae (Czernaś & Krupa, 1998 and subsequent 
studies) and rotifers (Radwan et  al., 1998, 2001; 
Bielańska-Grajner, 2001, 2005; Ejsmont-Karabin, 
2003a, b, and many others). Nawrot and Mieczan 
(2014) have shown significant differences in the hori-
zontal distribution of ciliates and rotifers in the diur-
nal cycle. Studies of psammon in brackish and fresh 
waters of Estonia have shown that rotifers play a dif-
ferent functional role in food webs in those environ-
ments (Lokko & Virro, 2014; Lokko et al., 2017). At 
the beginning of the twenty-first century, first publi-
cations concerning faunistic research on psammon 
rotifers in Asia appeared (Segers & Chittapun, 2001; 
Dang et al., 2015; Duong et al., 2020, 2021).

Although knowledge about the distribution and 
species structure of psammon rotifers is greater than 
the knowledge about the functioning of the commu-
nity, even the former topic is insufficiently known. 
The last comprehensive review of ecology of psam-
mon Rotifera was included in the excellent publica-
tion by Schmid-Araya (1998) on Rotifera in intersti-
tial sediments. However, while describing the ecology 
of broadly understood interstitial environments, this 
review focussed on ecology and assemblage struc-
ture of hyporheos. More than twenty papers have 
been published since that time, greatly expanding our 
knowledge of psammon Rotifera.

The question is: What do we know now, 90 years 
after the discovery of the communities of rotifers 
inhabiting lake sands? Thus, the aim of the present 
study was to collect all available information from all 
over the world on psammon rotifers, assess the short-
comings in our knowledge and, if possible, fill these 
gaps with the results of some of my recent research.

The analyzes of the quantitative and qualitative 
structure of rotifer communities, their spatio-tempo-
ral distribution and ecological role in the lake are-
nal included both literature data and data from own 
research. Therefore, the chapter of Results has been 
divided into 5 sub-chapters: the first three deal with 
the results of the literature review and the last two 
deal with new data.

Methods

A literature review included publications from 
1930 to 2022. Most of them came from my col-
lection of reprints, accumulated over 50  years of 



2951Hydrobiologia (2024) 851:2949–2964	

1 3
Vol.: (0123456789)

my scientific work, as well as from the collection 
of publications of the Hydrobiological Station on 
Wigry stored in the library of the Nencki Institute 
of the Polish Academy of Sciences. I updated my 
review with recent publications found in scientific 
databases, like Google Scholar and Web of Science. 
Key words used during the literature review were: 
Rotifera, psammon, psammolittoral, arenal, intersti-
tial water, lake, in various combinations. All publi-
cations found were cited in this work.

In the studies of density, species richness and 
frequency (i.e. number of lakes with recorded pres-
ence of a given species), samples collected in spring 
and summer from the arenal of 32 lakes of differ-
ent mictic type and trophy (North-eastern Poland) 
were used. I used both published (Ejsmont-Karabin, 
2003a, b) and unpublished data from my research 
conducted from 1999 to 2022. The examined sta-
tions covered up to 44 beaches in spring and 71 
beaches in summer. Seasonal succession studies 
were carried out on the beach of Lake Mikołajskie 
in 2020, every week from April 11 to September 12.

For quantitative sampling I used the method of 
rinsing rotifers collected with a sharp-edged cyl-
inder from sand material by briefly mixing it ener-
getically with tap water. This method is often used 
(Ejsmont-Karabin, 2003a, b; Bielańska-Grajner & 
Poznańska, 2010; Lokko, 2014) as it allows rotifer 
density to be established in units of area or volume 
of sand. Rotifers were determined from sand sam-
ples shaken six times with 0.5 L of tap water. The 
supernatant was filtered through a net with 30  μm 
mesh-size. All rotifers were counted and identified 
in five subsamples each equal to 10% of the sample. 
The first subsample was analyzed while alive, while 
the remaining were fixed with 4% formalin.

Regression analyses correlating the density of 
rotifer species to their frequency were conducted 
using data from samples collected from eu-, hygro-, 
and hydroarenal of 32 lakes in North-eastern 
Poland. The same set of samples was used to esti-
mate cumulative species richness dependence on 
sampling effort, i.e. number of samples taken after 
10 randomization of sampling order. In order to 
assess the closest possible number of species that 
could be identified from particular arenal zones in 
spring and summer I used 2 estimates of total spe-
cies richness: Chao 2 and Jackknife 2 (Gotelli & 
Colwell, 2011).

Results

Spatio‑temporal distribution of psammon 
communities of Rotifera

The lake arenal is inhabited by numerous organisms. 
However, in Lokko’s (2014) opinion rotifers dominate 
those communities only occasionally and there is no 
single phylum or other higher taxa that can be consid-
ered generally dominant there.

An important group among organisms living in 
interstitial waters of sandy shores are those limited in 
their occurrence to wet sands and assessed as psam-
mobionts (Wiszniewski, 1937). They are strictly 
adapted to life among the particles of sand, although 
some of them may be met sporadically and in low 
numbers beyond the arenal (microzone of sands). 
As typical representatives of psammon rotifers 
Wiszniewski (1933, 1934a, b) lists such species as: 
E. spinifera, W. velox, W. sabulosa, W. depressa, T. 
pygocera, T. taurocephala, L. psammophila, L. levi-
styla (species names due to recent nomenclature). 
Myers (1936) studying the psammon of acid Lenape 
and Union lakes in New Jersey listed 27 psammobi-
otic species and described 11 species new for science. 
Radwan and Bielańska-Grajner (2001) added D. her-
cules to the list. Psammophiles are species occurring 
in wet sands and beyond it, however they are mark-
edly more abundant in psammon communities. The 
third group creating the psammon are psammoxenes, 
i.e. species that get into the zone by accident. In Lake 
Wigry the relation of the three groups was as follows: 
among 83 found species 17 were psammobionts, 19- 
psammophiles and 47 psammoxenes (Wiszniewski, 
1933).

According to Wiszniewski (1933) the farther 
away from the lake shore the fewer animals there 
are in the eupsammon, although, individual species 
may reach up to twenty meters from the water line. 
At the same time, constantly submerged underwater 
sands are relatively poor in psammon both quantita-
tively and qualitatively. As a result the zone richest 
in psammon organisms is often the hygroarenal. This 
statement was confirmed by Varga (1957) who noted 
a marked contrast between the species-rich hygrop-
sammon and the species-impoverished eupsammon 
community in Lake Balaton. On the contrary, in 
Ejsmont-Karabin’s (2003a, b) studies the hydropsam-
mon was the community richest in species. The high 
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species diversity of psammon rotifers found in Lake 
Kuc can be explained, among others, by the impact of 
intermediate environmental stress (Ejsmont-Karabin, 
2003a, b). The course of changes in the species diver-
sity of the community in the hydro-euarenal transect 
confirms Connell’s (1978) Intermediate Disturbance 
Hypothesis, because the highest species diversity val-
ues were recorded in hydropsammon—a community 
under the influence of rather moderate interference. 
At the same time, the species diversity of hygro—
and eupsammon communities subjected to strong 
mechanical, physical and chemical disturbances was 
almost twice lower.

Hydropsammon rotifers, during day and night 
hours, are concentrated in a thin 0.5  cm deep layer 
of the epihydroarenal (Ejsmont-Karabin, 2008). The 
permanent concentration of rotifers in this layer may 
be explained by a high abundance of permanently 
renewed food resources, both bacteria and algae 
(Czernaś, 1991; Krupa et al., 1991).

Psammon communities of Rotifera are subject to 
seasonal succesion. Wiszniewski (1933, 1934b), who 
studied seasonal changes in the occurrence of rotifers 
in the arenal of Lake Wigry (North-eastern Poland), 
described phenological periods in the seasonal occur-
rence of psammon rotifers:

Spring—hydropsammon rotifers appear, but in low 
densities. The most important role in the community 
is played by psammophiles Cephalodella catellina 
and C. ventripes.

Summer, in June maxima of densities of psammo-
philic species are built by Cephalodella auriculata, 
C. gibba, L. patella, C. colurus, L. closterocerca and 
psammobionts like L. levistyla, L. psammophila, T. 
taurocephala. In the second half of summer the den-
sity of hygropsammon rotifers decreases. However, 
density of rotifers in eupsammon may sometimes 
increase.

Autumn – eupsammon gradually disappears. Spe-
cies met in spring appear again and reach high densi-
ties. Species rare in spring and summer, like W. sabu-
losa, W. velox, B. tenella also appear.

Winter—with the appearance of the first frosts 
rotifers disappear.

This may be confirmed by the studies of Ejsmont-
Karabin (2001) and Lokko et al. (2017), which indi-
cated some commonalities in the seasonal patterns of 
rotifer occurrence, such as low abundances in early 
spring and late autumn.

Densities of rotifers in the arenal are extremely 
variable, both in space (Ejsmont-Karabin, 2006) and 
time (Ejsmont-Karabin, 2005). They can reach very 
high values up to 41,755 ind. 100  cm−2 (i.e. equal 
to 208,775 ind l−1) in the euarenal in Lake Kuc in 
spring, and up to 50,521 ind. 100  cm−2 (= 252,605 
ind l−1) in the hygroarenal in Lake Wiartel in sum-
mer. The species that determined these maximum 
densities was, in both cases, L. psammophila, a 
typical psammobiotic species, not found in other lit-
toral subhabitats.

Taking into account the relatively difficult con-
ditions in the habitat occupied by psammon organ-
isms, the species diversity of psammon rotifers can 
be considered surprisingly high. In studies con-
ducted in lakes in North-eastern Poland (Ejsmont-
Karabin, 2003a, b), rotifers were found at all exam-
ined beaches. In total, 110 species were found (this 
accounted for 26% of all rotifers species recorded 
in Poland), of which 22 species belonged to those 
found only in the psammon and three species were 
new for Poland (C. psammophila, C. wiszniewski 
and Euchlanis dapidula Parise, 1966). A total of 72 
taxa were found in two Estonian lakes, eutrophic 
Lake Saadjärv and mesotrophic Lake Võrtsjärv. Of 
these, 11 rotifer species were new records for the 
fauna of Estonia (Lokko et  al., 2013). Similarly, 
rich in species were the psammon communities of 
Vietnam (Duong et al., 2020) with 76 species in the 
hygropsammon and 49 species in the eupsammon. 
Psammon community of Lake Bajkal (Arov, 1990) 
contained fewer species, just 40. Most of them were 
species common in the arenal of European lakes. 
Two endemic species found in Lake Bajkal were 
Notholca kozhovi Vassijeva & Kutikova, 1969, and 
Colurella grandiuscula Kutikova & Arov, 1985.

The list of psammon rotifers from Lenape and 
Union Lakes in New Jersey (Myers, 1936) con-
tained 145 species with 11 species new for science 
and only 44 previously recorded by Wiszniewski 
(1934a, b) in Poland. This difference may result 
from differences in the pH of the studied Ameri-
can (acid waters) and Polish (alkaline waters) lakes. 
Results of studies carried out in so-called lobelian 
lakes (Bielańska-Grajner, 2001) suggested that pH 
was one of the most important factors affecting the 
density and diversity of psammon communities. 
However, Bielańska-Grajner’s (2001) record of 43 
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species cannot explain the very high diversity of 
rotifers from the New Jersey lakes.

Research on psammon rotifers has generally been 
focussed on temperate regions; extremely rare reports 
on psammon rotifers from the tropics concern Asia 
(Segers & Chittapun, 2001; Dang et al., 2015). Stud-
ies conducted during both the dry and rainy season 
in Bau Thiem Lake in Vietnam (Dang et  al., 2015) 
gave a total of 89 rotifer species belonging to 21 gen-
era and 13 families. Among them 54% were new to 
Vietnam, with three species Lecane phapi, L. dorysi-
milis and Trichocerca bauthiemensis new to science. 
Less intensive studies of rotifers inhabiting the arenal 
of a coastal freshwater peat swamp on Phuket Island, 
Thailand (Segers & Chittapun, 2001), recorded a total 
of 19 species, three of which were described as new 
to science and six taxa were new to Thailand.

Impact of abiotic and biotic factors on psammon 
rotifers

Sand grain size is among important factors charac-
terizing psammon habitat (Giere, 2009). Particular 
species differed in their relation to different sand frac-
tions (Ejsmont-Karabin, 2004). In general, however, 
the abundance of most of the dominant species was 
positively correlated with the "optimal" sand fraction. 
Several species, both large and small, seemed to avoid 
this fraction, preferring larger sand grains (> 2 mm). 
The only taxonomic group preferring the tiniest frac-
tion of sand were bdelloids. These results confirm the 
significant impact of sand grain structure on the spe-
cies composition of psammon communities of Rotif-
era. It has also been shown that uniformity of domi-
nant species composition depends on the homogenous 
granulometric sand composition (Zhadin et al., 1972). 
Research on Lake Baikal’s psammon (Arov, 1990) 
has shown that grain-size structure influences mor-
phological structure, diet and movement of species 
adapted to life among sand grains. Thus, the relation 
of rotifers to the size of sand grains that dominate 
the environment may be an element of an ecological 
niche, at least for some species. A statistically signifi-
cant relationship between the occurrence of such spe-
cies as E. marinum, E. worallii, Trichocerca interme-
dia and others and the sand fraction was found in the 
studies by Bielańska-Grajner (2005).

The structure of the inhabited substrate is par-
ticularly important for the psammon organisms that 

inhabit it (Pennak, 1951). The capacity of the inhab-
ited space depends on the size of sand grains and 
amounts to approx. 37% to 43% by volume of sand 
(Ruttner-Kolisko, 1961; Giere, 1993). Arov (1990), 
in studies carried out on the beach of Lake Bai-
kal, showed that the taxonomic structure of rotifer 
communities was strongly differentiated within the 
same beach and highly dependent on the granulo-
metric structure of sand. Similarly, in studies of 38 
beaches of the lakes of the Masurian Lake District 
(Ejsmont-Karabin, 2004), a highly significant posi-
tive correlation was found between the number of 
rotifers and the proportion of 0.25–1.00 mm size frac-
tion of sand grains (i.e. fraction considered as opti-
mal for existence of rotifers). A negative and weak 
relationship was noted between the share of gravel 
(grain size > 1 mm) and dusty (< 0.25 mm) sand and 
the total number of rotifers. Of the three ecological 
groups of the psammon, only psammobionts were 
dependent on the structure of the sand and preferred 
sand grains with a size of 0.5 to 1  mm, while this 
fraction was avoided by psammophiles and psam-
moxenes (Ejsmont-Karabin, 2004).

Results of studies carried out during two seasons 
on 44 beaches of 18 lakes with different trophic state 
from the Masurian Lake District in Poland (Ejsmont-
Karabin, 2003b) showed that with the increase in 
lake trophy, which was determined on the basis of 
the state of pelagic waters, there was also a tendency 
of increasing concentration of nutrients (phosphorus 
and nitrogen) and chlorophyll in interstitial waters. 
Although nutrient and chlorophyll concentrations 
did not have any impact on psammon rotifers, the 
trophic state of the lakes seems to cause a decrease 
in the species richness of the psammon communities 
of rotifers. In mesotrophic lakes, both the value of 
the fauna originality index and the number of species 
were higher than in lakes of higher trophy, whereas 
in hypertrophic lakes the value of these indicators, as 
well as the species diversity of the communities were 
by far the lowest. This suggests the important role of 
oxygen concentration, which is much lower in habi-
tats with high content of detritus produced in adjacent 
waters (Pennak, 1951). According to Pennak (1951), 
rotifers are more sensitive to oxygen deficits than 
other groups of psammon invertebrates.

The taxonomic structure of the phytopsammon 
could have an impact on the species structure of 
psammic rotifers. Bielańska-Grajner and Molenda 
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(2008) found a significant correlation between the 
abundance of taxonomic groups of algae and densi-
ties of different rotifer species. C. gibba, C. gracilis, 
Colurella adriatica Ehrenberg, 1831, L. lunaris, and 
L. psammophila densities were correlated with abun-
dance of chlorophytes. The density of C. gibba was 
also significantly correlated with Euglenophyta, and 
C. adriatica and L. lunaris, with Bacillariophyceae.

Statistical models performed by Lokko (2014) 
indicated that relationships between chemical factors 
and psammon organisms are highly complex and usu-
ally non-linear. Due to bacterial activity, oxygen con-
tent in the interstitial waters of lake psammolittoral 
is usually markedly lower and carbon dioxide much 
higher than in adjacent waters (Pennak, 1939, 1951). 
Among factors affecting the abundance and diversity 
of psammon communities is pH (Bielańska-Grajner, 
2001). Its high impact was suggested by Wiszniewski 
(1936). Both authors observed species poor roti-
fer communities in interstitial waters with pH < 7.0. 
Some impact of pH on the density of psammon com-
munities of rotifers was found in studies in a shallow, 
eutrophic lake by Nawrot and Mieczan (2014). How-
ever this impact was weak and different in the eu- and 
hydroarenal.

Role of psammon rotifers in lake littoral functioning

Our knowledge of the role of psammon rotifers in 
freshwater food webs is very poor. Although it may 
be assumed that there are some trophic interactions 
between freshwater meiofauna and macrofauna. Some 
undetailed studies have shown that the dominant mac-
rofaunal predators in Mirror Lake, tanypod midges, 
feed on, among others, rotifers (Strayer, 1986).

According to Czernaś (2003) phytopsammon plays 
a significant role in drawing and capturing nutrient 
loads from the catchment area into the lake. Some 
support for this conclusion may be found in the 
extremely high turnover time for algal phosphorus in 
the hydroarenal of Lake Mikołajskie (Ejsmont-Kara-
bin et  al., 2012). However, taking into account the 
much lower turnover time for phosphorus involved in 
the biomass of bacteria we can suppose that bacteria 
play a much more important role than phytopsammon 
in the food web in lake arenal.

The research conducted in the mesotrophic Lake 
Kuc and the eutrophic Lake Mikołajskie (Ejsmont-
Karabin, 2001) confirms the insignificant impact of 

psammon rotifers on phosphorus cycling in the lit-
toral zone. Mineral phosphorus forms supplied as 
a result of P excretion by psammon rotifers consti-
tuted only 5% and 0.12% of phosphorus load from 
all external sources, respectively. However, the role 
of all groups of psammon organisms may be mark-
edly more significant (Ejsmont-Karabin et al., 2012). 
Calculated for all ciliates, rotifers and crustaceans 
P remineralization was ca. 10 times higher than the 
maximum rate noted in lake pelagial. Nevertheless, 
rotifers’ share in P regeneration in the arenal was neg-
ligible when compared to that of ciliates and small 
cladocerans (Ejsmont-Karabin et al., 2012).

When comparing the rates of P release from 
littoral sediments in Eau Galle Reservoir, i.e. 
3.6  mg  m−2  h−1 (James & Barko, 1991) and P 
regeneration by the hydropsammon of Lake 
Mikołajskie—6.4  mg  m−2  h−1 (Ejsmont-Karabin 
et al., 2012) with the rate of P assimilation by hydrop-
sammon in Lake Piaseczno, i.e. 24.5 mg  m−2  h−1 
(Czernaś, 2003), it tourns out that phytopsammon and 
psammic bacteria demands probably cannot be satis-
fied merely from internal sources, i.e. through remin-
eralization by microinvertebrates.

Seasonal succession and abundance of psammon 
Rotifera in Lake Mikołajskie

Year-round observations of psammon in Lake 
Mikołajskie (Fig.  1) showed strong dynamics of 
changes in the abundance and species structure of 
psammon rotifers in all three zones of the arenal. 
The rapid increase in the numbers of rotifers in the 
hydroarenal in spring included mostly cold-water 
pelagic species of the genera Synchaeta and Notholca 
which may have been due to their high abundance in 
the littoral plankton. In summer, maxima in all three 
zones of the arenal were occupied mostly by psam-
mophilic L. closterocerca, but in the euarenal this 
species was often changed to psammobiotic L. psam-
mophila. In autumn, higher abundance of psammobi-
otic W. velox and W. sabulosa was noted (Fig. 1).

The role of the psammon ecological groups 
changed during the season, and in a different way 
in particular zones of the arenal (Fig.  2). In spring, 
psammoxenic (mostly pelagic) species dominated in 
all zones. In summer, psammobionts dominated in 
the eupsammon, psammobionts and psammophiles 
in the hygropsammon, and psammophiles in the 
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hydropsammon. A marked increase in the importance 
of psammoxenes was observed in early autumn only 
in the hygroarenal, which was probably the effect of 
strong winds and therefore waves at that time. Thus, 
it seems that psammobiotic species develop best in 
mechanically stable conditions, subject to strong fluc-
tuations in nutrient and oxygen concentration as well 
as temperature.

The maximum densities in the arenal are achieved 
by species most often observed in this habitat, as 
there was a clear positive relationship between spe-
cies frequency in the arenal of different lakes and 
densities of Rotifera (Fig. 3). In spring, species with 
the same or similar frequency were most abundant in 
the eupsammon, whereas the lowest abundance was 
noted for the hydropsammon. In summer, a similarly 

low density was observed in the hydropsammon, 
however the most frequent species from the euarenal 
and hygroarenal were of similar densities (Fig.  3). 
The relationship was markedly stronger in spring 
(R2 = 0.43 to 0.64; P < 0.0001 in all cases). In sum-
mer, the weakest relationship was found for hydrop-
sammon (R2 = 0.06; P  = 0.048), and the highest one 
for the eupsammon (R2 = 0.52; P < 0.0001).

Species richness of psammon rotifers in lakes

The results of my many-years’ research of more 
than 42 beaches in spring and 71 beaches in sum-
mer revealed significant differences among ecologi-
cal zones as regards the number of species inhabit-
ing them (Fig.  4). The highest number of species 

Fig. 1   Seasonal changes in 
the density (ind. 100 cm−2) 
of psammon rotifers in three 
horizontal layers of the 
arenal of Mikołajskie Lake 
in the year 2020
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was recorded in the hygroarenal, both in spring and 
summer. The analysis also shows that the psammon 
community is primarily composed of thermophilic 
species. Clearly, the number of species registered in 
all three zones in spring is much lower than in sum-
mer (Fig.  4). The difference between the values for 
summer and spring is about 1.3–1.4 fold with 40 
measurements and it is even higher when we take into 
account more measurements.

However, there were still many species not found, 
which is well seen when we use estimators of the 
total number of species, like Chao 2 and Jackknife 
2 (Table  1). Especially the latter estimator strongly 

increases the potential number of species. This 
increase is higher for samples taken in summer than 
for samples collected in spring. Markedly more spe-
cies can be also found in the arenal when we study 
beaches of various lakes in summer, than in samples 
taken from one lake during the season.

A comparison of the lists of psammobiotic spe-
cies from three continents shows that they are differ-
ent. This applies to both habitats in different climate 
zones (Europe vs Asia) and similar ones (Europe vs 
North America) (Table  2; Fig.  5). It is worth not-
ing that among the species of rotifers from the are-
nal habitats in Vietnam (Duong et  al., 2020), those 

Fig. 2   Seasonal changes in 
the percentage of the eco-
logical groups of psammon 
rotifers in their densities in 
three horizontal layers of 
the arenal of Mikołajskie 
Lake in the year 2020
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defined as psammobiotic have not been recorded so 
far in Europe and North America, while at least some 
of the psammophilic species (e.g. Lecane lunaris, 
Cephalodella gibba) and the psammoxenic species, 
e.g. L. bifurca and L. bulla (Gosse, 1851), are much 
more widely spread. From among all psammobiotic 
and psammophilic species recorded in this habitat 
71%, and 77% (respectively) are those exclusive for 
particular continents.

Discussion

Rotifer abundance and species structure in the 
psammolittoral undergo the seasonal succession 
with low rotifer densities observed in spring and 
autumn, and maximum abundance in summer. The 
role of the psammon ecological groups changes as 
well, however in a different way in particular zones 
of the lake arenal. In spring, psammoxenic species 

dominate in all zones. In summer, the eupsammon 
is dominated by psammobionts, whereas psammo-
bionts and psammophiles dominate in the hygrop-
sammon, and psammophiles in the hydropsammon.

Low abundance of psammon rotifers in 
early spring and late autumn observed in Lake 
Mikołajskie was earlier noted in the studies of Ejs-
mont-Karabin (2001) and Lokko et al. (2017). How-
ever, there were some discrepancies, like occurrence 
of Bryceella tenella, which in my studies achieved 
its maximum density in early summer, whereas 
according to Wiszniewski (1933, 1934b) the species 
was characteristic for autumn. Seasonal changes in 
the occurrence of individual species may be of a 
local nature. In Lakes Saadjärv and Võrtsjärv, stud-
ied by Lokko and Virro (2014), B. tenella and L. 
closterocerca did not appear at all, while the dates 
of the occurrence of L. psammophila, W. sabulosa 
and W. velox coincided with those observed in Lake 
Mikołajskie.

Fig. 3   The relationship between frequency and densities of psammon rotifers in two phenological periods in different lakes in 
North-eastern Poland
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In my studies, rotifer densities in the arenal 
reached very high values, up to several hundred thou-
sand individuals per liter of wet sand. They seem to 
be markedly higher than those found in the very lim-
ited literature on the subject. Densities of rotifers in 
the lake beaches studied by Bielańska-Grajner (2005) 
were lower, up to 20,030 ind l−1 in spring (euarenal, 
Lake Czarnówek) and up to 4871 ind l−1 in summer 
(hygroarenal, Lake Wilczkowo). However, densities 
of rotifers in the arenal are extremely variable, both 
in space and time (Ejsmont-Karabin 2005, 2006). 
This means that the assessment of the abundance 
of rotifers in this habitat is largely dependent on the 
period and frequency of sampling, so its result is 
largely accidental. Moreover, so far, researchers have 
mainly focussed on the qualitative characteristics of 
psammon.

Rotifer species the most often observed in the 
lake arenal achieve the highest densities. They usu-
ally build maxima of rotifer abundance. According 
to Schmid-Araya (1998), these species are eurytopic 
and they are r-strategists. This may be indicated by 
the fact that they achieve exceptionally high values 
of density in a very short time (Ejsmont-Karabin, 
2005). One of those species is L. closterocerca, which 
occurs in all littoral habitats, where it often domi-
nates (Bielańska-Grajner, 2005; Ejsmont-Karabin & 
Karpowicz, 2021). However, L. psammophila most 
often dominates and reaches the highest numbers in 
the arenal, but it does not occur outside this habi-
tat. While L. psammophila, as well as W. sabulosa, 
W. velox and other psammobionts can be considered 
r-strategic, they are most likely stenotopic, unable to 
live outside the waters of the arenal.

Fig. 4   The cumulative sum 
over the sampling effort 
(i.e. number of beaches 
sampled) of the number of 
species calculated with 10 
randomizations of sampling 
order
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Comparison of species richness in spring and sum-
mer shows that in all layers there are markedly more 
species in summer. Chao 2 and Jackknife 2 estimators 
indicate a very strong increase in the maximum num-
ber of species in summer in the hygro- and hydroa-
renal zones. The high values of both estimators in 
this period and in these zones result from the high 
share of singletons in the rotifer communities. Most 
of the singletons are psammoxenic species derived 
from the epiphyton associated with macrophytes, 
which reach the highest biomass in this period. The 
singletons appear in the arenal, carried with waves. It 
should also be noted that the number of species both 
observed and estimated for many different lakes is 
much higher than that observed over the entire season 
in one lake. This phenomenon is probably determined 
by the presence of different singletons in various 
lakes, because dominant and subdominant species are 
usually psammophiles and psammobionts, which are 
the same in most lakes (Ejsmont-Karabin 2003a, b; 

Bielańska-Grajner, 2005). These are the species that 
reach the highest numbers, as illustrated by the exist-
ence of a clear relationship between the frequency 
and density of rotifers in all zones of the arenal.

The above observations may explain also the 
highest number of species recorded in the hygroare-
nal and the hydroarenal, both in spring and summer. 
Rotifers carried away from the macrophytes by the 
waves can reach only these zones, while the euarenal 
is inhabited primarily by psammobiotic and psammo-
philic species. The highest number of rotifer species 
in the hygroarenal is consistent with the findings of 
Bielańska-Grajner (2005), while Ejsmont-Karabin 
(2003a, b) the highest species richness noted in the 
hydroarenal.

The important role of macrophytes in shaping the 
species richness of psammon also explains why spe-
cies diversity is the lowest in hypertrophic lakes (Ejs-
mont-Karabin, 2003a, b). In these lakes, due to the 
high turbidity of the water, macrophytes do not form 
species-rich communities, and they are easily decom-
posed. In such conditions, oxygen deficits at the bot-
tom may limit the occurrence of rotifers. Results of 
studies carried out in two Estonian lakes of differ-
ent trophy (Lokko et al., 2013) show that vegetation 
cover may affect taxonomic structure of zoopsammon 
through differentiated impact on particular taxons.

The high proportion of singletons in psammon 
communities means that, although the arenal forms 
a habitat strongly separated from other lake habitats 
in terms of most of the physical and chemical con-
ditions, its boundaries do not completely prevent the 
penetration of this habitat by pelagic communities. 
However, these are boundaries that are generally not 
crossed by most psammobionts. Species such as L. 
psammophila, L. levistyla, W. velox. are not observed 
outside the arenal zone.

While on a local and regional scale the groups of 
psammobionts and the psammophiles are composed 
of the same species, on a wider geographical scale 
these groups are very different. The lists of psammo-
biotic species from Europe, North America and Asia 
are different, e.g. psammobiotic rotifers from the are-
nal habitats in Vietnam have not been recorded so far 
in Europe and North America. However some of the 
psammophilic species are much more widely spread. 
From among all the psammobiotic and psammophilic 
species recorded in the arenal, 71% and 77% (respec-
tively) are those exclusive for particular continents. 

Table 1   Observed numbers of species and Chao 2 and Jack-
knife 2 estimates of total species richness from spring and 
summer samples collected from the arenal of 32 lakes and 
from the seasonal studies in Lake Mikołajskie (North-eastern 
Poland)

Number 
of sam-
ples

Observed Chao 2 Jackknife 2

Spring
 Eupsammon 44 61 68 79
 Hygropsam-

mon
42 68 78 91

 Hydropsam-
mon

42 58 70 81

Summer
 Eupsammon 68 90 115 133
 Hygropsam-

mon
71 108 164 178

 Hydropsam-
mon

69 104 173 182

February—
October

 Eupsammon 35 62 75 87
Lake 

Mikołajskie
 Hygropsam-

mon
35 58 66 78

 Hydropsam-
mon

35 50 86 93
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Table 2   A list of psammon species recorded in the are-
nal of freshwaters on different continents (based on A—the 
author’s observations and literature: 1. Wiszniewski 1933; 2. 
Wiszniewski 1934a; 3. Myers, 1936; 4. Neel, 1948; 5. Pejler, 

1995; 6. Segers and Chittapun, 2001; 7. Bielańska-Grajner, 
2004; 8. Bielańska-Grajner, 2005; 9. Bielańska-Grajner & 
Poznańska, 2010; 10. Trinh Dang et al., 2015; 11.Duong et al. 
2020)

Species Psammobiotic Psammophilic

Europe North America Asia Europe North America Asia

Aspelta egregia Myers, 1936 3
Bryceella tenella (Bryce, 1897) A 4 2,8 3
Cephalodella apocolea Myers, 1924 3
Cephalodella auriculata (Müller, 1773) 2,7,8 3
Cephalodella catellina (Müller, 1786) 7,8,9
Cephalodella compacta Wiszniewski, 1934 A,2 3
Cephalodella elongata Myers, 1924 3
Cephalodella exigua (Gosse, 1886) 3
Cephalodella gibba (Ehrenberg, 1830) A,2,7,8,9 3 10,11
Cephalodella gracilis (Ehrenberg, 1830) 2,7,8,9
Cephalodella hoodi (Gosse, 1886) 8
Cephalodella megalocephala (Glascott, 1893) 2
Cephalodella megalotrocha Wiszniewski, 1934 2,8
Cephalodella psammophila Koch-Althaus, 1962 A 6
Cephalodella remanei Wiszniewski, 1934 3
Cephalodella tachyphora Myers, 1934 2,8
Cephalodella ventripes (Dixon-Nuttall, 1901) 7
Collotheca wiszniewskii Varga, 1938 A,8 4
Colurella colurus (Ehrenberg, 1830) A,2,7
Colurella obtuse (Gosse, 1880) 3 10
Dicranophorus artamus Harring & Myers, 1928 3
Dicranophorus capucinus Harring & Myers, 1928 3
Dicranophorus hercules Wiszniewski, 1932 A,1,2,8,9 3,4
Dicranophorus leptodon Wiszniewski, 1934 A,1,8
Dicranophorus luetkeni (Bergendal, 1892) 2,8 3 10
Dicranophorus rostratus (Dixon-Nuttall % Freeman, 1902) 3
Elosa spinifera Wiszniewski, 1932 A,1,2,8 6
Elosa worrallii Lord, 1891 3
Encentrum arvicola Wulfert, 1936 7,8
Encentrum diglandula (Zavadovsky, 1926) A,1,2,8 10
Encentrum insolitum Myers, 1936 3
Encentrum pornsilpi Segers & Chittapun, 2001 6
Euchlanis arenosa Myers, 1936 3,4
Gastropus minor (Rousselet, 1892) 3
Lecane abanica Segers, 1994 10,11
Lecane bifurca (Bryce, 1892) 11
Lecane clara (Bryce, 1892) A,2,8 3
Lecane closterocerca (Schmarda, 1859) A,2,7,8,9
Lecane dorysimilis (Trinh Dang et al., 2015) 10,11
Lecane flexilis (Gosse, 1886) 8 3
Lecane inermis (Bryce, 1892) 10
Lecane inquieta Myers, 1936 3
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Table 2   (continued)

Species Psammobiotic Psammophilic

Europe North America Asia Europe North America Asia

Lecane junki Koste, 1975 10
Lecane levistyla (Olofsson, 1917) A,1,2 8
Lecane lunaris (Ehrenberg, 1932) 7,8 3 10,11
Lecane minuta Segers, 1994 10,11
Lecane mitella (Myers, 1936) 3
Lecane mucronata Harring & Myers,1926 3,4
Lecane phapi Trinh Dang et al. 2015 10,11
Lecane psammophila (Wiszniewski, 1932) A,1,2,7,8,9 3,4
Lecane scutate Harring & Myers, 1926
Lecane spiniventris Segers, 1994 10,11 A,7
Lecane tenuiseta Harring, 1914 10
Lecane tenuua Myers, 1936 3
Lepadella desmeti Segers & Chittapun, 2001 6
Lepadella ovalis (Müller, 1786) 3 10
Lepadella patella (Müller, 1773) A,2,7,8,9 3
Lindia janickii Wiszniewski, 1934 A,2,8
Lindia pallida Harring & Myers, 1922 7
Monommata astia Myers, 1930 8 3
Myersinella tetraglena (Wiszniewski, 1934) A 3
Notholca labis Gosse, 1887 8
Notholca striata (Müller, 1786) 2
Notommata cerberus (Gosse, 1886) 10
Notommata diasema Myers, 1936 3
Notommata doneta Harring & Myers, 1924 A,8
Notommata tripus Ehrenberg, 1838 3
Proales minima (Montet, 1915) 8,9
Taphrocampa annulosa Gosse, 1851 A,8 3
Trichocerca bauthiemensis Trinh Dang et al., 2015 10
Trichocerca insolens (Myers, 1936) 3,4
Trichocerca intermedia (Stenroos, 1898) A,2,7,8 10
Trichocerca myersi (Hauer,1931) A,8
Trichocerca pygocera (Wiszniewski, 1932) A,1,2,5,8
Trichocerca taurocephala (Hauer, 1931) A,2,7,8,9 4
Trichocerca tenuior (Gosse, 1886) A,2,7,8
Trichocerca tigris (Müller, 1786) 8 3
Trichocerca tortuosa (Myers, 1936) 3
Trichocerca uncinata (Voigt,1902) 7,8
Wierzejskiella elongata (Glascott, 1893) 8
Wierzejskiella sabulosa (Wiszniewski, 1932) A,1,2,8
Wierzejskiella velox (Wiszniewski, 1932 A,1,2,8 3,4
Wigrella depressa Wiszniewski, 1932 A,1,2,8

Species from Lake Baikal, a hotspot of endemic rotifer species, too different from other lakes, are not included in the table. Psam-
moxenes are also excluded from the table
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Those observations confirm the need for further fau-
nal research in the arenal habitat in a wide geographi-
cal range, especially in Africa and South America. 
Extending such studies to the freshwater ecosystems 
of the larger islands would allow a reliable assess-
ment of the endemic rate of psammon rotifers. Tak-
ing into account the differences in the lists of psam-
mobiotic species (Table 2; Fig. 5), as well as the fact 
endemic N. kozhovi and C. grandiuscula occurrence 
in Lake Bajkal (Arov, 1991) we can assume that this 
rate may be very high.

Conclusions

My recent studies have shown that densities of rotifers 
in the arenal are extremely variable, both in space and 
time, which means that the assessment of the abun-
dance of rotifers in this habitat is largely dependent 
on the period and frequency of sampling. The highest 
densities are achieved by rotifer species of the highest 
frequency in lake arenal. Taking into account all the 
available results of research we have to come to the 
conclusion that although we have enriched our knowl-
edge about the ecology of psammon communities of 
Rotifera significantly since Wiszniewski’s discovery, 
the species richness of this group in geographical 
terms is still unknown. Due to the small number of 
studies in this area, we also do not know the level of 

endemism among psammon rotifers. The influence of 
atmospheric conditions on all zones of the arenal is 
still undocumented experimentally. The role of psam-
mon rotifers in benthic food webs is another issue 
requiring research.
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