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Białowieża Primeval Forest, Central Europe
Reprinted from: Diversity 2020, 12, 239, doi:10.3390/d12060239 . . . . . . . . . . . . . . . . . . . . 161

v
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dariusz.gwiazdowicz@up.poznan.pl

Nature is a highly complex, intricate system constructed of a network of interdepen-
dencies between individual species, their communities and their habitats. When climatic
factors (such as temperature and humidity) and environmental factors (for example, lat-
itude) are additionally considered, it comes as no surprise that scientists investigating
this complicated and wondrous world face considerable problems. An important role
in this complex ecological system is played by mites, which are actively involved in the
flow of energy, matter and information. As is commonly known, these tiny, ubiquitous
invertebrates are found both in terrestrial and aquatic ecosystems, while additionally being
relatively abundant in the aeroplankton. The richness of the mite fauna may be analysed in
terms of their zoogeography, ecology, taxonomy, or parasitology, amongst others, or even
paleontology. The species composition and the character of their assemblages vary greatly,
beginning from pioneering species found in postglacial or volcanic regions and ending
with the mind-boggling, still only partly known, richness in tropical forests. In view of all
the above-mentioned factors, researchers need to adopt a unique approach to the studied
research topics and precisely identify their aims; that is, the scientific problems. A specific
methodology will need to be applied to solve such problems ranging from, for example,
the morphological analysis of mite specimens embedded in amber to the application of
state-of-the-art molecular techniques. A platform for discussions on the biodiversity of
mites and the presentation of current challenges faced in acarological studies has been
created by Diversity in this Special Issue.

At present, researchers specialising in life sciences focus their studies on the increas-
ingly evident and pervasive effects of climate change. This phenomenon has been the
subject of numerous public debates and political decisions. The consequences of climate
change are particularly visible in polar regions, in which melting and retreating glaciers ex-
pose ground on which primary succession may develop and pioneer species may establish.
This line of research is represented in this issue by a study on assemblages of the oribatid
mite fauna of the sub-polar Urals [1], especially pertinent since these invertebrates may
be good bioindicators of environmental changes caused, for example, by climate change.
Melekhina [1], in her paper, identified 163 species belonging to 45 families, among which
the leading families in the fauna include Crotoniidae, Ceratozetidae and Oppiidae. The
share of Palearctic species is low (23.4%), which separates the fauna of the tundra zone
from the taiga zone.

Another study, even more strongly associated with this theme, was conducted in
the Svalbard archipelago located in the High Arctic [2]. With rapidly changing climatic
and habitat conditions, these islands are an excellent region to observe changes in the
ranges of certain species, including mites. Seniczak et al. [2] summarised over 100 years of
studies on the Svalbard archipelago by listing 178 mite species (1 Ixodida, 36 Mesostigmata,
43 Trombidiformes, and 98 Sarcoptiformes) and providing their localities on each island of
this archipelago. They observed that, in contrast to Trombidiformes and Sarcoptiformes,
which are dominated in Svalbard by species with wide geographical distributions, the
Mesostigmata include many Arctic species (39%). Such information may prove significant
for future studies considering climate change and resulting alterations in the species
composition or character of mite assemblages. Moreover, these authors stated that a large

1



Diversity 2021, 13, 80

number of new species (42 spp.) have been described from Svalbard, including 15 that
have so far been found there exclusively. Yet, it is uncertain if any of these latter species are
endemic: six are recent findings, the others are old records and, in most cases, impossible
to verify.

An interesting problem of endemism was also presented in the paper by Błoszyk and
Napierała [3]. They studied the geographical distribution of mites from the suborder Uropo-
dina gathered from literature sources and their own studies conducted on approximately
40,000 samples collected from various geographical regions. On this basis, they attempted
to identify a common endemism in this group of mites, or rather, if the distribution patterns
observed are the result of sparce sampling and poor identification. By presenting several
examples, the authors highlighted the necessity to provide more accurate, precise descrip-
tions of new species, including individual variation, and to conduct extensive taxonomic
studies on all the continents.

Acarologists have occasionally focused on species colonising trees, living, for example,
in various parts of the stem, branches or leaves. However, limited research has been
carried out on the evolution of these mites and their adaptation to the arboreal lifestyle,
such as phenotypic adaptations. Fortunately, this research problem was investigated by
Schäffer et al. [4], who suggested that an arboreal life evolved independently and that
tree-living is more common in evolutionary younger taxa with strong sclerotization, sexual
reproduction, and capitate sensilla. Based on the analysis of certain morphological traits of
oribatid mites, these researchers stated that it is the capitate sensillus that appears to be a
morphological (pre)-adaptation to life on trees (arboreal sensu lato), potentially functioning
as a gravity receptor. Moreover, they concluded that only taxa that live on the bark of stems
and branches without a layer of lichens or mosses, in the canopy or on twigs and leaves
and undergo their whole life cycle on the tree should be regarded as arboreal sensu stricto.

The occurrence of mites in specific habitats and microhabitats depends on their lo-
comotion, transport, or on the established manner of their dispersion. One of these is
connected with phoresy, that is, a specific form of zoochory when a mite uses other animals,
for example, mammals, birds or insects, as a means to spread and disperse. This phe-
nomenon was investigated by Konwerski et al. [5]. They analysed almost a thousand beetle
individuals, identifying on their bodies over 25 thousand deutonymphs of mites from
the suborder Uropodina. It was observed that, depending on the beetle species, different
mite species are transported. Moreover, mites show preferences for different attachment
locations on the beetle’s body. In the case of the Oodinychus ovalis (mite) and Monochamus
sartor urussovii (beetle) association, the deutonymphs were found mostly on the pronotum
and dorsal surface of the elytra, while the highest number of deutonymphs of Trichouropoda
shcherbakae was on Tetropium castaneum, and T. fuscum were observed on the legs.

For thousands of years, humans have been converting the natural environment, for
example, through the production of arable fields or pastures. Transformation of the forest
environment into agricenoses may lead to a reduction in biodiversity as a source of natural
richness. Such changes are monitored using various bioindicators, among which are mites.
Azevedo et al. [6] analysed the species composition and population size of Gamasina mites
in soils covered by natural vegetation and in agroecosystems in the Cerrado region of
northern Brazil. A greater species richness of the natural vegetation was clear since, of the
45 identified species, as many as 36 were recorded in soils covered by natural vegetation.
This finding persuaded these authors to conclude that arable fields are a threat to the
species diversity of mites since many of them are unable to respond to the rapidly changing
environmental conditions. The only method to preserve biodiversity may be to establish
reserves or protected areas.

Farmers sometimes face the adverse effects of mite pests damaging crops. On the
leaves of many crop species (for example, grape, avocado, cassava, cotton), we may find
numerous mites which damage these leaves and which are pests reducing the yields of
these crops. In turn, other mite species are beneficial as they are predators and control
harmful pest species. Situngu et al. [7] focused on the diversity and composition of
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mites on an economically important plant host (Coffea aribica) compared to mites found
in a neighbouring natural forest in South Africa. Their results showed that the coffee
plantations were associated with only predatory mites, some of which are indigenous
to South Africa. This indicates that coffee plantations may be successfully colonised by
indigenous beneficial mites.

In Norway, strawberry producers use cereal straw mulching to prevent berries from
contacting the soil and to control weeds. Neves Esteca et al. [8] experimentally confirmed
the hypothesis that organic matter such as straw mulch also favours the maintenance of
predatory mites, which visit strawberry plants at night time. It was found that the dominant
species of predatory mites belonged to three families: Melicharidae, Blattisociidae and
Phytoseiidae.

Water mites represent the most diverse and abundant group of Arachnida in fresh-
water ecosystems, with about 6000 species described. However, it is estimated that this
number represents only 30% of the total expected species. Despite having strong biotic
interactions with their community and having the potential to be exceptional bioindicators,
they are frequently excluded from studies of water quality or ecology due to actual and
perceived difficulties of the taxonomic identification of this group. These difficulties in
the identification of water mite species may be overcome using molecular and genetic
techniques, which opens a new chapter in the development of taxonomy. A particular
region of the mitochondrial COI (cytochrome c oxidase I) gene, one of the groups known
as the DNA barcode region, is the most common sequence used in water mite taxonomy re-
search. Public databases, including the Barcode of Life Database (www.boldsystems.org) or
GenBank (www.ncbi.nlm.nih.gov), as well as the use of new bioinformatic tools, represent
a breakthrough in species identification. This line of research is represented by the studies
of Montes-Ortiz and Elías-Gutiérrez [9], who investigated water mites in the Yucatan
Peninsula of Mexico. Applying the above-mentioned method, these authors identified
77 genetic groups or putative species corresponding to 18 genera.

A slightly different subject was investigated by Pozojević et al. [10], who attempted to
detect significant differences in water mite assemblages between rheocrene (river-forming
springs with dominant riffle habitats) and limnocrene springs (lake-forming springs with
dominant pool habitats) in Croatia. As a result, many species not previously observed in
that region were reported for the first time.

The paper by Vasquez et al. [11] is a review of the problems of the relationships of
aquatic mites being predators or parasites of mosquitoes. In the future, such knowledge
concerning these relationships may be crucial for human health since mosquitoes are
vectors of many dangerous diseases.

Demodecidae are the most specialized parasitic mites of mammals which typically
inhabit the skin, but they have been found in other tissues and organs as well. They can
cause demodecosis (a disease which is hazardous and difficult to cure) in humans, domestic
animals and livestock. They are parasites with high host and topical specificity, they have
been found for most orders of mammals, and they are common in the populations of nu-
merous host species. Therefore, they constitute not only an important subject of veterinary
and medical studies, but also an excellent model for faunistic and parasitological studies of
different aspects of the functioning and evolution of the host–parasite relationship. This
line of research is represented by the study of Izdebska and Rolbiecki [12], who, based on
the literature from the years 1884–2020, prepared a list of 122 parasite species of demodecid
mites, including their hosts and geographical distribution.

This diversity of subjects presented in the Special Issue Biodiversity of Mites reflects
the complexity of research problems currently faced by researchers. Nevertheless, it
may also be a source of inspiration for further challenges to gain even greater insight
into biodiversity, and thus to be able to more effectively protect the natural richness of
our planet.
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Abstract: Svalbard is a singular region to study biodiversity. Located at a high latitude and
geographically isolated, the archipelago possesses widely varying environmental conditions and
unique flora and fauna communities. It is also here where particularly rapid environmental changes
are occurring, having amongst the fastest increases in mean air temperature in the Arctic. One of
the most common and species-rich invertebrate groups in Svalbard is the mites (Acari). We here
describe the characteristics of the Svalbard acarofauna, and, as a baseline, an updated inventory of
178 species (one Ixodida, 36 Mesostigmata, 43 Trombidiformes, and 98 Sarcoptiformes) along with
their occurrences. In contrast to the Trombidiformes and Sarcoptiformes, which are dominated in
Svalbard by species with wide geographical distributions, the Mesostigmata include many Arctic
species (39%); it would thus be an interesting future study to determine if mesostigmatid communities
are more affected by global warming then other mite groups. A large number of new species (42 spp.)
have been described from Svalbard, including 15 that have so far been found exclusively there. It
is yet uncertain if any of these latter species are endemic: six are recent findings, the others are old
records and, in most cases, impossible to verify. That the Arctic is still insufficiently sampled also
limits conclusions concerning endemicity.

Keywords: checklist; Astigmata; Endeostigmata; Oribatida; Prostigmata; climate change;
Arctic; Svalbard

1. Introduction

The invertebrate fauna of the Svalbard archipelago is amongst the best known for any region in
the Arctic [1]. However, the inventory has been collated from studies over a period of 150 years and has
never been subjected to a critical review and taxonomic revision. Without an improved understanding
of the current fauna it is not possible to understand the current terrestrial ecosystem or determine its
response to on-going environmental change.
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The dramatic environmental changes that we see today may be most discernable in polar regions,
which possess both a unique flora and fauna and are undergoing the greatest rates of climate change.
A particularly interesting area to study this is the Svalbard archipelago that is located at 78◦ N, isolated,
and with a distinctive and diverse flora and fauna that are poorly studied [2]. Svalbard is currently
experiencing one of the fastest temperature increases and one of the highest rates of sea ice loss in the
Arctic [3]. During the past 50 years, the mean air temperature in Svalbard has increased by 4 ◦C, the
winter mean air temperature has increased by 7 ◦C, the snow season duration has decreased by 20 days,
and precipitation has increased by 65% [4]. For example, at Svalbard airport in 2018, the mean annual
temperature was −1.8 ◦C, winter temperature was −5.3 ◦C, and annual precipitation was 252.5 mm [5].
These factors, as well as others that are tightly connected to the climate (e.g., faster melting of glaciers,
changes in permafrost, landslides, avalanches, and flooding), affect the ecosystems in different manners.
Even though a few species benefit from a warming climate, for example vertebrates, most Arctic species
in Svalbard are experiencing negative effects in the warming environment [6].

Just south of Svalbard, two sea currents meet, a northern branch of the warm North Atlantic Drift
and the southerly flowing cold Arctic Current, with consequences for the local climates on the east
and west coasts of the archipelago [7] and potentially for species immigration histories, thus affecting
species communities. A good example is the distinctive acarofauna of Edgeøya in the east of the
archipelago compared to that observed on the west coast [8] and which includes an oribatid species
new to science and not so far recorded elsewhere [9].

As a consequence of the increasing temperatures and changes in precipitation patterns, many
glaciers are receding and revealing new land surfaces for primary succession. Therefore, regions
such as Svalbard offer a unique opportunity to identify the pioneer species that first colonize barren
post-glacial habitats and to analyze long-term processes of change, e.g., in invertebrate community
assembly [10].

The diversity and richness of the environment is much more than simply lists of species occurring
in a given area; it is also the regional specificity of these species, for example, those species that are
considered to be typically High Arctic. Changing climatic conditions that determine and stimulate
changes in habitats also affect the ranges of some mite species. Several studies have considered changes
in mite communities in Svalbard in space and time; their dispersal abilities [11–17], as well as their
emergence in new areas or retreat from previously occupied locations [10,18–20]. The uniqueness
of polar areas, with their characteristic climates and isolated island distribution that often restricts
dispersal processes, limits the range of some species. In this context, knowledge of zoogeography
(ranges of occurrence of species) is extremely valuable because this suggests not only the migration
routes, but also the ability of selected species to colonize new areas. Nonetheless, the climate of
Svalbard is changing fast. These changes will undoubtedly provide opportunities for new species to
colonise the region with difficult to foresee outcomes. The consequences of human introductions of
invasive and alien species (IAS) have been described in the Antarctic [21] and there are examples of
similar introductions in Svalbard [18].

Understanding mite ecology is also important since mites are excellent bioindicators of
environmental changes and their presence, or changes in their communities, can be used in biological
monitoring of naturally occurring processes as well as the consequences of human impacts, for example,
those related to industrial activities in Svalbard’s natural environment [20,22].

We here present a review of the mite fauna of Svalbard. These results can be the basis for further
analyzes of the acarofauna (e.g., zoogeographic, ecological, taxonomic, and parasitological).

2. Material and Methods

The data were extracted from 104 papers published between 1871 and 2020. The localities presented
in Figure 1 are based on Table 1. Distribution of Ixodes uriae White, 1852, the only representative of
the order Ixodida in Svalbard, follows [23]. The nomenclature and arrangement of the Mesostigmata
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families follows [24,25], while the species nomenclature follows [26] with a few modifications [27,28].
Distribution of the families follows [27–30].

Diversity 2020, 11, x FOR PEER REVIEW 4 of 31 

 Figure 1. Cont.
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Figure 1. Localities in Svalbard where mites were found.

The arrangement of the Trombidiformes families follow [31] with the exception of the Eriophyidae
that is included in the Endeostigmata, as suggested by [32,33]. Names and distributions of the Bdellidae
follow [34]; Cunaxidae—[35]; Cocceupodidae and Eupodidae—[36,37] for nomenclature, and [38,39]
for distributions; Penthaleidae—[40]; Penthalodidae—[41]; Rhagidiidae—[42–44]; Halacaridae—[45];
Triophtydeiidae—[46] for taxonomy, and [47,48] for distribution; Tydeidae—[49,50]; Iolinidae—[51,52]
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for taxonomy, and [47,53] for distributions; Sperchontidae—[48,54,55]; Trombidiidae—[56];
Syringophilidae—[57]; Stigmaeidae—[58]; Tetranychidae—[59,60]; and Pygmephoridae—[61].

The nomenclature and arrangement of the Sarcoptiformes families follow [62,63]. For the
Endeostigmata, the nomenclature and arrangement of families follow [63,64]. The distribution of
Nanorchestidae follow [65]; Alicorhagiidae—[66]; and Eriophyidae—[67]. The species names of the
Oribatida (without Astigmata) follow [68] with a few exceptions [69,70] and their distribution is
given after [9,68,71,72]. The Astigmata species (families Acaridae, Alloptidae, and Avenzoariidae)
follow [73,74] and their distribution is according to [75].

Full names of species are provided in Table 1, while in other tables and figures abbreviations
are used. The species within families are organized alphabetically. The names of localities follow in
alphabetical order (Table 1).

3. Results

3.1. Ixodida

Only one species, the seabird tick (Ixodes uriae), is known from Svalbard. This species has a wide
geographical distribution (Table 1) but in Svalbard has been found only recently on Bjørnøya and
Spitsbergen [76–78].

3.2. Mesostigmata

Thus far, 36 species of Mesostigmata from 13 families have been found in Svalbard (Table 1).
Amongst these families, the richest in species is the Ascidae (12 spp.), followed by the Zerconidae (6
spp.); these two families contribute almost 50% of mesostigmatic alpha diversity in Svalbard (Figure 2).

The peculiarity of the mesostigmatic mite communities of Svalbard compared to other mite
groups is manifested by the description of one new genus (Arctoseius) and seven species [Halolaelaps
coulsoni Gwiazdowicz & Teodorowicz, 2017; H. gerlachi Hirschmann, 1966; Antennoseius (Vitzthumia)
oudemansi (Thor, 1930); Arctoseius laterincisus Thor, 1930; Proctolaelaps parvanalis (Thor, 1930); Neoseiulus
grumantensis Kolodochka & Gwiazdowicz, 2014; and N. magnanalis (Thor, 1930)], all first described
from the largest island of the archipelago—Spitsbergen. Moreover, based on recently collected samples
from this island, redescriptions of several species have been published: Zercon solenites Haarløv,
1942; Antennoseius (Vitzthumia) oudemansi; Arctoseius haarlovi Lindquist, 1963; Proctolaelaps parvanalis;
Neoseiulus ellesmerei (Chant & Hansell, 1971); and N. magnanalis [27–29,79,80].
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Figure 2. Diversity of the mite families in Svalbard: (A) Mesostigmata; (B) Trombidiformes; (C) 
Sarcoptiformes. The number of species occurring in Svalbard is presented on bars. No figure was 
made for the Ixodida, which is represented in Svalbard by one family only. 

More than a half of the Mesostigmata species known from Svalbard have been recorded there 
only once (Table 2). The majority of these are recent findings, but four were reported only in the 
first half of the last century, including Arctoseius laterincisus, which has an Arctic distribution. Four 
other records come from the second half of the last century, including another species with an 
Arctic distribution—Halolaelaps gerlachi. 

Figure 2. Diversity of the mite families in Svalbard: (A) Mesostigmata; (B) Trombidiformes;
(C) Sarcoptiformes. The number of species occurring in Svalbard is presented on bars. No figure
was made for the Ixodida, which is represented in Svalbard by one family only.

More than a half of the Mesostigmata species known from Svalbard have been recorded there
only once (Table 2). The majority of these are recent findings, but four were reported only in the
first half of the last century, including Arctoseius laterincisus, which has an Arctic distribution. Four
other records come from the second half of the last century, including another species with an Arctic
distribution—Halolaelaps gerlachi.
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Table 2. Mite species found on Svalbard only once (or by the same author at a similar time).

Until 1950 1951–2000 After 2001 Reference

Mesostigmata

U. acuminatus [81]
Z. curiosus [85]

Z. triangularis [91]
P. (A.) insertus [18]
V. immanis [92]
V. remberti [18]
D. foveolatus [20]
H. coulsoni * [93]

H. gerlachi * [94]
S. baloghi [8]

G. borealis [7]
M. muscaedomesticae [84]

A. cetratus [96]
A. laterincisus * [91]

A. ornatus [96]
N. grumantensis * [28]

L. hilaris [100]

Trombidiformes

B. semiscutata * [91,103]
N. capillatus [91]
C. croceus [103]

A. saxifragae [67]
P. borneri * [103]
P. maior [102]
C. clavifrons [91,103]
B. alberti * [107]
C. poucheti * [81]
C. reticulatus * [107]
C. richardi * [107]

H. subterraneus [45]
H. subcrispus [45]

H. borealis * [81]
I. levis [109]
R. spinipes [109]
R. subtilis [45]

T. coeca * [107]
T. princeps * [107]
T. globifer * [103]
T. tenuiclaviger * [103]
M. constans * [103]
T. langei * [103]
P. bicolor [91]
P. curtipalpe * [91]
P. svalbardense * [91]
E. oudemansi * [91]
E. pulchellus * [91]

C. nanseni * [57]
K. arctica * [103]
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Table 2. Cont.

Until 1950 1951–2000 After 2001 Reference

Sarcoptiformes

A. clavipilus * [103,113]
A. plumipilis * [103]

C. siedleckii * [67]
L. alpestris [88]

L. clavatus [8]
L. neglectus [119]
L. tuxeni [10]

C. spinifer [103]
C. capillatus [115]

N. sellnicki [14]
D. onustus [16]

S. montana [91]
C. labyrinthicus [14]
C. marginatus [16]

A. kaisilai * [115]
C. dalecarlica [10]

L. fallax [103]
M. minus [136]
S. sarekensis [115]
T. alatus [114]
T. sarekensis [115]
A. nidicola [88]

A. nigrofemoratus [83]
S. clavatosensillus [146]

E. edwardsi [103]
F. coulsoni * [9]
I. gracilis [119]

T. novus [88]
C. birulai * [133]
C. borealis [88]

M. bicornis [10]
P. nervosa [136]

S. mycophagus [91]
A. stercorarii [74]
Z. isolata [74]

Note: *—new to science.

Most of the Mesostigmata species known from Svalbard have a Palaearctic distribution (Figure 3).
Arctic species are also abundant and comprise nearly 40% of Svalbards total mesostigmatic diversity,
while Holarctic species are less numerous. Five species have so far been found only in Svalbard
(Table 1), including recent records (Halolaelaps coulsoni and Neoseiulus grumantensis) and historic records
(Halolaelaps gerlachi, Arctoseius laterincisus and Neoseiulus magnanalis). Mesostigmata have been recorded
from five islands in the Svalbard archipelago (Figure 1). Although most of the species are known from
Spitsbergen, Saprosecans baloghi Karg, 1964, is known only from Edgeøya and Zerconopsis muestairi
(Schweizer, 1949) has been found exclusively on Bjørnøya (Table 1).
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A strikingly large number of new species (19) have been described from Svalbard; i.e., nearly 
half of all Trombidiformes known from this archipelago: Bdella semiscutata Thor, 1930; 
Neoprotereunetes borneri (Thor, 1934); Rhagidia gelida Thorell, 1872; Bradyagaue alberti (Trouessart, 
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3.3. Trombidiformes

The order Trombidiformes is represented in Svalbard only by the suborder Prostigmata with 17
families and 43 species recorded. The most diverse are the marine Halacaridae (12 spp.), followed by
the terrestrial Bdellidae (7 spp.); these two families together comprise 44% of all the Trombidiformes
known from Svalbard (Figure 1).

A strikingly large number of new species (19) have been described from Svalbard; i.e., nearly half
of all Trombidiformes known from this archipelago: Bdella semiscutata Thor, 1930; Neoprotereunetes
borneri (Thor, 1934); Rhagidia gelida Thorell, 1872; Bradyagaue alberti (Trouessart, 1902); Copidognathus
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poucheti (Trouessart, 1893); C. reticulatus (Trouessart, 1893); C. richardi (Trouessart, 1902); Halacarus
borealis Trouessart, 1893; Thalassarachna coeca (Trouessart, 1902); T. princeps (Trouessart, 1902); T. langei
Thor, 1934; T. svalbardensis Thor, 1932; Podothrombium curtipalpe (Thor, 1900); P. svalbardense Oudemans,
1930; Chenophila nanseni Skoracki & Zawierucha, 2016; Eustigmaeus oudemansi (Thor, 1930); E. pulchellus
(Thor, 1930); Bryobia borealis Oudemans, 1930; and Kerdabania arctica (Thor, 1934). Moreover, 85% of the
new species described from Svalbard have been recorded only once and mostly from early studies of
the mite fauna (Table 2).

Species with wide geographical distributions predominate; cosmopolitan and Holarctic species,
and those present in at least two zoogeographic regions (except that the Holarctic is treated as one
unit) together comprise 66% of all the Trombidformes (Figure 2). Arctic species are also abundant
representing 27% of the recorded species, while the fewest number of species have Palaearctic
distributions. There are seven species which have only been recorded from Svalbard (Table 1), but
these are mostly single old records of Sig Thor, including Tydeus langei, T. svalbardensis, Podothrombium
svalbardense, Eustigmaeus oudemansi, E. pulchellus, and Kerdabania arctica. The one exception is the
recently described Chenophila nanseni.

Trombidiformes have been found on five islands/island groups, predominantly on Spitsbergen
(40 species), with others collected from Bjørnøya (11), Prins Karls Forland (6), Hopen (4), and a single
species on the small islands of the Hinlopenstretet. A large number of species (27) have been found
exclusively on Spitsbergen, one species [Sperchon brevirostris (Koenike, 1895)] only on Bjørnøya and
two others (Thalassarachna coeca and T. princeps) only on Hopen (Table 1).

3.4. Sarcoptiformes

In Svalbard, 98 species of Sarcoptiformes from two suborders (Endeostigmata with 5 species and
Oribatida with 93 species) have been recorded (Table 1). They represent 33 families; the richest in
species is the Brachychthoniidae (14 spp.), followed by the Crotoniidae (12 spp.), Ceratozetidae (10
spp.), Oppiidae (9 spp.), and Punctoribatidae (5 spp.). Together, these five families comprise 51% of
the species diversity of Sarcoptiformes in Svalbard (Figure 1). Some families are represented by only
1–4 species, yet this constitutes a significant share of their known global diversity. For example, 22% of
the species belonging to the endeostigmatid family Alicorhagiidae occur in Svalbard. The oribatid
families Eniochthoniidae, Peloppiidae and Tectocepheidae are also represented by large proportions of
their total known species diversity, with 17%, 27%, and 24%, respectively.

Sixteen new species of Sarcoptiformes have been described from Svalbard: Alicorhagia clavipilus
(Thor, 1931); A. plumipilis (Thor, 1931); Cecidophyes siedleckii Kiedrowicz, Szydlo & Skoracka, 2016;
Liochthonius sellnicki (Thor, 1930); Camisia borealis (Thorell, 1871); Hermannia reticulata Thörell, 1871;
Kunstidamaeus arcticus Miko & Monson, 2013; Ceratoppia hoeli Thor, 1930; Autogneta kaisilai Karppinen,
1967; Ameronothrus lineatus (Thorell, 1871); Oribatella arctica Thor, 1930; Ceratozetes spitsbergensis Thor,
1934; Diapterobates notatus (Thorell, 1871); Fuscozetes coulsoni A. & S. Seniczak, 2020; Svalbardia paludicola
Thor, 1930; and Chamobates birulai (Kulczynski, 1902).

Species with wide geographic ranges together form 58% (cosmopolitan, 5%; Holarctic, 42%;
and those found in at least two regions, 11%) of the sarcoptiform species (Figure 2). Species with a
Palaearctic distribution also make up a substantial proportion (33%), with the remaining species having
an Arctic distribution. Two of these Arctic species have only been found in the north of Spitsbergen:
Autogneta kaisilai in Biskayerhuken and Scutozetes clavatosensillus Ermilov, Martens & Tolstikov, 2013, in
Mosselbukta; and Fuscozetes coulsoni exclusively on Edgeøya (Table 1, Figure 3). Three species have
been recorded only from Svalbard and these are all recently described new species (Table 1).

Sarcoptiformes have been recorded from ten islands in the Svalbard archipelago, but not on
Nordaustlandet. The most commonly collected species is Diapterobates notatus (Table 1) found on seven
islands and at nearly all collecting localities. Five species [Camisia foveolata Hammer, 1955; Hermannia
reticulata, H. scabra (L. Koch, 1879); Ceratoppia sphaerica (L. Koch, 1879); and Ameronothrus lineatus
(Thorell, 1871)] have been found on four islands and another seven other species [Camisia horrida
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(Hermann, 1804); Mycobates sarekensis (Trägårdh, 1910); Ceratozetes spitsbergensis; Oppiella translamellata
(Willmann, 1923); Tectocepheus velatus (Michael, 1880); Oribatula exilis (Nicolet, 1855); and O. tibialis
(Nicolet, 1855)] on three islands. All of these species also have a wider distribution on Spitsbergen
(Table 1, Figure 3).

Some species have been found exclusively on one island (Table 1), including 57 found only on
Spitsbergen, four [Liochthonius clavatus (Forsslund, 1942); L. strenzkei Forsslund, 1963; Neoliochthonius
piluliferus (Forsslund, 1942); and Fuscozetes coulsoni] on Edgeøya, and two [Subbelba montana (Kulczynski,
1902) and Ameronothrus nigrofemoratus (L. Koch, 1879)] from Bjørnøya.

Approximately one third of the sarcoptiform species have been recorded in Svalbard only once
(Table 2). Seven of them were found in the first half of the last century and, 12 others, in the second
half of the last century, including the descriptions of four new species.

4. Discussion

The acarofauna of the Svalbard archipelago is diverse with 178 recorded species comprising one
Ixodida, 36 Mesostigmata, 43 Trombidiformes, and 98 Sarcoptiformes. However, compared with other
regions of the Arctic (Alaska, Greenland, Iceland, and Taimyr), the species diversity is lower [151].
This paucity is likely to be explained by a combination of the small area of Svalbard (60% covered
by permanent snow or glaciers) [4], the greater geographic isolation, and in some cases, the more
northerly locality and harsher climate. As an example, from Iceland there are 428 species of mites
known, with eight Ixodida, 131 Mesostigmata, 101 Trombidiformes, and 188 Sarcoptiformes [151–153].
Although Iceland has an area only 1.5 times greater than Svalbard, the island lies at a lower latitude
(between 63◦ and 66◦ north latitude), glaciers cover only 11% of its area, and it lies in the path of
the North Atlantic Current, which results in a more ameliorated climate. The diversity of mites
in Svalbard is also much poorer in comparison to mainland Norway: Ixodida comprise 8% here
with Mesostigmata—15%, Trombidiformes—13%, and Sarcoptiformes—30% [154–157]. However,
these differences are not unexpected considering that the Svalbard archipelago is situated 900 km
from the northern border of mainland Norway and has an area of only one fifth of that of mainland
Norway [158].

The geographical isolation of islands, as a rule, results in reduced biodiversity [159], but, on the
other hand, nurtures unique endemic species [160]. Svalbard has a unique flora and fauna, including
endemic invertebrates: three rotifers, four tardigrades, and two aphids [86]. Fifteen mite species have
been found exclusively in Svalbard, six of them being recent observations. The remaining are single
historic records (i.e., from the first half of the last century) and it is consequently uncertain if any of
these are endemic to Svalbard or the result of taxonomic confusion. Finding and studying the types
or neotypes in Svalbard, along with more extensive sampling in the Arctic and including molecular
studies, could help resolve this question.

Nevertheless, the Svalbard acarofauna is unique due to its specific Arctic elements. Amongst the
Svalbard Mesostigmata in particular there are many species with an Arctic distribution (which make
up nearly 40% of this group) and are similar to that observed on Greenland [151]. By contrast, the
Sarcoptiformes in Svalbard are predominated by species with wide geographical ranges extending
beyond the Arctic, as also seen with the Sarcoptiformes species known from Greenland [151] and
northern Russia [161]. This difference between the two orders may be explained by the younger
geological age of the Mesostigmata and their faster evolution rate [162]. Similarly, the Trombidiformes,
which are also an ancient group [163], are dominated in Svalbard by species with wide geographic
distributions. Nonetheless, Arctic species seem to be abundant among the Trombidiformes of Svalbard,
comprising 27% of the species recorded, but these data should be treated with caution because they are
mostly based on historic records that need to be confirmed.

Another characteristic feature of the Svalbard acarofauna is the large number of species new to
science described from this region—they form approximately 25% of all mite species known from
Svalbard. Seven of these species belong to the Mesostigmata, 19 to Trombidiformes, and 16 to
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Sarcoptiformes. However, many of these new species were found only once and early in the study
of the mite fauna of Svalbard. These species include one mesostigmatid species, 18 Trombidiformes
species (i.e., 90% of all new species from this group), and two Sarcoptiformes species. Confirming these
identifications is complicated by outmoded descriptions, incomplete, or too general drawings, and
by the unavailability of most type material. These species require special attention in future studies.
They are possibly rare or have been wrongly identified but the possibility cannot be excluded that they
have disappeared from Svalbard due to environmental changes or that they were introduced and their
populations have not established in Svalbard.

Out of 36 mite species found in Svalbard only once by early workers, the majority of species
(24) were collected by Sig Thor, including one new species of Mesostigmata, eight new species of
Trombidiformes, and two new species of Sarcoptiformes (Table 2). Despite the widespread belief that
the collection of Thor along with all his valuable type material was destroyed in accordance with
Thor’s wishes (see, e.g., remark 2 on page 1308 in [148]), this collection exists and is kept at the Natural
History Museum in Oslo, Norway [164]. However, it is in a very poor condition and it is not certain
whether the Svalbard material is in a suitable condition for re-examination.

Fortunately, some of Thor’s species have been found by later sampling campaigns and redescribed,
for instance, Antennoseius (Vitzthumia) oudemansi, Neoseiulus magnanalis, Proctolaelaps parvanalis, and
the specimens obtained deposited in zoological collections as neotypes [28,79]. In addition, six new
species of mites have been found recently in Svalbard, including two Mesostigmata—Neoseiulus
grumantensis and Halolaelaps coulsoni [28,93], one Trombidiformes—Chenophila nanseni [57], and three
Sarcoptiformes—Cecidophyes siedleckii, Kunstidamaeus arcticus, and Fuscozetes coulsoni [9,67,72].

Recently, the first species of Ixodida, the seabird tick (Ixodes uriae), was discovered in
Svalbard [76–78]. This tick is a major parasite of seabirds breeding at high latitudes and has the
most extensive geographical distribution of all tick species [23], being also common throughout
mainland Norway [165]. Its increasing occurence in Svalbard may be related to warming winters
(the tick overwinters at the breeding sites of the seabirds) [78] as was similarly observed in Iceland
with another tick species, I. ricinus Linnaeus, 1758, and which has become more common in recent
years [153].

Studies conducted during the past 20 years have also added 16 species of Mesostigmata [8,18,20,27,
28,30,85,92,93,95,98,166] and 36 species of Sarcoptiformes to the Svalbard fauna [8–10,67,71,72,74,146,167].
This indicates that despite the relatively long history of mite studies for a region in the Arctic, our
knowledge remains surprisingly poor. It is striking, however, that the Trombidiformes have been much
less studied in Svalbard than other mite groups (Table 1). The reference list presented here includes only
18 papers referring to the Trombidiformes (vs. 72 papers on Sarcoptiformes and 34 on Mesostigmata),
most of which were published at the end of the 19th and first half of the 20th centuries. Only three come
from the present century. Therefore, it is clear that in future studies this group in particular should receive
more attention.

There are also some species in Svalbard that have extraordinary disjunct distribution patterns:
they occupy mainly the Arctic and parts of the subarctic regions, but are also found in some distant
localities, in harsh conditions. One example is an oribatid species, Ceratozetes spitsbergensis, which has
been assumed to be an Arctic species, present in Svalbard, Alaska [148], northern Canada [168,169]
and the Nordic Arctic of the Russian Far East [148,170], but was found also in the Altai Mountains in
Mongolia, at an altitude of 2800–3200 m a.s.l. [171] and in the Alps in Austria, at an altitude of 3300 m
a.s.l. [172]. Since it was not found at lower elevations and/or lower latitudes, its presence in the Alps
was explained by one of these theories: relict distribution [a cold-adapted species that was widely
distributed in Europe during the Last Glacial Maximum (LGM), but when conditions became warmer
it retreated to very restricted areas at high altitudes], or the nunatak hypothesis (survival of species on
ice-free refuges) [172]. Some studies suggest that parts of Svalbard, e.g., Amsterdamøya (north-west of
Svalbard), remained ice-free during the LGM [173]. It is thus possible that some invertebrates survived
the LGM in situ in these glacial refugia, although, due to the harsh conditions prevailing over an
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extended period of time, it seems likely that most biota could probably not survive on nunataks [86].
Another oribatid mite with an interesting distribution is Scutozetes clavatosensillus, which has been
found only in Svalbard and in Nepal (Dhaulagiri massif, 3200–3600 m a.s.l.); its distribution may also
be related to glacial history. Similarly to S. clavatosensillus, the mesostigmatic species, Paragamasus
(Aclerogamasus) insertus, may also be a glacial relict since it is known only from the Gory Stolowe Mtns.,
Poland [174,175], where it occurred in rock crevices in very extreme conditions with long-lasting snow
cover, and recently collected in Svalbard [18].

The composition of the present acarofauna of Svalbard likely results mostly from postglacial
immigration [86]. The mites, being wingless, have rather low dispersal abilities. However, phoresy
with migrating birds [13–17] or insects [18,95], and transport on driftwood or even direct dispersal
in or on seawater with ocean currents [11], are possible dispersal pathways from the mainland to,
or between, remote islands such as the Svalbard archipelago. Humans may also play a role in the
dispersal of mites; as with the import of fertile agricultural soils transported from southern Russia
and contemporary Ukraine to the Russian settlements on Spitsbergen (Barentsburg and Pyramiden) to
enrich the soils of the greenhouses and grass lawns [18,19]. Mite communities in such transformed
microhabitats differ noticeably from those of the adjacent Arctic tundra. Moreover, manure from
abandoned cow sheds provided specific ameliorated environmental conditions enabling the survival
of terrestrial invertebrate species not yet recorded elsewhere in Svalbard [18–20]. Introduction of new
species to islands can be deleterious since the island communities may be disrupted, often resulting in
the extinction of their endemic species [176–178].

Reconstructing the colonization of Svalbard after the LGM may be attempted by observing primary
succession before retreating glaciers. For example, at the Midtre Lovén glacier foreland, two oribatid
species, Camisia foveolata and Tectocepheus velatus, were the first colonizers. Mesostigmata appeared
later, Proctolaelaps parvanalis being the first species recorded at this glacier foreland [10]. All these
species are widely distributed in different parts of the archipelago (see Table 1). Tectocepheus velatus
was also the earliest colonizer on a glacier foreland in southern Norway [179], while Camisia foveolata
was one of the first colonizers on geothermally active lava fields in Iceland [180]. Oribatida are mainly
saprophagous but species that are fungivores, bacteriovores, algivores, or omnivores, such as T. velatus,
can find the appropriate food on seemingly baren ground [181]. In turn, the development of the first
animal communities provides prey to the predatory Mesostigmata.

As shown in the present review, acarological studies of Svalbard are heavily geographically biased
since most sampling has been carried out on the largest island—Spitsbergen; 90% of papers refer to
this island and 90% of species have been found there (see Table 1). Almost 20% of papers refer to
Bjørnøya and 25% of the species total for the archipelago have been found there, while 7% of papers
refer to Edgeøya and 17% of the species are known from there. Nine other islands and island groups
have been studied to a much lesser extent, with single records from other locations. It needs to be
emphasized that some mites have been found exclusively on one island, other than Spitsbergen: five
species on Edgeøya (Saprosecans baloghi, Liochthonius clavatus, L. strenzkei, Neoliochthonius piluliferus, and
Fuscozetes coulsoni), four on Bjørnøya (Zerconopsis muestairi, Sperchon brevirostris, Subbelba montana, and
Ameronothrus nigrofemoratus), and two on Hopen (Thalassarachna coeca and T. princeps), including three
species new to science. It is unclear why these species have not been collected from Spitsbergen despite
the more comprehensive sampling efforts on this island. The importance of further studies in different
parts of the Svalbard archipelago is highlighted, in particular since the archipelago is extremely diverse
geographically and climatically.

In natural conditions, the species composition and abundance of mites depends mainly on
the vegetation [89], which, in turn, depends largely on the climate. For example, a relatively high
mesostigmatid diversity is present along the western coast of Spitsbergen (about 30 species) [86], which
experiences a comparatively mild climate for the latitude, in contrast to the polar deserts, where only
five species were recorded [30]. Within the same climatic conditions, the densities of the mites also
vary greatly according to the vegetation types [22,30,88,89,136].
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Since mites are connected in different ways with other parts of the ecosystem, it would be
particularly interesting to apply a multi-disciplinary approach to trace the effect of climate change in
Svalbard. For example, one of the understudied mite groups is the family Eriophyidae. This family
includes phytophagous species of great economic importance and with high invasive potential, and
could be very useful for ecological studies on the effects of a changing climate at Svalbard [67]. Another
poorly known group is the hyperorder Astigmata, parasitizing birds [74]. It is well-documented
that climatic changes are affecting the diversity of seabirds by changing their foraging and breeding
ecology, as well as increasing the abundance of temperate species [6], which could in turn affect
bird-associated Astigmata.

Attention should also be paid to the least known mite order in Svalbard, the Trombidiformes,
which is extremely diverse with respect to their feeding preferences (this taxon includes algivores,
bacterivores, fungivores, predators, and parasites), and occupies terrestrial, freshwater, and marine
habitats [182], but has not been studied at all from an ecological perspective in Svalbard.

Acarological research in the Arctic has developed rapidly in the last 20 years, markedly contributing
to the knowledge of the mite communities and increasing somewhat our understanding of the factors
determining these communities. Nonetheless, little is understood about the physical and morphological
adaptations of mites, their adaptations to the extreme Arctic environment, or the genetic biodiversity
of these isolated populations. Moreover, research has focused on the larger and more easily accessible
regions of the archipelago to the detriment of the more environmentally extreme eastern and northern
regions. There has also been a focus on the Sarcoptiformes and Mesostigmata while the Trombidiformes
have been neglected. These areas will remain the subject of our research in the forthcoming years.
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University, Poznań, Poland) for information about distribution of species of Astigmata, and to Reinhard Gerecke
(Institute for Evolution and Ecology, University of Tübingen, Tübingen, Germany) for information about Thor’s
collection. This study was partly supported by the grant from The Norwegian Taxonomy Initiative – Knr 6-20,
Mites of Atlantic Raised Bogs in Norway (MARB).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gillespie, M.A.K.; Alfredsson, M.; Barrio, I.C.; Bowden, J.; Convey, P.; Coulson, S.J.; Culler, L.E.; Dahl, M.T.;
Daly, K.M.; Koponen, S.; et al. Circumpolar terrestrial arthropod monitoring: A review of ongoing activities,
opportunities and challenges, with a focus on spiders. Ambio 2020, 49, 704–717. [CrossRef] [PubMed]

2. Coulson, S.J. The terrestrial invertebrate fauna of the Svalbard archipelago in a changing world: History of
research and challenges. Can. Entomol. 2013, 145, 131–146. [CrossRef]

3. IPCC. Summary for Policymakers. In Global Warming of 1.5 ◦C. An IPCC Special Report on the Impacts of
Global Warming of 1.5 ◦C above Pre-Industrial Levels and Related Global Greenhouse Gas Emission Pathways, in the
Context of Strengthening the Global Response to the Threat of Climate Change, Sustainable Development, and Efforts
to Eradicate Poverty; Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P.R., Pirani, A.,
Moufouma-Okia, W., Péan, C., Pidcock, R., et al., Eds.; Intergovernmental Panel on Climate Change: Geneva,
Switzerland, 2018; pp. 3–27.

4. Hanssen-Bauer, I.; Førland, E.J.; Hisdal, H.; Mayer, S.; Sandø, A.B.; Sorteberg, A. (Eds.) Climate in Svalbard
2100–A Knowledge Base for Climate Adaptation; The Norwegian Centre for Climate Services Report 1/2019; The
Norwegian Centre for Climate Services: Oslo, Norway, 2019. Available online: https://www.miljodirektoratet.
no/publikasjoner/2019 (accessed on 19 April 2020).

32



Diversity 2020, 12, 323

5. Norwegian Meteorological Institute. Precipitation in Svalbard, Hopen and Jan Mayen, Annual Total.
Environmental Monitoring of Svalbard and Jan Mayen (MOSJ). 2020. Available online: http://www.mosj.no/

en/climate/atmosphere/temperature-precipitation.html (accessed on 8 August 2020).
6. Descamps, S.; Aars, J.; Fuglei, E.; Kovacs, K.M.; Lydersen, C.; Pavlova, O.; Pedersen, Å.Ø.; Ravolainen, V.;

Strøm, H. Climate change impacts on wildlife in a High Arctic. Glob. Chang. Biol. 2017, 23, 490–502.
[CrossRef] [PubMed]

7. Summerhayes, V.S.; Elton, C.S. Further contribution to the ecology of Spitsbergen. J. Ecol. 1928, 16, 193–268.
[CrossRef]

8. Ávila-Jiménez, M.L.; Solhøy, T.; Gwiazdowicz, D.J.; Fjellberg, A.; Dozsa-Farkas, K.; Monson, F.; De Smet, W.H.;
Stur, E.; Ekrem, T.; Coulson, S.J. The terrestrial invertebrate fauna of Edgeøya, Svalbard: Arctic landscape
community composition reflects biogeography patterns. Polar Biol. 2019, 42, 837–850. [CrossRef]

9. Seniczak, A.; Seniczak, S. Morphological ontogeny of Fuscozetes coulsoni sp. nov. (Acari: Oribatida:
Ceratozetidae) from Svalbard, Norway. Syst. Appl. Acarol. 2020, 25, 680–696. [CrossRef]

10. Gwiazdowicz, D.J.; Zawieja, B.; Olejniczak, I.; Skubała, P.; Gdula, A.K.; Coulson, S.J. Changing microarthropod
communities in front of a receding glacier in the High Arctic. Insects 2020, 11, 226. [CrossRef]

11. Coulson, S.J.; Hodkinson, I.D.; Block, W.; Webb, N.R.; Harrison, J.A. Survival of terrestrial soil-dwelling
arthropods on and in seawater: Implications for trans-oceanic dispersal. Funct. Ecol. 2002, 16, 353–356.
[CrossRef]

12. Coulson, S.J.; Moe, B.; Monson, F.; Gabrielsen, G.W. The invertebrate fauna of High Arctic seabird nests:
The microarthropod community inhabiting nests on Spitsbergen, Svalbard. Polar Biol. 2009, 32, 1041–1046.
[CrossRef]

13. Lebedeva, N.V.; Krivolutsky, D.A. Birds spread soil microarthropods to Arctic Islands. Dokl. Biol. Sci. 2003,
391, 329–332. [CrossRef]

14. Lebedeva, N.V.; Lebedev, V.D.; Melekhina, E.N. New data on the oribatid mite (Oribatei) fauna of Svalbard.
Dokl. Biol. Sci. 2006, 407, 182–186. [CrossRef] [PubMed]

15. Lebedeva, N.V.; Melekhina, E.N.; Gwiazdowicz, D.J. New data on soil mites in the nests of Larus hyperboreus
in the Spitsbergen archipelago. Vestn. Juzn. Naucn. Cent. Ran 2012, 8, 70–75.

16. Lebedeva, N.V.; Lebedev, V.D. Transport of oribatid mites to the polar areas by birds. In Integrative Acarology;
Bertrand, M., Kreiter, S., McCoy, K.D., Migeon, A., Navajas, M., Tixier, M.S., Vial, L., Eds.; European
Association of Acarologists: Montpellier, France, 2008; pp. 359–367.

17. Coulson, S.J. Association of the soil mite Diapterobates notatus (Thorell, 1871) (Acari, Oribatidae) with Cynomya
mortuorum (Linnaeus, 1761) (Calliphoridae, Calliphorinae): Implications for the dispersal of oribatid mites.
Int. J. Acarol. 2009, 35, 175–177. [CrossRef]

18. Coulson, S.J.; Fjellberg, A.; Gwiazdowicz, D.J.; Lebedeva, N.V.; Melekhina, E.N.; Solhøy, T.; Erséus, C.;
Maraldo, K.; Miko, L.; Schatz, H.; et al. Introduction of invertebrates into the High Arctic via imported soils:
The case of Barentsburg in the Svalbard. Biol. Invasions 2013, 15, 1–5. [CrossRef]

19. Coulson, S.J.; Fjellberg, A.; Gwiazdowicz, D.J.; Lebedeva, N.V.; Melekhina, E.N.; Solhøy, T.; Erséus, C.;
Maraldo, K.; Miko, L.; Schatz, H.; et al. The invertebrate fauna of anthropogenic soils in the High-Arctic
settlement of Barentsburg; Svalbard. Polar Res. 2013, 32, 19273. [CrossRef]

20. Coulson, S.J.; Fjellberg, A.; Melekhina, E.N.; Taskaeva, A.A.; Lebedeva, N.V.; Belkina, O.; Seniczak, S.;
Seniczak, A.; Gwiazdowicz, D.J. Microarthropod communities of industrially disturbed or imported soils
in the High Arctic; the abandoned coal mining town of Pyramiden, Svalbard. Biodivers. Conserv. 2015, 24,
1671–1690. [CrossRef]

21. Hughes, K.A.; Convey, P. The protection of Antarctic terrestrial ecosystems from inter and intra-continental
transfer of non-indigenous species by human activities: A review of current systems and practices. Glob.
Environ. Chang. 2010, 20, 96–112. [CrossRef]

22. Seniczak, S.; Seniczak, A.; Gwiazdowicz, D.J.; Coulson, S.J. Community structure of oribatid and gamasid
mites (Acari) in moss-grass tundra in Svalbard (Spitsbergen, Norway). Arct. Antarct. Alp. Res. 2014, 46,
591–599. [CrossRef]

23. Muñoz-Leal, S.; González-Acuña, D. The tick Ixodes uriae (Acari: Ixodidae): Hosts, geographical distribution,
and vector roles. Ticks tick-borne Dis. 2015, 6, 843–868. [CrossRef]

24. Krantz, G.W.; Walter, D.E. A Manual of Acarology, 3rd ed.; Texas Tech University Press: Lubbock, TX, USA,
2009; pp. 1–807.

33



Diversity 2020, 12, 323

25. Beaulieu, F.; Dowling, A.P.G.; Klompen, H.; de Moraes, G.J.; Walter, D.E. Superorder Parasitiformes Reuter,
1909. In Animal Biodiversity: An Outline of Higher-Level Classification and Survey of Taxonomic Richness;
Zhang, Z.-Q., Ed.; Magnolia Press: Auckland, New Zealand, 2011; pp. 123–128. [CrossRef]

26. Fauna Europaea. Available online: https://fauna-eu.org (accessed on 19 April 2020).
27. Gwiazdowicz, D.J.; Teodorowicz, E.; Coulson, S.J. Redescription of Zercon solenites Haarløv, 1942 (Acari,

Zerconidae) with a key to the Svalbard species of the genus Zercon. Int. J. Acarol. 2011, 37 (Suppl. 1), 135–148.
[CrossRef]

28. Kolodochka, L.A.; Gwiazdowicz, D.J. A new species of predaceous mite of the genus Neoseiulus Hughes
(Acari, Phytoseiidae), with redescriptions of N. magnanalis (Thor) and N. ellesmerei (Chant & Hansell), from
Svalbard, High Arctic. Zootaxa 2014, 3793, 441–452.

29. Gwiazdowicz, D.J.; Rakowski, R. Redescription of Proctolaelaps parvanalis (Thor, 1930) (Acari: Ascidae) from
Spitsbergen. Entomol. Fenn. 2009, 20, 281–286. [CrossRef]

30. Ávila-Jiménez, M.L.; Gwiazdowicz, D.J.; Coulson, S.J. The mesostigmatid mite (Acari: Parasitiformes) fauna
of Svalbard: A revised inventory of a high Arctic Archipelago. Zootaxa 2011, 3091, 33–41. [CrossRef]

31. Zhang, Z.-Q.; Fan, Q.-H.; Pesic, V.; Smit, H.; Bochkov, A.V.; Khaustov, A.A.; Baker, A.; Wohltmann, A.;
Wen, T.H.; Amrine, J.W.; et al. Order Trombidiformes Reuter, 1909. In Animal Biodiversity: An Outline of
Higher-Level Classification and Survey of Taxonomic Richness; Zhang, Z.-Q., Ed.; Magnolia Press: Auckland,
New Zealand, 2011; pp. 129–138. [CrossRef]

32. Bolton, S.J.; Chetverikov, P.E.; Klompen, H. Morphological support for a clade comprising two vermiform
mite lineages: Eriophyoidea (Acariformes) and Nematalycidae (Acariformes). Syst. Appl. Acarol. 2017, 22,
1096–1131. [CrossRef]

33. Klimov, P.B.; OConnor, B.M.; Chetverikov, P.E.; Bolton, S.J.; Pepato, A.R.; Mortazavi, A.L.; Tolstikov, A.V.;
Bauchan, G.R.; Ochoa, R. Comprehensive phylogeny of acariform mites (Acariformes) provides insights on
the origin of the four-legged mites (Eriophyoidea), a long branch. Mol. Phylogenet. Evol. 2018, 119, 105–117.
[CrossRef] [PubMed]

34. Hernandes, F.A.; Skvarla, M.J.; Fisher, J.R.; Dowling, A.P.G.; Ochoa, R.; Ueckermann, E.A.; Bauchan, G.R.
Catalogue of snout mites (Acariformes: Bdellidae) of the world. Zootaxa 2016, 4152, 1–83. [CrossRef]
[PubMed]

35. Skvarla, M.J.; Fisher, J.R.; Dowling, A.P. A review of Cunaxidae (Acariformes, Trombidiformes): Histories
and diagnoses of subfamilies and genera, keys to world species, and some new locality records. ZooKeys
2014, 418, 1–103. [CrossRef] [PubMed]

36. Khaustov, A.A. A new genus and species in the mite family Eupodidae (Acari, Eupodoidea) from Crimea.
ZooKeys 2014, 422, 11–22. [CrossRef] [PubMed]

37. Szudarek-Trepto, N.; Kazmierski, A.; Dabert, M.; Dabert, J. Molecular phylogeny of Eupodidae reveals that
the family Cocceupodidae (Actinotrichida; Eupodoidea) and its genus Filieupodes are valid taxa. Exp. Appl.
Acarol. 2020, 80, 43–57. [CrossRef] [PubMed]

38. Meyer, M.K.P.; Ryke, P.A.J. Mites of the superfamily Eupodoidea (Acarina: Prostigmata) associated with
South African plants. S. Afr. J. Agric. Sci. 1960, 3, 481–496.

39. Strandtmann, R.W.; Davies, L. Eupodiform mites from Possession Island, Crozet Islands, with a key to the
species of Eupodes (Acarina: Prostigmata). Pac. Insects 1972, 14, 39–56.

40. Umina, P.A.; Hoffman, A.A.; Weeks, A.R. Biology, ecology and control of the Penthaleus species complex
(Acari: Penthaleidae). Exp. Appl. Acarol. 2004, 34, 211–237. [CrossRef] [PubMed]

41. Jesionowska, K. A morphological study of the genus Penthalodes (Acari, Prostigmata, Eupodoida,
Penthalodidae) with description of a new species. Zootaxa 2010, 2672, 29–49. [CrossRef]

42. Zacharda, M. Soil mites of the family Rhagidiidae (Actinedida: Eupodoidea). Morphology, sytematics,
ecology. Acta Univ. Carol. Biol. 1980, 516, 489–785.

43. Zacharda, M.; Gude, M.; Kraus, S.; Hauck, C.; Molenda, R.; Růžička, V. The relict mite Rhagidia gelida (Acari,
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Abstract: This study presents data on the oribatid mite fauna of the Subpolar Urals for the first
time. Observations were made in the Lembekoyu River valley and 35 species of oribatid mites from
24 genera and 21 families were found. The analysis of taxonomic diversity and distribution of East
European tundra oribatid mite species is presented based on available literature and the author’s
own research findings. The taxonomic list includes 163 species from 81 genera and 45 families.
Ceratozetidae (15 species), Crotoniidae (14 species), Oppiidae (12 species), Suctobelbidae (12 species),
Damaeidae (9 species), Brachychthoniidae (8 species), Phthiracaridae (5 species), Humerobatidae
(5 species), Achipteriidae (5 species), Punctoribatidae (5 species), and Galumnidae (5 species) are
the leading families, comprising more than 58% of all species. The zoogeographical structure of
the fauna is dominated by widely distributed Holarctic, cosmopolitan, and semi-cosmopolitan
species. The share of Palaearctic species is 23%. The specificity of the fauna of East European tundra
manifests itself in the small group of Arctic species, both in the mainland tundra and on the Arctic
islands. A complex of arctic-boreal species, widely distributed in the Eurasian sector of the Arctic,
is distinguished.

Keywords: Arctic; Oribatida; faunistics; taxonomic diversity; distribution; checklist; arctic species;
arctic-boreal species

1. Introduction

Interest in Arctic invertebrates has greatly increased in recent decades [1–14]. Coulson et al. [11]
summarises data on the taxonomic composition of invertebrates from three archipelagos in the Barents
Sea: Spitsbergen, Franz Josef Land, and Novaya Zemlya. One of the directions of modern research
is to learn how invertebrates spread and what contributes to their faunistic diversity on the islands
and archipelagos in the Arctic [15–18]. Makarova et al. [19] focused on ‘eastern elements’ in the
invertebrate fauna of East European tundra, the so-called ‘Siberian’ species. An integrated assessment
of biological diversity, including soil invertebrates, has been carried out in the large Arctic region,
Nenets Autonomous District [20].

Attention is being paid to the study of taxonomic diversity of invertebrates, including oribatid
mites, in anthropogenic altered soils in the Arctic and Sub-Arctic conditions and the application of
this group of animals in bioindication [13,21–23]. Inventory of modern biodiversity and study of
geographic trends of soil fauna diversity is important for biodiagnostics of natural communities under
conditions of anthropogenic impact and forecasting changes in these communities in the long-term.
In addition, the study of modern biodiversity is important for assessing the changes that take place in
response to global warming.

In the European North-East, studies on oribatid mite fauna have been conducted both in the
mainland tundra (plain and mountain tundra) and on the Arctic islands. The first data on Vaigach
Island oribatid mites were presented in the form of a monograph by Koch [24], who processed the data
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collected by Adolf Nordenskiöld during his Arctic expedition of 1875. Koch named eight species of
oribatids found on the Vaigach Island, four of which he described as new to science. Subsequently,
Trägårdh [25] identified three species from Nordenskiöld’s collection, which were already named by
Koch. Krivolutsky et al. [26] provided a list of oribatid species in the Russian Arctic sector known at the
time of publication, which included data on the Vaigach and Kolguev Islands. Melekhina et al. [27]
studied oribatid fauna in the nests of Lapland Bunting Calcarius lapponicus and reported nine species,
nine genera, and six families of oribatids new to Vaigach Island. In total, 25 species of oribatid mites
from 24 genera and 21 families were found in this study. The authors compiled a list of Vaigach oribatid
mites (43 species, 34 genera, 25 families) and analysed the zoogeographic structure of the fauna and
species distribution [27].

Melekhina and Zinovyeva [28] collected samples in the north-western part of the Yugor Peninsula,
on the Pai-Khoi Ridge. Oribatida from seven types of habitats of mainland tundra and mountain
tundra, as well as one intrazonal plant community (motley grass meadow on the bank of the stream)
were examined.

Data on the Bolshezemelskaya tundra have been collected mainly from around Vorkuta [29–31].
Melekhina and Krivolutsky [30] presented a list of oribatids of the Bolshezemelskaya tundra (33 species,
24 genera, 20 families). Peculiarities of the vertical distribution of oribatid mites in moss-lichen tundra
with permafrost soil and in the tundra of dwarf birch with non-frost soil have also been reported [31].
Zubrii et al. [32] studied the plant communities near the thermal springs of Pym-Va-Shor located in the
Bolshezemelskaya tundra in the Polar Pre-Urals. Samples from melted soil plots and watered mossy
turfs were collected during the winter.

Research was also carried out in the Polar Urals in the area of Labytnangi [33], on the Rai-Iz
Ridge [34]. Melekhina [35,36] obtained data in the vicinity of Lake Paga-Ty. Six types of mountain
tundra habitats were surveyed: shrub-moss-lichen tundra, shrub-moss tundra, shrub-green-moss
birch, grassy willow, horsetail moss willow, and motley grass in the hollow of the drain.

Sidorchuk [37] investigated the distribution of oribatid mites along with the vertical profile of the
Malyy Paypudynskiy Ridge, from the floodplain to the belt of stony tundra. Samples were collected
from the lower part of the Malaya Paypudyna River valley (settlement Polyarny, Labytnang district,
YNAD), on the slope of the north-eastern exposure. Sidorchuk [37] found 82 species of oribatid mites in
four types of plant communities, of which 46 were recorded for the first time in the region. The article
provides a generalised list of oribatid mites of the Polar Urals (106 species, 61 genera, 34 families)
taking into account all published data.

Melekhina conducted research at the tundra landscapes of the complex reserve ‘Khrebtovy’,
located on the south-eastern slope of the Yenganepe Ridge (Polar Urals) [38]. Oribatida from seven
types of habitats were examined: birch forest, larch sparse woodland, shrubby moss-lichen tundra,
large bog, rocky outcrops, shrubby lichen tundra, and meadow complex.

Data on the mountain tundra oribatid fauna of the Northern Urals are also available. Melekhina [39]
surveyed four types of plant communities (spruce, boggy grass-marsh, shrubby lichen, and stony
lichen tundra) on the Yany-Pupu-Nyor mountain in the Pechora-Ilychsky Reserve. Melekhina [40]
summarised her own research findings and those available in the literature on the taxonomic diversity
of oribatids in the European North of Russia (in the taiga and tundra zones) and analysed the dynamics
of diversity along the latitudinal gradient. In the Subpolar Urals, no research has been conducted on
the oribatid mite fauna so far.

The purpose of this paper is to summarise the findings of the available literature and those of the
author’s own new research on the taxonomic diversity and distribution of oribatid mites in the East
European tundra and to identify specific features of this fauna.

2. Materials and Methods

Observations were made in the Lembekoyu River valley (65◦16′46′′ N, 60◦4′51′′ E), in zonal
(lichen-moss tundra, moss-marsh tundra) and intrazonal (stream floodplain) communities. Sampling
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was conducted in five plant communities: lichen-moss tundra 1, lichen-moss tundra 2, moss and dwarf
birch tundra 1, moss and dwarf birch tundra 2 and grassy community in a creek valley. Field material
was collected according to generally accepted methods [41]. Ten soil samples, each with dimensions
10 × 10 cm by 10 cm deep, were taken from all sites in June 2018. A total of 50 soil samples were
collected. The soil samples were transported to the Institute of Biology (IB Komi SC UB RAS), Syktyvkar,
and placed into Tullgren soil extractors. The microarthropod fauna was extracted under 40 Watt bulbs
into 96% alcohol for seven-ten days until the soil was completely dry. The Oribatida were identified to
species by morphological taxonomic characters [42]. A total of 2500 specimens of adult oribatid mites
were identified up to the species level.

In this manuscript, the author summarises the results of her own research conducted earlier in
the tundra zone of the European North-East and presented in publications [22,27–32,35,36,38,39], new
data obtained in the Subpolar Urals, as well as all available literature information (Table 1, Figure A1).
Taxonomies of oribatid mites and types of global distribution of the species follow Subías [43]. For the
analysis of the geographical distribution of species, literary sources were used [1,7,11,30,44–50] and
others. The term local fauna was used as understood by A.G. Tatarinov [51].

Table 1. Number of taxa of oribatid mites in the local fauna of East European tundra.

Local Fauna Issue
Taxa

Species Genera Families

Kolguev Island Krivolutsky et al., 2003 13 11 11

Vaygach Island

Koch, 1879 8 6 6
Trägårdh, 1904 3 2 2

Krivolutsky et al., 2003 25 23 18
Melekhina et al., 2019 43 34 25

Yugor Peninsula Melekhina and Zinovyeva, 2012 32 26 19

Bolshezemelskaya tundra

Melekhina, 1997 5 4 4
Melekhina and Krivolutsky, 1999 33 24 20

Goryachkin et al., 2011 22 22 18
Zubrii et al., 2011 8 8 8

Melekhina, unpublished 7 7 7

Polar Urals

Karpova and Poryadina, 1978 18 12 12
Grishina, 1985 6 5 5

Biodiversity, 2007 37 28 19
Sidorchuk, 2009 106 61 34

The biological diversity, 2010 32 27 18

Subpolar Urals Melekhina and Selivanova,
unpublished 35 24 21

Northern Urals Melekhina, 2005 25 22 14

a complete list of species all published and new data 163 81 45

Synonyms follow Subías [43]. Synonyms of species were given when the author of a publication
mentioned the species using a different name. For example, the species Eupelops plicatus (Koch, 1835)
(=Pelops auritus Koch, 1839) was noted in Bolshezemelskaya tundra [30] and was named Eupelops auritus
Koch, 1839. In some cases, a synonym was given if the authors of several publications cited synonyms.
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3. Results and Discussion

3.1. Taxonomic Diversity

3.1.1. Subpolar Urals

This is the first report of oribatid mite fauna of the Subpolar Urals. In total, 35 species, 24 genera,
and 21 families of oribatid mites were found (Table 2, Appendix B). The largest number of species
was recorded in the families Crotoniidae, Oppiidae and Suctobelbidae. In the studied five plant
communities, 11 to 18 species were found. Heminothrus (H.) longisetosus, Nanhermannia (N.) sellnicki,
Tectocepheus velatus and Melanozetes sellnicki were common in different types of communities. The species
Malaconothrus (M.) monodactylus, Heminothrus (P.) peltifer, Hypochthonius rufulus, Atropacarus (A.) striculus
and Neoribates (N.) aurantiacus were recorded only in the floodplain of the stream. The first two species
are known to prefer high humidity habitats.

Table 2. The species composition of oribatid mites in the plant communities of the Subpolar Urals.

N Species L-m 1 L-m 2 M-d 1 M-d 2 Gras. Com.

1 Liochthonius (L.) sellnicki + + + – –
2 Hypochthonius rufulus – – – – +
3 Atropacarus (A.) striculus – – – – +

4 Malaconothrus (M.)
monodactylus – – – – +

5 Nothrus borussicus + + – – –
6 Nothrus pratensis – – + – +
7 Camisia (C.) biurus + – + – –
8 Camisia (C.) segnis – – + – –
9 Camisia (E.) lapponica – – – + –

10 Heminothrus (H.) longisetosus + + + + –
11 Heminothrus (P.) peltifer – – – – +
12 Nanhermannia (N.) sellnicki – + + + +
13 Tokukobelba compta – + – – –
14 Damaeus (E.) bituberculatus – + – – –
15 Ceratoppia bipilis + – – + –
16 Ceratoppia quadridentata – – – + –
17 Rhinoppia (R.) subpectinata + + – – –
18 Oppiella (O.) nova + – + – –
19 Oppiella (M.) neerlandica + + + – –
20 Quadroppia (Q.) quadricarinata – + – – –
21 Suctobelbella (S.) acutidens duplex – + – – –
22 Suctobelbella (S.) latirostris + – – – –
23 Suctobelbella (S.) singularis + + – – –
24 Carabodes (C.) labyrinthicus – + – – –
25 Carabodes (C.) marginatus – + + + –
26 Carabodes (C.) subarcticus – + – + –
27 Tectocepheus velatus + + + + +
28 Parachipteria punctata – – + – +
29 Ceratozetes (C.) gracilis + – – + +
30 Melanozetes sellnicki + + + + –
31 Diapterobates oblongus + + – + –
32 Oribatula (O.) tibialis – + + – –
33 Oribatula (Z.) exilis + – + – –
34 Scheloribates (S.) laevigatus – – – + +
35 Neoribates (N.) aurantiacus – – – – +

total 15 18 14 12 11

Notes. L-m 1 lichen-moss tundra 1; L-m 2 lichen-moss tundra 2; M-d 1 moss and dwarf birch tundra 1; M-d 2 moss
and dwarf birch tundra 2; Gras. com. grassy community in a creek valley; + and – The presence or absence of
a species.
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3.1.2. Total Number of Taxa at Different Levels

In total, 163 species of oribatid mites from 81 genera and 45 families were found in East European
tundra (Table 1, Appendix B). Oribatid species found in the East European tundra are grouped
into 23 superfamilies, with the majority of the species coming under six superfamilies. The leading
superfamily is Ceratozetoidea, with 28 species from four families, followed by Crotonioidea (22 species,
four families), Oppioidea (16 species, four families), Trizetoidea (12 species, one family), Oripodoidea
(12 species, six families), and Damaeoidea (10 species, two families) (Figure 1). Eight species represent
the superfamilies Brachychthonioidea (one family), Gustavioidea (three families), and Achipterioidea
(two families). A similar distribution of species among superfamilies has been observed, for example,
in Svalbard [7].
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Figure 1. Distribution of species richness among different superfamilies of oribatid mites in the East
European tundra (taxa are in a systematic order).

Leading families in the mite fauna are: Ceratozetidae (15 species), Crotoniidae (14 species),
Oppiidae (12 species), Suctobelbidae (12 species), Damaeidae (nine species), Brachychthoniidae (eight
species), Phthiracaridae (five species), Humerobatidae (five species), Achipteriidae (five species),
Punctoribatidae (five species), and Galumnidae (five species). These 11 families comprise 58.6% of
all species (95 species). Most families are represented by a small number of species (one to three)
(Figure 2).
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Figure 2. Distribution of species richness among different families of oribatid mites in the East European
tundra (taxa are in a systematic order).
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3.1.3. Characteristic Families Typical of Tundra Zone Species

It is possible to distinguish species characteristics of different families for the East European
tundra. From Crotoniidae, Heminothrus (Platynothrus) punctatus and Camisia (C.) horrida are consistently
found in the local tundra fauna. Both species are often found in the Eurasian sector of the Arctic [30].
Camisia (C.) biverrucata, C. (C.) invenusta, and C. (Ensicamisia) lapponica, are associated with high latitude.
Hermannia reticulata and H. scabra Hermanniidae and Ceratoppia bipilis and C. sphaerica Ceratoppiidae
are also characteristic of high latitudes. In the tundra zone, the holarctic species Nothrus borussicus
Nothridae was often observed.

From Carabodidae, the most common species in the tundra are the circumpolar Carabodes
labyrinthicus and the Palearctic C. subarcticus and C. marginatus. For high latitudes, there are Holarctic
species Oppiella (M.) neerlandica, O. (O.) splendens, and Moritzoppia unicarinata unicarinata Oppiidae,
and Suctobelbella acutidens acutidens Suctobelbidae. From Ceratozetidae, Edwardzetes edwardsi and
Ceratozetella sellnicki are common at high latitudes. Diapterobates notatus and Svalbardia paludicola
Humerobatidae are widely distributed in the Eurasian sector of the Arctic; they are found on the Arctic
islands and archipelagos [11–13,17]. The first of these species has been noted as the most abundant in
various plant communities in Svalbard [11–13].

This complex of species is characteristic of local fauna of the East European tundra, as well as
of the tundra zone of Eurasia as a whole. The Holarctic species Oribatula (O.) tibialis and O. (Z.)
exilis, the cosmopolitan Tectocepheus velatus and Oppiella nova, and the semi-cosmopolitan Quadroppia
quadricarinata and Scheloribates laevigatus laevigatus also are widely distributed in the Arctic.

For 11 species in the list, Subías [43] indicates boreo-Alpine distribution. These are Holarctic
species C. (E.) lapponica, C. (C.) borealis, H. (P.) peltifer, H. (P.) humicola, E. edwardsi, Melanozetes
mollicomus, Moritzoppia unicarinata clavigera, D. notatus, S. paludicola, Mycobates (Calyptozetes) sarekensis,
and Oromurcia lucens. For the Holarctic species C. sphaerica, Melanozetes sellnicki, Ameronothrus lineatus,
A. nigrofemoratus, Diapterobates variabilis, and Sphaerozetes arcticus, boreal distribution is indicated.
In conclusion, all these species are typical of the high latitudes of Eurasia.

3.2. Types of Longitudinal Distribution

In this section, the Holarctic, Palearctic, cosmopolitan and semi-cosmopolitan species of oribatid
fauna are distinguished by their longitudinal distribution. Holarctic species predominate the fauna
(Figure 3). For comparison, in Spitsbergen, Holarctic species make up 50% of all species [7,11]. It has
previously been noted that the European sector of the Arctic is characterised by an increase in the
proportion of Holarctic oribatid species in the latitudinal gradient, from the taiga to mainland tundra
to the Arctic islands and archipelagos [40]. Thus, in the taiga zone of the European North-East, the
share of Holarctic species (41.5%) is the least [40].

The share of Palearctic species (34 species) in the local fauna was much smaller (23.4%) than that
of Holarctic species. For comparison, in the taiga zone of the European North-East, Palearctic species
make up 37.5% of the faunal list [44]. The highest share of Palearctic species is observed in the fauna of
the Polar Urals and Bolshezemelskaya tundra (Figure 3).

The composition of the Palearctic species was specific to each local fauna. In total, five Palearctic
species from Damaeidae were recorded, four of which were found only in the Polar Urals. Only one
species, Damaeus (E.) bituberculatus, was distributed in three local faunas: in the Bolshezemelskaya
tundra, the Polar Urals and the Northern Urals. This species is widely distributed in the taiga zone of
the European North [44].

Some Palearctic species were noted only in the Polar Urals: Liacarus (D.) neonominatus (Liacaridae),
Eueremaeus oblongus silvestris (Eremaeidae), Exochocepheus laticuspis (Scutoverticidae), Bipassalozetes
(B.) intermedius (Passalozetidae), and Suctobelbella (S.) subcornigera vera (Suctobelbidae). In turn,
other palearctic species, Scutovertex neonominatus (Scutoverticidae), Berniniella (B.) bicarinata and
Lauroppia falcata (Oppiidae), and Suctobelbella (S.) singularis (Suctobelbidae), were recorded only in the
Bolshezemelskaya tundra.
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Figure 3. Relative species richness according to the longitudinal distribution of oribatid mites in
the local fauna of East European tundra. Kolguev I.—Kolguev Island, Vaygach I.—Vaygach Island,
Yugor Penin.—Yugor Peninsula, BZ tundra—Bolshezemelskaya tundra, P Urals—Polar Urals, SP
Urals—Subpolar Urals, N Urals—North Urals.

Only a few Palearctic species were common to several local faunas. In addition to
D. (E.) bituberculatus mentioned above, the species Carabodes (C.) marginatus was recorded in four
mainland faunas: Polar Urals, Subpolar Urals, Yugor Peninsula, and Bolshezemelskaya tundra. The
generalisate Palaearctic species for two faunas: the Yugor Peninsula and the Vaigach Island was
Minunthozetes (M.) pseudofusiger.

The share of cosmopolitan and semi-cosmopolitan species in the total fauna structure is 14.5%.
In local faunas, they account for 13.9% to 18.2%. This is much higher than their share in the taiga zone,
where they account for 9.5% of the total species [40].

It can thus be concluded that the findings of previous research [40] regarding the decrease in
the proportion of Palearctic species and the increase in the proportion of Holarctic, cosmopolitan,
and semi-cosmopolitan species in the oribatid fauna along the latitudinal gradient (from the taiga to
mainland tundra to the Arctic islands and archipelagos) holds true.

A substantial number of species (20 species, 62.5%) are distributed circumpolar; they occur in high
latitudes of both the Palearctic and Nearctic regions- in Alaska, Yukon, and Greenland [10,47,49]. These
include Liochthonius lapponicus, N. borussicus, Camisia horrida, C. biurus, H. (P.) punctatus, H. reticulata,
C. bipilis, C. sphaerica, Moritzoppia neerlandica, M. unicarinata clavigera, S. acutidens acutidens, S. hammeri,
O. tibialis, M. mollicomus, D. notatus, S. paludicola, as well as cosmopolitan species T. velatus, O. nova,
C. gracilis and semi-cosmopolitan species Q. quadricarinata.

3.3. Types of Latitudinal Distribution

3.3.1. Arctic Species

In the composition of the oribatid fauna of the East European tundra, species with arctic,
arctic-boreal, temperate, and polyzonal types of latitudinal distribution have been documented. For the
East European tundra, as well as for the mainland tundra of the European part of Russia as a whole,
only a single Arctic oribatid species is known until now – S. paludicola. In addition to the Eastern
European sector, S. paludicola was found in the Kola Peninsula [50]. In the Arctic archipelagos of the
Palearctic region, it was found in Spitsbergen [7,11] and Novaya Zemlya [1,11]; in northern Siberia, in
Yamal and Taimyr [34,45]; and in the northern Far East, in Chukotka [48]. The species has a circumpolar
distribution and is found in Greenland [49], Alaska, and Yukon [47]. The data obtained confirm earlier

47



Diversity 2020, 12, 235

conclusion about the small number of Arctic species in the Eastern European sector of the Arctic, both
in the island and mainland regions [28,40].

The oribatid species Sphaerozetes arcticus Hammer, 1952, noted in the Polar Urals [35], should be
referred to as an arctic-boreal species. In the European part of Russia, this species is rarely found.
In addition to the Polar Urals, the species was recorded in the taiga zone, in the Arkhangelsk region [44].
In northern Siberia, it is more widespread, with its distribution covering the arctic-boreal zone, but most
findings are in the tundra zone [45]. The species is found in Chukotka. Thus, it can be concluded that
S. arcticus is characteristic of high latitudes. Subías [43] indicates a boreal distribution of this species.

The number of Arctic species is increasing on remote islands and archipelagos of the European
Arctic sector. For example, on the Svalbard archipelago, where 81 species of oribatid mites are
known [7,11], six Arctic species have been recorded. These are: Autogneta (A.) kaisilai Karppinen, 1967,
Sphaerozetes setiger (Trägårdh, 1910), Iugoribates gracilis Sellnick, 1944, Svalbardia paludicola, Ceratozetes
(C.) spitsbergensis Thor, 1934, and Oribatella (O.) arctica arctica Thor, 1930. The first of these species is
noted only on Svalbard [43] and can be called conditional endemic to Svalbard.

For comparison, two Arctic species, S. paludicola and Oribatella (O.) arctica arctica, have been
registered in the fauna of Novaya Zemlya. Oribatella (O.) arctica arctica, was observed in northern
Siberia [34] and Chukotka [45], in addition to Spitsbergen. Therefore, it cannot be ruled out that this
species may be found in the East European tundra in the future.

3.3.2. Arctic-Boreal Species

The tundra oribatid fauna includes a complex of arctic-boreal species occupying the Arctic islands
and archipelagos, the continental part of the tundra zone, and the taiga zone of Eurasia. The base
of this complex is represented by species that constitute the majority of tundra fauna, both in the
European sector of the Arctic (mainland part and island part: Vaigach Island, Novaya Zemlya, and
Spitsbergen), and in Siberia and the Far East, and, accordingly, contribute to the higher percentage
of tundra fauna similarity in Eurasia. These species are H. punctatus, C. sphaerica, H. reticulata, and
D. notatus, with a circumpolar distribution. On Vaigach Island, this list further includes Ameronothrus
lineatus, A. nigrofemoratus, and Oromurcia lucens. Species A. lineatus in the European sector of the Arctic
is also distributed in Spitsbergen and Kola tundra. Like A. nigrofemoratus, it is also a boreal species,
while Oromurcia lucens (L. Koch, 1879), also found on Spitsbergen, is a boreal-alpine species, according
to Subías [43].

In the biocoenoses of the Pai-Khoi Ridge (Yugor peninsula), the complex of arctic-boreal species is
complemented by Moritzoppia unicarinata clavigera, Pyroppia lanceolata, and Banksinoma setosa. For the
first of these species, Subías [43] indicates a boreal-alpine distribution. The species B. setosa, in addition
to the Yugor peninsula, is noted in the North Urals. It is mainly located in the Siberian and Far Eastern
sectors. The share of arctic-boreal species in different local faunas is not high, making up 7.7% to 18.6%
of the total fauna. In the overall structure of the fauna, their contribution is 7.4%.

Some arctic-boreal species are also present in the Palaearctic mountain ranges, such as D. notatus
in the Altai [46], C. sphaerica in the Tien Shan [46], and M. unicarinata clavigera and P. lanceolata in the
Caucasus [41]. Arctic-boreal species H. punctatus, D. notatus, Hermannia scabra, H. reticulata, A. lineatus,
and C. sphaerica are also found in the Western European tundra sector (Kola Peninsula) [50]. It can
be thus concluded that the arctic-boreal species which are widely distributed along the longitudinal
gradient of the European sector of the Arctic are all common. No arctic-boreal species specific to
the Eastern European sector have been identified. In the European North-East, the complex of
arctic-boreal species also includes M. unicarinata clavigera, P. lanceolata, B. setosa, Sphaerozetes arcticus,
and Peloribates pilosus.

3.3.3. Temperate and Polyzonal Species

The largest number of species recorded in the East European tundra have a temperate or polyzonal
type of latitudinal distribution. Temperate species typical of East European tundra are Liochthonius
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lapponicus, N. borussicus, O. (M.) neerlandica, C. labyrinthicus, C. marginatus. C. subarcticus, E. edwardsi,
and M. mollicomus.

Polyzonal species C. horrida, C. biurus, N. borussicus, S. acutidens acutidens, S. acutidens duplex,
C. bipilis, O. (O.) tibialis, and O. (Z.) exilis were often found in local faunas of the tundra zone.
Cosmopolitan species T. velatus and O. nova and semi-cosmopolitan species Q. quadricarinata and
S. laevigatus, which in the latitudinal aspect are also distributed polyzonal [52], are common in the
tundra. These polyzonal and temperate species that are common in the tundra zone, as well as the
Arctic and arctic-boreal species, mentioned above, we call ‘species of northern complex’.

3.3.4. ‘Southern’ Elements within the Oribatid Fauna

Attention is also drawn to species which are mainly found in the lower latitudes. These species
can be called ‘conditionally southern’. For example, Hydrozetes thienemanni, with a temperate type of
distribution, was found only at Yugor Peninsula in the European sector of the tundra zone [28]. In the
European part of Russia, it is distributed in taiga and coniferous/broad-leaved forests [41,44,52]. In the
tundra zone of Eurasia, H. thienemanni was previously found only in Chukotka by Grishina [34].

Holarctic species Malaconothrus (Trimalaconothrus) tardus, according to Subías [43], is absent in the
northern Palaearctic region. It is found in the Polar Urals [35]. In the European part of Russia, it is
found in the northernmost regions. This species was observed mainly in broad-leaved forests and
steppe zone [41,44].

Palaearctic species Eueremaeus oblongus silvestris found in the Polar Urals [37] is not characteristic
of the tundra zone. In the European part of Russia, it is mainly found in the zone of broad-leaved and
coniferous/broad-leaved forests [41,52]. In Siberia, the species was observed in taiga forests and the
Altai [45].

4. Summary

This publication presents a generalised taxonomic list of oribatid mites of East European tundra,
based on available literature and new data. The checklist of East European tundra oribatid mites
includes 163 species, 81 genera, and 45 families. This study presents data on the oribatid mite fauna of
the Subpolar Urals for the first time. To date, 35 species, 24 genera, and 21 families of oribatids have
been registered from this region.

The leading families in the fauna structure are Crotoniidae, Ceratozetidae, Oppiidae, Suctobelbidae,
Damaeidae, Brachychthoniidae, Phthiracaridae, Humerobatidae, Achipteriidae, Punctoribatidae, and
Galumnidae. The greatest number of species is Holarctic. Circumpolar distributed species make 12.3%
of the total. The share of Palaearctic species is low (23.4%), which distinguishes the fauna of the tundra
zone from the taiga zone.

The specificity of the oribatid fauna of East European tundra manifests itself in the small group of
Arctic species, both in the mainland tundra and on the Arctic islands. In the majority of local fauna,
there is only one Arctic species, Svalbardia paludicola. Sphaerozetes arcticus, noted in the Polar Urals,
that has been classified as an arctic-boreal species. It could also be called ‘conditionally arctic’, as it
sometimes penetrates into the taiga zone.

The fauna of the East European tundra is characterised by a complex of arctic-boreal species,
based on circumpolar species common with the Western European sector of the Arctic, as well as with
the Siberian and Far Eastern sectors, such as Heminothrus punctatus, Ceratoppia sphaerica, Hermannia
reticulata, and Diapterobates notatus. In different local faunas, this complex is complemented by species
Ameronothrus lineatus, A. nigrofemoratus, Banksinoma setosa, Pyroppia lanceolata, Moritzoppia unicarinata
clavigera, Peloribates pilosus, and Oromurcia lucens.

The largest number of species in the East European tundra is polyzonal. No species specific to the
East European sector of the tundra zone was identified.
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Figure A1. Localities within the region under consideration (see Table 1 for explanations).
1—Kolguev Island (Krivolutsky et al., 2003), 2—Vaigach Island, Yugorskiy Shar (Koch, 1879),
3—Vaigach Island, Cape Greben’ (Koch, 1879), 4—Vaigach Island (Trägårdh, 1904), 5 and 6—Vaigach
Island (Krivolutsky et al., 2003), 7—Vaigach Island, Bolvansky mountain (Melekhina et al., 2019),
8—Vaigach Island, Old Polar Station (Melekhina et al., 2019), 9—Yugor Peninsula, Pai-Khoi Ridge
(Melekhina and Zinovyeva, 2012), 10—Bolshezemelskaya tundra, Vorgashor village (Melekhina, 1997),
11—Bolshezemelskaya tundra, Vorkuta (Melekhina and Krivolutsky, 1999), 12—Bolshezemelskaya
tundra, Vorkuta (Goryachkin et al., 2011), 13—Bolshezemelskaya tundra, Pym-Va-Shor (Zubrii et al.,
2012), 14—Polar Urals, complex reserve ‘Khrebtovy’, Yenganepe Ridge (The biological . . . , 2010),
15—Polar Urals, Polyarny village (Sidorchuk, 2009), 16—Polar Urals, Rai-Iz Ridge (Grishina, 1985),
17—Polar Urals, Labytnangi village (Karpova et al., 1987), 18—Polar Urals, Paga-Ty Lake (Biodiversity
. . . , 2007; Melekhina, 2008), 19—Subpolar Urals, Lembekoyu River (Melekhina and Selivanova,
unpublished), 20—Northern Urals, Yany-Pupu-Nyor mountain (Melekhina, 2005).
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Appendix B

Checklist of oribatid mites of the East European tundra*
*Note. After the name of a species its distribution in the East European tundra with references is given;
global distribution follows Subías [42].
Brachychthoniidae Thor, 1934
Brachychthonius bimaculatus Willmann, 1936 Polar Urals [35]. Holarctic
Liochthonius (Liochthonius) lapponicus (Trägårdh, 1910) Yugor Peninsula [26], Bolshezemelskaya
tundra [24]. Holarctic
Liochthonius (L.) muscorum Forsslund, 1964 Polar Urals [35]. Holarctic
Liochthonius (L.) sellnicki (Thor, 1930) Kolguev Island [29], Vaygach Island [29,30], Polar Urals [33],
Subpolar Urals (new data). Holarctic
Sellnickochthonius immaculatus (Forsslund, 1942) Polar Urals [35]. Holarctic
Sellnickochthonius zelawaiensis (Sellnick, 1928) Bolshezemelskaya tundra [Melekhina, unpabl.], Polar
Urals [35]. Holarctic
Eobrachychthonius sp. Vaygach Island [29].
Eobrachychthonius latior (Berlese, 1910) Bolshezemelskaya tundra [24]. Holarctic
Hypochthoniidae Berlese, 1910
Hypochthonius rufulus Koch, 1835 Polar Urals [35], Subpolar Urals (new data). Semicosmopolitan
Euphthiracaridae Jacot, 1930
Acrotritia ardua (Koch, 1841) Polar Urals [35]. Cosmopolitan
Phthiracaridae Perty, 1841
Atropacarus (Atropacarus) striculus (Koch, 1835) Vaygach Island [30], Bolshezemelskaya tundra [25];
Subpolar Urals (new data). Semicosmopolitan
Phthiracarus spp. Kolguev Island [29], Vaygach Island [30].
Phthiracarus (Phthiracarus) boresetosus Jacot, 1930 Polar Urals [35]. Semicosmopolitan
Phthiracarus (P.) laevigatus (Koch, 1844) Vaygach Island (as Phthiracarus nitens Nicolet,
1855) [29]. Palaearctic
Phthiracarus (Archiphthiracarus) ligneus Willmann, 1931 Vaygach Island [30]. Holarctic
Trhypochthoniidae Willmann, 1931
Trhypochthonius cladonicolus (Willmann, 1919) Bolshezemelskaya tundra [23], Polar Urals [35]. Palaearctic
Trhypochthonius tectorum s. str. (Berlese, 1896) Bolshezemelskaya tundra [25]; Polar
Urals [35]. Cosmopilitan
Malaconothridae Berlese, 1916
Malaconothrus (Malaconothrus) monodactylus (Michael, 1888) Bolshezemelskaya tundra [25]; Polar
Urals [35], Subpolar Urals (new data). Holarctic
Malaconothrus (Trimalaconothrus) tardus (Michael, 1888) Polar Urals [33]. Holarctic
Nothridae Berlese, 1896
Nothrus sp. Vaygach Island [30].
Nothrus borussicus Sellnick, 1928 Yugor Peninsula [26], Bolshezemelskaya tundra [23,24]; Polar
Urals [33,35,36]; Subpolar Urals (new data); Northern Urals [37]. Holarctic
Nothrus palustris Koch, 1839 Bolshezemelskaya tundra [23,25]. Holarctic
Nothrus pratensis Sellnick, 1928 Bolshezemelskaya tundra [23], Subpolar Urals (new data). Holarctic
Crotoniidae Thorell, 1876
Camisia (Camisia) biurus (Koch, 1839) Yugor Peninsula [26], Bolshezemelskaya tundra [24]; Polar
Urals [33,35], Subpolar Urals (new data); Northern Urals [37]. Holarctic
Camisia (C.) biverrucata (Koch, 1839) Polar Urals [35]. Holarctic
Camisia (C.) borealis (Thorell, 1871) Vaygach Island [29], Polar Urals [35]. Holarctic
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Camisia (C.) horrida (Hermann, 1804) Vaygach Island [27], Yugor Peninsula [26], Bolshezemelskaya
tundra [23], Polar Urals [33,35], Northern Urals [37]. Holarctic
Camisia (C.) invenusta (Michael, 1888) Polar Urals [35]. Palaearctic
Camisia (C.) segnis (Hermann, 1804) Polar Urals [35], Subpolar Urals (new data). Semicosmopolitan
Camisia (C.) spinifer (Koch, 1835) Polar Urals [35]. Semicosmopolitan
Camisia (Ensicamisia) lapponica (Trägårdh, 1910) Polar Urals [35]; Subpolar Urals (new data); Northern
Urals [37]. Holarctic
Heminothrus (Capillonothrus) capillatus s. str. (Berlese, 1914) Kolguev Island (as Heminothrus septentrionalis
Sellnick, 1944) [29]. Holarctic
Heminothrus (Capillonothrus) thori (Berlese, 1904) Polar Urals [35]. Holarctic
Heminothrus (Heminothrus) longisetosus (Willmann, 1925) Polar Urals [33,35,36]; Subpolar Urals (new
data); Northern Urals [37]. Holarctic
Heminothrus (Platynothrus) humicola (Forsslund, 1955) Bolshezemelskaya tundra [24]. Holarctic
Heminothrus (Platynothrus) peltifer (Koch, 1839) Bolshezemelskaya tundra [24,25]; Polar Urals [33,35,36];
Subpolar Urals (new data); Northern Urals [37]. Semicosmopolitan
Heminothrus (Platynothrus) punctatus (L. Koch, 1879) Kolguev Island [29], Vaygach Island [29,30], Yugor
Peninsula [26], Bolshezemelskaya tundra [23]. Holarctic
Nanhermanniidae Sellnick, 1928
Nanhermannia (Nanhermannia) dorsalis (Banks, 1896) Polar Urals [35]. Holarctic
Nanhermannia (N.) sellnicki Forsslund, 1958 Bolshezemelskaya tundra [25]; Subpolar Urals (new data);
Northern Urals [37]. Palaearctic
Hermanniidae Sellnick, 1928
Hermannia (Heterohermannia) reticulata Thörell, 1871 Vaygach Island [27–29], Yugor
Peninsula [26], Holarctic
Hermannia (Heterohermannia) scabra (L. Koch, 1879) Vaygach Island [27,28]. Holarctic
Licnobelbidae Grandjean, 1965
Licnobelba latiflabellata (Paoli, 1908) Kolguev Island (as Licnobelba alestensis Grandjean,
1931) [29]. Palaearctic
Hungarobelbidae Miko y Travé, 1996
Tokukobelba compta s. str. (Kulczynski, 1902) Yugor Peninsula (as Belba (Belba) compta (Kulczynski,
1902) [26], Polar Urals (as B. (B.) compta (Kulczynski 1902) [35], Subpolar Urals (new data). Palaearctic
Damaeidae Berlese, 1896
Belba spp. Kolguev Island [29], Bolshezemelskaya tundra [24]; Northern Urals [37].
Belba (Belba) rossica Bulanova-Zachvatkina, 1962 Polar Urals [33]. Palaearctic
Damaeus (Damaeus) auritus Koch, 1835 Polar Urals [35]. Palaearctic
Damaeus (Epidamaeus) sp. Polar Urals [35].
Damaeus (Epidamaeus) bituberculatus (Kulczynski, 1902) Bolshezemelskaya tundra [23], Polar Urals [35],
Subpolar Urals (new data); Northern Urals [37]. Palaearctic
Damaeus (Spatiodamaeus) boreus Bulanova-Zachvatkina, 1957 Polar Urals [35]. Palaearctic
Metabelba (Metabelba) pulverulenta (Koch, 1839) Polar Urals [33]. Holarctic
Porobelba spinosa (Sellnick, 1920) Polar Urals [35]. Palaearctic
Subbelba (Subbelba) montana (Kulczynski, 1902) Polar Urals [35]. Palaearctic
Ceratoppiidae Grandjean, 1954
Ceratoppia bipilis s. str. (Hermann, 1804) Yugor Peninsula [26], Bolshezemelskaya tundra [23,24]; Polar
Urals [33,35], Subpolar Urals (new data); Northern Urals [37]. Holarctic
Ceratoppia sphaerica (L. Koch, 1879) Vaygach Island [29], Yugor Peninsula [26], Polar
Urals [32,35]. Holarctic
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Ceratoppia quadridentata (Haller, 1882) Bolshezemelskaya tundra [23], Polar Urals [32,35], Subpolar
Urals (new data). Holarctic
Pyroppia lanceolata Hammer, 1955 Yugor Peninsula [26]. Holarctic
Gustaviidae Oudemans, 1900
Gustavia microcephala (Nicolet, 1855) Vaygach Island [30]. Palaearctic
Liacaridae Sellnick, 1928
Adoristes (A.) ovatus poppei (Oudemans, 1906) Yugor Peninsula [26]. Holarctic
Liacarus (Dorycranosus) neonominatus Subías, 2004 Polar Urals [32,35]. Palaearctic
Xenillidae Woolley et Higgins, 1966
Xenillus (Xenillus) clypeator Robineau-Desvoidy, 1839 Polar Urals (as Cepheus latus Nicolet,
1855 [35]. Holarctic
Eremaeidae Oudemans, 1900
Eueremaeus oblongus s. str. (Koch, 1835) Vaygach Island [30]. Holarctic
Eueremaeus oblongus silvestris (Forsslund, 1956) Polar Urals [35]. Palaearctic
Tricheremaeus sp. Polar Urals [35].
Oribellidae Kunst, 1971
Proteremaeus sp. Polar Urals [35].
Autognetidae Grandjean, 1960
Autogneta (Conchogneta) traegardhi Forsslund, 1947 Polar Urals [31,35]. Holarctic
Thyrisomidae Grandjean, 1954
Banksinoma lanceolata s. str. (Michael, 1885) Vaygach Island [30], Bolshezemelskaya tundra [24]; Polar
Urals [35]. Holarctic
Banksinoma setosa Rjabinin, 1974 Yugor Peninsula [26], Northern Urals [37]. Holarctic
Oppiidae Sellnick, 1937
Rhinoppia (Rhinoppia) subpectinata (Oudemans, 1900) Polar Urals [33,35], Subpolar Urals (new data);
Northern Urals (as Medioppia tuberculata (Bulanova-Zachvatkina, 1964) [37]. Holarctic
Microppia minus s. str. (Paoli, 1908) Polar Urals [35]. Cosmopolitan
Berniniella (Berniniella) bicarinata (Paoli, 1908) Bolshezemelskaya tundra [23]. Palaearctic
Dissorhina ornata s. str. (Oudemans, 1900) Bolshezemelskaya tundra [24]. Holarctic
Lauroppia falcata (Paoli, 1908) Bolshezemelskaya tundra [23]. Palaearctic
Lauroppia fallax (Paoli, 1908) Polar Urals [35]. Semicosmopolitan
Lauroppia maritima acuminata (Strenzke, 1951) Polar Urals [35]. Holarctic
Oppiella (Moritzoppiella) neerlandica (Oudemans, 1900) (=Dameosoma translamellatum Willmann, 1923)
Vaygach Island (as Oppia translamellata) [29], Yugor Peninsula (as Moritzoppia (Moritzoppiella) neerlandica
(Oudemans, 1900) [26], Bolshezemelskaya tundra (as Lauroppia neerlandica (Oudemens, 1900) [23]
and [24]; Polar Urals (as L. neerlandica (Oudemens, 1900) [33] and [31,35,36]; Subpolar Urals (new data);
Northern Urals (as L. neerlandica (Oudemens, 1900) [37]. Holarctic
Oppiella (Oppiella) nova s. str. (Oudemans, 1902) Vaygach Island [29,30], Yugor Peninsula [26], Polar
Urals [31,35,36]; Subpolar Urals (new data). Cosmopolitan
Oppiella (O.) splendens (Koch, 1841) Kolguev Island [29], Vaygach Island [29], Polar Urals [35]. Holarctic
Moritzoppia unicarinata s. str. (Paoli, 1908) Vaygach Island [29], Polar Urals [31,35], Northern
Urals [37]. Holarctic
Moritzoppia unicarinata clavigera (Hammer, 1952) Yugor Peninsula [26]. Holarctic
Quadroppiidae Balogh, 1983
Quadroppia (Quadroppia) quadricarinata (Michael, 1885) Vaygach Island [29,30], Yugor Peninsula [26],
Bolshezemelskaya tundra [24]; Polar Urals [31,33,35,36]; Subpolar Urals (new data). Semicosmopolitan
Suctobelbidae Jacot, 1938
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Suctobelbella (Suctobelbella) acutidens s. str. (Forsslund, 1941) Yugor Peninsula [26], Bolshezemelskaya
tundra [23], Polar Urals [33,35]. Holarctic
Suctobelbella (S.) acutidens duplex (Strenzke, 1950) Yugor Peninsula (as S. hammerae Krivolutsky, 1965) [26],
Bolshezemelskaya tundra (as S. hammerae Krivolutsky, 1965) [25]; Polar Urals [33], Subpolar Urals (new
data). Holarctic
Suctobelbella (S.) acutidens sarekensis (Forsslund, 1941) Polar Urals [35] Holarctic
Suctobelbella (S.) arcana Moritz, 1970 Polar Urals [35]. Holarctic
Suctobelbella (S.) latirostris (Strenzke, 1950) Subpolar Urals (new data). Palaearctic
Suctobelbella (S.) longicuspis s. str. Jacot, 1937 Polar Urals [35]. Semicosmopolitan
Suctobelbella (S.) longirostris (Forsslund, 1941) Polar Urals [35]. Holarctic
Suctobelbella (S.) palustris (Forsslund, 1951) Bolshezemelskaya tundra [23]. Holarctic
Suctobelbella (S.) singularis (Strenzke, 1950) Bolshezemelskaya tundra [23], Subpolar Urals (new
data). Palaearctic
Suctobelbella (S.) subcornigera s. str. (Forsslund, 1941) Polar Urals [35]. Semicosmopolitan
Suctobelbella (S.) subcornigera vera (Moritz, 1964) Polar Urals [35]. Palaearctic
Suctobelba spp. Vaygach Island [30], Bolshezemelskaya tundra [Melekhina, unpabl.].
Suctobelba trigona (Michael, 1888) Vaygach Island [29]. Holarctic
Carabodidae Koch, 1843
Carabodes (Carabodes) areolatus Berlese, 1916 Vaygach Island [30], Bolshezemelskaya tundra [23], Polar
Urals [31–33]. Holarctic
Carabodes (C.) labyrinthicus (Michael, 1879) Kolguev Island [29], Vaygach Island [29], Polar
Urals [33,35,36]; Subpolar Urals (new data). Holarctic
Carabodes (C.) marginatus (Michael, 1884) Yugor Peninsula [26]; Bolshezemelskaya tundra [24]; Polar
Urals [31]; Subpolar Urals (new data). Palaearctic
Carabodes (C.) subarcticus Trägardh, 1902 Yugor Peninsula [26], Polar Urals [33,35,36]; Subpolar Urals
(new data); Northern Urals [37]. Palaearctic
Tectocepheidae Grandjean, 1954
Tectocepheus minor Berlese, 1903 Kolguev Island [29]. Semicosmopolitan
Tectocepheus velatus s. str. (Michael, 1880) Kolguev Island [29], Vaygach Island [29,30], Yugor
Peninsula [26], Bolshezemelskaya tundra [23], Polar Urals [31,33,35,36]; Subpolar Urals (new data);
Northern Urals [37]. Cosmopolitan
Tectocepheus velatus sarekensis Trägårdh, 1910 Polar Urals [31,35]. Cosmopolitan
Hydrozetidae Grandjean, 1954
Hydrozetes thienemanni Strenzke, 1943 Yugor Peninsula [26]. Holarctic
Ameronothridae Vitzthum, 1943
Ameronothrus lineatus (Thorell, 1871) Vaygach Island [27]. Holarctic
Ameronothrus nigrofemoratus (L. Koch, 1879) Vaygach Island [27,28]. Holarctic
Micreremidae Grandjean, 1954
Micreremus brevipes (Michael, 1888) Polar Urals [35]. Palaearctic
Scutoverticidae Grandjean, 1954
Scutovertex minutus (Koch, 1835) Vaygach Island [30]. Holarctic
Scutovertex neonominatus Subías, 2004 Bolshezemelskaya tundra [Melekhina, unpabl.]. Palaearctic
Exochocepheus laticuspis (Balogh et Mahunka, 1965) Polar Urals [35]. Palaearctic
Passalozetidae Grandjean, 1954
Bipassalozetes (Bipassalozetes) intermedius (Mihelčič, 1954) Polar Urals [35]. Palaearctic
Phenopelopidae Petrunkevitch, 1955
Eupelops plicatus (Koch, 1835) (=Pelops auritus Koch, 1839) Bolshezemelskaya tundra (as Eupelops auritus
Koch, 1839) [23], [24]; Polar Urals [33,35], Northern Urals [37]. Holarctic
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Eupelops torulosus s. str. (Koch, 1839) Polar Urals [35]. Palaearctic
Achipteriidae Thor, 1929
Campachipteria (Triachipteria) nivalis (Hammer, 1952) (Achipteria) Polar Urals [33]. Holarctic
Parachipteria punctata (Nicolet, 1855) Vaygach Island [29], Polar Urals [33], Subpolar Urals (new
data). Holarctic
Achipteria sp. Vaygach Island [30].
Achipteria (Achipteria) nitens (Nicolet, 1855) Polar Urals [35]. Holarctic
Anachipteria (Anachipteria) howardi (Berlese, 1908) Polar Urals [35]. Holarctic
Tegoribatidae Grandjean, 1954
Scutozetes lanceolatus Hammer, 1952 Bolshezemelskaya tundra [23]. Holarctic
Tegoribates latirostris (Koch, 1844) Bolshezemelskaya tundra [23]. Palaearctic
Ceratozetidae Jacot, 1925
Ceratozetella (Ceratozetella) sellnicki (Rajski, 1958) Vaygach Island [29], Polar Urals [35]. Palaearctic
Ceratozetes sp. Polar Urals [36].
Ceratozetes (Ceratozetes) gracilis s. str. (Michael, 1884) Yugor Peninsula [26], Subpolar Urals (new
data). Cosmopolitan
Edwardzetes (Edwardzetes) edwardsi (Nicolet, 1855) Yugor Peninsula [26], Bolshezemelskaya tundra [23],
Polar Urals [35,36]. Holarctic
Fuscozetes fuscipes (Koch, 1844) Bolshezemelskaya tundra [25]; Polar Urals [33]. Holarctic
Fuscozetes pseudosetosus Shaldybina, 1975 Bolshezemelskaya tundra [Melekhina, unpabl.]. Holarctic
Fuscozetes setosus (Koch, 1839) Polar Urals [31]. Holarctic
Melanzetes sp. Polar Urals [35].
Melanozetes mollicomus (Koch, 1839) Yugor Peninsula [26], Northern Urals [37]. Holarctic
Melanozetes sellnicki (Hammer, 1952) Kolguev Island (as Fuscozetes sellnicki Hammer, 1952) [29], Vaygach
Island (as Fuscozetes sellnicki Hammer, 1952) [29], Polar Urals [35], Subpolar Urals (new data). Holarctic
Trichoribates sp. Polar Urals (as Murcia (M.) sp.) [35].
Trichoribates (T.) novus s. str. (Sellnick, 1928) Yugor Peninsula (as Murcia nova Sellnick, 1928) [26],
Bolshezemelskaya tundra [24]; Polar Urals (as Murcia (M.) nova Sellnick 1928) [33]. Holarctic
Trichoribates (T.) berlesei (Jacot, 1929) Vaygach Island [30], Bolshezemelskaya tundra (as Trichoribates
trimaculatus Koch, 1835) [23]. Holarctic
Oromurcia lucens (L. Koch, 1879) Vaygach Island [27]. Holarctic
Trichoribates (Latilamellobates) incisellus s. str. (Kramer, 1897) Bolshezemelskaya tundra [Melekhina,
unpabl.], Northern Urals [37]. Holarctic
Sphaerozetes arcticus Hammer, 1952 Polar Urals [33]. Holarctic
Chamobatidae Thor, 1937
Chamobates (C.) cuspidatus (Michael, 1884) Bolshezemelskaya tundra [24]; Polar Urals [33]. Holarctic
Chamobates (C.) lapidarius (Lucas, 1849) Vaygach Island [29]. Palaearctic
Chamobates (C.) pusillus (Berlese, 1895) Vaygach Island (as C. borealis) [28], [29]. Palaearctic
Chamobates (Xiphobates) voigtsi (Oudemans, 1902) Polar Urals [35]. Palaearctic
Humerobatidae Grandjean, 1971
Diapterobates humeralis (Hermann, 1804) Polar Urals [33,35]. Holarctic
Diapterobates notatus (Thorell, 1871) Kolguev Island [29], Vaygach Island [27,29,30], Yugor
Peninsula [26]. Holarctic
Diapterobates oblongus (L. Koch, 1879) Subpolar Urals (new data); Northern Urals [37]. Palaearctic
Diapterobates variabilis s. str. Hammer, 1955 Polar Urals [35]. Holarctic
Svalbardia paludicola Thor, 1930 Yugor Peninsula [26], Bolshezemelskaya tundra [Melekhina, unpabl.],
Polar Urals [35]. Holarctic
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Punctoribatidae Thor, 1937
Mycobates (Mycobates) monodactylus Shaldybina, 1970 Polar Urals [31,33,35]. Palaearctic
Mycobates (Calyptozetes) patrius Shaldybina, 1970 Polar Urals [33]. Palaearctic
Mycobates (Calyptozetes) sarekensis (Trägårdh, 1910) Polar Urals [35]. Holarctic
Minunthozetes (M.) pseudofusiger (Schweizer, 1922) Vaygach Island [29], Yugor Peninsula [26]. Palaearctic
Punctoribates (P.) punctum (Koch, 1839) Bolshezemelskaya tundra [23]. Semicosmopolitan
Oribatulidae Thor, 1929
Oribatula (Oribatula) tibialis (Nicolet, 1855) Vaygach Island [29], Yugor Peninsula [26], Bolshezemelskaya
tundra [23], Polar Urals [31–33,35], Subpolar Urals (new data); Northern Urals [37]. Holarctic
Oribatula (Zygoribatula) exilis s. str. (Nicolet, 1855) Vaygach Island [27,30], Yugor Peninsula [26],
Bolshezemelskaya tundra [23], Polar Urals [33,35], Subpolar Urals (new data); Northern
Urals [37]. Holarctic
Hemileiidae J. et P. Balogh, 1984
Hemileius (Hemileius) initialis (Berlese, 1908) Bolshezemelskaya tundra (as Scheloribates confundatus
Sellnick, 1928) [23]; Polar Urals (as S. confundatus Sellnick, 1928) [33] and [36]. Semicosmopolitan
Liebstadiidae J. et P. Balogh, 1984
Liebstadia (L.) pannonica (Willmann, 1951) Bolshezemelskaya tundra (as Protoribates pannonicus Willmann,
1951) [23]. Holarctic
Liebstadia (L.) similis (Michael, 1888) Kolguev Island [29], Vaygach Island [29,30], Polar Urals [33,
35]. Holarctic
Scheloribatidae Grandjean, 1933
Scheloribates (S.) laevigatus s. str. (Koch, 1835) Vaygach Island [30], Yugor Peninsula [26], Subpolar
Urals (new data); Northern Urals [37]. Semicosmopolitan
Scheloribates (S.) pallidulus latipes (Koch, 1844) Polar Urals [33,35,36]; Northern
Urals [37]. Semicosmopolitan
Haplozetidae Grandjean, 1936
Peloribates spp. Vaygach Island [29,30].
Peloribates (Peloribates) canadensis Hammer, 1952 Polar Urals [35]. Holarctic
Peloribates (P.) europaeus Willmann, 1935 Bolshezemelskaya tundra [23]. Holarctic
Peloribates (P.) pilosus Hammer, 1952 Bolshezemelskaya tundra [23], Northern Urals [37]. Holarctic
Parakalummidae Grandjean, 1936
Neoribates (Neoribates) aurantiacus (Oudemans, 1914) Polar Urals [33,35], Subpolar Urals (new
data). Holarctic
Galumnidae Jacot, 1925
Galumna (Galumna) dimorpha Krivolutskaja, 1952 Bolshezemelskaya tundra [Melekhina,
unpabl.]. Palaearctic
Galumna (G.) rossica Sellnick, 1926 Polar Urals [35]. Palaearctic
Pergalumna sp. Bolshezemelskaya tundra [31].
Pergalumna (P.) nervosa s. str. (Berlese, 1914) Bolshezemelskaya tundra [23]. Holarctic
Pilogalumna sp. Polar Urals [33].
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Abstract: The Brazilian Cerrado biome has undergone major changes, with the incorporation of new
areas for agricultural production. While this can certainly provide for the worldwide growing need
for agricultural products, especially food, care should be taken to prevent possible environmental
degradation. Worldwide, mites of the cohort Gamasina constitute the most abundant and diverse
group of soil predatory mites, usually considered important in maintaining the ecological balance
of natural environments. Little is known about the abundance and diversity of Gamasina in the
Cerrado. The objective of the present work was to evaluate the abundance and diversity of Gamasina
in soils of natural vegetation and of agroecosystems in Cerrado areas of the northern Brazilian state of
Tocantins. This is considered the first step in the determination of possible role of the local predators
as biological control agents, and their potential for practical use locally and elsewhere. Soil samples
were taken monthly between July 2015 and June 2016. In total, 1373 Gamasina representing 45 species
of 24 genera and 9 families were collected. The most abundant Gamasina belonged to Rhodacaridae
in areas of the natural vegetation and to Ascidae in the agroecosystems. Abundance and diversity
were much higher in the rainy than in the dry season. Rhodacarids and ascids have not been used
commercially for pest control, but investigations conducted so far suggest their potential as biological
control agents. The confirmation of this possibility and the development of techniques that would
allow their maintenance in agricultural areas require subsequent research efforts.

Keywords: mesofauna; edaphic mites; prospection

1. Introduction

Cerrado is the second largest biome in Brazil, occupying an area of 2,036,448 km2 or about
22% of the Brazilian territory [1]. The vegetation of this biome is predominantly constituted by
relatively sparse and short twisted trees and shrubs, with scant grass species [2]. This biome is
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undergoing major changes, for the expansion of the agricultural frontier from the early 2000s [1].
Large parts of the Cerrado are presently dedicated to the production of soybean, corn, rice, pasture,
and cultivated forest trees, such as eucalyptus [3]. While this can certainly provide for the worldwide
growing need for agricultural products, especially food, care should be taken to prevent possible
environmental degradation.

Despite the efforts for the establishment of protected areas, the survival of endemic animal and
plant species could be threatened in this biome [4]. Attention should be given to organisms living in
different parts of the environment, including those in the soil, that are usually difficult to account,
largely because of the difficulty in determining these species taxonomically. Soils of the Cerrado
usually have low pH and low levels of plant nutrients, leading producers to use high inputs of lime
and fertilizers in agricultural lands, modifying the natural edaphic environment [2].

Soils from natural environments generally show high mesofauna diversity and abundance.
These organisms actively participate in the decomposition of organic matter, affecting soil aeration,
chemical properties, and the ecological balance. Some members of the mesofauna act as
predators of invertebrates, interfering in community structures and probably in the sustainability of
agroecosystems [5,6].

The predominant members of the mesofauna may vary according to prevailing biotic and
abiotic factors. Some studies of the edaphic fauna have been conducted to analyze the influence of
agricultural practices on the main taxonomic groups, particularly mites and springtails, among other
invertebrates [7–9]. Knowledge about the abundance and diversity of these organisms in a given
habitat has been used as an indicator of soil quality, which can be related to levels of sustainability and
affect crop yield [10].

Worldwide, the Gamasina (Mesostigmata) constitute the most abundant cohort of edaphic
predatory mites [11]. These can feed on several organisms, such as other mites, small insects, and
nematodes, but frequently also on fungi [11–13]. Therefore, it is believed that they can play an
important role in reducing the population of agricultural pests, and some of them have been used for
pest control [13].

The first step in estimating the natural effect of edaphic Gamasina on pest organisms in a specific
location, as well as the potential for their practical use as biological control agents, is the determination
of the components of the prevailing fauna [14]. Information on the abundance and diversity of
Gamasina in agricultural crops in tropical regions is scarce, especially in the Cerrado. The objective
of the present work was to determine the abundance and diversity of Gamasina in soils of natural
vegetation and in agroecosystems in Cerrado areas of the northern Brazilian state of Tocantins.

2. Material and Methods

The study was conducted in four ecosystems in the municipality of Sucupira, Tocantins state,
where the climate is of the Aw type, according to the Köppen-Geiger classification system [15].
The region is characterized as a subtropical savannah, with well-defined rainy (November–April,
cooler months) and dry (May–October, hottest months) seasons, average annual rainfall of about
1500 mm and air relative humidity of 45–90%. Distances between ecosystems were 4.0–7.5 km.

2.1. Characterization of the Ecosystems

Natural vegetation (11◦54′36′′ S, 48◦51′10′′ W): A 208-ha patch of well-preserved vegetation of
the Cerrado biome, with a litter layer of about 5 cm in thickness. Within the natural variations of this
biome, the area selected for study is classified as Cerrado sensu stricto [2].

Soybean cultivation (11◦54′80′′ S, 48◦52′10′′ W): A 155-ha soybean plot, where the same crop
has been yearly cultivated since 2003. Liming of the soil was done three months before the soybean
planting. The land had been in fallow for about four months before soybean (variety M8644 IPRO from
Monsoy) was seeded on 15 November 2015, under no tillage, spaced at 50 cm between lines and at a
density of 13 plants/m in the lines. The area was sprayed with glyphosate (3.0 L ha−1) before planting
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and glyphosate - potassium salt 620 (2.0 L ha−1) with mineral oil (1.0 L ha−1) 26 days after plant
emergence. In the crop cycle, plants were sprayed with propiconazole (0.4 L ha−1) for the control of
Asian rust, and with thiamethoxam (250 mL L−1) and acefato (300 mL L−1) for the control of caterpillars
and bugs. Harvesting was done mechanically on March 24, 2016, leaving the area in fallow again until
the end of the study.

Pasture (11◦56′80′′ S; 48◦52′34′′ W): A 3.5-ha plot planted to the grass Andropogon gayanus Kunth
in 2012. The area was sprayed with 2.4-D, Picloran (3.0 L ha−1). Liming was last done in the area in
August 2015 and NPK 20-00-20 + 0.1% B (120 kg ha−1) was applied in November 2014. No chemical
was applied for the control of pests and diseases.

Integration of cultivated forest–pasture (11◦57′57′′ S; 48◦54′34′′ W): A 25-ha plot was occupied by
an association of eucalyptus (Eucalyptus grandis W. Hill) and pasture (A. gayanus) since 1998. Liming and
application of NPK 20-00-20 + 0.1% B (120 kg ha−1) were done respectively in August and November
2015. Fipronil (15 g/plant) for ant control and 2.4-D and picloran (3.0 L ha-1) for weed control were
applied in May 2016.

2.2. Edapho-Climatic Characterization

Soil samples were collected from each ecosystem for physicochemical analyses in the rainy
(January 2016) and dry (June 2016) seasons. In each season and in each ecosystem, a sample was
composed of 20 subsamples (at least 20 m apart from each other) and each taken at a depth of 10 cm.
The soil of all areas of study was classified as Dystrophic Red Yellow Latosol (LVA) [16]. The results of
the analyses are shown in Table 1.

Table 1. Physicochemical properties of soil samples (each composed of 20 subsamples) collected at
four ecosystems in Sucupira, Tocantins, Brazil. Samples in January 2015 (rainy season) and July 2016
(dry season). Analyses conducted by Sellar Análises Agrícolas, Gurupi, Tocantins state. OMC: organic
matter content; TOC: total organic carbon.

Parameters

Ecosystems

Natural
Vegetation

Soybean
Cultivation Pasture Integration of Cultivated

Forest–Pasture

Physical properties
Clay (g.kg−1) 250 257 213 244
Sand (g.kg−1) 703 694 740 710
Silt (g.kg−1) 50 50 47 47

Chemical Properties
pH CaCl2

Dry season 3.9 5.6 5.1 4.7
Rainy season 4.0 6.5 5.4 5.0

Al (cmolc·dm−3)
Dry season 0.5 0 0 0

Rainy season 0.2 0 0 0
OMC (dag·kg−1)

Dry season 1.8 1.2 1.5 1.4
Rainy season 3.3 4.4 2.3 1.9

TOC (dag·kg−1)
Dry season 1.0 0.7 0.9 0.8

Rainy season 1.9 2.5 1.3 1.1
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Table 1. Cont.

Parameters

Ecosystems

Natural
Vegetation

Soybean
Cultivation Pasture Integration of Cultivated

Forest–Pasture

P (mg·dm−3)
Dry season 10.8 12.4 20.3 24.5

Rainy season 14.85 60.1 25.6 34
K (mg·dm−3)

Dry season 36 47 49 41
Rainy season 50 91 84 57

Ca (cmolc/dm−3)
Dry season 0.2 1.2 1.5 1.9

Rainy season 0.3 6.5 5.4 4.6
Mg (cmolc/dm−3)

Dry season 0.2 0.6 0.8 1.2
Rainy season 0.2 3.2 2.8 1.8

S (mg.dm−3)
Dry season 2 2 2 3

Rainy season 3 5 4 5
B (mg.dm−3)

Dry season 0.1 0.1 0.1 0.1
Rainy season 0.1 0.4 0.3 0.2

Cu (mg.dm−3)
Dry season 0.2 0.3 0.3 0.4

Rainy season 0.3 0.6 0.8 1.3
Mn (mg.dm−3)

Dry season 3.8 4.7 3.4 3.4
Rainy season 5.2 5.7 11.7 5.3

Zn (mg.dm−3)
Dry season 0.5 1.1 0.6 0.8

Rainy season 0.6 1.7 0.8 0.8

Climatic data during the experiment were registered at the closest meteorological station, located
in Gurupi, 3–8 km from the study sites. In the dry and rainy seasons, average temperature, air relative
humidity, and total rainfall were respectively 30 ± 26 ◦C, 52 ± 86 RH, and 1654 mm (119 and 1535 mm
in the dry and rainy seasons, respectively).

2.3. Mite Sampling, Extraction, and Identification

Soil samples for the determination of the Gamasina fauna were collected monthly between July
2015 and June 2016. On each collection date, 32 sampling sites were determined in the area of each
ecosystem (total of 384 samples in each ecosystem in all study). Each sample was taken with a metal
cylinder (5 cm high × 9 cm in diameter, corresponding to a base area of about 63.6 cm2 and a volume
of about 318 cm3/sample), completely introduced into the soil with the help of a hammer. Sampling
sites were semi-randomized, each sampling point being selected so as to contain a litter layer as thick
as possible (ranging between 3 and 15 cm deep), and at least 20 m apart from each other. Each sample
was placed in a plastic bag, which in turn was packed in a polystyrene box for transport to a laboratory
of Universidade Federal do Tocantins, Gurupi, Tocantins state. The temperature inside the box was
maintained at 12–21 ◦C, with the use of freezing gel containers, to reduce mite activity.

About 4 h after the collection, the samples were placed in modified Berlese-Tullgren funnels for
mite extraction in vials containing 70% ethanol [17]. The extracted material was sent to the “Laboratory
of Taxonomy and Biological Control of Mites and Insects” of Universidade Estadual Paulista (UNESP),
in Jaboticabal, São Paulo, Brazil. The content of each vial was transferred to a Petri dish for examination
under a stereomicroscope, collecting the Gamasina to be later mounted on microscopic slides in
Hoyer’s medium.
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The Gamasina were separated into species under an optical phase contrast microscope (Leica,
DMLB, Wetzlar, Germany), and identified to family based on Lindquist et al. [11]. Then, adult females
were identified to genera, especially based on the following publications: [18–21] and unpublished
keys adopted by the Ohio State Acarology Summer Program. Identification to species was done
(when possible) based on the original descriptions and redescriptions of the species, available in the
authors’ collections.

2.4. Data Analysis

Statistical analyses and graph construction were done using a RGui 3.4.0 program [22].
Shannon-Weaver, Simpson, and Equitability indexes were calculated using the Vegan package.
The mean abundance was compared by the Kruskall-Wallis test (α = 0.05), as variances were not
homogenous and data were not normally distributed (Shapiro-Wilk normality test). As variances for
mean richness were homogenous and data were normally distributed, values of this parameter were
compared by Tukey test (α = 0.05).

Euclidean distances were used to estimate similarity between ecosystems, based on abundances
of species and physicochemical properties of soil in paired ecosystems. The analysis was performed
based on the abundance of species in each paired environment plus the physico-chemical variables of
the soil obtained. First, the data was standardized, and then Ward’s minimum variance clustering
algorithm and the Euclidean distance were used in analysis. Then, the similarity matrix was analyzed
in a hierarchical cluster analysis.

Simple correspondence (CA) and correspondence canonical (CCA) analyses were conducted
using the Vegan Package in R. CA analysis was used to explore the frequency of species found in
each environment, while CCA analysis was used to relate the variable environmental (independent)
and abundance of Gamasina (dependent). Initially, the data were subjected to the Chi-square method
to standardize the frequencies of each species in relation to the environment. For this analysis, only
species collected in at least two ecosystems were considered. In the graph, species found in a single
ecosystem were shown next to the name of the corresponding ecosystem, within a box (only to CA).
Interpretation was restricted to the ordination within the first two axes shown in the graph constructed
in R.

3. Results

In total, 1373 Gamasina specimens were collected (Table 2), of which 919 were from natural
vegetation, 64 from soybean cultivation, 160 from pasture, and 240 from the integration of cultivated
forest–pasture. The Gamasina belonged to nine families, of which the most abundant was Rhodacaridae
(49.5% of the Gamasina), followed by Ascidae (35.2%) and Laelapidae (10%). The remaining families
corresponded to less than 3.0% each. The numbers of Gamasina collected in the natural vegetation,
integration of cultivated forest–pasture, soybean cultivation, and pasture in the rainy season were 1.4,
1.8, 3.9, and 5.0 times higher than the corresponding numbers collected in the dry season.

Natural vegetation contained species of all families found in the study, with a predominance
of Rhodacaridae (65.9%), Ascidae (20.5%), and Laelapidae (9.8%). In the other ecosystems,
the predominant family was Ascidae, representing respectively 54.8%, 59.7%, and 74.9% of the
Gamasina. In the soybean cultivation, the second predominant family was Laelapidae (20.3%),
followed by Phytoseiidae (10.9%). In the pasture and in the integration of cultivated forest–pasture,
the second predominant family was Rhodacaridae (respectively 21.3% and 18.3%), followed by
Laelapidae (12.7% and 6.3%).
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In total, 45 species of 24 genera were identified (Table 2). The highest diversity of genera was
found in Laelapidae (five), Phytoseiidae, and Rhodacaridae (four genera each); other families contained
one to three genera. The highest diversity of species was also observed in Laelapidae (19), followed by
Rhodacaridae and Ascidae (six each); other families contained one to five species. At least four of the
species collected are new to science, belonging to the families Ascidae and Melicharidae (one species
each) and Rhodacaridae (two species).

As to the possible effect of rainfall, species richness and both diversity indexes were higher in
the rainy season in natural vegetation, soybean cultivation, and pasture (Table 2). However, in the
integration of cultivated forest–pasture, these parameters were exactly the same or about the same in
both dry and rainy seasons.

The mean abundance was the highest in the natural vegetation in the dry (mean: 65.8, range
39–111; X2 = 20.57; df = 3; p > 0.001) and in the rainy (mean: 87.3, range 22–195; X2 = 12.21; df = 3;
p = 0.006) seasons. The mean richness was also the highest in the natural vegetation, both in the dry
(mean: 12.2 × mean: 1.8–4.8; F3.20 = 74.87; p < 0.001) and in the rainy (mean: 13.7 × mean: 4.5–7.2;
F3.20 = 7.72; p = 0.001) seasons. Both parameters were lowest in the soybean cultivation and pasture.

In the dry season, Shannon-Weaver’s and Simpson’s indexes were lowest in soybean cultivation
and similar to each other in other ecosystems, whereas in the rainy season, these indexes were lowest
in the integration of cultivated forest–pasture. Equitability was lowest in the natural vegetation in the
dry season and highest in soybean cultivation in the rainy season but similar to each other in other
ecosystems at each of those seasons.

When pooling the data for both dry and rainy seasons, Shannon-Weaver’s and Simpson’s indexes
were higher for soybean cultivation (respectively 2.35 and 0.84) than for the natural vegetation
(2.16 and 0.76), pasture (2.09 and 0.81), or for the integration of cultivated forest–pasture (1.81 and 0.73).
The equitability indexes of the pooled data were respectively 0.78, 0.71, 0.68, and 0.60 for soybean
cultivation, pasture, integration of cultivated forest–pasture, and natural vegetation.

Considering the different ecosystems separately, the highest species diversity was found
in natural vegetation (36 species), followed by soybean cultivation, pasture, and integration of
cultivated forest–pasture, respectively, of 20, 19, and 14 species. Only seven species were found in
all ecosystems (Multidentorhodacarus tocantinensis, Multidentorhodacarus squamosus, Gaeolaelaps sp.1,
Typhlodromus transvaalensis, Protogamasellus mica, Protogamasellus sigillophorus, Protogamasellus pantanal).
Nineteen species were found exclusively in the natural vegetation, while three species were found
exclusively in the soybean cultivation and other three in the pasture; no species were found exclusively
in the integration of cultivated forest–pasture.

In natural vegetation, the rhodacarids M. squamosus, M. tocantinensis, and a new species of
Binodacarus were the predominant species (at least 78 specimens each). In addition, other 10 species
were represented by more than 10 specimens each. In the other ecosystems, the predominant species
were p. mica and p. sigillophorus, but in pasture and in the integration of cultivated forest–pasture,
M. squamosus also predominated (at least 27 specimens in each). All of the predominant species in
the different ecosystems were found in all ecosystems. All other species were represented by less
than 10 specimens in each ecosystem, except Asca sp. (11 specimens in the integration of cultivated
forest–pasture), and none of them were found in more than three ecosystems.

Similarity Analysis

In the similarity analysis (Figure 1), natural vegetation was positioned distant from the other
ecosystems based on the abundances of species and physicochemical properties of soil. The highest
similarity was observed between soybean cultivation and pasture, with the integration of cultivated
forest–pasture in an intermediate position to the previous two ecosystems in one extreme and natural
vegetation in the other.
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In the bi-plot analysis (Figure 2), the eigenvalues of the simple correspondence analysis were
significant for axes 1 (λ = 0.63) and 2 (λ = 0.37) (axes considered significant when eigenvalue is higher
than 0.3, according to Dekkers et al. [23]), explaining 92.6% (axis 1: 58.5%; axis 2: 34.1%) of the variation
in the data. In regard to the similarity levels between ecosystems, a greater distance was observed
between soybean cultivation and pasture, as well as between any of these and natural vegetation or
integration of cultivated forest–pasture. Axis 1 separated soybean cultivation and pasture from natural
vegetation and integration of cultivated forest–pasture, while axis 2 separated soybean cultivation
from pasture.

In the canonical correspondence analysis, both axes explained 95.32% of the variance. The first
axis (CCA1) was negatively correlated with the most evaluated chemical parameters, except aluminum
(Al) and manganese (Mn). It was highly correlated with total organic carbon (TOC) (−0.98), organic
matter content (OMC) (−0.97), and pH (−0.71). Other parameters had lower correlations with CCA1:
Boron (B, −0.45), zinc (Zn, −0.47), phosphorus (P, −0.52), and potassium (K, −0.53). TOC, MOC, and pH
had a greater correlation with the soybean environment in the upper left quadrant, manganese was
correlated with pasture in the lower left quadrant, copper (Cu) with the integration of cultivated
forest–pasture in the upper right quadrant, and aluminum with the natural vegetation in the lower
right quadrant.
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and soil environmental parameters (pH; OMC, organic matter content; TOC, total organic carbon
and chemical elements) in four ecosystems (1, natural vegetation; 2, soybean cultivation; 3 pasture;
4, integration of eucalyptus–pasture) at Sucupira, Tocantins, Brazil. Eigenvalues: CA: axis 1 = 0.59,
axis 2 = 0.34; CCA: axis 1 = 0.59, axis 2 = 0.36. Habitats represented by triangles and species by circles.
Species abbreviations shown in Table 2.

4. Discussion

The results of this work showed a major difference between the number of Gamasina in the soils
of the natural vegetation and the numbers in cultivated areas, given that almost two thirds of all
Gamasina specimens were collected in the former. In a distant second place were the Gamasina from
the ecosystem consisting of the integration of cultivated forest–pasture, in turn followed by pasture
and finally soybean cultivation. This sequence is in line with what would be expected by considering
plant diversity (and diversity of other organisms) in those respective ecosystems. The strikingly low
number of Gamasina in the soybean cultivation corresponded to only about 7% of the number found
in the natural vegetation.

These results are compatible with findings of other authors, who also reported larger abundance
and richness of mites in soils of areas of natural vegetation than in cultivated soils [24–26]. In soybean
cultivation, the repeated disturbance caused by agricultural practices has been reported to result in low
Gamasina abundance [26], even when the production system includes no tillage, as in the present study.

In each ecosystem, a comparison of mite abundances in rainy and dry seasons showed the
smallest differences in the area of natural vegetation and of the integration of cultivated forest–pasture.
In addition, the richness was higher in natural vegetation than the other ecosystems. These results
suggest a relation between soil coverage (by the canopy and/or litter) with Gamasina population.
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Although soil coverage was not quantified in this study, the difference between the areas was notorious.
Despite the fact that soybean was cultivated under no tillage, the amount of litter in the soybean
cultivation area was small, corroborating the low value of organic matter content (OMC) for this area
in the dry season, when the area was bare and the lack of pronounced rain led litter to dry, exposing
the soil to sunlight, and probably causing high Gamasina mortality.

However, it is curious that OMC was much higher in the rainy season in the soybean cultivation
than in other areas, possibly as a result of the input of N-P-K and micronutrients in this agroecosystem
in the rainy season. No tillage reduces the impact of soil management, protecting it from erosion
and allowing significant increases in the levels of carbon and nitrogen, in parallel with an increase
in the organic matter content [27,28], which also favors the persistence of Gamasina. In this study,
difference between ecosystems was not restricted to abundance but also in terms of species richness,
with the number of species in the area of natural vegetation being practically at least twice as high as
in other areas.

However, quite a different picture was observed in relation to the diversity indexes, when mites of
the dry and rainy seasons were pooled. The highest index for soybean cultivation, rather than reflecting
species richness, reflected the highest level of equitability. The reverse can be said for the natural
vegetation, where species richness was much higher than in other ecosystems but where equitability
was lowest. The low equitability index in the area of natural vegetation, in turn, reflected the high
predominance of a single species, M. squamosus, which accounted for 46% of the Gamasina in this area
in comparison with only 5% in the soybean cultivation, and to 16–19% in the other areas.

Rhodacaridae has been reported as a predominant family in temperate forest soils in other parts
of the world [29–31]. However, the predominance of rhodacarids in the area of natural vegetation in
this study differs from the results of similar studies in other parts of Brazil, where other families have
been shown as dominant [32–34]. Within the rhodacarids, M. squamosus had only been reported in a
primary forest in Costa Rica [35] and in soybean cultivation in Mato Grosso, Brazil [36]. Another two
of the dominant species were only recently described, namely M. tocantinensis, found in the course
of this study [37], and P. pantanal, found in a similar study conducted in the Brazilian section of the
Pantanal biome [38].

Important factors that could have contributed to determining the faunistic differences between
ecosystems could obviously include the respective abiotic and biotic natural differences. However,
an additional factor that might have contributed to the observed difference in Gamasina density
(and possibly diversity) refers to the use of chemical products, especially in the area of soybean
cultivation, but also in the area of integration of cultivated forest–pasture. Some studies have shown
the negative impact of pesticides [24,39] and specifically fipronil [40,41] on edaphic organisms.

4.1. Effect of Abiotic Soil Factors

A high abundance of Ascidae species could be related to management practices in
agroecosystems, influencing soil physical and chemical and properties and probably also affecting mite
communities [24,39]. Ascid have been mentioned as common predators in soils of cultivated tropical
areas [42]. In the present study, the physical characteristics of the soil of the four studied ecosystems
seemed quite similar, and probably should not have affected the observed faunistic differences much.
For all ecosystems, the soil consisted of about 70–74% sand, 21–26% clay, and 5% silt. However,
the chemical characteristics were more variable. Thus, pH ranged between 4.7 and 6.5 in cultivated
areas, where aluminum was not detected, differing from the soil of the natural vegetation area, where
pH was 3.9–4.0 and where aluminum was detected. Under the prevailing circumstance of higher pH,
Protogamasellus species were the most abundant mites. In a pasture area in Colombia where pH was
6.3, an undetermined species of Protogamasellus was reported as the most abundant Gamasina [43],
whereas in pasture and agricultural areas of Argentina, where the pH was around 5.0–6.5, a high
abundance of another Protogamasellus species was reported [44].
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Protogamasellus mica, one of the predominant species in the present study in soybean cultivation,
is apparently well adapted to agricultural areas. It has been reported in several locations in Brazil, mainly
in agroecosystems of different biomes in the widespread states of São Paulo [26,32], Mato Grosso [36],
and Pernambuco [45]. This species was reported as one of the predominant Mesostigmata in areas of
cultivation of corn and beans [32].

The biplot analysis confirmed the highest species diversity in the natural vegetation than in
other ecosystems and their positive correlation with aluminum and negative correlation with pH.
The detection of that element only in the natural vegetation and not in other ecosystems is most certainly
due to lime application in the latter, as usual in cultivations in Cerrado areas, where pH is usually
low. Other studies have also shown a negative correlation between pH and mite abundance [46–48].
However, it is still not possible to tell the meaning of the observed correlation. In other words, does Al
and/or pH have a direct effect on these mites, or is there an effect on other environmental factors that in
turn affect the Gamasina? This seems an interesting subject to be evaluated in future works concerning
the mites found in this study.

4.2. Interaction of Gamasina with Other Organisms

In addition to the direct effect provided by litter soil coverage (moisture retention, reduction of the
incidence of light and excessive heat), an indirect effect is expected to occur, affecting the availability
of other organisms, especially other mites, small insects, nematodes, and fungi, that could serve as
food for predatory mites [44,49–51]. There is abundant information in the literature on the ability of
Gamasina to feed on these organisms [13].

Among the organisms regularly consumed by gamasine mites, there are species potentially
harmful to cultivated plants or animals. Soybean is one of the main crops in Brazil. This crop
is not known to be severely damaged by edaphic mites but it is attacked by edaphic insects [52].
These insects are not known to be significantly attacked by predatory mites, as occurs for Sciaridae fly
larvae in mushroom crops [53]. However, soybean can be severely damaged by nematodes [54,55],
a group of organisms known to be consumed by Gamasina. Nematode species reported as important
soybean parasites in Brazil are Meloidogyne javanica (Treub), Meloidogyne incognita (Kofoid and White),
Heterodera glycines Ichinohe, and Pratylenchus brachyurus (Godfrey) [54,55]. Some of these could be
attacked by local gamasine species, and in that case, it would be worthwhile to conserve those predatory
mites as naturally occurring biological control agents.

The results of this study show the effect of anthropic activities on Gamasina diversity. A pragmatic
question to be asked is whether the presently adopted cultivation practices and their effect on the local
gamasine fauna is tolerable. The work carried out does not allow a conclusion in this regard, given our
insufficient knowledge about the role of these mites in the Cerrado biome. This subject seems another
important topic for future research.

Additionally, what would be a practical recommendation for growers in the region, in order to
maintain as much as possible the natural qualities of the environment, while allowing agricultural
production to take place? Most certainly, what was shown in this work is the prevailing situation in
most grain production areas worldwide, and the ecological impact is expected to be related to the
extent of the cultivated area. A mitigating measure would be the establishment of preservation areas.
It is expected that areas of preserved natural vegetation close to the cultivation systems can serve as a
reservoir of native species, from which they could migrate to neighboring areas. As verified in this study,
of the total of 45 gamasine species collected, 36 occurred in the area of natural vegetation. It is possible,
however, that at least part of these species cannot manage to survive in the agricultural environment,
and that their presence is always restricted to soils of natural vegetation. The determination of this
possibility and the development of techniques that would allow their maintenance in agricultural areas
still require major research efforts.
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Abstract: Some plant species possess structures known as leaf domatia, which house mites.
The association between domatia-bearing plants and mites has been proposed to be mutualistic,
and has been found to be important in species of economic value, such as grapes, cotton, avocado and
coffee. This is because leaf domatia affect the distribution, diversity and abundance of predatory and
mycophagous mites found on the leaf surface. As a result, plants are thought to benefit from increased
defence against pathogens and small arthropod herbivores. This study assesses the relative diversity
and composition of mites on an economically important plant host (Coffea aribica) in comparison to
mites found in a neighbouring indigenous forest in South Africa. Our results showed that the coffee
plantations were associated with only predatory mites, some of which are indigenous to South Africa.
This indicates that coffee plantations are able to be successfully colonised by indigenous beneficial
mites. We also found an “edge effect”, in that coffee trees at the edge of the plantation hosted fewer
mite species. These results are a snap-shot from a single sampling period. Nonetheless, they highlight
the potential importance of this mutualism in commercial crop species and the possible role of faunal
exchanges between indigenous and exotic crop species. This study expands our understanding of the
mite–plant mutualism in Southern Africa, a region where acarological studies are sparse.

Keywords: leaf domatia–mite mutualism; Coffea arabica; mite diversity; edge effect; South Africa

1. Introduction

The commercial coffee plant, Coffea arabica L. (Rubiaceae), originates from Ethiopia and is cultivated
worldwide in more than 50 countries [1,2]. Leaves of this species bear pit-type domatia, and coffee is
one of many economically important species that have been shown to benefit from the association with
mites [3–8]. Other economically important plants known to have an association with mites include
grapes, avocado, sweet pepper plants and cassava [4,6,9–11]. The mutualism with mites is important
in coffee because it may provide some relief from one of the most important diseases of coffee plants,
the coffee leaf rust fungus (Hemilleia vastatrix Berk and Boome), and also from phytophagous mites [8].
In Brazil, the top coffee-producing country in the world, these benefits are appreciated, and more
studies are being undertaken in an attempt to understand the possible interactions among the different
mite species found in coffee and the favourable environmental conditions for the predaceous mites on
coffee plants, in order to improve their integrated pest management programs for coffee agroforest
systems [12]. Furthermore, coffee plants may also benefit from an increased overall fitness due to a
decrease in the damage caused by plant enemies. Agrawal et al. [4] showed that cotton plants with
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artificial domatia added to them had increased populations of predatory mites and that their cotton
yield was enhanced compared to plants without domatia.

In many countries that produce coffee, the coffee red mite, Oligonychus ilicis McGregor (Tetranychidae),
is a common pest [3,8,13,14]. Even so, coffee leaves with healthy domatia have been shown to harbour
more beneficial mites than pest mites [11,12,15]. In North Queensland, the majority of the mites found
inside the domatia of coffee were primarily predatory from the families Stigmaeidae, Phytoseiidae and
Bdellidae [3]. In Brazil, predatory mites such as Euseius citrifolius Denmark and Muma and Euseius concordis
(Chant) are associated with coffee, and these mites control the pest mites Brevipalpus phoenicis (Geijskes)
and Oligonychus ilicis [12]. Even though these mites are currently not listed as pest mites in South Africa,
their related species such as Oligonychus coffeae (Nietner) and Oligonychus mangiferus (Rahman and Sapra)
are known pests.

In South Africa, coffee is not widely cultivated, and according to an official government website,
only approximately 200 ha are cultivated, with a national yield of 3500 bags (60 kg per bag; however,
note that this information dates back to 2014). In comparison, Brazil, which is the top coffee-producing
country, supplies nearly 48 million bags [16]. Perhaps for this reason, little is known about the mites that
occupy the domatia of coffee grown in South Africa, and studies on the domatia-facilitated plant–mite
mutualism in Africa as a whole are rare. Despite the importance of the mites in coffee, there is little
information about the fauna of predatory mites found in these plants and about the influence that
neighbouring vegetation exerts as a reservoir of predatory mites, even in Brazil.

The aim of this study was to examine the mite communities found inside the domatia of coffee
plants in South Africa and to compare the mite fauna with that found in leaf domatia-bearing plant
species in the adjacent indigenous forest, thereby contributing to the knowledge of mites associated
with domatia, from both an exotic crop species and indigenous trees from an understudied region.

Based on the literature, we hypothesised that the coffee plantations would harbour beneficial
mites inside their domatia and primarily predatory species which are similar to those found in the
adjacent forest. We further hypothesised that the diversity of possible host plants in the forest would
result in greater mite diversity in the forest, but that some of the mite taxa may have dispersed and
established themselves in the coffee plantation.

2. Materials and Methods

Beaver Creek Coffee monoculture plantation in Port Edward, KwaZulu-Natal Province,
South Africa, was selected as the study site (31◦02’40.86” S; 30◦10’48.18” E). The study was conducted
in February of 2015, during the summer season in South Africa. We chose to sample during this season
because our results from a previous study of the effects of seasonality on the distribution of mites
suggested that mites inhabit domatia during all seasons and mite abundance was highest in summer
and autumn [17]. The Beaver Creek Coffee plantation was selected due to its close proximity (about
200 metres) to the indigenous Umtamvuna Forest (Figure 1). From our observation, this forest was
intact, with a well-developed canopy and understorey tree layers.

Four transects were randomly laid out across the plantation: two laid in the middle of the
plantation and two at the edge of the plantation. These two transect lines for both the edge and
the middle were laid next to each other, parallel to the plant rows. Both the edge of the plantation
closest to the forest and in the middle of the plantation were sampled to test whether there would be
higher abundance and a different suite of mites at the edge of the plantation compared to the middle.
Twenty leaves were sampled from each of 10 individual coffee trees that were randomly selected along
the transect line. When sampling, mature leaves with fully developed domatia were chosen from
all around the tree. In addition to this, forest walks in the neighbouring Umtamvuna Forest were
undertaken, and twenty leaves were sampled from each plant species found to possess leaf domatia.
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The leaves were placed in a reseal-able plastic bag and stored in a cooler box with ice, to keep the
mites sessile. The mites were then viewed under a dissecting microscope, on the same day the sampling
took place. Mites found inside domatia were counted before they were collected for identification.
Mites were removed and collected from leaves using a pipette and a drop of alcohol, mounted on a slide
using PVA mounting medium, and viewed under an Olympus light microscope. Some individuals
were mounted on a stub, using a double-sided tape, coated with carbon, and viewed under a scanning
electron microscope. Mite species abundance (average number of mites per leaf), composition and the
Shannon diversity index for both sites were calculated.Diversity 2020, 12, 79 3 of 13 
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Figure 1. A Google Earth image showing the close proximity of Beaver Creek Coffee plantation to
Umtamvuna forest. (Image© 2020 Maxar technologies).

A list of all mite species collected from each of the plant species from the different sampling sites
was collated, and a presence–absence data matrix was produced, where “1” represented the presence
of a species of mite in a sampled tree, and “0” its absence. Prior to analysis, the data were subjected
to the “Absence and Presence” transformation option in PRIMER 6 software package, where each
sampling unit was one plant (based on 20 leaves per plant). The presence-and-absence transformation
allows for the less abundant mite species to have the same weighting as abundant ones.

A resemblance analysis (Bray–Curtis resemblance) using the software PRIMER 6 [18] was then
performed. From this analysis, a dendrogram plot was produced, using the “group average” linkage
to identify relationships and similarities in mite biota between the host species sampled. A similarity
percentage analysis (SIMPER) was also conducted to determine which mite species are characteristic
of the different vegetation types and to identify which mites contribute most to the similarity between
vegetation types and within sample sites.
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3. Results

Twenty-seven different plant specimens from 18 species were sampled from Umtamvuna forest,
and 40 plants (10 plants per transect; four transects) were sampled from a coffee plantation that is a
monoculture. Table 1 lists all the mite species collected from the coffee plantation and the neighbouring
Umtamvuna forest and also gives the total abundance and frequency for each of the mite species
collected. In total, nine different species of mites were collected from leaves of coffee, and 20 mite
species were found on the forest tree species. Furthermore, these results show that three mite species
were exclusively found in coffee and 14 mite species were found exclusively in the forest (Table 1).
The most abundant species in coffee were Euseus addoensis and Typhlodromus crassus (both predaceous).
In the adjacent forest, the predacious mite Amblyseius anomalus and an herbivorous mite Eriophyid
species were the most abundant.

The samples from the coffee plantation formed a distinct cluster in the multivariate analysis
with the exception of three samples from the edge of the plantation that were grouped with Canthiun
cilliatum (Figure 2), which is a shrub. However, there is no clear separation between the samples from
the edge and the centre of the plantation. This shows that the coffee plantation had a different suite of
mite species when compared to those found in the adjacent forest patch.

Similarly, where multiple trees of the same species were sampled from the indigenous forest (five
species were sampled more than once), the mite fauna did not group the specimens of these species
together, suggesting that the host selection of the mites in the forest is rather eclectic.

Tables 2 and 3 give the results of the similarity percentage analysis, within group similarity
and between group dissimilarity, respectively, and the top three mite species that contributed to the
similarity at the different sites. This analysis allows us to account for which species explain similarities
and dissimilarities between the groups. The natural forest had a low percentage similarity value
(31.2%), and the coffee plantation had a slightly higher within group similarity value (middle 68.2%;
edge 46.2%). The dissimilarity values when comparing different vegetation sites were high (Table 3).
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Table 2. The contribution of the mite species sampled to the average within group similarity amongst
the sites sampled.

Site Average within Group Similarity (%) Contribution of Species (%)

Natural forest 31.21

Phytoseiidae
Amblyseius anomalus (23.6)

Ueckermannseius munsteriensis (21.5)
Oribatida

Oribatid mite (16.8)

Middle of coffee
plantation 68.27

Phytoseiidae
Euseius addoensis (81.1)

Typhlodromus crassus (16.0)

Edge of coffee
plantation 46.17

Phytoseiidae
Typhlodromus crassus (70.2)

Cunaxidae
Bunaxella quini (8.7)

Phytoseiidae
Euseius addoensis (8.2)

Table 3. The contribution of the mite species sampled to the average dissimilarity between the
sampled sites.

Site Average between Group
Dissimilarity (%) Contribution of Species (%)

Natural forest vs. middle of
plantation 97.97

Phytoseiidae
Euseius addoensis (17.5)

Amblyseius anomalus (10.1)
Ueckermannseius Munsteriensis (9.7)

Middle of coffee plantation vs.
edge of plantation 62.48

Phytoseiidae
Euseius addoensis (29.0)

Typhlodromus crassus (23.3)
Cunaxidae

Bunaxella quini (16.1)

Edge of coffee plantation vs.
natural forest 89.64

Phytoseiidae
Typhlodromus crassus (15.0)
Amblyseius anomalus (9.9)

Phytoseius sp. (9.4)

The adjacent forest had a higher Shannon diversity index than the coffee plantation (Figure 3B),
and when comparing the two sample sites within the coffee plantation, leaves collected in the middle
of the plantation had more mites and a higher diversity index compared to samples collected at the
edge (Figure 3A,B).
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4. Discussion

This study provides the first assessment of the mite biota found in coffee plants of South Africa.
An improved understanding of mites found in coffee and how they assist in keeping the crop plant
healthy is important. Our results from a single sampling period show that Coffee arabica is associated
with more than one mite species occupying its domatia (Table 1). The coffee plantation had low mite
species diversity when compared to the neighbouring indigenous forest (Figure 3B). The mites collected
from the coffee plants belonged to the families Phytoseiidae, Stigmaeidae and Cunaxidae, and these are
commonly found in leaf domatia all over the world. These are all predatory mites and mites from these
families have previously been shown to be associated with coffee plantations [3,12]. Matos et al. [19]
found that coffee domatia had a positive effect on the abundance of predatory mites, and plants with
higher densities of domatia harbour more predatory mites and fewer prey mites. Mineiro at al. [20] and
others [21] also found a higher number of predatory mites and phytophagous mites on coffee plants
across different cropping systems. These results further support the hypothesis that domatia attract
beneficial mites that act as the plant’s “bodyguards” and highlight the importance of this mutualism
in economically important species. In a study similar to ours, O’Connell et al. [22] found that native
forests supported higher numbers of mite species than either plantation forest or pastoral grasses.

This beneficial mutualism has been shown in other commercial crop plants, including grapes,
cassava and even cotton [6,13,23,24]. Avocado (Persea americana) plant leaves with domatia were found
to be associated with more predatory mites and fewer herbivorous mites than those without domatia.
Onzo et al. [6] showed that predatory mites help protect cassava plants by reducing herbivorous mites
on young leaves, which are the most photosynthetically active and force herbivorous mite to move
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down the plant to less profitable older leaves. Norton et al. [5] found high densities of the beneficial
mites Orthotydeus lambi on grape plants with intact domatia than on plants with blocked domatia. Both
English-Loeb et al. [9] and Melidossian et al. [24] have shown that tydeid mite suppresses powdery
mildew on the fruit and foliage of Vitis vinifera and that the mite could be an important bio-control agent
for the grape powdery mildew, which is a pathogen of cultivated and wild grapes. Furthermore, grape
vines with bigger domatia are resilient to pathogenic fungi because they support larger communities
of fungivorous mites [23].

In our study, the mites found inside the domatia of coffee were all predatory. Other studies
examining the occupants of coffee domatia also observed phytophagous mites such as Oligonychus ilicis
and Brevipalpus phoenicis, which cause damage to the leaves [8,19,25]. However, we did not find any of
these mites in our study site. This could be due to the fact that we only sampled the site once. Some
potentially harmful mites were found in the Umtamvuna forest, but these appear not to have migrated
to the plantation. Alternatively, these harmful mites could have been preyed upon by the predatory
mites associated with the coffee plants. From this, we speculate that predatory mites which were found
at the plantation were successful at keeping the plants healthy by preying on any harmful mite that
landed on the coffee leaves. This is a widely accepted benefit that plants get as a result of producing
domatia, and many studies [5,12,15,23] support the hypothesis that mites act as plant “bodyguards”
and protect plant leaves from their natural enemies.

When compared to the adjacent forest patch, coffee plants were found to possess a different suite
of mites (Figure 2). These results were further supported by the SIMPER analysis, which gave higher
dissimilarly values when comparing the two sampled sites (Tables 2 and 3). Three mite species (Mullederia
centrata, Agistemus sp. (probably new) and Ueckermannseius sp1) were uniquely found in the coffee plantation
and five species (Agistemus tranatalensis, Bunaxella quini, Euseius addoensis, Typhlodromus crassus and
Ueckermannseius munsteriensis) were found in both the adjacent forest and in the coffee plantations (Table 1).
These results suggest that, to some extent, certain mites had a preference for coffee plants over the species
found in the adjacent forest patch. Some of these mites (Agistemus sp. (probably new). Ueckermannseius
specis, Ueckermannseius munsteriensis, Euseius addoensis and Typhlodromus crassus, found on coffee plants, are
indigenous to South Africa, suggesting that this exotic plant is not associated with its own mite that could
have been imported from another country, and that indigenous mites are able to migrate and establish on
exotic species. The origin of the three mite species found exclusively on the coffee plants (two of which are
indigenous) is uncertain. Either they are present in the indigenous forest but were not sampled, or they
were introduced along with the coffee plants, at the time the plantation was established. In a similar study
assessing plant-inhabiting mite fauna associated with sugarcane, the important role that natural vegetation
plays as a source of natural mites, which are enemies of pests, was demonstrated [26,27].

Interestingly, plants at the edge of the coffee plantation had fewer mites and a lower Shannon
diversity compared to plants in the middle of the plantation (Figure 3B). This suggests that mites
found on plants at the edge may be subjected to negative edge effects, as they were closest to the fire
break path around the plantation, which is constantly mowed. An edge effect results when both biotic
and abiotic conditions change along the boundary between two habitats, affecting the distribution,
biodiversity and ecosystem functionality of species in both habitats [27,28]. A negative edge effect
results when species found the edge of the habitat patch are exposed to an increased risk of parasitism,
disease, increased predation, adverse microclimate conditions and increased competition from invasive
species [27,29].

We suspect that this was also the case in this study and that this was due to the fact that the mites
at the edge of the plantation would have been exposed to harsher environmental conditions, such as
strong winds, exposure to rainfall and sunlight, as well as low relative humidity. Many species have been
shown to suffer from edge effects [27,29–31], and in terms of arthropods, Lacasella et al. [32] showed
that grassland species of spiders, centipedes and ground beetles were affected by the edge and this
influence was evident up to 15 m from the habitat edge. Mites are delicate and are susceptible to these
extreme conditions and thus avoid such habitats. Forest microclimate (patterns of temperature, moisture,

85



Diversity 2020, 12, 79

wind and light) plays an important role in influencing insects and arthropod habitat selections [33,34].
Furthermore, relative humidity and exposure to sunlight have been shown to affect the distribution
and diversity of mites within the tree canopy [35]. Croft et al. [36] showed that eggs and larvae of
phytoseiid mites were sensitive to relative humidity and for all four species of phytoseiid mites subjected
to humidity assays, egg and larvae mortality increased with decreasing humidity. To the best of our
knowledge, this study is the first to show the impact of edge effects in mites.

5. Conclusions

Our results are from a single sampling period and do not show seasonal patterns of mite diversity.
Even so, they indicate that, despite being adjacent to the indigenous forest, the coffee plantations at
Beaver Creek were associated with a different suite of native species of predatory mites. This suggests
that the coffee plantations are able to be successfully colonised by beneficial indigenous mites, but that
migration of mite species between indigenous hosts and exotic crop species is limited. In addition,
the coffee trees at the edge of the plantation were found to possess a lower diversity and slightly
different suite of mites when compared to the plants from the middle of the plantation. These results
highlight the importance of the mutualism between leaf domatia and mites in both commercial plants
and indigenous species. This is important, as it implies that indigenous mites be effective at controlling
pests on exotic crop species as an alternative to chemical control. Future studies that sample multiples
times during the year and that compare mites found on leaves, branches and fruits will provide us
with a better understanding of the diversity of mites found in coffee and the role of predatory mites in
keeping plants healthy.
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Abstract: Water mites represent the most diverse and abundant group of Arachnida in freshwater
ecosystems, with about 6000 species described; however, it is estimated that this number represents
only 30% of the total expected species. Despite having strong biotic interactions with their community
and having the potential to be exceptional bioindicators, they are frequently excluded from studies
of water quality or ecology, due to actual and perceived difficulties of taxonomic identification in
this group. The objective of this study is to use the variations in the sequences of the mitochondrial
cytochrome oxidase subunit I (COI), also known as the DNA barcodes region, as a tool to assess the
diversity of water mites at 24 sites in the Yucatan Peninsula of Mexico. We found 77 genetic groups
or putative species corresponding to 18 genera: Arrenurus, Atractides, Centrolimnesia, Eylais, Geayia,
Hydrodroma, Hydryphantes, Hygrobates, Koenikea, Krendowskia, Limnesia, Limnochares, Mamersellides,
Mideopsis, Neumania, Piona, Torrenticola, and Unionicola. This was significant, since there are only
35 species described for this region. Furthermore, this molecular information has allowed us to infer
that there are characteristic assemblies per site. These data will facilitate the incorporation of water
mites in different studies while the curatorial work continues to assign a Linnaean name.

Keywords: COI; Yucatan Peninsula; assemblages; richness; Acari

1. Introduction

Water mites belong to the Hydrachnidiae subcohort and represent the most important, abundant,
and diverse group of the Arachnida in freshwater ecosystems [1,2]. There are about 6000 named species,
with 1300 of them reported from the Neotropics. According to Goldschmidt [3], the neotropical water
mite fauna is far from being completely described, and approximately 5440 species could reasonably
be expected in this area.

Mexico is a mega-diversity country due to its position in a transition region between the Nearctic
and Neotropical zones and its complex physiography [4]. As a result, it is the country in the world
with the second highest number of ecosystems and the fourth in terms of biodiversity [4]. In relation to
aquatic environments, we know only a small fraction of their biological diversity. Regarding water mites,
317 species have been described and some reported here in the last 40 years [5]. Only 35 were from the
Yucatán Peninsula that comprises three Mexican states (Quintana Roo, Yucatan, and Campeche) [6–8].

The Yucatan region includes one of the world’s largest karstic aquifers and that represents a mosaic
of different geochemistry and hydrogeologic properties on its water ecosystems [9,10]. For example,
the Cenote Azul, located in the southern part of the Yucatan Peninsula (18.647 N and 88.412 W, Datum
WGS84), is a unique extreme environment, characterized by a high sulfate and strontium content
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water [10]. Lake Bacalar, also located in the south, hosts the largest living freshwater microbialites in
the world [11,12] and has a rich mite fauna, which is still unknown [13].

According to Cook (1980), we were far from knowing all the local water mite diversity in the
neotropics, and this situation has not improved significantly over the last 40 years. Other authors
have observed that neotropical water mite fauna shows regional diversification, and a high degree of
richness and endemism should be expected in this region [1,3].

The taxonomy of water mites is difficult, and systematics is constantly subject to changes [14–16],
first, due to the complex life cycle composed of three active stages: parasitic larva, depredatory
deutonymph, and adult and three resting stages, namely prelarva, protonymph, and tritonymph,
plus the egg [2]. Some groups, such as adults arrenurids, also present a strong sexual dimorphism,
where males and females are completely different morphologically. In other cases, this dimorphism
is visible in the modification of the legs IV for males. Finally, the diagnostic characteristics, such as
setaes, coxal groups, acetabular plate, glandularias, or palps are difficult to identify without taxonomic
training. Due to these challenges, many synonyms, cryptic species, subspecies, and “forms” with
questionable identity exist in the literature [6,14,17].

The application of molecular biology techniques adds new characters to taxonomy. A particular
region of the mitochondrial COI (cytochrome c oxidase I) gene, one of the groups known as DNA
barcode region, is the most common sequence used in water mite taxonomy research. Public databases,
including the Barcode of Life Database (www.boldsystems.org) or GenBank (www.ncbi.nlm.nih.gov),
and the use of new bioinformatic tools represent a breakthrough in species identification [18,19]. On the
other hand, these molecular data allow us to understand, from another perspective, not only the
identity of species, but also ecological relationships that exist between these animals. It is also another
important character for new species descriptions [20,21] that can solve problems related to cryptic
species complexes [14,15], and matching of different development stages from eggs to adult males and
females despite their morphological differences [16,21–24].

Additionally, DNA barcoding and the BOLD database (boldsystems.org) can be used to obtain
a preliminary approximation of distribution patterns, species assemblages, richness, and diversity
among other analysis [25]. The Barcode Index Number (BIN) is a fast-computational algorithm based
on differences of the COI fragment. It is a unique Operational Taxonomic Unit (OTU) that highlights
a putative species, assigning an exclusive code composed of alphanumeric characters [26]. The BIN
system provides information about specimens with their associated metadata (taxonomy, distribution,
images, sequences, collector, identifier, and institution where the voucher/specimens is deposited) [26].
This system has been used with success in diverse invertebrate surveys, biodiversity assessments,
and species delimitation [13,25,27,28]. Currently there are 77,666 Trombidiformes records in the
database where Hydrachnidia is a subcohort.

The aim of this study was to assess water mite diversity in different water bodies from the Center
to the Southern Yucatan Peninsula, using DNA barcoding and the subsequent BIN representing each
OTU, and their correspondence with identified morphotaxa, as the main approach.

2. Materials and Methods

2.1. Collection of Samples

Data were mined from both BOLD corresponding to previous published studies by the
authors [13,23] and unpublished data from a last sampling survey carried out in April and August
corresponding to the dry and rainy seasons. By the end, all data represented 24 sites (Table 1) from
Yucatan Peninsula (PY), Mexico (Figures 1 and 2). All the samples were collected according to the
methods in earlier studies [23], with the exception of two systems: Acapulquito and Palmar, where the
collection was carried out by using manual nets with a mesh of 100 µm.
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Table 1. Collection locations and Barcode Index Numbers (BINs) associated.

Number Site Lat N Long W BINs

1 Acapulquito 18.4321 88.5312 11
2 El palmar 18.4407 −88.5273 6
3 Cenote Azul 18.651 −88.4098 14
4 Cenote Cocalitos 18.652 −88.408 21
5 Cenote Escuela Normal 18.651 −88.40g. 9
6 North Bacalar Lake 18.9176 −88.171 14
7 Cenote Pucte 1 19.079 −87.994 11
8 Cenote Pucte 2 19.091 −87.994 9
9 Cenote el Toro 19.098 −88.021 2
10 Ramonal 19.3921 −88.6242 10
11 Cenote Sijil Noh Ha 19.475 −88.052 3
12 Cenote Chancah Veracruz 19.486 −87.988 4
13 Cenote del Padre 19.604 −88.003 6
14 Minicenote 19.607 −87.989 2
15 Cenote Tres Reyes 1 19.668 −87.881 3
16 Cenote Tres Reyes 2 19.692 −87.877 6
17 Santa Teresa 19.723 −87.813 2
18 Chichancanab 19.924 −88.7708 7
19 Cueva de las serpientes 19.93 −88.806 1
20 Cenote km 48 19.943 −87.794 6
21 Chunyaxche Lagoon 1 20.042 −87.581 3
22 Chunyaxche Lagoon 2 20.06 −87.576 12
23 Muyil Lagoon 1 20.069 −87.594 8
24 Muyil Lagoon 2 20.075 −87.607 4
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Figure 2. Examples of some sampled localities: (a) Cenote Azul, (b) Cenote Cocalitos, (c) Bacalar lake,
and (d) large microbialites from Bacalar lake. Photos taken by©HBahena/ECOSUR.

2.2. Specimen Preparational Analysis

In the laboratory, the fixed samples were viewed under a stereo microscope, and water mites
were removed from each one. Representatives of each morphologically distinct group were separated
and stored in 5 mL vials with 4 mL of 96◦ ethanol. All the water mites were identified to genus, using
published keys [2,14,28]. All mites were photographed in a stereo microscope Zeizz Stereo Discovery
with an Eos Rebel T3i camera.

2.3. DNA Extraction and Amplification

Whenever it was possible, five individuals of each genus were selected for genetic analysis.
The whole water mite specimens were placed into 96-well plates, and DNA extraction was carried out
by using a standard glass fiber method [29]. After the DNA extraction, the vouchers were recovered and
preserved in Koenike’s solution for future curatorial labor and deposited in the Reference Collection at
El Colegio de la Frontera Sur, Unidad Chetumal (ECOCH-Z-10339-10364).

The PCR mixtures contained a final volume of 14 µL and were prepared as follows: 2 µL of
Hyclone ultra-pure water, 6.25 µL of 10% trehalose (previously prepared: 5 g D-(+)-trehalose dehydrate,
in 50 mL of total volume of molecular grade ddH2O), 1.25 µL of 10X PCR buffer, 0.625 µL of MgCl2
(50 mM), 0.0625 µL of dNTP (10 mM), 0.125 µL of each primer (10 µM), 0.06 µL of Platinum Taq DNA
polymerase, and 3 µL of DNA template. All specimens were amplified with the zooplankton primers
(ZplankF1_tl and ZplankR1_tl). The reactions were cycled at 94 ◦C for 1 min, followed by five cycles of
94 ◦C for 40 s, 45 ◦C for 40 s, and 72 ◦C for 1 min, followed by 35 cycles of 94 ◦C for 40 s, 51 ◦C for 40 s,
and 72 ◦C for 1 min, with a final extension of 72 ◦C for 5 min. PCR products were visualized on 2%
agarose gel (E-Gel 96 Invitrogen); finally, positive PCR products were selected for sequencing.
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PCR products were sequenced, using a modified BigDye© Terminator v. 3.1 Cycle Sequencing Kit
(Applied Biosystems, Inc., Foster City, CA, USA), and sequenced bidirectionally on an ABI 3730 capillary
sequencer at Eurofins Scientific. Sequences were edited by using Codon Code v.3.0.1 (CodonCode
Corporation, Dedham, MA, USA). Sequence data, trace files, collection data, and primer details for all
specimens are available within the public dataset DS-YUCWM through the public data portal of the
Barcode of Life Data Systems (www.boldsystems.org) and in GenBank (www.ncbi.nlm.nih.gov).

2.4. Sequencing and Data Analysis

All sequences that met minimal quality standards (≥500 bp, without ambiguous bases or stop
codons) were assigned to a BIN [19,26]. These BINs are considered putative species or OTUs [13].

The analysis of all sequences with a BIN assignment was conducted by using MEGA v.6.
We constructed Neighbor Joining trees for the most families with large numbers of BINs (Arrenuridae,
Limnesiidae, Unionicolidae, and Hygrobatidae). The simplified trees were prepared by using
Figtree v1 4.4.

A Jaccard index and a dendrogram were calculated with Excel software, to assess beta diversity
and the similarity of water mites’ BINs among the 24 locations.

3. Results

A total of 607 water mite sequences representing 77 BINs were obtained. These corresponded
to 13 families: Anisitsiellidae, Arrenuridae, Eylaidae, Hydrodromidae, Hydryphantidae, Hygrobatidae,
Krendowskiidae, Limnesiidae, Limnocharidae, Mideopsidae, Pionidae, Torrenticolidae, and Unionicolidae.

The number of BINs per site varied from one at Cueva de las serpientes to 21 at Cenote Cocalitos
(Table 1).

We observed a correspondence between the BINs and the morphospecies for all the mite specimens.
In Figure 3, we can see the correspondence between BINs and representatives of the Krendowskiidae
family and Limnesia genera. In most cases, we matched molecularly and morphologically each BIN
to a genus level, except for the following 15 that could only be assigned to families: Torrenticolidae,
Limnesiidae, Hygrobatidae, Pionidae, Unionicolidae, and Eylaidae; and three BINs pertaining to
Trombidiformes (Table 2).
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Figure 3. Members of Krendowskiidae family and Limnesia genus. (A,B) Lateral and ventral view of
Geayia BIN ACT6195; (C,D) Dorsal and ventral view of Krendowskia BIN ACX8435; (E,F) dorsal and
ventral view of Limnesia BIN ACY7380; and (G,H) dorsal and ventral view of Limnesia BIN AEA5595.
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Table 2. Summary of taxa identified, BIN, and location.

Family Genera BIN Location

Limnocharidae Limnochares

ADI4862 * 3
AEA4515 * 14
AEB4511 * 24
ACY6840 3, 6, 4

Hydrodromidae Hydrodroma ADF3732 * 3, 4, 23, 6, 18, 2, 20, 8.

Hydryphantidae Hydryphantes AEA5005 * 3

Torrenticolidae
Torrenticola AEA7372 * 1

Unknown genera AEA4395 * 1

Limnesiidae
Limnesia

AEA5595 * 13, 6, 18, 7, 12.
AEA6471 * 10
ACX7759 5,4
ACY7380 19, 5, 22, 4, 2, 6

Centrolimnesia AEA3914 * 9, 8, 16, 17

Unknown genera AEA4382 * 16, 9

Krendowskiidae
Krendowskia ACX8435 20, 13, 5, 16, 24, 18, 6, 4

Geayia ACT6195 1

Mideopsidae Mideopsis
AEA6512 * 1
ACX8679 20, 13, 18, 5, 4, 24, 11, 23, 22, 8.
ACY7169 7, 4, 22, 5.

Unknown genera AEB4633 * 12

Hygrobatidae

Hygrobates

AEA3689 * 1
AEA3690 * 2
AEA3924 * 1, 2
ACX7887 3, 18
ADO7098 6

Atractides ACX7786 5, 4

Unknown genera AEA4089 * 23
AEA5236 * 21, 22, 23

Pionidae Piona
AEB1670 * 6
ACX8296 13, 12, 3, 6, 4, 23, 24, 7.

Unknown genera AEA4809 * 22

Unionicolidae

Unionicola

ACX8035 * 4
AEB4634 * 8
ACX8034 5, 4, 3, 7, 8, 14
ACX9008 4, 5, 6
ADM7936 21, 22, 23, 3
ADP1665 4, 7, 22, 6

Koenikea
ADI2928 * 3
ACY7384 4, 5, 22
ADI3114 2, 22, 6, 20, 3, 18, 8, 1.

Neumania
AEA8101 * 20, 7, 10
AEA5358 * 10
ACY6829 6, 4

Unknown genera

AEA4829 * 22, 8, 16
AEA6062 * 23, 22.
AEA6668 * 16
AEA7951 * 16
AEB1594 * 8
ACY7381 4

AEA3726 * 7
AEA4514 * 1
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Table 2. Cont.

Family Genera BIN Location

Eylaidae
Eylais ADD9174 * 4

Unknown genera AEA4696 * 15
AEA5669 * 15

Arrenuridae Arrenurus

ACX8462 * 4
ACX8780 * 4, 2, 1
ADI3752 * 3
AEA3972 * 10
AEA7182 * 7, 20
AEA7842 10

AEA7843 * 10
AEA7844 * 1
AEA8234 * 10
ACL2418 4
ACX8463 6, 4, 18, 23, 3, 12, 11, 13.
ACX8464 4, 3, 13, 10, 6, 18.
ACX8788 5
ACY6809 7, 4, 21, 22, 24, 4,3
AEB7095 1

ADI4458 * 3
AEA4828 * 17

Anisitsiellidae Mamersellides
AEA6955 * 10
AEA6956 * 10

Unknown
AEA4343 * 11
AEA3823 * 15
AEB1898 8

Localities are the same as Table 1. * Unique BINs in the Barcode of Life Database (BOLD) system.

3.1. Water Mite BINs Richness

Unionicolidae was the most diverse and abundant family, with 20 BINs and 230 sequences
distributed among three genera, which were identified as Unionicola, Koenikea, and Neumania,
and unidentified specimens. Fifty percent of the BINs of this family appear to have a restricted
distribution inhabiting only one locality, while the other half was found in two to eight localities as
Koenikea with the BIN ADI3114 (Figure 4 and Table 2).

The Arrenuridae was the second most diverse family, with 123 sequences and 17 BINs. All of them
belonged to the genus Arrenurus. For nine BINs from this group, it was possible to correlate males
and females and nymphs for three of them (Figure 5. Most of the BINs apparently inhabit only one
location, and only three of them seem to have a wide distribution: ACX8463, ACX8464, and ACY6809
(Figure 6 and Table 2).

The Hygrobatidae and Limnesiidae families each had a moderate number of BINs. Hygrobatidae
was represented by 48 sequences corresponding to eight BINs; two of them could be identified to
genera Hygrobates and Atractides, and two more BINs could be identified only to family. Most of the
Hygrobatidae occur only in one or two localities (Figure 7 and Table 2).

The Limnesiidae are represented by 68 sequences and six BINs, with four of them identified as
Limnesia, one Centrolimnesia, and one unidentified genus. More than 80% of the limnesiids occurred in
in two or more localities (Figure 8 and Table 2).

Other, less diverse families were the Limnocharidae, represented by nine sequences and four
BINs, all of them Limnochares. Each BIN was found in a single locality, except for ACY6840, which was
found in three close systems: Cenote Azul, Cenote Cocalitos, and North Bacalar Lake. Mideopsidae
was represented by 36 sequences clustering in four BINs, with three of them from Mideopsis and the
other one identified only at the family level; Mideopsis BIN ACX8679 seems to have a wide distribution,
as it was found in ten localities (Table 2).
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Pionidae and Eylaidae were composed of three BINs and were each represented by one genus,
Piona and Eylais, respectively; however, in both families, there were BINs with no genus assignment.
In the case of Eylaidae, each BIN inhabited one system, while Piona ACX8296 was found in eight
localities (Table 2).

Krendowskiidae was represented by two genera, Geayia and Krendowskia, with 32 sequences and
two BINs (Figure 3). Krendowskia ACX8435 was widely distributed. Hydrodromidae was represented
by one BIN and 22 sequences belonging to Hydrodroma genus. This OTU is widely distributed in eight
systems in the sampled area, and all the morphotypes corresponded with one putative species.

Hydryphantidae was a singleton of the genus Hydryphantes. Finally, there were five sequences
represented by three BINs that belonged to the order Trombidiformes. These individuals were nymphs,
which are not included in any taxonomic keys. They cannot be further identified until an adult can be
sequenced, as for Arrenurus specimens (Figure 5).

From the 77 BINs, 51 were sequenced for the first time and appear as unique in the BOLD database
(Table 2). Only four BINs had a wide distribution, from Neotropical Mexico to Eastern– Central Canada.
These are the Unionicola ADP1665, Arrenurus ACL2418, Geayia ACT6195, and Piona ACX8296.
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3.2. BIN Assemblies in the PY

From the total, 58 BINs were present in one or a maximum of three localities, possibly forming
unique species assemblages (Tables 1 and 2). The Jaccard index value, in general, for all the localities,
was zero or extremely low. However, some systems shared a percentage of their water mite fauna
composition as follows: Chichancanab lagoon and Cenote El Padre (44%), Chichancanab lagoon and
Cenote Km 48 (44%), Cenote El Toro and Cenote Santa Teresa (33%), Cenote Tres Reyes II and Cenote
El Toro (33%), and Cenote Cocalitos and Cenote Escuela Normal (43%). The two latter are important
because they are two different water systems inside the Bacalar Lagoon. Despite having such spatial
relationship, each system seemed to have a different composition of water mites (Figures 9 and A1,
Appendix A).
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4. Discussion

For the first time, a general analysis of the potential richness of water mite fauna in the
central–southern part of the Yucatan Peninsula (Mexico), based on DNA barcodes was completed.
Our results indicate an 11-fold increase in the number of species found previously in Quintana Roo
state and twice the number of species registered in all the PY (in the three states, namely Campeche,
Quintana Roo, and Yucatan) [6–8]. Out of 77 BINs, 58 are new in BOLD and seem to have a restricted
distribution. This result indicates the presence of a unique set of environmental conditions and a
particular water mite fauna composition of which most likely could be undescribed taxa. We need to
study mite fauna in a wider geographic region to support this point; however, we have seen that most
species are not widely distributed in our study area.

In the case of Hydrodroma, our results indicate the presence of only one morphospecies in
eight sampling sites and has a proper correspondence with the unique BIN ADF3732. Previous
research identified two species in the PY, H. peregrina Cook, 1980, and H. despiciens Marshall, 1936.
However, for both species, Cook (1980) noticed distinctions from the type specimen. A recent study,
using integrative taxonomy [30], compared sequences with the specimens collected from the Cenote
Azul (Mexico) (Hydrodroma ADF3732), and the authors concluded that it was not H. despiciens [30]
and probably not H. peregrina, due to the differences noticed by Cook [6]. Consequently, Hydrodroma
BIN ADF3732 is probably a new species that needs to be formally described and is likely endemic to
Southern Mexico.

Similarly, in the case of Unionicolidae, we registered 18 BINs (Figure 4 and Table 2). Previous
records include ten species for the PY. Three of them correspond to descriptions of Koenikea indistincta
Marshall, 1936; Koenikea neopectinifera Cook, 1980; and Neumania cenotea Marshall, 1936. All of them
were apparently restricted to this region. The rest are described from other localities in Mexico or
different regions. For example, Unionicola gracilipalpis tenuis Cook, 1980, was recorded in Campeche,
Michigan, and Canada, but the type locality is in Haiti. Nevertheless, U. gracilipalpis was originally
described from Europe. It is possible that this subspecies could be a full species, but we need to compare
the type material to reach such a conclusion. Unionicola (Pentatax) furculopsis Cook, 1980, was described
from Oaxaca state, but it was found in the Cenote Azul and Bacalar Lagoon by Otero-Colina [7].
Nevertheless, he noticed a similarity with U. furcula (Lundblad, 1935) and described some characteristics
that the type species did not have, such as denticles in the gnathosoma base. These differences could be
critical to identifying a different species, but more detailed research is required. Neumania (Neumania)
diversipalpa Cook, 1980, was originally described from a single male in a river in Chiapas, based on an
adult female, was recorded in the Cenote Azul by Otero-Colina [7]. The match male–female should be
made from the same locality or at least after DNA barcodes have been obtained.

These are some examples of the taxonomic uncertainties that exist for water mites from the PY;
however, our goal was not to discuss all previous identifications. These are just examples of the
taxonomic impediment that still exists about “subspecies”, “forms”, and species recorded far away
from the type locality or in an extremely different habitat from the original site. Some studies have
revealed that species previously considered to be cosmopolitan are not really [30]. Many of them could
be actually new species or species complexes. We consider that at least 15 OTUs of the Unionicolidae
recognized by different BINs are possible new species.

Likewise, for Arrenuridae, there are seven species reported from the PY [8], six Arrenurus from
the subgenus Megaluracarus, and one from the subgenus Arrenurus. Most of these reports are from
Campeche and only one from Quintana Roo and Yucatan. We found 17 putative species of Arrenurus
(Table 2 and Figure 6). Only three of these 17 BINs appear in multiple locations. The remaining 14
were found in only one or two close sampling sites (Table 2). After a comparison with the 135 BINs
of arrenurids currently in BOLD, 94% of the BINs that we found appear juts in the south of Mexico.
Other studies have previously documented the endemism of this family in other regions of the
world [31–33]; however, this cannot be verified until a detailed morphological review of the specimens
is made.
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Another important achievement of this study is the pairing of males and females in nine BINs of
this group that exhibit a high sexual dimorphism. Pairing the nymphal state in another three BINs will
also allow us to make more complete formal descriptions if this species turns out to be undescribed
(Figure 5).

The Hygrobatidae were the third richest group that we found (Table 2 and Figure 7). These are
the first records for the PY. They were common in some locations (personal observation) that were
previously surveyed [6,7]. This family seemed to be rare in the 1980s, when the previous studies
took place. Some authors [2,34,35] suggest that several members of this family, Hygrobates included,
are indicators of pollution and environmentally stressed water bodies. They were found in places
like Cenote Cocalitos, Palmar, and Cenote Azul, with strong development of tourism (Tables 1 and 2).
However, we must clarify the identity and habitat preferences of the species found in order to conclude
if they indicate some level of environmental degradation. They may just be adapted to the extreme
conditions of these places due to the presence of carbonates [10]. Nevertheless, previous surveys
overlooked them.

The uniqueness of each aquatic system is clearly supported by the low values of the Jaccard
index between the localities (Figure 9 and Appendix A Figure A1). For example, Cenote Azul and
Cenote Cocalitos (Figures 1 and 2) are two localities with a distance of 160 m, but their similarity index
is only 0.13 (Figure 9). This supports previous studies that found a difference in water quality and
absence of communication between Cenote Azul and Bacalar [10]. Of the 14 BINS found in Cenote
Azul and 21 found in Cocalitos, they only share four: Limnochares ACY6840, Hydrodroma ADF3732,
Unionicola ACX8034, and Arrenurus ACX8463. These two systems have been extensively sampled,
and their differences are also reflected in the composition of their planktonic communities [13,23].
Related studies have found that water mite assemblages are partially explained by environmental
parameters such as temperature, conductivity, or pH and can almost be predicted by the potential prey
groups, mainly cladocerans, copepods, and chironomids [36].

The PY ecosystems are characterized for being a mosaic of multiple habitats, with extreme
differences in hydrogeochemistry conditions [9,10,12]. Their unique configuration that is structured
after faults, underground and surface intermittent connections, and sinkholes (the most common surface
water systems) suggests that they could be isolated. Therefore, they exhibit a distinctive diversity.
Additionally, the distribution of water mites is known to be influenced by the substrate, type of
vegetation, water flow, and depth. For example, El Palmar and Acapulquito present microhabitats with
slow flow current combined with pools and submerged vegetation. As a result, we found a mixture of
taxa with lotic environment preferences as Torrenticola and species with lentic preferences as Arrenurus
or Unionicola [2].

Evidently there are still several unanswered questions in terms of the diversity of water mites
in the PY. For example, are there specific assemblies for microhabitats? What causes differences in
abundance between species? What are the phylogenetic relationships between them, or how is their
evolutive history in the PY? Finally, we consider this analysis as a preliminary step toward the formal
description of all the species that we found, including morphological details of the vouchers, in order
to assign them a Linnaean name; once this step has been carried out, many of our hypotheses about
restricted distributions and new endemic species could be fully tested.
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Figure A1. Matrix of Jaccard index values for all pairs of sampled locations, based on water mite BINs. 
AC = Acapulquito, PAL = Palmar, CAZ = Cenote Azul, COC = Cenote Cocalitos, CEN = Cenote Escuela 
Normal, BAN = Bacalar Norte, CP1 = Cenote Pucte 1, CP2 = Cenote Pucte 2, CT = Cenote El Toro, 
RAM = Ramonal, CSN = Cenote Sijil Noh Ha, CCV = Cenote Chancah Veracruz, CP = Cenote del 
Padre, MIC = Minicetonte, CR1 = Cenote Tres Reyes 1, CR2 = Cenote Tres Reyes 2, CST = Cenote Santa 
Teresa, CHI = Chichancanab, CS = Cueva de las serpientes, K48 = Cenote Km.48, CH1 = Chunyaxche 
1, CH2 = Chunyaxche 2, MU1 = Muyil 1, and MU2 = Muyil 2. 
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Abstract: Many studies emphasized the role that water mites play within the invertebrate communities
of spring ecosystems, regarding species diversity and its significance within the crenal food web,
as well as the specific preferences water mites exhibit towards spring typology. In pristine natural
springs with permanent flow, water mites are nearly always present and usually display high diversity.
This study aimed to determine whether significant differences in water mite assemblages between
rheocrene (river-forming springs with dominant riffle habitats) and limnocrene (lake-forming springs
with dominant pool habitats) karst springs could be detected in terms of species richness, diversity and
abundance, but also in different ratios of specific synecological groups: crenobiont (exclusively found
in springs), crenophilous (associated with springs) and stygophilous (associated with groundwater)
water mite taxa. Our research was carried out on four limnocrenes and four rheocrenes in the
Dinaric karst region of Croatia. Seasonal samples (20 sub-samples per sampling) were taken at
each spring with a 200-µm net, taking into consideration all microhabitat types with coverage of
at least 5%. Water mite abundance was found not to differ between morphological spring types.
Significantly higher values of species richness and diversity indices were found in rheocrenes
compared to limnocrenes, like those usually reported for this type of springs. However, unlike the
studies previously reported, in this case, the higher shares of crenophilous and crenobiont water
mite individuals were found in limnocrenes. The differences between stygophilous water mite taxa
ratios among spring morphotypes were not statistically significant, indicating that the degree of
the groundwater/surface water interaction (and water mite interaction therein) does not seem to be
directly influenced by spring morphotype. Within this research, 40% of identified water mite species
(eight out of twenty) were recorded for the first time in Croatia, thus highlighting again a huge gap in
water mite knowledge of karst springs.

Keywords: spring ecology; crenal diversity; crenal water mites; spring morphology

1. Introduction

Springs are unique and complex ecosystems that house an array of different synecological groups
of invertebrate species: from euryvalent generalist species, to highly specialized stenovalent crenobiont
species (exclusively found in springs), as well as species that cohabitate between groundwater/surface
water and aquatic/terrestrial habitats [1–4]. The eucrenal zone is frequently inhabited by stygophilous
species (associated with groundwater), who depend on surface water habitats mostly for feeding and
other biotic purposes and interactions [5]. Karst springs differ from other spring types usually by
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a higher degree of discharge heterogeneity and water level fluctuations [6,7] that are a result of the
permeability of karstic geological layers [8]. Based on the classical Steinmann–Thienemann limnological
spring classification, springs are usually categorized by ecomorphotype, as it is considered to be the
key defining factor in determining crenal communities. Three main morphotypes include limnocrenes
(lake-forming springs), rheocrenes (river-forming springs) and helocrenes (swamp-forming spring; [9]).
In this research, we focused on limnocrene and rheocrene karst springs of Croatia. These springs
mainly differ in water retention time and/or flow velocity that consequently influence an array of
environmental parameters [7].

Most water mite species show clear preferences for specific habitats [10]; in fact, water mites
are considered to be the invertebrate group with the highest ratio of crenophilous and crenobiont
taxa (approximately 20%, [11,12]). Two are major crenobiont groups suggested by Gerecke et al. [11]
that are called “paleocrenobiont” and “neocrenobiont” water mite species. Paleocrenobiont species
include water mites from the superfamily Hydryphantoidea and represent evolutionary “older” species,
developed from terrestrial ancestors, that inhabited the freshwater systems with a relatively large and
stable transition zone between terrestrial and aquatic habitats-ponds and springs [13]. Neocrenobiont
species are derived from rhithrobiont species that have secondarily inhabited spring ecosystems by
upstream migration. This group of species is usually dominant in rheocrenes, where we usually find
the mentioned rheocrenobionts, other crenobionts not specific to a morphotype, but also rhithrobiont
species [14]. Limnocrenes are often inhabited by non-specific crenobionts because in Europe it is
commonly believed that no true limnocrenobiont water mite species are documented, although a recent
study suggests that large karstic limnocrenes on the Balkan peninsula (Ecoregion 5 and 6 by Illies [15])
may be inhabited by true limnocrenobionts [16]. Nevertheless, because of the aforementioned reasons,
rheocrenes usually display higher water mite diversity.

The main focus of this study was to analyse water mite diversity in spring habitats with
four specific goals in mind: (1) to analyse differences in environmental parameters between
limnocrenes and rheocrenes and their influence on water mite assemblage composition; (2) to determine
differences in water mite species richness, abundance and diversity indices between the two spring
ecomorphotypes; (3) to analyse the differences in ratios of specific synecological groups (stygophilous
and crenophilous/crenobiont taxa) between the ecomorphotypes and (4) to determine which water
mite species contribute most to the similarity within a spring ecomorphotype.

2. Materials and Methods

2.1. Study Area

The study area is located in the Dinaric Western Balkan ecoregion [15] of Croatia. Within the study
area, four river-forming springs—rheocrenes—and four lake-forming springs—limnocrenes [9]—were
selected: rheocrenes Čabranka, Zrmanja, Krčić, Žrnovnica and limnocrenes Kupa, Kamačnik, Una,
Cetina (Figure 1).

Each spring was sampled four times, once per season in 2015/2016. On every sampling occasion,
20 subsamples were taken with regard to microhabitat composition. Only microhabitat types that made
up at least 5% of the total substrate mosaic were sampled [17]. A total of 640 benthic macroinvertebrate
(sub)samples were collected (80 per spring, 320 from each spring morphotype). Averaged abundances
from 20 subsamples are shown in Appendix A in site per season display of values. All benthic samples
of macroinvertebrate fauna were collected with a kick-sampler (200 µm mesh size; from approximately
0.0625 m2 surface area) and preserved in alcohol. Adult water mite individuals were determined
to species or genus level using [18–20], deutonymphs were determined using [21]. All water mite
specimens are stored at Zoological collection of the Faculty of Science, Department of Biology
in Zagreb, Croatia.
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Figure 1. Map of the study area with the locations of the eight karst springs.

2.2. Environmental Variables

The following variables were chosen as environmental descriptors of differences between spring
ecomorphotypes: water temperature, oxygen concentration and saturation (WTW optical oxygen
sensor: FDO 925), chemical oxygen demand (COD; potassium permanganate oxidation by Standard
Methods-APHA 2005), conductivity (WTW electrode conductivity measuring cell: TetraCon 925),
concentration of calcium carbonate (CaCO3 mg/L) and discharge (data obtained from Croatian
meteorological and hydrological service).

2.3. Data Analysis

Canonical correspondence analysis (CCA) was used to assess the response of limnocrene
vs. rheocrene water mite assemblages, as well as specific water mite species to environmental
water properties. Only water mite taxa determined to species level were included in the analysis.
A Monte Carlo test using 999 permutations (p < 0.05) was performed to test the significance of the
analysis using the CANOCO package v.5.0, Ithaca, NY, USA [22]. These analyses were done in order to
determine possible differences in environmental parameters between limnocrenes and rheocrenes and
their influence on water mite assemblage composition.

Water mite local diversity was assessed by calculating the Shannon diversity index in PRIMER v.6.0,
Plymouth, UK [23]. The environmental variables, water mite species richness, abundance and local
diversity were tested for significant differences between spring morphotypes using the Student’s
t-test. Prior to this testing, the data were tested for normal distribution using the Shapiro–Wilk’s test.
These analyses were done in Statistica, 13.0; Tulsa, OK, USA [24] in order to determine differences in
environmental factors, and water mite species’ richness, abundance and diversity indices between the
two spring ecomorphotypes.

Water mite species were divided into two synecological groups: (1) crenophilous/crenobiont and
(2) stygophilous taxa. The ecological preferences were determined using literature data from [18–20].
The differences in ratios of the synecological groups was tested between morphotypes using the
Mann–Whitney U test in Statistica, 13.0 [24].

Water mite assemblages from rheocrenes represented Group 1 and from limocrenes represented
Group 2 in the SIMPER analysis of the (Bray–Curtis) similarity between water mite assemblages.
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This was done in order to determine how water mite assemblages differ between ecomorphotypes
in terms of species composition and abundance contribution. The analyses were done in PRIMER
v.6.0 [23].

3. Results

A total of 20 water mite species was determined in this study, eight of which are recoded for the first
time in Croatia: Atractides latipalpis, A. walteri, Lethaxona cavifrons, Ljania macilenta, Partnunia steinmanni,
Sperchon hibernicus, S. thienemanni and S. vaginosus.

3.1. Environmental Conditions in Spring Ecomorphotypes

In the CCA analysis, the seven evaluated environmental parameters explained 33.6% of the total
variation of water mite assemblages. The eigenvalues of the first two axes were 0.61 and 0.54 (Figure 2).
A Monte-Carlo permutation test showed that the ordination was statistically significant (F = 2.4,
p = 0.002). Limnocrenes were, in general, associated with higher levels of oxygen concentration and
discharge, whereas rheocrenes were associated with higher values in conductivity and dissolved
calcium carbonate. Atractides pennatus and Partnunia angusta were positively associated with higher
water temperatures, whereas Sperchon thienemanni was negatively associated to higher temperatures.
Woolastookia rotundifrons was positively associated with higher discharge levels. Protzia squamousa was
found to positively associate with sites of higher levels of dissolved calcium carbonate and conductivity.
Partnunia steinmanni was found to negatively associate with sites of higher COD values. Other species
were positioned centrally in the analysis, or (as is the case with species like Pseudotorrenticola rynchota
and Sperchon vaginosus) had multiple factors positioning them away from the centre, but were not
significantly linked to any.Diversity 2020, 12, x 5 of 17 
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with green dots, samples from rheocrenes with blue dots and environmental water properties
with arrows. Arrow length on the ordination indicates the relative importance of the explanatory
variables (physico-chemical water properties), and their direction relative to each other and to the sites
indicates positive or negative correlations. Abbreviations: COD = Chemical oxygen demand; Atractides
gibberipalpis = Atr gib; A. latipalpis = Atr lat; A. loricatus = Atr lor; A. nodipalpis = Atr nod; A. pennatus
= Atr pen; A. walteri = Atr wal; Hydrodroma reinhardi = Hyd rei; Lethaxona cavifrons = Let cav; Ljania
macilenta = Lja mac; Partnunia angusta = Par ang; Partnunia steinmanni = Par ste; Protzia eximia = Pro exi;
Protzia squamosa = Pro squ; Protzia rugosa = Pro rug; Pseudotorrenticola rhynchota = Pse ryn; Sperchon
hibernicus = Spe hib; S. vaginosus = Spe vag; S. thienemanni = Spe thi; Torrenticola elliptica = Tor eli;
Woolastookia rotundifrons = Woo rot.

Oxygen concentration values (t-test, F = 1.18; p < 0.01) and discharge levels (F = 7.52; p < 0.001)
were significantly higher in limnocrenes, whereas conductivity (F = 3.26; p < 0.05) and values of
dissolved CaCO3 (F = 5.14; p < 0.01) were significantly higher in rheocrenes.

3.2. Water Mite Diversity in Spring Morphotypes

Water mite abundances were found not to differ significantly between spring morphotypes
(Figure 3). However, water mite species richness (F = 1.517; p < 0.05) and local diversity (Shannon index;
F = 1.257; p < 0.05) were found to be significantly higher in rheocrenes when compared to limnocrenes.
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Figure 3. Illustration of the differences in water mite diversity (Shannon index, H’) between limnocrenes
(with green bars) and rheocrenes (with blue bars) as a result of water mite abundance and species
richness (SR). Columns represent average values, whereas error bars represent the calculated standard
errors (SE). The asterisk * indicates statistically significant (p < 0.05) differences between spring
morphotypes (t-test).

Water mite species Atractides walteri, Hydrodroma reinhardi, Partnunia steinmanni, Sperchon
vaginosus, S. thienemanni, Torrenticola elliptica and Woolastookia rotundifrons were found only in
limnocrenes, whereas Atractides latipalpis, A. loricatus, Lethaxona cavifrons, Ljania macilenta, Partnunia
angusta and Sperchon hibernicus were found exclusively in rheocrenes.

3.3. Synecological Water Mite Groups in Spring Morphotypes

Water mite species were divided into two synecological groups with regard to crenal and
groundwater habitat preferences (Table 1). Two species, Partnunia angusta and Torrenticola elliptica,
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showed preferences to both habitat types. The ratio of crenophilous and crenobiont water mite taxa in
the water mite assemblages varied greatly among sites, ranging from 0 to 100% of this synecological
group within a local assemblage (details in appendix). The shares of stygophilous taxa ranged from 0 to
53% within a local assemblage. Stygophilous taxa, on average, made up around 4.4% ± 13.2% of water
mite assemblages in limnocrenes and around 5.7% ± 11.1% in rheocrenes, but both ratios showed great
variability, with standard deviations exceeding the average. The slightly higher ratios of stygophilous
taxa in rheocrenes compared to limnocrenes were not statistically significant (Mann–Whitney U-test,
Z = 0.73; p > 0.05). Crenobiont and crenophilous taxa, on average, made up around 19.6% ± 28.5%
of water mite assemblages in limnocrenes and around 15.6% ± 27.7% in rheocrenes (again very
high variability present shown in high standard deviations). The higher ratios of crenobiont and
crenophilous taxa in limnocrenes compared to rheocrenes were statistically significant (Z = 2.85;
p < 0.05).

Table 1. List of water mite species with determined ecological preferences (synecological groups)
to crenal and groundwater habitats. Ecological preferences were determined using literature data
from [18–20].

Water Mite Species Preferences to Crenal Habitats Preferences to Groundwater Habitats

Atractides latipalpis Stygophilous
Atractides pennatus Crenobiont
Atractides walteri Crenobiont

Lethaxona cavifrons Stygophilous
Ljania macilenta Stygophilous

Partnunia angusta Crenophilous Stygophilous
Partnunia steinmanni Crenobiont

Protzia eximia Crenophilous
Protzia squamosa Crenobiont

Pseudotorrenticola rhynchota Stygophilous
Sperchon thienemanni Crenophilous
Torrenticola elliptica Crenophilous Stygophilous

3.4. Water Mite Assemblage Similarity within Spring Morphotypes

The SIMPER group similarity analysis (only portraying taxa that contributed 4% to group similarity
or more, Table 2) showed that both groups of sites (Group R- Rheocrenes and Group L-Limnocrenes)
had a relatively high presence of Atractides nodipalpis and A. gibberipalpis individuals. Protzia species:
P. squamosa and P. rugosa were associated with rheocrene sites whereas; A. pennatus individuals were
associated with limnocrenes. Juvenile instars (nymphs) of numerous taxa also contributed to the
similarity within spring groups.

Table 2. Results of the SIMPER analysis based on water mite assemblages from sites of different spring
morphology: R-Rheocrenes and L-Limnocrenes.

Species Average Abundance
(Individuals/m2)

Contribution to Group
Similarity (%)

Group R-Rheocrenes
Average similarity: 20.12

Atractides gibberipalpis 1.73 20.63
Lebertia sp. 1.07 20.31

Atractides nodipalpis 1.22 10.15
Torrenticola sp. 1.1 9.44
Atractides sp. 1.15 8.87

Protzia squamosa 1.02 6.28
Sperchon sp. 0.9 5.01

Protzia rugosa 0.68 4.05
Group L-Limnocrenes

Average similarity: 19.44
Sperchon sp. 1.77 34.46
Atractides sp. 1.21 27.98

Atractides nodipalpis 0.82 7.31
Atractides gibberipalpis 0.9 5.23

Atractides pennatus 0.46 4.21
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4. Discussion

Significant correlations with water temperature were determined for three water mite species,
interestingly, all determined as crenobiont species. However, these significant relationships were
not all showing the same trends. A. pennatus and P. angusta showed positive associations to higher
water temperature, whereas S. thienemanni had the opposite trend. The idea that crenobiont species
are cold stenothermic is questioned once more, and perhaps a more suitable angle of the problem,
as proposed by Gerecke et al. [11], would suggest that the crenobiont water mite species are, in fact,
“warm stenothermic”. [11] proposed that such a vast speciation rate of crenal water mites might be due
to the mild and stable environmental conditions in springs that are most obvious and pronounced
in winter, thus taking the cold stenothermal theory and turning it upside-down. However, the constant
temperature alone is most certainly not the only factor that contributes to the water mite diversity
in springs, as crenobiont species are even found in tropical regions, where the temperature remains
unchanged between the crenal area and lower river reaches [25,26]. The temperature arrow length
in the CCA (indicates the relative importance of explanatory variable) was by far the smallest in the
analysis (Figure 2). This is surely a result of the narrow temperature gradient present in springs,
but also may indicate that, in fact, this factor is not the driving force of water mite diversity in springs.
In this study, the environmental variables explained a substantial 33% of the total water mite variability
in the studied springs, indicating that abiotic conditions are undoubtedly important contributors to
water mite diversity. However, a more detailed portrait of the environmental effects would perhaps
be shown if nutrient content in waters and available food sources were analyzed as well, but this
was not the main focus of this paper. Here, a much broader approach regarding the influence of
environmental conditions was taken when morphotypes were examined as the key drivers of water
mite diversity in springs included in this research (as ecomorphotypes are hypothesized as one of the
main drivers of environmental conditions within springs). A whole set of environmental variables
(oxygen concentration, discharge levels, conductivity and dissolved CaCO3) were found to significantly
differ between ecomorphotypes, thus validating the approach.

Higher species richness and local diversity were recorded in rheocrenes when compared to
limnocrenes, as expected when it comes to springs in Europe.

The differences between stygophilous water mite taxa ratios among spring ecomorphotypes were
not statistically significant, indicating that the degree of the ground water/surface water interaction
(and water mite interaction therein) does not seem to be directly influenced by spring ecomorphotype.
Nevertheless, it is important to note that several/some stygophilous species—A. latipapis, L. cavifrons,
L. macilenta and P. angusta—were found exclusively in rheocrenes.

Species that were exclusively found in limnocrenes fall into very different categories when it
comes to habitat preferences: crenobiont (A. walteri, P. steinmanni), crenophilous (S. thienemanni,
T. elliptica) to rheophilous species (H. reinhardi, S. vaginosus, W. rotundifrons). Species A. walteri
and P. steinmanni, although crenobionts, are not considered highly specialized when it comes
to spring ecomorphotype and environmental conditions. S. thienemanni is considered as one of
the most widespread and abundant crenophilous taxa, and also as non-specific when it comes to
ecomorphotype [27]. The distribution of many species in a large karstic limnocrenes (such as the ones
discussed in this paper) depends on microhabitat/substrate composition, which provides conditions
for different synecological groups; for example, the deeper part of limnocrenes provides conditions for
good swimmers, while the spring brooks, often characterized by gravel/sandy substrate, can provide a
habitat for crawlers such as T. elliptica and W. rotundifrons, which are usually associated with more
riffle type habitats. A. latipalpis (stygophilous), A. loricatus (rheophilous), L. cavifrons (stygophilous),
L. macilenta (stygophilous), P. angusta (crenophilous/stygophilous) and S. hibernicus (rheophilous) were
found exclusively in rheocrenes.
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5. Conclusions

With all the aforementioned taxa found exclusively in one spring ecomorphotype making up for
more than 50% of the total taxa found in this research, we can conclude that spring ecomorphotype is
indeed a crucial driver of water mite diversity. Furthermore, within this research, 40% of identified water
mite species (eight out of twenty) were recorded for the first time in Croatia [28] (and quotes therein),
thus highlighting once more the vast and undisclosed water mite diversity in spring ecosystems as
well as the importance of spring habitats for the overall regional diversity of water mites. There is no
ecology without knowing the fundamentals—species richness and diversity—and this is especially
true in the case of research on one of the most diverse group of animals—water mites—in some of the
most fragile ecosystems-freshwater springs.
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Appendix A

Table A1. Seasonal values of measured environmental variables in the studied limnocrenes and rheocrenes.
(T = water temperature, con. O2 = oxygen concentration, sat. O2 = oxygen saturation, σ = conductivity,
CaCO3 = calcium carbonate concentration, COD = chemical oxygen demand).

Spring
(Morphotype) Season T (◦C) Con. O2

(mg/L)
Sat. O2

(%) σ (µS/cm) CaCO3
(mg/L)

COD
(mgO2/L)

Čabranka Fall 8.75 11.39 105.73 436.00 232.50 2.01
(Rheocrene) Summer 8.80 11.12 101.60 420.33 206.67 0.68

Spring 8.67 13.08 119.50 409.67 205.83 0.93
Winter 8.38 11.09 101.50 378.75 192.50 1.81

Cetina Fall 8.40 12.25 104.80 331.00 160.00 1.18
(Limnocrene) Summer 9.10 13.02 114.83 294.00 145.00 1.10

Spring 8.90 14.16 128.13 310.00 165.00 0.83
Winter 8.90 12.81 111.38 338.00 175.00 0.24

Kamačnik Fall 7.40 11.74 102.10 336.00 180.00 2.36
(Limnocrene) Summer 9.23 12.57 114.70 303.25 166.25 0.58

Spring 9.30 12.30 111.13 296.00 138.75 0.63
Winter 7.20 11.95 103.70 322.00 162.50 1.02

Krčić Fall 9.10 10.29 97.25 395.00 200.00 1.49
(Rheocrene) Summer 9.70 10.63 101.43 395.00 202.50 0.94

Spring 9.00 10.03 95.68 323.00 165.00 1.34
Winter 8.90 9.90 94.30 406.00 195.00 1.49

Kupa Fall 7.73 10.73 96.10 283.25 153.13 1.79
(Limnocrene) Summer 9.40 11.50 103.00 266.75 135.63 0.85

Spring 8.40 10.78 97.90 236.00 124.17 0.89
Winter 7.57 11.49 103.80 256.33 125.83 1.55

Una Fall 9.50 11.80 104.20 414.00 227.50 1.57
(Limnocrene) Summer 11.80 11.72 102.70 420.00 215.00 1.18

Spring 10.20 11.33 104.10 394.00 205.00 0.71
Winter 9.30 11.35 101.10 440.00 247.50 1.41

Zrmanja Fall 8.90 10.50 95.30 359.00 195.00 1.34
(Rheocrene) Summer 9.80 11.84 108.70 347.00 170.00 1.10

Spring 9.50 10.85 98.90 319.00 175.00 1.81
Winter 8.40 12.08 107.50 363.00 185.00 1.81

Žrnovnica Fall 12.52 11.26 102.30 413.80 190.00 1.20
(Rheocrene) Summer 12.60 11.63 106.80 393.00 185.83 1.26

Spring 12.56 11.14 107.90 369.57 185.00 0.79
Winter 12.50 11.37 103.40 373.33 189.17 1.09
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ić
(R

he
oc

re
ne

)
44
◦

25
′ 4

8”
16
◦

33
′ 6

1.
9”

Ph
yt

al
(1

00
%

)
M

es
ol

it
ha

l(
40

%
),

Ph
yt

al
(6

0%
)

M
es

ol
it

ha
l(

20
%

),
Ph

yt
al

(8
0%

)
Ph

yt
al

(1
00

%
)

K
up

a
(L

im
no

cr
en

e)
45
◦

29
′ 2

7.
2”

14
◦

41
′ 2

8.
5”

M
eg

al
it

ha
l(

15
%

),
M

es
ol

it
ha

l+
M

ac
ro

lit
ha

l(
30

%
),

Ph
yt

al
(5

0%
)

Ps
am

m
al

(5
%

)

M
ic

ro
lit

ha
l(

20
%

),
M

es
ol

it
ha

l
(4

0%
),

Ph
yt

al
(4

0%
)

M
ic

ro
lit

ha
l+

M
es

ol
it

ha
l(

80
%

),
Ph

yt
al

(1
0%

),
Ps

am
m

al
(1

0%
)

Ph
yt

al
(5

0%
),

M
es

ol
it

ha
l(

50
%

)

U
na

(L
im

no
cr

en
e)

44
◦

24
′ 1

2.
9”

16
◦

06
′ 4

1.
6”

Ph
yt

al
(1

00
%

)
A

ka
l+

M
ic

ro
lit

ha
l(

10
%

),
M

es
ol

ith
al

+
M

ac
ro

lit
ha

l(
20

%
),

Ph
yt

al
(7

0%
)

M
ic

ro
lit

ha
l+

M
es

ol
it

ha
l(

80
%

),
Ph

yt
al

(2
0%

)

A
ka

l+
M

es
ol

it
ha

l(
30

%
),

M
ac

ro
lit

ha
l+

M
es

ol
ith

al
(5

0%
),

Ph
yt

al
(2

0%
)

Z
rm

an
ja

(R
he

oc
re

ne
)

44
◦

11
′ 7

9.
2”

16
◦

03
′ 3

8.
1”

M
ic

ro
lit

ha
l+

M
es

ol
it

ha
l+

M
ic

ro
lit

ha
l(

55
%

),
Ph

yt
al

(4
5%

)
M

ic
ro

lit
ha

l+
M

es
ol

it
ha

l(
50

%
),

Ph
yt

al
(5

0%
)

M
ic

ro
lit

ha
l+

M
es

ol
it

ha
l(

40
%

),
Ph

yt
al

(6
0%

)
A

ka
l+

M
ic

ro
lit

ha
l+

M
es

ol
it

ha
l(

40
%

),
Ph

yt
al

(6
0%

)
Ž

rn
ov

ni
ca

(R
he

oc
re

ne
)

43
◦

31
′ 2

4.
8”

16
◦

34
′ 2

9.
2”

M
es

ol
it

ha
l+

M
eg

al
it

ha
l(

60
%

),
Ph

yt
al

(4
0%

)
M

ic
ro

lit
ha

l+
M

es
ol

it
ha

l(
30

%
),

Ph
yt

al
(7

0%
)

M
ic

ro
lit

ha
l+

M
es

ol
it

ha
l(

40
%

),
Ph

yt
al

(6
0%

)
Ph

yt
al

(1
00

%
)

Ta
bl

e
A

3.
Se

as
on

al
w

at
er

m
it

e
ta

xa
oc

cu
rr

en
ce

in
th

e
st

ud
ie

d
lim

no
cr

en
es

an
d

rh
eo

cr
en

es
.

Sp
ri

ng
Se

as
on

A
tr

ac
ti

de
s

Sp
.

A
tr

ac
ti

de
s

G
ib

be
ri

pa
pi

s
A

tr
ac

ti
de

s
La

ti
pa

pi
s

A
tr

ac
ti

de
s

Lo
ri

ca
tu

s
A

tr
ac

ti
de

s
N

od
ip

ap
is

A
tr

ac
ti

de
s

P
en

at
us

A
tr

ac
ti

de
s

W
al

te
ri

A
tu

ru
s

Sp
.

Fe
lt

ri
a

Sp
.

H
yd

ro
dr

om
a

R
ei

nh
ar

di
i

Le
be

rt
ia

Sp
.

Le
th

ax
on

a
C

av
if

ro
ns

Lj
an

ia
M

ac
il

en
ta

P
ar

tn
un

ia
A

ng
us

ta

Č
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ač

ni
k

Fa
ll

3
7

1
0.

00
%

10
0.

00
%

(L
im

no
cr

en
e)

Su
m

m
er

0
0

0
**

*
**

*
Sp

ri
ng

3
14

4
0.

95
8

0.
00

%
0.

00
%

W
in

te
r

5
43

1.
35

5
0.

00
%

45
.8

3%
K

rč
ić
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factors affecting water mite assemblages along eucrenon-hypocrenon gradients in Mediterranean karstic
springs. Exp. Appl. Acarol. 2019, 77, 71–486. [CrossRef] [PubMed]

13. Smith, I. Water mites (Acari: Parasitengona: Hydrachnida) of spring habitats in Canada. Mem. Entomol.
Soc. Can. 1991, 155, 141–167. [CrossRef]

14. Gerecke, R.; Di Sabatino, A. Water mites (Acari, Hydrachnellae) and spring typology in Sicily. Crunoecia
1996, 5, 35–41.

15. Illies, J. Limnofauna Europaea; Gustav Fischer: Stuttgart, Germany; New York, NY, USA, 1978; pp. 1–532.
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Abstract: Water mites form one of the most biodiverse groups within the aquatic arachnid class.
These freshwater macroinvertebrates are predators and parasites of the equally diverse nematocerous
Dipterans, such as mosquitoes, and water mites are believed to have diversified as a result of these
predatory and parasitic relationships. Through these two major biotic interactions, water mites have
been found to greatly impact a variety of mosquito species. Although these predatory and parasitic
interactions are important in aquatic ecology, very little is known about the diversity of water mites
that interact with mosquitoes. In this paper, we review and update the past literature on the predatory
and parasitic mite–mosquito relationships, update past records, discuss the biogeographic range
of these interactions, and add our own recent findings on this topic conducted in habitats around
the Laurentian Great Lakes. The possible impact on human health, along with the importance of
water mite predator–prey dynamics in aquatic food webs, motivates an increase in future research on
this aquatic predator and parasite and may reveal novel ecological functions that these parasitic and
predator–prey relationships mediate.

Keywords: Arrenurus; Lebertia quinquemaculosa; Lake St. Clair Metropark; Belle Isle; Detroit; phoresy;
mesocosm; Diptera; freshwater ecology

1. Introduction

Water mites are both abundant and ubiquitous aquatic arachnids that are found globally in
freshwater habitats, except in Antarctica. Water mites have high species richness and biomass and can
easily be collected in the many habitats they occupy. Reports of over 600 specimens that represent up
to 13 genera can be collected in under three hours in typical freshwater habitats in the Great Lakes
region by using a basic dip net to collect aquatic debris, which, when placed on a white enamel
pan, allows the mites to be easily siphoned by using a pipette, as they scurry out of the debris [1].
More recently, we reported 17 genera occupying one location in this region within the Detroit River [2].
A species accumulation curve from the Palearctic shows that a plateau in the curve has not been
reached, indicating that many more species remain to be discovered [3]. Previous studies report that
perhaps only half of water mite species in North America have been named, constituting around
6000 water mite species with potentially 10,000 or more species found globally [3]. In other regions of
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the world, such as the Neotropics, water mite biodiversity is largely unexplored, with species counts
expected to be four times what is currently known [4]. Molecular barcoding has helped improve the
knowledge of water mite diversity in North America, as is evident in our work in the Detroit River
and Western Lake Erie, where we contributed several previously unknown molecular barcodes for
multiple genera of water mites [2,5]. The high biodiversity attributed to water mites is thought to have
been a result of repeated instances of rapid diversification that enabled exploitation of host insects such
as Dipterans [6]. Some groups, such as Lebertia, are thought to have co-evolved with nematocerous
Dipterans, such as chironomids, which are closely related to mosquitoes [6]. Subsequent sections in
this review focus on the biodiversity of water mites that prey on mosquito eggs/larvae and parasitize
emerging adults, with an emphasis on updating and correcting the known biodiversity, summarizing
the biogeography, and identifying future research avenues with discussion of our recent findings.

Beyond the lack of knowledge about water mite biodiversity, studies on their life history strategies
are also lacking, with virtually all previous reports of water mite diets based on laboratory observations.
Water mites have a complex life cycle that has co-evolved with important freshwater insect groups,
especially Diptera, including mosquitoes and midges [6], which have frequently, though not exclusively,
been identified as water mite prey. Proctor and Pritchard [7] reviewed prey consumed by water mites,
and their list included copepods, mosquito larvae, chironomid larvae, Daphnia, and ostracods [8–10].
This illustrates their importance as predators in aquatic habitats due to their widespread presence,
voracious appetite, and high biomass [7]. Water mites are also important constituents of aquatic
habitats due to their usefulness as bioindicator species of the habitats in which they are found [11].
Although this is a new area of investigation, studies in Central America and Europe have already shown
the benefits of using water mites as bioindicators [12,13]. These studies underscore the importance of
water mites in aquatic ecology and suggest the need for more investigation in water mite life history.

Water mite life history begins with a fertilized egg from which a larva hatches. Water mite larvae
often develop into ectoparasites that parasitize aquatic insect adult hosts, such as mosquitoes, as the
hosts eclose from their pupal case and enter an aerial environment. The host is used by the larval
water mite for nutritional value and dispersal to a suitable habitat for post-larval development [6].
The effects of water mite parasitism on the host includes morphological damage and reduced survival
and fecundity, therefore negatively affecting population sizes of host species if infection rates are
high [6]. Almost two-thirds of host order species have been found to be in the order Diptera, which has
been the main focus in studies of the effects of water mite parasitism [14]. After the parasitic larval stage,
water mites detach from the host and develop into the deutonymph stage. During the deutonymph
stage, water mites rapidly grow in body size mainly through predation on insect larvae, such as
mosquito larvae, and other macroinvertebrates. Some water mite species, such as Parathyas barbigera
and P. stolli have been found to prey on mosquito eggs in laboratory studies [15] and will be discussed
later. Water mites subsequently develop into quiescent trytonymphs, and finally into predatory adult
water mites. The presence of both parasitic and predatory behaviors and the combination of aquatic
and terrestrial/aerial stages of water mites suggest that they may be important model species for
understanding population dynamics of macroinvertebrate species that have a mix of aquatic and
semi-aquatic life histories.

Mosquitoes have been more intensively studied than water mites, resulting in a more
comprehensive understanding of their global biodiversity, comprising about 3500 species in at
least 42 genera [16]. Mosquitoes have many predators and are considered an important food source for
many aquatic organisms [16]. Mosquitoes have a semi-aquatic holometabolous life cycle that consists
of four different stages—egg, larva, pupa, and adult [16]. The immature stages can exist in many types
of aquatic habitats, allowing mosquitoes to have high species richness and biomass. Beyond inhabiting
all types of permanent and ephemeral lentic and lotic freshwater habitats, mosquitoes are found to
colonize rock holes, tree holes, parts of vegetation, and artificial containers, such as buckets, tires,
flower vases, bird feeders, and more. The life cycle begins when fertilized eggs hatch into an aquatic
larval stage and the larva typically hangs suspended from the water surface. The larva molts and
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sheds its skin, lasting for one to three weeks, depending on species type, water temperature, and food
availability. The mosquito larval stage suffers the greatest threat of predation from aquatic species such
as water mites. The pupa is a resting stage that is solely aquatic, with no feeding, and lasts from one
to three days, during which the pupa metamorphoses into a flying adult that lives its life in both a
terrestrial and aerial environment. The switching of adult mosquito hosts from animal to human can
occur seasonally, enabling zoonotic disease transmission [16].

During the larval aquatic stage in the life history of mosquitoes, they are preyed upon by
water mites. Water mites are true aquatic organisms, but many species (which are reviewed here)
have an ectoparasitic larval stage that parasitizes organisms that may become airborne, such as
mosquitoes. Biotic interactions, such as those of water mites and mosquitoes, contribute to functional
biodiversity, which might be critical in sustaining ecosystems [17]. The impact of contemporary global
biodiversity decline has prompted the United Nations (UN) to declare 2011 to 2020 as the “UN decade
of biodiversity” [18]. Freshwater biodiversity is the most threatened form of biodiversity, and experts
implore an increased investment in research and documentation of freshwater biodiversity [19].

Through the highly complex web of interactions among species, such as parasitism, ecosystem
functioning and biodiversity can be altered [20]. One example of an ecosystem service provided by
water mites includes lowering mosquito fecundity, and thus reducing mosquito prevalence [21–23].
These positive effects can be attributed to the presence of high diversity, because the likelihood of
selection effects, facilitation from long-term coexistence, and niche complementarity are greater as
diversity increases [20]. The ecosystem-level consequences from biodiversity loss are significant,
being of the same magnitude as the effects on environments from other anthropogenic global-change
stressors [24]. This reinforces the urgency of the conservation and restoration of biodiversity
worldwide [25]. The importance of biodiversity can be demonstrated through several theories
that link higher diversity to increased productivity, ecosystem stability, and resistance to invasion from
exotic species [25].

Through the loss of biodiversity, we not only lose the species themselves, but we harm the direct
and indirect community and ecosystem-level biotic interactions that they are embedded in, as well.
Beyond just consumer diversity, the role of parasite diversity on ecosystem functions has rarely been
regarded. Parasites are ubiquitous organisms that are capable of regulating host abundance and
community assemblages, which in turn can impact host biodiversity and the ecosystem processes those
hosts influence [20]. For example, a parasite that uses a herbivore host can reduce herbivore abundance,
which can have a trophic cascade that increases plant primary productivity through reduced grazing
pressure [26]. Parasites are capable of increasing or decreasing biodiversity through facilitating or
removing novel traits, as well as increasing or decreasing trait diversity [20].

Water mites are globally diverse aquatic arachnids and increase the complexity of trophic networks
by being both predators and parasites. This review updates our current knowledge of the diversity of
water mites that interact with mosquitoes and updates past records. We summarize the literature on
biogeography and discuss possible life history strategies of water mites. This work aims to advance
water mite research by exploring new avenues of research revealed by preliminary data from mesocosm
experiments regarding water mite predation on mosquito larvae in urban parks. Our mesocosm
experiments reported here can be used to identify other water mite mosquito predators and could
also be modified to study parasitism. This review also provides a platform to advance important
aquatic ecological topics, such as predator–prey interactions and parasitism. The research on water
mite parasitism and predation on mosquitoes remains a relevant area of investigation, given the many
unknowns of the diversity of these biotic interactions and the continuing and ever-expanding threat
from mosquitoes.
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2. Materials and Methods

2.1. Literature Review

A literature review of all water mite associations with mosquitoes as predators and parasites,
using the Wayne State University Web of Science© portal (Clarivate Analytics), resulted in 186 records
from a total of 148,858,601 records. The search terms were “water mites parasite mosquito”. A second
search of “water mites predator mosquito” returned 24 records, of which none was relevant to the
present review. A Google Scholar Publication search identified 41 records, comprising 2 books and
39 articles. Other articles of interest were obtained from primary authors themselves.

2.2. Field Experiments to Identify Water Mite Mosquito Predators

Mosquito-attracting mesocosms were deployed at 6 sites in Lake St. Clair Metropark (LSCMP),
located in Harrison Township (42.5818◦ N, 82.8093◦ W), adjacent to Lake St. Clair, and at 6 sites in Belle
Isle State Park (BI) (42.3433◦ N, 82.9743◦ W), a 400 acre urban island park in Detroit, MI, in the Detroit
River, which forms the border between the United States and Canada (Figure 1). The mesocosms,
consisting of buckets with a volume of 5 L suspended from wooden frames (Figure 2), were set up
in wet-mesic flatwoods forest and marsh wetland habitats and monitored approximately every two
weeks, from April through November 2018. The buckets filled naturally with rainwater, to varying
depths, and by July, mosquitoes laid eggs in the buckets, and mosquito larvae were observed through
October. After mosquito larvae were detected in the mesocosms, water mites (Lebertia quinquemaculosa,
Hydrachna, or Arrenurus) were added to some mesocosms, at various intervals, while noting the
presence or absence of mosquito eggs, larvae, and pupae at each interval (see Figure 2).
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3. Biodiversity of Water Mites and Mosquito Interactions

3.1. Predation

Since the 1700s, water mites have been studied by classical taxonomists such as Linnaeus and
DeGeer. DeGeer (1778) reported water mite parasitism in his renowned work “Mémoires pour servir à
l’histoire des insectes” (eight volumes, 1752–1778) [27]. However, observations of water mite predation
on mosquito larvae were only reported much later, at the beginning of the 20th century. Water mites
have been observed as predators of mosquito larvae under both natural conditions and controlled
laboratory experiments. However, in comparison to the many studies of the diversity of water mites
that parasitize mosquitoes, very few studies have been reported on the diversity of water mites as
predators of mosquito larvae, eggs, or pupae. So far, there is only evidence of water mite predation on
mosquito larvae and eggs, while there are no reports of predation on pupae. Smith [27] summarized
the known material regarding mite predation of mosquitoes in his review, but there has been no update
since then.

Here we discuss these previous observations and add six additional water mite records, since
Smith [27], to the list of water mites that prey upon mosquito life stages (see Table 1). Mullen [15]
observed Thyas barbigera and T. stolli preying on Aedes eggs in the laboratory. In that same work,
he reported Hydryphantes ruber preying on Aedes stimulans larvae in the laboratory, and Piona feeding
on mosquito larvae in woodland ponds. An earlier work by Laird observed Limnesia jamurensis feeding
on Culex pullus and Anopheles farauti eggs and small larvae. They observed ponds devoid of mosquito
larvae but filled with water mites and thus deduced that the mites might be the predators. They also
conducted feeding experiments in the laboratory. Smith [27] also reported field observations of another
water mite, Piona, feeding on mosquito larvae. Smith [27] suggested that adult Arrenurus mites feed on
ostracods, while larval Arrenurus parasitize mosquitoes.
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Table 1. Water mite impact on numbers of mosquito larvae in field-deployed mesocosms.

Mesocosm Identifier Date Water Mite Added Date Monitoring Mosquito Larvae

LSCMP#3 Lebertia quinquemaculosa 9 August 2018
Larvae present No larvae observed 23 August 2018

LSCMP#2 Hydrachna, 31 August 2018 Larvae present Larvae observed 7 September 2018

LSCMP#6 Lebertia quinquemaculosa, 11 October 2018
Larvae present No larvae observed 19 October 2018

BI#6
Lebertia quinquemaculosa 15 September 18
and 17 October 2018, Pupae present, no

larvae present
Pupae observed 22 October 2018

BI#3 Arrenurus, 15 September 2018
Larvae present

Periodically inspected no effect observed
experiment ended 13 November 2018

Rajendran and Prasad [28] added a new taxon preying on mosquito larvae, Encentridophorus similis
from the Unionicolidae family. Rajendran and Prasad [28] collected water mites of this species
from adult mosquitoes and fed them Aedes albopictus larvae, which they preferred over copepods
and ostracods. A subsequent study Rajendran and Prasad [29] provided the sole example of adult
Arrenurus feeding on mosquito larvae. In experimental studies, Arrenurus madaraszi were fed larvae
from Aedes albopictus, A. hyrcanus, and A. vagus. He noted that mosquito larvae became paralyzed
when water mites attached themselves to the larvae. This suggests that water mites may be injecting
venom that paralyzes the larvae, certainly a potential avenue for future research.

While Smith [27] mentions the work of Hearle [30], in which red water mites were observed to
feed voraciously on mosquito “wrigglers” (larvae), known elsewhere as “wiggle waggles” (Pers comm.
Belize colloquial use), he did not include it in his list. Perhaps this is because Hearle [30] did not
identify the mite, although he wrote extensively on some life history characteristics where he kept
mites and fed them. Aedes vexans larvae were provided upon which the mites then laid eggs that
hatched after the season passed. Hearle [30] deduced that, in nature, the mites would lay eggs on
leaves and debris and these would remain dormant until the following spring, at which point they
would hatch. This observation has been confirmed in other mite species where seasonality is important
in their life history. Smith [27] suggests that the mites observed by Hearle [30] were most likely Piona,
which Smith [27] has also reported in his work as being predators of mosquito larvae. Bottger [31]
had reported observations of Teutonia cometes, Limnesia koenikei, and Hygrobates calliger as preying on
mosquito larvae, and although these were not included in the Smith [27] review of water mite predators
of mosquitoes, these observations by Bottger were cited in the review by Proctor and Pritchard [7] on
the scope of prey that water mites feed on.

Despite an estimated 57 families of water mites with 428 genera currently described [3],
our current review observed only nine genera preying upon mosquito larvae or eggs (see Table 2).
These observations include a new record, Lebertia quinquemaculosa, from our own study, described
in this review (see Table 1). In this limited dataset, the addition of Lebertia quinquemaculosa to two
mesocosms with mosquito larvae reduced the number of mosquito larvae to zero, whereas mosquito
larvae continued to be present where Hydrachna and Arrenurus (see Table 1 and Figure 3) had been
added. Interestingly, L. quinquemaculosa added to a mesocosm with only mosquito pupae present still
had live pupae remaining when next inspected.
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Table 2. The biodiversity of water mite predators of mosquitoes.

Family Genus & Species Mosquito Taxonomy and Prey Life Stage Citation

Arrenuridae Arrenurus madaraszi Anopheles sp, Armigerus and Aedes sp larvae [29]
Hydryphantidae Hydryphantes ruber Aedes stimulans larvae [15]
Hydryphantidae Parathyas barbigera Aedes egg [15]
Hydryphantidae Parathyas stolli Aedes egg [15]

Hygrobatiidae Hygrobates calliger Unknown mosquito larvae [31]
Lebertiidae Lebertia quinquemaculosa Culex pipiens larvae This work
Limnesiidae Limnesia jamurensis Anopheles farauti and Culex pullus eggs and larvae [32]
Limnesiidae Limnesia koenikei Unknown mosquito larvae [31]

Pionidae Piona spp. Aedes larvae [15,27]
Teutoniidae Teutonia cometes Unknown mosquito larvae [31]

Unionicolidae Encentridophorus similis Aedes albopictus larvae [28]
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3.2. Parasitism

Parasitism of mosquitoes by water mites was first recorded by DeGeer in 1778 and has since been
an interesting focus of research for water mite investigators and others [27,33]. Comprehensive reviews
of water mite parasitism on mosquitoes by Mullen [33] and Simmons and Hutchinson [34] revealed a
global biodiversity of water mites that parasitize mosquitoes. The early work by Mullen [33] reported
15 genera of water mites that parasitize mosquitoes, but he disqualified five based on what he thinks
were misidentifications or other inconsistencies. Smith [27] reported 10 genera mainly based on Mullen’s
work but not including the genera Mullen disqualified. Smith and Oliver [35] compiled an excellent
review of parasitic hosts of larval water mites and their work agrees with the water mite–mosquito
associations reported here. A newer study by Simmons and Hutchinson [34] reported seven genera
and two families of water mites that parasitize mosquitoes. Water mites that parasitize mosquito
adults overlap with six water mite genera that prey upon mosquito larvae and eggs (see Discussion).
The mosquito hosts are similarly diverse, with 12 genera of mosquitoes having been identified by
Simmons and Hutchinson [34]. In the present review, we add newer studies of water mites that
parasitize mosquitoes; Table 3 lists the newer cases of water mite parasitism on mosquitoes that update
the work since Simmons and Hutchinson [34].
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Table 3. List of water mite–mosquito associations since Simmons and Hutchinson [34].

Parasitic Mite Taxa Host Mosquito Taxa Citation
Genus Species

Arrenurus

acuminatus

Aedes pallidostriatus,
Aedes pipersalatus,
Anopheles barbirostris,
Anopheles culicifacies,
Anopheles minimus,
Anopheles quinquefasciatis,
Anopheles stephensi,
Culex bitaeniorhynchus,
Culex malayi,
Culex nigropuntatus,
Culex pipiens fatigans

[36]

danbyensis Culex infula [36]

gibberifrons Aedes novalbopictus [36]

kenki

Aedes pallidostriatus,
Aedes pipersalatus, [36]

Anopheles quinquefasciatis,
Anopheles thomsoni, [37]Culex malayi,
Culex pipiens fatigans,
Culex tritaeniorhynchus,
Culex vishnui,
Culex restuans

madaraszi Culex infula [36]

spp.

Aedes scapularis,
Anopheles darlingi,
Anopheles evansae,
Psorophora ferox,
Psorophora varipes

[38]

Euthyas spp. Culex restuans [37]

Hydrachna spp.
Aedes serratus,
Mansonia wilsoni, [38]

Psorophora varipes [37]

Limnochares spp. Aedes scapularis,
Anopheles darlingi [37]

Parathyas

barbigera

Aedes aegypti,
Aedes albopictus,
Aedes novalbopictus,

[36]

Aedes pallidostriatus,
Aedes pipersalatus,
Aedes ramachandarai,
Aedes vittatus,
Anopheles barbarostris,
Anopheles culicifacies,
Anopheles minimus,
Anopheles quinquefasciatis,
Anopheles stephensi,
Coquillettidia spp.,
Culex bitritaeniorhynchus,
Culex infula,
Culex malayi,
Culex pipiens fatigans,
Toxorhynchitis splendens

[38]

spp.

Uranotaenia compestris [37]Aedes albopictus,
Aedes japonicus,
Culex pipiens,
Culex restuans
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Especially notable updates in Table 3 include observations by Atwa et al. [36], Manges et al. [37],
and others. Atwa, Bilgrami and Al-Saggaf [36] reported new studies of water mites and their parasitic
associations with mosquitoes, based on collections sourced in North India. Novel associations noted in this
work included Culex infula associated with Arrenurus danbyensis and Parathyas barbigera [36]. Other Culex
species, including C. nigropuntatus, C. fatigans, C. malayi, and C. bitritaeniorhynchus were reported associating
with multiple Arrenurus genera, including A. acuminatus, A. gibberifrons, A. madaraszi, A. kenki, A. danbyensis,
and Parathyas barbigera [36]. Anopheles genera also had new associations with A. culcifactes, A. quinquefaciatis,
A. stephensi, A. minimus, and A. barbarostris with Arrenurus genera and Parathyas barbigera [36]. Aedes genera
were also reported with new associations, including A. albopictus, A. aegypti, A. pallidostriatus, A. pipersalatus,
A. novalbopictus, A. vittatus, and A. ramachandarat with Arrenurus genera. Likewise, Parathyas barbigera
associated with A. albopictus, A. aegypti, A. vittatus, and A. ramachandarat [36]. Manges, Simmons,
and Hutchinson [37] reported several new mosquito mite associations in North America, with mosquitoes
that are considered invasive. Aedes genera, including A. albopictus and A. japonicus, were associated with
Parathyas and Culex restuands, and C. pipiens were also associated with Parathyas [37]. Other interesting cases
of parasitism, such as Arrenurus seen parasitizing a Culex pipiens pupae and Unionicola seen parasitizing a
Cladoceran (Bosmina tubicen), are notable observations [38,39].

Our updated lists also include previously excluded data that should be considered, such as
Lebertia tauinsignata reported by Marshall [40] but disqualified by Mullen [33]. We urge this
reconsideration as we think Lebertia tauinsignata could possibly parasitize mosquitoes, as our own
research shows Lebertia feeding on mosquito larvae and parasitizing chironomids, which are related
to mosquitoes [10]. Our critical assessment of the work done by Marshall [40] did not find any
reason to disqualify the observation. Another study that was disqualified by Mullen was the study
by Mira [41] that identified Unionicola mites parasitizing Anopheles mosquitoes in what was Italian
East Africa. Newer studies in the Arabian Peninsula adjacent to Ethiopia have identified Unionicola
mites parasitizing mosquito pupae [38]. Other associations reported by Mullen [33] might need further
assessment to determine why they were disqualified and if they should be considered again, given new
research insights.

The Arrenurus genus commanded 61.67% of the parasitic associations, with 111 species of mosquitoes
being parasitized (see Figure 4). The Parathyas genus was second highest, with 25.55% parasitic
associations and 46 species of mosquitoes being parasitized. Further discussions on these two groups
will be presented later, but it must be noted that the Arrenurus genera included several species of
Arrenurus, but Parathyas was represented primarily by one species: Parathyas barbigera. In sum, the
Arrenuridae water mite family (especially species of the genus Arrenurus) parasitized, by far, the greatest
number of genera (11) and species (111) of mosquitoes (Figures 4 and 5). The water mite species and
the number of mosquito species they parasitize are summarized in Figure 5. Within the Arrenurus
genus, 27 species were found to parasitize mosquito larvae, with the most frequently observed species
being A. angustilimbatus, A. kenki, and A. madaraszi. Since Arrenurus has the highest species richness
of all water mite genera, and their larvae are generally difficult to identify at the species level, the
diversity of Arrenurus species parasitizing mosquitoes may be even greater. Worldwide, 950 Arrenurus
species have been documented [42], with 400 in the Nearctic region to date [6]. Newly assigned genera
of water mites that parasitize mosquitoes included in the present review are Lebertia and Unionicola.
These associations are based on our literature review, unpublished and published observations, and
reassessment of previously rejected literature observations. For brevity, we did not include associations
where the water mites could only be identified to family or subfamily taxonomic level, which included
Euthyasinae and Thyadinae [34].
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Figure 5. Water mites identified according to species and the number of mosquito species they parasitize,
from Atwa, Bilgrami, and Al-Saggaf [36]; Leal dos Santos [43]; Manges, Simmons, and Hutchinson [37];
and Simmons and Hutchinson [34].

3.3. Global Perspectives and Considerations of the Biodiversity of Water Mite Predation and Parasitism
of Mosquitoes

Despite Hydrachnidia (water mites) being the most biodiverse taxonomic group of the Arachnids,
our analysis suggests that only about 3.5% of the total known water mite genera preys on and parasitize
mosquitoes (see Table 4). However, some of the genera that have been shown to parasitize and prey on
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mosquitoes are believed to be some of the most specious, with Piona having potentially more than
100 species and Arrenurus up to 400 species [6].

Table 4. Overlap of water mite parasites and predators of mosquito adult and larvae, respectively.

Mite Genus Mosquito Parasite Mosquito Predator

Arrenurus X X
Encentridophorus X

Euthyas X
Hydrachna X

Hydrochoreutes X
Hydrodroma X

Hydryphantes X X
Hygrobates X

Lebertia X 1 X
Limnesia X 1 X

Limnochares X
Parathyas X X

Piona X X
Teutonia X

Thyasides X
1 Disqualified by Mullen, 1975 [33].

The aforementioned observations were based on both field and laboratory studies,
comprising observations from the United States, Canada, Germany, Sweden, France, Denmark,
New Zealand, Australia, Panama, Brazil, China, Japan, Uganda, Gambia, Madagascar, Nigeria, Angola,
Indonesia, Malaysia, India, Sri Lanka, and Saudi Arabia (see Figure 6). While this demonstrates a broad
global distribution of diverse water mite parasitism on mosquitoes, most reports originated from the
United States and India, with over 100 records each.

Additionally, many biogeographical regions are left to be studied for water mite–mosquito
associations, such as the Afrotropical and Neotropical regions, which are consequently known for
mosquitoes and the diseases they cause (see Figure 6).
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4. Discussion

Water mites are known to be predators of a variety of aquatic invertebrates, including copepods,
cladocerans, ostracods, and Dipteran larvae, and the larvae of water mites are also known to parasitize a
diverse selection of invertebrates, such as dragonflies, mayflies, mosquitoes, and water beetles [7,35,44].
Given this diversity of biotic interactions they have as both predators and parasites, we consider their
contribution to aquatic ecosystems to be very significant. The biodiversity of biotic interactions and the
effect of parasitism on biodiversity are areas of research that are gaining renewed interest [17,20]. The
specific aims of our work are to (i) update the known predatory and parasitic associations of water
mites and mosquitoes (adults and larvae); (ii) update past records of water mite–mosquito associations;
(iii) identify specific water mite genera and the biodiversity of their biotic interactions; and (iv) suggest
future directions for studies with water mites, to increase our understanding of predatory biotic
interactions in nature.

4.1. Identification of Major Water Mite Mosquito Parasites

Water mites are considered hyperparasites of mosquitoes, as they are a parasite that parasitizes
another parasite, but despite these ecologically relevant biotic interactions, this area of research
has been understudied [37,45]. Some mite species have been documented to parasitize multiple
mosquito species throughout several genera, while other mite species have a very specific parasite–host
association, with only a few mite species parasitizing a specific species of mosquito. Our review
identified Arrenurus kenki as parasitizing 24 mosquito species of the genera Aedes, Anopheles, and Culex
(see Table A1). Another water mite species that parasitizes a large number of mosquito species is
Parathyas barbigera, which parasitizes 42 identified mosquito species in the genera Aedes, Anopheles,
Culex, possibly Coquillettidia [46], Psorophora, Toxorhynchitis, and Uranotaenia (see Table A2).

The findings in our review suggest that the Arrenurus and Parathyas genus of water mites and
their biotic interactions with mosquitos (as parasites of adult mosquitoes) might be an important area
for future studies. Arrenurus kenki was listed as being “facultative tolerant” to organic wastes in a
study that had a 0–5 range [47]. Parathyas barbigera (listed as Thyas in this reference) listed it as being
facultative tolerant suggesting that both these species require an aquatic habitat that does not have
excessive pollution [47]. This strengthens the idea that preserving biodiversity is important, especially
in freshwater ecosystems that may contain these types of water mites which have a prominent role as
mosquito parasites. It also emphasizes the loss of potential ecosystem services when the biodiversity
of these biotic interactions is lost due to habitat loss or degradation. Work like this strengthens
conservation efforts to improve freshwater habitats, since this is the habitat where biodiversity is
disappearing at a faster rate than terrestrial systems [19].

4.2. The Potential Impact of Water Mite Life History Strategies on Their Biotic Interactions with Mosquitoes

Jalil and Mitchell [48] postulated that there are two types of water mites: the “thyasid-type”,
which belongs to the Thyas (=Parathyas) genus, and the “pionid-type”, which includes those from the
Arrenurus genus. In our review, the genera Parathyas and Arrenurus are those with the most significant
parasitic associations with mosquito adult flies. The few studies focused on this topic have documented
the possibility of water mite parasitism limiting the rate of survival and reproduction of mosquito
hosts in natural environments to varying degrees [21,48–50]. The differing life history and behavior of
thyasid-type and pionid-type mite larvae has previously been argued as playing a role in the attachment
site and rate on mosquito hosts, and thus the intensity (as defined by the number of parasites on a
host [51]) and severity of effects on mosquito survival and reproduction [48,49]. Thyasid-type mite
larvae are believed to be closer relatives of terrestrial mites, from whom they evolved, than pionid-type
larvae, because of their generalized, semi-aquatic life history [52]. Thyasid-type larvae are able to
break through the water surface film immediately after hatching and “walk” on the water surface,
having left the water altogether [48]. The thyasid-type larvae can only attach to adult mosquito hosts

130



Diversity 2020, 12, 226

that return to the water surface, giving them only a few minutes of attack time to parasitize an adult
mosquito host [49]. This may result in sexual discrimination by the thyasid-type mite larvae on female
mosquitoes that exhibit a higher likelihood of returning to the water surface for oviposition of eggs
than male mosquitoes [49]. In contrast, the pionid-type larvae are fully aquatic specialized swimmers
that cannot leave the water until after they attach to the host. Therefore, pionid-type larvae can only
seek a host during the mosquito’s aquatic pupa stage, in which the mite larvae rest until mosquito
ecdysis. After ecdysis of the mosquito pupa, the water mite remains on the adult mosquito, on which it
initiates parasitism of the adult. This life history strategy may relate to the success in high intensity
of mite parasitism with pionid-type larvae, specifically with Arrenurus, where Arrenurus mite load
is commonly seen to be 30 or more mites per host [46,49]. Our review also identified Arrenurus as
being the genus with the most species of Arrenurus parasitizing a wide diversity of mosquito hosts
(see Figure 4 and Table A1).

Parathyas barbigera and P. stolli present an interesting case, as they were the second highest water
mites having parasitic interactions with adult mosquitoes, with 42 different species of mosquitoes
being parasitized by P. barbigera (see Figure 5 and Table A2). It was also found to prey on mosquito
larvae (see Table 2). It was one of the few mites that had overlap with its larvae being parasites on
mosquito adults and its adult form preying on mosquito larvae. This comparison can be seen in Table 4.
P. barbigera and P. stolli belong to those water mites classified by Jalil and Mitchell [48] as “thyasid-type”
mites, but despite this, they are very successful as predators and parasites of mosquitoes.

4.3. Water Mite Parasitism Reduces Mosquito Fecundity and Survivorship

The impact of high mite loads is evident from the linear relationship of mite-induced mortality and
decreased fecundity on mosquito hosts, with the slope relating to the ratio of mite weight to host weight
and the mite load on the host [22,50]. The few laboratory and natural experiments that have focused on
the impact of high mite loads have commonly used the mite genus Arrenurus with the mosquito genus
Anopheles, where reduced survivorship and reproduction of mosquitoes by Arrenurus species have
been documented [21,23,50]. An experimental study by Lanciani and Boyt found that unparasitized
female Anopheles crucians had a survival time of 23.32 days, while heavily parasitized females with
Arrenurus pseudotenuicollis (around 17–32 mites) had a survival time of 6.25 days [21]. They also found
that the number of eggs produced by A. pseudotenuicollis significantly decreased as Arrenurus mite load
increased for both field-engorged mosquitoes and laboratory-fed mosquitoes, regardless of mosquito
blood meal size [21]. Another experiment by Smith and McIver discovered that, when not accounting
for blood meal size of Coquillettidia perturbans, the parasitism of Arrenurus danbyensis greater than five
mites decreased the egg production of C. perturbans by 3.5 eggs per additional mite [23].

In a natural experiment by Lanciani and Boyt, the female Anopheles crucians that are unengorged
with their first blood meal were found to have the highest proportion of pionid-type parasites compared
to engorged female mosquitoes [21]. Another laboratory experiment by Lanciani discovered the sexual
preference of Arrenurus novimarshallae mite larvae toward female Anopheles crucians pupae hosts
compared to male pupae of that species, even when females were reared to smaller sizes with reduced
food levels [53]. Female mosquitoes require sufficient energy to conduct flights for their required first
blood meal to survive, but if they are heavily parasitized by pionid-type larvae, then they are most
likely unable to attain this crucial blood meal, which can severely reduce mosquito densities.

Therefore, the effects and rates of parasitism by larval water mites and predation by deutonymph
and adult water mites have been found to have a severe effect on population sizes of host and prey
species. This, therefore, emphasizes the importance of future studies on loss of biodiversity of water
mite parasitism and predation and the effects on the population size of species that they can potentially
regulate. Since mosquito larvae have been found to be a possible host and prey for some species of
water mites, it is crucial to determine the specific species of water mites that parasitize and prey on
mosquito larvae.
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4.4. Potential Water Mite Adaptations: Speciation and Niche Partitioning

We have also reviewed the water mites that have been shown to prey on mosquito larvae.
Although the Arrenurus genus is substantially found to dominate the type of water mites that were
found parasitizing mosquito adults (see Figures 4 and 5), we could only find one instance in which
an Arrenurus adult water mite was found to prey on mosquito larvae in laboratory experiments
(see Table 2) [29]. This demonstrates the hidden complexity within the biotic interactions since
Arrenurus madaraszi was the only Arrenurus adult water mite found preying on mosquito larvae, but is
the primary genus reported as parasitic (see Table 2 and Figure 5) [29].

Of the 17 genera listed, only six (Parathyas, Piona, Hydryphantes, Arrenurus, Lebertia, and Limnesia)
were shown to both prey on and parasitize mosquito larvae and adults (see Table 4). Water mites are
known to prey on and parasitize a wide variety of invertebrates. However, not all water mites are
parasites. Up to 29 species are thought to not have parasitic larval stages, and studies that compare both
parasitic and non-parasitic are needed to clarify possible adaptation benefits of one over the other [54].
A study comparing two species of Arrenurus, A. angustilimbatus (which is a parasite of mosquitoes and
mentioned in this review) and A. rufopyriformis (which does not have a parasitic stage in its life cycle),
concluded that A. angustilimbatus could be considered to be “ecologically successful” due to its higher
heterozygosity and wide geographic range [55]. Studies on other species of water mites have also
suggested species’ separation as a consequence of parasitism [56]. Additionally, parasitic water mites
have been observed to partition on a single host [57]. Up to nine water mite species were observed
partitioning Chironomid hosts, with some species demonstrating preferred specificity to the thorax,
while others to the abdomen [57]. This type of “niche” partitioning along with the phoresy associated
with the parasitism of adult flies could contribute to the highly successful biodiversity and prevalence
of water mites. However, due to poor taxonomy of water mites, particularly at the parasitic stage (larval
stage), there is still much work needed to be done to fully appreciate the ecological and evolutionary
contributions that these life history traits provide. However, with the ability for more accurate genus
and species identification of water mites and mosquitoes via genetic analysis, and increased research
on the abovementioned life history traits, an expanded understanding of these relationships will be
made possible.

4.5. Biogeography of Water Mite–Mosquito Biotic Interactions

Because of the high species richness of both mites and mosquitoes and the extensive diversity of
species-specific interactions between taxa, further investigation of the abundance of host exploitation
and the effects of mite parasitism on mosquitoes seem likely to reveal a range of functional interactions.
Even at the species level, these characteristics (attachment rate, mite load, and effects) of mite parasitism
on mosquitoes have been previously found to vary depending on the species of both organisms
involved in the parasitic interaction. Additionally, the biogeography related to these biotic interactions
is also in need of clarification, since our overview of the biogeography of the groups discussed in
this review could only be described at the family or subfamily level (see Table 5). Some of the genera
have broad distribution, which may imply widespread impact through the diverse biotic interactions
with mosquitoes. The cosmopolitan genus Arrenurus has published records of parasitism from widely
distant regions, such as Japan and Canada, covering the Nearctic, Neotropical, Palearctic, Oriental,
Australasian, and Afrotropical (see Table A3). More work is needed to understand the biodiversity,
biogeography, and specificity of these biotic interactions, to document the extensive parasite–host
association combinations that are present at a global scale.
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Table 5. Biogeography of water mite genera.

Genus Biogeography Citation

Arrenurus Cosmopolitan [54]
Encentridophorus Australasia, Asia, Africa [54]

Euthyas North America, Europe [55,56]
Hydrachna Cosmopolitan [3]

Hydrochoreutes Cosmopolitan [54]
Hydrodroma Cosmopolitan [54]

Hydryphantes Cosmopolitan, except New Zealand [54]
Hygrobates Cosmopolitan, except New Zealand [54]

Lebertia Cosmopolitan, except Australasian [3]
Limnesia Cosmopolitan [3]

Limnochares Cosmopolitan [54]
Parathyas Cosmopolitan family [3]

Piona Cosmopolitan [54]
Teutonia Holoarctic [55]

Thyasides Cosmopolitan family [3]

4.6. Studies on Water Mite Predation of Mosquito Eggs, Larvae, and Pupae Are Needed

Similarly, with respect to predatory impacts of water mites on mosquitoes, further investigations
are needed to determine ecological significance and, given the high health impact of mosquito-borne
diseases, to determine if mite predation on mosquito larvae can be exploited to reduce these disease
burdens. Commenting on the voraciousness of Piona spp. on mosquito larvae, Smith [27] noted that
although Piona spp. are able to consume a large number of mosquito larvae, “quantitative studies
on the ecology and feeding behavior of these mites are lacking”, a statement that is still true almost
40 years later, as we write this review. A similar comment is made by Esteva et al. [58], who created a
mathematical model of the roles of parasitism and predation in controlling the population dynamics of
water mites and mosquitoes. The modelers observed in their model that predation had a more significant
effect than parasitism in controlling the dynamics of mosquito and water mite populations. Indeed,
in their model, populations of adult mosquitoes plummet to near zero as the water mite predation
rate increases; the range of effective population-reducing predation occurs at a level of <0.9 mosquito
larvae consumed per day per mite, which is a modest level compared to laboratory observed rates of
six to eight mosquito larvae per mite by Limnesia jamurensis [32]. However, the modelers noted that
“systematic studies about the extent of the impact of water mites on mosquito populations that could
be used as a basis for a control program are scarce and fragmentary” [58].

Going forward, much new data needs to be collected on the intensity of water mite predation on
mosquito larvae and about their impacts on mosquito populations. Our studies, reported elsewhere,
applied high throughput sequencing to determine if mosquito DNA can be detected from the molecular
gut contents of water mites freshly collected from the field [10]. The molecular gut contents from
Lebertia quinquemaculosa, a second species of Lebertia with a novel COI barcode (tentatively named
Lebertia davidcooki), and unidentified species of Arrenurus and Limnesia, was amplified with COI primers
designed to amplify insects but not arachnids [10]. While DNA of many of the expected prey was
present in these specimens (e.g., most sequences in Lebertia were from a multitude of chironomid species;
Arrenurus had DNA from the ostracod Podocopida), sequences from mosquitoes were also present [10].
Culex pipiens sequences were observed in 20% of L. quinquemaculosa and 7% of L. davidcooki specimens,
and neither of the other species [10]. We plan to apply these techniques to other water mite species,
including Piona, which has figured prominently in this review of water mite–mosquito predation, to
determine which, if any, species of water mites might utilize mosquito larvae as a predominant part
of their diets. In addition, we have initiated mesocosm studies, reported here, to study water mite
impacts on naturally recruited mosquito larvae (see Section 3.1).

These studies looked at naturally recruited mosquito larvae in aquatic mesocosms (see Figure 2)
to which we have experimentally added water mites at various intervals. Our gut DNA studies in
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Vasquez [10] identified a potentially novel water mite mosquito predator, Lebertia quinquemaculosa,
which we added to the mesocosms reported here. Mimicking “natural” artifacts, such as ponds and
streams, vernal ponds, puddles, and other damp areas such as plant phytolemata [59], and also
man-made water-retaining structures, such as cisterns, rain gutters, and buckets, we deployed
bucket mesocosms in urban parks (see Figures 1 and 2), all of which provide an extensive range of
mosquito-breeding habitats. Examples of such features in an urban area have been documented in
Detroit [10] and are generally found in urban areas elsewhere [60,61]. We showed, in our results, that the
addition of L. quinquemaculosa reduced mosquito larvae population in the mesocosms (see Table 1).
We have thus added L quinquemaculosa to the list of water mite mosquito predators (see Table 2).

To our knowledge, these observations of water mite and mosquito larvae in bucket mesocosms
constitute the first field test of its kind that investigated water mite impacts on mosquito populations
in a naturalistic environment. On a preliminary basis, at least, L. quinquemaculosa seems to have a
greater effect on mosquito larvae recruitment or survival than do two other genera of mites (Arrenurus
and Hydrachna) which we added to our mesocosms (see Table 1 and Figure 3), a result supported
by our molecular diet research on Lebertia and consistent with previous diet preference research on
the other species [6,7,10]. As noted above, a systematic investigation of diverse water mite species,
including those suggested to have predatory associations with mosquito larvae or eggs, would be
warranted, especially to provide data for mathematical models of water mite–mosquito interactions
and ultimately to determine whether water mite predation could be exploited to control mosquitoes.
These mesocosm studies could also be enhanced with cameras and other observational methods that
would clarify the mechanisms by which water mites impacted the recruitment, growth, and/or survival
of the mosquito larvae in mesocosms.

5. Final Considerations

This knowledge of the functional biodiversity of water mites that feed on and parasitize mosquitoes
could be of great importance in understanding predator–prey dynamics [20] and developing new
methods for controlling mosquitoes. Several different types of diseases, such as West Nile virus,
eastern equine encephalitis, dengue, malaria, Zika, yellow fever, and chikungunya, are caused by
mosquitoes. The human morbidity due to mosquitoes is estimated at 725,000 worldwide, making it
potentially the deadliest animal on earth (https://www.cdc.gov/globalhealth/stories/world-deadliest-
animal.html). While our current research is in temperate regions where eastern equine encephalitis
and West Nile virus are especially of concern, most mosquito-borne diseases of human pathological
importance are primarily found in tropical regions, where, ironically, water mite biodiversity is least
understood [4]. DNA barcoding could potentially assist in improving the knowledge of water mite
diversity, since water mite adult and larvae DNA barcodes could be matched, thereby greatly facilitating
research on mite–mosquito interactions [34].

Climate change and increased international travel provides an additional motivation for
understanding water mite–mosquito interactions, as rising temperatures may allow organisms—such as
mosquitoes—of the tropics to invade more temperate regions, posing new threats to human health [62].
Such changes may increase the financial burden for cities trying to control mosquito populations.
As an example, expenditures for mosquito control in Miami-Dade County were recently at ten million
dollars annually, five times its proposed budget (http://www.wlrn.org/post/miami-dade-county-faces-
10-million-tab-mosquito-control). The Environmental Protection Agency (EPA) and the Centers for
Disease Control (CDC) recommend an Integrated Pest Management (IPM) approach for the control of
mosquitoes (https://www.epa.gov/mosquitocontrol/joint-statement-mosquito-control-united-states)
that emphasizes natural control, with minimal chemical intervention when possible. Among these
natural control methods may be the application of diverse species of water mites, as more natural
biocontrol agents for mosquitoes, to reduce their human disease burden.
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Appendix A

Table A1. Arrenurus water mite species and the mosquito species they parasitize [34,36,37,43].

Parasitic Mite Taxa Host Mosquito Taxa

Genus Species Genus Species

Arrenurus

acuminatus

Aedes pallidostriatus,
pipersalatus

Anopheles

barbirostris,
culicifacies,
minimus,
punctipennis,
quadrimaculatus,
quinquefasciatis,
stephensi,
walkeri

Culex

bitaeniorhynchus,
malayi,
nigropuntatus,
pipiens,
pipiens fatigans

Culiseta melanura

angustilimbatus
Aedes

abserratus,
aurifer,
cinereus,
communis,
diantaeus,
excrucians,
fitchii,
provocans,
punctor,
stimulans
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Table A1. Cont.

Parasitic Mite Taxa Host Mosquito Taxa

Genus Species Genus Species

Culex restuans

Culiseta morsitans

bisulcicodulus Anopheles maculipennis

buccinator Anopheles maculipennis

confractus Culex restuans

crassicaudatus Anopheles maculipennis

danbyensis
Aedes canadensis

Coquillettidia perturbans

Culex infula

delawarensis Coquillettidia perturbans

fimbriator Anopheles maculipennis

gibberifrons Aedes novalbopictus

globator

Aedes excrucians

Anopheles claviger,
maculipennis

Culex pipiens

integrator Anopheles maculipennis

kenki

Aedes

abserratus,
canadensis,
communis,
excrucians,
fitchii,
japonicus,
pallidostriatus,
pipersalatus,
provocans,
punctor,
stimulans,
trivittatus,
vexans

Anopheles
quinquefasciatis,
thomsoni,
walker

Culex

malayi,
pipiens fatigans,
restuans,
restuans,
salinarius,
territans,
tritaeniorhynchus,
vishnui
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Table A1. Cont.

Parasitic Mite Taxa Host Mosquito Taxa

Genus Species Genus Species

knauthei Anopheles maculipennis

latus Anopheles maculipennis

madaraszi

Anopheles

annularis,
culicifacies,
hyrcanus,
nigerrimus,
pulcherrimus,
sinensis,
stephensi,
subpictus,
vagus

Culex

epidesmus,
fuscophala,
infula,
pipiens fatigans,
pseudovishnui,
tritaeniorhynchus

megaluracarus

Mansonia uniformis

Anopheles walker

Culex territans

nodosus Anopheles maculipennis

novimarshallae Anopheles crucians

palustris

Anopheles walker

Culex restuans,
territans

pseudotenuicollis

Culiseta morsitans

Aedes triseriatus

Anopheles

crucians,
punctipennis,
quadrimaculatus,
walker

pugionifer Anopheles maculipennis

ringwoodi Aedes trivattatus

Anopheles punctipennis

stecki
Culex

restuans,
salinarius,
territans

Anopheles maculipennis

Culex pipiens

tubulator Anopheles maculipennis
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Table A1. Cont.

Parasitic Mite Taxa Host Mosquito Taxa

Genus Species Genus Species

spp.

Anopheles

aconitus,
annulipes,
aquasalis,
barbirostris,
costalis,
coustani,
darlingi,
earlei,
evansae,
fluviatilis,
gambiae,
jamesi,
karwari,
maculatus,
maculatus
willmori,
pallidus,
philippinensis,
punctipennis,
ramsayi,
splendidus,
squamoses,
sundaicus,
tessellatus

Coquillettidia

bitaeniorhynchus,
crassipes,
richiardii,
venezulensis

Culex

bitaeniorhynchus,
brevipalpis,
cornutus,
erraticus,
gelidus,
malayi,
modestus,
pipiens,
quinquefasciatus,
sinensis,
tarsalis,
vishnui,
whitmorei

Culicidae spp.

Culiseta

alaskaensis,
annulate,
impatiens,
inornata

Deinocerites atlanticus,
melanophylum

Ficalbia chamberlaini

Mansonia annulifera,
indiana

Psorophora ferox,
varipes

Uranotaenia maculipleura
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Table A2. Parathyas water mite species and the mosquito species they parasitize [34,36–39].

Parasitic Mite Taxa Host Mosquito Taxa

Genus Species Genus Species

Parathyas
barbigera

Aedes

abserratus,
aegypti,
albopictus,
annulipes,
canadensis,
cantans,
cantator,
caspius,
cataphylla,
cinereus,
communis,
detritus,
excrucians,
fitchii,
idahoensis,
leucomelas,
novalbopictus,
pallidostriatus,
pipersalatus,
provocans,
punctor,
ramachandarai,
sticticus,
stimulans,
trichurus,
triseriatus,
trivittatus,
vexans,
vittatus,
zoosuphus

Anopheles

barbarostris,
culicifacies,
minimus,
quinquefasciatis,
stephensi

Coquillettidia perturbans,
sp.

Culex

bitritaeniorhynchus,
infula,
malayi,
pipiens fatigans

Psorophora sp.

Toxorhynchitis splendens

Uranotaenia compestris

spp. Aedes albopictus,
japonicus

Culex pipiens, restuans
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Table A3. Arrenurus species biogeography.

Zoogeographic Region Country Arrenurus Species Source

Nearctic

Canada

angustilimbatus [34]

kenki [34]

megaluracarus [34]

palustris [34]

USA

acuminatus [34]

angustilimbatus [34]

confractus [34]

danbyensis [34]

delawarensis [34]

globator [34]

kenki [34,37]

megaluracarus [34]

novimarshallae [34]

palustris [34]

pseudotenuicollis [34]

ringwoodi [34]

tarsostriatus [34]

Neotropical Brazil spp. [34,43]

Panama spp. [33]

Palearctic

France spp. [34]

Germany

bisulcicodulus [33]

buccinator [33,34]

crassicaudatus [33]

fimbriator [33]

globator [33,34]

integrator [33]

knauthei [33]

latus [33]

nodosus [33]

pugionifer [33]

stecki [33]

truncatellus [33,34]

tubulator [33]

China madaraszi [34]

Japan madaraszi [33]
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Table A3. Cont.

Zoogeographic Region Country Arrenurus Species Source

Oriental

India

acuminatus [36]

danbyensis [36]

gibberifrons [36]

kenki [36]

madaraszi [34,36]

Indonesia spp. [34]

Japan madaraszi [33]

Australasian Australia spp. [34]

Afrotropical

Angola spp. [33]

Madagascar spp. [33]

Nigeria spp. [33]

Saudi Arabia spp. [38]

References

1. Cook, D.R.; Mitchell, R.D. Notes on collecting water-mites. Turtox News 1953, 30, 122–125.
2. Vasquez, A.A.; Carmona-Galindo, V.; Qazazi, M.S.; Walker, X.N.; Ram, J.L. Water mite assemblages reveal diverse

genera, novel DNA barcodes and transitional periods of intermediate disturbance. Exp. Appl. Acarol. 2020.
[CrossRef] [PubMed]

3. Di Sabatino, A.; Smit, H.; Gerecke, R.; Goldschmidt, T.; Matsumoto, N.; Cicolani, B. Global diversity of water
mites (Acari, Hydrachnidia; Arachnida) in freshwater. Hydrobiologia 2008, 595, 303–315. [CrossRef]

4. Goldschmidt, T. The Biodiversity of Neotropical Water Mites; Springer: Dordrecht, The Netherlands, 2002;
pp. 91–99.

5. Vasquez, A.A.; Qazazi, M.S.; Fisher, J.R.; Failla, A.J.; Rama, S.; Ram, J.L. New molecular barcodes of water
mites (Trombidiformes: Hydrachnidiae) from the Toledo Harbor region of Western Lake Erie, USA, with first
barcodes for Krendowskia (Krendowskiidae) and Koenikea (Unionicolidae). Int. J. Acarol. 2017, 43, 494–498.
[CrossRef]

6. Smith, I.M.; Cook, D.R.; Smith, B.P. Water mites and other arachnids. In Ecology and Classification
of North American Freshwater Invertebrates, 3rd ed.; Thorpe, J.H., Covich, A.P., Eds.; Academic Press:
Waltham, MA, USA, 2010; pp. 485–586.

7. Proctor, H.; Pritchard, G. Neglected predators—water mites (acari, parasitengona, hydrachnellae) in
fresh-water communities. J. N. Am. Benthol. Soc. 1989, 8, 100–111. [CrossRef]

8. Pozojevic, I.; Jursic, L.; Vuckovic, N.; Doric, V.; Gottstein, S.; Ternjej, I.; Mihaljevic, Z. Is the spatial distribution
of lentic water mite assemblages (Acari: Hydrachnidia) governed by prey availability? Exp. Appl. Acarol.
2019, 77, 487–510. [CrossRef] [PubMed]

9. Matveev, V.F.; Martinez, C.C.; Frutos, S.M. Predatory—Prey Relationships in Sub-Tropical
Zooplankton—Water Mite against Cladocerans in an Argentine Lake. Oecologia 1989, 79, 489–495. [CrossRef]

10. Vasquez, A.A. Digestive composition and physiology of water mites. Ph.D. Thesis, Wayne State University,
Detroit, MI, USA, 2017.

11. Goldschmidt, T. Water mites (Acari, Hydrachnidia): Powerful but widely neglected bioindicators—A review.
Neotrop. Biodivers. 2016, 2, 12–25. [CrossRef]

12. Goldschmidt, T.; Helson, J.E.; Williams, D.D. Ecology of water mite assemblages in Panama—First data on
water mites (Acari, Hydrachnidia) as bioindicators in the assessment of biological integrity of neotropical
streams. Limnologica 2016, 59, 63–77. [CrossRef]

13. Wiecek, M.; Martin, P.; Gabka, M. Distribution patterns and environmental correlates of water mites
(Hydrachnidia, Acari) in peatland microhabitats. Exp. Appl. Acarol. 2013, 61, 147–160. [CrossRef]

14. Martin, P.; Gerecke, R. Diptera as hosts of water mite larvae—an interesting relationship with many open
questions. Lauterbornia 2009, 68, 95–103.

141



Diversity 2020, 12, 226

15. Mullen, G.R. Predation by water mites (Acarina-Hydrachnellae) on immature stages of mosquitos. Mosq. News
1975, 35, 168–171.

16. Rueda, L.M. Global diversity of mosquitoes (Insecta:Diptera:Culicidae) in freshwater. Hydrobiologia 2008,
595, 477–487. [CrossRef]

17. Luna, P.; Corro, E.J.; Antoniazzi, R.; Dáttilo, W. Measuring and Linking the Missing Part of Biodiversity and
Ecosystem Function: The Diversity of Biotic Interactions. Diversity 2020, 12, 86. [CrossRef]

18. United Nations Decade on Biodiversity. Available online: https://www.cbd.int/undb/goals/undb-
unresolution.pdf (accessed on 2 May 2020).

19. Albert, J.S.; Destouni, G.; Duke-Sylvester, S.M.; Magurran, A.E.; Oberdorff, T.; Reis, R.E.; Winemiller, K.O.;
Ripple, W.J. Scientists’ warning to humanity on the freshwater biodiversity crisis. Ambio 2020. [CrossRef]

20. Frainer, A.; McKie, B.G.; Amundsen, P.A.; Knudsen, R.; Lafferty, K.D. Parasitism and the
Biodiversity-Functioning Relationship. Trends Ecol. Evol. 2018, 33, 260–268. [CrossRef]

21. Lanciani, C.; Boyt, A. Effect of a parasitic water mite, Arrenurus-Pseudotenuicollis (Acari-Hydrachnellae),
on survival and reproduction of mosquito Anopheles-Crucians (Diptera-Culicidae). J. Med. Entomol. 1977,
14, 10–15. [CrossRef]

22. Smith, B. Host-parasite interaction and impact of larval water mites on insects. Annu. Rev. Entomol. 1988, 33,
487–507. [CrossRef]

23. Smith, B.; Mciver, S. The impact of Arrenurus danbyensis Mullen (Acari, prostigmata—Arrenuridae) on a
population of Coquillettidia perturbans (Walker) (Diptera, Culicidae). Can. J. Zool. Rev. Can. Zool. 1984, 62,
1121–1134. [CrossRef]

24. Hooper, D.U.; Adair, E.C.; Cardinale, B.J.; Byrnes, J.E.K.; Hungate, B.A.; Matulich, K.L.; Gonzalez, A.;
Duffy, J.E.; Gamfeldt, L.; O’Connor, M.I. A global synthesis reveals biodiversity loss as a major driver of
ecosystem change. Nature 2012, 486, U105–U129. [CrossRef]

25. Tilman, D.; Isbell, F.; Cowles, J.M. Biodiversity and Ecosystem Functioning. In Annual Review of Ecology,
Evolution, and Systematics; Futuyma, D.J., Ed.; Annual Reviews: Palo Alto, CA, USA, 2014; Volume 45,
pp. 471–493.

26. Preston, D.L.; Mischler, J.A.; Townsend, A.R.; Johnson, P.T.J. Disease Ecology Meets Ecosystem Science.
Ecosystems 2016, 19, 737–748. [CrossRef]

27. Smith, B.P. The potential of mites as biological control agents of mosquitoes. In Research Needs for Development
of Biological Control of Pests by Mites; Hoy, M.A., Cunningham, G.L., Knutson, L., Eds.; University of California:
Berkeley, CA, USA, 1983; pp. 79–85.

28. Rajendran, R.; Prasad, R.S. Encentridophorus similis (Acarina, Unionicolidae) an active predator of mosquito
larvae. Curr. Sci. 1989, 58, 466–467.

29. Rajendran, R.; Prasad, R.S. A laboratory study on the life-cycle and feeding-behavior of Arrenurus madaraszi
(Acari, Arrenuridae) parasitizing Anopheles mosquitos. Ann. Trop. Med. Parasitol. 1994, 88, 169–174.
[CrossRef] [PubMed]

30. Hearle, E. The mosquitoes of the Lower Fraser Valley, British Columbia, and their control. Nat. Res. Counc.
Ott. Kept 1926, 17, 94.

31. Bottger, K. Feeding of water mites Hydrachnellae acari. Int. Rev. Gesamten Hydrobiol. 1970, 55, 895–912.
[CrossRef]

32. Laird, M. Some natural enemies of mosquitoes in the vicinity of Palmalmal, New Britain. Trans. Roy. Soc.
N. Z. 1947, 76, 453–476.

33. Mullen, G.R. Acarine parasites of mosquitos 1. Critical review of all known records of mosquitos parasitized
by mites. J. Med. Entomol. 1975, 12, 27–36. [CrossRef]

34. Simmons, T.W.; Hutchinson, M.L. A Critical Review of All Known Published Records for Water Mite
(Acari: Hydrachnidiae) and Mosquito (Diptera: Culicidae) Parasitic Associations From 1975 to Present.
J. Med. Entomol. 2016, 53, 737–752. [CrossRef]

35. Smith, I.M.; Oliver, D.R. Review of parasitic associations of larval water mites (Acari, parasitengona,
Hydrachnida) with insect hosts. Can. Entomol. 1986, 118, 407–472. [CrossRef]

142



Diversity 2020, 12, 226

36. Atwa, A.A.; Bilgrami, A.L.; Al-Saggaf, A.I.M. Host-parasite interaction and impact of mite infection on
mosquito population. Rev. Bras. Entomol. 2017, 61, 101–106. [CrossRef]

37. Manges, A.; Simmons, T.; Hutchinson, M. First Record of Aedes albopictus (Diptera: Culicidae) and Second
Record of Aedes japonicus (Diptera: Culicidae) Parasitized by Water Mites (Acari: Hydrachnidiae) in North
America. J. Med. Entomol. 2018, 55, 1617–1621. [CrossRef] [PubMed]

38. Shaalan, E.A.-S.; Bekhet, G.; Abdelmoaty, Z.; Ahmad, N.W. First Report on Mosquito Parasitic Mites in Saudi
Arabia. Pak. J. Zool. 2016, 48, 1989–1992.

39. Montes-Ortiz, L.; Goldschmidt, T.; Elias-Gutierrez, M. First evidence of parasitation of a Bosmina (Cladocera)
by a water mite larva in a karst sinkhole, in Quintana Roo (Yucatan Peninsula, Mexico). Acarologia 2019, 59,
111–114. [CrossRef]

40. Marshall, J.F. The British Mosquitoes; British Museum: London, UK, 1938.
41. Mira, G. Sulla presenza di forme larvali di un acaro acquatico parassita, della famiglia degli Hydracnidae,

su alcune zanzare del genere Anopheles in A. O. I. Boll Idrobiol Caccia E Pesca Afr. Orient. Ital 1940, 1, 29–33.
42. Esen, Y.; Erman, O. A new species of the genus Arrenurus Duges, 1834 (Acari: Hydrachnidia: Arrenuridae)

for the Turkish fauna: Arrenurus (Truncaturus) corsicus (E. Angelier, 1951). Turk. J. Zool. 2013, 37, 372–375.
[CrossRef]

43. Leal dos Santos, F.; Thies, S.; Gonçalves, A.; Vasconcelos, K.; Ribeiro, M.; Damasceno, J.; Oliveira Dantas, E.;
Leite Júnior, D. Aquatic Phoretic Mites (Acari: Hydrachnidia) Associated with Ectoparasitism of Mosquitoes
(Diptera: Culicidae) in the Midwest Region of Brazil. Adv. Entomol. 2016, 4, 141–150. [CrossRef]

44. Nagel, L.; Zanuttig, M.; Forbes, M.R. Escape of parasitic water mites from dragonfly predators attacking
their damselfly hosts. Can. J. Zool. 2011, 89, 213–218. [CrossRef]

45. Werblow, A.; Martin, P.; Dorge, D.; Koch, L.; Mehlhorn, H.; Melaun, C.; Klimpel, S. Hyperparasitism of
mosquitoes by water mite larvae. Parasitol. Res. 2015, 114, 2757–2765. [CrossRef]

46. Kirkhoff, C.; Simmons, T.; Hutchinson, M. Adult mosquitoes parasitized by larval water mites in Pennsylvania.
J. Parasitol. 2013, 99, 31–39. [CrossRef]

47. Klemm, D.J.; Lewis, P.A.; Fulk, F.; Lazorchak, J.M. Macroinvertebrate Field and Laboratory Methods for Evaluating
the Biological Integrity of Surface Waters; Environmental Monitoring Systems Laboratory, U.S. Environmental
Protection Agency: Cincinnati, OH, USA, 1990.

48. Jalil, M.; Mitchell, R. Parasitism of Mosquitos by Water Mites. J. Med. Entomol. 1972, 9, 305. [CrossRef]
49. Mullen, G. Acarine parasites of mosquitos 4. Taxonomy, life-history and behavior of Thyas barbigera and

Thyasides sphagnorum (Hydrachnellae-thyasidae). J. Med. Entomol. 1977, 13, 475–485. [CrossRef] [PubMed]
50. Lanciani, C. Influence of parasitic water mites on the instantaneous death rate of their hosts. Oecologia 1979,

44, 60–62. [CrossRef] [PubMed]
51. Margolis, L.; Esch, G.; Holmes, J.; Kuris, A.; Schad, G. The use of ecological terms in parasitology (report of

an ad hoc committee of the American-Society of Parasitologists). J. Parasitol. 1982, 68, 131–133. [CrossRef]
52. Mitchell, R. Major evolutionary lines in water mites. Syst. Zool. 1957, 6, 137–148. [CrossRef]
53. Lanciani, C. Sexual bias in host selection by parasitic mites of the mosquito anopheles-crucians (Diptera,

Culicidae). J. Parasitol. 1988, 74, 768–773. [CrossRef]
54. Smith, B.P. Loss of larval parasitism in parasitengonine mites. Exp. Appl. Acarol. 1998, 22, 187–199. [CrossRef]
55. Bohonak, A.J.; Smith, B.P.; Thornton, M. Distributional, morphological and genetic consequences of dispersal

for temporary pond water mites. Freshw. Biol. 2004, 49, 170–180. [CrossRef]
56. Martin, P.; Dabert, M.; Dabert, J. Molecular evidence for species separation in the water mite Hygrobates

nigromaculatus Lebert, 1879 (Acari, Hydrachnidia): Evolutionary consequences of the loss of larval parasitism.
Aquat. Sci. 2010, 72, 347–360. [CrossRef]

57. Martin, P. Specificity of attachment sites of larval water mites (Hydrachnidia, Acari) on their insect hosts
(Chironomidae, Diptera)—Evidence from some stream-living species. Exp. Appl. Acarol. 2004, 34, 95–112.
[CrossRef]

58. Esteva, L.; Rivas, G.; Yang, H.M. Modelling parasitism and predation of mosquitoes by water mites.
J. Math. Biol. 2006, 53, 540–555. [CrossRef]

59. Kneitel, J.M.; Miller, T.E. Resource and top-predator regulation in the pitcher plant (Sarracenia purpurea)
inquiline community. Ecology 2002, 83, 680–688. [CrossRef]

143



Diversity 2020, 12, 226

60. Wilke, A.B.B.; Chase, C.; Vasquez, C.; Carvajal, A.; Medina, J.; Petrie, W.D.; Beier, J.C. Urbanization creates
diverse aquatic habitats for immature mosquitoes in urban areas. Sci. Rep. 2019, 9, 15335. [CrossRef]
[PubMed]

61. Maimusa, A.H.; Ahmad, A.H.; Abu Kassim, N.F.; Ahmad, H.; Dieng, H.; Rahim, J. Contribution of public
places in proliferation of dengue vectors in Penang Island, Malaysia. Asian Pac. J. Trop. Biomed. 2017, 7,
183–187. [CrossRef]

62. UN Intergovernmental Panel on Climate Change. Available online: http://www.ipcc.ch/report/sr15/

(accessed on 31 May 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

144



diversity

Article

Cereal Straw Mulching in Strawberry—A Facilitator
of Plant Visits by Edaphic Predatory Mites at Night?

Fernanda de Cássia Neves Esteca 1,* , Nina Trandem 2,3, Ingeborg Klingen 3,
Jandir Cruz Santos 4, Italo Delalibera Júnior 1 and Gilberto José de Moraes 1

1 Department of Entomology and Acarology, “Luiz de Queiroz” College of Agriculture (ESALQ),
University of São Paulo (USP), Av. Pádua Dias, 11, Piracicaba SP 13418-900, Brazil;
delalibera@usp.br (I.D.J.); moraesg@usp.br (G.J.d.M.)

2 Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life
Sciences (NMBU), P.O. Box 5003, 1432 Ås, Norway; nina.trandem@nibio.no

3 Biotechnology and Plant Health Division, Norwegian Institute of Bioeconomy Research (NIBIO),
P.O. Box 115, 1431 Ås, Norway; ingeborg.klingen@nibio.no

4 Centre for Biodiversity Genomics, 50 Stone Road East, University of Guelph, Guelph, ON N1G2W1, Canada;
jandir_jc@hotmail.com

* Correspondence: fernanda.esteca@usp.br

Received: 3 May 2020; Accepted: 27 May 2020; Published: 13 June 2020
����������
�������

Abstract: In Norway, strawberry producers use cereal straw mulching to prevent berries from
contacting the soil and to control weeds. We hypothesized that organic matter such as straw mulch also
favors the maintenance of predatory mites which visit strawberry plants at nighttime. We compared
mite diversity in cereal straw exposed for different periods in strawberry fields and evaluated
their possible migration to plants in two experiments with potted plants in 2019. An ‘Early season’
experiment compared no mulching (T1), oat straw mulch exposed in field since 2018 (T2), or 2017 (T3),
while a ‘Mid-season’ experiment compared no mulching (T1), barley straw mulch from 2018 (T2),
or a mix from 2017 and 2018 (T3). To provide edaphic predatory mites with a potential source of food,
all plants were infested with two-spotted spider mite (Tetranychus urticae Koch). Results suggested
that straw mulch facilitates the prevalence of predatory mites in strawberry fields. Most predatory
mite visits were at night, confirming our initial hypothesis. Predominant nocturnal mites on
leaves belonged to Melicharidae (Proctolaelaps sp.) (‘Early season’, T2), Blattisociidae (Lasioseius sp.)
(‘Early and Mid-season’, T3) and Phytoseiidae (‘Mid-season’, T2). Parasitus consanguineus Oudemans
& Voigts was the predominant species (‘Early season’, T3) at the base of plants. Anystidae were
diurnal visitors only (‘Mid-season’, T2). Future studies should evaluate the predation potential of
Proctolaelaps sp. and Lasioseius sp. on two-spotted spider mite and other strawberry pests.

Keywords: oat straw mulch; barley straw mulch; biological control; two-spotted spider mite;
edaphic mites

1. Introduction

The use of mulching (a plastic film or an organic material) is an important technique in strawberry
(Fragaria × ananassa Duch.) cultivation, to regulate soil temperature, suppress weeds, prevent erosion,
and prevent berries from contact with the soil [1].

In Norwegian strawberry production, cereal straw is commonly used as a mulching material.
In roughly half of the strawberry production area, cereal straw is the only mulching material, whilst in
another 25%, straw is combined with a black plastic film beneath it [2]. Strawberry is an important
fruit crop in Norway, accounting for 70% of the yield of soft fruit production in the country [3]. In 2019,
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about 9000 metric tons of strawberries were produced by Norwegian farmers, with revenue of about
NOK 455 million (USD 45.5 million) [4]. Most of the strawberry production is done in open fields,
where the plants are harvested for 2–3 years. The most common pests in strawberry cultivation in
Norway are: two phytophagous mites, the two-spotted spider mite, Tetranychus urticae Koch [5],
and the strawberry tarsonemid mite, Phytonemus pallidus (Banks); two weevils, Anthonomus rubi Herbst
and Otiorhynchus sulcatus F.; and a capsid bug, Lygus rugulipennis L. [6–8].

According to Kader et al. [9], there are many advantages of using organic material instead of
plastic as mulching; for example, the former can improve soil structure throughout the degradation
process, in addition to the more efficient balancing of soil temperature. Another advantage is the
maintenance of higher densities of certain pest predators, such as beetles of the families Carabidae and
Staphylinidae, and spiders of the families Linyphiidae and Lycosidae, providing them with a more
suitable environment [10]. Further, Larentzaki et al. [11] reported reduction in thrips populations in
onion crops whose soil was covered with oat straw.

Beneficial mites can also benefit from organic mulching. An increase in the abundance and
diversity of Gamasina mites and/or a decrease in pest populations in different crops have been reported
by several authors [12–15]. Gamasina is a cohort of the order Mesostigmata, which comprises a large
group of mites found in different habitats, but especially in the soil. Although many of these can
feed on fungi, they are well known as predators of small invertebrates, including mites, nematodes,
and insects. For this reason, the members of this group have been studied as predators of edaphic
pests [16].

Mites, as well as Collembola and some other Hexapoda, are part of the soil mesofauna (length
200 µm–2 mm), many of which fragmentize the organic matter available on the soil surface [17].
The macrofauna (>2 mm), in particular earthworms, also participate in the process of organic matter
fragmentation [18]. The soil microbiota, which includes the microfauna and other small organisms
(<100 µm), including bacteria, fungi and nematodes, is also a key element in the cycling of organic
matter [19]. Thus, it is expected that throughout the process of decomposition of organic matter, such as
straw mulch, the characteristics of the soil will vary, influencing the fauna of edaphic predatory mites.

Hence, soil with better coverage, naturally represented by dead plant structures on its surface
or resulting from the purposeful introduction by growers, has a higher density of predatory mites,
as extensively reported in the literature [20–23]. Consequently, in agricultural lands, the use of organic
cover should benefit pest control by acting as a reservoir of edaphic predatory mites.

An aspect that has been little mentioned in the literature on predatory mites is the movement of soil
mites from protected to exposed habitats, like plants, at night [24–26]. In Brazil, Esteca et al. [20] found
that Proctolaelaps pygmaeus (Muller) (Melicharidae) and Blattisocius dentriticus (Berlese) (Blattisociidae)
were present on strawberry leaflets mainly at night, indicating their possible daily migration from
the edaphic environment to the plants. The reason for this behavior has not been properly studied.
It could be casual or linked to the direct effect of light or other abiotic factors (such as temperature and
humidity), or to biotic factors. Our previous experience has shown that representatives of edaphic
Gamasina (Lasioseius floridensis Berlese (Blattisociidae), Cosmolaelaps sp. (Laelapidae), Proctolaelaps
bickleyi (Bram) (Melicharidae), Protogamasellopsis posnaniensis Wisniewski & Hirschmann (Rhodacaridae)
and Stratiolaelaps scimitus (Womersley) (Laelapidae)) will perish in a few hours when subjected to
relative humidity levels below 70%. Due to the increase in air relative humidity at night, this period is
probably the most suitable for predatory Gamasina mites to migrate temporarily onto plants in search
of prey. The possible migration of L. floridensis from the soil to plants and vice versa was conceived
by Britto et al. [27]. However, it is expected that the movement of edaphic Gamasina to plants varies
from place to place, according to the faunistic composition and the intrinsic preference of the local
mite fauna.

The hypotheses of the work we will present were: (a) Species richness and abundance of predatory
mites (especially Gamasina) in organic material increases with the time the matter has been exposed
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on the soil surface in the strawberry field; and (b) mites present in the organic mulching at daytime
climb to strawberry plants at nighttime in potting experiments in climatic chambers.

The objective of this study was therefore to compare the diversity and prevalence of mites in
cereal straw subjected to different periods of exposure in the strawberry field, evaluating their possible
temporary movement from the edaphic habitat to strawberry plant leaves at nighttime.

2. Materials and Methods

Two consecutive experiments, one ‘Early season’ and one ‘Mid-season’, were carried out during
May–July 2019, in a climatic room at the Department of Biotechnology and Plant Health of Norwegian
Institute of Bioeconomy Research (NIBIO), Ås, Norway. The room was maintained at 18 ± 2 ◦C,
70 ± 5% relative humidity and a daily photoperiod of 15 h, turning the lights on at 6:00 a.m.
(500 µmol (quanta) m−2.s−1) and off at 9:00 p.m. These parameters simulated the average light
conditions of the region during the study period.

2.1. Experimental Set-Up

In both experiments, potted strawberry plants received one of three treatments (T): In T1 no
mulch was added (control treatment), in T2 cereal straw mulch present in a strawberry crop since last
autumn (standard practice) was added, and in T3 cereal straw one year older than in T2 was added.
Each treatment had 13 replicates per experiment, and each experiment lasted 5 weeks.

2.2. Preparing Experimental Pots and Plants

Pots (5 L) were filled to 80% capacity with a commercial organic substrate (Kompostert Plantejord®,
Lillestrøm, Norway); composition: 50% peat, 50% garden waste, macro- and micronutrients).
One strawberry plant of cv ‘Korona’, approximately 10 cm high and with about five trifoliate
leaves, free of pests or diseases, was transplanted into each pot. Pots were placed 15 cm apart on four
shelves in the climatic room. To avoid movement of mites from one pot to another, the upper edge of
each pot was covered with entomological glue (Tangle trap, Biocontrol®, Grossdietwil, Switzerland).

To provide edaphic predatory mites with a potential source of food, two adult females of the
two-spotted spider mite were transferred to each of six random leaflets per plant two days after
transplanting. Infested leaflets were marked with a pen (3 mm in diameter), so that they could be
examined for mite presence along the experiment. One week after the transplant, plants were fertilized
with 8 g of Plantagen® (Uddevalla, Sweden) fertilizer (2N: 3P: 1K) per pot. The plants were irrigated
manually to field capacity (about 10 mL per pot) once every two days.

2.3. Sampling Straw Mulch and Soil in the Field

For both experiments, cereal straw mulch of two ages (1 and 2 two years old), but otherwise as
similar as possible, was collected on a strawberry farm near NIBIO (details given in Table 1). A frame of
55 × 25 cm was used to standardize sampling, each subsample taken in spots about 4 m apart, always
next to bed margin, maximum 15 cm from a strawberry plant. Subsamples of ca. 2 L were collected
and pooled into 40 L plastic bags and taken to the laboratory. The straw used in the strawberry field
originated from cereal production at the same farm as the strawberry field, where no insecticides
were used.

Soil samples from the same fields were also collected by the use of a standard probe (6 cm deep,
10 cm in diameter), transferring each sample to a plastic bag that was brought to the laboratory.

At the time of the ‘Early season’ sampling, the strawberry plants in the two fields
were approximately 30 cm high and had about 15 leaves each (grade 55 according to
BBCH-scale—phenological strawberry developmental stage [28]). They had been covered with Agryl
fleece a few weeks before, to avoid frost damage to flowers, a common practice in the region. The fleece
was removed to sample straw and soil. The cultivation practices of both fields were approximately the
same, belonging to the same grower, and no pesticides had been used that growing season.
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At the ‘Mid-season’ sampling, plants in the sampled field were approximately 30 cm high and
had about 30 leaves each; with no flowers open BBCH-scale 57 [28]. The straw and soil collection
process in the field was the same as in the ‘Early season’. They had been covered with Agryl fleece
a few weeks before, to avoid frost damage to flowers, a common practice in the region. The fleece was
removed to sample straw and soil.

Table 1. Details of the different types of straw used in the study and the fields from which
they were collected. All fields belonged to the same grower (County of Viken) in SE Norway.
RH = Relative humidity.

Experiment
Treatment (T) * Date Collected Temperature, RH,

Precipitation ** Location Type of Straw Length of Exposure
in the Field

‘Early season’
T2 May 6, 2019

3.3–4.0 ◦C;
77–82% RH;

6 mm

59◦39′38” N; 10◦40′37” E,
Altitude 90 masl, Loam soil Oat Since autumn 2018

‘Early season’
T3 May 6, 2019

3.3–4.0 ◦C;
77–82% RH;

6 mm

59◦39′30” N; 10◦41′13” E,
Altitude 100 masl, Silty loam soil Oat Since autumn 2017

‘Mid-season’ T2 June 23, 2019
11.4–13.0 ◦C;
75–83% RH;

29 mm

59◦39′51” N; 10◦41′4” E,
Altitude 100 masl, Silty loam soil Barley Since autumn 2018

‘Mid-season’ T3 June 23, 2019
11.4–13.0 ◦C;
75–83% RH;

29 mm

59◦39′51” N; 10◦41′4” E,
Altitude 100 masl, Silty loam soil Barley

Mixture of autumn
2017 (lower layer) and

2018 (upper layer)

* Treatment 1 was without straw in both experiments. ** In the week preceding mulch collection.

2.4. Berlese Funnel Extraction of Mites

To get data on prevalence of predatory mites in the different straw treatments at the time of
collection, straw samples were processed in the laboratory by placing a part of the samples (not the
same as that used as mulching in the pots in the experiment of the climatic room) in modified Berlese
funnels [29] at the beginning of each experiment. For each straw treatment, 13 Berlese funnels were
employed. The corresponding soil sampled in the strawberry fields was also placed to Berlese funnels
(13 samples) to evaluate the prevalence of predatory mites. The volume of sample in each Berlese funnel
was 1 L. Mites dropping from each funnel were caught in a container with 70% ethanol. The extraction
process lasted 7 days.

The commercial potting organic substrate used in experimental pots was investigated in the same
way to reveal whether it contained mites that would affect the study.

At the end of each experiment, similar Berlese extractions were performed with the material from
experimental pots (straw or potting substrate): For T1 (potting substrate only), a sample (1 L per pot)
of the upper part of the potting substrate was taken from each pot. For T2 and T3, all the straw (1 L)
covering the substrate of each pot was analyzed.

The material from each Berlese funnel extraction was screened in a stereomicroscope, and all
mites were mounted in Hoyer’s medium for identification. The identifications to family were carried
out using taxonomic keys provided by Krantz and Walter [30], to genera by using unpublished keys
provided by the Ohio Summer Program, Agricultural Acarology, Columbus, Ohio, USA, and to species
by using published descriptions and redescriptions of the species of each family.

2.5. Observation and Sampling of Mites on Marked Leaflets during Experiments

Once a week for four consecutive weeks, the number of mites was counted on the six leaflets of each
plant previously infested with two-spotted spider mite. Each mite was categorized as Mesostigmata,
Prostigmata, or Oribatida. At each date, evaluations were carried out at 3, 7, and 11 a.m., and 3,
7, and 11 p.m. Evaluations were conducted with a hand-held lens (40×) on both leaflet surfaces.
During the dark phase (3 a.m. and 11 p.m.), evaluations were conducted by the use of a hand-held
lens (40×) illuminated with a headlight. All non-two-spotted spider mites found on the first evaluated
leaflet of each plant in all second and fourth weekly evaluations were collected and mounted on slides
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using Hoyer’s medium for later identification. The identifications were performed as described in the
previous paragraph.

2.6. Extraction of Mites from the Whole Plant (End of Experiments)

Each experiment was ended after 5 weeks by a destructive sampling in which 6 of the plants of
each treatment were cut at the plant base at 11 a.m., and the remaining 7 plants were cut at 11 p.m.
Each plant was divided into three parts: (a) basal region (first two centimeters from the plant base);
(b) young leaves, still folded; and (c) remainder of the plant (mature leaves and petioles). Each part
was immediately placed in a plastic bag containing 70% ethanol and shaken vigorously. The liquid was
subsequently poured through a 160 µm sieve. To extricate any remaining mites, the plant material was
further rinsed using jets of 70% ethanol. The mites retained in the sieve were mounted for identification
and quantification under a stereomicroscope (100×).

To investigate the possible occurrence of the fungus Neozygites floridana (Weiser & Muma)
Remaudière & Keller (Entomophthorales: Neozygitaceae), a pathogen of the two-spotted spider mite,
a sample of two-spotted spider mite was mounted in Hoyer’s medium (maximum 10 mites/plant
part/plant) for examination under the stereomicroscope (100×).

2.7. Statistical Analysis

Numbers of Mesostigmata and two-spotted spider mite in the different treatments were analyzed
statistically as follows: For Mesostigmata, the means were contrasted (just between T2 and T3 in
both experiments, given that Mesostigmata were not found in T1) by the F test, from the generalized
linear model of the quasi-Poisson distribution (Anova, model.QuasiPoisson, test = “F”), in R [31].
For the two-spotted spider mites, the untransformed data were fitted to a quasi-Poisson distribution.
Means were compared using the glht multicomp package, in R [31]. The predominant species of
Mesostigmata were calculated as proposed by Pinzón and Spence [32].

3. Results

3.1. Mites Extracted from Commercial Potting Substrate, Soil and Mulching Straw

No mites were found in the commercial potting substrate, neither at the start nor at the end of the
experiments. This strongly indicates that all mites eventually found on the strawberry plants of T2
and T3 originated from the straw used as mulch. Regarding the soil samples, the average number
of mites per sample of the ‘Early season’ were low in both T2 and T3 (1.2 ± 0.4 and 1.7 ± 0.5 mites,
respectively), none of them Gamasina. In the ‘Mid-season’, averages were also low (0.5 ± 0.2 and
0.7 ± 0.3 mites, respectively), and the only Gamasina found were Amblygamasus sp. and Pergamasus
longicornis (Berlese) (both Parasitidae) and Rhodacarellus epigynalis Shels (Rhodacaridae).

In contrast, the total numbers of mites in straw samples to be used in T2 and T3 in the ‘Early season’,
were relatively high, with the proportion of Gamasina higher in T3 than in T2 (18% and 6.0%,
respectively) (Table 2). Consequently, the mean number of Gamasina per sample was significantly
higher in T3 (7.8 ± 0.6) than in T2 (3.5 ± 0.7) (Df = 1; F = 16.5; p < 0.001). In the ‘Mid-season’, the total
numbers of mites in T2 and T3 were lower at the start, of which 15.8% and 38.6% were Gamasina. As in
the ‘Early season’, the mean number of Gamasina per sample was higher in the straw of T3 (11.9 ± 1.9)
than of T2 (2.7 ± 0.7) (Df = 1; F = 26.9; p < 0.001).
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Table 2. Mites extracted in Berlese funnels from samples of four types of cereal straw mulching used in
two climate chamber experiments in 2019. The mulching had been present in strawberry fields for
different periods of time, as indicated in column headings. B = Samples taken at the start of experiment;
E = taken at the end of the experiment. n = 13 samples of 1 L per straw type and sampling occasion.

Experiments ‘Early Season’ Experiment ‘Mid-Season’ Experiment

Treatments T2 (Oat Straw 2018) T3 (Oat Straw 2017) T2 (Barley Straw 2018) T3 (Barley Straw 2017–2018)

Taxa/Collection B E B E B E B E

Sarcoptiformes, Oribatida, Astigmatina
Acaridae

Tyrophagus putrescentiae 48 92 130 35 17 22 15 7
Winterschimidtiidae 0 0 8 0 0 0 0 0
Sarcoptiformes, other Oribatida
- 119 11 109 7 23 5 149 16
Trombidiformes, Prostigmata
Anystidae

Anystis sp. 0 0 0 0 32 27 2 0
Cunaxidae

Cunaxoides croceus 0 0 3 0 0 0 0 0
Ereynetidae

Ereynetes spp. 135 0 17 0 1 2 0 6
Eupodidae

Eupodes spp. 239 0 46 0 64 50 31 66
Pygmephoridae

Siteroptes sp. 1 0 2 0 0 0 1 0
Tydeidae

Lorryia oregonensis 167 6 129 46 22 20 33 21
Parasitiformes, Mesostigmata, Gamasina
Ascidae

Gamasellodes bicolor 0 0 1 0 0 0 0 0
Neojordensia sinuata ♂ 1 0 0 0 0 0 0 0

Blattisociidae
Lasioseius sp. 14 12 3 1 5 15 * 1 14 *

Eviphididae
Alliphis halleri 9 * 5 5 0 0 0 7 3
Alliphis sp. immature 1 0 0 0 0 0 0 0

Melicharidae
Proctolaelaps sp. 14 * 102 * 0 0 0 0 0 0

Parasitidae
Amblygamasus sp. 0 0 0 0 4 3 20 0
Amblygamasus sp. (immature) 0 0 0 0 0 1 16 0
Parasitus consanguineus 0 0 1 7 0 0 0 0
Parasitus sp. (deutonymph) 1 0 7 0 0 0 0 0
Pergamasus longicornis 0 0 3 2 14 * 4 42 * 2
Pergamasus septentrionalis 0 0 10 0 0 0 5 2
Pergamasus sp. (deutonymph) 0 0 26 * 2 1 4 17 0
Pergamasus sp. ♂ 0 0 0 2 0 0 0 0
Porrhostaspis lunulata 0 0 0 0 0 8 4 7 *
Porrhostaspis sp. (deutonymph) 0 0 1 2 0 0 1 0
Immature 1 0 2 1 2 1 3 0

Phytoseiidae
Neoseiulus alpinus 1 2 3 1 0 0 0 0
Neoseiulus cucumeris 0 0 0 0 2 2 0 1
Neoseiulus sp. immature 0 1 3 1 0 0 0 0
Proprioseiopsis okanagensis 0 0 3 0 1 2 0 0
Typhlodromips masseei 1 0 13 0 0 0 5 2
Immature 0 0 17 0 0 0 0 0

Rhodacaridae
Rhodacarellus epigynalis 0 0 0 0 1 0 2 3
Rhodacarellus kreuzi 0 0 1 0 0 0 0 0
Rhodacarellus sp. immature 1 0 0 0 0 0 0 0

Veigaiidae
Veigaia nemorensis 1 0 0 0 0 0 22 * 2
Veigaia sp. immature 0 0 2 0 0 0 0 0

Total 754 231 545 105 189 166 376 152

(*) Predominant Gamasina species; (-) Not identified family.

The predominant gamasine families in ‘Early season’ T2 were Blattisociidae (33.3%), Melicharidae
(31.1%) and Eviphididae (22.2%), each of the others representing a maximum of 4.4% of the total
Gamasina. In T3, the predominant gamasine families were Parasitidae (49.5%) and Phytoseiidae
(38.6%), each of the others representing a maximum of 4.9%. At the species level in the ‘Early season’,
the predominant ones were Alliphis halleri (G. & R. Canestrini) (Eviphididae) and Proctolaelaps sp.
(Melicharidae) in T2, and Pergamasus sp. (Parasitidae) in T3. In the ‘Mid-season’, the predominant family
was Parasitidae in both treatments with straw (T2 = 76.1% and T3 = 71.4%), other families representing
a maximum of 4.5% and 14.3%, respectively. At the species level in this experiment, P. longicornis
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(Parasitidae) and Lasioseius sp. (Blattisociidae) were predominant in T2 and T3, and Veigaia nemorensis
(Koch) (Veigaiidae), in T3.

At the end of the ‘Early season’, the total numbers of mites found in the straw of T2 and T3 were
231 and 105, respectively, Gamasina representing 52.8% and 16.1% of these (Table 2). Consequently,
the mean number of Gamasina per sample was significantly higher in T2 than in T3 (9.4 ± 1.3 and
1.3 ± 0.4, respectively) (Df = 1; F = 47.7; p < 0.001). At the end of the ‘Mid-season’, the total numbers of
mites in T2 and T3 were similar (166 and 152, respectively), and the proportions of Gamasina were also
similar, 24.1% and 23.6% respectively (Table 2), resulting in no statistical difference between their mean
numbers per sample (3.1 ± 0.7 and 2.8 ± 0.7, respectively) (Df = 1; F = 0.1; p = 0.75).

At the end of experiments, the predominant gamasine families in ‘Early season‘ were Melicharidae
(83.6%) and Blattisociidae (9.8%) in T2, each of the other families representing a maximum of 4.1%
of the total Gamasina. In T3, the predominant gamasine families were Parasitidae (84.2%) and
Phytoseiidae (10.5%), each of the others representing 5.2%. In this experiment, the predominant
species were Proctolaelaps sp. (Melicharidae) in T2, and Pergamasus sp. (Parasitidae) in T3. In the
‘Mid-season’, the predominant families in both treatments were Parasitidae (T2 = 52.5%; T3 = 30.5%)
and Blattisociidae (T2 = 37.5%; T3 = 38.9%), other families representing a maximum of 10% and 8.3%,
respectively. In this experiment, Lasioseius sp. (Blattisociidae) was the predominant species at the end
of both T2 and T3 and Porrhostaspis lunulata Müller (Parasitidae), in T2.

3.2. Mites on Marked Leaflets

Two-spotted spider mite was the only mite species found on the T1 marked leaflets of both
experiments, which was expected, given that no mites were observed in the commercial substrate used
for all treatments and that this was the only material present in the pots of T1 (Table 3). On the other
hand, the totals of Gamasina observed on T2 and T3 leaflets were low throughout both experiments,
with a maximum of four mites in T2 (in the third week of evaluation of the ‘Early season’) and of five
mites in T3 (in the fourth week of evaluation of the ‘Mid-season’). This makes it difficult to compare
treatments statistically. Nevertheless, gamasine mites could be seen moving on the straw surface
at night.

Table 3. Total mites (except Tetranychus urticae) collected in the second and fourth evaluations at 3,
7, 11 a.m. and 3, 7, 11 p.m. on the six marked leaflets with T. urticae/plant (n = 13 plants/treatment) in
two lab experiments for different periods of time: ‘Early season’ experiment (oat straw: T2, since 2018;
T3, since 2017); ‘Mid-season’ experiment (barley straw: T2, since 2018; T3, lower half layer since 2017
and top half layer since 2018). Light was on from 6 a.m. to 9 p.m.

Experiments ‘Early Season’ Experiment ‘Mid-Season’ Experiment

Taxa/Treatments T2 (Oat Straw 2018) T3 (Oat Straw 2017) T2 (Barley Straw 2018) T3 (Barley Straw 2017–2018)

Trombidiformes, Prostigmata
Anystidae

Anystis sp. 0 0 22 0
Parasitiformes, Mesostigmata, Gamasina
Ascidae

Neojordensia sinuata 1 0 0 0
Blattisociidae

Lasioseius sp. 0 3 1 11 *
Melicharidae

Proctolaelaps sp. 6 * 0 0 0
Parasitidae

Parasitus sp. (deutonymph) 0 0 1 0
Pergamasus sp. (deutonymph) 0 0 0 1

Phytoseiidae
Neoseiulus cucumeris 0 0 1 0
Typhlodromips masseei 1 0 3 * 0
Proprioseiopsis okanagensis 0 0 1 1

Total 8 3 29 13

(*) Predominant species.

151



Diversity 2020, 12, 242

In the ‘Early season’, the predominant Gamasina in T2 were Melicharidae, of which Proctolaelaps
sp. was the most abundant species. In T3, the predominant family was Blattisociidae, of which
Lasioseius sp. was the most abundant species. In the ‘Mid-season’, the predominant Gamasina in
T2 were Phytoseiidae, with Typhlodromips masseei (Nesbitt) the most abundant species, whereas the
predominant family in T3 was Blattisociidae, with Lasioseius sp. the most abundant species.

To summarize, in the ‘Early season’, the total numbers of non-two-spotted spider mite found
on the marked leaflets of T2 and T3 were eight and three, of which only one mite was Phytoseiidae
(in T2, T. masseei). In the ‘Mid-season’, the total number of non-two-spotted spider mite found on
marked leaflets of T2 and T3 were 29 and 13, of which 22 on T2 plants were Anystis sp. (Anystidae);
of Phytoseiidae there were five mites in T2 (one Neoseiulus cucumeris (Oudemans), three T. masseei and
one Proprioseiopsis okanagensis (Chant)) and one in T3 (P. okanagensis). Despite the small numbers of
edaphic Gamasina, they were seen on the plants only at night (Figure 1A–D), except for Phytoseiidae and
Anystidae, seen only at daytime (Figure 1C). For two-spotted spider mite, the mean numbers observed
per leaflet in the fourth week of the experiment were: ‘Early season’: T1 = 15.4 ± 2.3, T2 = 9.2 ± 3.8,
and T3 = 10.4 ± 3.7; ‘Mid-season’: T1 = 20.4 ± 4.1, T2 = 14.3 ± 4.0, and T3 = 14.5 ± 4.4. Significant
differences were observed in the ‘Early season’ between T1 and T2 (Df = 2; Z = 2.55; p = 0.02), and in
the ‘Mid-season’ between T1 and T2 (Df = 2; Z = 2.4; p = 0.03) and T1 and T3 (Df = 2; Z = 2.3; p = 0.03)
(Figure 2A,B). In addition, the number of two-spotted spider mites did not vary according to evaluation
times, as expected, leading us to consider each evaluation as a replicate in the statistical analysis.Diversity 2020, 12, x FOR PEER REVIEW 9 of 17 
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Figure 1. Weekly total numbers of Gamasina mites observed on six marked leaflets with Tetranychus
urticae per plant (n = 13 plants per treatment). (A,B): ‘Early season’ experiment (T2, oat straw since
2018; T3, oat straw since 2017); (C,D): ‘Mid-season’ experiment (T2, barley straw since 2018; T3, barley
straw lower half layer since 2017 and top half layer since 2018). Light was on from 6 a.m. to 9 p.m.

152



Diversity 2020, 12, 242

Diversity 2020, 12, x FOR PEER REVIEW 9 of 17 

 

 
Figure 1. Weekly total numbers of Gamasina mites observed on six marked leaflets with Tetranychus 
urticae per plant (n = 13 plants per treatment). A and B: ‘Early season’ experiment (T2, oat straw since 
2018; T3, oat straw since 2017); C and D: ‘Mid-season’ experiment (T2, barley straw since 2018; T3, 
barley straw lower half layer since 2017 and top half layer since 2018). Light was on from 6 AM to 9 
PM. 

 
Figure 2. Weekly mean number of Tetranychus urticae observed on six marked leaflets per plant (n = 
13 plants per treatment). A: ‘Early season’ experiment (T2, oat straw since 2018; T3, oat straw since 
2017); B: ‘Mid-season’ experiment (T2, barley straw since 2018; T3, barley straw lower half layer since 
2017 and top half layer since 2018. Light was on from 6 AM to 9 PM. 

3.3. Mites Extracted from Whole Plants at the End of Experiments 

No Gamasina were found on T1 plants. Considering T2 and T3 together and the two evaluation 
times, the number of Gamasina found in the ‘Early season’ (107 mites) was higher than in the ‘Mid- 
season’ (76 mites) (Table 4), coinciding with the higher number of mites in the straw at the end in the 
‘Early season’. The largest number of Gamasina was found on plants of T2 in both experiments. In 
addition, considering T2 and T3 together, Gamasina were rarely found at 11 AM (total of five mites), 

0

2

4

6

8

10

7AM 11AM 3PM 7PM 11PM 3AM

To
ta

l n
um

be
r o

f 
pr

ed
at

or
y 

m
ite

s 
 T2 (oat straw 2018)

0

2

4

6

8

10

7AM 11AM 3PM 7PM 11PM 3AM

To
ta

l n
um

be
r o

f 
pr

ed
at

or
y 

m
ite

s T3 (oat straw 2017)

0

2

4

6

8

10

7AM 11AM 3PM 7PM 11PM 3AM

To
ta

l n
um

be
r o

f 
pr

ed
at

or
y 

m
ite

s T3 (barley straw (2017-2018)

0

2

4

6

8

10

7AM 11AM 3PM 7PM 11PM 3AM

To
ta

l n
um

be
r o

f 
pr

ed
at

or
y 

m
ite

s T2 (barley straw 2018)

‘Early season’ ’Early season’ 

’Mid-season’ ‘Mid-season’ 

a

b
ab

0

5

10

15

20

25

30

1° week 2° week 3° week 4° week

m
ea

n 
nu

m
be

r o
f T

SS
M

/ l
ea

fl
et

Control Treatment
T2 (barley straw 2018)
T3 (barley straw 2017-2018)

a

b
ab

0

5

10

15

20

25

30

1° week 2° week 3° week 4° week

m
ea

n 
nu

m
be

r o
f T

SS
M

/ l
ea

fl
et

Control Treatment
T2 (oat straw 2018)
T3 (oat straw 2017)

‘Early season’ ‘Mid-season’ 

A 

A 

B 

B 

C D

Figure 2. Weekly mean number of Tetranychus urticae observed on six marked leaflets per plant (n = 13
plants per treatment). (A): ‘Early season’ experiment (T2, oat straw since 2018; T3, oat straw since 2017);
(B): ‘Mid-season’ experiment (T2, barley straw since 2018; T3, barley straw lower half layer since 2017
and top half layer since 2018. Light was on from 6 a.m. to 9 p.m.

3.3. Mites Extracted from Whole Plants at the End of Experiments

No Gamasina were found on T1 plants. Considering T2 and T3 together and the two evaluation
times, the number of Gamasina found in the ‘Early season’ (107 mites) was higher than in the
‘Mid-season’ (76 mites) (Table 4), coinciding with the higher number of mites in the straw at the end in
the ‘Early season’. The largest number of Gamasina was found on plants of T2 in both experiments.
In addition, considering T2 and T3 together, Gamasina were rarely found at 11 a.m. (total of five mites),
with a much larger number found at 11 p.m. (total of 102 mites); this resulted in significantly higher
density of Gamasina at 11 p.m. than at 11 a.m. in both treatments and in both experiments (Table 4).

In the ’Early season’, at 11 a.m. no Gamasina were found on T2 or T3 plants, in contrast to the
considerable number found at 11 p.m. (Table 5). The average number of Gamasina per plant was
significantly different between night and day (between 11 a.m. and 11 p.m. in T2: Df = 1; F = 73.4;
p < 0.001; between 11 a.m. and 11 p.m. in T3: Df = 1; F = 33.3; p < 0.001). In the ‘Mid-season’,
the number of Gamasina on T2 plants at 11 p.m. was higher than at 11 a.m. (Df = 1, F = 10.6, p < 0.01),
whilst in T3 there was no statistical difference between 11 a.m. and 11 p.m. (Df = 1, F = 2.1, p= 0.15).

As to the faunistic composition, in the ‘Early season’ at 11 p.m., the predominant families were
Melicharidae, in T2, with Proctolaelaps sp. as the most abundant species, only 18.2% of which were
located at the base of the plant or on the young leaflets. In T3, the predominant family was Parasitidae,
with Parasitus consanguineus Oudemans & Voigts as the most abundant species; about 87.5% of
these were found at the base of the plants. In the ‘Mid-season’, the predominant family in T2 was
Blattisociidae, with Lasioseius sp. as the most abundant species. In T3, Gamasina always occurred at
very low numbers. These results were similar to those of the evaluation of mites on leaflets only, that is,
in both experiments, the largest number of predatory mites occurred in T2, both in the evaluations of
only leaflets and on the whole plant.

The mean number of two-spotted spider mite per plant on leaves in T1, T2, and T3 were
176.3 ± 10.2, 143.6 ± 14.3, and 137.5 ± 11.2, respectively, in the ‘Early season’, and 223.8 ± 2.5,
138.4 ± 18.1, and 94.4 ± 18.5, respectively, in the ‘Mid-season’ experiment. Significant differences were
observed in the ‘Early season’ between T1 and T3 (Df = 2; Z = −2.2; p = 0.0) and in the ‘Mid-season’
between T1 and T2 (Df = 2; Z = −3.2; p = 0.003) and T1 and T3 (Df = 2; Z = −5.1; p < 0.001). Infection of
the two-spotted spider mite by the fungus N. floridana was not observed.
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Table 4. Total number of mites (except Tetranychus urticae) of different groups extracted with 70% alcohol
from whole strawberry plants. ‘Early season’ experiment (oat straw: T2, since 2018; T3, since 2017);
‘Mid-season’ experiment (barley straw: T2, since 2018; T3, lower half layer since 2017 and top half layer
since 2018).

Treatments T2 T3

Experiments ‘Early Season’ ‘Mid-Season’ ‘Early Season’ ‘Mid-Season’

Taxa/Time 11 a.m. 11 p.m. 11 a.m. 11 p.m. 11 a.m. 11 p.m. 11 a.m. 11 p.m.

Trombidiformes, Prostigmata
Anystidae
Anystis sp. 0 0 11 0 0 0 0 0
Sarcoptiformes, Oribatida, Astigmatina
Acaridae

Tyrophagus putrescentiae 0 14 0 11 0 16 0 24
Parasitiformes, Mesostigmata, Gamasina
Blattisociidae

Lasioseius sp. 0 5 0 11 * 0 2 0 0
Lasioseius sp. immature 0 1 0 0 0 0 0 0

Eviphididae
Alliphis halleri 0 11 0 0 0 0 0 1

Melicharidae
Proctolaelaps sp. 0 33 * 0 0 0 0 0 0

Parasitidae
Amblygamasus sp. 0 0 0 1 0 0 0 0
Amblygamasus (deutonymph) 0 0 0 1 0 0 0 0
Pergamasus sp. (deutonymph) 0 0 0 0 0 4 1 0
Porrhostaspis lunulata 0 0 2 1 0 0 0 0
Parasitus consanguineus 0 0 0 0 0 16 * 0 0
Pergamasus longicornis 0 0 0 0 0 1 0 4
Pergamasus septentrionalis 0 0 0 0 0 0 0 1
Immature 0 2 1 0 0 0 0 0

Phytoseiidae
Neoseiulus cucumeris 0 1 0 2 0 0 0 0
Proprioseiopsis okanagensis 0 0 1 1 0 0 0 0
Typhlodromips masseei 0 0 0 1 0 1 0 0

Rhodacaridae
Rhodacarellus sp. (immature) 0 0 0 1 0 0 0 0

Total 0 67 15 30 0 40 1 30

* Predominant species.

Table 5. Mean number (±SE) of Gamasina mites per plant at 11 a.m. and 11 p.m. (n = 6 plants) with
straw mulching: ‘Early season’ (oat straw: T2, since 2018; T3, since 2017); ‘Mid-season’ (barley straw:
T2, since 2018; T3, lower layer since 2017 and top layer since 2018).

Treatments T2 T3

Experiments/Time 11 a.m. 11 p.m. 11 a.m. 11 p.m.

‘Early season’ experiment 0.0 ± 0.0 a 4.1 ± 0.5 b 0.0 ± 0.0 a 1.8 ± 0.3 b
‘Mid-season’ experiment 0.3 ± 0.1 a 1.5 ± 0.4 b 0.2 ± 0.1 a 0.5 ± 0.2 a

In each row, different lower-case letters indicate significant statistical difference between sampling at 11 a.m. and at
11 p.m. within each treatment (Means contrasted by F test, generalized linear model of the quasi-Poisson type in R).

4. Discussion

Our study shows that Gamasina are present in cereal straw used as mulch in strawberry production.
Both experiments confirmed our hypothesis that straw maintained longer in the field has the highest
numbers and diversity of Gamasina, suggesting that organic mulch could serve as a reservoir for
those organisms.

This is in accordance with the findings of Esteca et al. [20] for coffee husk maintained on the floor
of a forest patch and then used as mulch in a Brazilian strawberry field. It should be expected, however,
that there should be a limit to this effect over time, beyond which abundance and diversity would be
reduced, due to the natural process of decomposition of the organic matter and changes in ecological
conditions described by some authors [33–35].
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The results also show that typically edaphic predators (except Anystidae and Phytoseiidae)
move from cereal straw onto strawberry plants at night. This is in accordance with the findings of
Britto et al. [27], who collected gerbera (Gerbera sp.) (Asteraceae) leaves from a commercial plantation
Brazil. Further, it is in accordance with Esteca et al. [20] who found that the Gamasina P. pygmaeus
(Melicharidae) and B. dentriticus (Blattisociidae) were present on strawberry leaflets mainly at night,
indicating their possible daily migration from the edaphic environment to strawberry plants. Our results
also show a lower prevalence of two-spotted spider mite in pots with straw than without, suggesting
that the Gamasina moving from the straw to the plant at night might have preyed on two-spotted
spider mite. However, other factors associated with the presence of straw should not be ruled out,
and this would be an aspect for complementary investigation.

4.1. Mites from the Straw, Underlying Soil, and Commercial Potting Substrate

Although in this study our main interest centered on the Gamasina and the two-spotted spider
mite, mites of other groups were also found in the straw. The diversity of mites found in the soil
taken from the field was apparently low, with the occurrence of representatives of about 3–5 families
(non-Astigmatina Oribatida were not identified to family) in each field. However, at least 13–14 families
(also without taking into account families of non-Astigmatina Oribatida) were represented in the straw
used in the experiments. Among the mites collected in this study, some Prostigmata (especially the
Tydeidae) and some Astigmatina (especially Acaridae) have been considered important as alternative
prey for several predatory mites. Some species of Astigmatina are extensively used as factitious food
in the mass production of Gamasina for use as biological control agents [36]. In the present study,
acarids were quite numerous in both experiments, and might have served as prey for some Gamasina.
In fact, the acarid T. putrescentiae entered strawberry plants at night, in both the mulch treatments of
both experiments. These were not present on plants at daytime. The presence of these mites on plants
could somehow be related to the concurrent presence of the Gamasina on plants.

There is a large amount of information about the groups of mites effectively or potentially useful
for biological pest control [15]. In a study conducted by Castilho et al. [5] in Norwegian strawberry
fields, three species of some of the same genera as reported in our study (Porrhostaspis (Parasitidae),
Proprioseiopsis (Phytoseiidae), and Lasioseius (Blattisociidae)) were collected. Among the Gamasina
collected, some are members of the Phytoseiidae, a family that contains several species extensively used
for biological pest control [37]. Of the four phytoseiid species found in this study, N. cucumeris has been
widely commercialized for the control of the two-spotted spider mite and thrips on plants in different
countries, including Norway [38]. Of the other families collected, Parasitidae is also commonly found
in studies conducted worldwide, but these have not been reported as plant mites. Instead, they are soil
inhabitants that feed mostly on nematodes and immature flies [39–41]. Based on the evaluation of
the mites present in both types of straw, it was expected that parasitid species could be some of the
predominant mites on strawberry leaves. This was not the case, most certainly because, despite their
dominance in the straw, strawberry leaves and associated organisms in the climatic room were not
attractive to them. Parasitid species have been evaluated for the biological control of pest organisms,
especially of thrips [41], and the parasitid P. longicornis was previously reported from several coastal
habitats in Norway [42]. Mites of the same genus have also been found in soil of strawberry fields in
Brazil [20].

Ascidae, Blattisociidae, and Melicharidae, Gamasina groups found in this study, have not been
used commercially, but some studies have demonstrated their potential as biological control agents,
especially in humid habitats [43]. Mites of these groups seem to be generalists, being able to feed on
fungi and to prey on mites and small insects. Melicharids have been reported to feed on immatures of
small fruit flies (members of the Drosophilidae family), an insect group that contains an important
direct strawberry pest, present in several countries, including Norway [43]. The melicharid P. pygmaeus
was found in Norway in a coniferous forest [44]. In a study carried out in Brazil, this mite was found
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in large numbers in coffee husk used as mulching in strawberry fields [20]. It has been reported to
consume eggs of Drosophila spp. [43] and two-spotted spider mite [45].

The Rhodacaridae have been inadequately studied for use as a biocontrol agent, but an important
characteristic of species of this group is their small size, facilitating their movement below the soil
surface, where they can encounter plant feeding nematodes, which they have been shown to be able to
consume [40]. Eviphidids and veigaiids have also received little attention as biocontrol agents. This is
apparently the first report of the eviphidid A. halleri in Norway, but this mite has already been reported
in neighboring Sweden [46]. Eviphidids are commonly found in agricultural soils, phoretically on
insects, especially beetles, and in manure. Interest in this group stems in part from the fact that it
contains species known to prey on plant-feeding nematodes [47]. The veigaiid V. nemorensis was
previously reported in Norway, both in natural and modified environments [40]. Mites of this family
are common in litter, feeding on other mites and small arthropods [48].

Some of the Prostigmata collected (especially Anystidae and Cunaxidae) are also known to be
predators [36]. However, they have not been developed as commercially available biocontrol agents,
probably because of the difficulties in mass production.

4.2. Mites on Strawberry Plants

What would cause mites to move from the ground surface to plants and vice-versa? In general,
the movement could occur to escape stress factors of relatively long duration. An example is excess
humidity, as evidenced by the movement of Oribatida from the soil to the trees in the Amazon forest, in
the rainy season of each year [49]. Other stressors may lead to the occurrence of diapause, common in
phytoseiids [37,50] and tetranychids [51], stimulating the mites to move away from their usual habitat
while active.

However, factors of shorter duration might also be involved and related to daily movements of
mites. They could move from plants to soil during the day to escape low levels of relative humidity.
Conversely, they could move back to plants at night, among other reasons, to search for food and/or
places with lower competition (due to the diversity and abundance of predators, this is usually lower
on plants than in the soil) and less intra-guild predation. Such movement could promote the biological
control of potential pest organisms on plants.

The diversity of mites on plants was quite high in this study compared to another study conducted
in Norwegian strawberry fields [5]. About eight species were found when a few single leaflets were
visually examined; this number was roughly doubled when all plants were washed in alcohol, therefore,
changing the plant volume and the method. However, with few exceptions, the number of specimens
was low. Regarding the most common groups on plants (the blattisociid Lasioseius sp., the melicharid
Proctolaelaps sp., and the anystids), the same response was observed in the evaluation of mites on leaflets
and on the whole plants. However, there was a difference concerning the parasitid P. consanguineus,
which was not collected from leaflets, but in relatively large numbers on whole plants. The main reason
for this difference is probably the occurrence of this species in the crown of the strawberry plants,
and not on leaves. In the present study, anystids were only found in the ‘Mid-season’ experiment,
in which they were observed in significant numbers on plants with young cereal straw, and only at
daytime. The anystid Anystis agilis (Banks) has been cited as a predator of the mites Panonychus citri
(McGregor), two-spotted spider mite, and the thrips Scirtothrips citri Moultan [52]. These pests are
found in the aerial part of the plants, although S. citri is also found in the soil or litter in the non-feeding
resting stages. The anystids found in this study could have helped to reduce the number of two-spotted
spider mite on the strawberry leaflets on plants with young cereal straw of the ‘Mid-season’ experiment,
but reports of predation of anystids on two-spotted spider mite are not satisfactory in the literature,
and this should be further investigated.

The phytoseiids N. cucumeris, P. okanagensis, and T. masseei have previously been collected on
strawberry in Norway [5,53,54], but this is the first time N. cucumeris has been found in a Norwegian
strawberry crop where it has never been released as a biocontrol agent of mites (including two-spotted
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spider mite [38]) or thrips. Only one specimen of this species has ever been recorded as naturally
occurring in Norway (on Corylus avellana L. [55]). Thus, N. cucumeris is either naturally occurring in the
area or it has followed the plant material. Regarding P. okanagensis, this species is definitely native in
Norway. According to Meshkov [56], it does not feed on two-spotted spider mite to a significant extent.

Other studies have also reported the difference between the mite fauna on the leaves of certain
plants in daytime and nighttime observations [20,25,57,58]. The movement of certain Gamasina
biological control agents onto strawberry plants at night and the lower two-spotted spider mite
numbers in straw treatments indicates that edaphic Gamasina prey on two-spotted spider mite and
suggest that the use of straw with Gamasina may be an interesting conservational biocontrol strategy.

However, not all groups of Gamasina may be inclined to climb plants at night. The results of this
study suggested that while some Gamasina apparently venture to visit the regions of more extensive
surface in the plant, that is, the leaflets (Blattisociidae, Melicharidae), others visit only the parts closest
to the soil, that is, the region of the crown of the plants, as observed for the parasitid P. consanguineus.
The results also indicate that some Gamasina, such as Eviphididae, even when relatively abundant in
the substrate, do not appear to climb the plants often. This suggests that their role as biological control
agents on strawberry plants may not be significant.

5. Conclusions

Our study suggests that the use of cereal mulching by strawberry producers in Norway allows the
maintenance of a larger number of predatory mites in the environment than would be possible without
mulching. Further, it suggests that cereal straw maintained in the field for a longer time (2 years) hosts
more predatory mites than cereal straw maintained for a shorter period (1 year). Organic soil mulch
facilitates the maintenance of predators in the field, as extensively reported in the literature [10–15].
The difference between the abundance of Gamasina mites in the soil and in the straw was expected,
as these mites are not only predators (usually unspecific), but also feed on other organisms found in
the mulching, including fungi [44,59,60].

Although the main finding of the present study was the confirmation of nocturnal movement
of the Gamasina from straw mulch to strawberry plants, the opposite behavior was also observed.
Unlike Gamasina, anystids were observed on plants only during the day, suggesting an inverse
movement of the Gamasina, perhaps helping in the reduction of intra-guild predation.

The results of this study may be useful in subsequent research to evaluate the performance
of strawberry crops that incorporate the use of cereal straw used in previous years as mulching,
favoring the maintenance of edaphic predatory mites in the field. In subsequent research, it seems
recommendable to evaluate the potential predation and oviposition of Gamasina mites found in the
aerial part of the strawberry plants when offered common strawberry pests. Moreover, in future
studies, when sampling predatory mites on strawberry plants, the time of the day should be taken into
account, and sampling should also be done at night.

Results could have been different, had we inoculated the plants with other organisms, onto which
the edaphic mite might feed. Further, it might be worthwhile to conduct a similar study under field
conditions, where environmental factors alter more slowly and in concert, which was not possible to
incorporate in the present study.
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Abstract: We studied the distributional patterns of phoretic deutonymphs of the genera Oodinychus
and Trichouropoda (Uropodina) on the longhorn beetles Monochamus sartor urussovii, Plagionotus
detritus, Tetropium castaneum, and Te. fuscum, based on large samples of specimens (992 beetles and
25,587 mites) collected in the Białowieża Primeval Forest in Central Europe in the years 2008 and
2012–2016. All the studied phoretic phoront-host associations are characterized by different patterns
of the attachment sites of mites on beetle’s body. In the case of O. ovalis and M. sartor urussovii
association, the deutonymphs were found mostly on the pronotum and dorsal surface of the elytra.
This is the only instance in which phoronts were absent on the legs. Deutonymphs of T. sociata on
P. detritus preferred the abdomnen (both tergites and ventrites) and the hindlegs. Only in this case
the phoronts were attached inside the subelytral space. The highest number of deutonymphs of
T. shcherbakae on both Tetropium species occured on the legs. In the case of Te. castaneum, similar
proportions of mites were recorded on all pairs of legs, while the preferred location of mites phoretic
on Te. fuscum were the forelegs. Both the preferences of phoretic deutonymphs for specific parts of
the host’s body and the participation of carriers transporting deutonymphs on particular parts of
their bodies were very consistent.

Keywords: mites; Cerambycidae; phoresy; natural forest; Oodinychus; Trichouropoda; Monochamus;
Plagionotus; Tetropium

1. Introduction

Mites, even those inhabiting well-studied systems are often overlooked or ignored, although
they are strong interactors and major components of biological diversity—not passive inhabitants
of ecosystems [1]. This statement is particularly relevant to Uropodina mites in natural forest
ecosystems. In this group of mites, the unique morphological adaptations for phoretic purposes,
namely the production of an anal pedicel [2,3], enabled them to use the saproxylic beetles as carriers
(dispersants). This, in turn, allowed for the efficient use of unstable, temporary, cyclical, and patchy
merocenoses in dying and dead trees, including beetle-generated microhabitats. Close and specific
relationships characterize the pioneer species colonizing dying and dead trees in early stages of decay [4],
among which the most important as dispersants of mites are Scolytinae and Cerambycidae [5]. While
Uropodina and bark beetles relationships have been the subject of numerous studies, and their role is
relatively well known, both in terms of phoresy and species communities in beetle galleries [6–18],
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little attention has been paid to uropodids and longhorn beetles, so the importance of their ecological
relationships for the forest ecosystem is essentially unknown [19].

The phoretic relationships between uropodid mites and Cerambycidae in the natural forest ecosystem
has been studied in recent years in Białowieża Primeval Forest, which is considered the best-preserved
forest in the European lowlands. The studies have been focused on new associations of uropodids and
longhorn beetle species [20], relationships between phoronts and their carriers [21,22], the contribution
of beetle dispersants in increasing of alpha diversity of mites in dead wood merocenoses [23], as well
as the stability and repeatability of phoretic relationships [24,25].

The aim of this research was to find the distributional patterns of phoretic deutonymphs for
longhorn beetle species utilized as dispersants by uropodids in the natural forest ecosystem of
Białowieża Primeval Forest in Central Europe, based on a large data set and complementing earlier
studies, in order to clarify our understanding of relationships between the Uropodina mites and their
saproxylic Cerambycidae carriers.

The Białowieża Primeval Forest is unique within Europe because of its natural structure [26–28],
and plays a role of a living laboratory for ecological research [29]. It is also a European hotspot for
Coleoptera [30–35]. Studies of primary forest provide reference data for ecological research in managed
forests and improve the knowledge on conservation of saproxylic organisms [36].

2. Materials and Methods

The study concentrated on the Uropodina mites (Acari: Mesostigmata) phoretic on the most
numerous (over 30 specimens with attached mites) longhorn beetle species: Monochamus sartor urussovii,
Plagionotus detritus, Tetropium castaneum, and Tetropium fuscum.

The nomenclature of cerambycids follows Löbl and Smetana [37] and Plewa et al. [38], and the
nomenclature of Uropodina follows Błoszyk [39]. The terminology of beetle morphological structures
follows Lawrence et al. [40].

The research was conducted in the old growth (natural) Białowieża Primeval Forest, in natural
stands rich in dead wood. The study sites were located in forest compartments 338A (N52º44’,
E23º45’), near Teremiski, about 8 km west-north of the village of Białowieża, 448C (N52º42’, E23º46’)
in the protected area “Professor Władysław Szafer’s Nature Reserve”, and 496C (N52º40’, E23º47’),
about 4 km south west of the village of Białowieża. Detailed information about the study sites are in
Błoszyk et al. [21,23] and Konwerski et al. [24,25].

Beetles were caught in 66 IPM-Intercept traps and 48 12-unit Lindgren multiple funnel traps,
provided by the Canadian Forest Service. They were set in forest stands from May to July in 2008 and
2012–2016, and emptied every two weeks. Cerambycidae specimens were kept in 70% ethanol. In the
laboratory they were individually (each specimen separately) examined under a stereomicroscope,
to determine their species and to record the presence of mites. Beetles with attached mites (carriers) were
selected for further study. Using a stereomicroscope (Olympus SZX12), the number of deutonymphs
on beetles was counted and their location of attachment to beetles (hosts) was determined. The possible
locations were the legs, head, scutellum, dorsal surface of the elytra, subelytra, membranous wings,
pronotum, prosternum, mesoventrite, metaventrite, abdominal ventrites, and tergites.

All the uropodid mites found attached to longhorn beetles were identified using the comparative
collection of J. Błoszyk, deposited in the Natural History Collections at the Faculty of Biology,
Adam Mickiewicz University in Poznań (Poland), and the keys to mite species identification [41–44].
For biometrical analyses, selected mites were mounted on microscope slides using Hoyer’s medium.
The remaining mites were identified from temporary preparations after clearing in the lactic acid using
an open slide technique and later placed in 75% ethanol.

The voucher specimens of longhorn beetles and mites have been deposited in the Natural History
Collections at the Faculty of Biology, Adam Mickiewicz University in Poznań, Poland.

Distribution of phoretic deutonymphs on various parts of host’s body was compared using
multivariate exploratory techniques: cluster analysis (distance: Euclidean, method: ward). Frequency
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distribution tables were used for calculation of the phoretic load for each beetle species. Statistical
analyses were performed using the software Statistica 10 [45].

3. Results

During the six years of the research project, 992 specimens of Cerambycidae with 25,587 transported
deutonymphs of Uropodina were collected. On 54 specimens of M. sartor urussovii, there were 1088
phoretic deutonymphs belonging to a single species Oodinychus ovalis. On 494 specimens of P. detritus,
there were 19,145 phoretic deutonymphs belonging to a single species Trichouropoda sociata. On 97
specimens of Te. castaneum and 347 specimens of Te. fuscum, there were 839 and 4515 phoretic
deutonymphs, respectively, all belonging to Trichouropoda shcherbakae.

The mites were found on the following body parts of the beetles: all pairs of legs, head, scutellum,
dorsal surface of the elytra, subelytra, membranous wings, pronotum, prosternum, mesoventrite,
metaventrite, abdominal ventrites, and tergites (Table 1, Figures 1 and 2).
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Figure 1. Deutonymphs of Trichouropoda sociata attached to Plagionotus detritus: (a) dorsal side of the
head; (b) below the mouthparts; (c) foreleg; (d) dorsal surface of the elytra; (e) abdominal ventrites.
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Figure 2. Deutonymphs of Trichouropoda shcherbakae attached to Tetropium fuscum: (a) foreleg;
(b) pronotum.

Table 1. Number of deutonymphs attached to various parts of beetles’ body: (L1) forelegs; (L2) midlegs;
(L3) hindlegs; (H) head; (Sc) scutellum; (Es) surface of the elytra; (Eu) subelytra; (W) membranous
wings; (Pn) pronotum; (Ps) prosternum; (Me) mesoventrite; (Mt) metaventrite; (St) abdominal ventrites;
(T) abdominal tergites.

Beetle Species L1 L2 L3 H Sc Es Eu W Pn Ps Me Mt St T

M. s. urussovii 0 0 0 0 0 141 0 0 930 0 13 0 4 0
P. detritus 37 688 1645 41 9 745 839 64 261 266 681 251 5989 7545
Te. Castaneum 214 265 231 5 0 21 0 0 40 13 12 16 21 1
Te. Fuscum 2262 1270 591 21 3 49 0 0 213 32 21 20 33 0

3.1. Distribution of Oodinychus ovalis on Monochamus sartor urussovii

The mites were found on dorsal surface of the elytra, pronotum, mesoventrite, and abdominal
ventrites (Table 1). The number of deutonymphs attached to one beetle varied between one and 149.

The deutonymphs were found most frequently attached to the dorso-lateral side of the
prothorax—the pronotum (85.4% of all carried deutonymphs, up to 141 individuals at one time).
On the dorsal surface of the elytra, there were 12.9% of all deutonymphs (up to 122 individuals at one
time), whereas on ventral side of the body the mites were attached only to the mesoventrite (1.2%
of all carried deutonymphs, up to six individuals at one time) and abdominal ventrites (0.4%, four
individuals—only once) (Figure 3).
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the pronotum and the surface of the elytra are similar (Figure 5A). 

Figure 3. The proportion of phoretic deutonymphs on various parts of beetles’ body: (PD) Plagionotus
detritus; (TC) Tetropium castaneum; (TF) Tetropium fuscum; (MU) Monochamus sartor urussovii; (L1)
forelegs; (L2) midlegs; (L3) hindlegs; (H) head; (Sc) scutellum; (Es) surface of the elytra; (Eu) subelytra;
(W) membranous wings; (Pn) pronotum; (Ps) prosternum; (Me) mesoventrite; (Mt) metaventrite; (St)
abdominal ventrites; (T) abdominal tergites. The colored lines serve as a guide to the eye.

The majority of collected beetles carried mites on the pronotum (92.6% of the carriers), whereas
on the dorsal surface of the elytra the mites were found in 24.1% of the carriers. Only 5.5% of beetles
carried deutonymphs on the mesoventrite, and 1.8% on the abdominal ventrites (Figure 4).
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Figure 4. Frequency of individuals of beetles carrying the phoretic deutonymphs on various parts
of their bodies: (PD) Plagionotus detritus; (TC) Tetropium castaneum; (TF) Tetropium fuscum; (MU)
Monochamus sartor urussovii; (L1) forelegs; (L2) midlegs; (L3) hindlegs; (H) head; (Sc) scutellum; (Es)
surface of the elytra; (Eu) subelytra; (W) membranous wings; (Pn) pronotum; (Ps) prosternum; (Me)
mesoventrite; (Mt) metaventrite; (St) abdominal ventrites; (T) abdominal tergites. The colored lines
serve as a guide to the eye.

The cluster analysis of distribution of deutonymphs on different parts of host’s body shows that
the pronotum and the surface of the elytra are similar (Figure 5A).
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Figure 5. Cluster analysis of distribution of phoretic deutonymphs on various parts of beetles’ body:
(A) Monochamus sartor urussovii; (B) Plagionotus detritus; (C) Tetropium castaneum, (D) Tetropium fuscum;
Distance: Euclidean, cluster method: ward; (Es) surface of the elytra; (Eu) subelytra; (H) head; (L1)
forelegs; (L2) midlegs; (L3) hindlegs; (Me) mesoventrite; (Mt) metaventrite; (W) membranous wings;
(Pn) pronotum; (Ps) prosternum; (Sc) scutellum; (St) abdominal ventrites; (T) abdominal tergites.

Analysis of the phoretic load shows that 81.5% of hosts carry 1–20 deutonymphs per beetle,
whereas heavy phoretic load (over 100 deutonymphs per host) is observed in 7.4% of beetles.

3.2. Distribution of Trichouropoda sociata on Plagionotus detritus

The mites were found on all pairs of legs, head, scutellum, dorsal surface of the elytra, subelytra,
membranous wings, pronotum, prosternum, mesoventrite, metaventrite, abdominal ventrites, and
tergites (Table 1, Figure 1). The number of deutonymphs attached to one beetle varied between one
and 502.

The deutonymphs were found most frequently attached to the abdominal tergites (39.6% of all
carried deutonymphs) and ventrites (31.3%). These parts of the body were also characterized by the
highest variation in the number of the attached mites (tergites 1–231 and ventrites 1–245 individuals).
Most mites were attached to tergite III, followed by IV and II. Much fewer deutonymphs were carried
on tergites I, VI, and V (Figure 6). In the case of the abdominal ventrites, the number decreased
gradually from ventrite I to V (Figure 7).

166



Diversity 2020, 12, 239Diversity 2020, 12, x FOR PEER REVIEW 7 of 14 

 

 
Figure 6. Number of phoretic deutonymphs of Trichouropoda sociata attached to the 
abdominal tergites of Plagionotus detritus. 

 
Figure 7. Number of phoretic deutonymphs of Trichouropoda sociata attached to the 
abdominal ventrites of Plagionotus detritus. 

Mites attached to the legs, showed a strong preference for the hindlegs. On the forelegs there 
were 0.2% of all deutonymphs (up to 14 individuals at one time); midlegs: 3.6% (up to 36 individuals 
at one time); and hindlegs: 8.6% (up to 67 individuals at one time). The preferred locations of mites 
attached to the legs were the femora and metacoxae (Table 2, Figure 1c).  

Table 2. Number of deutonymphs attached to various parts of beetles’ legs: (1-3) pairs of 
legs; (Co) coxae; (Tr) trochanters; (Fe) femora; (Ti) tibiae; (Ta) tarsi. 

Beetle Species Co1 Tr1 Fe1 Ti1 Ta1 Co2 Tr2 Fe2 Ti2 Ta2 Co3 Tr3 Fe3 Ti3 Ta3 
Plagionotus detritus 7 0 30 0 0 25 0 661 2 0 791 5 843 6 0 

Tetropium 
castaneum 

8 0 204 2 0 5 1 251 8 0 3 1 222 4 1 

Tetropium fuscum 50 0 2209 3 0 4 0 1265 1 0 10 0 580 1 0 

On the dorsal surface of the elytra, there were 3.9% of all deutonymphs (up to 122 individuals 
at one time), whereas on the subelytra there were 4.7% (up to 101 individuals at one time).  

On the ventral side of the thorax, the most common location of attachment was the mesoventrite 
(3.6% of all deutonymphs, up to 75 individuals at one time). The prosternum and metaventrite had a 
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Figure 7. Number of phoretic deutonymphs of Trichouropoda sociata attached to the abdominal ventrites
of Plagionotus detritus.

Mites attached to the legs, showed a strong preference for the hindlegs. On the forelegs there
were 0.2% of all deutonymphs (up to 14 individuals at one time); midlegs: 3.6% (up to 36 individuals
at one time); and hindlegs: 8.6% (up to 67 individuals at one time). The preferred locations of mites
attached to the legs were the femora and metacoxae (Table 2, Figure 1c).

Table 2. Number of deutonymphs attached to various parts of beetles’ legs: (1-3) pairs of legs; (Co)
coxae; (Tr) trochanters; (Fe) femora; (Ti) tibiae; (Ta) tarsi.

Beetle Species Co1 Tr1 Fe1 Ti1 Ta1 Co2 Tr2 Fe2 Ti2 Ta2 Co3 Tr3 Fe3 Ti3 Ta3

Plagionotus detritus 7 0 30 0 0 25 0 661 2 0 791 5 843 6 0
Tetropium
castaneum 8 0 204 2 0 5 1 251 8 0 3 1 222 4 1

Tetropium fuscum 50 0 2209 3 0 4 0 1265 1 0 10 0 580 1 0

On the dorsal surface of the elytra, there were 3.9% of all deutonymphs (up to 122 individuals at
one time), whereas on the subelytra there were 4.7% (up to 101 individuals at one time).

On the ventral side of the thorax, the most common location of attachment was the mesoventrite
(3.6% of all deutonymphs, up to 75 individuals at one time). The prosternum and metaventrite had a
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similar percentage of attached deutonymphs, i.e., 1.4% (up to 34 individuals at one time) and 1.3%
(up to 11 individuals at one time). On the dorso-lateral side of the thorax (the pronotum), there were
1.4% of all deutonymphs (up to 45 individuals at one time). On the head, scutellum, and membranous
wings, there were fewer than 1% of all deutonymphs (Figure 3). Moreover, in the case of the wings,
only one out of 64 individuals was attached to the anal pedicel.

The majority of collected beetles carried mites on the abdominal tergites (78.9% of the carriers) and
ventrites (53% of the carriers). On the hindlegs, the mites were found in 38.5% of the carriers, whereas
they were on the midlegs and forelegs in 24.7% and 1.6% of the carriers, respectively. In the case of the
elytra, the mites occurred more often on the subelytra (22.5% of carriers) than on the dorsal surface
(10.1% of carriers). In the case of the ventral side of the thorax, more beetles carried deutonymphs on
the metaventrite (19.8%) than on the mesoventrite (11.5%) and the prosternum (6.7% of the carriers)
(Figure 4).

The cluster analysis of distribution of deutonymphs on different parts of host’s body shows that
the legs, together with head, vary from all other parts. There is also a similarity between the subelytra
and abdominal tergites as well as the metaventrite and abdominal ventrites (Figure 5B).

Analysis of the phoretic load shows that 76.1% of hosts carry 1–50 deutonymphs per beetle,
whereas heavy phoretic load (over 200 deutonymphs per host) is observed in 1.4% of beetles.

3.3. Distribution of Trichouropoda shcherbakae on Tetropium castaneum

The mites were found on all pairs of legs, head, dorsal surface of the elytra, pronotum, prosternum,
mesoventrite, metaventrite, abdominal ventrites, and tergites (Table 1). The number of deutonymphs
attached to one beetle varied between one and 59.

The deutonymphs were found most frequently attached to the legs: on the forelegs there were
25.5% of all deutonymphs (up to 20 individuals at one time); midlegs: 31.6% (up to 18 individuals at
one time); and hindlegs: 27.5% (up to 36 individuals at one time). The preferred locations of mites
attached to the legs were the femora (Table 2). On the dorso-lateral side of the thorax (the pronotum),
there were 4.8% of all deutonymphs (up to six individuals at one time). On the dorsal surface of the
elytra and the abdominal ventrites, there were equally 2.5% of attached mites (up to three and five
individuals at one time, respectively). On the prosternum, mesoventrite, and metaventrite, there were
fewer than 2% of all deutonymphs, whereas on the head and abdominal tergites there were fewer than
1% (Figure 3).

Most beetles carried mites on all pairs of legs: on the midlegs: 58.8% of the carriers; on the forelegs
and hindlegs: 55.7%. On the pronotum, the mites were found in 18.6% of the carriers. On the dorsal
surface of the elytra deutonymphs occurred in 13.4% of beetles. All other locations were found in
fewer than 10% of the carriers (Figure 4).

The cluster analysis of distribution of deutonymphs on different parts of host’s body shows that
the legs vary from all other parts, and the forelegs differ from the midlegs and hindlegs. There is also a
similarity between the pronotum and prosternum, as well as between the surface of the elytra and
metaventrite (Figure 5C).

Analysis of the phoretic load shows that 86.7% of hosts carry 1–20 deutonymphs per beetle,
whereas heavy phoretic load (over 40 deutonymphs per host) is observed in 6.1% of beetles.

3.4. Distribution of Trichouropoda shcherbakae on Tetropium fuscum

The mites were found on all pairs of legs, head, scutellum, dorsal surface of the elytra, pronotum,
prosternum, mesoventrite, metaventrite, and abdominal ventrites (Table 1, Figure 2). The number of
deutonymphs attached to one beetle varied between one and 126.

The deutonymphs were found most frequently attached to the legs, with a strong preference
for the first pair: on the forelegs, there were 50.1% of all deutonymphs (up to 61 individuals at one
time); midlegs: 28.1% (up to 49 individuals at one time); and hindlegs: 13.1% (up to 25 individuals at
one time). The preferred locations of mites attached to the legs were the femora (Table 2, Figure 2a).
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On the dorso-lateral side of the thorax (the pronotum), there were 4.7% of all deutonymphs (up to 15
individuals at one time). On the dorsal surface of the elytra there were only 1.1% of attached mites
(up to four individuals at one time). On the head, scutellum, prosternum, mesoventrite, metaventrite,
and abdominal ventrites, there were fewer than 1% of all deutonymphs (Figure 3).

Most beetles carried mites on the forelegs (79.8% of the carriers), whereas on the midlegs and
hindlegs the mites were found in 59.4% and 37.2%, respectively. Deutonymphs on the pronotum
occurred in 21.6% of beetles. All other locations were found in fewer than 10% of the carriers (Figure 4).

The cluster analysis of distribution of deutonymphs on different parts of host’s body shows that
the legs together with head vary from all other parts and the forelegs vary from other legs. There is
also a similarity between the surface of the elytra and pronotum, as well as between the metaventrite
and abdominal ventrites (Figure 5D).

Analysis of the phoretic load shows that 81.8% of hosts carry 1–20 deutonymphs per beetle,
whereas heavy phoretic load (over 40 deutonymphs per host) is observed in 8.1% of beetles.

4. Discussion

The results of our studies indicates that every analyzed carrier species has different pattern
of distribution of phoretic deutonymphs of Uropodina attached to its body. This also applies to
morphologically similar species of the genus Tetropium, utilized as dispersants of the single Uropodina
mite species T. shcherbakae.

In the case of O. ovalis and M. sartor urussovii association, the deutonymphs were found mostly on
the pronotum and dorsal surface of the elytra. This is the only instance in which phoronts were absent
on the legs (Table 1). Interestingly, also in the case of two North American representatives of the genus
Monochamus no uropodid mites were found on the legs, despite heavy phoretic load [46] and large
analyzed samples [47].

Deutonymphs of T. sociata on P. detritus preferred the abdomen (both tergites and ventrites) and
the hindlegs. Only, in this case, the phoronts were attached inside the subelytral space (abdominal
tergites covered by elytra, subelytra, and membranous wings) (Table 1).

The highest number of deutonymphs of T. shcherbakae on both Tetropium species occurred on the
legs. In the case of Te. castaneum, similar proportions of mites were recorded on all pairs of legs, while
the preferred location of mites phoretic on Te. fuscum were the forelegs (Table 1). Konwerski et al. [24]
proposed that the different preferences for spatial attachment of T. shcherbakae, depending on the
species of carriers, may be due to different preferences of the two Tetropium species for host trees and
microhabitats. This, in turn, could influence the mites’ climbing behavior in various merocenoses.

Analysis of the presence of T. sociata on the abdominal tergites of P. detritus revealed the preferences
for the middle part (tergites III, IV, and II) (Figure 6). We may suspect that mites use the relatively
large subelytral space to avoid falling off from the carrier during the folding and unfolding of the
membranous wings. The two last visible tergites (V and VI) are avoided, probably because of relatively
high mobility of the end of abdomen, and the possibility of detaching of the mites by the ridges of
the elytra.

The number of deutonymphs of T. sociata on the abdominal ventrites of P. detritus decreases
gradually from ventrite I to V (Figure 7). The highest number of mites on the ventrite I is highly likely
to be connected with the large number of phoronts attached to the metacoxal plates and metafemora.

The legs were the place of attachment for deutonymphs in the case of three out of four analyzed
phoront-host associations, and the femora were the preferred location. The metacoxa of P. detritus
also were utilized by a large number of mites. The trochanters, tibiae, and tarsi were avoided in all
the analyzed species (Table 2). While it is easy to understand that the number of mites attached to
the trochanters is limited by its size, the tibiae are similar in length to femora (Figure 2a). However,
the tibiae are much thinner and more movable, so the risk of detachment during walking or cleaning is
higher. High mobility and the segmented structure of tarsi can cause detachment of deutonymphs,
thus, these parts of legs are avoided by the phoronts.
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Our observations show that the deutonymphs attach to surfaces of various types: smooth (e.g.,
subelytra in P. detritus), with setae of low density (e.g., femora in Tetropium and P. detritus), and setae of
high density (e.g., abdominal ventrites and surface of the elytra in P. detritus). This conforms to the
results obtained by Bajerlein et al. [48], who analyzed carrier surface morphology and topography in
the case of coprophilous beetles and deutonymphs of Uropoda orbicularis.

No phoronts were found on the antennae and protarsi of the carriers. It appears that avoidance of
these body parts may be caused by the behavior of the host, that is, the ability to clean the protarsi
with the mouthparts and the antennae (the most important sensory organ) with both, the mouthparts
and protarsi. Also avoiding of the forelegs in P. detritus may stem from the cleaning behavior of the
host [25].

Although the low number of mites attached to the beetle’s head is a rule, in the case of fairly
large carriers, there is a lot of space for small deutonymphs to attach in places where they would not
cause any hindrance, e.g., on the ventral side of the head—below the mouthparts [25]. We found the
presence of mites in this location in P. detritus (Figure 1b). It is noteworthy that this attachment site of
Uropodina has been found also in the case of Passalidae, which are large saproxylic beetles [49,50].

In our research the majority of deutonymphs were found attached to the heavy sclerotized regions
of carrier’s body (e.g., elytra, pronotum, ventrites, legs). Only, in the case of T. sociata and P. detritus,
the mites also preferred less sclerotized regions, namely abdominal tergites. In the abovementioned
association one phoront was found attached to the membranous wing as well. Attaching to the
heavy sclerotized parts of beetles’ body should be considered a rule in phoretic relationships between
Uropodina and saproxylic Coleoptera, although attachment to the flexible membrane at the joint
between the head and prosternum in the case of Lucanus cervus and the intersegmental membrane
under elytra of Rhynchophorus ferrugineus were also reported [51,52]. Oodinychus ovalis, which, in our
research, was utilizing M. sartor urussovii, has been also recorded from Chilopoda [53]. Interestingly,
most deutonymphs found on centipedes were attached to the membranous and flexible cuticle of the
pleurites [54,55]. This, in turn, means that the same species of Uropodina has the ability to utilize
various types of surfaces for attachment, and their preferences differ, depending on the carrier.

The presence of unattached deutonymphs on the membranous wings of P. detritus can be explained
by the “scooping” mechanism proposed by Konwerski et al. [25]. As a result of the folding and
unfolding of the membranous wings, some mites previously attached to the subelytra and abdominal
tergites may be detached, especially when there are many of them.

The cluster analysis of distribution of phoretic deutonymphs on various parts of beetles’ body
shows some similarities and differences (Figure 5). However, its interpretation is only of a speculative
nature, as no observations of mite attachment to the carrier were made. The legs differ from other body
parts in all the cases when phoronts are attached to them (T. sociata–P. detritus, T. shcherbakae–Te. castaneum,
and Te. fuscum). This may be caused by the specific structure of these attachment sites, which are very
long and narrow. The similarity between the pronotum and elytral surface (O. ovalis–M. sartor urussovii),
as well as the metaventrite and abdominal ventrites (T. sociata–P. detritus, T. shcherbakae–Te. fuscum)
can be explained by the fact that these adjacent parts create wide dorsal and ventral surfaces, suitable
for mite movement. Climbing or descending of deutonymphs on lateral surfaces may explain the
similarities between the pronotum and prosternum, as well as the metaventrite and elytral surface
(T. shcherbakae–Te. castaneum). The subelytra and abdominal tergites (T. sociata–P. detritus) together
create specific closed subelytral space.

Small phoretic load should be considered a rule in all of the analyzed phoront–host associations.
The data presented in this study show that the highest percentage of beetles (76.1–86.7%) transported
relatively low number of deutonymphs per carrier, while a heavy phoretic load was observed in fairy low
percentage of hosts (1.4–8.1%). Similar observations have been made in the case of Scolytinae [13,56–58].

It can be noticed that, in the case of all studied phoront–host associations, the strength of the
relationship was also expressed by the fact that both the preferences of phoretic deutonymphs for
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specific parts of the host’s body, and the participation of carriers transporting deutonymphs on
particular parts of their bodies were very consistent (Figures 3 and 4).

5. Conclusions

Comparing the distribution of phoretic deutonymphs of Uropodina on the four longhorn beetle
species, namely M. sartor urussovii, P. detritus, Te. castaneum, and Te. fuscum, it can be concluded that all
the studied phoretic associations are characterized by different patterns of the attachment sites of mites
on host’s body.

Both the preferences of phoretic deutonymphs for specific parts of the host’s body and the
participation of carriers transporting deutonymphs on particular parts of their bodies were very
consistent in the analyzed mite-longhorn beetle associations.

This is by far the most thorough analysis of patterns of phoretic Uropodina on Cerambycidae,
based on the large data set collected in a natural forest over a long period of time. The study confirms
the high stability and strength of the phoretic relationships between uropodid mites and their longhorn
beetle dispersants.
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2. Bajerlein, D.; Witaliński, W. Anatomy and fine structure of pedicellar glands in phoretic deutonymphs of
uropodid mites (Acari: Mesostigmata). Arthropod Struct. Dev. 2012, 41, 245–257. [CrossRef] [PubMed]
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Europe. Int. J. Acarol. 2017, 43, 612–621. [CrossRef]

25. Konwerski, S.; Gutowski, J.M.; Błoszyk, J. Analysis of the phoretic relationships between mites of the genus
Trichouropoda Berlese (Parasitiformes: Uropodina) and the longhorn beetle Plagionotus detritus (Linnaeus)
(Coleoptera: Cerambycidae) based on multiannual observations in Białowieża Primeval Forest, Central
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For. Ecol. Manag. 2020, 461, 117893. [CrossRef]
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40. Lawrence, J.F.; Ślipiński, A.; Seago, A.E.; Thayer, M.K.; Newton, A.F.; Marvaldi, A.E. Phylogeny of the
Coleoptera Based on Morphological Characters of Adults and Larvae. In Annales zoologici; Museum and
Institute of Zoology, Polish Academy of Sciences: Warszawa, Poland, 2011; Volume 61, pp. 1–217. [CrossRef]
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Abstract: Though mostly soil dwelling, oribatid mites are found in all kind of habitats, with several
species exclusively living on trees. Using previously published DNA sequences and eco-morphological
data available from the literature, we inferred the number of transitions between soil dwelling to
a truly arboreal lifestyle in oribatid mites and the shape evolution of a particular morphological
structure of a sense organ (bothridial seta (= sensillus) of a trichobothrium), the shape of which
was previously reported to be associated with an arboreal lifestyle. Our data suggest that a truly
arboreal lifestyle evolved several times independently in oribatid mites, but much less often than
previously proposed in the past. Even though all truly arboreal species indeed seem to possess a
capitate sensillus, this character is not exclusive for arboreal taxa. Nonetheless, since all truly arboreal
species do have a capitate sensillus, this might be considered an important (pre-)adaptation to a life
on trees. We further provide guidelines on how the term “arboreal” should be applied in future mite
research and emphasize the importance of exact microhabitat characterization, as this will greatly
facilitate comparisons across studies.

Keywords: lifestyle; tree related microhabitats; 18S rRNA; phylogeny; ancestral state
reconstruction; sensillus

1. Introduction

Forest ecosystems harbor a strikingly large number of mite species, with particularly high
biodiversity in forest soil. This tremendous species richness and adaptations to micro-environments
within this ecosystem have led researchers to emphasize the potential of mites as environmental
indicators [1–4].

For most tree-associated organisms, a tree is not a single, homogeneous environment. It comprises
different sub-areas or regions. For example, the tree trunk itself can be divided into a basal, median,
and upper part. The branches, twigs, and leaves of the canopy represent other distinct regions.
The ecologically most important structures, however, are the tree-related microhabitats, which are
natural, tree-borne features. They provide specific conditions and substrates, like different food
resources or structures for breeding and shelter. Since different types of microhabitat support different
organismic communities [5–7], they have gained considerable attention in forest management and
conservation, especially in the last two decades. While nests of birds and mammals serve as home
for nidicolous species, the boreholes and galleries of xylobiotic insects are important habitats and/or
food sources for special communities consisting of housemates, commensals, and parasites of these
xylobionts. Similar to knot-holes or holes in the trunk, which contain decaying and decomposed
organic material, so-called suspended soils developed on large trees with broad branch forks contain
their own, often specialized fauna.
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As already shown by Wunderle [8], trees provide a habitat for several primarily soil-dwelling
microarthropods, especially for oribatid mite species.

It has been known for a long time that Oribatida also occur on trees [9], and researchers soon
recognized that species composition differs between soil and tree canopy [10,11]. Since then, many
eco-faunistic studies targeted the diversity of oribatids on trees [12–15]. However, many previous
studies provided often confusing, disparate information on individual species or species communities
inhabiting trees, which indicates that abundance, distribution and diversity of tree-living species vary
considerably even under presumably similar conditions. These differences in community composition
can be mainly attributed to (i) habitat types (e.g., rain forest, “perpetual mist” forests, deciduous and
mixed forests; [16]), (ii) tree species (e.g., [8]), or (iii) zones and age of a tree, which determines tree
diameter and bark thickness and has significant impact on the number of available microhabitats [17].
Nonetheless, the diversity of tree-living oribatid mites is undoubtedly much higher than known so
far. Several recent studies showed the level of cryptic diversity is high in (tree-living) oribatids, even
in supposedly well known, common, and easily identifiably taxa [18–20], providing an important
contribution to our knowledge of the biodiversity in forest ecosystems.

While many eco-faunistic studies dealt with tree-living oribatid communities, only one study
aimed at a comprehensive analysis of arboreal lifestyle evolution in oribatids, focusing on the transition
from soil dwelling to arboreal life and potentially associated phenotypic adaptations [21]. Specifically,
the authors suggested that arboreal life evolved independently at least 15 times and that tree-living
is more common in evolutionary younger taxa with strong sclerotization, sexual reproduction, and
capitate sensilli [21].

Microhabitats are known to harbor a disproportionately high number of (likely unknown)
species, not only among oribatid mites. Therefore, it is important to recognize and conserve these
microhabitats [6,7]. So far, several studies have demonstrated the important role of tree-associated
microhabitats for the taxonomic diversity in oribatid mites [22–27]. In all these studies, the authors
use the term “arboreal” (= corticolous or arboricole), which means growing on or living in trees, to
indicate that a specimen/species was collected on a tree. However, the exact use of this term differs
among studies. Some use it to refer to strictly tree-living species, others apply it to more generalist
species found both in soil and on trees [10,28,29]. Moreover, it is still questionable whether the species
found on trees are tree or rather microhabitat specific (see also [30]). These uncertainties complicate
generalizations regarding the evolution of a tree-living lifestyle in oribatid mites.

Against this background and utilizing a comprehensive phylogenetic tree based on previously
published 18S rDNA sequences, the present study aims to (i) revisit the origin of a tree-living lifestyle in
oribatids, (ii) test the hypothesis (according to [11]) that a capitate sensillus is a special morphological
feature of arboreal life, and (iii) discuss and redefine the term “arboreal” in oribatid mites.

2. Material and Methods

2.1. Data Acquisition

We chose the 18S rRNA (18S) gene for our meta-analysis because of (i) the largest amount of
sequence data available for a particular locus, covering all major groups of the oribatid mite tree of life,
and (ii) its low substitution rate; the 18S gene is generally more suitable for resolving phylogenetic
relationships at higher taxonomic levels. Only sequences with a minimum length of 1600 bp were
obtained from GenBank. The final dataset included sequences of 165 oribatid species (see Table S1).
Based on Klimov et al. [31], we used three species of Paleosomata, Ctenacarus araneola, Palaeacarus
hystricinus, and Stomacarus ligamentifer as outgroup.

Prior to phylogenetic analysis, sequences were aligned using the MAFFT v.7 web version [32].
Poorly aligned regions were removed from the alignment using the program trimAl v1.2 [33] applying
the heuristic “automated1” method (final length of dataset = 1619 bp).
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Character coding of traits for ancestral state reconstruction (ASR) of lifestyle and sensillus type
was primarily based on Weigmann [34] as well as on original species descriptions. Additional literature
was only used in case of uncertainties or missing information (see Table S2). Ancestral character state
reconstruction for lifestyle was coded as follows: soil (0), tree- and soil-living (1), exclusively tree-living
(= arboreal, 2), littoral (3), mangrove (4), and limnic (5). The coding of the sensillus types followed
roughly the classification scheme of Aoki [11]: no sensillus present (0), capitate and strongly clavate
(1), clavate (2), slightly clavate (3), with rami (4), rod-like thin (5), and not specified (6, for details see
below) (Figure 1).

Figure 1. Drawing of sensillus types used for character coding in the present study.

2.2. Analysis

The best-fitting model of molecular evolution was selected based on the Akaike Information
Criterion (AIC) in the “Smart Model Selection” tool (SMS; [35]) implemented in the PhyML 3.0
online execution ([36]; http://www.atgc-montpellier.fr/phyml/). Phylogenetic inference was based
on Maximum Likelihood (ML), implemented in PhyML and Bayesian inference (BI), implemented
in MrBayes 3.2.7 [37], applying the GTR+I+G model selected by SMS. ML analyses were run under
default parameter settings and nodal support was assessed by means of bootstrapping (1000 replicates).
For BI analyses, posterior probabilities were obtained from a Metropolis-coupled Markov chain Monte
Carlo simulation (2 independent runs; 4 chains with 25 million generations each; trees sampled every
1000 generations). Run convergence and stationarity of parameters were checked in Tracer v1.7 ([38];
available at http://beast.community/tracer) and by means of the standard deviation of split frequencies
(<0.01) in MrBayes. The first 12,500 (25%) trees were discarded as burn-in prior to constructing an
“allcompat” consensus tree from the remaining 37,502 trees.

We traced the evolution of two characters (lifestyle, sensillus shape) over the molecular phylogeny
using maximum parsimony (MP) and maximum likelihood (ML)-based reconstructions conducted in
Mesquite v.3.51 [39].

We applied the “trace character over trees” option to account for topological uncertainty.
The Markov k-state 1 (Mk1) parameter model was employed for the analysis of both characters,
with equal probability for any particular character state. Both reconstructions were integrated over
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20,001 randomly selected post burn-in trees of the BI analysis and the ancestral states were summarized
on the BI consensus tree.

Due to intra-generic polymorphism of sensillus shape in the genera “Liodes” and Eremaeozetes ([34]
and Schatz pers. communication), we refrained from assigning a particular morphology to Liodes sp.
(The denomination Liodes sp. is not a valid name for a genus of the oribatid mite family Neoliodidae [40].
It is unclear whether this record in GenBank from 1997 refers to a species of Neoliodes or to another
genus) and Eremaeozetes sp. The higher-level classification of oribatids follows Schatz et al. [41].

3. Results

As both the ML and BI tree inference resulted in very similar tree topologies, only the Bayesian
consensus tree is shown (Figure 2). Compared to the traditional classification, our phylogenetic tree
revealed several discrepancies, for example the infraorders Parhyposomata and Mixonomata, as well as
the superfamilies Plateremaeoidea, Cepheoidea, Cymbaeremaeoidea, Licneremaeoidea, Gustavioidea
and Ameronothroidea appear as para- or polyphyletic, but often with only low statistical support,
indicating a fair amount of topological uncertainty (which was accounted for in our ASR analyses).

ASR of lifestyle and sensillus based on ML and MP reconstructions revealed very similar results,
except for some nodes that were reconstructed with greater uncertainty (equivocal) in the ML approach
(Figure 3, Figure S1). Our results clearly indicate that the preconditions for colonizing tree trunks
and canopies were already present in the ancestors of the higher Oribatida; e.g., Camisia species can
be found both in soil and tree samples (Figure 3a). Nevertheless, to live nearly exclusively on trees
seems to be the exception (see also [29]). However, our analysis suggests that arboreal life evolved
seven times independently within the investigated taxa. Furthermore, our analysis supports a multiple
independent evolution of the capitate sensillus (Figure 3b) and indicates that capitate sensilli are not
restricted to arboreal species.
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Figure 2. Bayesian “allcompat” consensus tree of 165 representatives covering all major groups of
the oribatid mite tree of life. The tree is based on sequences of the 18S rRNA gene. Symbols at nodes
represent posterior probability values (ppv) for Bayesian inference (BI) and bootstrap values (bv)
for Maximum Likelihood (ML). Symbols on the right side of the tree indicate para- or polyphyletic
superfamilies and mark their affiliation.
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Figure 3. Ancestral state reconstructions based on likelihood of (a) lifestyle and (b) sensillus type found
in oribatid mites. Tree-living taxa are highlighted in green.

4. Discussion

4.1. Revisiting the Tree-Living Lifestyle in Oribatids

Ancestral state reconstruction can give important information on the history of traits that do
not fossilize, such as particular ecologies or behaviors [42]. However, consequently, inconsistent
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interpretation of morphological features can lead to erroneous results and conclusions. Notwithstanding
some discrepancies between our 18S phylogeny and classical taxonomy (partially apparent also
in [43,44]), which is due to a lack of resolution at some inner nodes and a partly inappropriate
classification scheme [45], our ancestral state reconstructions, taking topological uncertainty into
account, unambiguously indicate seven transitions between soil- and tree-dwelling lifestyle in the
present oribatid dataset (Figure 3a). These are much fewer transitions than inferred by a former study
that proposed that life on trees evolved at least 15 times independently in oribatid mites [21], even
though our study includes many more taxa. The different findings can be explained by different
character coding of the lifestyle type. Whereas [21] differentiated mite species into either soil- or
tree-living organisms, the majority of these taxa can be found both in soil and on trees. We used, apart
from the standard classification book for oribatids [34], additional literature in cases of uncertainties
(see Table S2). Moreover, we employed the character trait “tree-living” in a stricter sense, i.e., only
species exclusively found on trees were assigned this character trait. As in [21], however, we can
conclude that life on tree already evolved within the Crotonioidea. In this context it is also interesting to
note that representatives of Enarthronota and Mixonomata, Liochthonius sp., and Epilohmannia sp. have
been collected from suspended soil samples in North America [15,46], and Liochthonius pseudolaticeps
has been found on bark of trees in Spain [47]. This suggests that the preconditions for colonizing
tree trunks and canopies were already present in the early-derived oribatids, indicating a repeated
independent evolution of tree life.

Many taxa included in our study are known to occur both in soil and on trees, e.g., [15]; only 14 of
the 165 included species are almost exclusively tree-living. The occurrence of soil-dwelling oribatids on
trees might be explained for example by so called suspended soils on trees, which provide ecological
conditions similar to the forest floor [15]. Wallwork [48] and Gjelstrup [49] mentioned that mosses and
lichens on rocks and trees represent such suspended soils. Thus, different kinds of suspended soils
apparently facilitated the expansion of suitable habitats, especially for hemi- and epedaphic species.
Most of these suspended soil dwellers are also able to survive and reproduce on the ground; therefore,
many species can be found on trees as well as in soil samples. However, soil-dwelling species on trees
could also be the result of introduction by other organisms. In general, colonizing a tree takes place
mainly via three mechanisms: (1) the stem and suspended soils from soil and litter, (2) the upper stem
and canopy by wind, and (3) the upper stem and canopy by phoresy. It has been shown that especially
the transfer by birds [50,51] and by wind [52] might play an important role for the exchange of species
from soil to tree.

Of course, there are many more strictly tree-living species or species occurring both in soil and
on trees for which no genetic data are available so far [11,53–55]. Including an increasing number of
these species in future studies will be of great importance for providing a more accurate picture of the
evolution of arboreal life in oribatid mites.

4.2. Capitate Sensillus—A Special Morphological Feature of Tree-Dwelling Oribatid Mites?

Trichobothria of oribatids are complex sensory organs, highly mechanosensitive sensilli, which
are of both taxonomical and functional relevance [56,57]. They are regarded as vibration receptors
reacting to substrate vibrations or air currents [57]. These organs are constructed in a way that the
movement of the seta (sensillus) is allowed only in two directions [57]. The shape of the sensillus has
been proposed to correlate with the preferred habitat type. Aoki [11] already stated that the sensilli of
arboreal taxa tend to be short capitate to strongly clavate, suggesting a function as gravity receptors.
The directionality of the movement of the sensillus could be suitable to perceive the direction of
gravitation, especially if the distal end of the sensillus is capitate and therefore relatively heavy. In this
case, the animals would be able to “know” whether they are crawling up or down. Experimental data
to verify this assumption and the hypothesized correlation of sensillus type with (micro-)habitat [57],
however, are still lacking.
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In general, the sensilli of oribatid mites show a broad variety in shape from filiform to club-like
and globose. When the club is slender the sensillus is termed to be clavate, when the distal part
broadens quickly and shows an approximately rounded or spherical club it represents a so-called
capitate sensillus (see Figure 1). Clavate (large and often ornamented) sensilli were proposed to
predominate in ”wandering species” between soil and trees, whereas they should be capitate in
arboreal species [11]. Whether an associated shortening of the stalk of the sensillus, to reduce the
irritation by air currents [58]—in extreme cases the club disappears in the bothridium (e.g., in Camisia
abdosensilla [59])—represents a further adaptation to the life on trees needs to be tested in future
studies. Our study supports a multiple evolution of the capitate sensillus (Figure 3b) and indicates that
capitate sensilli are found in, but are not restricted to, arboreal species, a hypothesis already discussed
previously [14]. While all herein investigated arboreal species possess capitate sensilli, except for
Liodes sp. (but see Material and Methods), the same sensillus type can also be found in soil dwellers,
limnic and littoral species. Thus, even if particular sensillus types do not appear to be, associated with
particular habitat types (Figure 3), the fact that all truly arboreal species seem to possess a capitate
sensillus suggests that this sensillus type should indeed be considered an important (pre-)adaptation
to a life on trees.

4.3. Discussing the Term “Arboreal” in Oribatid Mites

Oribatid mites can be frequently found on trees. When comparing the results of eco-faunistic
studies, however, it becomes apparent that abundance, distribution and diversity of tree-living species
varies considerably. Moreover, very often it is still unclear if the species found on trees are truly tree
dwellers or rather wandering species in search for food, mating partner, or shelter. It is therefore
necessary to clarify which species should be designated as arboreal taxa. In other words, when is a
species truly arboreal?

Arboreal species sensu stricto are herein defined as those taxa that live on the bark of stems and
branches without a layer of lichens or mosses, in the canopy, or on twigs and leaves. Furthermore, these
species should undergo their whole life cycle on the tree. Among the many oribatid species (~10,000
described species [60]), only very few can be classified as arboreal s.s. For example, Adhaesozetes
polyphyllos [53] as well as Phylleremus leei and Ph. hunti [61], all of which bear a short and capitate
sensillus, might be considered as strictly arboreal. Unfortunately, no genetic data are available for these
Australian species. All other tree-living species that also utilize different microhabitats on trees should
be referred to as arboreal sensu lato and they should be further defined by the microhabitat they inhabit.
These species are usually not found in litter and soil on the ground, except for, in rare cases, single
specimens probably fallen from the tree. Some of the taxa included in our study, such as Cymbaeremaeus
cymba, Camisia segnis, and Liebstadia humerata, can be found on stems or twigs without epiphytic layer
as well as in lichens. Therefore, these species should not be defined as arboreal s.s. according to the
above given definition. Taxa that are mainly associated with mosses or lichens on trees should be
referred to as by their substrate, thus muscicolous or lichenicolous, as e.g., Dometorina plantivaga, which
mainly occurs on lichens. All Paraleius species studied so far are associated with bark beetles and can be
found in their galleries, where the mites live and reproduce. According to their microhabitat, Paraleius
spp. should thus be defined as gallery-living species. Information on ecology and (micro-)habitat is
available for some species, allowing for a microhabitat-based classification. This, however, is not the
case for many other oribatids, which highlights the need for more detailed ecological investigations.
The application of our proposed classification system has of course the consequence that only few taxa
will be referred to as arboreal sensu stricto.

In the case of temperate and Mediterranean European forests, we suggest the application of
Larrieu et al.’s [7] scheme, categorizing the tree related microhabitats into 15 main groups according to
12 substrates and four microclimatic conditions. As conditions differ among ecosystems (e.g., rainforest
vs. temperate forest); however, one must also differentiate between the ecosystems. Due to different
environmental conditions like moisture, temperature, or radiation, it is likely that the number of
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existing microhabitats differs significantly. We expect a considerably higher number of microhabitats
in rainforests, even considering the suspended soils, the variety of epiphytes or the growth of the trees.
Previous studies have already shown that species found on trees are rather microhabitat specific than
tree specific [24,27,30,62], pointing to the need of standardized classification schemes of microhabitats
that will allow for a more straight forward and, importantly, comparable classification of tree-living
taxa. This in turn will facilitate a more accurate comparison between microhabitats of different tree
species, geographic areas, etc. Moreover, as mentioned at the beginning, microhabitats are important
substrates contributing to the internal heterogeneity of forests [7]. Their detection and investigation
will improve our knowledge about oribatid biodiversity in the future.

Reliable interpretation of evolutionary trajectories crucially depends on exact and detailed
knowledge of the biological characteristics and the taxonomic classification/phylogenetic relationships
of the studied taxa. Unfortunately, in many instances important information is lacking. These
difficulties are exemplified by Micreremus brevipes, a well-known “arboreal” species, which has been
reported also from Svalbard (Norway) in a permafrost and tundra habitat with litter of mosses,
lichens, and vascular plants near the seashore, but definitively no trees [63]. One must assume that
such different habitats show morphologically very similar, but (genetically) different species. This
phenomenon of cryptic diversity might in part explain the presumed occurrence of one and the same
“euryoecious species” on the ground and on trees.

Compared to their soil-living relatives, tree-living microarthropods often have to cope with
markedly different climatic conditions, though this difference appears to be only minor in some
ecosystems. Salavatulin [27] hypothesized that only a few oribatid mite species adapted to a life
on trees. Reasons therefore would be an increased vulnerability of microhabitats to wind or solar
radiation, but also a more frequent change of dryness and moisture [27]. While this holds true for
habitats with extreme conditions, like forest-tundra [27] or exposed tree stands in alpine regions,
drought and drought resistance should not play an important role as limiting factor in tropical and
temperate rainforests. Because of the high phylogenetic age of oribatid mites, drought resistance might
have been evolved in pioneer species, which colonized raw soils with changing humid conditions in
ancient times. If this physiological feature is important for arboreal life, then the ability to survive
dry periods should be an ancient trait. Furthermore, the food resources on virgin soils are, similar to
those on the bark of trees, bacteria, algae, and lichens. The ability to feed on these food resources and
the drought resistance enabled species not only to colonize litter and upper layers of soil but also to
colonize trees and their different microhabitats (also see [64]).

5. Conclusions

To conclude, our analysis revealed that a truly arboreal lifestyle sensu lato is not particularly
common, evolved several times independently in oribatid mites, but much less often than formerly
proposed. We propose that only taxa that live on the bark of stems and branches without a layer of
lichens or mosses, in the canopy or on twigs and leaves and undergo their whole life cycle on the
tree should be regarded as “arboreal s.s.” A refined microhabitat-based classification scheme will be
particularly important for future comparative ecological and evolutionary (meta-)analyses, as the
different tree-associated microhabitats certainly require different phenotypic adaptations. Nonetheless,
the presence of a capitate sensillus appears to be a morphological (pre)-adaptation to life of trees
(arboreal s.l.), potentially functioning as gravity receptor. Yet, it is unlikely that this is the sole adaptation
to an arboreal lifestyle in oribatid mites and potential specific morphological adaptations for the life
on trees should be investigated in more detail, e.g., claws and adhesive organs on legs as well as the
ultrastructure and sensitivity of trichobothria.

The biodiversity of tree-living oribatid mites is undoubtedly much higher than known so far.
Especially the canopies of old trees in temperate deciduous forests are not investigated thoroughly.
It is well known that large old trees as well as tree-born structures represent ecologically important
sites [65,66]. So-called small natural features contribute to biodiversity in a disproportionate manner
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regarding their small size [67]. Therefore, a uniform classification scheme of microhabitats will be of
crucial importance in mite research, as these small natural features become more and more important
for preserving forest biodiversity.
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Abstract: Analyzing the data from the existing literature about geographic distribution of mites from
the suborder Uropodina (Acari: Mesostigmata), one can get the impression that this group of mites
is characterized by an unusual extent of endemism on a global scale. This observation encouraged
the authors of this study to ascertain whether endemism in Uropodina mites is a real feature of this
group or whether it stems from the current state of affairs in this field of research. The study is based
on evidence from the literature on the topic and data obtained from long-term research conducted on
extensive materials from all over the globe (over 40,000 samples). The discussion presented in the
article is supported by many examples, showing that both hypotheses can in fact be proved right.
The major point of reference in this study is the fairly well-known fauna of Uropodina in Europe,
whereas South America is the testing area for the two hypotheses.

Keywords: Acari; biogeography; geographical variability; Mesostigmata; neotropical
region; palearctic species; range of occurrence; Rotundabaloghia; species identification;
Uropoda (Phaulodinychus) penicillata

1. Introduction

Mites from the suborder Uropodina (Acari: Mesostigmata) are quite characteristic and easy
to distinguish from other species of mites. Due to their large body size and high form diversity,
these arachnids have been the object of research interests of many acarologists for a long time. The first
descriptions of species were written over 240 years ago [1], and most of them were described at least
100 years ago.

As for now, over 2000 species from different geographical locations of the whole globe have
already been classified as Uropodina and described in various studies [2]. However, many of the
described species were found only in one location. The fact is that despite considerable dispersion
abilities of these mites (phoresy), most Uropodina species have a restricted range of occurrence [2–5].
Most research in this field conducted so far has focused on the fauna of Europe, especially on Central
Europe, where in some countries the distribution of particular species has been thoroughly described
in numerous studies. Among such countries, there are Poland and Slovakia, where the ranges of
Uropodina species were analyzed by means of the Universal Transverse Mercator (UTM) grid [3,5–8]
or a different grid system (e.g., the grid system of Databank of the Fauna of Slovakia) [4]. Furthermore,
the eastern states of Australia have also been recently thoroughly examined in this respect [9–12].
Nevertheless, little is still known about the exact distribution of Uropodina mites in other parts of
the globe, where researchers usually describe only random occurrences of the species they describe,
which in turn may suggest immense endemism in this group of organisms.

The authors of the current article present their own observations concerning the zoogeography
of this group of mites on the basis of long-term research and materials obtained from all over the
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globe. The major aim of this study is therefore to verify the hypothesis that the endemism of species
from suborder Uropodina implied by the data available in the existing literature on the topic is in
fact spurious.

2. Materials and Methods

The material used in this study comprises over 40,000 samples (obtained mainly from sieved
litter and soil, as well as from unsieved material from different types of unstable microhabitats
such as dead wood, nests of birds and small mammals, anthills, etc.) collected in different parts
of the globe by different collectors, in the period 1941–2019. All samples were sorted out, and the
extracted mites were identified by the first author or coworkers. The obtained samples contained over
300,000 specimens of mites from the suborder Uropodina. The core of the material analyzed for the
purpose of this study contained samples from Europe (mainly from Poland—30,000 samples), and also
from Spain (30 samples), France (50 samples), Belgium (40 samples), the Netherlands (100 samples),
Germany (50 samples), Denmark (100 samples), Sweden (30 samples), Norway (500 samples), the Czech
Republic (150 samples), Slovakia (170 samples), and the Ukraine (30 samples). The extensive
materials of exotic species from all continents, which in the past were used mainly to describe
new species, in this study were analyzed to ascertain the geographical distribution of particular
species. These materials allowed us to put forward the hypothesis about the “spurious endemism” of
Uropodina mites all over the globe: in Australia and Tasmania (700 samples), New Guinea (50 samples),
New Zealand (30 samples), South America (300 samples), Africa (100 samples), Madagascar
(30 smples), India (80 samples), Nepal (50 samples); Indonesia (20 samples), Thailand (10 samples),
Vietnam (20 samples), Mongolia (10 samples), Russia (Syberia—50 samples), Afganistan (20 samples),
and Pakistan (5 samples).

The whole material used in this study has been deposited in The Invertebrate Databank,
(Natural History Collections, Faculty of Biology AMU, Poznań, Poland). The obtained metadata are
also available through the on-line platform developed within the digital project AMUNATCOLL: AMU
Nature Collections on the Internet: Digitization and the biodiversity data resources of the Faculty of
Biology at Adam Mickiewicz University in Poznań are available at https://rhus-76.man.poznan.pl:3000/.

3. Results and Discussion

3.1. Geographical Ranges of Uropodina

Interestingly, there are virtually no cosmopolitan species among Uropodina mites. Their range
of occurrence is usually confined to one geographical region, and therefore, chiefly to one continent.
One of the few exemptions in this respect are the palearctic species, which occur in Europe and
Asia. The examples of such species are: Oodinychus ovalis (C.L.Koch, 1839), Trichouropoda patavina
(G. Canestrini, 1885), T. polytricha (Vitzthum, 1923), Uroobovella marginata (C. L. Koch, 1829), Apionoseius
infirmus Berlese, 1887 (in Europe and Kazakhstan); Dinychus perforatus Kramer, 1882, Oplitis paradoxa
Berlese, 1919, Trachytes aegrota (C.L.Koch, 1841), T. patavina, T. tuberosa (Hirschmann et Zirngiebl-Nicol,
1961), A. infirmus, Uroseius acuminatus (C.L. Koch, 1847) (in Europe and Mongolia); U. hunzikeri
Schweizer, 1922 (in Europe and Tajikistan); and Leiodinychus orbicularis (C. L. Koch, 1839) (in Europe
and India). However, due to the fact that ranges of Uropodina mites have been determined to a
different extent in each country on all continents, the available data are still fragmentary. Moreover,
one cannot be certain whether the ranges of some Uropodina species, which are much broader than
one might expect, are in fact results of incorrect identification of those species. For example, a quite
common European species, T. aegrota, has also been found in the USA [2]. However, the lack of any
comparative material in this case (museum collections are extremely helpful in such cases) prevents us
from checking whether indeed it is the same species. This species could have been transported from
Europe with ballast soil of sailing ships during the colonization period, when many cargo ships started
regular trips from Europe to North America. This means that T. aegrota is probably an extraneous
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species in this geographical region, and it is also possible that the found specimens were incorrectly
identified. In 1996, Błoszyk and Szymkowiak [13] described a species in Utah (T. kaliszewskii from
Provo) which is very similar to T. aegrota. It is very likely that the species has a broader range of
occurrence and was mistakenly identified as the European species T. aegrota. A similar situation has
been observed when specimens of extraneous species were found in Polish seaports with warehouses
containing wood from exotic trees [14–16].

In the area of Poland, some Uropodina species have their northern or western boundaries of
occurrence range. Among the species with such ranges there are T. irenae (Pecina, 1970) and T. minima
(Trägårdh, 1910) [17,18]. Trachytes irenae occurs only in the southern parts of Poland (Figure 1), and in
Europe the range of occurrence of this species is also narrow (Figure 1A). A similar situation can be
also observed in the case of T. minima (Figure 2). Moreover, T. montana (Willmann, 1953) [19] is a
mountainous species, which in Europe usually occurs at the altitude over 1000 m a.s.l., and in Poland
it also occurs only in the mountains in the southern parts of the country (Figure 3).
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Figure 1. Range of Trachytes irenae: (A) in Europe, (B) in Poland; black dots—recorded occurrences of
the species, dotted line—northern range boundary.
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Figure 2. Range of Trachytes minima: (A) in Europe, (B) in Poland; black dots—recorded occurrences of
the species, dotted line—northern range boundary.

191



Diversity 2020, 12, 283

 

2 

 

 

 

4 

 

 

5 

 

 

Figure 3. Range of Trachytes montana: (A) in Europe, (B) in Poland; black—recorded occurrences of
the species.

The disjunctive range of occurrence is observed in the case of Neodiscopoma splendida Vitzthum,
1941. Southern and northern boundaries of range of occurrence of this species are separated by an area
with no specimens of this species in the central part of Poland (Figure 4).
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Figure 4. Range of Neodiscopoma splendida: (A) in Europe, (B) in Poland; black dots—recorded
occurrences of the species, dotted line—occurrence range of southern and northern populations.

Among the species from the eastern Carpathians which occur in Poland, there are Trachytes
splendida (Hut.u, 1973), Urodiaspis stammeri (Hirschmann and Zirgiebl-Nicol, 1969) (Figure 5), and Cilliba
selnicki (Hirschmann and Zirgiebl-Nicol, 1969) [3,4].
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 Figure 5. Range of Urodiaspis stammeri: (A) in Europe, (B) in Poland; black dots—recorded occurences
of the species.

The so-called “Atlantic” species which occur in the area of Poland are such species as Cilliba
erlangensis (Hirschmann, Zirngiebl-Nicol, 1969), Olodiscus misella (Berlese, 1916), and Polyaspinus
cylindricus (Berlese, 1916), which have their eastern range boundaries in this country (Figure 6).
The ranges of occurrence of the abovementioned species are similar to that of the European beech—Fagus
sylvatica L.

 

3 
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Figure 6. Species with their eastern range boundaries in Poland: (A) Olodiscus misella, (B) Cilliba
erlangensis; black dots—recorded occurrences of the species.

The examples of range boundaries of selected Uropodina species in Poland and Europe adduced
the above result from the geological history of this region (especially the Peistocene glaciations),
and subsequently the habitat requirements of the species (including, for example, the range of tree
species and type of the forest preferred by the mite species as habitats), as well as the dispersion
abilities and reproduction strategy of the species (parthenogenesis vs. sexual reproduction). For this
reason, it is very important to consider every discovery of a new species in a given area in a broader
context, preferably in relation to the biology of the species and its associations with the environment.
Recording occurrences of already described species in new locations is also very important, as this will
allow us to determine more precisely their exact geographical distribution in the future.
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In this study, we also analyzed the range of occurrence of some Uropodina species from Australia.
The results of the analyses show that particular genera within Uropodina form in each of the discerned
types of rain forests found in Australia vicariants, which means that each type of forest has its own
specific Uropodina species. A good example can be species from the genus Acroseius occurring in
rainforests on the eastern coast. Every type of rainforest on this continent has its own specific species
of Uropodina from this genus. Moreover, the ranges of these species overlap with the biogeographical
boundaries of Australia (Figure 7) [10,11].
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For example, Acroseius weiri occurs only in an isolated area of a tropical rainforest in Eungella
National Park, separated from more southerly areas of forest by the dry St. Lawrence Gap, which is
also recognized as a biogeographic barrier for reptiles [20], glow-worms [21], and land snails [22].
The southern range boundary of A. tuberculatus (Clyde Mountain) is close to the northern range of
A. womersleyi (Brown Mountain). The two species are separated there by the valley of the Tuross River,
which does not appear to offer a significant biogeographic barrier. However, the rainforest in this
area is confined to a series of very small scattered patches among the Eucalyptus forest, and there is
a large gap in the distribution of these patches inland from Narooma [23], which coincides with the
gap between A. tuberculatus and A. womersleyi. All the records of A. tuberculatus for which we have
adequate data are from rainforest litter, so this gap in the distribution of rainforest may be a barrier to
its dispersal [11].

This issue looks a bit different in the case of genera. The ranges of the genera interchange along
the parallels of altitude, and the equator is the boundary. Some of the genera occur only in one of
the two hemispheres. For example, the most typical genera in the northern hemisphere are Trachytes,
Cilliba, Urodiaspis, which do not occur in the southern hemisphere. Species from such genera as
Rotundabaloghia, Castriidinychus, Platysetosus, Acroseius, and Capricornelia do not occur on the northern
hemisphere. The other genera can have different proportions of species occurring on the northern and
southern hemisphere (Figure 8).
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3.2. Spurious or Real Endemism

As has been said, geographical ranges of occurrence of most European species of Uropodina
have already been described in detail [2–5]. In the case of the other continents, there are in fact no
detailed accounts with information about the exact geographical distribution of Uropodina species.
Most of the species from other continents were found only in one location and as single specimens.
This can be said especially about exotic materials from South America, Australia and Oceania, Africa,
and south-eastern Asia. A bit more information is now available about the ranges of Uropodina mites
in Australia. More precise studies based on a large number of samples from different locations show
the actual ranges of some new species discovered recently [10–12,24]. Thus, the question is whether
sporadic occurrences of some species from this group on other continents reflect unique endemism of
these mites or whether they stem from the extent to which the geographical distribution of these mites
has been already surveyed on every continent, or whether it is a combination of these two factors.

In the first period of research into this group of organisms during the period between 1800 and
1930, the number of described new taxa from all continents was no higher than 100 species in the next
decade, whereas between 1970 and 1990 several new species were described every year. The researchers
from previous generations, such as Berlese, Oudemans and Sellnick, who only had materials with
specimens of Uropodina from places where these mites had not been recorded earlier, did not give
any synonyms due to the low number of species described in the literature. The taxa they described
at that time (despite the poor quality of these descriptions and very often incorrect systematic status
diagnoses) were indeed new species.

The descriptions of new Uropodina species in Europe made during that period (until the Second
World War) in many cases have caused a lot of ambiguity. Due to the large number of acarologists
interested in this group of mites and the lack of precision in the first descriptions of the oldest species,
many species were often described several times under different names, which is evident in the high
number of synonyms. Furthermore, contemporary acarologists also often cannot avoid forging new
synonyms. This situation stems mainly from the fact that the quality of new descriptions is still often
poor and that researchers ignore the evidence preserved in type specimens, but base their descriptions
on earlier accounts available in the literature. Unfortunately, it may seem that some acarologists are
now focused only on describing new species and they are not interested at all in conducting any
research into the biology, ecology, and zoogeography of Uropodina mites. The terse descriptions of
new species, which frequently provide no basic information about the biology of the species such as
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variability (geographical and ecological) and range of occurrence, do not allow researchers to classify
the species correctly. Besides this, many acarologists interpret all types of variability in the same way,
which has an identical impact on speciation, and, as a result, they often end up with another synonym
for the species. It should be borne in mind that the verification and re-classification of such data post
factum is extremely hard and laborious. In many cases, any verification of the description is very hard
or simply impossible due to the lack of access to the type specimen used by the researcher. Finally,
new species used to be (and also these days often are) described on the basis of just one specimen,
developmental (juvenile) stages, or specimens of only one sex. In this situation, synonyms have already
become a commonplace in the literature on Uropodina mites.

Thus, thorough verification of synonyms is in fact one of the major taxonomic problems in this
group of mites. The name of a species can indicate whether there is any necessity to check the diagnosis
and designation of the species. Hirschmann and his co-workers described a lot of new Uropodina
species between 1961 and 1993. Unfortunately, in their descriptions of new species, they did not take
into account the geographical and ecological variability of the taxa, regarding all kinds of morphological
variability of the specimens as indication of speciation. Moreover, as many of the species that they
described turned out to be similar to other species that had been earlier described, they often used
“similis” in the name or other terms suggesting similarity to a different species (Table 1).

Most of the 252 species enumerated in Table 1 were recorded only in one location and the number
of found specimens was usually very low. It is also noteworthy that almost all the species described
as new to science with names suggesting similarity to other taxa, which had been described earlier,
usually come from one geographical location (often from the same country). This fact allows us to
raise the question whether in both cases it is the same species or not. In such a situation, the overall
biodiversity of Uropodina mites would be obviously lower on a given continent or country, but the
ranges of occurrence obtained from the verified data on particular taxa would probably give more
reliable results, showing their actual geographical distribution.
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iś

ni
ew

sk
ia

nd
H

ir
sc

hm
an

n,
19

87
—

Br
az

il

Tr
ic

ho
ur

op
od

a
se

rr
at

a
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

96
1—

G
er

m
an

y
Tr

ic
ho

ur
op

od
a

se
rr

at
as

im
ili

s
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

96
1—

C
an

ad
a

Tr
ic

ho
ur

op
od

a
st

am
m

er
iH

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

96
9—

H
un

ga
ry

Tr
ic

ho
ur

op
od

a
st

am
m

er
is

im
ili

s
H

ir
sc

hm
an

n,
19

78
—

Po
la

nd

Tr
ic

ho
ur

op
od

a
st

ur
m

ii
H

ir
sc

hm
an

n
an

d
W

iś
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iś
ni

ew
sk

i,
19

80
—

N
ew

G
ui

ne
a

U
ro

ob
ov

el
la

fa
ce

ta
H

ir
am

at
su

an
d

H
ir

sc
hm

an
n,

19
78

—
Ec

ua
do

r
U

ro
ob

ov
el

la
fa

ce
ta

oi
de

s
H

ir
am

at
su

an
d

H
ir

sc
hm

an
n,

19
78

—
N

ew
G

ui
ne

a

U
ro

ob
ov

el
la

pe
ct

in
at

a
(H

ir
sc

hm
an

n,
19

73
)—

N
ew

G
ui

ne
a

U
ro

ob
ov

el
la

pe
ct

in
at

as
im

ili
s

H
ir

am
at

su
,1

98
0—

In
do

ne
zj

a

U
ro

ob
ov

el
la

fim
ic

ol
a

(B
er

le
se

,1
90

3)
—

Eu
ro

pe
U

ro
ob

ov
el

la
fim

ic
ol

as
im

ili
s

H
ir

sc
hm

an
n

an
d

Z
ir

ng
ie

bl
–N

ic
ol

,1
97

2—
C

hi
le

U
ro

ob
ov

el
la

fla
ge

lli
ge

r
(B

er
le

se
,1

91
0)

—
It

al
y,

Sw
ed

en
,G

er
m

an
y,

Sw
it

ze
rl

an
d,

Eu
ro

pe
U

ro
ob

ov
el

la
fla

ge
lli

ge
rf

or
m

is
H

ir
sc

hm
an

n,
19

79
—

C
an

ad
a

U
ro

ob
ov

el
la

fo
ve

ol
at

a
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

97
2—

Fr
an

ce
U

ro
ob

ov
el

la
fo

ve
ol

at
as

im
ili

s
H

ir
am

at
su

,1
98

0—
Ja

pa
n

U
ro

ob
ov

el
la

ip
id

is
(V

it
zt

hu
m

,1
92

3)
—

Eu
ro

pe
,L

eb
an

on
U

ro
ob

ov
el

la
ip

id
is

im
ili

s
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

96
2—

G
er

m
an

y,
Po

la
nd

200



D
iv

er
si

ty
20

20
,1

2,
28

3

Ta
bl

e
1.

C
on

t.

Pr
op

er
Sp

ec
ie

s
Si

m
il

ar
Sp

ec
ie

s

U
ro

ob
ov

el
la

or
ri

H
ir

sc
hm

an
n,

19
72

—
U

SA
U

ro
ob

ov
el

la
or

ri
si

m
ili

s
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

97
5—

A
us

tr
al

ia

U
ro

ob
ov

el
la

ob
ov

at
a

(C
an

es
tr

in
ia

nd
Be

rl
es

e,
18

84
)—

Eu
ro

pe
U

ro
ob

ov
el

la
si

m
ili

ob
ov

at
a

H
ir

sc
hm

an
n

an
d

Z
ir

ng
ie

bl
–N

ic
ol

,1
96

2—
G

er
m

an
y,

R
um

un
ia

U
ro

ob
ov

el
la

ov
al

is
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

96
2—

G
er

m
an

y
U

ro
ob

ov
el

la
si

m
ili

ov
al

is
H

ir
sc

hm
an

n
an

d
Z

ir
ng

ie
bl

–N
ic

ol
,1

97
9—

G
er

m
an

y

U
ro

ob
ov

el
la

pa
ux

ila
H

ir
am

at
su

,1
98

1—
N

ew
G

ui
ne

a
U

ro
ob

ov
el

la
pa

ux
ilo

id
es

H
ir

sc
hm

an
n,

19
81

—
V

ie
tn

am

U
ro

ob
ov

el
la

ta
ka

ki
iH

ir
am

at
su

,1
98

0—
Ja

pa
n

U
ro

ob
ov

el
la

si
m

ili
ta

ka
ke

ns
is

H
ir

sc
hm

an
n,

19
81

—
V

ie
tn

am

U
ro

ob
ov

el
la

po
rt

al
is

H
ir

sc
hm

an
n,

19
73

—
Br

az
il

U
ro

ob
ov

el
la

po
rt

al
is

im
ili

s
H

ir
sc

hm
an

n,
19

81
—

Br
az

il

U
ro

ob
ov

el
la

no
va

(O
ud

em
an

s,
19

02
—

Eu
ro

pe
U

ro
ob

ov
el

la
no

va
si

m
ili

s
H

ir
am

at
su

,1
97

9—
Ja

pa
n

U
ro

ob
ov

el
la

Z
ai

re
en

si
s

H
ir

sc
hm

an
n,

19
81

—
Z

ai
re

U
ro

ob
ov

el
la

si
m

ili
Z

ai
re

en
si

s
H

ir
sc

hm
an

n,
19

81
—

U
SA

U
ro

ob
ov

el
la

vi
tz

th
um

iH
ir

sc
hm

an
n

an
d

Z
ir

ng
ie

bl
–N

ic
ol

,1
96

2—
??

U
ro

ob
ov

el
la

vi
tz

th
um

is
im

ili
s

H
ir

sc
hm

an
n,

19
73

—
Pa

ra
gu

ay

U
ro

po
da

(M
et

ad
in

yc
hu

s)
se

rr
at

a
H

ir
sc

hm
an

n,
19

72
—

Pa
ra

gu
ay

U
ro

po
da

(M
et

ad
in

yc
hu

s)
se

rr
at

as
im

ili
s

H
ir

am
at

su
an

d
H

ir
sc

hm
an

n,
19

72
—

Bo
liv

ia

U
ro

po
da

(M
et

ad
in

yc
hu

s)
ar

ga
si

fo
rm

is
(B

er
le

se
,1

91
6)

—
Br

az
il,

Bo
liv

ia
U

ro
po

da
(M

et
ad

in
yc

hu
s)

si
m

ili
ar

ga
si

fo
rm

is
H

ir
sc

hm
an

n,
19

81
—

Z
ai

re

C
ill

ib
a

ca
ss

id
ea

(H
er

m
an

n,
18

04
)—

Eu
ro

pe
C

ill
ib

a
ca

ss
id

ea
si

m
ili

s
Bł

os
zy

k,
St

ac
ho

w
ia

k
an

d
H

al
lid

ay
,2

00
6—

C
en

tr
al

Eu
ro

pe

U
ro

po
da

(P
ha

ul
od

in
yc

hu
s)

am
an

iH
ir

sc
hm

an
n,

19
73

—
Ea

st
A

fr
ic

a
U

ro
po

da
(P

ha
ul

od
in

yc
hu

s)
am

an
is

im
ili

s
W

iś
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Diversity 2020, 12, 283

3.2.1. Example I: Mites from the Genus Rotundabalogia from South America

To analyze the extent of endemism among Uropodina mites on the basis of the evidence in the
literature on the topic, we analyzed mites from the genus Rotundabalogia. In 1992, Hirschmann [25]
described 65 species from this genus from a few countries in South America. The specimens were
extracted from samples collected at 18 sites located in Colombia, Ecuador, Venezuela, Brazil, Peru,
and Bolivia (Figure 9).
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Figure 9. Locations of the species from the genus Rotundabaloghia described by Hirschmann in 1992 [25]
from the area of South America.

The most striking thing here is the number of found species in the locations marked on the
map—the number fluctuated between one and nine (Table 2). For example, in Europe it is very
hard to find in one sample more than two species of the same genus (Błoszyk—unpublished data).
Finding between seven and nine species from the genus Rotundabaloghia in a few sites (1, 13, 14, 15) can
indicate a very fast pace of speciation in a given area or incorrect classification at the level of genus.
However, the lack of any descriptions of the microhabitats in which the samples were collected does
not allow us to verify the latter presumption. On the other hand, it is also possible that rainforests offer
extremely favorable environmental conditions, enhancing the fast speciation of these mites, which can
easily adapt to different types of microhabitats by modification of their body size and morphology.
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Table 2. List of species from the genus Rotundabaloghia described by Hirschmann in 1992 [25] from the
area of South America (numbers of sites are the same as on the map). Species in bold were found in
more than one location.

No Country Location Species

1 Colombia Monserrate

Rotundabalogia lamellosa Hirschmann, 1992;
Rotundabaloghia tetraclavata Hirschmann, 1992;

Rotundabaloghia chisacaensis Hirschmann, 1992;
Rotundabaloghia monserratensisHirschmann, 1992;

Rotundabaloghia monterredondoensis Hirschmann, 1992;
Rotundabaloghia silvacola Hirschmann, 1992;
Rotundabaloghia humicola Hirschmann, 1992;

Rotundabaloghia bosquensis Hirschmann, 1992;
Rotundabaloghia fincae Hirschmann, 1992;

2 Colombia Alto Belem

Rotundabaloghia forcipata Hirschmann, 1992;
Rotundabaloghia hexaspinosa Hirschmann, 1992;

Rotundabaloghia belemensis Hirschmann, 1992;
Rotundabaloghia altoensis Hirschmann, 1992;

3 Colombia El Guerrero

Rotundabaloghia pituitosa Hirschmann, 1992;
Rotundabaloghia sexspinosa Hirschmann, 1992;

Rotundabaloghia diclavata Hirschmann, 1992;
Rotundabaloghia flava Hirschmann, 1992;

Rotundabaloghia guerreroensis Hirschmann, 1992;

4 Colombia Paramo Rotundabaloghia hexaspinosa Hirschmann, 1992;

5 Colombia La Rusia Rotundabaloghia hexaspinosa Hirschmann, 1992;

6 Colombia Letecia

Rotundabaloghia hexaspinosa Hirschmann, 1992;
Rotundabaloghia amazonasae Hirschmann, 1992;

Rotundabaloghia leteciae Hirschmann, 1992;
Rotundabaloghia leteciasimilis Hirschmann, 1992;

7 Colombia Chingaza

Rotundabaloghia sexspinosa Hirschmann, 1992;
Rotundabaloghia octospinosa Hirschmann, 1992;

Rotundabaloghia tetraclavata Hirschmann, 1992;
Rotundabaloghia chingazensis Hirschmann, 1992;

8 Colombia
La Calera;

Bogota;
Chisaca

Rotundabaloghia tetraclavata Hirschmann, 1992;
Rotundabaloghia diclavata Hirschmann, 1992;

Rotundabaloghia chisacaensis Hirschmann, 1992;
Rotundabaloghia pajonalis Hirschmann, 1992;

9 Colombia La Tagua Rotundabaloghia tague Hirschmann, 1992;

10 Colombia Huila Resina Rotundabaloghia hullae Hirschmann, 1992;
Rotundabaloghia resinae Hirschmann, 1992;

11 Brazil Manaus Rotundabaloghia tetraunguiseta Hirschmann, 1992;
Rotundabaloghia manausensis Hirschmann, 1992;

12 Brazil Santos Rotundabaloghia hexaunguiseta Hirschmann, 1992;

13 Peru Lima-Pucallpa

Rotundabaloghia limae Hirschmann, 1992;
Rotundabaloghia duodecimsetae Hirschmann, 1992;

Rotundabaloghia limae Hirschmann, 1992;
Rotundabaloghia magnioperculi Hirschmann, 1992;

Rotundabaloghia ucayali Hirschmann, 1992;
Rotundabaloghia vonalis Hirschmann, 1992;

Rotundabaloghia peruensis Hirschmann, 1992;

14 Ecuador Quito-Bacza

Rotundabaloghia ovaligynella Hirschmann, 1992;
Rotundabaloghia soliformoides Hirschmann, 1992;
Rotundabaloghia quitoaensis Hirschmann, 1992;

Rotundabaloghia magna Hirschmann, 1992;
Rotundabaloghia soliformis Hirschmann, 1992;

Rotundabaloghia linguaeformis Hirschmann, 1992;
Rotundabaloghia baczaensis Hirschmann, 1992;
Rotundabaloghia maculosa Hirschmann, 1992;
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Table 2. Cont.

No Country Location Species

15 Peru Iquitos

Rotundabaloghia incisasimilis Hirschmann, 1992;
Rotundabaloghia incisa Hirschmann, 1992;

Rotundabaloghia iquitosensis Hirschmann, 1992;
Rotundabaloghia iquitosensoides Hirschmann, 1992;

Rotundabaloghia pucallpae Hirschmann, 1992;
Rotundabaloghia maranonensis Hirschmann, 1992;
Rotundabaloghia moyobambe Hirschmann, 1992;
Rotundabaloghia cajamarcae Hirschmann, 1992;

16 Peru Machu Picchu Rotundabaloghia picchuensis Hirschmann, 1992;

17 Venezuela ? Rotundabaloghia venezuelae Hirschmann, 1992;

18 Bolivia ? Rotundabaloghia boliviensis Hirschmann, 1992;

Out of 65 species described as being new to science, Hirschmann (1992) found only three of them
in more than one location (Table 2). The most striking thing is that the species which were found in
several different sites occurred in Colombia, which is the country that Hirschmann examined most
thoroughly. This means that the extent of endemism in this group decreases proportionally to the
extent to which a given country has been examined.

3.2.2. Example II: Uropoda (Phaulodinychus) penicillata Hirschmann et Zirgiebl-Nicol,
1969 from Ecuador

In order to prove empirically our hypothesis, we also used extensive material collected in the area of
Ecuador focusing on one species—Uropoda (Phaulodinychus) penicillata Hirschmann and Zirgiebl-Nicol,
1969 (Figure 10).

 

 
Figure 10. Penicillaturopoda pennicillata, female from Ecuador: (A) dorsal side, (B) ventral side.

The name of this species was used for the first time in the literature in 1964 [26], but with no
detailed description and information about the place of occurrence (only a drawing of the genital
shield and the ratio of its length to width were given by the author), and thus, it should be regarded as
a nomenum nudum. The second time this name was used in Acarologie Folge 8, Teil 9 one year later
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(1965) [27]. This time, a figure showing the hypostome and the dorsal side was given, but still with no
information about the exact location in which the species was found. A more detailed description of the
species with a location (Panama) was given in Acarologie Folge 12 (1969) (Hirschmann, Zirngiebl-Nicol
1969) [28], with figures showing the ventral side, chelicerae, and epistome. However, the description
contained an error in the reference to the figure presented in Folge 7. Hirschmann (1972a,b) [29,30]
established the Uropoda (Phaulodinychus) penicillata species group. In 1972, Hirschamnn described a
morphologically identical species from Brazil (Figure 11). Due to the fact that the locations of the two
species are 5000 km away from each other, he thought that they were two separate species. However,
he noticed the striking similarity of the described taxon to U. (P.) penicillata, classifying it as a new
species and he gave it a new name Uropoda (Phaulodinychus) penicillatasimilis. Then he changed the
taxonomic status of the U. (P.) penicillata species group to the genus level, as Penicillaturopoda [31].
Finally, the penicillata species group [2] included six species (including Berlese species complicate).
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Figure 11. Distribution of recorded sites with Penicillaturopoda pennicillata; 1—specimens described by
Hirschmann and Zirgiebl-Nicol in 1969 as Uropoda (Phaulodinychus) penicillata; 2—specimens described
by Hirschamnn in 1972 as Uropoda (Phaulodinychus) penicillatasimilis; •—unmarked sites on which soil
samples were collected in Ecuador in 2014. Gray colour is used to mark areas with potential occurrence
of species.

In 2014, the Natural History Collections (Faculty of Biology at AMU, Poznań, Poland) acquired a
large collection of over 70 soil samples from Ecuador. The material, which was collected in different
locations, contained numerous specimens of U. (P.) penicillata (see Appendix A).

Having analyzed the variability of the morphological characteristics used by Hirschmann
(1972a,b) [29,30] and Hirschmanna and Hiramatsu (1990) [32] as the basis for discerning new species,
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we claim that both U. (P.) pennicillata from Panama and U. (P.) pennicillatasimilis from Brazil, as well
as the specimens from Ecuador that we analyzed, should be in fact classified as one species. In our
opinion, the observed differences (e.g., body size of the specimens, chaetotaxy, and surface sculpture)
meet the criteria of population variability, and they stem from the very broad range of occurrence of this
species. In Ecuador, this species occurred in 18 out of 78 analyzed samples (frequency 24%). The species
was recorded mainly in synantropic habitats, with interference of humans, such as greenbelts near
busy roads, city parks and agriculture fields. Thus, the species is presumably very common in the
tropical zone in two subregions of the Neotropical region (Mexican and Brazilian) (Figure 11).

The examples given above are only a few of many other instances of the so-called “spurious
endemism” which can be observed among Uropodina species. This phenomenon can be explained
by the fact that the distribution of most species from this group presented in the literature on some
continents has been recorded so far only in a few places. As the examples given above show,
this situation stems mainly from the current state of knowledge in this field of research and erroneous
designation of some species, and not from the actual range of occurrence of the described species.

The results of research into the geographical distribution of particular species of Uropodina
mites in Europe, especially in Poland, show, however, that these mites in many cases apparently
have a narrow range of occurrence (Figures 2–6). This means that they are more prone to endemism
than, for example, Oribatida [33–35]. Other groups of mites which are similar in this respect to
Uropodina are in Poland species from the family Labidostommidae (Prostigmata) and Zerconidae
(Mesostigmata) [36,37]. Species from both these groups have their range boundaries in Poland,
which often overlap with those of Uropodina mites. However, it is noteworthy that the area of Europe
has been more thoroughly analyzed in this respect than other continents, and therefore, the ranges
given in the literature reflect the actual geographical distribution of the species than only occasional
occurrences of a large number of species, which can be observed in tropical regions.

One should also bare in mind that rain forests on all continents due to their unique ecological
diversity of niches are extremely favorable ecosystems for fast speciation of many groups of
organisms, including Uropodina mites, and therefore, they are also places with the highest biodiversity.
Our knowledge about acarofauna of such ecosystems is still far from complete. On the other hand,
the gradual shrinking of rain forest observed during the last couple of decades on a global scale should
encourage experts to further carry out more extensive research. If it is true that these mites indeed
have such a strong natural tendency towards endemism, then every loss of a bit of area of a rain forest
in different geographical regions means loss of many species of Uropodina mites.

4. Conclusions

One of the aims of the current study was to show that such problems occur not only in the
taxonomy of Uropodina. Our intention was to make other researchers pay more attention to the need
for more thorough acarological research that would not be confined only to describing new species,
but it would also allow us to ascertain the actual geographical distribution of already classified species,
and would provide more information about the biology and ecology of the species. Due to the high
level of biodiversity among Uropodina mites, any further research should be more extensive and it
should be conducted on all continents. Recording as many new species as possible will also allow us to
verify the systematic classification of this group at the level of higher taxonomic classes (i.e., genera and
families). Moreover, there is also an urgent need for providing new descriptions of most species
that would be based on a large series of specimens, especially those described until the end of the
first half of the last century, and they would rest on both morphological data obtained with SEM
techniques and on the molecular biology techniques, as DNA barcoding, to identify species. To do
that, researchers should organize special expeditions to places which are particularly endangered,
the so-called hot-spots, and then the collected material should be deposited in natural history museums,
which later could make them available to other acarologists. In Poland, there is such a natural history
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museum department at the Faculty of Biology at Adam Mickiewicz University in Poznań, and it is
called the Natural History Collections.
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Appendix A

Sites with Penicillaturopoda pennicillata mentioned in the literature and found in our
own materials:

Panama, dead wood collected near Colon, 9◦20” N 79◦53” W. Brazil, Santos, Sao Paulo State,
29. IX 1967, transect on steep hills of a plateau near a coast, at approx. 400–500 m, secondary forest
on a steep hill, 23◦57” S 46◦21” W, leg. J. Balogh: from touchwood near a watercourse [BRB44];
damp moss on stones [BRB45]; dense moss with touchwood [BRB46]; Material examined. Ecuador.
16 Female, CIPCA (Centro de Investigación Posgrado y Conservación Amazónica ang. Centre of
Research, Graduate and Amazon Conservation), 28 XI 2014, 01.48200◦ S 78.00205◦ W, corn and papa
china field, quantitative sample, leg. Ł. Kaczmarek [EKW-041]; 1 DN, 1 LV, Urban, Puyo, 19 X 2014,
01.48834◦ S 78.00355◦ W, near a watercourse/stream, leg. Ł. Kaczmarek [EKW-001]; 1 female, 1DN,
1 LV, Agriculture, CIPCA, 14 XI 2014, 01.23710◦ S 77.88805◦ W, between banana and cocoa trees, leg. Ł.
Kaczmarek, [EKW-002]; 2 females, 1 DN, Urban, Puyo, 14 X 2014, 01.49291◦ S 78.00056◦ W, greenbelt
between road lanes near Megaldaz, leg. Ł. Kaczmarek, [EKW-006]; 1DN, Urban, Puyo, 4 XI 2014,
01.47986◦ S 78.00068◦ W, near a sawmill, leg. Ł. Kaczmarek, EKW-007; 1 famale, Agriculture, CIPCA,
14 XI 2014, 01.23710◦ S 77.88805◦ W, between banana and cocoa trees, leg. Ł. Kaczmarek, EKW-011;
1 female, 3 DN, Urban Puyo, 14 X 2014, 01.48535◦ S 77.99717◦ W, in a park at a palm tree, leg. Ł.
Kaczmarek, [EKW-013]; 1 female, 1 DN, Agriculture, CIPCA, 24 XI 2014, 01.23710◦ S 77.88805◦ W,
among banana trees, leg. Ł. Kaczmarek, [EKW-015]; 3 females, Urban, Puyo, 14 X 2014, 01.49017◦ S
77.99918◦ W, city center, near a watercourse, at a tree, leg. Ł. Kaczmarek, [EKW-016]; 1 DN, 1 LV, Urban,
Puyo, 19 X 2014, 01.48062◦ S 78.00282◦ W, a park along a river, leg. Ł. Kaczmarek, [EKW-019]; 7 females,
1 DN, 1 PN, Urban, Puyo, 4 XI 2014, 01.48200◦ S 78.00205◦ W, city of Puyo, a small green area between
two streets Manabí and Galapagos, near a tree, leg. Ł. Kaczmarek, [EKW-024]; 2 females, Urban,
Puyo, 27 X 2015, 01.48018◦ S 78.00538◦ W, at a tree. Leg. Ł. Kaczmarek, [EKW-026]; 2 females, 1 DN,
piedmont tropical forest, 8 I 2015, 00.83029◦ N 78.40355◦ W, near road E10, approx. 10 km SE from
Lita, litter from deciduous forest, leg. Ł. Kaczmarek, [EKW-029]; 1 female, Agriculture, CIPCA, 24 XI
2014, 01.23710◦ S 77.88805◦ W, among banana trees, [EKW-042]; 9 females, 2 DN, Agriculture, CIPCA,
28 XI 2014, 01.23710◦ S 77.88805◦ W, on a corn and papachina field, leg. Ł. Kaczmarek, [EKW-045];
11 females, 1 DN, Agriculture, CIPCA, 28 XI 2014, 01.23710◦ S 77.88805◦ W, on a corn and papachina
field, leg. Ł. Kaczmarek, [EKW-048]; 1 female, Agriculture, CIPCA, 20 XI 2014, 01.23710◦ S 77.88805◦ W,
among cocoa trees, leg. Ł. Kaczmarek, [EKW-050]; 1 PN, Agriculture, CIPCA, 20 XI 2014, 01.23710◦ S
77.88805◦ W, among cocoa trees, leg. Ł. Kaczmarek, [EKW-051].
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Abstract: Demodecidae are the most specialized parasitic mites of mammals; they typically inhabit
the skin, but they have been found in other tissues and organs. They can cause demodecosis (a disease
which is hazardous and difficult to cure) in humans, domestic animals and livestock. They are
parasites with high host and topical specificity. They have been found for most orders of mammals,
and they are common in the populations of numerous host species. Therefore, they not only constitute
an important subject of veterinary and medical study, but also comprise an excellent model for
faunistic and parasitological analyses concerning different aspects of functioning and evolution
of the host–parasite relationship. The current level or knowledge of demodecid mites is irregular
and fragmentary, and numerous questions require elaboration and ordering, from the taxonomic
diversity to geographic distribution and relations with hosts. Such data may be of use i.a. for the
development of more efficient and reliable diagnostic methods, as well as understanding the etiology
and pathogenesis mechanisms of demodecosis, currently a contentious issue. The present paper lists
all formally-described valid species of demodecid mites, together with other functioning specific
names, verified and with comments on their status. This is significant for correct species identification
and demodecosis diagnostics. The list has been drawn up on the basis of data acquired in the period
1842−2020. It contains 122 valid species of parasite, including their hosts and geographic distribution,
data on parasitism, as well as only the second record of Demodex sciurinus in Eurasian red squirrel
Sciurus vulgaris in over 100 years since its initial discovery.

Keywords: Acariformes; Demodecidae; Prostigmata; checklist; diversity; parasites

1. Introduction

The members of the Demodecidae are specialized, typically monoxenic mammal parasites, and are
likely abundant within host populations. They are stationary parasites, with their whole life cycle spent
on the host; however, depending on the species, its topography, seasonal dynamics and transmission
mechanism, they may exhibit a variable level of infestation prevalence, which may reach up to 100% [1,2].
Typically, the presence of demodecid mites does not produce disease symptoms, even at high infestation
intensity and high density on the skin [3–5]. However, under favorable host circumstances, the high
density of these mites may be linked to the development of demodecosis (formerly demodicosis,
demodicidosis). Demodecosis often has a complicated course, depending on various factors including
the species constituting the etiologic factor. Its symptoms typically include the presence of various skin
lesions with different topography, hair loss, eyelid margin inflammation and conjunctivitis, and changes
within gum mucous membranes; however, it also can occur in generalized form. Complications may
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also occur in the form of secondary bacterial or fungal infections. It is suspected that the possibility of
developing the parasitosis may be increased by reduced host immunity, poor condition or incorrect
diet, such as deficiencies in vitamins and micronutrients [6,7]. Despite the high infestation prevalence
in wild mammal populations, demodecosis is observed relatively rarely. However, it constitutes a
serious problem for humans, domestic animals and livestock. Demodecosis canina, a domestic dog
disease, typically caused by D. canis is characterized by a particularly hazardous course, with a chronic
or even fatal result [2,8]. It has a highly variable course and symptoms, which on the one hand may be
linked to the vast diversity of its hosts, with different breeds demonstrating variable susceptibility,
as well as etiological factors, as three new species of these mites have been identified in dogs relatively
recently (Table 1). Another burdensome and resilient parasitosis is demodecosis hominis, caused in
humans by the synhospital human demodecid mite D. brevis, associated with skin sebaceous glands,
and D. folliculorum, found in hair follicles. It manifests there typically in the form of skin lesions
(e.g., pityriasis folliculorum, rosacea-like demodecidosis, pustular folliculitis, papulo-pustular scalp
eruptions, perioral dermatitis and hyperpigmented patches of the face) in the head area (skin and
facial hair), hair loss and eyelid margin inflammation, as well as conjunctivitis. The nature of the
pathogenesis depends on various factors, such as the etiological agent (i.e., demodecid species), and the
symptoms are reminiscent of other dermatoses; therefore, diagnostics, including demodecid species
identification, is important for efficient treatment [6]. A number of demodecosis variants, dictated by
the host inhabited by the demodecid mite, have been described for cats and cattle, or laboratory
animals such as mice and hamsters (Table 1).

Due to their morphological modifications, including miniaturization, or various adaptations
to parasitism within the different microhabitats, offered by the skin, tissues and organs of the host,
the Demodecidae can claim to be the most specialized parasitic mites of mammals. Moreover,
they demonstrate high host and topical specificity, representing the majority of orders of mammals [9].
Their long evolutionary relationship with hosts makes them the perfect model for faunistic or
parasitological analyses concerning different aspects of the functioning of a host–parasite relationship
and the co-evolution of these mites and their hosts. Although the family includes species of high medical
and veterinary importance, their level of recognition is insufficient, and the available information
regarding them is fragmentary and dispersed. A series of issues need to be studied and ordered,
from taxonomic diversity, to geographic distribution and relations with hosts. In particular, data on
their distribution, including their occurrence in different areas of the host range, remains incomplete.
The majority of records describe cases of these parasites found in relation to parasitosis (demodecosis)
symptoms, and these are relatively rare, being restricted mostly to domestic mammals and humans,
and are only sporadically observed in wild animals [2,4,10]. Detecting an asymptomatic infestation
is complicated by the miniature size of the mite, with the smallest species reaching only 70–80 µm
in length, and its secretive life history; in addition, the parasites inhabit a range of skin structures,
including normal and sensory hair follicles and different types of glands, as well as a variety of organ
tissue types, such as the tongue, gums, anterior segments of the digestive tract or auditory canals [11].
Therefore, certain species, despite inhabiting widely distributed and common hosts, are known only
from singular case studies or in sparse records [4,12].

Furthermore, the literature, particularly parasitological and veterinarian studies, encompasses a
series of unverified data, including species with an actual nomen nudum status, invalid-unauthorized
synonyms or information based on doubtful identification [2,10]: The numbers of species classified
into this family varies from several dozen to over one hundred depending on the source [10,13,14].
Originally, one comprehensive study existed, covering the 16 then-known species [15], including full
data on their distribution and documented records. Only one global checklist, covering 100 species
and their hosts, has been published in modern times [13], this being a part of a more extensive study of
the Eleutherengona as obligatory mammal parasites. However, it does not include data on records or
any validation of the functioning of the names in the literature, and Demodecidae checklists for the
selected host group, i.e., rodents and soricomorphs, that have been published [16–18].

212



Diversity 2020, 12, 261

The present paper serves as a comprehensive study of all known species, and includes a verification
of the unauthorized names, including the nomen nudum. Furthermore, it also includes a new record:
The second finding of Demodex sciurinus globally, confirming the existence of this species close to one
hundred years from its original discovery. Another significant objective of the revision is to organize
currently-available Demodecidae records, not only for faunistic purposes, but also for parasitological,
veterinary and medical research. A key value of such a summary of the current state of research is that
it also highlights the absence of information from numerous countries where demodecid mites, and its
relationship with demodecosis, are a significant area of study: In some of these areas, no information
on the distribution of demodecid mite species has been published. Our global data also constitute a
significant starting point for future, more comprehensive regional analyses, as well as the development
of diversity models in the context of host–parasite relationships. These more specific findings would be
of great value in the development of more efficient and reliable diagnostic methods, and in improving
our understanding of the etiological mechanisms and pathogenesis of demodecosis, which is currently
a contentious issue.

2. Materials and Methods

2.1. Detection of Demodecidae in Sciurus vulgaris

One squirrel, Sciurus vulgaris, originating from northern Poland (Gdynia 54◦30′ N 18◦32′ E),
collected in 2017, was examined for demodecid mites.

Demodecid mites were isolated using skin digestion methods [19]. Skin fragments of 1 cm2 were
collected from several body regions, including the head (around eyes, ear pinnae, nose, lips, chin,
cheeks and vertex), neck, abdomen, back, limbs, tail and genital-anal area. Skin samples were preserved
in 70% ethanol and digested in 10% potassium hydroxine solution. The obtained samples were decanted
and analyzed using phase-contrast microscopy; an examination of 1 cm2 of skin was equal to the
analysis of approximately 100 wet preparations. The mites were mounted in polyvinyl-lactophenol
solution and photographed. The following measurements (µm) were taken as follows: Total body
length equals length of gnathosoma, podosoma and opisthosoma; gnathosomal width equals width at
base; and podosomal and opisthosomal width equals maximum width. The specimens were deposited
in scientific collections within the framework of the Collection of Extant Invertebrates in Department
of Invertebrate Zoology and Parasitology, University of Gdańsk, Gdańsk, Poland (UGDIZP).

2.2. Literature Review—The Checklist Structure, Biogeographic and Parasitological Data Analysis

The checklist has been drawn up based on manuscripts published during the period 1842–2020
(278 items). It also contains a new record, marked in the Table 1 as the present study. Demodecidae species
have been listed in systematic order, and in alphabetical order within the genera. The list includes all
formally described species and other functioning specific names; all of which are verified and provided
with comments on their status. Information on dates of host species, as well as the occurrence have been
also included. Wherein, for cosmopolitan demodecid mite species, selected records from various range
regions were given. Host records related to unidentified Demodex spp. have not been included.

The scientific names, common names, and systematics of the hosts follow Wilson and Reeder [20]
and the Taxonomic Information System [21].

3. Results

3.1. A New Record of Demodex sciurinus

The examined squirrel specimens were found to have D. sciurinus (Table 2, Figure 1). A total
number of 13 females and 8 males were identified, as well as several specimens at nymphal stages;
male and immature stages were demonstrated for the first time. All mites were found in the skin of the
penis. The presence of demodecid mites was not associated with demodecosis symptoms.
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3.2. Biodiversity and Geographic Distribution of Demodecidae Mites

A total of 122 demodecid mite species with verified systematic status are presently known,
of which one represents Apodemodex, 106 Demodex, one Glossicodex, seven Ophthalmodex, one Pterodex,
one Rhinodex, one Soricidex and four Stomatodex (Table 1). Representatives of the Demodecidae have
been recorded on all continents outside of the polar regions (Figure 2), and their presence is typically
dictated by the presence of a typical host; however, no studies of this group have been conducted in
numerous areas of its range, even for common mammal species. Many species of hosts have wide
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3.3. Demodecidae Parasitism and Relationships with Hosts

The greatest diversity of Demodecidae has, thus far, been described for bats (five genera), followed by
rodents (three genera) and soricomorphs (two genera) as hosts; only Demodex representatives have been
recorded in the remaining mammal orders. In turn, the species diversity in the individual host groups
typically corresponds to the species diversity of the host (Figures 3 and 4). Hence the highest number of
Demodecidae species have been described from the most abundant groups of mammals, e.g., 43 from
rodents, 27 from bats, 17 from ungulates and 15 from carnivorans. In contrast, the Demodecidae from
primates (six species) or marsupials (three species) have been especially poorly studied, which may be
associated with limited access to the material. More than one species of Demodecidae has been recorded
in 27 species of mammals, and the greatest number of synhospital species have been described among
rodents and bats (Table 3).
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4. Discussion

Although the Demodecidae are associated with almost all of the modern mammalian orders
(Table 1), their distribution and occurrence in host populations have been poorly and unevenly studied.
This paucity of information has been attributed to the difficulty in detecting asymptomatic infestation,
the low number of faunistic studies and issues associated with correct species identification. This is
confirmed by the high number of records for demodecid mites without species identification, listed as
Demodex sp. e.g., [22–29], including valuable new records of hosts.
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4.1. Demodecidae Biodiversity Analysis in the Light of Taxonomic Identification Problems

The number of demodecid mite species described thus far (122) does not seem to be very high when
considering that over 5000 mammal species could act as potential hosts. This primarily stems from
technical issues linked to their detection (e.g., miniature size, secretive life history with rare manifesting
of their presence in the form of demodecosis), and the strict species description criteria used for the
group: Representative series of specimens of both sexes are used, often with juvenile stages [9,11].

Demodecidae species associated with human, domestic and livestock mammals are an important
issue in the comprehensive elaboration of this group. Although demodecid mites have been listed
in handbooks and other overview papers, in lists with parasites with data on their pathogenic
importance for hosts in different countries and continents, comparatively few published records exist.
Therefore, verification of whether these purported Demodecidae indeed occur in these sources, or can
be potentially detected in them, has proven difficult. A series of demodecosis descriptions, case studies
or clinical studies exist indicating occurrence of individual demodecid mites in a given area; however,
these descriptions typically lack the information needed to determine the geographic locality of the
parasite or its frequency of occurrence, or whether earlier records exist. Often the identification of the
demodecid mite is limited only to the genus e.g., [30–35].

In addition, a number of species with unverified status or nomen nudum exist in the parasitological
or veterinary literature. As the Demodecidae are monoxenic parasites, hosts are often assigned
species solely on the basis of an alleged host specificity. Recording the presence of a Demodex
species in a new host species suggests a high probability that this species is new to Science; however,
this requires an appropriate taxonomic analysis to be conducted and a description in accordance with
the International Commission on Zoological Nomenclature (ICZN) requirements to be published [2,10].
Unfortunately, such newly-discovered taxa have been assigned unsupported names with suitable
descriptions; these have also been copied in other publications, thus becoming established in the
specialist literature. For instance, the lists of the parasitofauna of the gerbil, a commonly-used
laboratory animal, frequently contain a reference to Demodex merioni [36,37]: An alleged species not
supported with a description and not assigned to any concrete host species, since the term gerbil
is used to refer to a multitude of taxa. A similar situation concerned D. cornei from the domestic
dog. The name had functioned for many years to describe an alleged species referred to as “short
form” from the dog epidermis. Although morphological and morphometric research [8,38] has
confirmed the existence of such species, the lack of a formal, unambiguous description meant that it
was impossible to verify records from different parts of the world, as these were mostly based on the
criterion of length, possibly confirmed with topical distinctiveness. Although, eventually, the specific
status has been explained and confirmed with an appropriate species description [2], this does not
provide any possibility to verify earlier records not supported with morphological characteristics.
The groundlessness of using size as a criterion to identify species within the same host has been further
confirmed by the discovery of another “short” canine demodecid species, D. cyonis. Furthermore,
literature data including the nomina nuda D. araneae and D. bonaparti has been published without an
appropriate description [39], despite being correctly distinguished by the author: A specialist on
Demodecidae research. Likewise, the description of D. myotidis, D. sciurei, D. sylvilagi or D. transitionalis
were included in an unpublished dissertation, a procedure that does not meet the ICZN criterion on
the publication of species descriptions (Table 1).

At present, numerous directions in Demodecidae research have employed molecular methods;
however, their outcomes are not reliable given the lack of correlation between morphological taxonomy
and molecular divergence. An example here would be D. “felis”, which was recorded for the domestic
cat in a study solely based on molecular analyses [40]. The authors, who assigned it a temporary name,
giving the impression of a species name, stipulate that it is only a working name proposal, intended for
the purpose of distinguishing the alleged species, which, according to those authors, differs from
other feline demodecid mites e.g., [41–44]. Such a study where cladistics is based solely on molecular
data without confirming that the inferred genetic distance is a reliable evidence at the infraspecific
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level, cannot provide a sufficient basis to assign a species name for an identified demodicid mite;
this is especially true as the results, in this case, have not been supported with any other evidence,
including morphology, and it cannot be said which taxa they concern. However, despite this irregularity,
the species already functions in the veterinary literature at the specific name level.

Another issue in the study of Demodecidae distribution concerns the existence of uncertainties
with regards to correct identification. Individual species can differ with regard to sets of characters
and small morphological elements which may be only several micrometers in size, sometimes less
than 1 µm; such minute variation requires the use of suitable preparation methods, phase contrast
techniques and immersion microscopy, as well as experience in such taxonomic analyses. At the
same time, some studies use alleged host specificity or, sometimes, size as the basis for identification;
however, the study methods described in the works do not leave any doubt that a correct identification
had not been possible. As a host may be associated with different specific Demodecidae species with
similar sizes and proportions, any application of the host specificity criterion in species identification is
not only insufficient, but also groundless. An accidental transfer onto atypical hosts cannot be excluded,
which may happen under favorable conditions, even in the case of highly-specialized parasites.

4.2. State and Perspectives for the Study on Geographic Distribution

In view of presented data, the highest number of species (confirmed records) have been recorded
in Poland (51 species), the USA (23), Czech Republic (18) and Great Britain (18). Naturally, this does not
stem from any special preferences of the Demodecidae for the hosts occurring in those countries, but it
is consequence of sampling bias. A clear contrast can be seen between Demodecidae records obtained
from wild, domestic and livestock mammals. Detections in wild animals are rare, because demodecid
mites rarely manifest their presence in the form of demodecosis.

It is also possible that the occurrence of the known Demodecidae species is considerably wider than
that indicated by the published data, and likely coincides with the ranges of their hosts. This has been
confirmed by the latest records of D. chiropteralis, D. melesinus and, the present record of, D. sciurinus:
Species formerly known only from individual records from England, and a single observation recorded
a hundred years previously from distant Poland. The currently identified individuals of D. sciurinus
exhibited traits complying with the description and figures published by Hirst [45], despite the
description deviating from the modern standards assumed for the Demodecidae taxonomy. Therefore,
a redescription will definitely be necessary in the future; this would include an initial description of the
juvenile stages, which will be possible after collecting a wider range of material from a greater number
of hosts. Current intensive research conducted within the area of Poland has further confirmed the
presence of almost all species formerly described from the Czech Republic, the Netherlands or the
USA, provided that typical hosts are to be found. It should be added that many species exhibit very
high infestation prevalence in the host populations, reaching up to 100% e.g., [1,4,12,18,19].

It is currently important to organize the diverse body of data concerning the occurrence of species
of medical and veterinary significance, i.e., to verify and correlate data on the occurrence of demodecosis
in various host species with information on the occurrence of the agent species, as confirmed by
taxonomic identification.

4.3. Host-Parasite Relationships

The diversity of Demodecidae in individual host groups is typically convergent with the species
richness of the host group (Figures 2 and 3). Moreover, the study of this group of species is also
related to the incidence rate of demodecosis and the practical importance of hosts, thus the number of
species described from carnivores is relatively higher (with regards to the biodiversity of this group)
than for other mammals. Among the 17 demodecid mite species described for carnivorous mammals,
six originate from domestic dogs and cats. In addition, the availability of material for study, and the
technical issues related to detection, are other significant factors. The detection of asymptomatic
infestation is labor-intensive, with an efficiency that is inversely proportionate to the host size. It is
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therefore unsurprising that the highest number of species have been described from small mammals.
In contrast, the Demodecidae from primates (six species), or marsupials (three species) have been
especially poorly studied, which may be associated with the limited access to the material, with only
individual specimens of selected species obtained from zoological gardens being tested, and the
fact that certain areas of the world, such as Asia and Australia, are absent from the body of data
(Tables 1 and 2). Therefore, it is possible that the number of existing species is considerably higher
than presented herein.

The Demodecidae exhibit high specificity towards hosts (monoxeny). Only five species are
considered oligoxenic, i.e., recorded from more than one host; however, all host species were closely
related. Of this group, D. apodemi and S. corneti have been described according to insufficient criteria,
based on the current state of knowledge, and hence require redescription. In turn, D. sabani and
D. kutzeri also require taxonomic revision, as they may constitute aggregate species, with their taxa being
difficult to distinguish according to morphological criteria; such revision should include additional
criteria such as ontogeny, molecular characteristics and parasitological testing. Furthermore, the host
status is not always clear, e.g., D. kutzeri has been recorded from various deer species, with ambiguous
species status (Cervus canadensis or C. elaphus canadensis).

Demodecid mites are generally characterized by monoxeny and a strict co-evolutionary relationship
with their hosts, which is linked with the development of advanced adaptations to parasitism [9].
The mites also tend to inhabit different microhabitats within the host species, and synhospital
(co-occurring) species are known to occur [46]. Although such species have been described for rodents,
soricomorphs, bats, carnivores, ruminants and primates, the amount of knowledge regarding these
species corresponds more to the amount of research performed on their hosts, rather than their
actual distribution in the environment (Table 3). Until recently, the highest number of Demodecidae
species were known from C. perspicillata, a species of bat that has been thoroughly studied for the
presence of these mites (Table 3); in contrast, until the end of the 20th Century, only two demodecid
species were known for the house mouse: A cosmopolitan, synanthropic animal used as a laboratory
subject, pet or as food for other animals and one of the best-studied mammals. Intensive research
conducted in recent years has revealed five further species of parasite, including one from a new genus:
Glossicodex (Figure 5) [11,47].
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Figure 5. Topographic preferences of demodecid mites in house mouse: (A) Demodex conicus.
(B) Demodex musculi. (C) Demodex marculus. (D). Demodex flagellurus. (E) Demodex fusiformis. (F) Demodex
vibrissae. (G) Glossicodex musculi.
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Table 3. Synhospital (co-occurring) demodecid mites in the same host species.

Mammals Ordo Mammals Species Demodecid Mites

PRIMATES
Galago moholi Rhinodex baeri

Stomatodex galagoensis

Homo sapiens Demodex brevis
Demodex folliculorum

RODENTIA

Apodemus agrarius

Demodex agrarii
Demodex apodemi

Demodex gracilentus
Demodex huttereri

Apodemus flavicollis
Demodex corniculatus

Demodex mollis
Demodex rosus

Apodemus sylvaticus

Demodex apodemi
Demodex auricularis
Demodex lacrimalis

Demodex longior
Ophthalmodex apodemi

Mus musculus

Demodex conicus
Demodex flagellurus
Demodex fusiformis
Demodex marculus
Demodex musculi
Demodex vibrissae

Glossicodex musculi

Rattus norvegicus

Demodex nanus
Demodex norvegicus
Demodex ponderosus

Demodex ratti
Demodex ratticola

Mesocricetus auratus Demodex aurati
Demodex criceti

Myodes glareolus Demodex buccalis
Demodex glareoli

Phodopus sungorus Demodex phodopi
Demodex sungori

SORICOMORPHA
Neomys anomalus Apodemodex cornutus

Demodex neomydis

Sorex araneus Demodex soricinus
Soricidex dimorphus

CHIROPTERA

Carollia perspicillata

Demodex carolliae
Demodex longissimus

Ophthalmodex carolliae
Pterodex carolliae

Eonycteris spelaea Demodex neoopisthosomae
Demodex spelaea

Macroglossus minimus Demodex bicaudatus
Demodex macroglossi

Molossus molossus Demodex molossi
Ophthalmodex molossi

Mystacina tuberculata Demodex mystacina
Demodex novazelandica
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Table 3. Cont.

Mammals Ordo Mammals Species Demodecid Mites

Plecotus auritus Demodex chiropteralis
Demodex plecoti

CARNIVORA
Canis lupus familiaris

Demodex canis
Demodex cornei
Demodex cyonis
Demodex injai

Felis catus Demodex cati
Demodex gatoi

PERISSODACTYLA Equus caballus Demodex caballi
Demodex equi

ARTIODACTYLA

Cervus elaphus Demodex acutipes
Demodex kutzeri

Cervus nippon Demodex kutzeri
Demodex pseudaxis

Odocoileus hemionus Demodex kutzeri
Demodex odocoilei

Odocoileus virginianus Demodex kutzeri
Demodex odocoilei

Bos taurus
Demodex bovis

Demodex ghanensis
Demodex tauri

Ovis aries Demodex aries
Demodex ovis

5. Conclusions

The Demodecidae have high veterinary and medical importance, and these aspects have directed
the majority of research into the family. Despite the fact that such research stretches back to the 19th
Century, appropriate zoological studies (taxonomy, fauna) are scarce and limited to species descriptions,
typically based on singular records from one locality and a single host. More detailed biodiversity
studies, based on the analysis of the occurrence of the parasite in different populations of individual
host species, or the co-occurrence of different Demodecidae in one host species, have been published
only in Poland. Even those studies have been limited by the availability of the host or the need to
conduct comprehensive studies of its entire parasitofauna.

Unfortunately, no comparable data on Demodecidae are available from other regions; in addition,
the group has never been included in holistic parasitofauna studies, or even studies of parasitic arthropods.
The greatest obstacles to such studies are associated with parasite detection, particularly since most
infestations are asymptomatic, and problems with species identification. This stands in contrast with the
multitude of global medical and veterinary reports on demodecosis, or routine testing for this disease
conducted at diagnostic laboratories.

There is a clear need to integrate zoological and parasitological research with medical and
veterinary studies, or to perform further interdisciplinary studies. Only, such, broader approaches
will provide a greater understanding of the key issues concerning Demodecidae parasitism, allow the
development of efficient diagnostic methods and deepen our understanding of the causes and
mechanisms of demodecosis.
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98. Grzywiński, L.; Kliszewski, E.; Piotrowski, R. Demodekoza bydła i jej zwalczanie. Wiad. Parazytol. 1986, 32,

585–590.
99. de Araújo Wanderley, J.N.; Athayde, A.C.R.; de Moura, J.F.P.; Bezerra, L.R.; de Melo Vaz, A.F.; de Lima, E.Q.;

de Oliveira, J.P.F.; Silva, W.W. Factors affecting occurrence of demodecosis by Demodex bovis in Sindhi cattle
(Bos indicus). Trop. Anim. Health Prod. 2020, in press.

100. Desch, C.; Nutting, W.B. Demodex folliculorum (Simon) and D. brevis Akbulatova of man: Redescription and
reevaluation. J. Parasitol. 1972, 58, 169–177. [CrossRef]

101. Sengbusch, H.G.; Hauswirth, J.W. Prevalence of hair follicle mites, Demodex folliculorum and D. brevis (Acari:
Demodicidae), in a selected human population in Western New York, USA. J. Med. Entomol. 1986, 23, 384–388.
[CrossRef]

102. Gao, Y.Y.; Di Pascuale, M.A.; Li, W.; Liu, D.T.; Baradaran-Rafii, A.; Elizondo, A.; Kawakita, T.; Raju, V.K.;
Tseng, S.C. High prevalence of Demodex in eyelashes with cylindrical dandruff. Investig. Ophthalmol. Vis. Sci.
2005, 46, 3089–3094. [CrossRef]

103. Zhao, Y.E.; Guo, N.; Wu, L.P. The effect of temperature on the viability of Demodex folliculorum and Demodex
brevis. Parasitol. Res. 2009, 105, 1623–1628. [CrossRef] [PubMed]

104. Liang, L.; Ding, X.; Tseng, S.C.G. High prevalence of Demodex brevis infestation in Chalazia. Am. J. Ophthalmol.
2014, 157, 342–348. [CrossRef] [PubMed]

105. Nutting, W.B.; Green, A.C. Pathogenesis associated with hair follicle mites (Demodex spp.) in Australian
Aborigines. Br. J. Dermatol. 1976, 94, 307–312. [CrossRef] [PubMed]

106. Izdebska, J.N.; Jankowski, Z. Demodex brevis and D. folliculorum (Actinedida, Demodecidae): Specific human
parasites. A comparative study of the effectiveness of diagnostic methods involving autopsy. In Advances in
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