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Ossolińskich Av. 12, 85-094 Bydgoszcz, Poland; slawkacz@ukw.edu.pl

6 Plant Protection Department, Agricultural College, Shahrekord University, Shahrekord 64165478, Iran;
nemati.alireza@sku.ac.ir or alireza.nemat@ymail.com

7 Natural History Collections, Faculty of Biology, Adam Mickiewicz University, Uniwersytetu Poznańskiego 6,
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Simple Summary: Zelkova abelicea is an endemic tree growing only on eight mountain stands on the
Greek island of Crete. The aim of this study was to determine the structure of the assemblages and
analyze the diversity of the arachnid assemblages (spiders, pseudoscorpions, mites) living on these
trees. Samples for the analyses were collected from tree trunks, oftentimes covered by bryophytes or
lichens. In the examined material, 85 taxa were recorded. The most numerous represented group
was mites (1134 specimens, 69 species), and the highest numbers of specimens were in the order
Oribatida, namely Zygoribatula exilis (284 specimens) and Eremaeus tuberosus (210). Additionally,
in order Mesostigmata, Hypoaspisella sp. was found, which is probably a species new to science.
Among the eight sampled localities, Gerakari (646 specimens, 50 species) and Omalos (409, 43) had
by far the richest assemblages. Our statistical analyses confirmed the highly diverse character of
the arachnid assemblages at the individual sites, which is a consequence not only of the varied
numbers of arachnids found, but also of the presence of very rare species, such as Androlaelaps shealsi,
Cosmolaelaps lutegiensis or Hoploseius oblongus in the order Mesostigmata. These results highlight
the high species diversity of arachnids found on Z. abelicea but also suggest the lack of connectivity
between the isolated and fragmented forest stands on Crete.

Abstract: Zelkova abelicea is an endemic tree growing only on eight mountain stands on the Greek
island of Crete. The aim of this study was to determine the structure of the assemblages and analyze
the diversity of the arachnid assemblages living on Zelkova abelicea, an endemic tree species in Crete.
Material for the analyses was collected from tree trunks, oftentimes covered by bryophytes or lichens.
In the examined material, 85 taxa were recorded. The most numerous groups represented in the
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analyzed material were Acari, including representatives of the orders Mesostigmata (78 ind. of
18 spp.) and Oribatida (1056 ind. of 51 spp.). In the order Mesostigmata the species represented by
the highest numbers of specimens were Onchodellus karawaiewi (15 individuals) and Hypoaspisella sp.
(13), which is probably a species new to science. In turn, representatives of the order Oribatida were
much more numerous, with Zygoribatula exilis (284) and Eremaeus tuberosus (210) being identified
in the largest numbers. Among the eight sampled localities, Gerakari (646 ind. and 50 spp.) and
Omalos (409 ind. and 43 spp., respectively) had by far the richest assemblages. Statistical analyses
confirmed the highly diverse character of the arachnid assemblages at the individual sites, which is
a consequence not only of the varied numbers of arachnids found, but also of the presence of very
rare species, such as Androlaelaps shealsi, Cosmolaelaps lutegiensis or Hoploseius oblongus. These results
highlight the high species diversity of the arachnids found on Z. abelicea but also suggest the lack of
connectivity between the isolated and fragmented forest stands on Crete.

Keywords: Acari; Araneae; Pseudoscorpiones; biodiversity; ecology of arthropods; zoogeography

1. Introduction

Arachnids play an important role in ecosystems by contributing to the local biodi-
versity but also because they are important components of the food web [1]. Although
taxonomic work on specific groups within the arachnids has been carried out for Crete (e.g.,
Araneae [2], Acari [3–7] or Pseudoscorpiones [8]), faunistic studies remain rare, but high-
light a high local diversity [9]. However, there remains still much to be discovered about
community composition and diversity, notably regarding the arachnid fauna associated
with specific plant or tree species growing in the area.

Relicts (from Latin relictus—left behind, relinquished; past participle of relinquere—to
relinquish, to leave behind) are taxa that remain from a previously geographically and/or
phylogenetically larger group [10]. Examples of relict tree species belong to such genera
as Aesculus, Juglans, Laurus, Liquidambar, Parrotia, Pterocarya, Rhododendron or Zelkova [11].
Many species from these genera are rare and/or threatened globally and should deserve
protection [11,12]. This need is also related to the fact that they create unique microhabitats,
which support a rich biodiversity, oftentimes comprising rare or relict taxa [13–19].

The genus Zelkova is a relict of the Arctotertiary geoflora [20], and its species were
important forest components in the Northern Hemisphere during the Paleogene. Six extant
species of the genus occur with a disjunct distribution. Three species are found in eastern
Asia (Z. serrata (Thunb.) Makino, Z. schneideriana Hand.-Mazz. and Z. sinica Schneid). One
species grows in the Middle East and Transcaucasia Z. carpinifolia (Pall.) Koch. Zelkova
sicula Di Pasq. et al. and Z. abelicea (Lam.) Boiss. are endemic to the Mediterranean islands
of Sicily and Crete, respectively. Five of the six Zelkova species are endangered and therefore
protected in several countries. The rarest and most endangered species are the two above-
mentioned Mediterranean species, which is a result of intensive forest management and
industrialized agriculture, as well as the loss of habitats, droughts and water shortages [11].

Zelkova abelicea grows in several localities in small and fragmented populations in
the mountainous regions of Crete, above 800 m a.s.l. [12,21]. The majority of individuals
have a dwarfed shrubby life-form, with extremely slow growth rates [21] resulting from
over browsing by goats. In contrast, tree individuals with the life-form of a tree are far
less common, reaching 15–20 m in height. The biodiversity associated with Z. abelicea has
been poorly studied and no thorough research has been conducted to date on invertebrates
colonizing Z. abelicea. Only two Phytoseiidae and one Parasitidae mite (Acari) have been
recorded [5,7], as well as one Hymenoptera species [22]. Gwiazdowicz et al. [19] showed
over 30 species of springtails (Collembola), including species new to science.

The aim of this study was to determine the community structure and the species
diversity of arachnid assemblages from Z. abelicea specimens growing in several localities
throughout Crete. We hypothesized that the arachnid assemblages on Z. abelicea will be
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diverse and different at each locality due to the isolation and fragmented nature of Z.
abelicea stands, with no evident connections between the stands (also due to the particular
geomorphology of Crete).

2. Methods
2.1. Field Studies

The arachnids were collected at eight study sites distributed over the entire range of Z.
abelicea in Crete (Figure 1).
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Figure 1. Sampled localities (red dots) in Crete (Greece) with Zelkova abelicea trees.

1. Omalos, Levka Ori (Latitude 35.31901; Longitude 23.91871), Altitude—1160 m a.s.l.,
topography—slope, microhabitat—bark of arborescent trees, date—21 May 2019, Coll.
D. Ghosn;

2. Niato, Levka Ori (35.287527; 24.145503), 1215 m a.s.l., doline, branches of dwarfed
individuals, 21 May 2019, Coll. D. Ghosn;

3. Impros, Levka Ori (35.270546; 24.15315), 1175 m a.s.l., slope, bark of arborescent trees,
21 May 2019, Coll. D. Ghosn;

4. Gerakari, Mt. Kedros (35.194829; 24.606713), 1255 m a.s.l., slope, bark of arborescent
trees, 11 October 2018, Coll. D.J. Gwiazdowicz;

5. Rouvas, Psiloritis Mountains, (35.164333; 24.922794), 1320 m a.s.l., slope, bark of
arborescent trees, 10 October 2018, Coll. D.J. Gwiazdowicz;

6. Viannou, Dikti Mountains, (35.064291; 25.469778), 1320 m a.s.l., slope, bark of arbores-
cent trees, 9 October 2018, Coll. D.J. Gwiazdowicz;

7. Katharo, Dikti Mountains, (35.148004; 25.567558), 1160 m a.s.l., slope, bark of arbores-
cent trees, 9 October 2018, Coll. D.J. Gwiazdowicz;

8. Thripti, Thripti Mountains, (35.080588; 25.887408), 1150 m a.s.l., doline, branches of
dwarfed individuals, 14 May 2019, Coll. D. Ghosn.

At each sampling site, one sample was collected on each of five Z. abelicea trees growing
at a distance of several to tens of meters apart. A sample of the outer trunk bark layer,
oftentimes including bryophytes or lichens see Ref. [18] was cut off with a knife from
well-developed arborescent trees. In the case of dwarfed trees, branches were cut off with
pruning shears. This difference in treatment is due to the fact that the bark on the trunk of
young or dwarf trees is smooth and thin, while on old and large trees it is thick, exfoliating
and easily cut off (Figure 2). The collected material was placed in paper bags. The weight
of each (fresh) sample ranged from 200 to 250 g. Study permits were granted by the Greek
Ministry of Environment (no. 174101/5060 and no. 155924/1184).
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Figure 2. Zelkova abelicea trees with microhabitats for invertebrates. (A) Large trees (Omalos).
(B) Dwarfed trees heavily browsed by goats (Omalos). (C) Bark of large tree covered by species of
lichens from genus Parmelina (Gerakari). (D) Bark of large trees (Gerakari). (E) View of Z. abelicea
population in Gerakari (Photos: G. Kozlowski).
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2.2. Laboratory Procedures

The collected samples were placed into Tullgren funnels for 72 h and extracted in 96%
ethanol. The extracted arthropods were classified into the following groups using a Zeiss
Stemi 2000 stereoscopic microscope: Araneae, Mesostigmata, Oribatida and Pseudoscorpiones.

The collected Araneae were identified at the species level (when possible) and counted.
The taxonomic keys of spiders [23–25] were used to identify species of Araneae under
stereoscopic microscopy. For Pseudoscorpiones, some of the characteristics used for the
identification can be seen using a stereomicroscope, but it is always necessary to prepare
temporary microscope slides in lactic acid to examine details using an Olympus BHB
compound microscope. In order to identify Mesostigmata (Acari), both semi-permanent
(using lactic acid) and permanent microslides (using Hoyer’s medium) were prepared. All
the mesostigmatic mites were examined using a light microscope (Zeiss Axioskop 2) and
taxonomical literature [26–28].

The Oribatida (Acari) were identified at high magnifications (l00–1000×) under a
light microscope, preferably with a phase contrast and a differential interference contrast.
Prior to the examination, the cuticles were rendered transparent, and in freshly collected
specimens, the internal tissue was removed using concentrated lactic acid, 60% lactic acid
or lactophenol. A diluted lactic acid was used, which is considered to be more suitable
with weakly sclerotized forms [29]. Another method consisted of heating the samples
to 60–70 ◦C on a hot plate as temporary mounts in lactic acid on a cavity slide [30]. The
clearing process was performed at room temperature over a course of several days, and
sometimes weeks. Oribatid mites were identified to a species level by identifying their key
features and original species descriptions [31–33].

All the investigated material is deposited in the Natural History Collections at the
Adam Mickiewicz University, Poznań, Poland (Araneae), the Department of Forest Ento-
mology and Pathology, the Poznań University of Life Sciences (Mesostigmata, Pseudoscor-
piones), and the University of Silesia in Katowice, Poland (Oribatida). Microslides with the
analyzed specimens have also been deposited at the CIHEAM Mediterranean Agronomic
Institute of Chania in Crete and at the Natural History Museum in Athens, Greece.

2.3. Statistical Analyses

Descriptive statistics of arachnid assemblages were computed for individual sampling
sites. The following values were computed: total species count, mean number of arachnid
individuals and the standard error of the mean, as well as the minimum and maximum
numbers of arachnid individuals. In addition, the following values were calculated: Simp-
son’s [34] diversity index (one minus sum of empirical probabilities), standard error and
the minimum and maximum values of this index, while similar values were determined
for Pielou’s [35] evenness index (the Shannon diversity index divided by the logarithm
of the number of species). The latter cannot be computed when the number of species in
a sample is zero. Therefore, computation of the indexes was conducted only of samples
with arachnids. For each species, its dominance index [36] was calculated, which was
understood as the share of the number of specimens of a given species in the total number
of specimens (of all species found in the study) and expressed in percent. A comparison of
the range and density of the distributions of specimens and species for each site is presented
graphically using violin plots.

In addition, for the 10 most numerous species, their frequency (F%) was calculated
(i.e., the percentage of samples in which the species occurred) and the relative density (R)
(the ratio of the number of specimens of a given species to the number of all samples) along
with the confidence interval for this parameter [37]. We also calculated intensity (I) (the
ratio of the number of specimens of every species to the number of samples in which the
species was found) and confidence interval for Poisson’s distributed variable [38].

Because the Acari were most frequently encountered, a non-metric multidimensional
scaling (NMDS) [39] was performed using the Hellinger-transformed Bray–Curtis distance
matrix [40] dissimilarity matrix for Acari species, while Wisconsin double standardiza-
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tion [41] was conducted conditionally in the applied procedure (if the data values are larger
than common abundance class scales). In the NMDS analysis, a total of 900 random starts
were made in order to obtain a global optimum.

A multilevel pattern analysis was used to indicate which Acari species prefer a similar
habitat. This analysis enables the identification of species lists that were linked to specific
groups of sites (or their combinations). The indicator value index was utilized for assessing
the connection between a set of locations and various species. The index was computed
for every species in relation to various location groups. The locations that exhibit the
highest index values were selected. Subsequently, a permutation test was employed to
assess the statistical significance [42]. Moreover, cluster analysis was applied using the
Bray–Curtis distance matrix and the Ward method to group similar habitats colonized by
Acari that were transposed by Hellinger [43] method. A heatmap was created to display
the number of observed species in various locations, along with a species co-occurrence
analysis showing significantly higher or lower co-occurrence frequencies than expected, as
well as random frequencies. [44] Species will be considered co-occurring if they exhibit a
significantly higher probability of co-occurrence than the expected frequency. Beta diversity
was calculated, and cluster analysis was applied to this matrix to illustrate the similarities
between locations.

All the above mentioned statistics were carried out in R (version 4.0.3) [45] using
functions (diversity, metaMDS and betadiver) of the vegan package [46], as well as functions
pheatmap from pheatmap package [47], function cooccur from cooccur package [48] as
well as functions multipatt of the indicspecies [49] and stats packages [44] package. Violin
plots were done using ggplot2 [50].

3. Results
3.1. General Information

Based on the collected material, a total of 85 taxa were recorded, of which the majority
(66 spp.) were identified to the species level. Several specimens found in the larval
or nymph stages were classified to the genus (13 taxa) or to the family (6 taxa) level
(Appendix A).

In the order Araneae, 33 individuals from 14 taxa were recorded, but only four of them
were identified to the species level. The dominance of individual species was always lower
than one percent, whereas the dominance (D) of all Araneae species in the entire analyzed
material amounted to 2.78%.

In the order Pseudoscorpiones, a total of 19 specimens belonging to two species were
recorded, with Beierochelifer peloponnesiacus (Beier, 1929) being more numerous (D: 1.01%).
The dominance of the order Pseudoscorpiones in the entire investigated material was 1.6%.

In the analyzed material, Acari constituted the most numerous group, which included
representatives of the orders Mesostigmata (78 ind., 18 spp., D: 6.58%) and Sarcoptiformes
(suborder Oribatida; 1056 ind., 51 spp., D: 89.04%). Among the eight locations, Gerakari
(646 ind. and 50 spp.) and Omalos (409 ind. and 43 spp.) were found to be the richest. All
six other study sites had 50 or fewer specimens and 10 or fewer species (Table 1, Figure 3).

In Gerakari and Omalos, the number of specimens per sample varied strongly. Each
sample had a different number of specimens and each species abundance occurred in only
one sample, giving an almost one-dimensional violin plot (Figure 3). In the six other study
sites, the sample size did not exceed 24 specimens. The shape of the graphs shows that in
most samples, the number of specimens was very small (a few species). Concerning the
species count, in Omalos, the samples were very diverse (min: 2, max: 29). In Gerakari,
the number of species per sample was less varied but the species numbers were quite high
(min: 14, max: 20). For all other sites, the species richness was less than eight and only a
single individual of each species was found.
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Table 1. Number of specimens (species) for each sample at every study site. Total number of
specimens and species, standard error (SE), minimum and maximum per site are also given as well
as Simpson’s index and Pielou’s Index.

Mountain Levka Ori Kedros Psiloritis Dikti Thripti

Site Omalos Niato Impros Gerakari Rouvas Viannou Katharo Thripti

Sample

1 Ind (sp) 7 (4) 24 (2) 9 (4) 150 (19) 3 (3) 1 (1) 1 (1) 13 (4)

2 186 (29) 0 (0) 1 (1) 134 (16) 1 (1) 2 (2) 11 (4) 13 (3)

3 209 (27) 4 (3) 0 (0) 25 (14) 0 (0) 1 (1) 3 (1) 0 (0)

4 5 (3) 3 (3) 1 (1) 41 (15) 1 (1) 0 (0) 2 (1) 18 (7)

5 2 (2) 0 (0) 1 (1) 296 (20) 4 (4) 6 (6) 2 (2) 6 (4)

Individuals

Total 409 31 12 646 9 10 19 50

Mean ± SE 81.8 ± 47.38 6.2 ± 4.52 2.4 ± 1.66 129.2 ± 48.43 1.8 ± 0.73 2.0 ± 1.05 3.8 ± 1.83 10.0 ± 3.15

Min 2 0 0 25 0 0 1 0

Max 209 24 9 296 4 6 11 18

Species Total 43 5 4 50 7 9 5 10

Mean 13.0 ± 6.14 1.6 ± 0.68 1.4 ± 0.68 16.8 ± 1.16 1.8 ± 0.73 2.0 ± 1.05 1.8 ± 0.58 3.6 ± 1.12

Min 2 0 0 14 0 0 1 0

Max 29 3 4 20 4 6 4 7

Simpson’s Index Mean ± SE 0.64 ± 0.04 0.46 ± 0.19 0.17 ± 0.17 0.81 ± 0.04 0.35 ± 0.21 0.33 ± 0.20 0.19 ± 0.12 0.67 ± 0.04

Min 0.50 0.08 0 0.67 0 0 0 0.62

Max 0.72 0.67 0.67 0.88 0.75 0.83 0.50 0.79

Pielou’s Index Mean ± SE 0.81 ± 0.09 0.73 ± 0.24 0.88 ± NA 0.76 ± 0.06 1 ± 0 1 ± 0 0.82 ± 0.18 0.88 ± 0.20

Min 0.56 0.25 0.88 0.56 1 1 0.64 0.81

Max 1.00 1 0.88 0.90 1 1 1 0.92
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The mean biodiversity is shown per site by the Simpson index (Table 1) and was
highest in Gerakari (0.81), Thripti (0.67) and Omalos (0.64), while it was smallest in Impros
(0.17) and Katharo (0.19). The greatest variability (Table 1) of this parameter was found in
Rouvas (the standard error of the mean was 0.21) and Viannou (0.20). In Thripti (0.88) and
Omalos (0.81), the mean for Pielou’s evenness was relatively high. The lowest evenness
was recorded for one sample from Niato (0.25). The scatter of this index in Niato was the
greatest (max = 1.00). Generally, it may be stated that the evenness in most samples was
high despite the large population size of Zygoribatula exilis (Nicolet, 1855) in two samples
from Omalos.

Araneae were identified in samples from five sites (Omalos, Gerakari, Rouvas, Viannou
and Katharo), and Pseudoscorpiones in four sites (Omalos, Impros, Gerakari and Thripti).
Despite being more numerous both in species and individual counts, Mesostigmata were
detected only in three sites (Gerakari, Katharo and Thripti). Acari from the order Oribatida
were reported from all eight sites, although they were not present in all samples (11 samples
were empty, 27.5%) (Appendix A).

3.2. Diversity of Acari Assemblages on Zelkova Abelicea Trees

As mentioned above, representatives of two Acari orders were identified in the col-
lected material. In the order Mesostigmata, the most numerous species were Onchodellus
karawaiewi (Berlese, 1920) (15 ind., D:1.26%) and Hypoaspisella sp. (13; 1.1%), the latter prob-
ably being a species new to science, which will be the subject of a separate taxonomic study.
In turn, representatives of the order Oribatida were much more numerous, among which
the species represented by the largest numbers of specimens included Zygoribatula exilis
(Nicolet, 1855) (284; 23.95%), Eremaeus tuberosus Gordeeva, 1970 (210; 17.71%), Chamobates
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dentotutorii Shaldybina, 1969 (83; 7%) and Eupelops acromios (Hermann, 1804) (81; 6.83%)
(Appendix A).

More analyses were conducted for the 10 most numerous species of Acari (Table 2,
Figure 4). It turned out that their occurrence was not uniform in either all of the study sites
or all of the samples, as shown by their frequencies. The highest frequency was recorded
for Camisia horrida (Hermann, 1804) (F: 32.5%), even though it was not an exceptionally
abundant species. In turn, the species represented by high numbers of specimens, e.g., E.
tuberosus, showed low frequencies (F: 10%) (Table 2).

Table 2. The analysis of the 10 most numerous Acari species. N: number of specimens, Min:
minimum number of specimens in the samples, Max: maximum number of specimens in the samples,
Mean ± standard error. F: frequency, namely the proportion of the samples in which the species
occurs (%), I: Intensity, namely the ratio of the number of specimens of every species to the number
of samples in which the species was found, R: Relative density, namely the ratio of the number of
specimens of a given species to the number of all samples.

Name of Species N Min Max Mean
(±SE) F (%) I R

Camisia horrida (Hermann, 1804) 40 0 10 3.08 ± 0.44 32.5 3.08 1.00

Ceratoppia quadridentata (Haller, 1882) 46 0 23 7.67 ± 1.19 15 7.67 1.15

Chamobates dentotutorii Shaldybina, 1969 83 0 35 10.38 ± 1.32 20 10.38 2.08

Eremaeus tuberosus Gordeeva, 1970 210 0 154 52.50 ± 4.98 10 52.50 5.25

Eupelops acromios (Hermann, 1804) 81 0 64 8.10 ± 2.19 25 8.10 2.03

Galumna tarsipennata Oudemans, 1914 22 0 6 2.75 ± 0.41 20 2.75 0.55

Mycobates tridactylus Willmann, 1929 48 0 23 4.00 ± 0.91 30 4.00 1.20

Neoliodes theleproctus (Hermann, 1804) 26 0 11 3.25 ± 0.69 20 3.25 0.65

Scheloribates pallidulus (C. L. Koch, 1841) 27 0 19 6.75 ± 1.59 10 6.75 0.68

Zygoribatula exilis (Nicolet, 1855) 284 0- 123 31.56 ± 2.72 22.5 31.56 7.10

The NMDS analysis (stress 0,08 for three dimensions) showed that the species com-
position and the population size determined the character of a given Acari assemblage
and these two factors varied depending on the study site (Figure 4). In the sites of Rouvas
and Viannou, oribatid mites were identified only in two samples. A similar result was
obtained for the site of Impros, although here mites were detected in four samples, with
three of them being identical and having the same coordinates. For this reason, in Figure 4,
these sites are presented in the form of a straight line (as the data are arranged along a line)
rather than a space. In this plot, the two samples from Rouvas are very distant from the
first and second axis, which means that the species composition of these sites is completely
different (there are no common species). A similarly large scatter of samples was observed
for Niato (N1—differs considerably from the two other samples), Omalos (O1– considerable
differences in the species composition from O3) and in Katharo, where K4 differs from
K2, K3 and K5. The largest and most compact space is marked by samples from Thripti
and Gerakari. The samples located close to each other show the similarity of the species
assemblages of Acari. Thus, the Acari species found in the Omalos site O2 are most often
found also in sample G1 from Gerakari. Similarly, the samples N3, N4 and V2 are close
together in the NMDS plot, indicating that these share similar mite assemblages. In turn,
Katharo shows an assemblage that is quite different than any other sites, with one sample,
K4, being relatively distant from the other samples collected at site 3, and K5 had a similar
species composition with N1 both in the axis systems MDS1 and MDS2 and MDS1 and
MDS3. It is worth paying attention to the G1 and O2 samples, located close to each other in
all dimensions, whose species composition is very similar. The sampling sites show rather
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diverse species assemblages as indicated by the limited number of overlapping segments
and the high diversity within.
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The conducted multilevel pattern analysis showed that Gerakari distinguishes itself by
the presence of three species: Eremaeus tuberosus Gordeeva, 1970 (p = 0.0080), Sphodrocepheus
tridactylus Woolley et Higgins, 1963 (p = 0.0370) and Scheloribates pallidulus (C. L. Koch,
1841) (p = 0.0387). In turn, Impros distinguishes itself by the occurrence of Camisia horrida
(Hermann, 1804) (p = 0.0447), while for Rouvas it is Platyliodes scaliger (C. L. Koch, 1840)
(p = 0.0467). For Gerakari and Omalos, it is the occurrence of Ceratoppia quadridentata
(Haller, 1882) (p = 0.032), whereas Gerakari and Niato are characterized by the presence of
Zygoribatula exilis (Nicolet, 1855) (p = 0.013).

The cluster analysis shows that the similarities between individual sites do not reflect
their geographic proximity. Indeed, study sites within the same mountain range were
considerably distant, e.g., Omalos, Niato and Impros are situated in the Levka Ori Mts,
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but Viannou and Katharo were in the same clusters (Figure 5). Because Katharo was very
far from other locations in Figure 4 relative to the NMDS1 and in the cluster analysis, this
location was at the end of the chain, the distinctiveness of this location was confirmed.
The heatmap and chance of species co-occurrence is presented in Figure 6 and Table 3.
The heatmap shows that in all samples from Katharo, one species was abundantly present
(also found in other locations)—Mycobates tridactylus Willmann, 1929—and in two of these
samples (K4 and K5), a second species, Latilamellobates naltschicki Shaldybina, 1971, was
also abundant. It is important to note that this species was recorded only in these locations,
which is why the NMDS analysis indicated the distinctiveness of the samples collected in
Katharo, and the cluster analysis suggested cutting the groups at a distance level of 0.9
(Katharo forms a separate group). The species co-occurrence analysis revealed eight pairs
of species for which there was a significant probability of their co-occurrence, exceeding
the expected probability of their co-occurrence (Table 3).
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Table 3. Significant co-occurrence of species.

The Name of the First Species The Name of the Second Species Likelihood of Co-Occurrence Greater
than Expected

Ceratoppia quadridentata (Haller, 1882) Chamobates dentotutorii Shaldybina, 1969 0.0335

Ceratoppia quadridentata (Haller, 1882) Metabelba flagelliseta
Bulanova-Zachvatkina, 1965 0.0030

Ceratoppia quadridentata (Haller, 1882) Zygoribatula exilis (Nicolet, 1855) 0.0002

Chamobates dentotutorii Shaldybina, 1969 Zygoribatula exilis (Nicolet, 1855) 0.0374

Eremaesus tuberosus Gordeeva, 1970 Zygoribatula exilis (Nicolet, 1855) 0.0053

Galumna tarsipennata Oudemans, 1914 Oribatula tibialis (Nicolet, 1855) 0.0030

Metabelba flagelliseta
Bulanova-Zachvatkina, 1965 Zygoribatula exilis (Nicolet, 1855) 0.0011

Scheloribates pallidulus (C. L. Koch, 1841) Zygoribatula exilis (Nicolet, 1855) 0.0053
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4. Discussion

The high number of arachnid taxa found in this study demonstrates the rich di-
versity of arthropods on Crete. The numerous publications describing species new to
science [3,4,7,51], as well as the findings during this study of several taxa that are possibly
new to science, show how much is still to be discovered concerning arthropods on Greek
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islands. In the analyzed material, at least one reported Acari species is probably new to
science, e.g., Hypoaspisella sp. (which will be the subject of a separate taxonomic analysis).
We would like to highlight the presence of several rare species, as well as species previously
known outside the Mediterranean area, such as Hoploseius oblongus Mašán et Halliday, 2016,
from Slovakia and Poland [52], which was recently found in France, Denmark, and Ukraine,
and is also widely spread across Russia (from the Caucasus to the Arctic) [53]. Additional
rare species include Androlaelaps shealsi (Costa, 1968), which was previously reported from
Israel and Iran [54], and Cosmolaelaps lutegiensis Shcherbak, 1971, which has so far been
recorded in Ukraine and Kazakhstan [55]. The above-mentioned species were identified in
southern Europe for the first time, which highlights the importance of relict tree species
such as Z. abelicea for providing microhabitats to non-typical Mediterranean arthropod
species living in a Mediterranean context.

The microhabitats offered by Z. abelicea have been poorly studied up to the present,
although considerable effort has been made to amend the situation in recent years. To date,
only two studies concerning Acari have been conducted on Z. abelicea trees [5,7], while
several studies have focused on Collembola [56,57] and one study investigated epiphytic
bryophytes and lichens [18].

Our results (Figures 4 and 5) show the high diversity of the arachnid communities
at each study site. Even communities in sites located relatively close to one another
within one mountain range, such as Impros and Niato, differed in terms of the character
of the arachnid communities. Arachnid diversity can be influenced by a number of fac-
tors [58].These differences may be linked to differences in plant species composition and
forest structure [1,59–62], including Z. abelicea tree size [18], or be due to differences in both
current and past land-use and management, including grazing history [63,64]. However,
most probably these differences highlight the high diversity of the microhabitats offered by
Z. abelicea and highlight the isolation and fragmentation of the Z. abelicea stands and the
microhabitats they offer, with no evident connections between stands.

The fact that Omalos and Gerakari showed a higher diversity than the other sites
cannot be solely imputed to tree size (non-dwarfed) or land-use patterns (wooded pasture
lands), as other sites show similar features. Gerakari was found to have a particularly
rich bryophyte diversity and specific community composition [18], which may possibly
also offer a higher diversity of microhabitats and therefore promote arachnid diversity.
However, our results open the road to further investigations to address the strong differ-
ences in community composition and species diversity shown in our study. The aim of
this study was not to define the abiotic and biotic factors determining the structure of mite
communities. This will be the subject of further research, which will analyze, among other
factors, thermal and humidity conditions, and the feeding base (e.g., fungi).

Acarological literature concerning Greece, including Crete, is relatively extensive. For
example, Swirski and Ragusa [6] conducted acarological studies in Crete and reported
several species from the family Phytoseiidae. However, a particularly important role is
played by publications presenting descriptions of species new to science, since such results
confirm the unique character of this island. Examples of such publications include the
studies of Mahunka [3], who described Dissorhina cretensis belonging to the order Oribatida,
Ujvári [4], who described Prozercon rekaae and Zercon cretensis, Stathakis and Papadoulis [51],
who described Typhlodromus (Anthoseius) creticus and Witaliński and Gwiazdowicz [7], who
described Ologamasiphis zelkovae from the order Mesostigmata.

For several decades, acarological studies have been conducted by collecting material
from tree bark and determining the mite communities present in this microhabitat [65].
Research concerning the acarofauna of Z. abelicea trees is in line with this trend in acarology.
Eight isolated populations of these trees are growing in the mountainous regions of Crete
that are located at high altitudes. Some trees are magnificent and tall, with large trunk
diameters, while others are stunted, with a dwarf habit and they are browsed by goats. As
a result, the trunks of these trees, as well as the branches or twigs, are covered by diverse
species of mosses and lichens [18]. In view of the above-mentioned environmental factors,
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it was assumed that the communities of arachnids, particularly mites, would differ at each
research site.

The recorded results confirmed the proposed research hypothesis. The statistical
analyses concerning all the communities of mites showed that each locality of Z. abelicea is
inhabited by diverse communities. This is convincing, as it was shown both by the NMDS
and cluster analysis (Figures 4 and 5), which was significantly affected by the number and
species composition of Acari. The largest numbers of Acari and the highest number of
species were recorded for the Omalos and Gerakari sites.

5. Conclusions

In conclusion, it may be stated that the diversity of the arachnids found on Z. abelicea
shows the availability of a wide variety of microhabitats. The low relatedness between the
arachnid communities present in some neighboring sites shows the absence of interconnec-
tivity between the Z. abelicea stands and their microhabitats and highlights the isolation
and strong fragmentation of the forest stands on Crete. In the collected material, the most
numerously represented orders were Oribatida (1056 individuals, 51 species) and Mesostig-
mata (78 individuals, 18 species). The most numerous species included Zygoribatula exilis
(284 individuals) and Eremaeus tuberosus (210). Among other things, based on the results
of the NMDS and cluster analyses, the arachnid communities recorded in Omalos and
Gerakari were the most distinctive, as a result of the good microhabitat conditions, i.e., the
presence of large, old trees. Moreover, our findings included relatively rare species, as well
as a species that is new to science from the genus Hypoaspisella, which confirms the unique
character of the mite communities colonizing the endemic Zelkova abelicea trees. The results
of this pilot study justify the need to continue research on the microarthropods inhabit-
ing this exceptional endemic tree. From a conservation perspective, assessing arachnid
species richness and community composition, alongside other taxa, can help to orientate
the decision around selecting priority areas for conservation [66].
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Appendix A

Table A1. List of arachnida species in systematic order and dominance index (D).

Mountain Levka Ori Kedros Psiloritis Dikti Thripti

Taxon/Site Omalos Niato Impros Gerakari Rouvas Viannou Katharo Thripti D

ARANEAE

Amaurobiidae sp. 1 0.08

Clubiona sp. 1. 2 0.17

Clubiona sp. 2. 1 0.08

Dipoena nigroreticulata (Simon, 1880) 1 0.08

Dysderidae sp. 5 0.42
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Table A1. Cont.

Mountain Levka Ori Kedros Psiloritis Dikti Thripti

Taxon/Site Omalos Niato Impros Gerakari Rouvas Viannou Katharo Thripti D

Gnaphosidae sp. 1 0.08

Lathys stigmatisata (Menge, 1869) 1 1 0.17

Linyphiidae sp. 5 2 2 0.76

Liocranidae sp. 2 0.17

Pelecopsis elongata (Wider, 1834) 2 1 0.25

Thomisidae sp. 1 0.08

Xysticus sp. 1 1 0.17

Zodarion granulatum Kulczyński, 1908 2 0.17

Zodarion sp. 1 0.08

PSEUDOSCORPIONES

Beierochelifer peloponnesiacus (Beier, 1929) 1 4 7 1.01

Neobisium cf validum (L. Koch, 1873) 1 6 0.59

ACARI, Mesostigmata

Androlaelaps shealsi Costa, 1968 4 0.34

Cosmolaelaps lutegiensis Shcherbak, 1971 2 0.17

Gaeolaelaps aculeifer (G. Canestrini, 1884) 3 0.25

Gamasellodes sp. 1 0.08

Hoploseius oblongus Mašán et Halliday, 2016 1 0.08

Hypoaspisella sp. 13 1.1

Ologamasiphis sp. 2 10 1.01

Onchodellus karawaiewi (Berlese, 1920) 15 1.26

Parasitus fimetorum (Berlese, 1904) 6 0.51

Proctolaelaps sp. 1 0.08

Prozercon fimbriatus (C.L. Koch, 1839) 2 0.17

Prozercon rekaae Ujvari, 2008 1 0.08

Saprosecans sp. 2 0.17

Trichouropoda ovalis (C.L. Koch, 1839) 1 0.08

Veigaia nemorensis (C.L. Koch, 1839) 1 0.08

Zercon arcuatus Trägårdh, 1931 3 0.25

Zercon athiasi Vincze, 1965 6 0.51

Zercon sp. 4 0.34

ACARI, Oribatida

Allodamaeus hispanicus (Grandjean, 1928) 1 0.08

Berniniella hauseri (Mahunka, 1974) 1 0.08

Camisia horrida (Hermann, 1804) 3 3 6 16 1 11 3.37

Ceratozetes campestris Mihelčič, 1956 6 0.51

Ceratoppia quadridentata (Haller, 1882) 14 32 3.88

Ceratozetella sp. 1 0.08

Chamobates dentotutorii Shaldybina, 1969 29 1 51 1 1 7

Chamobates pusillus (Berlese, 1895) 1 0.08

Cosmochthonius plumatus Berlese, 1910 4 0.34

Cultroribula juncta (Michael, 1885) 2 0.17

Cymbaeremaeus cymba (Nicolet, 1855) 1 0.08
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Table A1. Cont.

Mountain Levka Ori Kedros Psiloritis Dikti Thripti

Taxon/Site Omalos Niato Impros Gerakari Rouvas Viannou Katharo Thripti D

Dorycranosus acustus (Pschorn-Walcher, 1951) 2 0.17

Eremaeus tuberosus Gordeeva, 1970 210 17.71

Eueremaeus oblongus (C.L. Koch, 1835) 1 0.08

Eupelops acromios (Hermann, 1804) 10 2 67 1 1 6.83

Galumna tarsipennata Oudemans, 1914 1 10 1 10 1.85

Hermanniella granulata (Nicolet, 1855) 4 0.34

Latilamellobates naltschicki Shaldybina, 1971 3 0.25

Liacarus oribatelloides Winkler, 1956 1 0.08

Liebstadia pannonica (Willmann, 1951) 1 0.08

Metabelba flagelliseta Bulanova-Zachvatkina, 1965 4 1 8 1.1

Metabelba italica (Sellnick, 1931) 17 1.43

Mycobates tridactylus Willmann, 1929 4 23 7 13 1 4.05

Neoliodes theleproctus (Hermann, 1804) 2 12 1 1 10 2.19

Oppia nitens C.L. Koch, 1836 2 0.17

Oppiella (Oppiella) nova (Oudemans, 1902) 2 0.17

Oppiella (Oppiella) splendens (C.L. Koch, 1841) 1 0.08

Oppiella (Rhinoppia) fallax (Paoli, 1908) 4 0.34

Oppiella (Rhinoppia) subpectinata
(Oudemans, 1900) 3 8 0.93

Oribatula tibialis (Nicolet, 1855) 2 3 0.42

Parachipteria punctata (Nicolet, 1855) 6 1 0.59

Passalozetes africanus Grandjean, 1932 3 0.25

Phauloppia lucorum (C.L. Koch, 1941) 3 0.25

Phauloppia nemoralis (Berlese, 1916) 10 5 1.26

Phauloppia rauschenensis (Sellnick, 1908) 1 1 0.17

Phauloppia sp. 1 0.08

Phthiracarus anonymus Grandjean, 1934 9 0.76

Phthiracarus sp. 1 0.08

Platyliodes scaliger (C.L. Koch, 1840) 1 1 1 0.25

Protoribates capucinus Berlese, 1908 1 0.08

Punctoribates punctum (C.L. Koch, 1839) 3 0.25

Pyroppia lanceolata Hammer, 1955 10 0.84

Ramusella insculpta (Paoli, 1908) 20 1 1.77

Scheloribates laevigatus (C.L. Koch, 1835) 1 0.08

Scheloribates pallidulus (C.L. Koch, 1841) 1 26 2.28

Sphodrocepheus tridactylus Woolley et
Higgins, 1963 13 1.1

Steganacarus (Atropacarus) striculus
(C.L. Koch, 1835) 1 0.08

Suctobelba trigona (Michael, 1888) 1 0.08

Suctobelbella acutidens (Forsslund, 1941) 1 0.08

Tectocepheus velatus velatus (Michael, 1880) 8 1 0.76

Zygoribatula exilis (Nicolet, 1855) 218 2 64 23.95
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