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Abstract 19 

Background. Claws are a commonly observed biological adaptation across a wide range of 20 

animal groups. They serve different functions and their link to evolution is challenging to 21 

analyze. While there are many studies on the comparative anatomy and morphology of claws 22 

in reptiles and, birds, and several arthropods, knowledge about arthropod claws, particularly of 23 

soil-living oribatid mites, is still limited. Recent research on intertidal oribatid mites has shown 24 

that claw shape is strongly correlated with microhabitat and is subject to ecological selective 25 

pressures. However, the selective constraints shaping claws in terrestrial oribatid mites are still 26 

unknown.  27 

Methods. In this study, 300 specimens from 12 different species and two genera were 28 

examined. Geometric morphometrics were used to quantify claw length and curvature, and to 29 

analyze two-dimensional claw shape. In combination with molecular phylogenetic analyses of 30 

investigated populations phylogenetic signal was quantified within genera using Blomberg's K 31 

and random replicates. Additionally, ecological information on the investigated species was 32 

gathered from previous studies and compiled into tables.  33 

Results. The claw shapes of Carabodes species vary moderately, with the three species C. 34 

reticulatus, C. rugosior and C. tenuis deviating the most from the others. These three species 35 

are only found in a small number of habitats, which may require a more specialized claw shape. 36 

Our results show that there is a phylogenetic influence on claw shape in Carabodes but not in 37 

Caleremaeus. Additionally, habitat specificity and lifestyle were found to have ecological 38 

impact on claw shape in both genera. The present results demonstrate that characteristics of the 39 

claws of terrestrial oribatid mites are correlated with ecology, but this correlation is apparently 40 

weaker than in intertidal oribatid mites that are prone to strong external forces.  41 
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Introduction 47 

Claws are prevalent biological adaptations found in a diverse range of animal groups, including 48 

arthropods, birds, reptiles, and large mammals. Those structures can serve various functions 49 

(Tinius & Russell, 2017). The link between claw morphology, its function and evolution are 50 

difficult to quantify, analyze, and interpret. Because claws are the most common grip 51 

mechanism in vertebrates (Zani, 2000), there are many studies about the comparative anatomy 52 

and morphology of these structures, mainly in reptiles (Zani, 2000; Tulli et al., 2009; D’Amore 53 

et al., 2019; Alibardi, 2020; Mann et al., 2021, Tulli, Manzano & Abdala, et al. 2022) and birds 54 

(Feduccia, 1993; Hahn et al., 2014). 55 

In view of their huge diversity, studies on arthropod claws used for attachment are not as 56 

numerous as in vertebrates, but the existing amount of literature is though substantial and 57 

demonstrates important facts about these morphological structures. The attachment ability of 58 

small arthropods is determined by surface roughness and claw tip diameter (e.g. Heethoff & 59 

Körner, 2007, Pattrick, Labonte & Federle, 2018), i.e. sharper claw tips will have more 60 

asperities to interlock with, but with heavier loads they are more likely to break. That means 61 

larger animals will have blunter claws and thus poorer attachment abilities than smaller animals 62 

(Pattrick, Labonte & Federle, 2018). However, insects possess not only claws but also adhesive 63 

pads and sometimes other additional structures to maintain proper attachment on different 64 

surfaces (e.g. Friedemann, Schneeberg & Beutel, 2014). Claws are basically used on rougher 65 

surfaces while pads allow to cling to smooth surfaces (e.g. Gorb, 2001). The complex interplay 66 

of these structures allows the insects to walk safely on a huge variety of different surfaces. 67 

Other insects are specialized to adhere to specific substrates and in these cases, attachment 68 

devices may show remarkable adaptations. For example, parasitic dipteran flies need to stay on 69 

the body of the host and therefore have evolved dentate or comb-like claws as well as 70 

dichotomously shaped setae on their pads, allowing extremely strong attachments (Petersen et 71 

al., 2018; Büscher et al. 2022).  72 

There are numerous other studies on the diversity and function of arthropod claws, but when it 73 

comes to the smallest arthropods like mites, research is relatively scarce. Mites are known to 74 

exhibit the largest number of claw characteristics among Chelicerata (Dunlop 2002), and it was 75 

shown that a tiny soil-living moss mite species produces exceptionally high relative claw forces, 76 

presumably toppingtrumping all other organisms (Heethoff & Körner, 2007). Mites also often 77 

show additional adhesive pads for attachment (e.g. Dunlop 2002) but the majority of soil-78 

dwelling oribatid mites lack these structures (Pfingstl, 2023). There are presently ca. 11 000 79 

known oribatid mite species (Subìas 2022) occupying a wide range of ecological niches, which 80 
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means the landscape structure is highly variable for the different taxa (Heethoff & Körner, 81 

2007). This microhabitat variety and the fact that most Oribatida only possess claws for 82 

attachment, makes them ideal candidates to investigate the direct correlation between claw 83 

characteristics and used substrate.  84 

The study of arthropod claws, on the other hand, is still at the very beginning and relatively few 85 

little is known about these important attachment devices. Particularly, knowledge about claws 86 

of oribatid mites, presents many unanswered questions regarding their function as attachment 87 

devices. Pfingstl, Kerschbaumer & Shimano (2020), investigated the claw shapes of numerous 88 

intertidal oribatid mites from various habitats by means of geometric morphometrics and their 89 

results demonstrated that claw shape strongly correlates with the microhabitat. Species living 90 

on rocky shores have remarkably high and strongly curved claws, whereas species from 91 

mangrove habitats have significantly lower and less curved claws. Euryoecious species can 92 

dwell in a wide range of habitats and show an intermediate claw type. An additional molecular 93 

genetic investigation of intertidal species showed that there is no phylogenetic signal in claw 94 

shape, which indicates that ecology has acted as one of the primary selective forces in the 95 

diversification of claw shapes in intertidal oribatid mites (Kerschbaumer & Pfingstl, 2021). 96 

Juveniles of theseis arthropods exhibit habitat-specific claws. While claw length grows in direct 97 

proportion to increasing body size, claw curvature is almost static during development (Pfingstl 98 

& Kerschbaumer, 2022). However, these littoral oribatid mites are monodactyl, which means 99 

they only possess a single claw on each tarsus, and they are subject to intense wave action and 100 

surf, therefore, a strong evolutionary selection for specific claw shapes is assumed (Pfingstl, 101 

Kerschbaumer & Shimano, 2020).  102 

In terrestrial oribatid mites there are, next to monodactyl species, also species with two or three 103 

claws on each leg, and nothing is known about the selective constraints shaping these claws. 104 

Most oribatid species associated with above-ground habitats in forests are considered to have 105 

evolved from lineages associated with the forest-floor soil and litter, and thus may have evolved 106 

modifications in their morphology in relation to habitat structure and other modifications in 107 

life-history traits (e.g., Behan-Pelletier & Walter, 2000). A recent review article (Pfingstl, 2023 108 

submitted) highlighted a huge variety of claw expressions in oribatid mites and demonstrated 109 

that almost nothing is known about the interaction of these claws with the specific 110 

environments. Despite ongoing research, little is currently known about the precise reasons 111 

behind the development of specific claw formations or the existence of varying numbers of 112 

claws.  113 

In this work, we performed qualitative and quantitative analyses to explore possible links 114 



 

between morphological variation and both ecological factors and phylogenetic constraints that 115 

could have driven the evolution of claws of monodactyl oribatid mite species in terrestrial 116 

habitats. We examined 12several species from Austria belonging to the two oribatid mite genera 117 

Carabodes and Caleremaeus.  118 

Carabodes (Acari, Oribatida Carabodidae), a morphologically characteristic oribatid mite 119 

genus was originally proposed by Koch in 1835. The type species for this genus is Carabodes 120 

coriaceus (Koch, 1835). Currently, the genus includes four subgenera and 135 species that are 121 

distributed worldwide (Subías 2022). These mites can be found in various habitats, including 122 

soil, litter, mosses, lichens, fungi, and on the bark of twigs, branches, and tree trunks. They can 123 

also occur on rock surfaces and in rotten wood (Reeves, 1987; Reeves & Behan-Pelletier 1998). 124 

As panphytophages, they are not specialized feeders, which accounts for their adaptability to 125 

such a wide range of habitats (Reeves, 1987). In Weigmann's (2015) work on the distribution 126 

and ecology of oribatid mites in Germany, one can discover the specific habitats and lifestyles 127 

of each Carabodes species. Presently, there are 14 species of Carabodes known to occur in 128 

Austria (Krisper et al., 2017).  129 

The genus Caleremaeus has recently been reexamined by Norton & Behan-Pelletier (2020), 130 

who listed four valid species: Caleremaeus monilipes (Michael, 1882) from the Palaearctic 131 

region, as well as C. retractus (Banks, 1947), C. arboricolus (Norton & Behan-Pelletier, 2020) 132 

and C. nasutus (Norton & Behan-Pelletier, 2020) all found in North America. The palearctic 133 

species Caleremaeus monilipes is highly adaptable and can live in a wide range of 134 

environments. It has been observed in various habitats across Europe, including alluvial forests, 135 

alpine meadows, spruce forests, deciduous forests, dry grasslands, and scree slopes (Ayyildiz 136 

et al., 2011, Schatz, 1983). The species is known to colonize a diverse array of substrates, such 137 

as soil, litter, mosses, lichens, decaying wood, and algae. In addition to its ability to live in 138 

different habitats and substrates, C. monilipes has also demonstrated a remarkable vertical 139 

distribution, ranging from colline to alpine regions. In Austria, it has been recorded at elevations 140 

exceeding 2600 meters above sea level (Schatz, 1979). In 2021, however, Lienhard & Krisper 141 

found out that C. monilipes in central and southern Europe indeed comprises six different 142 

species, with five species new to science: Caleremaeus mentobellus, C. lignophilus, C. alpinus, 143 

C. elevatus, and C. hispanicus, and all these species differ by their ecological preferences and 144 

needs.  145 

We chose members of these two oribatid mite genera for our study because they all show a 146 

single tarsal claw, have similar lifestyles, and species of the two different genera could 147 

sometimes even be found in the same sample.  Both genera might be classified as euryoecious, 148 



 

but certain individual species within these genera inhabit different microhabitats. We want to 149 

investigate which claw shapes exist in all these species and find out if they differ between the 150 

taxa. If differences are present, are these correlated with diverging ecologies or are they results 151 

of phylogenetic relatedness. Basically, this study should give us first insights into the interplay 152 

of claw shapes and environment in purely terrestrial oribatid mite species. What shapes claws 153 

of terrestrial species and what is the role of ecology?  154 

 155 

156 



 

Material and methods 157 

Sample and data collection 158 

We examined 300 specimens from 12 different species throughout the investigation (Table 1). 159 

We collected data on the genus Caleremaeus (Eremaoidea), including samples from three 160 

distinct species: Caleremaeus alpinus, Caleremaeus mentobellus, and Caleremaeus 161 

lignophilus; originating from nine different populations. We also gathered data on mites from 162 

the genus Carabodes (Carabodoidea), which comprised samples from 18 populations belonging 163 

to eight different species, namely Carabodes areolatus, Carabodes coriaceus, Carabodes 164 

labyrinthicus, Carabodes marginatus, Carabodes ornatus, Carabodes reticulatus, Carabodes 165 

rugosior and Carabodes tenuis. We included two populations of the species Odontocepheus 166 

elongatus (Carabodoidea) as a closely related outgroup for morphological investigation of the 167 

claw. They were not integrated in the phylogenetic signal analyses.in our study.  168 

Geometric morphometrics 169 

To perform claw morphometrics, we embedded each specimen in a microscopic slide using 170 

lactic acid and then photographed them in dorsal view with a digital microscope (Keyence 171 

VHX-5000). Subsequently, we applied pressure to crush the specimen so that the remaining 172 

legs with the claws were caught in a lateral position between the object carrier and object slide. 173 

To standardize the process, we only photographed and analyzed the claw of the first leg. Using 174 

VHX-5000_900F Datenkommunikationssoftware Version 1.6.0.0, we measured the body 175 

length and claw length from these photographs (Figure S4). We recorded the x,y coordinates of 176 

three landmarks (LM) and 32 semilandmarks using TpsDig2 (Vers.2.31, Rohlf, 2017). We 177 

placed 16 semilandmarks equidistantly along the claw edges dorsally between landmarks 2 and 178 

3, and ventrally between landmarks 1 and 3. Therefore we used the TPSdig function “rResample 179 

curve - by length”. The new 16 points were computed by linear interpolation along the curve. 180 

We provide a scheme for the positioning of landmarks in Pfingstl, Kerschbaumer & Shimano 181 

(2020). To enhance the analysis, we eliminated four semilandmarks that reflected positions like 182 

LM 1-3, resulting in three landmarks and 28 semilandmarks. The claw curvature was calculated 183 

from raw landmark coordinates as the angle between the three landmarks on the inner curvature 184 

of the claw (gamma). We analyzed two-dimensional claw shape in R with the package 185 

‘geomorph’ (Baken et al., 2021). We did generalized procrustes analysis (GPA) on our 186 

landmarks and semi-landmarks (using function gpagen) and performed principal component 187 

analyses (PCA) of shape variation on aligned shapes (gm.prcomp). We tested for differences in 188 

shape disparity between populations across all species and both genera using the function 189 



 

morphol.disparity (in ‘geomorph’).  190 

 191 

Phylogenetic signal 192 

Extraction of total genomic DNA from single individuals followed the Chelex method given in 193 

Schäffer et al. (2018). Standardized protocols were applied for PCR amplification, purification 194 

and sequencing (Schäffer et al., 2010, 2018). We sequenced the standard COI barcoding region 195 

(658 bp) for one specimen of each studied population and verified all sequences by comparisons 196 

with known ones from GenBank. We used the standard barcoding primers C_LepFolF and 197 

C_LepFolR (Hernández-Triana et al. 2014). The two final datasets included eighteen 198 

individuals for Carabodes respectively, nine for Caleremaeus. Sequences were aligned by eye 199 

in MEGA v6. (Tamura et al. 2013). Maximum likelihood phylogenies were obtained using IQ-200 

TREE (Nguyen et al., 2015) on the platform PhyloSuite v.1.2.2 (Zhang et al., 2020) under Edge-201 

linked partition model for 5000 ultrafast bootstraps (Minh, Nguyen & von Haeseler et al., 2013). 202 

PartitionFinder2 (Lanfear et al., 2017) was used to select the best partitioning scheme and 203 

evolutionary models for 3 pre-defined partitions (partitioning by codons) under greedy 204 

algorithm. All calculated trees are unrooted.  All alignments are available in the Supplemental 205 

Material. All sequences used in these reconstructions are available from GenBank under the 206 

accession numbers OQ970666 to OQ970692. 207 

Based on the phylogenies generated by IQ-TREE we quantified the phylogenetic signal of claw 208 

shape within the two mite genera using Blomberg’s K (Blomberg et al., Garland & Ives,  2003) 209 

with 9999 random replicates using the R package geomorph (Adams & Otárola‐Castillo, 2013) 210 

and the physignal() function.  211 

Our raw data and R code files are available in the Supplemental Materials.  212 

Ecological information 213 

To get insights into the ecology of the genus Carabodes, we created a table (Table 2ab) using 214 

data of Weigmann et al. (2015), where we list the number of habitats and possible living styles 215 

for each investigated Carabodes species. We did the same for the genus Caleremaeus based on 216 

data from Lienhard & Krisper, (2021) (Table 2ba).  217 

 218 

  219 

Formatted: English (United States)



 

Results 220 

The body size of Carabodes species ranges from approximately 400-800 µm. The smallest 221 

species examined is C. tenuis, measuring around 400 µm, while the largest is C. coriaceus, 222 

reaching up to 800 µm (Figure 1a). Populations within each species vary slightly in size but are 223 

not significantly different. Claw size correlates well with body size in most species. The ratio 224 

of claw length to body length (cl/bl) is conspicuously higher in only two species, namelyonly 225 

for C. coriaceus, and C. reticulatus. A regression plot of the two sizes (Figure S2) shows that 226 

there is an apparent jump in claw size at a certain body size. Regarding the angle gamma, 227 

measurements range from 75 to 105 degrees. It can be observed that C. reticulatus and C. 228 

marginatus have the most widely open claws. On average, C. rugosior has the most curved 229 

claw with a curvature angle of around 85°. The results of the principal component analysis 230 

(PCA) conducted on the Carabodes dataset indicate that the first two principal components 231 

(PC1 = 30.6% and PC2 = 22.8%) account for approximately 52% of the total variation. While 232 

there is a considerable overlap between individuals of different species, species means are 233 

positioned differently in morphospace, with most species clustering around the intersection of 234 

PC1 and PC2 (Figure 1a). Along PC1, there is only minimal separation. Only C. rugosior and 235 

C. areolatus are slightly further in the negative range of PC1 and can thus be distinguished 236 

from, for example, C. coriaceus. Notably, the meanshape of the outgroup species O. elongatus 237 

is located at the highest positive position on PC2, indicating a claw that is less elongated 238 

compared to the seven Carabodes species. Notably, the meanshape of the outgroup species O. 239 

elongatus is located at the highest positive position on PC2, exhibiting a slightly different claw 240 

shape than the seven Carabodes species. The ordination of the specimens along the first two 241 

principal components shows that variation along PC2 is mainly related to species affiliation. 242 

The corresponding shape changes in the positive or negative direction of PC axis 2 show us a 243 

more compact and hunchbacked form of the species that are positioned in the positive range of 244 

PC axis two, and a slightly more elongated, drawn-out claw of the species that appear in the 245 

negative range.  246 

The body size of Caleremaeus species ranges from approximately 315-400 µm, with the 247 

smallest species examined being C. lignophilus at around (340 µm), and the largest being C. 248 

alpinus (380 µm) and C. mentobellus with a body size of about (360 µm) (Figure 2a). While 249 

populations within each species vary slightly in body size, they are not significantly different. 250 

Notably, the ratio of claw length to body length (cl/bl) is lower in C. alpinus. In terms of the 251 

angle gamma, measurements range from 80 to 100 degrees, with no marked differences 252 

observed among the three species, only C. alpinus shows a slightly lower gamma in all three 253 
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populations. Results of the principal component analysis (PCA) conducted on the Caleremaeus 254 

dataset indicate that the first two principal components (PC1 = 32.34%, PC2 = 21.38%) account 255 

for approximately 54% of the total variation. While there is considerable overlap between 256 

individuals of different species, species means are positioned differently in morphospace. C. 257 

lignophilus and C. mentobellus cluster closely together, while C. alpinus exhibits a different 258 

claw mean shape (Figure 2b). The corresponding shape changes in the positive or negative 259 

direction of PC axis 2 indicate a more curved form of the species that are positioned in the 260 

positive range of PC axis two, and a slightly more elongated claw of the species that appear in 261 

the negative range. There are no marked differences in claw disparity among species in both 262 

genera (Figure S1.) 263 

 264 

Phylogenetic influence 265 

By examining the scatterplot in Figure 3, which shows the average shapes of different 266 

populations of Carabodes, we can see that there are distinct groupings. When compared to the 267 

phylogenetic tree of the same populations, similarities can be seen. The populations of the 268 

species C. marginatus, C. reticulatus, C. coriaceus, and C. ornatus cluster together, while the 269 

remaining species form distinct groups. Furthermore, running the Kmult method in R confirms 270 

presence of a phylogenetic signal in claw shape for Carabodes (K= 2 x e-5, P=0.0036).  Despite 271 

this phylogenetic influence in claw shape it is possible to observe that there are species standing 272 

out in terms of their claw shape (Figure 1a, Figure 3). C. rugosior, C. reticulatus and C. tenuis 273 

exhibit claw shapes that deviate from the mean.  274 

For Caleremaeus we get another picture, regarding phylogenetic influence. The phylogenetic 275 

tree of Caleremaeus populations demonstrates that we have distinct species, with populations 276 

of each clustering together (Figure 4). But in terms of their claw shapes, populations of the same 277 

species are not more similar to each other than they are to populations of other species, 278 

indicating the absence of a phylogenetic signal. Confirming these findings by using Blomberg’s 279 

K, we find no phylogenetic signal in claw shape in the genus Caleremaeus (K= 6 x e-5, 280 

P=0.666). 281 

Habitat specificity/ecological impact on claw shape  282 

For our eight investigated Carabodes species we found 23 different habitat types and five types 283 

of lifestyles in the above-mentioned literature (Table 2). All species could be assigned to the 284 

lifestyle of “soil dwellers”. All but one could be denoted as arboricolous, as bark dwellers. 285 



 

While Carabodes labyrinthicus was found in a high number of 22 different habitats, C. tenuis, 286 

C. reticulatus and C. rugosior, with two to four different environments seem to be more specific 287 

in their choice of habitat. The investigated Caleremaeus species could be assigned to three 288 

different lifestyles, namely arboricolous - as bark dweller, soil dweller and epilithic – on rocks, 289 

stones and walls. C. alpinus was found in seven different habitats while C. lignophilus was 290 

exclusively found in deadwood.  291 

When we examine all species of both genera in a principal component analysis (PCA), we see 292 

that the claw shapes of individual species and genera are not very different. (Figure 5). Although 293 

species of Caleremaeus are located more at the edgenegatively along both PC1 and PC2, they 294 

are still within the morphospace of Carabodes. Based on the claw shapes of the respective 295 

species, we can see that they are very similar. Only the species C. rugosior, C. reticulatus and 296 

C. tenuis exhibit somehow exceptional forms. C. reticulatus exhibits a long and less curved 297 

claw. In contrast, C. tenuis possesses a more curved claw, similar to C. rugosior. However, C. 298 

rugosior stands out with not only a stronger curvature but also a higher-arched claw. When 299 

considering habitat specificity (Table 2) a correlation between "specialized claw" and "stronger 300 

habitat specificity" can be identified for C. rugosior, C. reticulatus and C. tenuis. 301 

  302 
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Discussion 303 

The two mite genera, Caleremaeus and Carabodes, can both be classified as euryoecious, but 304 

within the genus, there is some habitat specificity. In terms of habitus, all investigated 305 

Carabodes species and the examined closely related Odontocepheus elongatus are easily 306 

distinguishable based on their overall morphology. The claw shape varies moderately, with 307 

Odontocepheus elongatus standing out due to its much more curved and compact claw than 308 

Carabodes species. The claw shapes of the three Carabodes species C. reticulatus, C. rugosior 309 

and C. tenuis deviate the most from the others, and interestingly these three species are only 310 

found in a small number of habitats (see table 2). This higher habitat specificity might require 311 

a more specialized claw shape but how this “specificity” looks like is not easy to define. After 312 

Weigmann et al. (2015), C. tenuis is restricted to bark and soil in coniferous (mixed) forests 313 

and our study samples are exclusively from deadwood taken in coniferous (mixed) forests. It is 314 

possible that this narrow niche has resulted in the strongly deviating claw shape of this species, 315 

their claws are relatively large for the small body size and show a moderate curvature. We 316 

observed a similar phenomenon for Lamellovertex caelatus in a former study (Kerschbaumer 317 

& Pfingstl, 2023), where the claw shape of this saxicolous species living only in dry mosses 318 

and lichens is significantly less curved than in more euryoecious species. In birds, lesser curved 319 

claws are significant for ground dwelling species (Birn-Jeffery et al., 2012) and in lizards, 320 

species occurring on sandy soils usually show lower curved claws (Tulli et al., 2009). Greater 321 

degrees of curvatures, on the other hand, are supposed to be characteristic for tree climbing 322 

species, at least in birds and reptiles (e.g. Feduccia, 1993; Tulli et al. 2009). It is not yet known 323 

ifIf a similar correlation applies to the Carabodes species cannot be answered yet.  324 

Carabodes reticulatus and C. rugosior were sampled on bracket fungi in this study. Hågvar , 325 

Amundsen & Økland et al. (2014) found C. reticulatus only in dead sporocarps in a spruce 326 

forest. They suggest that Carabodes species found in fruiting bodiesy of wood-decay fungi are 327 

primarily living in decomposing wood where fungal food is limited, but they use the 328 

opportunity to multiply efficiently in energy-rich sporocarps if these are available. On the other 329 

hand, C. rugosior was never found in sporocarps within the study of Hågvar, Amundsen & 330 

Økland et al. (2014) and is described as an inhabitant of soil near tree bases (Sellnick & 331 

Forsslund, 19532; Weigmann, 2006). Their controverse incongruent claw shapes, with C. 332 

rugosior having a more curved claw (gamma difference ~10°) than C. reticulatus, may reflect 333 

this microhabitat difference. Interestingly, Weigmann et al. (2015) did not describe any 334 

Carabodes species as fungicol. The other Carabodes species which can be found in a noticeably 335 

wide range of different habitats (see table 2), like C. labyrinthicus, show claw shapes that are 336 
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placed more in the center of the morphospace, i.e. they are neither strongly curved, nor 337 

extremely weakly curved, they are intermediate so to speak. The same phenomenon was 338 

observed in intertidal oribatid mites, where species with wider ecological ranges show also 339 

intermediate claw shapes (Pfingstl, Kerschbaumer & Shimano, 2020). Apparently, extreme 340 

claw shapes are not selected for if species should be able to dwell in a wider array of 341 

microhabitats. Apart from these results, we could also observe that the claws of the first leg of 342 

Carabodes species are basically distinctly smaller than the claws of the remaining legs. The 343 

reason for this apparent size difference is unknown and needs further detailed investigation.  344 

However, it seems that phylogenetic relationship between species has a stronger influence on 345 

claw shape in Carabodes than the habitat. Species of the same genetic cluster are more similar 346 

in terms of their claw shape. We could quantify a phylogenetic signal, indicating that ecology 347 

does not play the biggest role in shaping Carabodes claws, as was shown for example, in 348 

oribatids of the littoral zone (Kerschbaumer & Pfingstl, 2021).  349 

Our results concerning the genus Caleremaeus support the hypothesis of Lienhard & Krisper 350 

(2021), who postulate a strong association of the different Caleremaeus species to specific 351 

microhabitats. They found a clear genetic differentiation between species of neighboring 352 

microhabitats, but not between distant microhabitats of the same type, thus a high degree of 353 

habitat specialization is assumed. In respect of claw shapes, no apparent pattern can be found 354 

correlating this morphological structure with habitat. Caleremaeus alpinus , which is restricted 355 

to subalpine and alpine habitats, differs the most from C. lignophilus and C. mentobellus in 356 

terms of claw shape. Their claws are noticeably more curved and smaller in size, which results 357 

in a lower ratio of claw length to body length when compared to the other two species, C. 358 

lignophilus and C. mentobellus (see Figure S3). Caleremaeus alpinus can be found in a variety 359 

of microhabitats and therefore it is surprising that their claws are not intermediate like the claws 360 

of euryoecious Carabodes. But C. alpinus is restricted to higher altitudes and thus could be 361 

adapted to low temperatures. and to a short .active period and therefore claws might be shaped 362 

for faster and more effective movement. However, we have no evidence for such a correlation 363 

and need much more data in this respect. Caleremaeus lignophilus, on the other hand, is a clear 364 

specialist, as it can only be found in deadwood. Their claws are the least curved in comparison 365 

to the other species (Carabodes included) and a weaker curvature is supposed to be a feature of 366 

claws mainly used on soft substrates, at least in intertidal oribatid mites (Pfingstl, Kerschbaumer 367 

& Shimano, 2020) but also in lizard species occurring on sandy soils (Tulli et al., 2009). Dead 368 

and rotten wood is clearly a soft substrate and consequently the weaker curvature of C. 369 

lignophilus claws may be an adaptation to walking on this underground. Nevertheless, the 370 



 

comparison of only three species with partly overlapping ecologies does not allow us to infer 371 

any distinct patterns of correlation between claw shape and habitat. In contrast to Carabodes, 372 

mapping the claw shapes onto the molecular phylogeny of populations of these Caleremaeus 373 

species results in a lack of a phylogenetic signal. These findings would suggest that the claw 374 

morphology of Caleremaeus is likely an adaptation of single species to their unique habitat and 375 

lifestyle but given the very low number of investigated species of this genus, the present lack 376 

of a phylogenetic signal must be regarded with caution. 377 

Comparing the claw shapes of Caleremaeus and Carabodes, results in surprisingly similar 378 

shapes with relatively few divergences between these far very distantly related genera (see 379 

Figure 5). Even though single species may show large ecological variances, most of the species 380 

occupy similar habitats, and Caleremaeus and Carabodes were often found together in the exact 381 

same sample. This indicates that the overlapping habitat preferences result in similar claw 382 

shapes in these taxa originating from different superfamilies.  383 

Methodological aspects 384 

In our study, we use 2D instead of 3D morphometrics because capturing the miniature claw in 385 

3D was not feasible with our current resources, given its size of less than 20 µm. However, 386 

analyzing claw curvature, claw length, and overall shape from 2D images still provides valuable 387 

information for comparing claw shapes among mite species. Although there are limitations to 388 

the resolution of the light microscope, we can enhance the photos optically, such as by 389 

increasing contrast, to ensure the accurate identification of all crucial points during digitization. 390 

We also want to acknowledge the limitations of our approach and emphasize the importance of 391 

future studies incorporating 3D morphometrics and higher-resolution imaging techniques. 392 

These advancements will undoubtedly contribute to a more comprehensive understanding of 393 

claw shape and curvature in mites. A study conducted by Dai, Gorb & Schwarz (2002) 394 

examined the relationship between the dimension of the claw tip and the substrate texture in 395 

generating friction force in the beetle Pachnoda marginata. Their findings concluded that the 396 

friction force is influenced by both surface roughness and claw tip diameter. Additionally, 397 

another study by Pattrick et al. (2018) explored the effect of claw tip diameter on attachment 398 

performance in insects on rough surfaces. They proposed that attachment performance 399 

decreases with increasing body size due to mechanical constraints on claw design. Applying 400 

such investigations to oribatid mites would be highly intriguing. However, the current challenge 401 

lies in conducting such studies on mites due to their small size and the absence of 3D claw 402 

images but also the diversity of their microhabitats and substrates. 403 
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As another methodological aspect, we want to mention that claw curvature varies in its 404 

definition across studies, posing challenges for result comparisons. In our study, we adopted a 405 

similar approach to Zani, 2000, measuring angles between specific points to quantify the inner 406 

curvature of the claw. For us this method is straightforward as it utilizes landmark coordinates 407 

obtained from shape analysis. For instance, Birn-Jeffery et al., 2012, considered both inner and 408 

outer claw curvature angles, while Feduccia, 1993, quantified curvature as the central angle 409 

formed by radii from claw ends, representing the arc's portion within the claw. It's important to 410 

note that the specific method used to measure claw curvature may vary depending on the study 411 

and the organisms being investigated and therefore could not be compared. 412 

 413 

Conclusions 414 

The present results demonstrate that characteristics of the claws of terrestrial oribatid mites are 415 

correlated with ecology, but this correlation is apparently weaker than in intertidal oribatid 416 

mites that are prone to strong external forces. Terrestrial habitats are less exposed to wind and 417 

water than coastal environments and the falling of a leave leaf is not as dramatic for the mites 418 

as being washed away into the open ocean. Therefore, selection on claw shape may work to a 419 

lesser extent in terrestrial mites. The nature of the correlation of claws with other factors 420 

remains largely unclear due to the complex microhabitat features of terrestrial habitats. Further 421 

detailed studies on terrestrial species being specialized to certain microhabitats may reveal 422 

which claw shapes may be preferable for specific environments.   423 
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