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Abstract
Mites (Arachnida: Acariformes, Parasitiformes) are the most abundant and species-rich group of
arthropods in soil, but are also diverse in freshwater habitats, on plants, and as symbionts of larger
animals. However, assessment of their diversity has been impeded by their small size and often
cryptic morphology. As a consequence, published estimates of their species richness span more than
two orders of magnitude (0.4 - 114 million). In this study we employ DNA barcoding and the Barcode
Index Number (BIN) system to investigate mite diversity at over 1,800 sites across Canada, primarily
from soil and litter habitats with smaller contributions from freshwater, plants, and animal hosts.
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Barcodes from 73,394 specimens revealed 7,077 BINs with representatives from all four orders
(Ixodida, Mesostigmata, Sarcoptiformes, Trombidiformes) and 60% (186) of the known families. The
BIN total is 2.4 times the number of species previously recorded from Canada (2,999), reflecting the
unexpectedly high richness of several families. Richness projections suggest that more than 28,000
BINs occur at the sampled locations, indicating that the Canadian mite fauna almost certainly includes
more than 30,000 species – a total similar to that for the most diverse insect order in Canada, Diptera.
This unexpected diversity was partitioned into highly dissimilar, spatially-structured assemblages that
likely reflect dispersal limitation and environmental heterogeneity. Further sampling of a greater
diversity of habitats will refine understanding of mite diversity in Canada, but similar analyses in
other geographic regions will be essential to ascertain their diversity at a global scale.
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Introduction
Soil has been called “the poor man’s tropical rainforest” because of its high yet poorly explored
biodiversity (Giller, 1996). Although the abundance of arthropods in soil and litter may actually
exceed that in aboveground habitats by two orders of magnitude (André, Noti, & Lebrun, 1994),
species richness in these habitats is so poorly understood that estimates range from 2-325 million
species (André, Noti, & Lebrun, 1994; Erwin, 1982; Stork, 1988). This uncertainty can only be
resolved through large-scale surveys of the most diverse components of this fauna. From this
perspective, tackling mites (Acari) is imperative because they are the most abundant group of soil
arthropods (Behan-Pelletier & Bissett, 1992; May, 1988), often occurring at densities >0.5 million
individuals per square metre in temperate zone soils (Walter & Proctor, 2013; Neilson, Wall, & Six,
2015). Although more than half of their known species are associated with soil or litter habitats
(Brussaard, 1997), mites also form highly diverse assemblages on plants (Saito, 2009), in freshwater
(Di Sabatino et al., 2008), and as symbionts of larger animals (Walter & Proctor, 2014). About 56,000
species have been described, but estimates of their total richness range from 440,000 to 114 million
species (André, Noti, & Lebrun, 1994; Walter & Proctor, 2013). The extent of undescribed species
combined with their small size and cryptic morphology impede detailed assessments of mite diversity.
As a result, mites are often excluded from biotic surveys or are only assigned to a class or order (e.g.
Kitching, Li, & Stork, 2001; Stork 1988). Studies with finer taxonomic resolution usually focus on a
particular mite taxon at a local scale (e.g. Oribatida: Lindo & Winchester, 2009; Gan, Zak, & Hunter,
2019).

DNA barcoding can enable taxonomically comprehensive analysis of mite assemblages at a large
geographic scale. In particular, the Barcode Index Number (BIN) system utilizes a refined singlelinkage cluster analysis to automate species delineation by assigning a unique alphanumeric
designator to each sequence cluster in the barcode region of the mitochondrial cytochrome c oxidase I
(COI) gene (Ratnasingham & Hebert, 2013). Unlike fixed threshold approaches (Meyer and Paulay,
2005), the BIN system provides a flexible solution to species delineation that accommodates diverse
patterns of intra- and interspecific divergence values (Ratnasingham & Hebert, 2013). Its
determination of sequence clusters are often congruent with other methods of species delineation (i.e.
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ABGD, GMYC, jMOTU), consequently providing similar counts of species richness (Kekkonen &
Hebert, 2014; Young, Behan-Pelletier, & Hebert, 2012). Prior studies have also shown that BINs
correspond closely with recognized species in groups with well-established taxonomy (Díaz et al.,
2016; Hendrich et al., 2015; Huemer, Mutanen, Sefc, & Hebert, 2014). This pattern extends to at least
one intensely-studied mite lineage (Ixodida: Ondrejicka, Morey, & Hanner, 2017), reflecting the
effectiveness of barcode-based species delineation in this group (Li et al., 2012; Schäffer,
Kerschbaumer, & Koblmüller, 2019; Zhang & Zhang, 2014). However, just one study has used this
approach to evaluate mite diversity at a large scale (Young et al., 2012). It revealed 900 soilassociated mite BINs – three times the expected number of species (Danks, 1981) – at a single locality
in subarctic Canada.
Here we use DNA barcoding to begin the assessment of mite diversity at a hemi-continental scale. We
explore sites across Canada (7% of the planet’s land surface) using diverse collection methods to
target major mite taxa. The most recent checklist for the Canadian fauna reported 2,999 species of
mites assigned to 311 families and four orders. It suggested that 7,000 more species await discovery,
with major contributions expected from each of the higher mite taxa except Ixodida (Beaulieu et al.,
2019). The present study employs the BIN system to both obtain an independent estimate of the likely
species count for each order and to assess spatial variation in assemblages of soil- and litter-associated
mites.

Materials and Methods
Sample selection
Collections were made at sites across Canada using various methods targeting soil- and litter(modified Berlese-Tullgren funnels and pitfall traps), aquatic- (dip-net, underwater UV-light traps),
plant- (gall dissection, plant washing) and animal-associated (bird washing, flight-intercept traps,
Malaise traps, pan traps, sweep-netting,) taxa (see Supplementary Table 1 for complete collection
details). Some specimens derived from a three-year (2012-2014) study in which the Centre for
Biodiversity Genomics (CBG; http://biodiversitygenomics.net/) collected samples from three sites in
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each of 26 Canadian protected areas (national and provincial parks, ecological reserves, conservation
areas). Each of these locations represented a Natural Region with distinct floras (Parks Canada, 1997)
and provided coverage for five of Canada’s ten ecoregions (EPA, 2015) (Supplementary Table 2).
Soil- and litter-associated mites were sampled at each site using two methods. Modified BerleseTullgren funnels were used to extract mites from three litres of leaf litter and the upper organic layer
of soil into 95% EtOH for six days. Mites were also sampled using pitfall traps since this method may
capture more of the surface-active fauna (Menke & Vachter, 2014). Two parallel transects of 10
pitfall traps (approximately 30m long and 10m apart) were emptied every other day for six days.
Specimens from all 20 traps were pooled and stored in 95% EtOH. The specimens in each sample
were sorted to morphospecies and, when possible, were identified to family using keys in Krantz &
Walter (2009). Up to five individuals per morphospecies were selected from each sample for
molecular analysis and arrayed into 96-well microplates with 30 µl of 95% ethanol per well.
Molecular analysis
The 658 base pair barcode region of COI was sequenced at the Canadian Centre for DNA Barcoding
(CCDB; www.ccdb.ca) following protocols outlined in deWaard et al. (2019). The bcdF04 and
bcdR04 (Dabert, Ehrnsberger, & Dabert, 2008) primer set was used for Astigmatina (Sarcoptiformes)
mites, while all other mite lineages were amplified and sequenced using a 1:1 ratio of LepF1-LepR1
(Hebert, Penton, Burns, Janzen, & Hallwachs, 2004) and LCO-HCO primers (Folmer, Hoesh, Black,
& Vrijenhoek, 1994). The PCR regime was extended from 40 to 60 cycles because this significantly
improved PCR success (58% increase, n = 285; X2, p < 0.001) without impacting the rate of nontarget sequence recovery (X2, p > 0.5), and reduced differences in recovery success among mite taxa
(X2, p > 0.05). All DNA extracts are archived at -80°C and voucher exoskeletons were recovered after
DNA extraction and are deposited in the specimen archive at the CBG. Chromatograms were edited in
CodonCode Aligner v4.2.7 (CodonCode Corporation, www.codoncode.com), and the resulting
sequences and traces are deposited in the Barcode of Life Datasystems (BOLD, Ratnasingham &
Hebert, 2007), along with selected records from GenBank that represented important occurrences of
particular mite taxa in Canada. Each sequence meeting quality standards (≥ 500 bp, < 1% ambiguous
bases, free of contamination and stop codons) was assigned to a BIN (Ratnasingham & Hebert, 2013).
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Data validation
Sequences lacking BIN assignments were excluded from further consideration. To aid taxonomic
validation, at least one specimen of each BIN with a well-preserved voucher was photographed. A
Kimura-2-Parameter Neighbor-Joining tree was constructed using BOLD’s Taxon ID Tree function
with its corresponding image library. The tree was inspected for long branches and for unusual
placement of taxa (i.e. taxonomic discordance within a cluster), and the image library was examined
for mismatches between morphology and taxonomic assignment. Suspect sequences were queried
against all records on BOLD using the Identification Engine. This quality assurance step revealed
cases of contamination, pseudogenes, and low quality reads that were excluded from further analysis.
Cases of potential misidentification were evaluated by examining photographs and by slide mounting
the specimens in question. Some could not be assigned to a family prior to molecular analysis (e.g.
diagnostic characters not easily visible or life-stage/sex precluded identification). When possible, they
were assigned to a family based on their membership in a BIN with morphologically identified
specimens, but were otherwise identified morphologically.
Richness assessment
Using the entire dataset, sampling completeness was evaluated through sample-based rarefaction
curves of BIN incidence (presence/absence) in EstimateS (Colwell, 2013) with 1,000 randomizations.
Total BIN richness was also estimated for all mites and for each order separately using the incidencebased coverage estimator (ICE; Chao, Hwang, Chen, & Kuo, 2000) in EstimateS.
The observed and estimated BIN richness values for each order were compared with expected species
richness following the taxonomy used by Beaulieu et al. (2019) with two exceptions. Beaulieu et al.
(2019) placed the Eriophyoidea within the Endeostigmata (Sarcoptiformes) following Klimov et al.
(2018), while we retained the conventional placement of this superfamily within the Trombidiformes
(Krantz & Walter, 2009). Secondly, we retained the Eutromibidiidae as a distinct family (C.
Welbourn, pers. comm.) while Beaulieu et al. (2019) merged it with the Mircrotrombidiidae. The
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observed BIN richness and expected species richness values from Beaulieu et al. (2019) were
compared for each family using a paired t-test.
Diversity patterns of soil and litter mite assemblages
Diversity patterns of soil-associated mites were compared using the subset of Berlese-Tullgren and
pitfall samples derived from the CBG’s standardized three-year study. Several sets of analyses were
run: one for all mite taxa together and others for each order separately. Although ticks (Ixodida) were
encountered, they were so species-poor in our samples that they were excluded from these analyses.
Sampling completeness and BIN richness were evaluated through sample-based rarefaction (1,000
randomizations) and richness (ICE) estimates calculated from BIN incidence data using EstimateS.
Variation in β-diversity was evaluated through incidence-based metrics of pairwise dissimilarity.
Total β-diversity (Sorensen dissimilarity; βSor) was estimated for each pair of samples at three spatial
scales (Site, Park, and Ecoregion) and was further partitioned into its turnover (Simpson dissimilarity;
βSim) and nestedness (βNes) components (Baselga, 2010) using the betapart (Baselga & Orme, 2012)

package in R version 3.5.0 (R Core Team 2018). Because undersampling can underestimate the
similarity between samples (Chao, Chazdon, Colwell, & Shen, 2005), the Chao-Sorensen (βChaoSor) measure of dissimilarity, which is less affected by undersampling bias than other indices, was
also estimated using the CommEcol R package (Melo, 2017). Dissimilarity values range from 0 to 1,
with 0 indicating complete species overlap, and 1 indicating no shared species. Nestedness values also
range from 0 to 1 with 0 indicating a non-nested composition while 1 indicates complete nestedness.
The proportion of variation in β-diversity explained by spatial structure was estimated through Mantel
test (1,000 randomizations) correlations of pairwise dissimilarity and geographic distance matrices
using the ade4 package in R (Dray & Dufour, 2007). Each metric of pairwise β-diversity was
evaluated with permutational multivariate analysis of variance (perMANOVA) using the vegan
package (Oksanen et al., 2015) in R to test for differences in mite composition with collection method
(Berlese-Tullgren and pitfall trap) and spatial scale (Site, Park, and Ecoregion) as explanatory factors.
Scheirer–Ray–Hare (SRH) tests were also performed using the rcompanion (Mangiafico, 2017) R
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package to test for differences in the mean pairwise β-diversity between collection methods at each
spatial scale.
To explore the contributions of diversity at each spatial scale, total BIN richness (γ-diversity) was
hierarchically partitioned into its site (within-park), park, and ecoregion components using
PARTITION (Veech & Crist, 2009). Partitions were calculated additively (γ = αSite + βSite + βPark
+ βEcoregion) and multiplicatively (γ = αSite x βSite x βPark x βEcoregion) such that αSite is the
average BIN richness of a site, while βSite is the net (i.e. βSite = αPark – αSite) and proportionate

(i.e. βSite = αPark/αSite) increase in BIN richness between successive spatial scales. To test whether
partitions differed significantly from chance, null models were constructed at each spatial level with
1,000 sample-based randomizations following Crist et al. (2003). Specifically, BIN incidences were
randomly assigned to sites, sites were randomly assigned to parks, and parks to ecoregions to test the
null hypothesis that partitions at each spatial level were comprised of a random assortment of lowerlevel samples.

Results
Richness assessment
In total, 73,394 sequences were obtained from the mites collected at 1,839 sites (Figure 1) with an
average of 10 morphospecies per site. Most specimens derived from Malaise (48.1%) and BerleseTullgren (32.3%) samples. The others were collected by pitfall (9.1%) and passive invertebrate traps
(4.7%), aquatic (1.4%), plant (1.4%), vertebrate-associated samples (1.3%), with 1.8% lacking
information on their collection method. Interestingly, the Berlese-Tullgren samples included
representatives of the most BINs (50.4% of total), followed by Malaise (40.6%), pitfall (21.3%), and
passive invertebrate traps (13.8%), aquatic (4.9%), plant (3.9%), and vertebrate-associated samples
(0.7%), while samples lacking information on collection method included representatives of 4.5% of
all BINs. All four orders of mites known from Canada were represented, but the count ranged from
516 sequences for the Ixodida to 30,611 for the Sarcoptiformes (Supplementary Table 3).
Undersampling was evidenced by the high proportion of singleton (2,607; 36.9%) and doubleton
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(1,138; 16.1%) BINs. While the slope of the BIN rarefaction curve was lowest for the Ixodida, none
of the orders achieved an asymptote (Figure 2). In total, the collections included 7,077 BINs, 2.4x the
number of mite species (2,999) known from Canada. Apart from ticks (22 BINs vs 48 known
species), the number of BINs for each order was 2.1-2.8x the number of species known from Canada
(Figure 3). ICE richness projections ranged from 90 BINs for the Ixodida to 12,663 BINs for the
Trombidiformes with a total estimated richness of 28,241 mite BINs at the sampled locations.
At least one BIN was recorded for 60% of the 186 mite families known from Canada (Beaulieu et al.
2019). Average BIN richness did not differ significantly from the expected species richness for each
family (mean BIN richness = 37.9, mean expected species = 43.4; paired t-test, p < 0.1), but the ratios
showed marked variation (1-16x). Less than half of the expected diversity was found in 60 families,
while more than twice the expected diversity was observed in 16 families; 12 of these were
Trombidiformes and four were Sarcoptiformes (Figure 4, Supplementary Table 3).
Diversity patterns of soil and litter mite assemblages
The 11,084 specimens analyzed from the 78 sites within the 26 protected areas (Figure 5) included
representatives of 2,230 BINs. The slope of each ordinal rarefaction curve was steep, indicating that
none had approached an asymptote (Figure 6). The observed and estimated richness of mites captured
through Berlese-Tullgren extraction was higher (1,444 BINs; ICE = 4,817) than those captured in
pitfalls (1,142 BINs; ICE = 3,624). The Mesostigmata had the lowest BIN richness in both the
Berlese-Tullgren (200 observed, ICE = 635) and pitfall samples (185 observed, ICE = 650). Although
Trombidiformes richness in the Berlese-Tullgren samples was high (409 BINs, ICE = 1,932), these
samples were dominated by Sarcoptiformes (835 BINs, ICE = 2,451). By comparison, the pitfall traps
showed similar diversity for the Trombidiformes (457 BINs, ICE = 1,531) and Sarcoptiformes (BINs
= 493, ICE = 1,436) (Figure 6).
Overall, pairwise dissimilarities were high and increased with distance between sites (Figure 7).
Compositional differences primarily reflected BIN turnover (βSor) rather than nestedness (βNes)
(Figure 7), but were lower and more variable when undersampling (βChao-Sor) was considered. With
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the exception of βNes, all pairwise β-diversity metrics were positively correlated with geographic
distance between samples (Table 1). Slightly more variation in β-diversity was explained by distance
for the pitfall than the Berlese-Tullgren samples (Table 1). The variation in Mesostigmata and
Trombidiformes β-diversity explained by spatial distance was higher for the pitfall than BerleseTullgren samples, while the opposite trend was observed for the Sarcoptiformes.
Compositional differences between Berlese-Tullgren and pitfall samples were significant at all spatial
scales, but more variation in β-diversity was explained by differences among parks (perMANOVA R2
= 0.13-0.15, p < 0.001) than among sites (perMANOVA R2 = 0.013-0.016, p < 0.001) or ecoregions
(perMANOVA R2 = 0.031-0.038, p < 0.001). This pattern was apparent for all orders with the
exception that the composition of the Sarcoptiformes was not significantly different at the park scale
(Supplementary Table 4). Overall, mean pairwise dissimilarity was consistently lower in the pitfall
than the Berlese-Tullgren samples (SRH tests of significance, p < 0.05), but this varied among orders.

Dissimilarity was, for example, lower for Mesostigmata and Trombidiformes captured through pitfalls
than via Berlese-Tullgren extraction (SRH tests of significance, p < 0.05). On the other hand,
Sarcoptiformes dissimilarity was lower in the Berlese-Tullgren than the pitfall samples (SRH tests of
significance, p < 0.05) (Figure 7).
The hierarchical partitions of diversity were similar for each collection method; β-diversity at the
finest scale (site) was low and increased with each hierarchical level with ecoregions contributing the
highest proportion of β-diversity to γ-diversity (Figure 8). Partitions were typically higher for BerleseTullgren than for pitfall samples, but this varied among the major orders depending on scale (Figure
8). Specifically, additive and multiplicative β-diversity for Mesostigmata and Trombidiformes were
lower for the Berlese-Tullgren than pitfall samples at the site level. Although additive
Trombidiformes β-diversity was also lower for the Berlese-Tullgren samples at the park and
ecoregion levels, this result did not hold when the data were partitioned multiplicatively. Compared to
null models, partitions of αSite were higher (1-3%) than expected by chance (p < 0.0001). Partitions
of β-diversity were also higher (additive = 1.5-2.2%, multiplicative = 2.1-5.2%) than expected (p <
0.0001) at the park level, but not at the site or ecoregion levels.
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Discussion
Richness assessment
The present study is the largest inventory of mite diversity based on DNA barcodes in any geographic
setting. It involved the analysis of taxa representing 186 of the 311 families and all four orders known
from Canada. Although 40% of families were not represented, more than 7,000 BINs were detected,
2.4x the number of mite species recorded from Canada. Most of the mite families that lacked
coverage are species-poor (<10 expected species) or restricted to habitats that were poorly sampled.
For example, coverage, was low or absent for vertebrate-associated taxa (e.g. ticks (Ixodida), feather
mites (Sarcoptiformes: Astigmata: Analgoidea and Pterolichoidea), and chiggers (Trombidiformes:
Trombiculidae and Leeuwenhoekiidae)). In addition, many habitats expected to support substantial
mite diversity (e.g. arboreal litter, deep soils, groundwater, marine; Beaulieu et al., 2019) were not
sampled because they are difficult to access. Despite incomplete sampling, the present analysis
indicates that the Canadian fauna almost certainly comprises more than 30,000 species. Although
further sampling will refine this projection (Coddington, Agnarsson, Miller, Kuntner, & Hormiga,
2009), mites clearly represent a substantial portion of the Canadian arthropod fauna, rivalling species
richness estimates for the most diverse insect orders – Diptera and Hymenoptera (Hebert et al., 2016;
Langor, 2019).
Morphology-based surveys have substantially underestimated mite diversity by neglecting cryptic
taxa (Skoracka, Magalhães, Rector, & Kuczyński, 2015). By comparison, our BIN analysis provides a
comprehensive assessment of the fauna by highlighting lineages where cryptic diversity prevails.
Most of the unexpectedly diverse families (e.g. those with > 2x expected richness) belonged to the
Trombidiformes, reinforcing the need for further work on several of its lineages (Lumley et al., 2013).
Most striking was the discovery of 521 BINs in the cosmopolitan, soil-associated family Eupodidae
(Trombidiformes: Eupdoidea) as just 13 species are known from Canada, and 43 are predicted to
occur (Beaulieu et al., 2019), suggesting that only 2.5% of its species are known. Canada is thought to
host about 1% of the global species diversity (Hebert et al., 2016). If this proportion applies to mites,
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the global eupodid fauna could exceed 50,000 species, although just 69 have been described (Zhang et
al., 2011).
Among the unexpectedly diverse Sarcoptiformes, most notable was the detection of 131 BINs in the
Tectocepheidae (Oribatida), a family of obligate parthenogens with just two taxa known from Canada.
High levels of COI diversity have been reported in other asexual oribatids (Heethoff et al., 2007;
Heethoff, Laumann, Weigmann, & Raspotnig, 2011) in addition to other completely parthenogenetic
taxa, such as bdelloid rotifers (Birky et al., 2005) and darwinulid ostracods (Schön et al., 2012).
Because asexuals can include many independently evolving clones (Birky & Barraclough, 2009), they
can potentially diversify more rapidly than sexual taxa since each clone is reproductively isolated
(Birky et al., 2005). However, cryptic diversity in the Sarcoptiformes was not limited to families
reproducing by asexuality, as unexpectedly high diversity was also observed in the sexual
Ceratozetidae (Oribatida) and Nanochestidae (Endeostigmata), and was previously reported in other
sexually reproducing families (Rosenberger, Maraun, Scheu, & Schaefer, 2013; Schäffer et al., 2019).
High species richness is often correlated with elevated rates of molecular evolution (Eo & DeWoody,
2010; Lancaster, 2010; Webster, 2003), and our results support this pattern. All of the unexpectedly
diverse trombidiform families, as well as Nanorchestidae (Sarcoptiformes), have accelerated rates of
amino acid evolution at COI (Young & Hebert, 2015). While it remains unclear why certain mite
groups are rate-accelerated, one hypothesis includes shorter generation times (Klompen, Lekveishvili,
& Black, 2007; Murrell et al., 2005; Young & Hebert, 2015). Parasitic lineages and those involved in
other symbioses are also commonly rate-accelerated (e.g. Dowton & Austin, 1995). For example, the
massive radiation of parasitic Hymenoptera has been linked to their accelerated mitochondrial
evolution (Castro, Austin, & Dowton, 2002). The unexpected diversity in several families of
terrestrial Parasitengona (Erythraiae, Trombididae) might similarly be linked to larval parasitism, a
trait shared by all parasitengones, including the highly diverse chiggers (Trombiculidae) and water
mites (Hydrachnidiae). Although host specificity has not been widely documented in these lineages
(Felska, Wohltmann, & Mąkol, 2018; Wohltmann, 2000), DNA barcoding often reveals cryptic host
specificity in mites that were thought to be generalists (Knee et al., 2012; Whiteman, Sánchez,
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Merkel, Klompen, & Parker, 2006; Skoracka & Dabert, 2010). Consequently, parasitengone diversity
and that of other symbiotic mites could mirror the diversity of their vast range of hosts (Walter &
Proctor, 2013). Similar assumptions underpin the high estimates of mite diversity (e.g. Larsen et al.,
2017), but detailed analyses of traits, rates, and diversity are necessary. Regardless of the mechanisms
responsible, hidden diversity is likely present in other poorly-known rate-accelerated lineages.
Diversity patterns of soil and litter mite assemblages
Aside from the presence of many unknown and cryptic taxa, the present study showed that the
diversity of Canadian soil- and litter-associated mite fauna is linked to high levels of spatial structure.
Average pairwise β-diversity between sites was extremely high with most sites lacking any shared
species. Although this could reflect undersampling rather than true divergence in species composition,
adjacent sites were more similar than distant ones, demonstrating the distance-decay relationship
typical of dispersal limited communities (Chase & Meyers, 2011). Spatial structure explained 24-32%
of the variation in pairwise β-diversity values, similar to previous results for soil oribatid assemblages
(Caruso, Taormina, & Migliorini, 2012; Lindo & Winchester, 2009) but higher than observed in soil
Mesostigmata assemblages (Meehan, Song, & Proctor, 2018; Nielsen, Osler, Campbell, Burslem, &
van der Wal, 2012). These patterns largely reflect species replacement rather than changes in species
richness since turnover comprised the largest component of diversity (Baselga, 2010). While turnover
may reflect response to environmental variables (Leibold & Chase, 2018), clear spatial structure is
also compatible with predominantly neutral, dispersal-driven soil mite assembly.
The potential importance of neutral processes in structuring soil mite assemblages was further
supported by hierarchical partitions of β-diversity at the site and ecoregion scales, since both βSite
and βEcoregion were not significantly different from null models. Non-neutral assembly, however,
was observed at the site scale as αSite partitions were higher than expected. High local richness may
be sustained by stabilizing factors (e.g., disturbance, heterogeneity; Leibold & Chase, 2018) or other
mechanisms promoting species coexistence such as resource partitioning, niche differentiation, and
seasonality (Maaß, Maraun, Scheu, Rillig, & Caruso, 2015; Maraun et al., 2007; Schneider et al.,
2004). However, sites contributed far less to overall diversity than larger scales, reflecting partitions
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previously observed in dispersal-limited oribatid assemblages (Lindo & Winchester, 2009). Although
our data suggest that neutrally-driven differences between ecoregions made the largest contribution to
overall soil mite diversity, most of the variation in β-diversity was explained by compositional
differences between parks. Partitions of βPark were also higher than expected by chance, suggesting

that environmental differences at regional scales are important in shaping soil mite diversity across
Canada.
Similar patterns were observed when the Berlese-Tullgren and pitfall samples were compared, but
these collecting methods revealed two distinct assemblages differing in overall richness, composition,
and structure. Neutral effects, for example, typically appeared stronger in Berlese-Tullgren than in
pitfall samples. Although more variation in β-diversity was explained by geographic distance in the
pitfall samples, this likely reflected larger variances rather than stronger spatial signal (Figure 8).
Average pairwise β-diversity was consistently lower in the pitfall samples, indicating less spatial

structure than in the Berlese-Tullgren samples. Similar patterns were observed between oribatid
assemblages with differing dispersal potentials (Lindo & Winchester, 2009), highlighting the
importance of dispersal strategy on soil mite assembly (Soininen, McDonald, & Hillebrand, 2007).
Richness in the Berlese-Tullgren samples, for example, was dominated by oribatid mites with lower
dispersal potential linked to their reliance on walking (Lehmitz, Russell, Hohberg, Christian, &
Xylander, 2012). On the other hand, richness in the pitfall samples was dominated by
Trombidiformes, some of which can disperse long distances through phoresy or parasitism (Walter &
Proctor 2013). Although phoresy and parasitism is also widely documented among soil Mesostigmata,
they comprised a minor fraction of overall richness in both sets of samples.
Despite these trends, a large fraction of the variation in our models remained unexplained by
geographic distance or compositional differences between collection method and sample units.
Compositional differences may have been overestimated because of undersampling (Coddington et
al., 2009). However, the general patterns were supported even when estimates were corrected for
potentially undocumented but shared species (βCS). Several factors, such as soil type, ground cover,

disturbance, and moisture regimes have been linked to local variability in soil mite assemblages (Gao
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et al., 2014; Gulvik, 2007; Lindo & Winchester, 2009; Meehan et al., 2018), along with seasonal and
temporal dynamics (Lindo and Winchester, 2008; Wehner, Heethoff, & Brückner, 2018).
Incorporating these variables along with finer-scale sampling may improve the fit of models (Clark,
2009). Future work should examine the effects of soil type, land use, and climate on community
assembly to enhance understanding of both local and regional processes fostering soil mite diversity.
Conclusion
This study has demonstrated the power of DNA barcoding and the BIN system to advance
understanding of the extent of diversity in groups of mites that have seen little taxonomic
investigation. By allowing comprehensive analysis, the present study has revealed that the Canadian
mite fauna is substantially more diverse than expected, potentially rivaling that of the most diverse
insect orders in Canada. It further highlights the importance of dispersal limitation and environmental
heterogeneity in shaping the distributional patterns of mites. There is a need for similar investigations
in biodiversity hotspots to advance our understanding of the global diversity of mites.
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dataset on BOLD: DS-SSMOC (doi: 10.5883/DS-SSMOC) and on GenBank through the accession
numbers in Supplementary Table 5.
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Figure Legends
Figure 1: Collection sites for the 73,394 mites analyzed in this study. Sites within a 100 km radius are
aggregated into centroids with size and colour indicating the number of specimens from each locale.
Figure 2: Rarefaction curves (with 1000 randomizations) for four orders of Canadian mites (with
inset: Ixodida at a smaller scale) showing the number of BINs encountered with increasing sample
size.

Figure 3: BIN summary by order, with extrapolated BIN richness using the incidence coverage
estimator (ICE) in comparison with known and expected species counts for mites in Canada (Beaulieu
et al., 2019).
Figure 4: Scatterplot of BIN richness vs expected species richness (Beaulieu et al. 2019) for 186
families from four orders of mites. Points above the solid line indicate families where observed BIN
richness exceeds expected species richness with those above the upper dashed line exceeding
expected species richness by > 2.0. Conversely, points falling below the solid line indicate families
where observed BIN richness is less than expected species richness, while those below the lower
dashed line have < 0.5 of the expected species richness.
Figure 5: Location of the 26 Canadian parks sampled to assess patterns of diversity among soil mites.
Park codes correspond with site descriptions in Supplementary Table 2.
Figure 6: Rarefaction curves (with 1000 randomizations) for the three major orders of soil mites
sampled through Berlese-Tullgren extraction and pitfall trapping showing the number of BINs
encountered as sample size increases.
Figure 7: Boxplots of pairwise β-diversity estimates for soil mites collected through Berlese-Tullgren
extraction and pitfall trapping from 78 sites within 26 parks and from five ecoregions across Canada.
Pairwise dissimilarities (βSor = Sorensen’s dissimilarity, βSim = Simpson’s dissimilarity, and βChao-

Sor = Chao-Sorensen’s dissimilarity) and nestedness (βNes) between sites, parks, and ecoregions are
shown for all taxa and each order separately. All comparisons of mean pairwise β-diversity between
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collection methods were significant (Scheirer-Ray-Hare tests of significance, p < 0.05) at each spatial
scale for all taxa combined and each order separately.
Figure 8: Additive and multiplicative hierarchical partitioning of β-diversity for soil mites collected
through Berlese-Tullgren extraction and pitfall trapping from 78 sites within 26 parks and five
ecoregions across Canada. Average β-diversity contributed by each spatial scale (site, park, and
ecoregion) is shown for all taxa in an assemblage and each order separately. Partitions which are
significantly more different than expected by chance are denoted by an asterisk (*).
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Table 1: Mantel test of correlation between geographic distance and four metrics of β-diversity
(βSor = Sorensen’s dissimilarity, βNes = Nestedness, βSim = Simpsons dissimilarity, and
βChao-Sor = Chao-Sorensen’s dissimilarity) estimated for all taxa and each major order sampled
through Berlese-Tullgren extraction and pitfall trapping across 78 sites.

All Taxa

Mesostigmata

Sarcoptiformes

Trombidiformes

Berlese-Tullgren
Metric

Pitfall

Mantel statistic r

p-value

Mantel statistic r

p-value

βSor

0.273

0.001

0.325

0.001

βNes

-0.181

1

-0.185

1

βSim

0.254

0.001

0.294

0.001

βChao-Sor

0.245

0.001

0.299

0.001

βSor

0.236

0.001

0.255

0.001

βNes

-0.134

1

-0.196

1

βSim

0.214

0.001

0.252

0.001

βChao-Sor

0.230

0.001

0.260

0.001

βSor

0.259

0.001

0.211

0.001

βNes

-0.166

1

-0.096

1

βSim

0.232

0.001

0.176

0.001

βChao-Sor

0.243

0.001

0.218

0.001

βSor

0.134

0.001

0.237

0.001

βNes

-0.089

1

-0.129

1

βSim

0.118

0.001

0.194

0.001
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