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ABSTRACT

Many taxa of mites inhabit long-lived freshwater environments, but the few known to
live in small, ephemeral rock pools (lithotelmata) are brachypyline Oribatida. One of
these is in the South African genus Aquanothrus (Ameronothridae). We describe adults
and juveniles of two new rock-pool species from the USA and propose the sister-genus
Paraquanothrus n. gen. to include them. The type-species, Paraquanothrus grahami n.
sp., inhabits shallow weathering-depressions (‘pans’) on barren sandstone in the Colorado
Plateau, especially southeastern Utah, where it seems to be an opportunistic grazer on
microflora and rotifers. Paraquanothrus spooneri n. sp. inhabits rock pools on granite
outcrops, is known only from the type-locality in eastern Georgia and appears to ingest
mostly plant fragments. Like Aquanothrus, these mites are active only when free water
exists. Paraquanothrus shares multiple apomorphic traits with Aquanothrus, for which
a new diagnosis is based on corrected information on the type-species, A. montanus,
and two undescribed species (one of which is represented in the paratype series). After
reviewing historical concepts of Ameronothridae, we propose a new diagnosis (excluding
Podacaridae) and propose a new rank and diagnosis for the subfamily Aquanothrinae,
which includes Aquanothrus and Paraquanothrus. Molecular studies that have revealed
links among Ameronothroidea, Cymbaeremaeoidea and Licneremaeoidea—in ways that
question the monophyly of all three superfamilies—are reviewed, and a preliminary
evaluation shows morphology to have a modest level of congruence with these results.

Keywords oribatid mite, Colorado Plateau, granite outcrop fauna, lithotelma, Ameronothrus,
Chudalupia, Scapheremaeus, Scutoverticidae
Zoobank http://zoobank.org/A9FDC4A9-B70D-4965-9F7E-94813BB2929D

Introduction
Oribatid mites form a dominant component of the soil fauna, being particularly abundant
and diverse in complex organic horizons of moist forest floors, where they feed primarily on
decaying plant remains and fungi. But several important higher taxa are rarely represented
in such habitats; among them are four nominal superfamilies in the hyporder Brachypylina—
Licneremaeoidea, Cymbaeremaeoidea, Ameronothroidea and Limnozetoidea—that have
adapted to rather different conditions (Weigmann 2006; Norton and Behan-Pelletier 2009).

Xeric soils, and microhabitats that undergo extreme hydric variation regardless of general
climate (e.g. arboreal and rock surfaces, exposed mosses and lichens), are typical homes
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for members of the first two superfamilies, which overall could be considered ‘dry-adapted’
or ‘dry-tolerant’ (Norton and Behan-Pelletier 2009). By contrast, many members of the
third and fourth superfamilies are ostensibly ‘wet-adapted’ or ‘wet-tolerant’. Limnozetoid
species are aquatic or semiaquatic in freshwater habitats, and many ameronothroid species are
marine-intertidal (Schulte et al. 1975; Behan-Pelletier and Eamer 2007; Pfingstl 2017).

But differences in life-style and niche-adaptation among members of these groups are
not always as great as such generalities suggest. Oribatid mites in exposed terrestrial
microhabitats—e.g. Scutovertex and Scapheremaeus species living in arboreal or epilithic
mosses and lichens—may be inactive during dry periods (Travé 1963a; Walter 1999; Smrž
2002; Colloff 2010). Conceptually, this differs little from ‘aquatic’ species in the ameronothroid
genera Aquanothrus and Chudalupia, which become immobile when their temporary rock pool
habitat no longer contains water (Engelbrecht 1975; Wallwork 1981). At least one species
of Scapheremaeus, S. baylyi Colloff, 2010, appears to have a similar lifestyle in rock pools
(Colloff 2010). Even the habitats themselves are not necessarily discrete: for example, another
species of Scapheremaeus seems to live only in frequently-dried mosses that grow at the edge
of exposed, ephemeral rock pools (Norton et al. 2010).

Our main purpose is to describe and discuss two new species inhabiting such rock pools (=
lithotelmata, gnammas, pans). These are small, temporary lentic environments formed by the
accumulation of rainwater in shallow depressions—typically solution or weathering pits—on
rock surfaces. They provide habitat for aquatic arthropods and other small invertebrates
capable of surviving extended periods of desiccating conditions (Bayly 1997, Jocqué et al.
2010 and cited references). For reasons discussed below, we propose Paraquanothrus n. gen.
to include these new species and consider it the sister-genus of Aquanothrus, the type species
of which—A. montanus Engelbrecht, 1975—inhabits rock pools in South Africa (Engelbrecht
1975; Jocqué et al. 2006; Vanschoenwinkel et al. 2009).

The two new species are endemic to widely separated locations in the USA that present very
different environmental conditions. Paraquanothrus grahami n. sp. is restricted to the arid
Colorado Plateau, where it inhabits shallow depressions on exposed sandstone. Paraquanothrus
spooneri n. sp. is known only from depressions formed in exposed granite outcrops in the
warm-temperate state of Georgia. As with A. montanus, adults and juveniles of both species
are active only when immersed in water; they burrow into sediment as it dries and remain
immobile until water returns. Mites of both genera have been called ‘cryptobiotic’ in the
literature (Vanshoenwinkel et al. 2009; Colloff 2010) but they cannot endure desiccation: they
survive by preventing it.

Secondary objectives are to: (1) improve knowledge of Aquanothrus montanus by adding
ontogenetic data, correcting some errors in the original description, critiquing the supposed high
variability of the species, and proposing a new generic diagnosis; (2) discuss the systematic
position of Paraquanothrus and Aquanothrus by reviewing and critiquing past concepts of
Ameronothridae and recasting Aquanothridae as a subfamily of Ameronothridae; and (3)
evaluate morphological support for molecular studies that have brought the monophyly of
Ameronothroidea, Cymbaeremaeoidea and Licneremaeoidea into question.

Materials and methods
Acquisition and deposition of specimens — Active adults and juveniles of the two new species
were collected directly from rain-filled rock pools by eyedropper or similar device. Inactive
specimens were obtained from dry rock-pools by gently collecting sediment. In most cases,
this material was rehydrated with rainwater or spring water in the laboratory, then the revived
mites were observed alive under a stereomicroscope and manipulated with a fine brush or
collected by pipette. Collection data are given below. Numerous preserved adults and juveniles
identified as Aquanothrus montanus were studied, including paratype specimens from each
of the three South African sites indicated in the original description (Engelbrecht 1975), as
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well as adults and juveniles from Botswana (Thamaga), a population studied by Jocqué et al.
(2006). Preserved adults and nymphs of Chudalupia meridionalis Wallwork, 1981 from the
type locality inWestern Australia were studied. Specimens of other species discussed below are
from the general collection of the first author. Type repositories include the mite collections of:
the United States National Museum (USNM), the Smithsonian Institution (Washington, D.C.),
currently with the US Department of Agriculture (Beltsville, Maryland); the Canadian National
Collection (CNC), Agriculture and Agri-foods Canada, Ottawa; and the Instituto Nacional de
Pesquisas da Amazônia (INPA), Manaus, Brazil.

Specimen preparation and documentation — Most observations and data are from speci-
mens temporarily mounted in cavity slides in a medium of lactic acid diluted with water (2:1;
Grandjean 1949b). Dissected mouthparts and legs were permanently mounted in Hoyer’s
medium for observation with oil-immersion lenses. Compound microscopy employed bright-
field, polarized, and Nomarski (DIC) illumination; polarized light was particularly employed
to distinguish setae (birefringent) from solenidia (isotropic) when correcting literature state-
ments. Line drawings were made with the aid of a drawing tube. Light micrographs were
obtained, usually as image stacks, with a Nikon CoolPix 995 or AmScope MU800 digital
camera mounted on a Nikon Ellipse 800 compound or SMZU stereomicroscope. Image stacks
were combined using the Helicon Focus Pro (v. 5.0) suite; the stacks varied widely in number
of individual images, usually only several for highly magnified (1000 x) images and 15-30
for lower magnifications. As needed, images were adjusted with Adobe Photoshop (CS3) for
contrast and color balance. Frames for the supplemental video file were acquired with the
AmScope camera and stereomicroscope and processed with OpenShot video-editing software.
Body length was measured in dorsoventral aspect, from the tip of the rostrum to the posterior
edge of the hysterosoma. Unless otherwise noted, width refers to the maximum width in
dorsal aspect (found on the hysterosoma). Measurements of specific structures or distances are
meant to be representative of an average-sized individual, though a range is often given. Setal
measurements include only the freely emergent part (omitting alveolus or apobasic portion).

Terminology and nomenclature — Morphological terminology is mostly that of F. Grand-
jean (see Travé and Vachon 1975 for references and Travé et al. 1996 or Norton and
Behan-Pelletier 2009 for overview). Terms are translated from French (Hammen 1980) but
in most instances Grandjean’s original abbreviations and figure notations are retained. The
notations used for epimeral setae are slightly modified (see Remark 15), and a few terms and
abbreviations are from Schubart (1975). Setal formulas are given as counts per segment for
appendages (from femur to tarsus) and per podosomal segment (I-IV) for epimeres. Paired
structures are described in the singular unless noted. Unless otherwise indicated, parentheses
around leg setal notations denote the two members of a pseudosymmetrical pair on a given
leg segment, rather than a true bilateral pair. Taxonomic context is that of Norton and Behan-
Pelletier (2009) and Schatz et al. (2011). Author and date for species-group taxa are given at
the first use of the name; those of supraspecific taxa can be found in Subías (2004).

Supplementary material — this article has a video file associated with it.

Paraquanothrus n. gen. (Figs 1-13)
Zoobank: 8A9E6335-F837-4092-B39E-BBB373465E4A

Type species — Paraquanothrus grahami n. sp.
Diagnosis — With traits of Aquanothrinae (see below). Adult. Invaginated portion of

apobasic setal insertions in form of small cup. Bothridial opening flush with surface; both-
ridial seta rod-like, distally acute; seta ex variable within populations, never longer than le,
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often minute or absent. Dorsosejugal scissure complete, anterior margin of notogaster evenly
arched in dorsal view. Lenticulus small, width less than one-third mutual distance of setal pair
c1. Notogaster with 15 or 13 pairs of setae (p1, p2 present or absent; c1-3 always present).
Ovipositor without coronal setae. Usually two pairs of anal setae, inserted in posterior half of
plate. Exposed part of preanal organ (preanal plate) clearly wider than long, about same width
as hidden vertical wall. Palp with large basal tubercle bearing setae cm, acm and solenidion
ω; setal pair (ul) eupathidial, acm and su normal. Postpalpal seta ep spiniform. Leg pretarsi
monodactylous. Trochanters III, IV with basal articulating stalk attached subterminally. Porose
organs on all femora invaginated (tracheae or saccules), those of trochanters III-IV invaginated
or surficial. Famulus present, small; seta ft″ of tarsus I close to solenidion ω1 in same or sepa-
rate alveolus; solenidion ω of tarsus II coupled with seta ft′ in same alveolus, ω2 absent; proral
setae eupathidial on tarsus I; iteral setae of tarsus IV absent, those of I-III present or absent;
tarsi without or with at most one primiventral seta. Seta d absent from all genua. Trochanters
I, II, IV glabrous. Juveniles. With four pairs of distinct or vague patches of leathery cuticle: in
lateral, aggenital and posteroventral regions, and associated with opisthonotal gland opening.
Line of dehiscence (δ) passing above cupule ip in both larva and nymphs. Protonymphal leg
IV setal formula 0-0-0-0-6 (pv″ absent). Egg with external layer of dense microgranules, ca. 1
μm diameter.

Adult

Facies (Figs 1, 2, 9) — Medium to large mites (ca. 650-900 μm long). Narrowly ovate
in dorsal view; notogastral length about 3.2-3.5 times that of prodorsum; maximum width
about 1.4-1.7 that of prodorsum. Somewhat ‘blunt-faced’ in lateral view, with relatively long
hysterosoma (2.5 or more times length of proterosoma). Legs proportionally rather small,
thin. Genders with approximately equal frequency; no obvious sexual dimorphism except in
genitalia.

Cuticle — Weakly (easily deformed) to modestly sclerotized, smooth or with various folds
or wrinkles. Cerotegument uniformly covering body and legs (except as noted below); without
conspicuous projecting excrescences, but with complex structure of dense, distally expanded,
minute (less than 1 μm diameter) papillae, giving cuticle ‘sanded’ appearance in transmitted
light (Figs 4A, 4B left edge); papillae closely adjacent, forming micro-chambered layer above
procuticle (Fig. 3B, D, E). Cerotegument strongly pigmented in mature adults: nearly black
in life, medium to light brown after long preservation, except pale notogastral lenticulus.
Underlying procuticle pale (Figs 4B, 16C), with only weak, inconspicuous porosity (Fig. 3E)
except within porose areas (Fig. 12I). Setae of body mostly apobasic, with insertion at bottom
of internally-projecting, barrel-like cup (Figs 4B, 10E); some proximal leg setae apobasic
or not. Cuticle without crust of adhering epibionts: clean or with small scattered debris or
occasional diatoms.

Prodorsum — Relatively short, occupying only ca. 20% of body length in dorsal aspect;
outline roughly triangular in dorsal aspect, strongly convex in lateral view; lamellar seta
(le) inserted approximately where prodorsal curvature becomes nearly vertical, appearing
close to rostral seta (ro) in foreshortened dorsal aspect (Figs 1A, C, 9A, C); interlamellar (in)
and exobothridial (ex) setae regressive and variable (small, minute or absent). Bothridium
narrow, tubular throughout, ca. 7-8 μm wide, weakly S-shaped, opening flush with surface
and inconspicuous under small cuticular fold; bothridial seta (bs) tapered only near tip, weakly
barbed (Figs 1D, 4A, 9D). With three small, inconspicuous apodemes extending from posterior
margin (Fig. 10A) — medial dorsophragma (dph) and pair of rudimentary pleurophragmata
(pph).

Notogaster — Outline in dorsal view simple, elliptical to slightly ovate, 1.3-1.5 times
longer than maximum width; evenly convex anteriorly, not projecting forward or merged with
prodorsum (Figs 1A, B, 9A, C). With well or poorly defined central dome and rim; border with
or without posterolateral tectum. Cuticle immediately around opisthonotal gland opening often
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darkened; gland rather flat, purse-like. Lenticulus conspicuous, sharply circumscribed, convex;
relatively small, width less than one-third mutual distance of setal pair c1; cuticle hyaline,
birefringent in polarized light; with paired spots of underlying red pigment in life (Fig. 16A).
With 15 or 13 pairs of setae (p1, p2 present or absent; c1-3 always present); setae uniformly
small, thin, smooth.

Podolateral and coxisternal regions — Distinct pedotecta absent. Without discrete discid-
ium, but oblique fold (of ; Figs 1B, C, 9B, C) present between acetabula III, IV (‘discidial ridge’
of authors). Tracheal system normal: that of acetabulum I and sejugal furrow bifurcated, that
of acetabulum III single (Fig. 4E); basal region of trachea 3 usually swollen, lined with dark
cerotegument. Coxisternumwith distinct, transverse sejugal furrow and similar furrow between
epimeres I and II (Fig. 2B). Crescent-shaped mentotectum of epimere I very narrow. Apodemes
variously developed (Fig. 4C, D): ap1 continuous between acetabula but broadly U-shaped,
laterally high with thickened edge, medially low and inconspicuous. Other apodemes formed
as paired demiapodemes, effacing prior to midline and perforated (troué) lateroventrally (i.e.,
attached to acetabulum laterally but to respective epimere only at medial end); ap2 large,
bladelike, with thick edge, rising to peak near medial end just anterior to insertion of seta 2a;
apsj slightly shorter but much less developed, maximum height in lateral region, obliquely
effacing before reaching level of 2a; ap3 strut-like, descending obliquely from acetabulum
III to efface no more than halfway from acetabulum to seta 4a. No apodeme 4 developed.
Epimeral setation 3-1-2-2; position of seta 4a slightly variable, sometimes inserted closely
posterolateral to 3a (giving apparent setation of 3-1-3-1).

Anogenital region — Anal aperture ca. 1.3-1.4 times longer than genital aperture; both
nearly as wide as long and separated by slightly less than length of genital aperture; genital
aperture of male slightly smaller and more distant from anal aperture than in female. Genital
plate with small internal nodule at posteromedial corner, receiving muscle tendon from preanal
organ; six pairs of genital setae aligned near medial margin, with posterior seta on posteromedial
corner, distant from others. Aggenital seta present; with three pairs of adanal and usually two
pairs of anal setae (variation noted below); no ventral neotrichy. Preanal organ (Figs 4G, 10G-
J) with preanal plate (prp), wider than long, mostly visible externally in anterior fold of anal
vestibule; vertical wall (vw), serving as origin of genital muscles (gmu), joining posterior edge
of prp at right angle; supporting strut (str) rising vertically from anteromedial corner of each
anal plate, pair well separated for most of their length, attaching near top of vw. Posteromedial
corner of each anal plate with similar supporting strut rising dorsally, merging to form narrow,
simple, ‘hairpin-like’ postanal strut (pos), serving as insertion for postanal suspensor muscles
(Figs 4F, 10F). Apparent medial edge of anal plate sharply flexed dorsad at right angle, creating
narrow vertical wall. Anterior anal seta approximately aligned with seta ad3, well posterior
to level of lyrifissure iad; iad slit-like, aligned with and closely adjacent to margin of anal
aperture. Genital papillae of uniform size, about three times longer than wide in cross-section
(Fig. 4C, insert). Ovipositor (Fig. 6B) without coronal setae; distal setae (τ1 on each paired
lobe and pair ψ1 on unpaired ventral lobe) distinctly shorter than respective lobe, not extending
beyond its tip. Spermatopositor of normal short form, with five or six pairs of setae (ψ2 present
or absent). Eggs with external layer of dense microgranules, ca. 1 μm diameter (Fig. 6L).

Subcapitulum— Length (including rutellum) 1.2-1.3 times breadth; labiogenal articulation
complete or laterally slightly incomplete (Figs 5C, 11C). Gena short, subtriangular, only
ca. 1/4 to 1/3 as long medially as laterally; procuticle porose. Rutellum short, with large
thumb-like dorsolateral process, typical dentition, and well-formed rutellar brush of strong,
almost spiniform cilia; without rutellar oncophysis; atelobasic, with large medial lobe, pair not
overlapping at midline (unless distorted in preparation). Mentum porose anteriorly; hypostomal
(h) and genal setae (a, m) apobasic; h inserted anteriorly on mentum, pair close together with
mutual distance about same as genal setae a. Adoral setae with normal insertion; strongly
curved dorsad, tapered but not finely attenuate; with short, inconspicuous barbs. Postpalpal
seta (ep) spiniform. Labrum broad throughout, rounded distally, without cilia or denticles;
medial longitudinal crest distinct above narrow, distally tapered, embedded labral sclerite.
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Opening to paired subcapitular (infracapitular) gland distinct. Capitular apodeme with typical
bilobed form, but very thin and inconspicuous; obtusely angled in cross-section (Fig. 12E).

Palp (Figs 5D, 6C, 11D) — With typical five freely articulated segments; distal four
segments seem without cerotegument, with clearly porose procuticle. Setation 0-2-1-3-9, plus
tarsal solenidion ω; setae not apobasic. Femoral seta sup in mid-lateral position. Tarsus with
dorsal apophysis in proximal third, abruptly narrowing to cylindrical, slightly bowed distal
region having about half height of proximal third in lateral view. All tarsal setae relatively
short: cm and acm at top of proximal tubercle, pair (lt) more distal, at tubercle base; ul″ dorsal,
near midpoint of cylindrical distal region of tarsus, well removed from subterminal ul′; vt′ near
ventral midline, vt″ on abaxial face, su terminal. Only ultimal pair (ul) eupathidial. Solenidion
ω on proximal tubercle, abaxial of and about equidistant from cm and acm; not coupled to
either (no ‘double-horn’). Tarsal lyrifissure present but inconspicuous (not illustrated).

Chelicera — Form typical of family (Figs 5E, 11E); each digit with four strong teeth
(including terminal teeth and lateral subterminal tooth of fixed digit). Without cerotegument;
procuticle strongly porose distal to attachment of cheliceral frame. With long, internally
looping, serpentine trachea ending in gradually expanding, narrow bulb (Fig. 6N). Setae
pigmented except near base and densely barbed: cha larger, inserted dorsally, slightly on
adaxial face and slightly distal to mid-length; chb about half size of cha, inserted in mid-lateral
position on abaxial face, just posterior to fixed digit. Trägårdh’s organ (Tg) narrowly tapered,
with distinct, often noticeably porose sclerite (Fig. 6M).

Legs — Relatively short: leg IV longest, about 0.5-0.7 times body length, relatively thin
(Figs 6A, 12A). Trochanters III, IV short, distally widening in lateral aspect; less than 50%
longer than maximal height (in distal half) and height ca. 50% greater than respective femur.
Right-angled proximal stalk of trochanters III, IV subterminal, with proximal end of segment
extending to cover insertion into acetabulum; most striking on trochanter III, where flat adaxial
and convex abaxial face resembles asymmetrical mushroom in cross-section (Fig. 12D).
Femora I, II gradually broadening from narrow base to maximum width at mid-length; femora
III, IV subrectangular with abrupt proximal constriction, forming short stalk; femur IV ca. 3
times as long as broad. Tibiae III, IV conspicuously longer than I, II: tibia IV ca. 4-5 times as
long as broad. Tarsi I, II short (ca. 1.7 times length of claw), bulging in proximal half, strongly
tapering in distal half to form short stalk; tarsi III, IV longer, without proximal bulge, distal
half narrowing gradually to base of claw. Midventral cuticle of all tarsi with guide channel
for claw-depressor tendon, extending short distance proximally as free tube (Fig. 6F). With
internalized porose organ (saccule or trachea) opening adaxially on each femur; trochanters III,
IV with trachea or porose area; tibiae and tarsi without porose organ. Pretarsi monodactylous;
proximal half of claw with paired dorsolateral row of minute denticles (Fig. 5B). Leg setation
partly regressive: trochanters I, II and IV glabrous; seta d absent from all tibiae and from genua
I-III; primilateral pair (pl) absent from tarsus I; primiventral pair (pv) absent from tarsi II-III, pv′
absent from tarsus I, pv″ absent from tarsus IV; iteral setae (it) absent from tarsus IV, present
or absent on I-III. Setae acute to attenuate, of moderate length, many as long as or longer than
segment width. Seta d of femora I, II inserted distinctly on abaxial face, nearly aligned with
seta l′. Unguinal setae (u) weakly s-shaped; basally thick and coarsely barbed, distally finely
attenuate (often broken), curving parallel to claw. Proral setae (p) minute, eupathidial on tarsus
I, reaching only to base of claw; pair normally formed, barbed, on other tarsi. Subunguinal
seta s not eupathidial. Tectal (tc) setae (and iterals if present) long, reaching past claw (except
on tarsus IV of P. grahami), weakly curled ventrad at slightly thickened tip (Fig. 6I); fastigial
setae (ft) shorter, often only about half as long as (tc), and not distally curled. Disjunction of
tectal pair (and of fastigials, iterals when pair present): ″ on tarsus I, ″ or absent on II, ′ or
absent on III, IV. Famulus e of tarsus I small to minute, with thread-like internal ‘root’ (Fig.
6E). Seta v′ of tibiae I, II thickened, stiff, conspicuously barbed. Solenidia relatively short,
thin, mostly baculiform, isodiametric except longest solenidion (φ1 of tibia I) very slightly
tapered (ceratiform); tarsus II lacking second solenidion. Solenidial counts: genua 1-1-1-0;
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tibiae 2-1-1-1; tarsi 2-1-0-0. Solenidionω of tarsus II coupled with seta ft′ within same alveolus.

Juveniles

Cuticle — Cerotegument thin, uniform throughout (exceptions as in adult); structured as in
adult or with papillae coalesced, chambers opening to surface through pores (Fig. 3G); dark
in life (Fig. 8C) except prodorsal aspis with hyaline region (hyr) posteromedially (Fig. 8B).
Mostly pale in teneral period or after long preservation, with dark color persisting locally, or not,
according to species. Procuticle porosity difficult to discern beneath chambered cerotegument,
but limited in distribution: present in trapezoidal interbothridial region of prodorsum (except
for hyaline region), in parts of epimeral plates, in leathery patches of hysterosoma (at least in
P. spooneri) and in porose areas of leg femora (see below). Setae of various forms, but none
apobasic. Most simple setae of body and legs (referred to below as ‘collared’) with base partly
enclosed in darker, tubular collar (Figs 8F-G, 12H).

Prodorsum — With weakly defined creases in distal half; most of sub-trapezoidal basal
half smooth, with underlying porosity. Aspis distally with broad lobe bearing rostral setae
(hidden in dorsoventral view). Setae as in adult, including setiform bothridial seta and regressed
bothridium, except non-bothridial setae may be collared. Setal pairs in and ex consistently
present.

Gastronotic region — Dorsally convex in cross-section, without central dome or lateral
rim but may be somewhat depressed at insertions of major dorsoventral muscles (artificially
exaggerated in Fig. 3F). Gastronotic plication generally transverse (longitudinal in mid-lateral
region), finely to moderately spaced; without porose dorsal sclerites (Fig. 17A, C), but with four
paired lateral and ventral patches of leathery-appearing cuticle (Fig. 17B, D), distinguished by
somewhat less-defined or absent plication; patches with or without strong, persistent coloration
in cerotegument. Patches include: elongated lateral patch (p.lat) in region ventral to setae la, lm;
smaller irregular or rounded periglandular patch (p.gl) associated with opening of opisthonotal
gland (gla); variously shaped posteroventral patch (p.pv); and aggenital patch (p.ag) lateral to
seta ag. Gastronotic setation of larva uni- or bideficient (h3 present or absent, according to
species), that of nymphs uni- or trideficient (3 or 1 pairs of setae in p-row); setae homogeneous,
short as in adult. Cupule ia posterior or posterolateral to seta c3, at level between c3 and anterior
end of patch p.lat; cupule im aligned with dorsolateral setal row, ca. 1/4 to 1/3 distance from
lm to lp; ip posterodorsal to paraproctal valves. Ontogeny of other cupules normal: ih, ips, iad
just lateral to anterior end of paraprocts in larva, protonymph and deutonymph, respectively,
with ih and ips displaced laterally in later nymphs. Line of dehiscence (δ) U-shaped, running
around hysterosoma posteriorly (Figs 7F, 8H, 13F), resulting in one-piece exuvium (Fig. 8I); δ
passing dorsal to gla and ip in both larva and nymphs, then following dorsal margin of patch
p.lat (Fig. 12F) and effacing at level midway between setae la and lm; distance between δ and
patch p.gl at least as great as diameter of patch.

Coxisternum — With weakly sclerotized epimeral plates, broadly divided medially
by plicate cuticle (Figs 7B, 13F); plicae mostly short, irregular, except mostly transverse
posteriorly; medial margin of plates imprecise. Epimeral groove 2 long, deep, narrow;
procuticle of anterior groove wall porose, porosity extending anteriorly part-way across first
epimeral plate; sejugal groove similar but porose on both walls, with porosity extended part way
onto epimeral plates II and III; epimeral groove 3 shorter, with porosity only on posterior wall,
extending part way across epimeral plate IV. Insertions of legs I-III (not IV) with rudimentary
acetabulum, invaginated wall porose. Condyle K (articulating with subcapitulum) relatively
large, tongue-like, extending anteriorly from dorsal region of epimere I (above leg insertion);
podocephalic canal running along dorsal edge of epimere, across condyle and onto dorsal
surface of subcapitulum in typical manner. Larva with relatively small Claparède’s organ,
retracted under simple tectum; protective scale-like seta 1c not discerned and no setiform
homologue present. Setal ontogeny (I-III in larva, I-IV in nymphs): larva (2-1-2) or (2-1-1,
with 3a absent); protonymph (3-1-2-1); deutonymph and tritonymph (3-1-2-2), with second
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pair on epimere IV (4a) appearing medially, near 3a; setae 1a, 2a, 3a, 4a on plicate medial
cuticle, others on epimeral sclerites (see Remark 15). Coxisternal setae smooth, flexible, finely
attenuate, collared (Fig. 8E).

Anogenital region — Genital valves of nymphs relatively broad, all setae aligned near
medial margin; setation 1-3-5 (proto- to tritonymph) but may be variable (see below). Genital
papillae flattened, as in adult. Aggenital seta (first formed in deutonymph) inserted just medial
to patch p.ag. Paraproctal valves relatively long; atrichous in first three instars, without setal
vestiges; variation in anal setation of tritonymph as per adult.

Gnathosoma — Mostly as in adult. Subcapitulum with laterally incomplete labiogenal
articulation in all juveniles. Palp setation complete in larva, without noticeable change in
nymphs or adult.

Legs — Leg shape changing during development: segments more tubular, simply con-
structed in larva and protonymph; femora and tibiae (especially III and IV) becoming more
elongated and legs overall approaching adult shape with successive instars, but highly modified
shape of trochanters III and IV attained only in adult. All tarsi with well-formed ventral
guide tube for tendon of claw-depressor muscle, proportionally slightly longer than in adult,
reaching proximally about 3/4 length of tarsus; ambulacral claw as in adult. Porose organs
not internalized as tracheae or saccules; present as large porose areas on adaxial face of all
femora (Fig. 12I), absent from trochanters III and IV. Seta d of genu IV of normal form and
size; d on other genua and all tibiae small or minute, usually inconspicuous, coupled with
respective solenidion. Most setae of basal four segments collared (Fig. 12H), unlike adult
setae: exceptions (no collar) include enlarged setae, such as d, l′ on femora I/II of P. spooneri
n. sp. and v″ on tibiae I/II of both species. Setae of tarsi generally similar in form to those of
adult, except pair (ft) collared. Leg IV setation in protonymph 0-0-0-0-6: seta pv″ absent from
normal tarsal complement.

Paraquanothrus grahami n. sp.
Zoobank: 32E180E2-8CB2-4BED-8FF9-C963057CB266

Diagnosis — With traits of Paraquanothrus n. gen. (above). Adult. Total length 766-912
μm. Cuticle moderately wrinkled dorsally and laterally; sclerites weak, easily deformed,
circumgastric scissure often not well discernible from weak notogaster and ventral plate.
Notogaster with distinct central dome and surrounding rim, without posterolateral tectum;
setation consistently unideficient (15 pairs). With variably developed vertical ridge posterior to
leg acetabulum I and distinct epimeral tooth posterior to II; acetabulum III distinctly closer to
II than to IV. Leg IV (claw not included) 0.63-0.71 times body length. Trochanters III, IV and
all femora with stigma and trachea. Leg tarsi without iteral setae; seta d of femora I, II inserted
in proximal half of segment, d and l′ similar to other setae in form and direction. Juveniles.
Hysterosoma with integumental plications finely spaced; leathery patches indistinct, pale in
preserved specimens. Larva with gastronotic seta h3 and coxisternal seta 3a present.

Etymology — The species epithet honors Dr. Tim Graham, an expert on the biology of
rock pool and pothole microhabitats of the Colorado Plateau, who first discovered the species
and studied its biology, and who provided most of the material studied herein.

Type locality — USA; Utah; Grand County, ca. 1 km northeast of Moab; lat/long 38.583,
-109.535; ca. 1460 m a.s.l.

Material examined — The following were collected from the type locality (1991, 2007,
2015) by Dr. Tim B. Graham from sediment in small, shallow rock-pools (‘pans’, 1 m or less
in diameter) on barren ‘fins’ of Navajo sandstone. The type-series (51 adults, preserved in
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alcohol) includes: the holotype female and five paratypes, collected 5-VII-2015 and deposited
in the USNM; 10 paratypes collected 16-III-2007 and deposited in the CNC; five paratypes
collected 16-III-2007 and deposited in the INPA, and 30 paratypes (four from 2015, 26 from
2007) retained by the first author. Non-type material from the type locality includes 20 nymphs
(from 2007, in alcohol) divided between the USNM and CNC. The first author retains the
following from collections on 17-XI-1991 and 16-III-2007: 27 alcoholic and 23 dissected,
slide-mounted adults; 40 alcoholic and 30 slide-mounted juveniles.

Other studied material (all collected by Tim Graham from small aquatic pans on rock sur-
faces and retained by first author) is also from Utah: Garfield County, Glen Canyon National
Recreation Area, Highway 95, west of mouth of Dirty Devil River, 26-II-1993 (12 adults,
three juveniles); Sevier/Emery County border region, route I-70, 1 km W of mile marker 94,
5-III-1993 (six adults, three juveniles).

Adult (Figs 1-6, 16A-C)

Dimensions, proportions — Total length 766-912 μm (mean 824, n = 36); maximum width
466-553 μm (mean 500, n = 36). Females slightly larger than males but with much overlap:
female length 776-912 μm (mean 837, n = 10); male length 766-824 μm (mean 792; n = 10);
female maximum width 485-553 μm (mean 516, n = 10), male width 466-504 μm (mean 481,
n = 10). Maximum notogastral width in dorsal view about 1.6-1.7 times that of prodorsum.

Integument, setae — Cuticle at most weakly sclerotized, easily deformed. Fully mature
individuals black in life when dry, shiny and iridescent under water (Fig. 16A, B; Supplemental
video) due to reflective plastron; fading to light brown after preservation (Fig. 16C). Teneral
individuals (prior to darkening of cerotegument): yellow-orange in life due to show-through
of body contents; fading to pale yellow or cream-colored after preservation. Prodorsum,
notogaster and margin of ventral plate with irregular wrinkles and low undulations of various
strength and direction, as indicated below; variable among individuals. Cup of apobasic body
setae longer than wide (ca. 7 x 5 μm for notogastral setae; Fig. 4B).

Prodorsum (Figs 1A, C, 2A, C, 16C) — Cuticular creases and undulation irregular
and somewhat variable in position and strength; orientation of individual creases generally
transverse in anterior half, vaguely longitudinal in lateral region but with well delineated
longitudinal pair often forming H-pattern with most posterior transverse crease; usually with
pair of angular creases running posterolaterally to bothridial region. Central cheliceral retractor
muscles inserting without conspicuous muscle sigilla. Bothridial seta (Fig. 1D) directed
dorsolaterally; 85-90 μm, setiform, straight or very weakly curved; isodiametric in middle
third, narrowing slightly in basal third, distal region tapered either gradually or abruptly to
acute tip; pale basally, becoming light brown in distal half but without apparent cerotegument;
with barbs inconspicuous, minute in distal third to half, sparser or absent in basal half. Seta in
present or absent (see Notes, below, for details): if present, formed as alveolar vestige or as
normal, thin seta, ca. 20-30 μm, inserted ca. 30 μm medial and slightly anterior to bothridium.
Setae le and ro smooth, finely attenuate: le ca. 30-40 μm, mutual distance slightly greater than
length (Fig. 1A); ro similar, but mutual distance and distance from rostral margin both ca. 20
μm. Seta ex usually absent (see Notes); if present, formed as alveolar vestige (Fig. 4A) or as
normal, fine seta, ca. 20-25 μm, inserted ca. 25 μm ventral to bothridium.

Notogaster (Figs 1A, C, 2A, C, 16C) — Outline nearly elliptical in dorsal view. With
low, convex central dome, somewhat flattened posteriorly in contracted specimens; dome
surrounded by flatter rim, usually well delineated but not separated from dome by scissure, less
distinct in gravid females. Band of dorsoventral muscles inserting at junction of dome and rim
in lateral region, but without conspicuous sigilla (i.e., typical circumgastric band not evident).
Dome margin with vaguely circumferential creases, forming irregular reticulation; anterior
half of dome featureless or with inconspicuous undulations or subsurface patterns, sometimes
with one to several longitudinal creases or weak ridges (Fig. 16C); posterior half of dome with
well-defined and generally transverse creases. Rim with creases strongest posteriorly, oblique
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Figure 1 Paraquanothrus grahami n. sp., adult (legs omitted): A – dorsal view and enlargement of rostrum; B – ventral view; C – lateral view
(specimen somewhat contracted); D – bothridial seta. Scale bars 100 μm (A-C), 10 μm (D). Abbreviations (other than setae and lyrifissures):
et – lateral tooth on epimere II; gla – opening of opisthonotal gland; Le – lenticulus; of – oblique fold between legs III-IV; vr – vertical ridge
posterior to acetabulum I; z – opening to coxal gland. For coxisternal setae, see Remark 15.
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