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Abstract

The arachnid order Palpigradi remains poorly studied, particularly with respect to patterns of morphologi-
cal adaptation to subterranean environments. Subterranean adaptation in palpigrades and comparison with
endogean species has been documented scarcely. In this study, Eukoenenia serrana sp. nov. is described as
a new species in the E. mirabilis-berlesei group from the cave Sima del Pla de Llomes in eastern Spain. The
new species exhibits pronounced troglomorphic features, including large body size and strong elongation of
appendicular elements, particularly leg I, while retaining diagnostic characters of the group like the single
lateral prosomal organ. We explored the morphological differentiation between endogean and hypogean
species in the E. mirabilis-berlesei group, a lineage traditionally regarded as endogean and only marginally
associated with caves. An analysis of elongation patterns, with an emphasis on the palp and legs, showed
clear differences between species from different habitats using a set of linear measurements and derived ratios
related to body and their appendages size. Hypogean species consistently show marked elongation of tibia
I, basitarsus IV, and combined tarsus—tibia lengths, whereas changes in overall body characters are more
moderate. In contrast, the basitarsus IV/tibia IV ratio remains largely unchanged, indicating proportional
elongation of these segments. Highly cave-adapted species in this group retained a single blade in the lateral
organ, suggesting that sensory and appendicular traits may evolve independently. The results reveal a mosaic
pattern of subterranean adaptation within the E. mirabilis-berlesei group and by extension in palpigrades.
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Introduction

The order Palpigradi Thorell, 1888 remains one of the least studied arachnid groups,
likely due to their small size (0.7-2.0 mm), the general low abundance of most species,
and their strict habitat requirements. Currently, 138 species of palpigrades have been
described worldwide (Harvey 2003; World Palpigradi Catalog 2022), and the majority
are known from only one or a few specimens. The first species, Eukoenenia mirabilis
(Grassi & Calandruccio, 1885), was described from Europe in the late nineteenth
century. Since then, 35 species have been recorded from Europe, all belonging to the
family Eukoeneniidae Petrunkevitch, 1955. Of these, 34 species are assigned to the ge-
nus Eukoenenia Borner, 1901, while a single species belongs to the genus Leprokoenenia
Condé, 1965, Leprokoenenia gallii (Christian, 2009).

To date, 11 species of palpigrades have been reported from the Iberian Peninsula and
the Balearic Islands (Peyerimhoff 1906, 1908; Condé 1951; Mayoral and Barranco 2002;
Barranco and Mayoral 2014; Mayoral and Barranco 2017a, 2017b). Their diagnostic
morphological characters suggest that these taxa belong to several distinct phylogenetic
lineages, reflecting a complex evolutionary history in the region. Ecologically, Iberian pal-
pigrades were found in a wide range of habitats. Some species are endogean, having been
collected under rocks or in leaf litter, whereas others are strictly subterranean and occur
exclusively in caves. They also display varying degrees of morphological adaptations associ-
ated with life underground. Among these 11 species, four belong to the E. mirabilis-berlesei
species group: E. mirabilis (Grassi & Calandruccio, 1885), Eukoenenia amatei Mayoral &
Barranco, 2017, E. gadorensis Mayoral & Barranco, 2002, and E. indalica Mayoral & Bar-
ranco, 2017. There are only eight species worldwide currently included in the E. mirabilis-
berlesei group: E. mirabilis, E. berlesei (Silvestri, 1903), E. ferratilis Souza & Ferreira, 2011,
E. tetraplumata Montafio, 2007, E. madeirae Strinati & Condé, 1995, E. gadorensis, E.
indalica and E. amatei. Notably, only some of those occurring in the Iberian Peninsula ap-
pear to include taxa showing different levels of adaptations to subterranean environments.

In this study, we describe a new species collected in the cave “Sima de Pla de les
Llomes” (Serra, Valencia, Spain) and belonging to the E. mirabilis-berlesei group. The
new species displays pronounced morphological traits consistent with subterranean
adaptation, expanding the morphological and biological diversity known in this group.
In addition, we provide a comparative analysis and discussion of all known species
of the E. mirabilis-berlesei group, including both cave-adapted and non—cave-adapted
taxa, with the aim of identifying which morphological traits are most likely to be
modified in response to life underground in this group of arachnids.

Material and methods

The palpigrade was collected using a small brush and stored in a small vial contain-
ing 70% ethanol. It was cleared in the laboratory using 50% lactic acid and mounted
on slides using Hoyer’s medium. Illustrations were made using a Nikon Optiphot-2
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microscope with a lucid camera attached. All measurements are given in micrometers.
Setal terminology and abbreviations follow Condé (1994), Christian and Christo-
phoryovéd (2013), Mayoral and Barranco (2013, 2017a, 2017b), and Souza and Fer-
reira (2018). The type specimen is deposited in the Scientific Collections Centre of
the University of Almeria (CECOUAL). Pictures and fluorescence images were taken
using a Leica DM LB2 microscope with a Leica DFC450C camera, using a DAPI filter
(350/50 excitation and 460/50 emission).

Morphometric data for statistical analysis for each palpigrade species was compiled
from the literature. All specimens data for each character studied were extracted and
used from each species description, except for those from the immature stages. The data
for E. gadorensis was compiled from Mayoral and Barranco (2002), E. tezraplumata from
Montafio (2007), E. ferratilis from Souza and Ferreira (2011), E. amatei from Mayoral
and Barranco (2017a), E. indalica from Mayoral and Barranco (2017b), E. madeirae
from Strinati and Condé (1995), E. mirabilis from Boérner (1901), Condé (1989) and
Strinati and Condé (1995), and E. berlesei from Condé (1984) and Mayoral and Herndn-
dez-Borroto (2023). Differences between endogean and hypogean groups were assessed
using the built-in T.TEST function, applying two-tailed Welch’s t-tests to account for
unequal variances and sample sizes. For each morphological character, the mean, medi-
an, standard deviation (SD), minimum, maximum, and the 5%-95" percentile interval
of the observations were calculated separately for the endogenous and hypogean groups.
The percentage of elongation for each character was calculated using the group means
(% elo/A) and the group medians (% elo/M) of the endogenous and hypogean groups.
Percentage elongation was calculated as (hypogean-endogean)/endogean x100. All sta-
tistical analyses were conducted in Microsoft Excel (Microsoft Corp.).

Taxonomy

Family Eukoeneniidae Petrunkevitch, 1955
Genus Eunkoenenia Borner, 1901

Eukoenenia serrana sp. nov.
https://zoobank.org/A473DCC3-3B59-4516-A54C-89FDB54FD4DE
Figs 1-18

Material examined. Holotype: * male (UAL-pp-48), Sima Pli de les Llomes,
Serra, Valencia, Comunidad Valenciana, Espafa. 6-XII-2021. A. Sendra et al., leg.
(39°41'53"N, 0°23'54"W). CECOUAL TIPOS 0078.

Description. Body length 1596 (without flagellum).

Prosoma. Frontal organ with two branches with pointed ends. Lateral organ with
a single and pointed blade. Propeltidium with 10 + 10 setae and metapeltidum with 3
+ 3 setae, £3 (139) > £2 (109) > ¢/ (17) (Fig. 1). Deuto-tritosternum with 13 setae in a
semicircle arrangement (Fig. 2). Chelicerae with 5 proximal setae in the basal segment,
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Figures 1-4. Eukoenenia serrana sp. nov. |. Metapeltidial setae, dorsal view. 2. Deuto-tritosternum

setae, dorsal view. 3. Proximal setae, dorsal view. 4. Distal setae, dorsal view. Scale bar: 100 pm.

p3 thickened and heavily barbed (115); p5 the longest (140), and p4 the shortest (46);
p1 with wide insertion (106) (Fig. 3), and p2 with 63 um long. Three distal setae: d3
(92) longer and thinner than 42 (87) and 47 (80) and finished with a pointed end; 42
and 41 with subparallel borders and ending in a small crown of 2-3 spines (Fig. 4).
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Hand of chelicera with 7 setae, 6 dorsal and 1 ventral: 5 dorsal setae arranged in a
straight line approximately in the middle of the segment, plus one external; ventral seta
on the anterior portion of the segment. Fingers with 9 serrated teeth.

Coxal chaetotaxy. Pedipalp coxa with 17 normal setae of different lengths (Fig. 5).
Coxa I with 15 setae: 13 normal setae of different lengths and 2 microsetae (Fig. 6).
Coxa II with 15 setae: 6 thick (Fig. 17C), 9 normal (including 2 large setae) (Fig. 7).
Coxa III with 15 setae: 6 thick (Fig. 17C), 8 normal and 1 macrosetae (Fig. 8). Coxa
IV with 13 setae: 4 thick and 9 normal. (Fig. 9).

Legs formula. Pedipalp: tc with 9n; fe with 8n; ti with 9n; btal with 3n; bta2
with 5n and 1; tal with 1n and 1; ta2 with 6n; ta3 with 23 setae (17, 1f5, 1cs, 1m
and 19n) (Figs 10, 11). Leg I tc with 13n, fe with 9n, pa with 9n and 1 #5, ti with 9n,
btal with 276, 1fs and 2n; bta2 with 276, 1fs and 4n; bta3 with 1gr#, 17 and 1n; bta4
with 176, 1f5 and 5n; tal with 17 and 4n; ta2 with 126 and 15 and 5n; ta3 with 27, 35,
175 (¢s not present), 14m and 5n (Figs 12, 13, 14). Leg IT: tc, fe, pa and ti each with 5n;
bta with 7 setae (including 2 esd, 1grt and 17); ta with 11 setae, 9n, 1m and 1r. Leg IIT:
tc with 2n visible setae; fe, pa and ti each with 5n; bta with 7 setae (including 2 esd,
lgrt and 17); ta with 11 setae, 9n, 17 and 17.

Leg IV: tc with 3n; fe with 3n; pa with 5n; ti with 5n; bta with gla, grt, 7, 2esd
and 2esp; tal with 3n and 1gr# ta2 with 8 normal setae (Figs 15, 16). Basitarsus leg
1V (IVbta) very long (256), with 7 setae: grz (143), gla (126), r (130), 2 esd (99) and
2 esp (112) (Fig. 17A). Seta r inserted most proximally (dr/IVbta = 0.52); grt, esd and
7 inserted more or less at the same level 1/4 from the base; glz and esp pair inserted ap-
proximately 2/3 from the base of the segment, distal from.

Opisthosoma. Tergites I1I-VI with 3 + 3 setae: two pairs of t setae (z,, 7,) between
a pair of slender setae (s). Sternite III with 3 + 3 setae, one  setae («,), and two pairs
of slender setae (s, s,). Sternites [V-VI each with two a setae («,, 4,), and two pairs of
slender setae (s, 5,). Two small glandular orifices are present in the middle of sternites
IV-VL. Sternite VII with 6 setae (3 + 3) (Fig. 17B).

Male genitalia. First lobe with 10 + 10; 2+2 fusules and 8+ 8 setae in three trans-
verse rows: 3 + 3 (longer than the others), 2 + 2 (thicker than the others) and 3 + 3
inserted close to the fusules. Second lobe with 4 + 4 setae,a = 51, =39, c= 54, d = 67.
Third lobe with 4 + 4 setae, w = 44, x = 38, y = 52, z = 79 (Fig. 18).

Measurements (in um). Body: L 1596, B 370, Palp: Pcx 176, Ptc 246, Pte 220,
Pti 247, Pbtal 91, Pbta2 123, Ptal 75, Pta2 79, Pta3 102. Leg I: Icx 235, Itc 263, Ife
214, Ipa 201, Iti 294, Ibtal+2 226, Ibta3 143, Ibta3-dr 125, Ibta3-r 95, Ibta3-z 40,
Ibta3-grt 125, Ibta3-dgrt 60, Ibta3/a 3.58, r/Ibta3 0.66, d7/Ibta3 0.87, gr#/Ibta3 0.87,
dgr/Ibta3 0.42, Ibta4 81, Ital 69, Ita2 67, Ita3 237. Leg II: Ilcx 145, Iltc 114, IIfe
156, Ilpa 139, IIti 128, Ilbta 233, IIta 104. Leg III: Ilcx 142, IIItc 123, IIIfe 157,
[Ipa 156, I1Iti 148, I1Ibta 233, I1Ita 113. Leg IV: IVcx 161, tc 182, fe 258, pa 223, ti
256, IVbta 256, IVbta-a 34, IVbta-dr 133, IVbta-r 130, IVbta-dglz 63, [Vbta-gla 126,
IVbta-dgrz 63, IVbta-grs 143, IVbta-desd 108, IVbta-esd 99, IVbta-desp 35, IVbta-esp
112, IVbta/a 7.53, IVbta/r 1.97, d#/TVbta 0.52, glalgrt 0.88, tal 95, ta2 110, IVbta/ti
1.00, B/IVbta, 1.45. Dorsal length of the basal segment of the chelicera 468.
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Figures 5-9. Eukoenenia serrana sp. nov. 5. Pedipalp coxa. 6. Coxa I. 7. Coxa II. 8. Coxa III. 9. Coxa
IV. Scale bar 100 pm. Solid colored setac on coxae represents thickened setae.

Flagellum. Not preserved.

Female. Unknown.

Etymology. The new species is named after the municipality in which the cave
where the type specimen was collected is located.

Habitat. Pla de les Llomes sinkhole is located along a fracture at 570 m above
sea level. The cave has a total length of about 220 m and an accessible depth of
42 m (Garay 1976; Ferndndez et al. 1980; Sarrién 2012) (Fig. 20A). It is an epige-
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Figures 10, | 1. Eukoenenia serrana sp. nov. Palp. 10. Ptc—Pta2. 1. Pta3. Scale bar: 100 pm.

netically vadose cave developed in Middle Triassic dolomites (Garay 2001). It has a
single entrance, about 2.5 m wide and 1.4 m high (Fig. 20B). The entrance consists
of an 11 m vertical shaft that connects with the rest of the cave, consisting of a se-
ries of complex crawl spaces, shafts, and pseudo-galleries, all developed along the
dominant north-south fracturing of the area. The cave maintains a relatively high
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Figures 12-14. Eukoenenia serrana sp. nov. Leg 1. 12. Trc-Iti. 13. Ibtal-Ita2. 14. Ita3. Scale bar: 100 pm.
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Figures 15, 16. Eukoenenia serrana sp. nov. Leg IV. 15. IVtc-IVta2. 16. IVta3. Scale bar: 100 um.

_

humidity overall, though certain zones exhibit constant dripping, others are notice-
ably drier. The base of the first shaft from the entrance constitutes the dimly lit zone,
a buffer area inhabited by the troglophilic fauna. The remainder of the cave can be
considered a deep zone, where moisture condenses on its surfaces, and where three
additional troglobitic species of special biological interest have been recorded: the
Zygentoma insect Coletinia longitibia Molero, Bach & Gaju, 2013, exclusive to this
cave; the hemipteran cicada of the Kinnaridae family, Valenciolenda fadaforesta Hoch
& Sendra, 2021, found in several caves in the eastern area of the Iberian Cordillera;
and the dipluran Paratachycampa penyoensis Bareth & Condé, 1987, restricted to
about half a dozen caves in Serra Calderona (Sendra-Mocholi et al. 2024). The speci-
men of Eukoenenia serrana sp. nov. was collected in the last chamber on the southern
side of the cave (Fig. 20C, A (topography) in Soto et al. 1975).
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Figure 17. Eukoenenia serrana sp. nov. A. btalV; B. Opisthosoma, ventral view; C. Coxa of leg IT and
II. Scale bar: 100 pm.

Taxonomic discussion

Eukoenenia serrana sp. nov. carries one blade in the lateral organ, seven setae on the
basitarsus IV (grt, gla, 7, 2 esp and 2 esd), 10 + 10 setae on the propeltidium, and 13
tritosternal setae. The combination of these characters relates this species with those
in the E. mirabilis-berlesei group, sensu Christian (2009). There are only eight species
in this reduced group, most of them are fairly small and endogean, however in recent
years several cave-adapted dwelling species were described in this group (Mayoral and
Barranco 2017a; Mayoral and Barranco 2017b). Remarkably, a sexual dimorphism of
the post-sternal glandular warts are reported for E. mirabilis and E. berlesei. They exhibit
glandular structures and their setae on sternites IV and VI, whereas males lack these
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Figure 18. Eukoenenia serrana sp. nov. 18. Genitalia. Scale bar: 100 pm.
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Figure 19. Boxplot comparison of morphological characters between endogean (End) and hypogean

(Hyp) species of the E. mirabilis-berlesei group. Boxes show the interquartile range (IQR), the central line

indicates the median, and whiskers represent data dispersion (1.5x IQR). Asterisks indicate statistically sig-

nificant differences between groups. Differences between groups were evaluated using two-tailed Welch’s

t-tests (unequal variances). Significance thresholds (p) were defined as ns (p = 0.05), * (p < 0.05), ** (p <
0.01), and *** (p < 0.001). Abbreviations used for each character tested (y-axis) as in text and Table 1.

structures on sternite [V and retain them only on sternite VI. Condé (1991, 1996)
interpreted this character as neotenic in males, because none of the immature stages
(A, B, or C) possess glandular setae on sternite IV; this juvenile trait is thus retained in
the adult males of the group. In contrast, the number of setae on sternite IV increases
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Figure 20. Sima PI4 de les Llomes, Valencia, Spain: A. Topography (redrawn from Soto et al. 1975);

B. Entrance sinkhole, photo by Policarp Garay; C. Interior chamber, photo by Jose Manuel Ros Garcia.
Scale bar: 10 m.

throughout development: stage A individuals bear four setae, while stages B and C
of E. mirabilis carry six (four in E. berlesei), indicating a progressive addition of setae
through successive molts leading to the adult female condition (Condé 1976, 1987b).
The Iberian palpigrades in the E. mirabilis-berlesei group were previously divided
into two subgroups (Mayoral and Barranco 2017a). If we apply this classification to the
whole E. mirabilis-berlesei group, the first subgroup is characterized by the presence of
an external glandular complex on sternites IV and VI in females; the species included
are E. mirabilis reported worldwide (Harvey et al. 2006) and E. berlesei reported from
Italy, France, Corsica, Algeria, Virgin Islands and Cuba (Rémy 1949; Condé 1951,
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1984, 1987a, 1987b; Mayoral and Herndndez-Borroto 2023). The second subgroup
includes species with an external glandular complex on sternites VI but not on IV:
E. madeirae from the island of Madeira, E. gadorensis, and E. indalica from southern
Spain. A third subgroup could be made to accommodate species that lack an external
glandular complex on the IV or VI sternites: E. ferratilis from a cave in Minas Gerais,
Brazil, and E. amatei from southern Spain. Eukoenenia tetraplumata from Mexico does
not fit in any of these groups since the female only carries an external glandular com-
plex on sternite IV, and the male only carries it on the sternite VI (Montano 2007).

Eukoenenia serrana sp. nov. belongs to the third group, it lacks a visible external
glandular complex on either of the IV/VI sternites. This relates this new species from
caves in the east of Spain more closely to E. ferratilis in Brazil and specially E. amatei
in the south of Spain (Souza and Ferreira 2011; Mayoral and Barranco 2017b). Eu-
koenenia ferratilis is a smaller species, non-cave-adapted and it is easy to differentiate
from Eukoenenia serrana sp. nov. by its overall small size; for example, the total length
of the body (910-1240 vs 1596), length of the prosoma (250-305 vs 370), length of
palp tibia, (93—120 vs 247), length of leg I tibia (90-120) or length of leg IV basitarsus
(88-115 vs 256). On the other hand, E. amatei is a bigger species that showed certain
traits characteristic of cave adapted species (like elongation of the basitarsus on leg IV).
Both species carry two « setae («,, 4,), and two s slender setae (s, s,) on each side of
the sternites [IV=VI, therefore their ventral chaetotaxy is identical. Eukoenenia serrana
sp. nov. can be differentiated from E. amatei in the morphology of the d setae of the
chelicerae: 4, (truncated vs slender), &, (truncated in both species) and &, (slender vs
truncated), as well as the length of the 7 setae on the metapeltidium #, (139) > 7, (109)
>1,(17) vs2,(98) > £,(65) > £, (25). The leg coxae chaetotaxy has been used to separate
species and groups of species in palpigrades (Christian and Christophoryova 2013),
and it also shows differences between these two species. In particular, the number of
thickened setae, presumably excretory, in coxae -1V (6-6—4 vs 3-3-2). Eukoenenia
serrana sp. nov. appears to have a larger body size and with proportionally longer palps
and legs than E. amatei. These differences are evident in total body length (1596 vs
1176), prosoma length (370 vs 330), palp length (1359 vs 1002), total length of leg I
(2090 vs 1614) and the total length of leg IV (1541 vs 1207).

Eukoenenia serrana sp. nov. is the twelfth palpigrade species reported from the
Iberian Peninsula, and the fourth in the E. mirabilis-berlesei group displaying troglo-
morphic characters.

Troglomorphic evolution in palpigrades

Morphological differentiation between endogean (soil species) and hypogean (cave—
dwelling/cavernicolous species) palpigrades was not systematically addressed in pal-
pigrades, and most of the palpigrade reports are limited to taxonomic descriptions.
Condé (1996) did the only formal comparison available until now with 9 species
(4 endogeans and 5 cavernicolous) using 9 characters, for which many species were
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missing data (Condé 1996, table 1). This table has been the reference point to deter-
mine whether palpigrades fall in one group or the other; this analysis included the
total length of the body (L), the length of the prosomal shield (B), the length of the
flagellum (fl), the length of the basitarsus leg IV (IVbta), the number of the blades in
the lateral organ (O.lat), and the ratios bta/ti, B/bta IV and L/fl. Condé (1996) noted
a “syndrome of cave adaptation” in Eukoenenia where there is an increase in the overall
body length, prosomal shield, basitarsus IV and flagellum, as well as an increment in
the number of elements in the lateral organs. It is remarkable the clear separation of
the two groups of palpigrades regarding their average IVbta length, being 66 pm for
the endogenous and 245 pm for the cave adapted; similarly, the most derived caver-
nicolous species may carry 8—13 elements in the lateral organ on each side, whereas
endogeans generally have 1-3, occasionally 4-6, and interpreted as preadaptation to
hypogean habitats (Condé 1996). In addition, endogean species show nearly double
B/btalV ratio of cavernicolous forms (3.51 vs 1.69), reflecting that the basitarsus IV
of troglobitic species becomes disproportionately elongated relative to the prosomal
shield. As a result, greater elongation of basitarsus IV in subterranean taxa drives the
B/btalV ratio downward, providing a clear morphological distinction between endoge-
an and cavernicolous species.

Mammola et al. (2021) conducted an alternative analysis based on environmental
variables to determine how they affect the distribution and morphological adapta-
tions of subterranean and cave-dwelling palpigrades. They found that i) climate, and
ii) nutrient disposition and habitat have a significant influence on the distribution of
palpigrades adapted to caves and soil.

Comparative morphometric analysis of the E. mirabilis-berlesei group

The comparison in this study focuses on species belonging to the E. mirabilis-berlesei
group, a lineage traditionally regarded as superficial endogean fauna with occasion-
al cave penetration (but not cave adapted) (Condé 1996). Species representing this
more traditional view of the group and used for this analysis are E. mirabilis, E. ber-
lesei, E. ferratilis and E. tetraplumata. A phylogenetic analysis including E. mirabilis
and E. ferratilis suggest that they belong to two different but related clades, with the
E. ferratilis clade frequently recovered as a sister group to the E. mirabilis clade (Giribet
et al. 2014). Souza et al. (2025) identified E. cf. ferratilis as an edaphic lineage and
recovered it as sister to a subclade containing several species of the E. mirabilis-berlesei
group, although it appears more closely related to the Brazilian troglobitic lineage.
These four species were compared with another four species captured in caves that
seem to be bigger and to display longer appendices: E. madeirae, E. gadorensis, E. in-
dalica, E. amatei and E. serrana sp. nov. This within-group approach allows the detec-
tion of cave-associated morphological trends. Morphological differentiation between
endogean and hypogean palpigrades was assessed using eight linear (L, B, IVbta, Pti,
Iti, IV'ti, P(ta-ti), I(ta-ti)) and two ratio-based characters (B/IVbta, IVbta/ti) related to
body and legs length, and their proportions (Table 1). Ideally, other characters would
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Table I. Morphological measurements, ratios, and percentage elongation comparing endogean (End)
and hypogean (Hyp) species of the E. mirabilis-berlesei group. Mean and median are reported for each
character by habitat, along with the relative percentage elongation of hypogean taxa with respect to endo-
gean ones. Percentage elongation was calculated as (hypogean-endogean)/endogean x100 for the average
(% elo/A) and the median (% elo/M) values. Positive values indicate elongation associated with subter-
ranean lifestyles, whereas negative values indicate proportionally reduced dimensions. Abbreviations used
are L, body length (flagellum excluded); B, prosomal shield length; IVbta, basitarsus IV; I, tibia of leg
I; IV, tibia of leg IV; Pti, palpal tibia; B/IVbta, prosoma to basitarsus IV ratio; IVbta/ti, basitarsus IV
to tibia IV ratio; P(ta-ti), palpal tarsus-tibia length; I(ta-ti), leg I tarsus-tibia length. Differences between
groups were evaluated using two-tailed Welch’s t-tests (unequal variances). Significance thresholds (p)
were defined as ns (p = 0.05), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

L B IVbta B/IVbta IVbta/ti

End Hyp End Hyp End Hyp End Hyp End Hyp
Mean 1049 1301 270 322 99 162 2.70 2.07 0.87 0.90
Median 1070 1275 273 310 101 147 2.87 2.16 0.87 0.88
SD 146 140 22 46 13 46 0.30 0.36 0.06 0.06
Min 766 1137 225 270 70 110 2.23 1.45 0.80 0.83
Max 1260 1596 305 460 119 270 3.02 2.77 0.98 1.00
Per 5% 780 1139 233 279 72 122 2.26 1.58 0.80 0.84
Per 95% 1242 1492 299 397 116 260 3.00 2.52 0.97 0.98
% elo/A - 24 - 19 - 64 - -23 - 4
% elo/M - 19 - 14 - 46 - -25 - 1
N 20 14 14 15 17 15 13 13 14 7
p —_— Kok ook otk s

Pt Iti IVt P(ta-ti) I(ta-ti)

End Hyp End Hyp End Hyp End Hyp End Hyp
Mean 107 172 103 183 115 205 294 479 430 726
Median 107 174 99 183 116 185 302 475 426 707
SD 8 44 11 57 12 67 35 124 32 199
Min 93 120 90 120 95 125 243 332 389 515
Max 123 247 120 294 140 313 353 717 478 1117
Per 5% 93 121 90 124 100 130 248 334 392 527
Per 95% 120 235 120 266 132 296 338 655 476 1015
% elo/A - 61 - 78 - 78 - 63 - 69
% elo/M - 62 - 85 - 60 - 57 - 66
N 13 8 15 8 14 7 9 8 10 8
P ok sk * ok ok

have been included in this analysis, but there were limitations where certain characters
were not recorded for several species, especially in reference to older species described
prior the early 2000’s. Consequently, some linear characters analyzed were trimmed to
include most species in the E. mirabilis-berlesei group, ie. comparison of length of leg
I ta—ti (available for most species) vs comparison of full leg I length (not available for
any of the species in the endogean group).
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Analysis of body and prosomal shield length

Body length (L) and prosomal shield length (B) increased in hypogean species
(-19-24% mean; 14—19% median) but more moderately than the legs and palp elon-
gation (Table 1, Fig. 19A, B). Condé (1996) pointed how the total body length can
be artefactual and sometimes not reliable, depending on the preparation/extension
of the specimen, whereas the prosomal shield length, and basitarsus IV are “highly
precise” measurements and therefore better for analysis and to separate endogean from
troglobite palpigrades. Both, his and our independent analyses show a consistent but
discrete enlargement of the body size, suggesting a real increase in the overall size of

cave dwelling palpigrades (Fig. 19A, B).

Appendages analysis

Quantitative comparisons between endogean and hypogean species of the E. mirabilis-
berlesei group revealed clear and consistent elongation patterns for all the 6 appendage
linear morphological characters analyzed. Hypogean specimens showed significantly
larger values for most appendicular measurements analyzed, including basitarsus IV
(IVbta), tibia I (ITi), tibia IV (IVTi), Pti, LI (ta—ti), and P (ta—ti) (Table 1, Fig. 19C,
E-J). Average percentage comparisons showed that greatest degree of elongation in
hypogean species occurred in the leg-related segments: tibia I increased by ~78%, tibia
IV by -78%, leg I (ta—ti) by ~69%, and basitarsus IV by ~-64% (Fig. 19C, G, H, ]).
Median-based estimates produced similar values (e.g., Ti I +85%, Ti IV +60%, btalV
+46%), indicating that elongation differences were not driven by outliers.

In our analysis, elongation of tibia I (ITi) showed as one of the most remarkable
differences between hypogean and endogean species of the E. mirabilis-berlesei group
(Fig. 19G). It shows an increase of approximately 78% in hypogean species when com-
paring group means, and ~85% when comparing medians. These values are among the
highest recorded for any measured character. Tibia IV follows closely with substantial
elongation, with mean values increasing by -78% (median ~-60%) (Fig. 19H). The
palpal tibia, although still significantly longer in hypogean species, exhibits a mean
increase of ~61% (median ~62%), lower than that observed in the other two locomo-
tory legs. In palpigrades, leg I functions more like a palp, where they hold it up in the
air as a major sensory appendage, whereas the unmodified palp is used as a walking leg
(Giribet et al. 2014). When the palp and leg I are analyzed as a whole, P (ta—ti) and
I (ta—ti) show a similar overall elongation pattern to that observed in the individual
tibial segments (data not available for leg IV), but to a lesser extent than the individual
tibiae elongation. Leg I (ta—ti) exhibits a mean elongation of ~69% (median 66%),
compared to ~63% (median 57%) in the palp (ta—ti) (Fig. 191, J). These data com-
bined suggest that the tibiae—particularly tibia —elongate proportionally more than
the remaining segments within the same appendage (85% tibial elongation vs 69%
ta—ti elongation in leg I, Table 1). Condé (1988, 1989) always referred to IVbta elon-
gation but barely mentioned that of tibia I. Our results are consistent with the trend
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historically reported for specialized cave-adapted Eukoenenia species, in which elonga-
tion of the anterior appendages is regarded as a hallmark of troglomorphic adaptation
(Condé 1987b, 1992). The pronounced and consistent elongation of tibia I suggests
that sensory exploration in dark and/or crevice-rich microhabitats may have imposed
strong selective pressures on the first sensory pair of legs in palpigrades.

In contrast, an analysis of the basitarsus IV/tibia IV ratio in the E. mirabilis-ber-
lesei group reveals no significant differences between hypogean and endogean species
(Fig. 19E). This seems to indicate that when leg IV becomes elongated in cave-dwell-
ing palpigrades in this species group, both the basitarsus and tibia tend to lengthen
proportionally, producing little change in their ratio. These results are somehow in
agreement with the pattern described by Condé (1996), who noted this ratio remains
neutral or only slightly positive in the most advanced troglobites and does not sharply
distinguish endogean from cavernicolous forms. Some of most cave—adapted species
in the E. mirabilis-berlesei group show very advanced troglomorphisms, like the length
of IVbta in E. indalica (4™ largest among palpigrades) (Mayoral and Barranco 2017b),
but its 0.87 IVbta/ti ratio is within the value of the endogean species (Table 1). This
is in contrast with the findings from Condé (1996) and Christian et al. (2012), where
they reported differences in this ratio between endogenous and cavernicolous species
out of the E. mirabilis-berlesei group.

Number of blades in the lateral organ

Another morphological character commonly used in palpigrades to assess the degree of
subterranean adaptation is the number of blades in the lateral organ on each side of the
anterior prosomal margin. This number is typically low among endogean species, and
most often a single element (although it can vary from 1 to 3). In contrast, highly troglo-
morphic Eukoenenia species show a marked increase in the number of blades (3 to 13),
reaching up to 16 elements on each side in Eukoenenia thais, a specialized cave-adapted
palpigrade (Condé 1988, 1994). It is remarkable that species exhibiting pronounced
troglomorphic traits in the E. mirabilis-berlesei group, such as E. serrana sp. nov. and
E. indalica, nevertheless retain a single blade on each side of the prosoma. The retention
of a single blade in cave—adapted members of this group suggests that not all sensory and
morphological traits may respond uniformly to subterranean selective pressures.

Final remarks

Comparative morphometric analyses of the E. mirabilis-berlesei group revealed a pro-
nounced trend of larger body size and elongated appendages in hypogean species com-
pared with their endogean counterparts. Percentage-based comparisons indicate that
elongation is particularly marked in appendicular measurements, including basitarsus IV
length, tibial segments, and overall length of leg I. These differences are consistently ob-
served when calculated using both group means and medians, suggesting that the pattern
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is robust to distributional asymmetries. Our results suggest that the appendage elonga-
tion is strongest in leg I, followed by leg IV, and weakest in the palp; the tarsus—tibia and
tibia measurements show similar results. Leg I serves as the dominant tactile appendage
during locomotion and environmental surveying, whereas leg IV seems to contribute
more to support and walking. By contrast, characters describing the prosomal shield or
ratios expressing its relative size tend to show reduced values in hypogean species, reflect-
ing a shift toward relatively longer appendages rather than uniform body enlargement.
An increase in the number of blades has been interpreted as a hallmark of advanced cave
adaptation in palpigrades, the persistence of a single element in E. serrana sp. nov. or
E. indalica indicates that there may be exceptions and that an increase in the number of
blades in the lateral sensory complex is not a pre- or corequisite for appendage elongation.
This differential evolution of characters implies that different troglomorphic characters
may be subject to distinct functional constraints, pressures and/or evolutionary pathways.
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