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ABSTRACT: The pelagic realm is the most voluminous biome on Earth and a deeper in-
sight into evolutionary traits of dominant planktonic taxa such as Eucarida (Decapoda and
Euphausiidae) is indispensable to understanding evolution on our planet. We recorded syn-
apomorphies of all major fully planktonic eucarid groups — Euphausiidae, Oplophoroidea,
Pasiphaeoidea, Sergestoidea, and Benthesicymidae — at three clade levels corresponding
to families, genera, and species groups. We divided morphological synapomorphies into
eight groups and examined which of them provided evolutionary success in the pelagic
or benthopelagic biotopes. Morphological diversification was mainly driven by copula-
tory structures in Benthesicymidae, pereopods and copulatory structures in Euphausiidae
and Sergestoidea, carapace, pleon, and mouthparts in Oplophoroidea and Pasiphacoidea.
Proportional contribution of these characters to diversification was unique for each taxon.
Morphological characters coevolve as three functional units: copulatory structure (mating);
photophores, antennula, and eye (perception and communication); mouthparts, pereopods,
pleon, and carapace (feeding and defense). A benthopelagic ambit for a diverged clade may
be predicted by the presence of pleon-linked synapomorphies. Species group level clades
are characteristic for pelagic biotopes where niche diversity is low and number of habitats
is limited due to relatively homogenous environment, which canalizes within-generic
evolution through infrageneric taxa such as species groups. In contrast, evolution in the
ecologically more diverse benthopelagic biotope occurs through adaptations to ecologically
diverse habitats and through speciation without certain infrageneric taxa.
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PE3IOME: Ilenaruans siBiseTcs cambiM OOIIMpHBIM OMOMOM Ha 3emile, W TiTyOOKoe
ITOHUMAHHE ABOJIFOIMOHHBIX OCOOEHHOCTEH NOMHWHHPYIOIINX IUIAHKTOHHBIX TaKCOHOB,
takux kak Eucarida (Decapoda m Euphausiidae), HeoOxomumo a1 MOHUMaHHS 3BO-
JIIOIIMK Ha Hamie miranere. Mul BRISBUIIN CI/IHal'IOMOp(i)I/II/I BCCX OCHOBHBIX ITOJITHOCTBIO
IUIaHKTOHHBIX Tpy1n aykapu— Euphausiidae, Oplophoroidea, Pasiphacoidea, Sergestoidea
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n Benthesicymidae — Ha Tpex ypoBHSIX: ceMEHUCTBa, poJia U TPYIIT BU0B. MBI pa3aeinnim
MopdoIornueckue CHHAOMOP(UN Ha BOCEMb TPYIIl M HCCIEIOBAIN, KaKHe M3 HUX
00eCIIeYnITN YBOJIFOLIMOHHBII YCIIeX B ITesiaruaiy u OeHromnenarui. Mopgonorunyeckoe pas-
HOOOpa3ue B HCCIIEIOBAHHBIX TPYyIIaX 00yCIOBICHO INIABHBIM 00pa30M KOMYJISITUBHBIMH
cTpykrypamu (Benthesicymidae), miubo mepeonogaMu M KOMyJISTHBHBIME CTPYKTYpPaMu
(Euphausiidae, Sergestoidea), 1060 kapamakcoM, IUJICOHOM H POTOBBIM armapaToM
(Oplophoroidea, Pasiphacoidea). [TpomopiirioHaIbHBINA BKJIA1 ITHX MPU3HAKOB B IUBEPCUH-
KaIMI0 YHUKAJICH JUISl KayKI0T0 TaKcoHa. MopQosiornueckre Npru3Haku 3BOJIIOIMOHUPYIOT
COBMECTHO B COCTaBe TPeX (PYHKLHOHAIBHBIX KOMIUICKCOB: KOIYJISITUBHBIC CTPYKTYDBI
(crapuBanme); GoToOpPEI, aHTEHHYJIHI U T1a3a (BOCIPUATHE U KOMMYHHUKAIHS ); POTOBOU
ammapar, epeonosl, IVIEOH U Kapanakc (mutaHue u 3amuTa). Cpexy oOuTaHHS KiIaabl
MOJKHO IPEACKa3aTb M0 HAJIUYUIO CHHaHOMOp(bHﬁ, CBsA3aHHBIX C IINICOHOM, YTO MOXKCT
OBITH CBS3aHO C KOHKPETHBIMU CTPaTEerHsMH MPUAOHHOTO 00pasa sxu3Hu. OOpa3zoBaHue
KJIaJ] Ha YPOBHE BHJIOB XapaKTEPHO AJIs MeNarkalii, ¢ YUciIo OHOTOMOB OrPaHHYCHO, a
YCJIOBHS CPEIbl OAHOPOIHBL, 4TO 00EeCIIeYHBaeT BHYTPUPOIOBYIO 3BOIOLHIO. B oTinyne
OT ATOTO, SBOJTIOIINS B 9KOJIOTHUYECKH O0JIee pa3sHO00pa3HOil OEHTOIeIarnaiy IPOUCXOIHT
3a cHeT aJanTalui K pa3HOOOpa3HBIM 9KOJIOTHUECKUM CpeliaM U 4epe3 BUI000pa3oBaHue
663 ydacTuA OnpeaACICHHbIX BHYTPUBUAOBBIX TAKCOHOB.

Kak nmrtuposars 3ty crareto: Lunina A.A., Kulagin D.N., Vereshchaka A.L. 2025.
Evolutionary traits of planktonic Eucarida // Invert. Zool. Vol.22. No.2. P.340-359, Suppl.
Figs S1-S2, Suppl. Tables S1-S10. doi: 10.15298/invertzool.22.2.09

KJIFOUEBBIE CJIOBA: Decapoda, Eucarida, sBomoninoHHble TpU3HAKH, MOPHOTOTHIE-
CKUii aHasM3, MOP(HOIOTHIECKUE PU3HAKH, KPUJIb, (DUIIOTCHUS, TNIAHKTOHHbBIE IPYIIIIbIL.

341

Introduction

The pelagic realm is the most voluminous
biome on Earth and a deeper insight into evo-
lutionary traits of dominant planktonic taxa is
indispensable to understanding evolution on
our planet. The crustacean superorder Eucarida,
represented by two marine orders Euphausiacea
and Decapoda, is one of the most spectacular and
evolutionary successful planktonic group. De-
capoda encompasses panoceanic superfamilies
Oplophoroidea Dana, 1852, Pasiphaeoidea Dana,
1852, Sergestoidea Dana, 1852, and the family
Benthesicymidae Wood-Mason in Wood-Mason
etAlcock, 1891.All these taxa are planktonic, of-
ten dominant in the water column, “shrimp-like”,
with elongated carapace and abdomen bearing
swimming appendages. They occur either in the
pelagic (epi-, meso-, bathy-, and abyssopelagic)
or in the benthopelagic (near the bottom, above
continental slopes, seamounts, shelves).

The role of eucarids in oceanic plankton is
very significant. Euphausiidae, widely known as
krill, is probably the most abundant and commer-
cially important group of marine eucarids (e.g.,
Mauchline, Fisher 1969; Everson, 2000). For
example, the krill stock in the Southern Ocean is

assessed as 0.38 Gt (wet weight — Atkinson et
al.,2009) and the catch in earlier times reached
0.53 Gt — Everson, 2000; Nicol et al., 2012).
Decapods are also notable in the pelagic, espe-
cially representatives of the families Sergestidae
(belonging to Sergestoidea: Vereshchaka et al.,
2014; Vereshchaka, 2017) and Acanthephyridae
(Oplophoroidea: Kemp, 1939); the latter group
makes up the greatest contribution to the global
deep-pelagic shrimp biomass that is assessed as
1.7 Gt (Vereshchaka et al.,2019b). Overall, total
decapod biomass in the pelagic likely lies within
the range reported for mesopelagic fishes, i.e.,
1-15 Gt (Gjesacter, Kawaguchi, 1980; Lam,
Pauly, 2005; Irigoien et al., 2014).

Inaddition to the pelagic habitat, a number of
planktonic eucarid genera extend their ecological
ranges to the near-bottom layer and are linked
to the bottom through feeding and\or shelter
and thus represent benthopelagic fauna sensu
Vereshchaka (1995). The adults of twelve genera
of Benthesicymidae (except A/telatipes and Gen-
nadas) live near the bottom permanently. Other
genera occur there in the daytime in the course of
diurnal vertical migrations (e.g., the pasiphaeoid
Pasiphaea and the oplophoroid Janicella). Colo-
nization ofthe benthopelagic biotope has resulted
in significant morphological changes as shown
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for individual taxa: lens-bearing photophores in
Sergestoidea (Vereshchaka, 2017), abbreviated
posterior pleonic somites in Oplophoroidea (Ku-
laginetal.,2024),simplified copulatory structures
in Euphausiidae and Dendrobranchiata (Lunina
et al., 2019a, 2024; Vereshchaka et al., 2019a),
etc. We hypothesize that planktonic eucarids
evolving in benthopelagic habitats have a num-
ber of common morphological synapomorphies
(derived traits evolved in their most recent com-
mon ancestor) and test this hypothesis here; we
also try to predict a habitat of a clade (pelagic or
benthopelagic) on the basis of synapomorphies
supporting the clade.

We focus on the evolutionary traits in
Euphausiidae, Oplophoroidea, Pasiphaeoidea,
Sergestoidea, and Benthesicymidae and ana-
lyze morphological characters providing their
evolutionary success in the pelagic and the
benthopelagic. In contrast to the rest of eucarid
families (e.g., Portunidae, Pandalidae, Penaei-
dae) that are mostly benthic or benthopelagic
with only few truly pelagic species, the five major
selected taxa are entirely pelagic or benthope-
lagic. Their panoceanic distribution, abundance,
and dominant role in the plankton mirror their
evolutionary success that is expected to be linked
to morphological traits to be analyzed here. We
answer the following questions:

Which particular characters greater contrib-
ute to the morphological diversification within
each of individual major taxa?

Which of these characters are similar among
the five major taxa and which are different?

Are these characters the same at deeper and
more terminal nodes of phylogenetic trees?

Canwe predict the principal biotope ofa clade
(pelagic or benthopelagic) having information
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of synapomorphies supporting this clade (the
‘biotope’ hypothesis)?

These objectives have four principal difficul-
tiesto overcome. Firstly, such an analysis should
be based on statistically supported phylogenetic
trees that are confirmed by both molecular and
morphological methods. Ideally, phylogenetic
trees are expected to include all known repre-
sentatives of each group in order not to omit
important traits. In spite of significant increase
of recent phylogenetic analyses of marine
groups, only restricted number of publications
meets these requirements (Table 1). Sergestoidea
have only a morphological tree and there is little
chance that a resolved molecular tree including
all genera will appear in the foreseeable future
due to remote habitats and difficult species
identification within this taxon (Vereshchaka,
2000, 2009). Conversely, Pasiphacoidea have
only molecular tree (Liao et al., 2017) but in
this case we can fill a morphological gap and
examine synapomorphies supporting molecular
clades retrieved by Liao et al., (2017) using
specimens at hand (Table 2, Suppl. Table S1).

Secondly, external morphology of the five
clades belonging to different orders is not always
completely homological, some groups of organs
may be present or absent. For example, thoraco-
pods in Euphausiidae (second to eight thoracic
segments) and pereopods in Decapoda (fourth
to eight thoracic segments), albeit not linked
to identical segments, have the same function
(catching prey and movement). Furthermore,
elaborated copulatory structures (petasmata in
males and thelyca in females) may be present in
Euphausiidae, Sergestoidea, and Benthesicymi-
daebutabsentintherestofthe groups. Inaddition,
photophores may be visible and easy to codify in

Table 1. Literature sources of phylogenetic trees and supporting synapomorphies.
Tabmuma 1. JIuteparypHble HCTOYHUKH (DUITOTEHETHUECKHX IEPEBBEB U CHHATIOMOP(dHIi.

Taxa Sources Figures
Euphausiidae Vereshchaka et al., 2019a 5-9
Benthesicymidae Vereshchaka et al., 2021 2-3,5-6
Sergestoidea Vereshchaka, 2017 3
Lunina et al., 2019a 5
Oplophoroidea Lunina ef al., 2021 5
Lunina et al., 2024 5
Pasiphacoidea Liao et al., 2017 2-3




Evolutionary traits of planktonic Eucarida

Euphausiidae and Sergestoidea or hardly (ifatall)
visible and uncertain in most alcohol-preserved
Benthesicymidae and Oplophoroidea. We,
therefore, combined morphological characters
into several groups and analyzed distribution
of these group-linked synapomorphies across
the trees (Fig. 1A).

In our analyses we use a combination of
Hennigian and Linnaean taxonomic approaches
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representing different concepts in biological
classification (e.g., Williams, Lee,2014). AHen-
nigian cladeis a group of organisms that includes
a common ancestor and all its descendants and
mirrors the branching patterns of evolutionary
history. Phylogenetic trees of five major taxa
under consideration inevitably have different
topology and branching of Hennigian clades.
In order to standardize level of these clades, we

Table 2. Morphological synapomorphies (our data: Suppl. Table S1) supporting molecular clades

of Pasiphaeoidea (Liao et al., 2017).

Tabmuma 2. Mopdonoruyeckne cuHanomophun (Hamm ganHsie: Tabm. S1), nognepxuBaromye
MOJICKyJIApHbIC Kiaaasl Pasiphacoidea (Liao et al., 2017).

Clade Synapomorphies 31!?;1:1?;/
Carapace, ratio maximal width two of postsinusial width 2.1+0,2 present
Carapace, branchiostegal sinus distinct and deep absent
Rostrum reaching/overreaching distal part of cornea absent
Maxilla II, endites separate absent
Maxilliped I, endites fused with basis, endopod developed or reduced present
Pereopod I, distal part of basis unarmed absent
Pasiphae Pereopod I, distal part of basis with acute tooth on outer margin present
Pereopods II, equal spines of chela’s fingers present
Pereopods 111 filiform present
Pereopods IV shorter than Pereopods V present
Pereopod IV, propodus, brush of short setac present
Pereopod 1V, dactylus, row of short setae present
Telson, dorsolateral spines absent
Carapace, orbital spine present
Carapace, orbital and branchiostegal spines present
Eupasiphae Carapace, orbital spine proceeding in postorbital ridge present
Postorbital carina (ridge) present
Telson, 56 pairs of terminal spines present
Rostrum not reaching proximal part of cornea present
Orbital stalk with terminal appendage or second eye field present
Eyestalk wider than cornea present
Elevation of dorsal carina on rostrum or proximal part of carapace present
Low dorsal carina elevation on rostrum or proximal part of carapace present
Parapasiphae - -
Carapace, branchiostegal spine absent
Pereopod I, distal part of basis laterally expanded present
Abdomen, carina on II segment absent
Abdomen, carina on III segment absent
Abdomen, carina on [V segment absent
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Table 2 (continued).
Tabmyna 2 (mpogoinkeHne).
Clade Synapomorphies Absence/
presence
Carapace, breeding female, dorsal carina and pair depressions along
i present
midline
Mandible, palp 1-segmented present
Mandible, palp rounded present
Maxilliped I, endopod developed or reduced, endites well-developed present
Pereopod 11, merus, 2—10 spines present
Pereopod 11, ischium, armament present
Pleon, VI somite, posterior part distinctly wider than anterior present
Leptochela - - - — -
Pleon, VI somite, ventrolateral margin armed with 1 spine in posterior
present
part
Telson, mesial spines in the anterior part present
Telson, ‘Leptochela’ type armament of the tip present
Telson, 5—6 pairs of terminal spines present
Telson equal to uropods in length present
Uropod, endopod, movable spines present
Uropods exopod, movable spines present
Mandible, palp 2-segmented present
Mandible, palp leaf-like present
Mandible, palp longer than mandible present
) Pereopod 111, exopod longer than or subequal to endopod present
Psathyrocaris
Pereopods 1V, exopod longer than or subequal to endopod present
Pereopods V, exopod longer than or subequal to endopod present
Pleopods -V subequal or equal to carapace in length present
Telson longer than VI pleonic somite absent

Eupasiphae and Parapasiphae considered here as separate genera because (1) monophyly on molecular tree of Eupa-
siphae was rejected by the Bayes factor test but not by the AU one in Liao ez al., (2017) and (2) both genera are supported by
a set of distinct morphological synapomorphies. Glyphus not included because supporting synapomorphies were not found.

further use Linnaean approach (hierarchical cat-
egories used to organize and classify organisms).
We group the clades into ranked groups such as
species groups, genera, subfamilies, families
and ignore intermediate branching episodes (for
example, between genus and species group level
clades). Euphausiidae and Benthesicymidae have
monophyletic subfamilies absent in the rest of
the taxa that, instead, encompass monophyletic
families. We compared the subfamily level clades
of these taxa with the family level clades of the
rest of the eucarids in a common pool (hereafter,
family level clades).

Fourthly, apelagic orabenthopelagic habitat
for a taxon is not always obvious. In most cases
benthopelagic eucarids may be identified (see
details in Vereshchaka, 1995) on the basis of
their distribution (high abundances over shelves,
seamounts, continental slopes coupled with
only occasional occurrence in the open ocean),
behavior (burial in a ground instead of swim-
ming around), and feeding (regular presence of
benthic prey in gut content). Information of the
gear type may also be helpful: high abundances
in benthic trawls (especially in the daytime)
coupled with aggregation in the water column



Evolutionary traits of planktonic Eucarida 345

antennula
carapace

pleon + telson

mouthparts / /
pereopods
photophores

(if applicable) petasma
(if applicable)
~—

One character:

— pleonic somites
bearing dorsal spines

N

T o>
\

Tree characters:
third pleonic somite bearing dorsal spines
— fourth pleonic somite bearing dorsal spines

fifth pleonic somite bearing dorsal spines

Fig. 1. Character grouping in Eucarida: A — Systellaspis debilis, B — various ways of codification of the
same characters exemplified by Oplophorus spinosus.

Puc. 1. I'pynmmposka npusHakoB y Eucarida: A — Systellaspis debilis; B — pa3nmudnbie criocoObl koguhu-
KalliM TeX )K€ MPU3HAKOB Ha npuMepe Oplophorus spinosus.
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at night suggest benthopelagic habitat. Overall,
on the basis of this integrative information, we
can designate planktonic eucarids as pelagic or
benthopelagic with reasonable certainty.

Material and methods

MATERIAL. We analyzed morphological synapo-
morphies of all five major planktonic taxa belonging
to Euphausiidae and Decapoda. We summarized
published from recent phylogenetic analyses of three
taxa (Euphausiidae, Benthesicymidae, and Oplopho-
roidea) based on simultaneous use of molecular and
morphological methods, analyses of Sergestoidea
based on morphological characters, and analyses of
Pasiphacoidea based on molecular methods (Table 1).
For all taxa except Pasiphacoidea synapomorphies
were previously retrieved using the outgroup analyses
(see details in Table 1); for Pasiphacoidea we used
molecular tree by Liao et al. (2017) and recorded
morphological synapomorphies supporting molecular
clades using material at hand and suggesting that the
synapomorphies evolved de novo within the clades
(Suppl. Table S1). Synapomorphies were recorded
only for the clades of three distinct taxonomic levels
(Suppl. Tables S2—-S6):

— family level in Oplophoroidea, Pasiphacoidea,
and Sergestoidea and subfamily level in Euphausiidae
and Benthesicymidae (‘family level”),

— genus level,

—species group level (if species groups were previ-
ously designated in the papers referred to in Table 1).

We considered Leptochelidae and Psathyrocari-
didae as family level clades (without formal erecting
here these taxonomic names) in Pasiphaeoidea; the
status of both clades is currently under question but
the nodes separating both clades are much deeper
than those of the rest of the Pasiphacoidea genera
(e.g., Liao et al., 2017). Four clades corresponding
to the families Petalidiumidae, Sicyonellidae, Lepto-
chelidae and Psathyrocarididae encompassed a single
genus each; in this case we considered supporting
synapomorphies both as family level and genus level
supporting synapomorphies.

CONTRIBUTION OF CHARACTER GROUPS
TO MORPHOLOGICAL DIVERSIFICATION. We
divided all morphological characters into eight groups
(Fig. 1A) associated with: (1) the carapace, (2) the
pleonandthetelson (hereafter ‘pleon’), (3) the eye, (4)
the antennula, (5) the mouthparts, (6) the pereopods
in Decapoda or thoracopods in Euphausiidae, (7)
the photophores, and (8) the copulatory structures.
As some morphological characters may be coded
subjectively (several synapomorphies may be coded
separately or combined into a single synapomorphy:
e.g., Fig. 1B), we considered number of supporting
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synapomorphies as binary parameters, i.e., either
absent or present.

Foreach clade werecorded the clade level (family,
genus, or species group) and the presence or absence
of synapomorphies supporting this clade. Synapomor-
phies for Pasiphaeoidea (“in-group” analysis) are listed
in Table 2, synapomorphies for the rest of the groups
were collected from the papers and figures listed in
Table 1. The contribution of each character group (C))
tothecladediversification was calculatedas C=N/N,
where N, was a binary character (O=absent, I=present)
and N was a sum of binary characters supporting
the clade. Since the contribution C, was normalized
(divided by N, ), we expected that this value did not
depend on a number of recorded synapomorphies
within each of the character groups. Three-D histo-
grams were then made for each of five major taxa.

Inorder to assess contribution of character groups
to diversification of the planktonic eucarid clades in
detail, we combined results in a common pool and ran
Principal Component Analysis (PCA) using Kulczyn-
ski (binary) similarity index. PCA was aimed to assess
contribution of various morphological characters to
diversification among the major eucaridean groups.

We generated three datasets:

(1) all character groups and Clade Level included
(Taxon as a target): this analysis was designed to
show comparative impact of the Clade Level and all
various morphological characters on diversification
in major taxa;

(2) all character groups included (Taxon as a target,
Clade Level excluded): this analysis was expected to
result in a clearer picture and reveal contribution of
individual character groups to diversification of the
planktonic eucarids in major taxa regardless Clade
Level;

(3)all character groups included (Clade Level as a
target): this analysis was aimed to unveil morphologi-
cal characters whose impact on diversification depend
on the Clade Level.

ANALYSIS OF COEVOLUTION. We further
assessed possible contribution of various groups
of morphological characters to the pelagic eucarid
evolution using the same eight character groups as in
the previous section. For each of the selected clades
we considered every node as an evolutionary event
and recorded which character groups supported the
clade (following, e.g., Vereshchaka et al., 2019a).
In the case of Pasiphaeoidea (only a molecular tree
was available, from Liao ef al., 2017), we examined
representatives of supported clades morphologically
(Suppl. Table S1) and recorded morphological charac-
ters supporting each of these clades. We finally had a
matrix with rows listing the supported clades (family,
genus, and species group level) and columns indicating
presence/absence of synapomorphies that supported
each branch (Suppl. Tables S2-S6).
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Robust clustering of character groups (similar re-
sultsretrieved by various settings) suggests their most
possible co-evolution (Vereshchaka et al.,2019a); we
ran hierarchical clustering with several settings and
further compared resulting dendrograms. We used
Ward’s Method (Clusters are joined in such a way
that increase in within-group variance is minimized)
and Complete Linkage Method (each element is in a
cluster of its own; the clusters are then sequentially
combined into larger clusters until all elements end
up being in the same cluster) and measured intervals
using Euclidean, Squared Euclidean and Minkovski
distances in each method.

TESTING A ‘BIOTOPE’ HYPOTHESIS. We
tested a hypothesis that morphological diversifica-
tion is tightly linked to the biotope inhabited by the
clade. If so, we can predict a major oceanic biotope
(pelagic or benthopelagic) inhabited by a clade with
a knowledge of (1) morphological synapomorphies
supporting the clade and (2) the clade level (family,
genus, species group). We ran Generalized Linear
Mixed Models (GLMMs), used multinomial logistic
regressions with Habitat (pelagic or benthopelagic)
as a target and the following variables (presence or
absence of synapomorphies linked to the character
groups below) as fixed factors: (1) Carapace, (2)
Pleon, (3) Antennula, (4) Eye, (5) Mouthparts, (6)
Pereopods, (7) Photophores, (8) Copulatory structures,
and (9) Clade Level.

For eight groups of morphological characters
(factors 1-8) and for each particular clade we used
‘0’ if synapomorphies were absent and ‘1’ is present.
Clade Level (factor 9) was ‘1’ for families, ‘2 for
genera, and ‘3’ for species groups. The input matrix
was based on the data of Tables S2—-S6.

We additionally calculated tetrachoric correlations
between biotope (binary) and each of binary variables
linked to morphological synapomorphies using an
approximation after Bonett & Price (2005), which is
appropriate for our binary dataset. These correlations
were designed to independently show correlations
between Habitat (set as: pelagic=1, benthopelagic=0)
and each of character types.

We used Microsoft Excel 2010 software for
handling data and IBM SPSS Statistics 26 (https://
www.ibm.com/support/pages/downloading-ibm-
spss-statistics-26) for statistical analyses.

Results

CONTRIBUTION OF CHARACTER
GROUPS TO MORPHOLOGICAL DIVER-
SIFICATION OF INDIVIDUAL CLADES:
SIMPLE VISUALIZATION. Contribution of
character groups to morphological diversifi-
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cation of families, genera and species groups
(C) is shown in Fig. 2, we further consider the
morphological contribution significantif C.>0.1.

Carapace-linked characters are notable
everywhere (especially in Oplophoroidea in
which their contribution exceeds 0.5 at the
species-group level) except species groups of
Benthesicymidae.

Pleon-linked characters are always important
in Oplophoroidea, Pasiphaeoidea, and Serg-
estoidea as well as in species group clades of
Euphausiidae, in family and genus level clades
of Benthesicymidae.

Both antenna and eye contribute only in
genus level clades of Euphausiidae, the antenna
contributes to family level clades of Sergestoidea
(antenna), and the eye contributes to the genus
level clades of Pasiphaeoidea.

Mouthparts are always important in Serges-
toidea and (0.22) especially in Oplophoroidea
(0.33) and Pasiphacoidea (0.30) as well as in
family level clades of Benthesicymidae (0.25).

Contribution of pereopod-linked characters
was significant everywhere except Benthesi-
cymidae (all clades) and species group clades
of Oplophoroidea.

Copulatory structures are very important in
the taxa with elaborate copulatory structures
(petasmata in males and thelyca in females),
these organs explain most of morphological
diversification in Euphausiidae, Sergestoidea,
and Benthesicymidae; their contribution in-
creases from the family level clades to the genus
level clades and to species group level clades.
In Benthesicymidae, synapomorphies linked to
copulatory structures dominate absolutely: from
0.5 inthe family-level cladesto 1.0 in the species
group level clades.

Photophores make contribution only to di-
versification of generic clades of Sergestoidea.

Overall, simple visualization shows that
contribution of various character groups to di-
versification greatly depends on the clade level
and on individual taxon. Carapace-, pleon-,
mouthparts-, and pereopod-linked synapomor-
phies are the most widely distributed across the
taxa and clades but their contribution usually is
not so great. Conversely, copulatory structures,
albeit recorded only in three taxa, significantly
contribute to their morphological diversification,
especially in Benthesicymidae.
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Euphausiacea

Sergestoidea

icymidae

Benthes

Oplophoroidea

Pasiphaeoidea

Fig. 2. Contribution of various character groups in morphological diversification of major planktonic groups
of Eucarida in family level clades (anterior rows), genus level clades (intermediate rows), and species group
level clades (posterior rows). Mp — mouthparts, Crp — carapace, Pl — pleon, Cop — copulatory structures,
Pp — pereopods, Php — photophores.

Puc. 2. Bxiaj pa3iuyHbIX IPYIIT IPU3HAKOB B MOP(OIOTHIECKOE Pa3HOOOpa3ne OCHOBHBIX ITAHKTOHHBIX
rpymn Eucarida B kitafax ypoBHs cemeiicTBa (nepeHue psizbl), KIaaax ypoBHs pojia (IIPOMeXyTOUHbIE PsiIbI)
W KJIaJIax YPOBHs IPYIII BUIOB (3a1Hue psiabl). Ant — aHTeHHa, Eye — rma3a, Mp — poTOBbIC KOHEYHOCTH,
Crp — xapanakc, Pl — mneon, Cop — KomyIaTopHbIe CTPYKTypbl, Pp — mepeonoast, Php — doTodopsr.
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Fig. 3. Results of Principal Component Analyses: A — with all character groups and Clade Level included,
grouped by Taxon; B — all character groups included and Clade Level excluded, grouped by Taxon; C — all
character groups included, grouped by Clade Level. Only notable vectors corresponding character groups
included (green).

Puc. 3. Pe3ynbrarsl aHanm3a raBHbIX KOMITOHEHTOB (PCA): A— BKIIOUEHBI BCE TPYIIIBI IPH3HAKOB U yPOBHU
KJIaJ1, CIPYIIIHPOBAHbI 110 TAKCOHY; B — BKJIIOUCHBI BCE IPYIIIbBI IPU3HAKOB M UCKIIIOYCH YPOBCHbB KIIa/Ibl,
CTPYNIUPOBAHBI 110 TaKcOHY; C — BKIIFOYEHBI BCE TPYIIITBI IPHU3HAKOB, CIPYIITMPOBAHBI [10 YPOBHIO KIIA/IBI.
BxJIFOYEHBI TOJIBKO M3BECTHBIC BEKTOPBI, COOTBETCTBYIOLINE I'pynnaM IPU3HAKOB (0603Ha‘IeHLI 3CJICHBIM
LBETOM).



350

CONTRIBUTION OF CHARACTER
GROUPS TO MORPHOLOGICAL DIVER-
SIFICATION WITHIN THE COMMON EU-
CARIDPOOL: PCAAPPROACH. PCAanalysis
with all character groups and Clade Level in-
cluded show that diversification may be perfectly
(94% of variance) explained by two principal
components (Fig. 3A). The first one accounted
for 83% of variance and was mainly associated
with the Clade Level. The second component
(12% of variance) was primarily linked to the
copulatory structures and the carapace+pleon
(both combined due to their collinearity). Diver-
sification of Dendrobranchiata (Sergestoideaand
Benthesicymidae) and Euphausiidae was mainly
driven by characters linked to the copulatory
structures, whereas diversification of Caridea
(Oplophoroidea and Pasiphaeoidea) was driven
by the carapace, the pleon, and the mouthparts.

When we excluded the most important factor
(Clade Level) from the PCA, 81% of variance
stillwas explained (Fig. 3B). The first component
accounted for 67% of variance and was mainly
associated with the copulatory structures. The
second component (14% of variance) was pri-
marily linked to the pereopods and the carapace.
Diversification of Benthesicymidae and, to a
lesser extent, Euphausiidae was mainly driven
by characters linked to the copulatory structures,
whereas diversification of Caridea was driven
by the carapace, the pleon, and the mouthparts.
Diversification of Sergestoidea and, partly, Eu-
phausiidae was also explained by the pereopods.

When we used the clade level as a target in
the PCA, 81% of variance was explained (Fig.
3C). The first component accounted for 67% of
variance and was mainly associated with the
copulatory structures. The second component
(14% of variance) was primarily linked to the
pereopods and the carapace. Data for family
and genus level clades were centered at zero,
diversification at these levels were dominated
by various characters depending on the taxon
(mainly pereopods and carapace); diversification
of the species group level clades was driven by
the copulatory structures (Dendrobranchiata and
Euphausiidae) and the carapace-, pleon-, and
mouthparts-linked characters (Caridea).

Overall, diversification of planktonic
eucarids is mainly driven by the copulatory
structures (Euphausiidae, Sergestoidea, and
Benthesicymidae) and by a complex of'the cara-

A.A. Lunina et al.

pace-, pleon-, and mouthparts-linked synapo-
morphies (Oplophoroidea and Pasiphaeoidea).
Morphological diversification differs at deeper
and terminal nodes (greatly depends on Clade
Level: Fig. 3A): diversification at species group
level is primarily driven by copulatory structures
in Euphausiidae and Benthesicymidae and the
carapace-, pleon-, and mouthparts-linked char-
acters in Oplophoroidea (Fig. 3C). Diversifica-
tion drivers of the family and genus level clades
depended on the taxon.

COEVOLUTION OF CHARACTER
GROUPS: HIERARCHICAL CLUSTERING.
Hierarchical clustering based on Ward’s Method
and Complete Linkage Method (each with
intervals measured using Euclidean, Squared
Euclidean and Minkovski distances) retrieved
six similar dendrograms (Suppl. Fig. S1), one
shown on Fig. 4 as an example. All dendrograms
share the same topology with three principal
branches and same distances of branching (DB)
which mirror co-evolution of character groups
within pelagic eucarids:

—copulatory structures (DB =25) represented
a separate branch most distant from the rest of
morphological characters;

— antennula+eye+photophores (DB = 16)
further divided into the branches antennula+eye
(DB = 1) and photophores (DB = 5);

— mouthparts+pereopods+pleon-+carapace
(DB = 16) further divided into the branches
mouthparts+pereopods (DB = 7), pleon (DB =
8), and carapace (DB = 11).

TESTINGTHE ‘BIOTOPE’HYPOTHESIS:
GLMMS AND TETRACHORIC CORRELA-
TIONS ASSESS PREDICTION POWER OF
MORPHOLOGICAL SYNAPOMORPHIES.
Analysis 1. We run a generalized linear mixed
model (GLMM) with Habitat (pelagic or ben-
thopelagic) as a target and all nine fixed factors:
(1) Carapace, (2) Pleon, (3) Antennula, (4) Eye,
(5) Mouthparts, (6) Pereopods, (7) Photophores,
(8) Copulatory structures, and (9) Clade Level.
The model (Suppl. Tables S8-S9, Fig. S2) was
significant at p = 0.036, two factors were sta-
tistically significant: pleon (negative effect,
p=0.003) and Clade Level (positive effect, p=
0.026). This analysis shows that the biotope
type (benthopelagic) may be predicted by the
presence/absence of pleon-linked morphological
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Fig. 4. Hierarchical dendrogram retrieved using Ward’s Method and Squared Euclidean Distance (right) and
coevolving character groups (left). The rest of dendrograms are shown in Suppl. Fig. S1.

Puc. 4. Uepapxuueckas IeHIporpaMma, oTydeHHas C UCTIONb30BaHHEM MeTozia Yopaa u KBaapara eBKInIoBa
paccTosiHUA (CIpaBa) U COBMECTHO Pa3BUBAIOILIMXCS IPYII MPU3HAKOB (cieBa). OcTanbHble JeHIPOrpaMMbl

nokasansl Ha puc. S1 (Suppl. Fig. S1).

synapomorphies and by the Clade (Suppl. Fig.
S2). Particular pleon-linked synapomorphies are
listed in Table 3.

Analysis 2. We left only the most powerful
predictor, i.e., the Pleon, and used this as the only
fixed factor. The model (Suppl. Tables S8—S9, Fig.
S2)wasrobust (the factor was negative, p=0.008).

Analysis 3. We left the second statistically
significant factor, the Clade Level, and used
this as the only fixed factor. The model (Suppl.
Tables S8-S9, Fig. S2) was less robust but still
significant (the factor was positive, p=0.035).

Analysis 4. We combined both statistically
significant factors, the Pleon and the Clade

Level, and used them as fixed factors. The model
(Suppl. Tables S8-S9, Fig. S2) was significant
(p=0.010); the Pleon was a negative factor, the
Clade Level was a positive factor.

Independent proof of the morphological
synapomorphies prediction power was ob-
tained using tetrachoric correlations between
all parameters of our dataset and Habitat (set
as: pelagic=1, benthopelagic=0). Table (Suppl.
Table S10) shows that both factors, the Pleon
(p=0.002) and the Clade Level (p=0.007), are
significantly correlated with Habitat, the former
negatively, the latter positively.
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Table 3. Pleon-linked synapomorphies of Euphausiidae, Benthesicymidae, Oplophoroidea

and Sergestoidea.

Tabnuna 3. CBs3aHHbIC CO CTpOCHKEM IicoHa cuHanomopduu Euphausiidae, Benthesicymidae,
Oplophoroidea u Sergestoidea.

Euphausiidae

Benthesicymidae

Oplophoroidea

Sergestoidea
(in male)

Somite IV, mid-dorsal spine
present

Somite 111, a short pos-
teromedian spine present

Somite I, anterior
margin armed with a
barb or tooth

Somite VI with two
ventral processes

Somite IV, additional pair of
dorsal teeth present

Somite IV, posterolateral
margin crenate

Somite 11, strong
posteromesial tooth
present

Somite VI with not
tapering, obtuse
posterior ventral
process

Somite IV, three short rows of
integumental pits in depressed
grooves which have elevated
keel-like borders present

Somite VI, dorsolateral
carina present

Somite IV, sulcus
present

Somite VI with
tapering, acute
posterior ventral
process

Somite IV, mid-dorsal spine
present

Somite VI, ventrolateral
carina present

Somite V, dorsal
carina present

Somite VI with
straight posterior
ventral process

Somite V, mid-dorsal spine
present

Somite VI greatly elon-
gate,>2.5 times as long as
somite V

Somite V, spinules
on lateral margin
present

Somite VI with
curved posterior
ventral process

Somite V, additional pair of
dorsal teeth present

Somite VI, posteromedi-
an margin curved upward

Somite VI, dorsal
carina present

Somite VI short (nearly as
long as somite V)

Overall, both GLMMSs and tetrachoric
correlations show that the habitat may be con-
fidently predicted with the use of the informa-
tion of presence/absence of the pleon-linked
synapomorphies, of the Clade level, or of their
combination. The absence of the pleon-linked
synapomorphies indicates thatthe clade does not
colonize the benthopelagic (i.e., remains pelagic),
the species group level clade level suggests that
the clade is pelagic.

Discussion

CONTRIBUTION OF MORPHOLOGICAL
CHARACTERS TO DIVERSIFICATION OF
PLANKTONIC EUCARIDS. In spite of osten-
sible heterogeneity in distribution of morphologi-
cal characters supporting diversification within
individual taxa, some common patterns are clear.

First of all, patterns of morphological
diversification depend on the clade level (the
first principal component in Fig. 3A), i.e., di-
versification at deeper and more terminal nodes

involves different character groups. This differ-
ence is visible in the contribution of copulatory
structures which increases from the deeper to
terminal nodes on phylogenetic trees, i.c., from
family level to species group level clades (Figs
2;3C). This finding mirrors a standard model for
evolution (e.g., Matute, Cooper, 2021): initially,
isolated populations are more likely to diverge
only in their secondary sex characters so that
thereisno mixing among the isolates. Asisolation
continues, structures involved with feeding and/
or locomotion etc. are likely to begin to diverge.
Thus the relative importance of the secondary sex
characters to overall morphological divergence
is reduced from terminal to deeper nodes on the
phylogenetic tree. Significance of these organs
in the colonization of the pelagic realm has been
recognized previously forthe decapods in general
(Lunina, Vereshchaka, 2017) and further consid-
ered in detail for individual taxa (Vereshchaka
et al., 2017, 2021). These organs account for
the main bulk of morphological diversification,
especially in Benthesicymidae and Euphausiidae



Evolutionary traits of planktonic Eucarida 353

/U”"NN7”(’/\”///4{({((]«:‘(”,”1
,\@\’(\\,‘l‘{(«l\\,«“‘&g““.“\(“\(m«\(\(\«\\\\\\\

Fig. 5. Examples of synapomorphies supporting phylogenetic clades of Eucarida. A — Gennadas parvus,
petasma; B — G. parvus, thelycum; C — Trichocaris tirmiziae, petasma; D — T. tirmiziae, thelycum;
E — Phorcosergia filicta, petasma; F — Euphausia vallentini, petasma; G — Prehensilosergia prehensilis
side view; H — chela of pereopod II in Psathyrocaris infirma; 1 — chela of pereopod II of Eupasiphae
paucidentata, ] — sixth pleonic somite and telson of Leptochela soelae; K — mandible of Acanthephyra
brevicarinata; L — mandible of Ephyrina bifida; M — Oplophorus spinosus, lateral view; N — Notostomus
elegans, lateral view of carapace.

Puc. 5. [Ipumepsr curaniomMopduii, moaTBeprkAatonmx GpuioreneTndeckue kiaanasl Eucarida. A — Gennadas
parvus, nietasma; B— G. parvus, temukym; C — Trichocaris tirmiziae, nerazma; D — T. tirmiziae, TeTUKyM;
E — Phorcosergia filicta, nerazma; F — Euphausia vallentini, renukym; G — Prehensilosergia prehensilis,
Buz cooky; H — knemnst mepeonona 11 y Psathyrocaris infirma; | — xnenins nepeoniona Il y Eupasiphae
paucidentata, ] — mecTOH INICOHNYECKII COMUT U TETIBCOH y Leptochela soelae; K—wmannnbyna Acanthephyra
brevicarinata; L — maunubyna Ephyrina bifida; M — Oplophorus spinosus, Bun cooky; N — Notostomus
elegans, xapamnakc, BUI COOKY.
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(Fig. 3A, B). Morphological diversification
and its contribution to diversification are well
documented for the males whose petasmata are
very diverse and spectacular (see examples in
Fig. SA—F); in contrast, female structures, the
thelyca, are more uniform in Euphausiidae and
Sergestoidea and vary only in Benthesicymi-
dae. In the latter group, petasmata and thelyca
co-evolve in males and females (Vereshchaka
et al., 2017). The petasma provides a selective
mechanism (sexual selection by female choice)
on the morphology of males and simplifies the
chance of correct sexual selection (Bauer, 1986,
1991, 1994). Another function of the petasma
is to touch and prod the female, providing key
stimulation (Bauer, 1986, 1991, 1994), and
the elaborate petasma facilitates this function.
(Lunina, Vereshchaka, 2017). Interestingly,
copulatory structures are not so important in two
caridean families but the absence of elaborated
structures, at least in some Oplophoridae, may
be partly balanced by a species-specific spina-
tion of fifth pereopods that likely participate in
mating (Lunina et al., 2019a).

Pereopods is the second (after copulatory
structures) morphological factor explaining
diversification of the eucarid planktonic clades
(Fig. 3B). Albeit widely distributed across the
eucarid taxa (Fig. 2), these synapomorphies are
not specific for any particular taxon or clade
level (although rarely support species group
clades: Fig. 3C).

Synapomorphies linked to the carapace, the
pleon, and the mouthparts are widely distributed
across the analyzed taxa and clades (Fig. 2)
and are especially important for morphological
diversification of caridean shrimps (Fig. 3A, B).
They are also more important for the species
group level clades than for the genus and family
level clades (Fig. 3C), although this dependence
is not as clear as for the copulatory structures.

Last but not least, ecach major taxon has its
own space on the PCA plot. Fig. 3A, B show
that all five taxa are isolated (convex hulls do not
evenoverlap),i.e.,diversification of each taxon is
driven by aunique combination of morphological
characters at family, genus, and species group
levels. That means that in the multidimensional
space ecach taxon shows its own diversification
pattern that is projected on the two-dimensional
plane as non-overlapping contours. Inparticular,
Fig. 3B shows that morphological diversifica-
tion of Benthesicymidae, Euphausiidae, and

A.A. Lunina et al.

Caridea is manly driven by different characters:
copulatory structures (Benthesicymidae), perco-
pods and copulatory structures (Euphausiidae),
carapace, pleon, and mouthparts (Oplophoroidea
and Pasiphaeoidea). Proportional contribution
of these characters to diversification is unique
for each taxon and also depends on the taxon
level. From a practical standpoint that means
that we can likely solve an inverse problem: with
information of contribution that morphological
characters make to a clade diversification we can
recognize a taxon regardless hierarchical level
of the clade. We invite researchers to test this
hypothesis on other taxonomic groups.

CHARACTER GROUPS AS COEVOLV-
ING FUNCTIONAL UNITS. Morphological
characters showed definite coevolution between
characters groups linked to different functions.
Dendrograms (Fig. 4) mirror three principal
functional groups.

Mating function that is primarily provided
by copulatory characters (Fig. SA-F). These
structures evolve independently of the rest of
the characters that are not involved in mating
directly. In Benthesicymidae, male and female
organs are very diverse and show strong coevo-
lution (Vereshchaka et al., 2017), whereas in
Euphausiidae and Sergestoidea only male organs
are vary greatly while the female organs remain
more or less uniform (Vereshchaka et al., 2014,
2019a; Vereshchaka, 2017).

The photophores, the antennula, and the eye
(Fig. 5G) serve a sensory and communicative
function. These structures form the second major
branch of the dendrogram as a coevolved as an
integrated evolutionary unit. The antennula and
the eye are the most tightly coupled in the eucarid
evolution (Fig. 4). Photophores are separated
a bit more on the dendrograms: they are more
developed in swarming eucarids, possibly owing
to their communicative function in swarming
species and recognizing mates (Vereshchaka,
2017) or perhaps in the identification of mates.

Feeding and defense function is provided by
the mouthparts, the pereopods, the pleon, and the
carapace that created the third major branch on
the dendrogram and also coevolved as an inte-
grated evolutionary unit. Within this branch, the
mouthparts and the pereopods (Fig. SH-L) created
the most tightly coevolving group linked to the
feeding function. Pursuing, catching and crushing
(carnivores) or filtering and grazing (omnivores
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and herbivores) —all these actions are done with
the mouthparts and the pereopods (e.g., Bauer,
2023) (Fig. SH-L). The carapace and the pleon
(including the telson) provide defense, either
passive or active. Passive defense (protection
of eucarids from carnivores) is primarily linked
to the acute rostrum as well as to long and sharp
teeth onthe carapace and pleon (Fig. SM, N). Firm
and large dorsal spines are especially large and
firmin Oplophoroidea (Notostomus, Oplophorus
in Oplophoroidea: Fig. 5M) and Euphausiidae
(Thysanopoda tricuspidata in Euphausiidae). Ar-
mament and shape of'the telson (Fig. 5J) coupled
with comb-like carina and lappet on the posterior
pleonic somites in Leptochela (Pasiphaeoidea)
may help in anchorage on the rocky bottom and
macrophytes. Conversely, sandy or oozy ground
cause such adaptations as spatulate rostrum in
Pseudeuphausia (Euphausiidae) or spatulate
endpiece on the telson (part of Systellaspis and
Hymenodora in Oplophoroidea) that likely serve
in bedding into loose sediments (Vereshchaka et
al.,2019a; Luninaetal.,2024) aswell as spatulate
rostrum and telson of Lophogaster and Paralo-
phogaster favour them to dig into sediments in
aquaria (Vereshchaka, 1995).

Active defense (escapement from predators)
is primarily linked to the pleon. Pelagic eucari-
deans have more elongated last pleonic somites
providing more effective backward escapement
flips (e.g., ‘Acanthephyra pelagica’ species
group: Kulagin et al., 2024). Such adaptations
as serration of the pleurae may acts like a spoiler
on a hydrofoil, whereas various keels or sulci
provide additional support and better rudder
control during the flips (Oplophoroidea: Lunina
et al., 2019a). Elongated rostrum (respective to
those in benthopelagic relatives) in pelagic Acan-
thephyra and Oplophorus (Oplophoroidea) or
Eupasiphae and Parapasiphae (Pasiphaeoidea)
provide additional rudder control. Such func-
tions cannot be proven by direct observations
in planktonic organisms but are well known and
currently studied in detail by undersurface vessel
engineers (e.g., Liu ef al., 2023).

THE ‘BIOTOPE’ HYPOTHESIS: THE
PLEON AND THE CLADE LEVEL AS PRE-
DICTORS OF PELAGIC OR BENTHOPE-
LAGIC HABITAT OF THE CLADES. Both
GLMMs and tetrachoric correlations show that
we may predict a principal biotope type (pelagic
or benthopelagic) inhabited by a specific clade
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if we have information about the presence or
absence of the pleon-linked synapomorphies
(Suppl. Tables S2—S6, examples listed in Table 3)
or the clade level (Suppl. Tables S2—-S6, model-
assessed and cannot be listed). This is one of
the most interesting outcomes of our analyses.

The first predictor, the absence of the
pleon-linked synapomorphies suggests that the
clade is pelagic, whereas the presence of these
synapomorphies indicates the benthopelagic
habitat. In order to explain this, we suggest that
diversification within the pelagic realm usually
excludes morphological changes inthepleon, i.c.,
the pleon is the most conservative structure in
the water column. As the pleon in the planktonic
eucarids is mainly linked to active or passive
defense (see previous section), the pleon-linked
characters are likely always perfectly adapted
to the pelagic lifestyle and any change in these
structures may be “safety-critical”. Conversely,
benthopelagic habitatthatis greatly more diverse
in ecological niches ‘offers’ a number of op-
portunities for morphological diversification in
the pleon to fit particular habitats (oozy or sandy
grounds, rocks, macrophytes, etc.).

For example, such pleonic characters as
proportions of the posterior somites differ in
phylogenetically related pelagic and benthope-
lagic taxa: somites are longer and thinner in
pelagic groups and thicker and shorter in di-
verged benthopelagic groups (Vereshchaka et
al.,2022). This trend may be exemplified by the
panoceanic shrimp genus Acanthephyra. Three
benthopelagic species of the ‘Acanthephyra
smithi’ clade have the shortest and the most
ponderous 6" somites (Kulagin et al., 2024: fig.
4B). The pelagic ‘Acanthephyra pelagica’ clade
has more elongated and thinned somite likely
providing more effective tail flips and more ef-
ficient escape from predators. Finally, the clade
“A. kingsleyi + A. quadrispinosa + A. purpurea’
has the longest and thinnest 6™ pleonic somites
that may provide the best chance to escape
from carnivores feeding on these shrimps. The
elongation of the last pleonic somites results in
a successful colonization of the pelagic realm
because the last three species dominate at least
in the Atlantic waters (Judkins, 2014). The
posterior pleonic somites serve as an engine,
whereas proportions between the somites may
significantly drive efficiency and trajectory of the
backward flips through different types of rudder
control as in other Acanthephyridae (Lunina et
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al., 2021; Vereshchaka et al., 2022) as shown
by marine engineers (e.g., Liu ef al., 2023). As
the posterior pleonic somites (along with the tail
fan) serve as an engine during the backward flips,
thinner and longer somites provide higher speed
and a longer escaping path (Lunina et al., 2021;
Vereshchaka et al., 2022; Kulagin et al., 2024),
which is important in the pelagic. Conversely,
benthopelagic eucarideans may conceal innearby
shelter, which shortens the escapement path and
makes elongate posterior pleonic somites redun-
dant. Instead, shorter and more massive somites,
especially if coupled with spatulate endpiece on
the telson (e.g., Hymenodora acanthitelsonis
Wasmer, 1972, Hymenodora chacei Wasmer,
2022 orJanicella Chace, 1986) are advantageous
near the bottom because they are more successful
in digging in sediments during the daytime as
shown in aquaria observations on lophogastrids
(Vereshchaka, 1995).

The second predictor is the clade level.
Species group level clades are pelagic (the only
possible exceptionis the ‘Acanthephyra armata’
species group), whereas benthopelagic clades
are nearly all genus level clades. That suggests
that colonization of the benthopelagic usually
occurs at the genus level and further diversifica-
tion within this habitat is limited to the species
level and does not result in formation of species
group clades. The benthopelagic Pasiphaea
is only an ostensible exception from this rule
because species groups proposed by Hayashi
(1999, 2004, 2006) have not been supported by
resent molecular analyses (Liao efal.,2017) and
we do not consider them here.

Depending on the bottom characteristics,
the benthopelagic ‘offers’ a lot of very diverse
ecological niches to colonize depending on
substrate type and near-bottom hydrography
(Vereshchaka, 1995) and the genus clade diver-
sification cannot be canalized into a restricted
number species groups dwelling in a restricted
number of habitats (Fig. 6). Instead, diversifica-
tion occurs through adaptation to ecologically
diverse habitats and through speciation without
certain infrageneric taxa such as species groups.
Conversely, pelagic biotope favours further di-
versification at the species group level because
it encompasses a lower niche variation and a
limited number of habitats (e.g., Dickey-Collas
et al., 2017) with respectively homogenous
environmental conditions (Fig. 6). Infrageneric
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diversification is, therefore, channelized into
numerous species group-level clades in the
mesopelagic (e.g., ‘Acanthephyra purpurea’ in
Decapoda (Vereshchaka et al., 2024), ‘Thysa-
noessa gregaria’ in Euphausiidae (Vereshchaka
etal.,2019)) orthe bathypelagic (‘Acanthephyra
tenuipes’ in Oplophoroidea (Vereshchaka et al.,
2024), ‘Thysanopoda cornuta’ in Euphausiidae
(Vereshchaka et al., 2019)), etc.

Supplementary data. The following materials
are available online.

Fig. S1. A-C — hierarchical dendrograms
retrieved using Ward’s; D-F — Complete Linkage
Methods. Interval measure: Squared Euclidean (A,
D), Euclidean (B, E), and Minkovski (C, F).

Fig. S2. Visualized GLMMs with Habitat (pelagic
or benthopelagic) as a target. Analysis 1: all nine
fixed factors included: (1) Carapace, (2) Pleon, (3)
Antennula, (4) Eye, (5) Mouthparts, (6) Pereopods,
(7) Photophores, (8) Copulatory structures, and (9)
Clade Level. Analysis 2: only Pleon included as a
fixed factor. Analysis 3: only Clade Level included
as a fixed factor. Analysis 4: both Pleon and Clade
Level included as fixed factors.

Table S1. Specimens of Pasiphaeoidea morpho-
logically examined for current analyses. NMHN —
National Museum of Natural History, France; ZMMU
— Zoological Museum Moscow State University;
LACM — Natural History Museum of Los Angeles
County, USNM — Smithsonian National Museum
of Natural History.

Table S2. Morphological synapomorphies sup-
porting Benthesicymidae clades and their habitat,
pelagic (P) or benthopelagic (BP).

Table S3. Morphological synapomorphies sup-
porting Euphausiidae clades and their habitat, pelagic
(P) or benthopelagic (BP).

Table S4. Morphological synapomorphies sup-
porting Oplophoroidea clades and their habitat, pelagic
(P) or benthopelagic (BP). ‘Hymenodora glacialis’
and ‘Hymenodora gracilis’ complexes (Lunina et al.,
2024), “Systellaspis braueri’, ‘Systellaspis debilis’,
‘Systellaspis cristata’, and ‘Systellaspis lanceocau-
data’ species groups (Lunina, 2019a) are considered
as genus-level clades owing to genus-level molecular
and morphological differenced among them (Vere-
shchaka et al., 2025).

Table S5. Morphological synapomorphies sup-
porting Sergestoidea clades and their habitat, pelagic
(P) or benthopelagic (BP).

Table S6. Morphological synapomorphies sup-
porting Pasiphacoidea clade and their habitat, pelagic
(P) or benthopelagic (BP). Eupasiphae and Parapa-
siphae considered here as separate genera because
(1) monophyly on molecular tree of Eupasiphae
was rejected by the Bayes factor test but not by the
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AU one in Liao et al. (2017) and (2) both genera are
supported by a set of distinct morphological synapo-
morphies. Glyphus not included because supporting
synapomorphies were not found.

Table S7. Contribution (C) of various synapo-
morphies to diversification of planktonic eucarids.

Table S8. Results of GLMMs with Habitat (pelagic
or benthopelagic) as a target. Analysis 1: all nine
fixed factors included: (1) Carapace, (2) Pleon, (3)
Antennula, (4) Eye, (5) Mouthparts, (6) Pereopods,
(7) Photophores, (8) Copulatory structures, and (9)
Clade Level. Analysis 2: only Pleon included as a
fixed factor. Analysis 3: only Clade Level included
as a fixed factor. Analysis 4: both Pleon and Clade
Level included as fixed factors.

Table S9. Fixed coefficients in GLMMs with
Habitat (BP=benthopelagic) asatarget. Analysis 1: all
nine fixed factors included: (1) Carapace, (2) Pleon,
(3) Antennula, (4) Eye, (5) Mouthparts, (6) Pereopods,
(7) Photophores, (8) Copulatory structures, and (9)
Clade Level. Analysis 2: only Pleon included as a
fixed factor. Analysis 3: only Clade Level included
as a fixed factor. Analysis 4: both Pleon and Clade
Level included as fixed factors.

Table S10. Tetrachoric correlations between
Habitat, absence (0) /presence (1) of synapomorphies
in morphological characters, Clade Level, and major
biotope (pelagic=1, benthopelagic=0). Statistically
significant values are in bold.
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