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Early developmental stages
of a Lower Ordovician marrellid
from Morocco suggest simple
ontogenetic niche differentiation
in early euarthropods

Lukáš Laibl1,2*, Pierre Gueriau3,4, Farid Saleh3,
Francesc Pérez-Peris5, Lorenzo Lustri3, Harriet B. Drage3,
Orla G. Bath Enright6, Gaëtan J.-M. Potin3 and Allison C. Daley3*

1Czech Academy of Sciences, Institute of Geology, Prague, Czechia, 2Institute of Geology and
Palaeontology, Faculty of Science, Charles University, Prague, Czechia, 3Institute of Earth Sciences,
University of Lausanne, Lausanne, Switzerland, 4Université Paris-Saclay, CNRS, Ministère de la Culture,
UVSQ, MNHN, Institut photonique d’analyse non-destructive européen des matériaux anciens,
Saint-Aubin, France, 5Department of Earth and Environmental Sciences, The University of Iowa,
Iowa, IA, United States, 6Department of Palaeontology, Staatliches Museum für Naturkunde,
Stuttgart, Germany
Early developmental stages of euarthropods are exceptionally rare in the fossil

record. This hampers our understanding of the biology, phylogeny, and

development of this extremely diverse metazoan group. Herein, we use

classical paleontological methods in combination with synchrotron X-ray

microtomography to explore the morphology in ca. 480 million-year-old early

developmental stages of the Lower Ordovician Fezouata Shale marrellid

euarthropod. These stages range between 3.8 and 5.3 mm in length and are

characterized by three distinct pairs of gently curved spines that projects from

the head shield. The first pair of cephalic appendages are represented by

uniramous antenullae of a sensory function. The second pair of cephalic

appendages is robust, and had an anchoring or stabilizing function. The third

cephalic appendage pair is composed of long cylindrical podomeres and was

used for walking. The trunk appendages are biramous and consist of an endopod

and a lamellate exopod. Two anterior trunk endopods are composed of long

slender podomeres and were used for walking, while the more posterior trunk

endopods bear robust endites and associated setae and were used for food

gathering. The trunk of the earliest developmental stages is composed of thirteen

segments, in contrast to more than 22 segments in the adult trunk. The similar

appendage morphology and differentiation along the body is evident in adult

individuals of the Fezouata marrellid, suggesting these different developmental

stages shared similar methods of locomotion and food processing. Given that

adults and juveniles are often preserved in the same or nearby sites, the niche

differentiation between these life stages would be the result of the absolute

smaller appendage size in immature stages compared to larger adults, effectively

differentiating the size of food resources consumed by each. In addition, the
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delicate setae present in the posterior trunk appendages of early developmental

stages might have been used to capture smaller food particles. This simple mode

of ontogenetic niche differentiation might have been common in the early

diverging euarthropod groups.
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1 Introduction

The early post-embryonic stages of various metazoans are

important constituents of both recent and past marine ecosystems.

This is especially the case for euarthropods – a clade that comprises

most metazoans on Earth, both in terms of diversity (Zhang, 2011) and

biomass (Bar-On et al., 2018). Extant euarthropods show immensely

diverse post-embryonic development, and the same was likely the case

for extinct groups, although, in the latter case, limited data is available.

The only extinct euarthropod group with a well-documented

developmental fossil record are trilobites because they biomineralized

their dorsal exoskeleton soon after hatching (Chatterton and Speyer,

1997; Hopkins, 2017; Lerosey-Aubril and Laibl, 2021). Trilobites had

hemianamorphic development (i.e., they added segments in their early

post-embryonic stages, while later stages show segment stability, Minelli

and Fusco, 2013). Trilobites also show both direct and indirect

development, with or without distinct metamorphosis (Chatterton

and Speyer, 1997; Park et al., 2016; Laibl et al., 2018; Laibl et al., 2021;

Laibl et al., 2023), and various modes of feeding in their earliest stages

(e.g., Chatterton and Speyer, 1989; Laibl et al., 2017).

In contrast to the rich developmental record of trilobites, early

developmental stages of other extinct early Paleozoic euarthropods

are rare (Lerosey-Aubril and Laibl, 2021). This is striking,

considering that adult euarthropods represent a large part of

Paleozoic marine ecosystems (Caron and Jackson, 2008; Caron

et al., 2014; Zhao et al., 2014; Van Roy et al., 2015; Paterson et al.,

2016; Lerosey-Aubril et al., 2018; Fu et al., 2019; Saleh et al., 2020a).

Even within the famous Cambrian Burgess Shale-type (BST)

deposits, including the iconic Burgess Shale of Canada and

Chengjiang Biota of China, where preservation of soft tissues and

lightly sclerotized taxa occur, small euarthropod specimens are an

exception and fossils are biased towards later developmental stages

and adults, except for the recently discovered Haiyan locality (Yang

et al., 2021). Correspondingly, larval or juvenile stages have been

described for only a handful of species (e.g., Garcıá-Bellido and

Collins, 2006; Haug et al., 2013; Fu et al., 2014; Liu et al., 2014; Liu

et al., 2016; Fu et al., 2018; Liu et al., 2018; Zhai et al., 2019).

Contrary to BST deposits, Orsten-type (OT) deposits preserve

secondarily phosphatized body envelopes of tiny stages of various

euarthropods but do not contain samples larger than 2 mm (Maas

et al., 2006). OT deposits are thus biased toward small species or early

developmental stages, whilst adults are generally absent (Maas et al.,

2006). Opposing biases in BST andOT deposits mean that two extreme
02
scenarios exist in the fossil record. Some sites provide extensive data on

euarthropod adult morphology, with only limited information on their

early developmental stages. In other sites, early developmental stages

are exquisitely preserved, but no adults are found. Preservational

inconsistencies such as this hamper our understanding of the

biology, phylogeny, and development of extinct euarthropods.

Bridging these two extremes, rare Konservat-Lagerstätten contain

both early and late developmental stages, as is the case for Haiyan

(Yang et al., 2021) and the Fezouata Shale Lagerstätte (Van Roy et al.,

2010; Saleh et al., 2021b). Recent discoveries from this Lower

Ordovician formation in Morocco have revealed numerous early

developmental stages of several euarthropods, such as marrellids

(herein), xiphosurans (Lustri and Laibl, personal observation 2018–

2023) and trilobites (Laibl et al., in press), in addition to other

metazoans (Saleh et al., 2018). The Fezouata Shale therefore appears

pivotal to partially fill the gap in knowledge of Paleozoic euarthropod

development. In this contribution, we describe exquisitely preserved

minute early post-embryonic stages of a formally undescribed

marrellid euarthropod from the Fezouata Shale.

Marrellids are exclusively Paleozoic euarthropods whose name

derives from Marrella splendens, a rather small (up to 25 mm long)

but extremely abundant taxon in the Burgess Shale (Whittington,

1971; Garcı ́a-Bellido and Collins, 2006). Marrellids are

characterized by a prominent cephalic shield with two or three

pairs of primary spines, a pair of uniramous antennulae, and one or

two pairs of cephalic appendages (Whittington, 1971; Garcıá-

Bellido and Collins, 2006; Kühl and Rust, 2010; Rak et al., 2013;

Aris et al., 2017; Moysiuk et al., 2022). Their trunk is composed of

numerous cylindrical segments, each associated with a pair of

biramous appendages (Whittington, 1971; Stürmer and

Bergström, 1976; Garcıá-Bellido and Collins, 2006; Kühl and

Rust, 2010). Trunk appendages are composed of a six-podomere

endopod and a multi-annulated exopod with associated lamellae

(Garcıá-Bellido and Collins, 2006; Haug et al., 2013). The group is

known from Cambrian strata of Canada (Whittington, 1971),

China (Zhao et al., 2003; Liu, 2013) and Australia (Haug et al.,

2013); and from Ordovician strata of Czechia (Chlupáč, 1999),

Morocco (Van Roy et al., 2010), Argentina (Aris et al., 2017),

Canada (Moysiuk et al., 2022) and the UK (Legg, 2016); as well as

from Devonian strata of Germany (Kühl and Rust, 2010).

While rare minute stages of marrellids have been described

earlier, they generally do not show any details of the appendages

(Garcıá-Bellido and Collins, 2006; Kühl and Rust, 2010) or are
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represented by a single isolated appendage fragment (Haug et al.,

2013). The early developmental stages of the Fezouata marrellid

described herein show exquisitely preserved appendages, revealed

using synchrotron X-ray microtomography. Immature stages of the

Fezouata marrellid have a lower number of trunk segments and a

slightly different morphology of the cephalic shield when compared

to adults of the same species. However, immature and adult stages

share many similarities in the appendage differentiation and similar

morphology of individual appendage pairs, suggesting that these

developmental stages shared the same locomotion and food

processing method. We further discuss the development of

Marrellida and its ecological and evolutionary significance.
2 Material and methods

2.1 Geologic, stratigraphic, and
environmental context

The Lower Ordovician Fezouata Shale crops out in many sites

of southeastern Morocco (Martin et al., 2016a; Lefebvre et al., 2018).

In the Ternata plain, north of Zagora, this formation reaches a

thickness between 900 and 1000 m (Vaucher et al., 2016) and is

formed of blue-green to yellow-green mudstones and siltstones

(Destombes et al., 1985; Vaucher et al., 2016). It was deposited in a

shallow sea dominated by storms and modulated by tides in very

high latitudes of the southern hemisphere (Martin et al., 2016a;
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Vaucher et al., 2017; Cocks and Torsvik, 2021). Its biota

encompasses numerous taxa (at least 183 genera; Van Roy et al.,

2015; Saleh et al., 2020a; Saleh et al., 2021b), including a

considerable diversity of non-mineralized, sclerotized, or

cuticularized organisms (Saleh et al., 2020a; Saleh et al., 2021b),

and abundant euarthropods (Van Roy et al., 2010; Van Roy et al.,

2015; Martin et al., 2016b; Ortega-Hernández et al., 2016; Pérez-

Peris et al., 2021a; Potin and Daley, 2023; Potin et al., 2023).

The soft-bodied preservation is known from three stratigraphic

intervals within the succession (Lefebvre et al., 2018; Saleh et al.,

2022); the lower interval belongs to the Sagenograptus murrayi

graptolite biozone (Tremadocian; Lefebvre et al., 2018; Figure 1A),

the middle one is in the ?Baltograptus jacksoni biozone (Floian;

Lefebvre et al., 2018) and the upper interval approximately belongs

to the Baltograptus minutus biozone–‘Azygograptus interval’ (upper

Floian, Saleh et al., 2022). Mineralized animals (e.g., trilobites,

brachiopods, bivalves) colonized a large part of the proximal–

distal axis of the environment (i.e., from around the fair-weather

base (FWB) to below the storm-weather base (SWB); Saleh et al.,

2018; Saleh et al., 2021a; Saleh et al., 2021c) and are distributed

discontinuously throughout the entire succession (Saleh et al.,

2021c). On the other hand, soft-bodied preservation occurs

mainly in situ in the lower and middle intervals, predominantly

in one facies, deposited right under the SWB (Figure 1B), although

sclerotized organisms may occur on some occasions in more

proximal settings (Saleh et al., 2020d). The depositional setting of

the Fezouata Shale is corroborated by normally graded, storm-
B

C

A

FIGURE 1

Stratigraphic (A) and environmental (B) settings of the Tremadocian levels of Fezouata Shale with a particular focus on the levels with exceptional
preservation. The drill core section (C) shows repeated storm events within the Sagenograptus murrayi Zone. Scale bar in C represents 1 cm. FWB,
fair wave base; SWB, storm wave base.
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induced deposits covering organisms (Figure 1C), and most of the

exceptional fossil preservation occurs under rather than within

these beds (Saleh et al., 2020d). These soft-bodied taxa were often

originally preserved in minute details (Van Roy et al., 2015; Saleh

et al., 2019) as carbonaceous compressions with authigenic minerals

such as pyrite (Saleh et al., 2020c; Saleh et al., 2020d). However,

most of the pyrite was oxidized into iron oxides and oxyhydroxides

(Saleh et al., 2020b; Saleh et al., 2020d; Potin et al., 2023), and the

carbonaceous remains were leached by processes of modern

weathering, such as precipitation.

The majority of marrellid specimens studied herein were

collected from the facies deposited right below the SWB from the

lower interval with exceptional preservation and are Tremadocian

in age (Figure 1A). The immature and adult marrellids co-occur in

the same excavation sites/collection pits, or come from localities

separated by tens of meters on the same hill in nearly equivalent

levels with similar lithology and facies.
2.2 Material and institutional repositories

In total, 16 immature specimens of the Fezouata marrellid were

studied. Three adult specimens were studied for comparative

purposes and are also figured. The studied material is housed and

accessioned in public collections, namely in the Muséum cantonal

des sciences naturelles, Département de géologie, Lausanne,

Switzerland (MGL, 16 specimens) and in the Yale Peabody

Museum of Natural History, New Haven, CT, USA (YPM, 3

specimens). All material of Fezouata marrellid used in this study

was collected by authorized and academically recognized

avocational Moroccan collector Mohamed Ben Moula and his

family from 2015 to 2016 (MGL collection), and between 2009

and 2014 (YPM collection); two of the authors (AD and LuL) and

Peter Van Roy worked in collaboration with them to produce the

metadata associated with the collected fossils.

Mohamed Ben Moula has a long-standing working relationship

with several academics, has received the Mary Anning Award from

the Palaeontological Association in 2017, and has a radiodont fossil

(Aegirocassis benmoulai) named after him in honor of his great

contribution to the field of paleontology. The MGL fossil collection

was purchased with funds from the University of Lausanne and the

Swiss National Science Foundation, following all regulations for

purchases. The fossil collection was transported to Casablanca and

subjected to export approval by the Ministry of Energy, Mines, and

the Environment of the federal government of the Kingdom of

Morocco and approved for shipment to Switzerland on 11.05.2017

(export permits curated with the collection). Fossils were shipped by

sea and land to the University of Lausanne, where they are curated

as part of the collection of the Muséum cantonal des sciences

naturelles, Département de géologie. The collections of the Yale

Peabody Museum of Natural History were obtained both through

direct collection of specimens by Peter Van Roy during fieldwork,

and through purchase using dedicated museum funds for the

acquisition of scientific collections. Export permits were obtained

through the Moroccan Ministry of Energy, Mines, and the

Environment, with specimens being transported from Casablanca
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by sea. For the list of studied immature specimens with details of

their preservation and locality data see Supplementary data.
2.3 Taxonomic remarks

The specimens studied herein belong to a marrellid

marrellomorph provisionally described by Van Roy (2006) as a

new species, Furca mauretanica (nomen nudum). Subsequent

papers to figure specimens of the Fezouata marrellid (Van Roy

et al., 2010; Van Roy et al., 2015; Lefebvre et al., 2016; Martin et al.,

2016a; Vaucher et al., 2016; Saleh et al., 2021a) continued to refer to

the species either as Furca sp., or as a marrellomorph arthropod,

probably belonging to the genus Furca, yet these fossils have not

been formally described. A formal taxonomic description and

naming of the Fezouata marrellid falls outside the scope of this

paper, which focuses on its ontogeny, and particularly the

morphology of its early developmental stages, and will no doubt

be addressed independently of this work. As such, we refer to the

species throughout this work as the ‘Fezouata marrellid’.
2.4 Preparation and documentation
of material

Specimens were mechanically prepared with a Micro-Jack 4

pneumatic air scribe equipped with a pointed stylus. Photographs

were taken using a digital camera Canon EOS 800D coupled with a

Canon MP-E 65-mm 1:2.8 1-5X macro lens. A polarizing filter was

attached to the lens and the light source to reduce reflections and

enhance the contrast between the rock and the specimen. To further

increase the contrast, all specimens were immersed in diluted

ethanol. The images were subsequently processed in Adobe

Lightroom 4.3, to enrich brightness, contrast, shadows, highlights,

colors, and saturation. Line drawings as well as all reconstructions

and diagrams were made in Adobe Illustrator 25.3.1.

The immature specimens were measured using the optical

image analyzer TpsDig2 2.31 (Rohlf, 2006). Eight dimensions of

the immature specimens were measured, namely the maximal

length and width of the cephalic shield (both including and

excluding the cephalic spines), the lengths of the anterolateral,

mediolateral, and posterolateral cephalic spines, and the observed

length of the trunk (see Supplementary data). The measured length

and width of the cephalic shield (excl. spines) of 15 specimens were

plotted on bivariate plots (Figure 2) using PAST 4.02 (Hammer

et al., 2001).
2.5 Synchrotron imaging

The ventrally projected anatomical features such as the

hypostome and appendages are rarely exposed on the surface of

the fossil samples. For that reason, one specimen (MGL 102399)

was imaged using synchrotron X-ray microtomography at the

X02DA TOMCAT beamline of the Swiss Light Source, Paul

Scherrer Institut, Villigen, Switzerland. Acquisitions were
frontiersin.org

https://doi.org/10.3389/fevo.2023.1232612
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Laibl et al. 10.3389/fevo.2023.1232612
performed using a monochromatic beam of 38 keV, a single

propagation distance of 250 mm, a 100 µm LuAg : Ce scintillator,

and a 4× objective, yielding reconstructed tomographic data with a

voxel size of 1.75 µm. 1501 projections were recorded over 180° with

exposure of 1000 ms. Reconstruction was performed on a 60-core

Linux PC farm using a Fourier transform routine and a regrinding

procedure (Marone et al., 2010). Manual segmentation using level

tracing and three-dimensional rendering were performed using 3D

Slicer (https://www.slicer.org/). A selection of tomograms, as well as

sum intensity projections of several (30 to 110) tomograms

processed using ImageJ, are presented in Figure 3.
3 Results

3.1 Description of the early developmental
stages of the Fezouata marrellid

Plotted dimensions of the cephalic shields (excluding spines) of

the 15 smallest measured immature specimens reveal three separate

clusters (Figure 2). The cluster with the smallest specimens contains

only two samples, 1.00 mm and 1.06 mm wide, and 0.95 mm and

1.00 mm long, respectively. The middle cluster contains ten

specimens that range from 1.16 mm to 1.28 mm in width, and

from 1.06 mm to 1.36 mm in length. The last cluster is composed of

three individuals that range from 1.48 mm to 1.54 mm in width and

1.25 mm to 1.30 mm in length. The smallest and middle cluster

individuals share cephalic shields that are morphologically
Frontiers in Ecology and Evolution 05
indistinguishable from each other. In contrast, the cephalic shield

of the largest cluster individuals differs from that of the smaller

individuals in several aspects (see below). For that reason, we

interpret the smallest and middle cluster individuals as belonging

to early developmental stage 1 (S1), and the largest cluster

individuals as belonging to the early developmental stage 2 (S2).

This numbering only refers to observed early developmental stages

and does not implie that the stages smaller than S1 were not present

in the ontogeny of Fezouata marrellid.

The S1 cephalic shields are 3.8–4.6 mm long and 4.8–5.1 mm

wide, including the cephalic spines. The shield is sub-trapezoidal in

outline, narrowing posteriorly (Figures 4A, B). Three pairs of long

cephalic spines project from the cephalic shield (als, mls and pls in

Figure 4A). The anterolateral spines (als) are gently curved, 1.28–

2.05 mm long, and diverge forward at an angle about 70° near their

base. The mediolateral spines (mls) are the longest spine pair in

these early stages, with a total length of 1.88–2.35 mm. They are

directed laterally and slightly posteriorly, each diverging from the

transversal axis about 10–15° in their proximal parts and curving

slightly backwards. The anterior margin of the cephalic shield,

anterolateral, mediolateral, and posterolateral spines bear

numerous small secondary spines (ss in Figures 3A, 4B)

developed along their anterior (or outer) margins. In addition, the

posterolateral spines bear one elongated secondary spine (ess in

Figure 3A), developed on the inner edge approximately at the

midpoint of the primary spine. There is a distinct bulge near the

posterior base of the mediolateral spines on both sides of the

cephalic shield (eb in Figures 4A, B); these bulges are interpreted

as a dorsal exoskeletal protrusion that might accommodate

ventrally-situated eyes. The posterolateral spines (pls) are straight,

2.07–2.40 mm long, and diverge posteriorly at an angle of 50–60°.

The S2 cephalic shields are 4.5–5.3 mm long and 4.6–5.6 mm

wide, including spines. Morphologically, the S2 cephalic shields are

similar to those of the S1. The major difference between them is the

morphology of the posterolateral cephalic spines (cf. Figures 4, 5).

These spines are proportionally the longest spine pair in the S2

(Figures 5A, C), and diverge at an angle of about 35–40°. The

secondary spines are developed both on the outer and inner edges of

the posterior spines. The enlarged secondary spine is located on the

inner edge, ca. one-third of the distance from the posterolateral

spine base (Figure 5B).

The hypostome of early developmental stages is developed

ventrally from the cephalic shield (hy in Figures 3A, F, G). It is a

prominent elongated structure, generally ovoid in outline, covers

most of the ventral part of the cephalic shield, and posteriorly

reaches to the final cephalic appendages.

The first pair of cephalic appendages are in the form of uniramous

antennulae (an in Figure 3A). They are elongated (ca. 1.5 mm long in

the smallest recorded specimen) and circular in cross-section. Each

antennula is composed of numerous short articles (Figure 3G).

Although these are not always easily discernible, it seems that the

proximal and distal parts are composed of proportionally longer

articles than the middle part of the antennula, which is composed of

rather short articles (cf. arrowheads in Figure 3G), though this might

also be caused by the orientation of the antennula in sediment. The

antennulae insert into the cephalon laterally from the hypostome
FIGURE 2

Cephalic shield width vs. length plot of the early developmental
stages of Fezouata marrellid. L, cephalic shield length; S1-2 early
developmental stages 1 and 2; W, cephalic shield width.
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(Figures 3A, G), posterior to the base of the mediolateral spine, that is,

in the area that would be behind the eye bulge, implying their

deutocerebral origin.

The second cephalic appendage is robust, uniramous, and

seemingly homologous to the second cephalic appendage of

Marrella, Mimetaster, and Tomlinsonus based on its similar

morphology and topological position (cf., Garcıá-Bellido and

Collins, 2006; Kühl and Rust, 2010; Moysiuk et al., 2022). This

appendage is the longest one (total length 2.3 mm in specimenMGL

102143, Figure 4C) and consists of nine podomeres (pd1–9 in
Frontiers in Ecology and Evolution 06
Figure 3B1). The four most proximal podomeres are stout, short,

and densely packed, resembling their homologs in Mimetaster and

Tomlinsonus (cf., Stürmer and Bergström, 1976; Moysiuk et al.,

2022). Podomere five is comparatively long (about 0.4 mm long in

specimen MGL 102143), with the width being about 45% of the

podomere length. Podomeres six and seven are medium-sized

(about 0.3 mm long in specimen MGL 102143), their width/

length proportions being 35–45%. Both the sixth and seventh

podomeres are narrowest proximally and gently widen distally.

Podomere eight is the longest one (0.45 mm long in specimen MGL
FIGURE 3

3D rendering of the early developmental stage (S1) of Fezouata marrellid based on synchrotron X-ray tomography, Fezouata Shale, Lower
Ordovician, Morocco. (A) oblique ventral 3D rendering of the entire specimen no. MGL 102399. (B) details of cephalic appendages: (B1) second
cephalic appendage; (B2) third left cephalic appendage; (B3) third right cephalic appendage. (C) details of trunk appendages: (C1) first left trunk
appendage; (C2) first right trunk appendage; (C3) second right trunk appendage; (C4) third right trunk appendage; (C5) fourth right trunk appendage.
(D) detail of the trunk exopods. (E) detail of trunk segments. (F–H) sum intensity projections of 30 tomograms through the trunk (F) 75 tomograms
through the antennulae (G), and 110 tomograms through right appendages (H). Scale bars represent 500 µm in (A), (F), and (G), and 100 µm in (B–E)
and (H). an, antennula; ca2–ca3, cephalic appendage 2 and 3; end, endites; ess, enlarged secondary spine; ex, exopods; hy, hypostome; la, lamellae;
mls, mediolateral spine; pd1–pd9, podomere 1 to 9; pls, posterolateral spine; sh, shaft; ss, secondary spines; ta1–ta12, trunk appendage 1 to 12; te,
terminal piece; tr, trunk; tr1–tr13, trunk segments 1 to 13; ts, terminal spines. Arrows in G point to article boundaries, in H to setae.
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102143) and is shaped like a long, slender cylinder (width being

only 15% of its length). The nature of the last podomere is

somewhat obscured, and it is not clear if it is composed of one

segment (as in Marrella and Tomlinsonus, cf., Whittington, 1971;

Moysiuk et al., 2022) or tarsus-like annuli (as in Mimetaster, cf.,

Stürmer and Bergström, 1976; Kühl and Rust, 2010). Both the

synchrotron data and the microscopic observation of exposed

specimens are ambiguous in this respect, although the contraction

in specimen MGL 102143 (arrowheads in Figure 4C2) and the

slightly flexed tip in specimen MGL 102399 (Figure 3B1) favor the

latter morphology.

The third cephalic appendage is long, slender, and composed of

six elongated cylindrical podomeres (Figures 3B2, 3), with their

width/length proportions being about 25–30%. The individual

podomeres are of similar lengths, with only the most proximal

and two distal-most podomeres being slightly shorter than the rest.

This appendage terminates with four rather long, tightly-packed

terminal spines (ts in Figures 3B3, H). The third cephalic appendage

inserts just posteriorly to the second one and bears no exopod.

The trunk projects from under the cephalic shield between the

posterolateral spines (Figures 3A, 5A, B). In both S1 and S2, the

entire length of the trunk never exceeds the length of the

posterolateral spines. The length of the trunk is about 0.6 mm in

the S1, while in the S2 the trunk ranges between 1.14–1.37 mm. In

the S1, the trunk reaches up to the enlarged secondary spine of the

posterolateral spines and is composed of 13 segments and a

terminal piece (te in Figure 3E). The trunk segments are

cylindrical, wider transversely than sagittally, each bearing one

pair of post-cephalic appendages. In the S2, the number of

segments in the trunk is unknown.
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The trunk appendages (ta in Figure 3A) are biramous and

consistent in general morphology. The endopods of trunk

appendages 1 and 2 are each composed of six elongated cylindrical

podomeres (the proximal ones are poorly preserved) with their width/

length proportions being 25–40% (Figures 3C1, 3). The individual

podomeres are of similar length,with podomeresfive and six being just

slightly shorter than podomeres two to four. The distal tips of the

endopods each bear four tightly-packed terminal spines (ts in

Figures 3C1, 3, H). The exopod is composed of the central shaft (sh

in Figure 3D) and comparatively long lamellar setae (la in Figure 3D),

similar to those in Austromarrella (Haug et al., 2013).

From the third trunk appendage posteriorly, endopod

morphology changes considerably. The podomeres are short (width

to length ratio of around 80%) and at least podomeres two to five bear

stout sub-triangular endites (end in Figures 3C4, 5). These endites are

sharp and project from the endopod medioventrally. The endites are

nearly as long as the diameter of the corresponding podomere and

some appear to bear delicate setae (arrowheads in Figure 3H).

Podomere six lacks the endite and bears four terminal spines on its

distal tip (ts in Figures 3C4, 5, H). The endopods of appendage that is

posterior to trunk appendage 6 are poorly preserved in specimenMGL

102399, but they diminish in size rapidly, resulting in theminute size of

the thirteenth trunk appendage (Figure 3A).
3.2 Description of adults of the
Fezouata marrellid

Despite lacking a formal description, the Fezouata marrellid was

identified and preliminarily described by Peter Van Roy in his Ph.D.
FIGURE 4

Early developmental stages (S1) of Fezouata marrellid, Fezouata Shale, Lower Ordovician, Morocco. (A) specimen no. MGL 102141; (B) specimen no.
MGL 102188; (C1) specimen no. MGL 102143; (C2) detail of second cephalic appendage in the specimen no. MGL 102143. Scale bars represent 1
mm. als, anterolateral spines; ca2, cephalic appendage 2; cs, cephalic shield; eb, eye bulge; mls, mediolateral spine; pd5–pd9, podomere 5 to 9; pls,
posterolateral spine; ss, secondary spines; tr, trunk.
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thesis as Furca mauretanica (nomen nudum). The adults of this

species have been figured in numerous papers (Van Roy et al., 2010;

Van Roy et al., 2015; Lefebvre et al., 2016; Martin et al., 2016a;

Vaucher et al., 2016; Saleh et al., 2020a; Saleh et al., 2020d; Saleh

et al., 2021b; Drage et al., 2023). Sufficient data exist on the adult

specimens to allow for a comparison with the immature material,

which is the focus of this study. We therefore describe the adult

specimens only briefly, and where appropriate refer to already

published figures. In addition, we figure three adult specimens to

illustrate the morphological characters discussed and to allow for

direct comparison to the immature material.

The adult stages of the Fezouata marrellid have an elongated

subtrapezoidal cephalic shield, which bears three pairs of cephalic

spines (als, mls, and pls in Figures 6A1, B1). The size of the adult

cephalic shield exceeds 5 mm in width and 6 mm in length

(excluding spines). The anterolateral cephalic spines project from

the anterolateral corners of the cephalic shield and are strongly

curved out and backwards. The mediolateral cephalic spines are

positioned just posteriorly from the bases of the anterolateral spine

pair. They run sub-laterally initially and then curve backwards. The

eye bulge is developed near the posterior base of the mediolateral
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spine, on both sides of the cephalic shield (eb in Figure 6A1). The

posterolateral spines project from the posterior margin of the

cephalic shield, point posteriorly and can vary from nearly

straight to curved towards the medial axis. All pairs of cephalic

spines bear comparatively long falcate secondary spines (ss in

Figure 6A1) that are developed on both the external and internal

edges of the primary spines. There is no evidence of an enlarged

secondary spine on the inner edge of the posterolateral spines.

The first pair of appendages comprise uniramous antennulae

(an in Figures 6A1, B1) that are comparatively long and composed

of short cylindrical podomeres. The second cephalic appendage is

robust, composed of long cylindrical podomeres similar in structure

to the second cephalic appendage of early developmental stages

(Figure 6B2, see also Martin et al., 2016a, Figure 3C). The third

cephalic appendage is composed of very long cylindrical

podomeres (Figure 6B3)

The trunk is composed of cylindrical segments that

progressively diminish in size posteriorly (Figure 6B4). The total

number of trunk segments is over 22 (Figures 6A1, B4). Each trunk

segment bears one pair of biramous appendages. The endopods of

anterior trunk appendages (at least up to the fourth trunk
FIGURE 5

Early developmental stages (S2) of Fezouata marrellid, Fezouata Shale, Lower Ordovician, Morocco. (A) specimen no. MGL 102187; (B) specimen no.
MGL 102382; (C1) specimen no. MGL 102140; (C2) detail of the specimen no. MGL 102140. Scale bars represent 1 mm. als, anterolateral spines; ca2,
cephalic appendage 2; cs, cephalic shield; en, endopods; ess, enlarged secondary spine; ex, exopods; mls, mediolateral spine; pls, posterolateral
spine; ss, secondary spines; ta1–ta3, trunk appendage 1 to 3; tr, trunk.
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appendage pair) are composed of long cylindrical podomeres, with

a width-to-length ratio of about 20%, and lacking endites

(Figure 6B3). The posterior trunk endopods are usually preserved

in a curved position. They have comparatively short podomeres

(width/length of 50–60%) with pointed endites (Figure 6C). The

exopods are composed of a slender shaft and bear long lamellar

setae all along the trunk (Figure 6B4).
4 Discussion

4.1 Developmental stage assignment
and comparisons

All immature specimens described and figured herein are

considered to represent early post-embryonic stages of the
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undescribed marrellid from the Fezouata Shale. This assignment

is based on three lines of evidence. Firstly, the overall morphology of

early developmental stage (S1 and S2) and adult cephalic shields is

very similar, both bearing three pairs of spines projecting

anterolaterally, laterally, and posteriorly fringed with secondary

spines, and both with prominent eye bulges on the cephalic

shield. Secondly, both early developmental and adult stages have

similar appendage differentiation, subdivided from the anterior to

the posterior part into antennula, a robust second cephalic

appendage, a third cephalic appendage, and a series of biramous

trunk appendages of similar composition (see Section 3). Finally,

early developmental and adult individuals co-occur in the same

stratigraphic levels and facies (Figure 1A), and generally within the

same fossiliferous localities in the Fezouata Shale.

The minute size of immature individuals suggests that they

represent comparatively early developmental stages; with their
FIGURE 6

Adult and early developmental stages of Fezouata marrellid, Fezouata Shale, Lower Ordovician, Morocco. (A1) adult specimen no. MGL 102397;
(A2) immature specimen (S2) no. MGL 102382 in the same scale as (A1); (B1) adult specimen no. MGL 102390; (B2) detail of the second cephalic
appendage of the specimen no. MGL 102390; (B3) detail of trunk appendages of the specimen no. MGL 102390; (B4) detail of the trunk of the
specimen no. MGL 102390; (C) detail of the trunk endopods of the adult specimen no. MGL 102392. Scale bars represent 1 cm in A and B, and 1 mm
in C. als, anterolateral spines; an, antennula; ca2–ca3, cephalic appendage 2 and 3; cs, cephalic shield; eb, eye bulge; en, endopods; en10–11,
endopods 10 and 11; end, endites; ex, exopods; mls, mediolateral spine; pd7, podomere 7; pls, posterolateral spine; ss, secondary spines; ta1–ta3,
trunk appendage 1 to 3; tr, trunk.
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whole-body length (excluding spines) ranging between 1.6–2.6 mm

(= cephalic shiled + trunk lengths) they are about ten times smaller

than the average adult specimens (Figures 6A1, 2). The size of the early

developmental stages of Fezouatamarrellid is comparable to the size of

the larval stage of Leanchoilia illecebrosa (length ca. 2 mm) from the

Cambrian Series 2ChiungchussuFormationofChina (Liu et al., 2016),

and with larvae ofMisszhouia, Leanchoilia, and Isoxys (2.5–3.8 mm)

recently reported by Yang et al. (2021) from the same formation. A

similar length (2.4 mm) was also reported for the smallest stages of

Marrella splendens from the Miaolingian Burgess Shale of Canada

(Garcıá-Bellido andCollins, 2006;Haug et al., 2013, Figure3E therein).

The size of immature Fezouata marrellids is also comparable to early

meraspid stages of various early-diverging Cambrian trilobites (e.g.,

Dai and Zhang, 2013; Hou et al., 2017; Laibl et al., 2021). Further, the

sizes of the early developmental Fezouata marrellid specimens are

similar to someRecentmarine euarthropods such as the lecithotrophic

metanauplii of remipedes (Koenemann et al., 2007), the juvenile stages

of cephalocarids (Sanders and Hessler, 1964), the furciliae of

euphausiaceans (Mauchline, 1971), and some decapod protozoeae

and zoeae (Anger, 2006).

The smallest specimen of the Fezouata marrellid possesses

about 13 trunk segments, which would equate to 17 segments

plus a terminal piece in total, assuming a four-segmented head.

In terms of segmentation, this specimen thereby likely represents an

earlier developmental stage than the smallest known specimens of

other marrellids, such as Mimetaster hexagonalis (the smallest

known specimen has about 19 trunk segments, Kühl and Rust,

2010) andM. splendens (the smallest known specimen has 17 trunk

segments, Garcıá-Bellido and Collins, 2006; a similar number is

plausible for the specimen in Haug et al., 2013, Figure 3E). By the

total number of appendages (16 pairs of appendages, derived from 3

cephalic pairs plus 13 trunk pairs), the immature Fezouata marrellid

is also comparable to the larva of L. illecebrosa with 14 pairs of

appendages. Additionally, the appendages posterior to the fourth

appendage pair in the larva of L. illecebrosa have the form of tiny

buds (cf., Liu et al., 2016, Figure 4), while in the smallest known

specimen of the Fezouata marrellid twelve pairs of anterior

appendages are already well developed (Figure 3).

The size and number of segments in the smallest individuals of

the Fezouata marrellid suggest they do not represent the earliest

post-embryonic developmental stages of the species. However, it is

possible that the Fezouata marrellid produced large eggs, like Recent

xiphosurans (Shuster and Sekiguchi, 2003) or some anomuran

decapods (Lovrich and Vinuesa, 1999), and the immature stages

hatched into reasonably advanced forms (i.e., abbreviated

development, cf. Rabalais and Gore, 1985). It is equally possible

that the Fezouata marrellid hatched into earlier post-embryonic

stages than presented here, but that their minute dimensions and

fragile exoskeletons might prevent their fossilization. The absence

of earlier developmental stages might also result from a collection

bias, due to their incredibly small sizes. Similarly, the intermediate

developmental stages (i.e., larger than S2 but smaller than adults)

with cephalic shield lengths from 1.3 mm to 6 mm are rare in both

the MGL (one specimen recorded) and YPM collections (two

specimens recorded). Their rarity means that these intermediate

stages do not seem to co-occur with adults and early developmental
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stages (S1 and S2). On the contrary, early post-embryonic stages (S1

and S2) and adults frequently co-occur at the same levels. This latter

co-occurrence might be explained by seasonal breeding, and so

early developmental stages (S1 and S2) could represent one brood,

that lived alongside adults from previous seasons. This might

explain why adults and early developmental stages (S1 and S2)

are found in association, but without the intermediate stages,

though it doesn’t explain why the intermediate size juveniles are

generally rarer in the Fezouata Shale.

From a terminological perspective, the immature individuals of

the Fezouata marrellid can be characterized as morpho-larva s.l.

sensu Haug (2020), as they show morphological differences in the

cephalic shield and the number of trunk segments compared to the

adults. The immature individuals, however, do not seem to

significantly differ in their ecological niches from the adults (see

Section 4.4). As such, they do not fulfill the criteria to be

characterized as eco-larva (sensu Haug, 2020).
4.2 Morphological comparison of early
developmental and adult stages

Despite the numerous similarities between the early

developmental and adult stages of Fezouata marrellids, there are

several, generally minor, differences (cf., Figures 6–8). The

anterolateral and mediolateral cephalic spines are strongly curved

in adult specimens, while they are gently curved in juveniles. Such

changes in the curvature of primary spines during ontogeny may

have been reflected later in marrellid evolution.Mi. hexagonalis, for

example, has straight primary cephalic spines (Stürmer and

Bergström, 1976; Kühl and Rust, 2010) that resemble those of the

immature stages of Fezouata marrellid. The derived marrellids such

as Mi. hexagonalis might have acquired their straight cephalic

spines via paedomorphic heterochrony.

The secondary spines in adults of Fezouata marrellid are long

and strongly developed along both the inner and outer edges of the

primary cephalic spines. In immature stages, these secondary spines

are minute, developed only along the outer edges of the

anterolateral and mediolateral spines, and each posterolateral

spine also bears a single elongated secondary spine on the inner

margin. These morphological differences between juveniles and

adults indicate an allometric growth of both primary and

secondary spines in this species.

The differences in the trunk region are related to the lower

number of segments and, consequently, the lower number of trunk

appendages in immature individuals. The smallest recorded

specimen shows 13 trunk segments, while the adults have over 22

trunk segments. It can therefore be reasonably assumed that the

Fezouata marrellid grew by anamorphosis, where segments are

added during development. Anamorphic development has been

suggested in some other marrellids, such as M. splendens (Garcıá-

Bellido and Collins, 2006) and Mi. hexagonalis (Kühl and Rust,

2010), demonstrating this was a common developmental pattern in

Marrellida. Moreover, the anamorphic development was likely a

plesiomorphic trait in Marrellida, given this type of development
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has been suggested to be an ancestral condition for euarthropods

(Hughes et al., 2006; Moysiuk and Caron, 2023).

Both early developmental and adult stages share comparatively

slender uniramous antennulae, followed by a pair of robust second

cephalic appendages and a third pair of cephalic appendages

composed of long cylindrical podomeres (Figure 8). The trunk

appendages are biramous in both adults and early developmental

stages. The exopods have a slender shaft with numerous lamellar

setae that differ between the life stages in only their sizes. The

immature exopods are also similar to exopods of mature M.

splendens (Haug et al., 2013, Figure 3). In the early developmental

stages of the Fezouata marrellid, the endopods of the two anterior-
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most trunk appendages are composed of long cylindrical

podomeres, while the more posterior ones have short podomeres

with pointed endites (Figure 8). The endites of the posterior

endopods also bear delicate setae, while these setae are absent in

adults. A similar pattern of appendage differentiation is apparent in

adult individuals, although the trunk differentiation is shifted

posteriorly (Figure 8). Consequently, in adults the endopods of

trunk appendages 1 to 4 are composed of long cylindrical

podomeres, while the more posterior trunk appendages have

short endite-bearing podomeres. This posterior shift of the trunk

appendage differentiation also indicates that some endopod

podomeres went through profound allometric changes. For
FIGURE 8

Reconstruction of the appendages of early developmental stages and adults of the Fezouata marrelid. Note the virtually identical appendage
differentiation, the posterior shift of the trunk appendage differentiation, and the lack of setae in the posterior trunk appendages of adults.
Appendages of the early developmental and adult stages are not to scale.
FIGURE 7

Reconstruction of the early developmental stages 1 and 2 of the Fezouata marrellid.
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example, the immature endopod of trunk appendage 3 is composed

of short endite-bearing podomeres, whereas the homologous

endopod in adults is composed of long cylindrical podomeres

(Figure 8) meaning the podomeres must have prolonged and lost

their endites during development.
4.3 Mode of life of early developmental
stages of the Fezouata marrellid

Fezouata marrellids were living in high-latitude seasonal seas along

the western margin of Gondwana (Saleh et al., 2019; Cocks and

Torsvik, 2021; Laibl et al., in press). Considering the morphological

similarity in the cephalic shield and appendages of the Fezouata

marrellid with those of other marrellids (Whittington, 1971; Garcıá-

Bellido and Collins, 2006; Kühl and Rust, 2010), it is very likely that the

Fezouata species had a benthic or nektobenthic mode of life as

proposed for Marrella, Mimetaster, Tomlinsonus, and Furca

(Whittington, 1971; Stürmer and Bergström, 1976; Briggs and

Whittington, 1985; Conway Morris, 1986; Garcıá-Bellido and Collins,

2006; Kühl and Rust, 2010; Rak et al., 2013; Moysiuk et al., 2022).

Living close to or on the seafloor, the Fezouata marrellids would have

inhabited an offshore environment (Vaucher et al., 2016) with minimal

physical disturbance, as evidenced by their deposition below the storm

wave base (Saleh et al., 2020a; Saleh et al., 2021b).

The appendages of the immature Fezouata marrellids are

morphologically differentiated along the sagittal axis of the body

into the antennulae, the second cephalic appendage, the third

cephalic appendage, the anterior portion of trunk appendages,

and the posterior portion of trunk appendages (Figure 8). The

deutocerebral antennulae were likely sensory, as this is their

function in many extant mandibulates (Sombke et al., 2012) and

as has been suggested for marrellomorphs (Whittington, 1971;

Siveter et al., 2007; Kühl and Rust, 2010). However, recent

reinvestigation of M. splendens suggests they might have been

also used in food gathering (J. Haug, personal communication

2021). The second cephalic appendage might have been used for

anchoring, or supporting the animal on the seafloor, given its

similarity to the second cephalic appendage of Mi. hexagonalis

and Tomlinsonus dimitrii, where it has been interpreted to fulfil this

function (cf., Stürmer and Bergström, 1976; Moysiuk et al., 2022).

This interpretation is supported by the robust morphology of this

appendage, which indicates strong musculature that might have

helped to support the cephalic shield and move it above the seafloor.

It is unlikely that this appendage was used for swimming, as

suggested for M. splendens by Garcıá-Bellido and Collins (2006),

as, in comparison, M. splendens has a thinner and paddle-like

second cephalic appendage with setose fringes.

The last cephalic appendage pair as well as the first two trunk

appendage pairs of the early developmental stages of Fezouata

marrellid were most likely used for walking on the seafloor. This

function is supported by the rather long tightly packed terminal

spines in their distal ends. These spines resemble, to some extent,

the processes and apoteles of the horseshoe crab pushing legs

(Bicknell et al., 2018) or, even more, spines in the prosomal

appendages of Weinbergina opitzi (cf., Moore et al., 2005,
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Figure 6). Such terminal spines in the last cephalic appendage

and first trunk appendages of Fezouata marrellid could have pushed

the animal over the muddy seafloor in a similar way as in

xiphosurans or Weinbergina.

The trunk appendages of the Fezouata marrellid show

anteroposterior differentiation into two portions, similar to that

observed in adult specimens of M. splendens. The anterior endopods

of the latter species are composed of long cylindrical podomeres

whereas the posterior endopod podomeres are short and bear

prominent endites (cf., Whittington, 1971, p. 13, text – Figure 8;

Garcıá-Bellido and Collins, 2006, Figure 15C). Whittington (1971) and

Briggs and Whittington (1985) argued that this anteroposterior

appendage differentiation reflects the mode of life of adult M.

splendens. These authors suggested that the long anterior endopods

of trunk appendages 1 to 9, with cylindrical podomeres, were used for

walking on the seafloor, while the endopods of the posterior

appendages were used for food gathering. When Marrella walked on

the seafloor, the posterior part of the trunk was curved down, with the

posterior endopods forming an arc shape (Whittington, 1971). In this

way, the pointed endites on the posterior podomeres formed a network

to trap and filter food particles (Whittington, 1971, p. 18; Briggs and

Whittington, 1985, p. 156). Garcıá-Bellido and Collins (2006) agreed

with this interpretation, though they hypothesized that this food

capture took place while the animal was swimming. The food

gathering function has been also suggested for endites of the trunk

endopods of the Silurian marrellomorph Xylokorys chledophilia

(Siveter et al., 2007) and for Mi. hexagonalis (Kühl and Rust, 2010),

though in these two species, the endites seem to be developed on nearly

all trunk appendages. A similar feeding mode might have been also

plausible for some trilobites that bear endites in posterior appendages

(e.g., Whittington and Almond, 1987; Pérez-Peris et al., 2021b).

Consequently, we suggest that appendages posteriorly to the second

trunk appendage that shares pointed endites were in the immature

stages of Fezouata marrellid employed in food gathering (Figure 8),

similar to M. splendens. The network created by pointed endites was

likely quite efficient in particle feeding, given the endites were

associated with delicate setae. As such, early developmental stages of

the Fezouata marrellid were likely able to feed on detritus and/or on the

diverse assemblage of unicellular algae found in the Fezouata Shale

(Nowak et al., 2016). The function of the trunk exopods in the Fezouata

marrellid is less clear, but they likely had a respiratory function as has

been suggested for other marrellomorph taxa (Whittington, 1971;

Siveter et al., 2007).
4.4 Ecological and evolutionary
implications

Both adult and early developmental individuals of the Fezouata

marrellid inhabited the same environment, as is evident from their

co-occurrence in certain localities and facies. As discussed above

(Section 4.2), both adult and immature stages also share the same

general appendage differentiation along the body axis (although

with different ratios of the walking/food-gathering appendages),

showing only minor changes in podomere morphologies and, as

expected, differing in overall body size and segment number. It
frontiersin.org

https://doi.org/10.3389/fevo.2023.1232612
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Laibl et al. 10.3389/fevo.2023.1232612
seems reasonable to therefore assume that the minute early

developmental stages shared nearly the same modes of locomotion

and food processing as the adults (Section 4.3). The smaller size of the

immature appendages, the smaller endites on the posterior

appendages, as well as the associated setae, suggest the early

developmental stages were presumably feeding on smaller particles

than the adults. The size differentiation of the food particles would

mean that individual developmental phases were not directly

competing for food resources, despite similarities in their appendage

morphologies and livingwithin the same environments. The posterior

shift in trunk appendage differentiation between immature and adult

stages (Figure8, Section4.2) also suggests that adultshadmorewalking

appendages and might have been more mobile than the immature

stages. On the contrary, the immature stages likely benefitted from

having a higher ratio of the food-gathering limbs, which might have

been an adaptation to more efficient nutrient intake.

Ontogeneticnichedifferentiation is awell-recognized evolutionary

strategy that prevents intraspecific competition between juveniles and

adults and allows different phases of a life cycle tobe subject to different

selective forces (Werner andGilliam, 1984; Ebenman, 1987; Ebenman,

1992; Moran, 1994). It is therefore not surprising that we can observe

distinct ontogenetic niche differentiation in the life cycles of many

euarthropods. In fossil taxa, this strategy has been reported for the

megacheiransLeanchoilia illecebrosa (Liu et al., 2014) andpossibly also

for Yohoia tenuis (Haug et al., 2012), as well as for the trilobitomorph

Naraoia spinosa (Zhai et al., 2019). In all these taxa, the appendages

show different morphologies between the immature and adult stages,

allowing them to occupy different ecological niches. Similar niche

differentiation likely also occurred in trilobites that passed through

metamorphoses, such as asaphids, trinucleids, and proetids

(cf., Chatterton and Speyer, 1997; Lerosey-Aubril and Feist, 2005;

Laibl et al., 2023). In marrellids, this ontogenetic niche differentiation

appears to have been driven by the absolute differences in the size

between individual developmental stages, by the presence offine setae

on food-gathering appendages, and by the ratio of the walking/food-

gathering appendages, rather than by the development of vastly

different morphologies, or structures with specific functions. A

similar ontogenetic niche differentiation has been demonstrated for

the Leanchoilia illecebrosa, which have lost a series offine setae during

the development from larva to adult (cf., Liu et al., 2014).

The phylogenetic position of Marrellida is currently in flux.

Marrellids have been resolved within stem-mandibulates (Legg

et al., 2013; Legg, 2015; Aria and Caron, 2017a), stem-chelicerates

(Aria and Caron, 2017b), close to crustaceans (Chen et al., 2019; Du

et al., 2019), or even close to pycnogonids (Vannier et al., 2018;

Moysiuk et al., 2022). In any of these scenarios, they tend to occupy

an early diverging position within a particular clade. Thus, such a

simple mode of ontogenetic niche differentiation might have been

common in the early diverging euarthropod groups.
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Pérez-Peris, F., Laibl, L., Vidal, M., and Daley, A. C. (2021b). Systematics,
morphology, and appendages of an Early Ordovician pilekiine trilobite Anacheirurus
from Fezouata Shale and the early diversification of Cheiruridae. Acta Palaeontol. Pol.
66, 857–877. doi: 10.4202/app.00902.2021

Potin, G. J.-M., and Daley, A. C. (2023). The significance of Anomalocaris and other
Radiodonta for understanding paleoecology and evolution during the Cambrian
explosion. Front. Earth Sci. 11. doi: 10.3389/feart.2023.1160285

Potin, G. J.-M., Gueriau, P., and Daley, A. C. (2023). Radiodont frontal appendages
from the Fezouata Biota (Morocco) reveal high diversity and ecological adaptations to
suspension-feeding during the Early Ordovician. Front. Ecol. Evol. 11. doi: 10.3389/
fevo.2023.1214109

Rabalais, N. N., and Gore, R. H. (1985). ‘Abbreviated development in decapods,’ in
Crustacean issues 2: larval growth (Rotterdam: A.A. Balkema), 67–126.
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