
Polychelida is an ingroup of Decapoda, its representatives 
are commonly known as deep-sea blind lobsters. The 
group is characterized by chelae on at least the 4th to 7th 
thoracopods (= pereiopods 1–4) in adults (Fig. 1). Their 
vernacular name stems from the reduced eyes and deep-
sea lifestyle of extant representatives (Galil 2000). Fossil 
representatives of the group were not exclusive to the 
deep-sea, with representatives also known from shallow 
waters (Beurlen 1931; Audo et al. 2014a, 2018, 2021; 
Gašparič et al. 2020). The group Polychelida dates back 
to the Triassic (ca. 230 mya), and showed a large area of 
distribution during the Jurassic (Karasawa et al. 2003, 
Audo et al. 2020, Gašparič et al. 2020). The group also 
showed a large species diversity during this time (Ahyong 
2009). Today, there are more fossil species known than 
extant ones, which may be part of the reason why fossil 
representatives of the group were discovered before any 
extant representatives had been found (Galil 2000).

Modern representatives of the group Polychelida have 
some morphological characters in common, that differ 
from most fossil representatives. A reduction of the eyes, 
a narrowing of the cephalothoracic shield (in many fossils 
it was rather broad; the cephalothoracic shield is often 
called “carapace”, an ambiguous term), or the major cheli
peds becoming more elongated and more slender in shape 
(Ahyong 2009).

The inner phylogeny and taxonomy of Polychelida is 
still not resolved in a stable manner (Audo et al. 2021). 
Several studies have investigated these issues on extant 
and fossil representatives of the group (Galil 2000, 
Ahyong 2009, Audo et al. 2021, Chang et al. 2024). Add
itionally, new species and species groups are still being 
described regularly (e.g. Karasawa et al. 2013, Audo et al. 
2017a, Gašparič et al. 2020). 

The post-embryonic development in Polychelida inclu
des several morphologically distinct phases: the pre-zoea,  
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the eryoneicus zoea, and the eryoneicus megalopa. 
Hereby, individuals go through numerous zoea stages 
before moulting into the megalopa phase (exact number 
of megalopa stages unknown), from which they moult 
into juveniles already largely resembling the adult (Mar
tin 2014, Torres et al. 2014, Fig. 2). The pre-zoea cannot  
swim yet, as it has poorly developed pleopods and 
uropods. The zoea phase is characterised by natatory exo
pods on the thorax (Williamson 1969). This differs from 
the following megalopa phase, where the larva can swim 
via their well-developed pleopods. These megalopa stages 
are the ones that stand out through their distinct shape and 
large size with balloon-like shields (Martin 2014, Eiler 
et al. 2016). These morphological features led authors  
in the late 19th and early 20th century to believe that these 
specimens were adults and identified them to a separate 
genus “Eryoneicus”, a group of lobsters (Martin 2014). 
Some authors already in the early 20th century believed 
the specimens to be larval stages, however only in 1964 
the genus name was suppressed (ICZN 1964, Martin 
2014). The uncertainty regarding the specimens had of 
course caused phylogenetic uncertainties. Larvae of Poly
chelida have not always been as distinct from their adults 
though. Fossil specimens still showed a more gradual de- 
velopmental pattern (Haug et al. 2015, Eiler & Haug 2016). 

Here, we investigate the morphological diversity of 
the group Polychelida and compare fossil and extant 
specimens, using two morphological features as proxies. 
We focus on the cephalothoracic shield (“carapace”) and 
the chela of the fourth thoracopod (“1st pereiopod”). The 
shield provides protection, plays a role in hydrodynamics 
and burying, and provides a robust attachment site for 
the musculature of the appendages (Olesen 2013). The 
chela fulfils several functions, such as feeding, sensory 
reception, and aggressive interactions (Mariappan et al. 
2000). We test whether these structures show a  loss in 
morphological diversity, reflecting the loss in species 
diversity of the group. We furthermore investigate whether 
the specialization of larval and adult morphology to the 
respective habitats balanced out this loss. 

Material and methods 

Material

Material originated from literature, museum collections 
and private collections. Furthermore, GBIF was used to 
find suitable material (GBIF: The Global Biodiversity 
Information Facility 2022). Material from literature in

Figure 1. Schematic reconstruction of an extant adult representative of the group Polychelidae, after Galil (2000). Abbreviations: che – chelae;  
dac – dactylus; en – eye notch; pro – propodus; shi – shield; 4th – fourth thoracopod (1st pereiopod).
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cluded drawings and images that were reconstructed 
(Quintana & Retamal 1984; Teruzzi 1990; Guerao & 
Abelló 1996; Galil 2000; Ahyong & Brown 2002; 
Karasawa et al. 2003; Garassino & Schweigert 2004; 
Ahyong & Galil 2006; Garassino & Gironi 2006; Boyko 
2006; Ahyong & Chan 2008; Haug et al. 2011a; Galil 2013; 
Artüz et al. 2014; Audo 2014; Audo et al. 2014a, 2017a, 

b, 2021; Audo & Furrer 2020; Martin 2014; Torres et al. 
2014; Eiler & Haug 2016; Konishi et al. 2021; Schweitzer 
& Feldmann 2023). Material from museum collections 
included fossils as well as specimens preserved in 
alcohol (AM – Australian Museum, Sydney; ZSM – Bav- 
arian State Collection of Zoology, Munich; MNHN – 
Muséum nationale d’histoire naturelle, Paris; NHM – 

Figure 2. Cross-polarized light images of larval and adult representatives of Polychelidae. • A – “Eryoneicus” puritanii Lo Bianco, 1903 (ZSM 
1504/2), larva, dorsal view. • B, E – “Eryoneicus” spinoculatus Bouvier, 1905 (ZSM A_20100241); B – larva, dorsal view; E – larva, detail of chela. •  
C, F – “Eryoneicus” atlanticus Lenz & Strunk, 1914 (ZSM 1452/3); C – larva, dorsal view; F – larva, detail of chela. • D – Stereomastis suhmi 
Bate, 1878 (ZSM 1488/3), larva, dorsal view. • G – Stereomastis sculpta Smith, 1880 (ZSM 1492/2_A), adult; G – dorsal view; L – detail of chela. •  
H – Polycheles typhlops typhlops Heller, 1862 (ZSM 1493/1_B), adult, dorsal view. • I – Willemoesia leptodactyla Thomson, 1873 (ZSM 1579/3), 
adult, dorsal view. • K – Polycheles typhlops typhlops Heller, 1862 (ZSM 1493/6), adult, detail of chela. All scale bars 10 mm.
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Natural History Museum, London; Figs 2–4). Material 
from private collectors included only fossil material 
(Manfred Ehrlich; Michael Fecke; Roger Frattigiani; 
Markus Gebert; Udo Resch; Figs 3–5; for a detailed list of 
data origin see App. 1).

A  total of 105 shields of extant individuals were 
reconstructed for the analysis (73 adults, 32 larvae), 
and 72 shields of fossil individuals (68 adults, 4 larvae 
of Palaeopentacheles roettenbacheri, see Eiler & Haug 
2016). Hereby, all extant individuals are representatives 
of the group Polychelidae, an ingroup of Polychelida. Fur
thermore, the chelae of 37 extant individuals (21 adults,  
16 larvae) and 39 fossil individuals (38 adults, 1 larvae) 
were reconstructed for the analysis (for a detailed list of 
data origin see App. 1).  

Documentation process

Extant material was documented using a Canon EOS 
650 D camera with a Canon EF-S 18–55 mm lens. For 
detailed shots or small objects, either a 13 mm or 21 mm 
macro extension tube was added to the lens. Two Yong
nuo Speedlight YN565EX II flashes or one Yongnuo 
Speedlight YN24EX flash were used to illuminate the 
objects. A polarizing filter was used on both the lens and 
the flashes to eliminate specular reflexions. The specimens 
were placed in a black tub and covered in 75% ethanol. 
Smaller specimens were fixed between several microscope 
slides and cover slips and documented in one or two parts. 
Larger individuals were too large to be fixed entirely. 
Therefore, they were alternatively fixed and documented 

Figure 3. High-resolution images of Triassic (A, B) and Jurassic (C–F) fossil representatives of the group Polychelida. • A – cross-polarized light 
image of Tetrachela raiblana Bronn, 1858. (BMNH_In_41876). • B – cross-polarized light image of Tetrachela sp. (BMNH_In_44953).  • C – 
autofluorescence image of Palaeopentacheles roettenbacheri Münster, 1839 (169_MG_2013). • D–F – autofluorescence image of Palaeopentacheles 
sp.; D – (197_ MG_2014); E – (SMNS_67903); F – (NE_RF_2016_05). 
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in two to three parts. A bench out of microscope slides was 
built to fixate part of the body which was then documented, 
usually anterior and posterior of the animal or sometimes, 
anterior, middle, and posterior. The documented but not 
fixated part of the specimen was then cut from the image, 
merging the leftover individual parts to a full panorama 
of the whole specimen. With an adjustable mount, images 
were recorded at 3 mm intervals from the lowest focal 
plane to the highest focal plane (Haug & Haug 2014, Eiler 
et al. 2016).

Previously undocumented fossil specimens were 
documented with a Keyence BZ-9000 inverse epifluores
cence microscope, with DAPI (360 nm excitation wave
length) and GFP (470 nm excitation wavelength) filters 
with a  lens magnification of 2×, 4× or 10× (resulting 
in 20×, 40× and 100× magnification). This imaging 
technique is possible due to the autofluorescence 
properties of the specimens (e.g. Haug et al. 2011b). 
Again, multiple images in different focus layers were re- 
corded.

Figure 4. Autofluorescence images of Jurassic fossil representatives of the group Polychelida. • A, B – Palaeopentacheles roettenbacheri  
Münster, 1839; A – (MF_JO14_A6); B – (D_2014). • C–F – Knebelia schuberti von Meyer, 1836; C – (SMNS_67806); D – (JMS_085); E – (263); 
F – (MG_JO14_A1).
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Image processing

Using the software CombineZP (Hadley 2010), images of 
larvae recorded at different focal planes were combined 
into one entirely focused image. For adults, the image 
with the best focus was chosen from each adult stack and 
used in the next step. 

The selected or stacked images were merged in 
Photoshop CS3 and corrected for brightness, cut out and 
properly aligned (Haug & Haug 2014). The documented 
and collected images were then individually uploaded 
into Inkscape where their outlines were traced and filled 
in to produce vector graphics. For the chelae, the dactylus 
and the propodus were traced individually and saved 
separately to ensure the angle of opening does not affect 
the following outline analysis. For the shield, only one 
better preserved half was drawn, then duplicated, mirrored 
and fused to create a full shield outline. In cases where 
material was damaged or otherwise not fully access
ible, we conducted minor extrapolations. For example,  
when a small piece of dirt was covering the outline of 
a  feature, the course of the outline was extrapolated. 
Material where large parts of the outline were obstructed was  
discarded.

Data analysis

The outlines of the dactylus were analyzed using the 
software package SHAPE (Iwata & Ukai 2002). Hereby, 
all vector graphics are transformed into chain-codes, 
which then are turned into normalized elliptical Fourier 
descriptors (NEFDs), which can be compared (Braig 
et al. 2023). The number of harmonics was set to 10, 
aligned along the 1st harmonic of each shape. A principal 
component analysis (PCA) was used to analyze variation 
within the data. 

The shield and propodus were analysed with the 
package Momocs (ver. 1.4.1, Bonhomme et al. 2014) in 
the R-statistics-environment (R Core Team 2024). The 
principle of the elliptic Fourier transformation is the same, 
but the Momocs package provides more functionality 
regarding calibration of harmonics, but struggles some
times with aligning complex elongated shapes as the 
dactylus. We used 21 harmonics for the shield and 10 for  
the propodus, following a  calibration function to de
termine the number of harmonics to describe 99% of 
variation. 

Further steps were conducted solely in the R-statistics 
environment (R Core Team 2024). The data was plotted  

Figure 5. Autofluorescence images of Jurassic fossil representatives of the group Polychelida. • A, B – Knebelia schuberti von Meyer, 1836;  
A – (MF_JO14_A4); B – (MF_JO14_A3).
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using the package ggplot2 (ver. 3.3.6, Wickham 2016)  
for an initial visualization of morphospaces. To quan- 
tify these morphospaces, we tested morphospace oc
cupation and position within the morphospace, using 
the package dispRity (ver. 1.9, Guillerme 2018). 
We grouped individuals based on geologic age and 
developmental status, we omitted groups with less than 
3 representatives from quantitative comparisons due to 
bootstrapping constraints. Data was then bootstrapped 
(n = 1499, Davidson & MacKinnon 2000) and rarefied 
to the group with the smallest sample size to account for 
outliers and differences in sample size. This approach 
is also efficient at mitigating the Lagerstätten-effect, in 
this case oversampling of certain time slices. We used 
the sum of variances across dimensions as a measure for 
morphospace occupation of a group. We used the median 
of centroid distances of a group members and the centre 
of the morphospace as a measure for position within the 
morphospace. To see if differences in space occupation 
and position were statistically significant between groups, 
data was bootstrapped and corrected for sample size, 
then tested with a Welch Two Sample t-test, Benjamini-
Hochberg corrected for multiple testing. The code used is 
included in the appendix (App. 2).

Results 

Morphospace of the shield

For each structure, the two most relevant principal com
ponents (PCs), i.e. PC1 and PC2, were plotted against 
each other to visualize the morphospace. The two axes 
represent different morphological variations of the 
structure, which were visualized through graphical com
ponent loadings (App. 3 for principal component scores of 
individuals, App. 4 for graphical component loadings of 
the axis demonstrating the variation each axis represents). 

The PCA of the shield data set resulted in a total of 
22 PCs, representing over 99% of variation in the shield. 
PC1 (58.7% of variation) is dominated by the width of 
the shield, positive values showing wider shields with 
shallow eye notches, negative values showing slimmer 
shields with deep eye notches. PC2 (17.0% of variation) 
is dominated by the general shape of the shield, positive 
values showing anteriorly more tapering shields, negative 
values showing more square shaped shields (Fig. 6).

Although there is some overlap between fossil and 
extant specimens, the clusters differ in their occupation 
of the morphospace markedly. The extant individuals plot 

Figure 6. Scatter plot of the first two principal components resulting from the PCA on the outline analysis of shields of Polychelida. Grey shapes 
represent mean and +/− 2 S.D. variation of the respective component. Geological age: 1 – Upper Triassic; 2 – Lower Jurassic; 3 – Middle Jurassic; 4 – 
Upper Jurassic; 5 – Lower Cretaceous; 6 – extant.
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more towards the left side of the morphospace, indicating 
slimmer and longer shields with more pronounced inci
sions in the frontal margin (Fig. 6). Fossil individuals show  
more variation regarding PC2. They stretch towards the right  
and bottom of the morphospace, representing the unusu- 
ally broad and short shields found only in the fossil record. 

Adult and larval individuals of extant species differ 
along PC1 and PC2 (Fig. 6). The shields of extant larvae 
have a more bulbous or balloon-like form, with a concave 
posterior margin. Extant adults have a straight posterior 
margin, with more distinct incisions on the anterior 
margin. Two recognisable fossil larvae plot to the top right 
of the centre of the morphospace, in the middle of the 
group of fossil adults and extant larvae.

Morphospace of the propodus 
of the 4th thoracopod (1st pereiopod)

The PCA of the propodus data set resulted in a total of 
16 PCs, representing over 99% of the variation in pro
podus shape (App. 5 for principal component scores of 
individuals, App. 4 for graphical component loadings of 
the axis demonstrating the variation each axis represents). 
PC1 (36.0% of variation) is dominated by the width of 
the propodus and the length of the fixed finger relative 
to the rest of the propodus, positive values showing wide 
propodi with short fixed fingers, negative values showing 

slim propodi and elongated fixed fingers (Fig. 7). PC2 
(22.2% of variation) is dominated by the curvature of the 
propodus, positive values showing concave propodi with 
outward curved tips, negative values showing straight 
propodi with inward curved tips. 

Extant and fossil individuals are mostly separated 
within the morphospace, with fossil individuals plotting 
on the top half of the morphospace representing outwardly 
curved propodi and extant individuals plotting mainly in 
the bottom left, representing slim straight propodi. Most 
of the overlap is caused by individuals from the early 
Jurassic overlapping with extant larvae (Fig. 7).

Within the extant individuals, adults and larvae plot 
loosely following PC1 (Fig. 7). Extant larvae plot more 
on the left side of the morphospace, representing slim 
propodi, while extant adults plot also on the right side, 
representing broad propodi. Within fossil individuals, one 
larva plotted again between fossil adults, extant adults, 
and extant larvae, in the centre of the morphospace. Its 
position indicates an intermediate propodus shape with 
a slightly curved tip of the fixed finger. 

Morphospace of the dactylus 
of the 4th thoracopod (1st pereiopod)

The PCA of the dactylus data set resulted in a  total of  
15 PCs, representing over 99% of the variation in dactylus  

Figure 7. Scatter plot of the first two principal components resulting from the PCA on the outline analysis of propodi of Polychelida. Grey shapes 
represent mean and +/− 1 S.D. variation of the respective component. Geological age: 1 – Upper Triassic; 2 – Lower Jurassic; 3 – Middle Jurassic;  
4 – Upper Jurassic; 5 – Lower Cretaceous; 6 – extant.
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shape (App. 6 for principal component scores of individu- 
als, App. 4 for graphical component loadings of the axis 
demonstrating the variation each axis represents). PC1 
(33.5% of variation) is dominated by the width of the 
dactylus, positive values describing thick dactyli, negative 
values describing thinner dactyli with serration. PC2 
(27.0% of variation) is dominated by the tip curvature of 
the dactylus, positive values showing a straight tip, nega
tive values showing a strongly inward curved tip (Fig. 8). 

Fossil specimens plot more on the right side of the 
morphospace, indicating thicker dactyli, while extant 
specimens plot more on the left side, indicating thinner 
dactyli (Fig. 8). However, there is one fossil outlier at the 

bottom of the morphospace that has prominent spines on 
the inner margin of its dactylus.

Regarding developmental status, extant larvae plot 
rather on the bottom left side of the morphospace and show 
more variation than the extant adults (Fig. 8). The strongly 
curved dactylus shape is more prominent in the extant adults,  
whereas the straight dactylus is specific to extant larvae. 

Disparity analysis 

To quantify the differences in morphological diversity, we 
performed disparity analyses, comparing size occupation  

Figure 8. Scatter plot of the first two principal components resulting from the PCA on the outline analysis of dactyli of Polychelida. Grey shapes 
represent mean and +/– 2 S.D. variation of the respective component. Geological age: 1 – Upper Triassic; 2 – Lower Jurassic; 3 – Middle Jurassic;  
4 – Upper Jurassic; 5 – Lower Cretaceous; 6 – extant.
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of the morphospace as well as position within the morpho
space of the fossil versus extant individuals. We found 
significant differences in both size and position for 
most comparisons for the shields, propodi and dactyli 
between extant and fossil individuals (Welch’s Two-
sample t-test, Benjamini-Hochberg corrected, p < 0.001).  
Exceptions were seen in the propodus morphological 
diversity between the Upper Jurassic and extant in
dividuals, and the dactylus morphological diversity 
between the Lower Jurassic and extant individuals  
(Welch’s Two-sample t-test, Benjamini-Hochberg cor
rected, p > 0.001). 

Discussion

Limitations of the analysis

Deformations in extant larval material due to their soft
ness, and partially preserved fossil material were causes 
for smaller sample sizes. To counteract this issue, in 
some instances of only minor damage to the material, 
extrapolations about the outline were made by the authors.

A lack of fossil larvae caused issues when comparing 
developmental patterns between fossil and extant poly
chelidans. There is so far only a handful of specimens 
interpreted as larval stages in the fossil record. Most of  
these were not well enough preserved to be used for this  
analysis. 

In the fossil context, some specimens may have 
been exuviae. We do not think that these would strongly 
influence our analysis, as we discarded broken or badly 
preserved specimens and reconstructed only half shields. 
Furthermore, exuviae should not affect the shape of the 
appendage strongly, similarly in the shield. They might 
add some increased variation, but we do not estimate it 
to significantly affect the analysis. Additionally, in fossils 
it is often challenging to determine if a specimen is an 
exuvia or a carcass that has decayed for some time; only 
in cases where distinct open moult sutures are apparent an 
interpretation as an exuvia is likely.

Another aspect to be considered is the Lagerstätte effect,  
specifically caused by the large amount of fossil material. 
We binned the fossil material, comparing several time 
slices, as well as performing rarefaction, to counter po
tential bias caused by the Lagerstätte effect. Despite these 
limitations, the analyses show a strong signal. This signal 
indicates that the results are still informative.

Morphological diversity of the shield

Our results show that the morphological diversity of the 
shield in the group Polychelida varied over time and is 

smaller in extant specimens than in specimens from the 
Middle Jurassic, despite the lack of larval specimens for 
the fossil time slice (App. 7). When comparing fossil and 
extant morphospace occupation, extreme morphologies, 
such as the wide and circular shields seen in the fossil 
record, are no longer present (Fig. 6). The reduction of the 
eyes, and consequentially narrower eye notches, and the 
narrowing of the shield were among the morphological 
changes interpreted as adaptations to the deep-sea habitat  
(Ahyong 2009). Eyes as well as a wide shield protecting 
from predation and intra-specific competition are less 
needed in a dark and vast habitat, especially since a bur- 
rowing lifestyle has been suggested for extant represent
atives of Polychelidae (Firth & Pequegnat 1971, Gore 
1984, Ahyong 2009, Audo et al. 2021). The slimmer rect
angular shield shape, usually better suited for burrowing in 
soft substrate, therefore could provide a better adaptation 
to the deep sea. This morphology is rarely found in the 
fossil record (Audo & Furrer 2020). Although, there are 
fossil individuals described that already inhabited the deep 
sea, or at least deeper waters (Audo et al. 2018, Audo & 
Furrer 2020). 

The extreme balloon-like shields did not yet exist in 
the few fossil larvae that are so far described, supporting 
earlier studies (Fig. 6; Haug et al. 2015). The bulbous, 
“eryoneicus”-type appearance (Fig. 2) is likely well suited 
for a planktic lifestyle (Martin 2014, Eiler & Haug 2016). 
This shield shape provides protection from predators 
and potentially reduces sinking rates, by reducing the 
relative density of the larva, as well as allowing for longer 
distance dispersal. The lack of this morphology in the 
fossil record suggests that fossil larval representatives 
of Polychelida were not yet specialised to a long life in 
the plankton and settled to the ground at smaller sizes 
(Haug et al. 2015, Eiler & Haug 2016). The few fossil 
specimens interpreted as larvae in our analysis (see dis
cussion in Eiler & Haug 2016) plot in an intermediate 
position between fossil adults, extant adults, and extant 
larvae, reinforcing this assumption. One could argue 
that the intermediate position of the two fossil larvae of 
P. roettenbacheri indicate a plesiomorphic morphology. 
However, the sample size of fossil larvae is still too small 
to draw any such conclusions.

Morphological diversity of the chelae

Our results show that the morphological diversity of 
the chelae decreased over time as well, especially in 
the propodus. In the dactylus an increase, followed by 
a  slight decrease can be seen (App. 7). Certain fossil 
morphologies of the chelae are also no longer present 
today (Figs 7, 8). In both cases, shield and chelae, the 
structures of the fossils are shorter and wider than in 
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extant individuals. There are some wide and short chelae 
still found in extant representatives, but only in adults. 
The slender and elongated morphology of the extant 
individuals is interpreted to be better adapted for a life in 
the deep sea, well suited for an ambush predator lifestyle 
as assumed for extant individuals (Firth & Pequegnat 
1971, Gore 1984, Ahyong 2009, Audo et al. 2021). Most 
fossil representatives presumably pursued a more active 
predation strategy (Ahyong 2009).

Furthermore, the tips of the propodi and dactyli of 
extant individuals often strongly curve inwards, whereas 
fossils possess more straight tips. This pattern could be 
an ecological signal pointing towards different grasping 
strategies. It has been suggested though that it is rather 
caused by preparation of specimens; the tips tapering 
into the sediment; and therefore, not being a true signal 
(D. Audo, pers. comms. 2025). One fossil representative 
does not show straight dactyli, but instead has prominent 
spines along the inner margin of the dactylus (Fig. 8). The 
specimen in question is interpreted to be an immature 
of Palaeopentacheles roettenbacheri Münster, 1839, 
a Jurassic species (Eiler & Haug 2016). Other specimens 
of this species have spines as well, yet they are often so 
small that they do not significantly affect the simplified 
outline created by the harmonics. These spines have 
been described as sexual dimorphism before (Audo et al. 
2014b). The individual may thus be a female.

Within the extant species, a difference in adult and 
larval morphology is also observable when looking at 
the chelae. While larvae show straight tips for the chelae, 
adults show tips of both the finger of the propodus and 
the dactylus that strongly curve inward. This suggests that 
larvae do not need their chelae for piercing objects or prey, 
but rather for grasping. A similar pattern can be observed, 
e.g. in squilloidean mantis shrimps. Here, larvae show 
straight spineless claws, while adults do have claws with 
spines (e.g. Hamano & Matsuura 1987).

Deep or shallow water origins 
of the group

The origins of Polychelida, shallow or deep-sea environ
ments, have been a topic of discussion. A shallow water 
origin had been suggested early for the group, based on  
mostly Jurassic representatives (Beurlen 1931, Ahyong 
2009). This hypothesis was later questioned with the 
description of new fossil species from deep-sea environ
ments (Audo & Furrer 2020; Audo et al. 2018, 2020, 
2021). The evolutionary trajectory thus shifted to a sce
nario of an early colonization of the deep-sea and 
a later extinction of shallow-water species (Audo et al. 
2021). Recently, Chang et al. (2024) concluded that the 
diversification of extant deep-sea lobsters started during 

the Late Jurassic, based on a phylogenetic analysis of 
the group (Chang et al. 2024). Fossil representatives 
of Polychelida were therefore already present in deep-
sea environments, although probably not as deep as the 
deepest extant representatives (Chang et al. 2024). 

In our data, we see an overlap of fossils and extant 
specimens for the shield, especially for shield shapes 
with medium width and shallow ocular incisions. Hereby, 
mostly adults from the Early and Middle Jurassic seem 
to overlap with extant adults. In the propodus, we see an 
overlap for shapes with long and straight fixed fingers. In 
the dactylus we see almost no overlap, except for some 
Early Jurassic individuals with straight dactyli, over- 
lapping with extant ones. These results seem to reinforce 
the pattern, that representatives of Polychelida have already  
inhabited deep-sea environments during the Jurassic (the 
exact timing still remains unclear) but further diversified 
and conquered larger depths, while those living in shallow 
waters went extinct (Audo et al. 2021, Chang et al. 2024). 
Furthermore, the wide and bulky chelae and wide shields 
in fossils may have facilitated an epibenthic omnivorous 
lifestyle, also seen, e.g. in many fossil and extant crabs. 
Competition for ecological roles could therefore have 
been a driver of the extinction of shallow water species 
(Beurlen 1931). 

Increase of ecological diversity over time

Especially in the shape of the shield, a distinct differen- 
tiation of the larvae and adults is apparent in the modern 
fauna. Such a differentiation is absent in the Mesozoic 
forms, it must have evolved after the Late Jurassic (likely 
in a stepwise manner, Haug et al. 2015, Eiler & Haug 
2016). The area occupied by the extant larvae even seems 
slightly larger than that of the extant adults. Given that 
it is unlikely that we have a full taxonomic coverage on 
the larval side, the true morphological diversity of extant 
larvae is likely to be even larger. 

A strong selective pressure leading to such a differen- 
tiation has been recognised for several different crustacean 
lineages (Haug & Haug 2013; Haug et al. 2013, 2016; 
Haug 2020; Chang et al. 2024), yet mostly on qualitative 
characters. The here presented quantitative data emphasise 
the general observation of a stronger morphological and 
ecological differentiation between immatures and adults 
in many independent lineages.

Conclusion

The morphological diversity of the group Polychelida 
varied during its evolutionary history and was generally 
larger during the Jurassic than it is today. Some morph



ologies are lost while an increased morphological dif
ferentiation between extant larvae and extant adults 
provides new diversity. The ecological roles facilitated 
by these morphologies match adaptations to different 
habitats. We find some support for an early adaptation to 
deep-sea habitats in some representatives of Polychelida. 
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