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Abstract: The small-spotted catshark, Scyliorhinus canicula, provides an optimal model organism
to include chondrichthyans in studies comparing morphology or physiology through vertebrate
evolution. In particular, for investigations with ontogenetic aspects, there are only a limited number
of alternative taxa. Therefore, a detailed staging system is a prerequisite to allowing comparison
between different studies. This study supplements information on the latest stages of the established
system by Ballard and colleagues in 1993 and complements the respective staging system by including
the latest pre-hatching stages. During this phase, some significant ontogenetic shifts happen, e.g.,
reduction of external gill filament length and complete flattening of rostral angle until Size Class 6,
change in the ratio of pre- to post-vent length, and establishment of body pigmentation in Size
Classes 7 and 8. All these shifts finally transform the embryo into a hatchling prepared for living
outside the eggshell. This study provides a framework allowing comparison of investigations on
pre-hatchings of the small-spotted catshark.

Keywords: lesser-spotted dogfish; cartilaginous; shark; larvae development; ontogeny; PCA

1. Introduction

In recent decades, the volume of research studies published on chondrichthyans has
increased enormously [1]. The increasing number of publications referring to catsharks
in recent years, e.g., 2000–2010: 243 publications; 2011–2021: 307 publications [1], indi-
cate that the genus Scyliorhinus (Chondrichthyes: Carcharhiniformes: Scyliorhinidae) is
becoming a popular study model. The reasons for this are manifold. Cartilaginous fish, i.e.,
sharks, rays, and chimaeras, are evolutionarily very important, as they represent the sister
group of osteognathostomes, i.e., bone-bearing vertebrates containing more than 98% of
all vertebrate species. Most cartilaginous fish, however, are not easily accessible for many
research questions, as they can hardly be kept in captivity. In particular, providing devel-
opmental stages in high numbers by breeding species in aquaria is not possible for most
chondrichthyans. However, small-spotted catsharks are an exception. Due to their size and
lifestyle, they can be kept in captivity. Furthermore, their reproductive style by depositing
eggs without a pronounced reproductive phase makes ontogenetic stages quite easily and
continuously accessible and, overall, makes it an attractive laboratory animal. Therefore, in
developmental biology, catsharks offer an important perspective and are used to acquire a
better understanding of the origin and diversification of jawed vertebrates [2]. The range
of research topics indicates how intensively the catshark is studied with regard to partly
very specific anatomical or also physiological properties of various organ systems such as
the heart [3], sensory organs and nervous system [4], muscles [5,6], and gastrointestinal
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tract [7] or immune system [8,9]. Most of these studies aim to compare properties partly
with other cartilaginous or bony fishes or in the context of general vertebrate evolution.

However, there are only a few morphological studies on Scyliorhinus, and informa-
tion on external characteristics is often missing, especially in premature stages. For adult
sharks, Soares and De Carvalho (2019) investigated the 16 Scyliorhinus species of the family
Scyliorhinidae [10]. In this study, the external morphological characteristics, neurocra-
nium, claspers, dermal denticles, and tooth morphology for classifying the phylogenetic
differences between the species were investigated. They indicated that, in particular, the
small-spotted catshark (S. canicula) can be distinguished easily from its congeners due to
the unique characteristics in its naso-oral region [10].

The small-spotted catshark belongs to the group of shallow-water sharks [11] and
exhibits a stable population [12]. Embryos of S. canicula develop in egg cases deposited by
the females in shallow water and attached to macroalgae or sessile invertebrates via the
posterior tendrils [13]. The embryonic development of S. canicula takes 5 to 11, usually 8 to
9, months, depending on the water temperature [11]. Different developmental stages of
the embryos were classified by external features observed microscopically by Ballard et al.
(1993) [14]. This classification is used as the standard for the age-betting of S. canicula. The
present study aims to follow up on the studies by Ballard et al. (1993) [14] and Soares
and De Carvalho (2019) [10] to provide further insights into the morphological changes
during development to understand the evolutionary changes of the Scyliorhinus in more
detail, as ontogenetic changes in the external morphology provide valuable information for
evolutionary questions. Additionally, the relationships between growth and morphological
changes are relevant because they have an impact on the phenotypic diversity within
species [15]. Therefore, the aim of this study is to present new insights into the developmen-
tal changes of external morphological traits during the pre-hatching phase (as defined by
Ballard (1993) [14]). In particular, the development of the gill filament and rostrum angle,
as well as the post- and pre-vent length, will help to better understand the origins of the
peculiar appearance of the small-spotted catshark.

2. Materials and Methods
2.1. Morphometry

Embryos of small-spotted catsharks, S. canicula, were obtained from a collection of
formol-fixated specimens stored in 70% ethanol, which were provided by Ozeaneum
(Stralsund, Germany). Formal fixation was chosen, as it has been shown that this fixative
has a neglectable influence on tissue shrinkage in catsharks [16]. All animals used in this
study originated from 5 females and 4 males. Adult animals, as well as their eggs, deposited
on plants, were kept in a 5000 L recirculating system with two separate divisions. In order to
avoid differences in development due to changing abiotic parameters, the parameters were
kept permanently constant: temperature of 14–15 ◦C, salinity of 2.5 PSU, and oxygen supply
of 98.5%. Before fixation, all embryos were anesthetized using benzocaine solution (ethyl
p-amino-benzoate; Sigma Aldrich; Taufkirchen, Germany) dissolved in aquarium water
and euthanized with overdoses. Images of specimens were taken using a Canon EOS 80D
camera system with a Canon MP-E 65 mm and Sigma DG Macro 105 mm objective mounted
on a Cognisys StackShot unit. For Z-stacking, Helicon Focus (HeliconSoft, Kharkiv, Ukraine)
software was used.

To gain insight into morphometric changes across different developmental stages,
107 specimens were photographed dorsally, laterally, and ventrally using a stereomicro-
scope (Leica SD9) combined with Moticam 5.0 (Motic; Carl Roth GmbH & Co. KG; Karl-
sruhe, Germany). Depending on the respective developmental stage, 15–19 morphometric
parameters were analyzed for each individual utilizing Motic Images Plus (Version 3.0;
Carl Roth GmbH & Co. KG; Karlsruhe, Germany) software. The selection of morphometric
parameters was based on the work of Ballard et al. (1993) [14], Soares et al. (2016) [17],
and Franz et al. (2021) [18]. For an additional, better understanding, the determined
morphometric parameters are shown in Figure 1 and Table 1. For individuals that were
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too large to fit under the stereomicroscope, total length (TL), pre-vent length (PRV), and
post-vent length (POV) were measured employing digital calipers to the nearest 0.1 mm.
Subsequently, eight size classes for the embryos were introduced, taking into account the
staging system implemented by Ballard et al. (1993) [14], to gain a more detailed view of
the pre-hatching period (Table 2, Figure 2).
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Figure 1. Position of measurements taken on developmental stages of Scyliorhinus canicula. (a) Mea-
surements taken from ventral side: BWC—body width at caudal peduncle, BWP—body width at
pelvic fin, INS—internostril space, MOL—mouth length, MOW—mouth width, PFB—pectoral fin
base width, PFI—pectoral fin inner margin, PFL—pectoral fin length, POV—post-vent length, PRV—
pre-vent length, TL—total length; (b) lateral side: BHC—body height at caudal peduncle, BHP—body
height at pelvic fin, IDS—interdorsal space, OD—orbital diameter, RAN—rostrum angle; (c) dorsal
side: GF—external gill filament length, HL—head length, ID—interorbital distance.
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Table 1. Morphological parameters with their used abbreviations and description.

Abbreviation Name Description

BHC Body depth at caudal peduncle Maximal distance dorsal to ventral margin at base of caudal fin 1

BHP Body depth at pelvic fin Maximal distance dorsal to ventral at origin of pelvic-fin base 1

BWC Body width at caudal peduncle Maximal width at caudal peduncle
BWP Body width at pelvic fin Maximal width at origin of pelvic-fin base
GF Gill filament length Estimated average length of external gill filaments of second gill slit
HL Head length Distance from rostral tip to fifth gill slit
ID Interorbital distance Width of neurocranium between midlevel of eyes

IDS Interdorsal space Distance from first dorsal-fin base to second dorsal-fin base
INS Internostril space Distance between nostrils at base of anterior nasal flaps 2

MOL Mouth length Distance from anteriormost point of mouth opening to posterior level
of cleft end along body axis

MOW Mouth width Distance from left to right corner of mouth
OD Orbita diameter Length of eye along body axis
PFB Pectoral fin base Width of pectoral-fin base
PFI Pectoral fin inner margin Length of posterior margin of pectoral fin
PFL Pectoral fin length Longest distance from anterior base to tip of pectoral fin
POV Post-vent length Body length from vent to end of tail
PRV Pre-vent length Body length from rostral tip to vent

RAN Rostrum angle
Angle from rostral tip to body axis going anterior. Body axis is drawn

from most distal anterior point over midpoint of otic capsule to
midpoint of chorda at height of pectoral fin.

TL Total length Distance from rostral tip to end of tail
1 Measuring only myomer height in early stages without fin fold; 2 in early stages distance between nasal openings.
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and size classes from early development (Size Class 1) to late embryonic stage (Size Class 8) shortly
before hatching. Scale 1 cm.
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Table 2. Overview of examined developmental stages and size classes of Scyliorhinus canicula.

Size Class n Total Length
(mm)

Stages According to
Ballard et al. (1993)

1 11 9.7–16.8 24–26
2 13 18.0–27.0 27
3 16 28.6–33.8 28–29
4 14 35.2–44.8 31
5 14 46.7–59.6 32
6 9 61.1–69.9 34
7 10 77.5–87.7 Not defined
8 20 88.9–104.9 Not defined

Size Class 1. External gill filaments rarely present on C1 and C6. Pre-vent length
greater than post-vent length.

Size Class 2. Anlagen of dorsal and anal fins appear in larval fin fold. Pre-vent and
post-vent length about equal. First pigments appear in eyes.

Size Class 3. Complete circle of pigments on eyes. Pre-vent length smaller than
post-vent length. Length of gill filaments more than half of head length. Mouth shape
is curved.

Size Class 4. Embryonic placoid scales appear first on caudal tip and later in two rows
along dorsal side. Anlagen of dorsal fins surmount fin fold.

Size Class 5. Length of gill filaments less than a third of head length. First pigment
spots on flanks.

Size Class 6. Length of gill filaments less than or equal to a tenth of head length. Dorsal
and anal fins twice as high as fin fold

Size Class 7. Complete leveling of rostrum angle. Dark bands below dorsal fins and
on caudal fin appear. Fin fold completely reduced. Belly swollen due to internal yolk.

Size Class 8. First regular placoid scales emerge. Remnant of external yolk sac as
small appendage.

2.2. Statistics

Analysis of the morphometric data was performed using GraphPad Prism 9. Size-class-
grouped data were tested for normality, the Shapiro–Wilk test was conducted, and outliers
were identified using the ROUT method (Q = 1%) and excluded from further analysis.
Differences between size classes were tested using ordinary one-way ANOVA, followed
by Tukey’s multiple comparison post hoc test (p < 0.05). To allow for size-independent
comparison, the measured values were normalized by converting them to a percentage of
TL and reanalyzed.

Furthermore, a principal component analysis (PCA) was applied to reduce the dimen-
sions of the morphometric data set to a smaller number of components, still containing most
of the original information. The PCA was conducted using the original data, to examine if
trait variation across the size classes supports this size-dependent staging system. Since
PCA depends on the scaling of variables, data were normalized by setting the mean of each
feature to 0 and the standard deviation to 1. PCA was performed using the Python package
scikit-learn [19], and plots were generated with the Python package Matplotlib [20] and
Seaborn [21].

For this comparison, the mean ± S.E.M. were calculated, and differences between
morphological parameters were tested using ordinary one-way ANOVA, followed by
Tukey’s multiple comparison post hoc test (* p < 0.05).

3. Results
3.1. Morphometric Analysis

To gain an overview of the relationship between the individual morphometric char-
acters determined in this study, a correlation analysis was performed (Figure 3a). In S.
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canicula ontogeny, all analyzed morphometric parameters, except external gill filament
length (GF) and rostrum angle (RAN), were highly positively correlated to each other, with
a Pearson correlation coefficient greater than 0.9. GF showed no correlation, with a Pearson
correlation factor of −0.3. RAN was highly negatively correlated to all other morphometric
features, with a mean Pearson correlation factor of −0.7.
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Figure 3. Analysis of morphometric features. (a) Correlation matrix of the obtained body parameters.
The values for the Pearson correlation coefficient are color coded. (b–d) Changes in selected body
parameters of Scyliorhinus canicula with increasing size classes from total length (b), gill filament (c),
and rostrum angle (d). Significant changes are indicated by ** p < 0.01, *** p < 0.005, **** p < 0.001.
(e,f) Results of the principal component analysis. (e) Values of the eigenvectors for the first two
principal components (PCs). Contribution of the parameters to each PC is shown by the value of the
eigenvector. (f) Plot of the first two PCs. Results are shown for each size class (color coded).

The TL of all observed specimens ranged from 9.7 to 104.9 mm, with a mean of
14.4 ± 0.7 mm and 93.5 ± 1.0 mm for Size Classes 1 and 8, respectively (Figure 3b). All
measured parameters were found to increase with increasing size class (Supplementary
Materials Table S1), except for GF and RAN. The course of GF resembles a bell shape,
peaking in Size Class 4 with 4.9 ± 2.1 mm and a significant decrease to Size Class 5
(Figure 3c). In Size Classes 7 and 8, external gill filaments were no longer present. RAN
considerably decreased from 92.1 ± 4.6◦ in Size Class 2 significantly to each further size
class and exhibited an angle of around 20◦ in Size Class 5 and 13◦ in Size Class 6 (Figure 3d).
Here, in Size Classes 7 and 8, the rostrum angle was no longer present.
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The PCA analysis confirmed these data. PC1 and PC2 account for 96.9% of the total
variation. The eigenvector of PC1 had a steady value of 0.25 for nearly all parameters. GF
and RAN had the highest loading parameter in both PCs with a value of 0.87 and −0.25,
respectively (Figure 3e). In PC2, the main variables were markers of the head, such as
OD, GF, RAN, INS, MOL, and IDS (Figure 3e). Within the PC plot, large deviations in Size
Classes 2 to 6 for PC2 were visible, while hardly any differences could be detected in Size
Class 1, as well as Size Classes 7 and 8. In addition, a transition point in Size Class 4 was
present (Figure 3f).

3.2. Measurements in Relation to Total Length

In fish developmental research, an analysis of morphometric parameters in relation to
fish length is important to detect changes in realities. In S. canicula, a considerable change
in morphometric relationships was detected, as shown in the correlation matrix (Figure 4a,
Supplementary Materials Table S2) compared to Figure 3a. Calculations in relation to the
TL, the pre-vent length (PRV), and post-vent length (POV) are highly negatively correlated
to each other. Moreover, GF and RAN no longer correlate negatively with each factor. There
are also positive correlations, such as PRV, HL, and MOL.
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Figure 4. Analysis of morphometric features in relation to total length. (a) Correlation matrix of
the obtained body parameters. The values for the Pearson correlation coefficient are color coded.
(b,c) Changes in pre-vent length (b) and post-vent length (c) calculated in relation to TL of Scyliorhinus
canicula with increasing size classes. Significant changes are indicated by ** p < 0.01, **** p < 0.001.
(d,e) Results of the principal component analysis. (d) Values of the eigenvectors for the first two
principal components (PCs). Contribution of the parameters to each PC is shown by the value of the
eigenvector. (e) Plot of the first two PCs. Results are shown for each size class (color coded).
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A shift in the ratios of PRV and POV despite bilateral growth in each age group is
present (Figure 4b,c). In PRV, after a significant decrease between the first three size classes
from 52.6 ± 1.0%, in Size Class 1 down to 41.4 ± 0.3% until Size Class 3, PRV was nearly
stable, except for a significant increase between Size Classes 4 and 5 (Figure 4b). Compared
to PRV, POV displayed a reversed course. Here, a significant increase between the first three
size classes (Size Class 1: 47.4 ± 1.0%; Size Class 2: 54.3 ± 0.6%; Size Class 3: 58.6 ± 0.3%)
and a significant decrease between Size Classes 4 and 5 were present (Figure 4c).

The PCA showed that for the calculated characteristics in relation to total length, PC1
and PC2 accounted for 63.0% of the total variation. In both PCs, it is visible that several
measurement traits had an influence on the PCA. In PC1, besides the parameter RAN
(loading parameter of >0.5), the parameters of the pectoral fin, such as PFL, PFB, and PFI,
as well as of the body (BHP, BHC, BWP), are the main variables. PC2 is mainly loaded by
PRV and mouth length (MOL), both ~0.4, followed by POV and ID, with ~−0.4 for both
(Figure 4d). The distribution along PC2 shows that for progressing developmental stages,
their values decline. The early stages are also more spread apart in their variation, while
the later stages vary far less (Figure 4e).

4. Discussion

The traits selected for the definition of developmental stages follow the definitions
of morphologically based landmarks rather than a time- or length-based system. This is
due to the different gestation periods of different elasmobranch species [14,22–24] and, of
course, depending on the water temperature during development. The development of
the fish follows Vant Hoff’s rule, i.e., within the tolerance range, the development is also
faster with increasing temperature. However, it has already been shown that the hatching
of catsharks takes place earlier at increased temperatures due to faster development, but
the animals have a shorter length [25]. Therefore, in order to investigate the morphometric
characteristics, this study focused on uniform abiotic parameters during breeding. Tanaka
et al. (1990) described that the frilled shark (Chlamydoselachus anguineus) has perhaps the
longest gestation period of up to 3.5 years [26], compared to the rather short period of
usually 8 to 9 months in S. canicula [11]. Overall, the stages used in this study were well
defined, and subsequent analyses reflected the grouping of individuals belonging to their
respective stages.

4.1. Stages Leading to Pre-Hatching

The first stage examined here is comparable with Stages 24 to 26 defined by Ballard
et al. (1993) [14]. During this stage, the first gill filaments appear, and the mouth opening
becomes diamond shaped, which will remain so until Stage 27 [14]. The head is strongly
inclined so that the rostrum angle is large. Somites are present up to the end of the tail.

In Size Class 2 (Stage 27 according to Ballard et al. 1993) [14], the gill filaments increase
due to the eggshell opening and the resulting more active exchange with the environment.
In some animals, the rostrum angle decreases, and the head straightens further, but due
to the high variability between specimens, this was not significantly different from the
stage before. At the same time, the post- and pre-vent length increases, but in relation
to the TL changes. As the post-vent length increases in relation to the TL, the pre-vent
length decreases. The reason for this can be manifold. It is possible more energy is needed
for the further development of the inner organs because the eggshell is opened, and the
metabolism must be rearranged. Therefore, the anterior body part grows less compared to
the posterior body part. During this time, according to Ballard et al. (1993), the yolk sac is
encased in an almost complete epithelial lining, half of which is underlain by a capillary
network [14]. At this point, the catshark embryo is able to survive outside the eggshell.
The greater length growth of the post-vent may also be caused by a more active embryo, as
the muscle area in the post-vent part of the body increases. This increase in muscle mass
is supported by the increase in body height in this part of the body. Only during the first
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observed stage of the pre-hatching stages was no growth in the tail and pelvic parts of the
body detectable.

In Size Class 3 (Stages 28 and 29 according to Ballard et al. 1993) [14], the mouth form
changes from diamond to oval, and the pelvic fins obtain their rounded shape. A circle of
black pigment becomes prominent in the eye. Shallow depressions in the low fin fold mark
the posterior limits of the emerging two dorsal fins and the anal fin. While the individual
morphometric length parameters continued to increase in size, the rostrum angle greatly
reduced, and the head thus became more elongated.

4.2. Stages from Pre-Hatching to Hatching

The PCA indicated that the examined Size Class 4 (Stage 31 according to Ballard et al.
1993) [14] can be considered as the stage of portion shift. During this time, the PCA of the
absolute measured values showed the maximum in PC2, while the parameters in relation
to the TL showed a minimum of the PC2 values. Examining the individual parameters,
the gill filaments reach their maximum length in Stage 4. Furthermore, the ratio of the
post-vent length to the pre-vent length reaches its maximum.

In Size Classes 5 and 6 (Stages 32 and 34 according to Ballard et al. 1993) [14], the
values of PC1 and PC2 indicate a strong change in the parameters. The causes include
the external gill filaments, which decrease in length until they are fully degraded in Size
Class 6 at a body length of about 65 mm, and pharyngeal respiration starts. The cat shark
seems to be fully developed and resembles very much a miniature of an adult. Another
reason for this strong change is the rostrum angle, which continues to flatten during this
developmental step until the final position is reached. Additionally, the growth of the
orbital diameter relative to the total length stops in Size Class 5 and reduces in Size Class 6.

As shown for bamboo shark (Chiloscyllium punctatum) [27], we described more details
about the later stage than the catshark staging table by Ballard et al. (1993) [14] and added
two further size classes to complete the developmental description until hatching.

In Size Class 7, the rostrum angle levels completely, and dark bands of pigmentation
appear below the dorsal fins and on the caudal fin. The belly is swollen due to the internal
yolk, and the larval fin fold is completely regressed.

In Size Class 8, the recession of the orbital diameter in relation to total length stops,
and the first regular placoid scales emerge.

In these two classes, the catshark increases in body size, and all individual parameters
increase in this context. Due to the increasing body size, the embryo becomes more
immobile in the eggshell. The last stages are important because the longer the development
takes place in the eggshell, the bigger the embryo can grow. The growth and hatching of
the animal depend, among others, on the environmental temperature. Scyliorhinus canicula
embryos used in this study were cultured at 15 ◦C. Embryos cultured at other temperatures
show some heterochrony of developmental events, which is not surprising due to natural
variation within a species. A study showed that the higher the water temperature, the
smaller the hatchlings, which can be attributed to shorter developmental time and growth
phase in the eggshell [25].

Additionally, during the last developmental stages, skin pigmentation becomes promi-
nent. Both factors are important for survival, as the hunting pressure decreases with
increasing body size, and pigmentation is important for camouflage. The patterning re-
duces the visibility of the animal against its background so that predators recognize their
prey more poorly, and thus their survival in the early post-hatching stage is improved. In
addition, the prey is also less able to recognize the danger. In catshark species, besides the
individual pigmentation of the animals [28], sexual dimorphism in pigmentation is also
present [17]. Additionally, adult females have thicker dermal layers compared to males due
to male biting during mating [29]. The presence of sexual dimorphism has already been
described by Ford (1921) [30]. This study indicated that these gender differences become
established at 53 to 60 cm when reaching sexual maturity. For mouth length and width,
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it was also shown that MOL/MOW significantly differed between sexes, but only in the
larger size groups and not for specimens below 42.5 cm [31].

Sex-specific differences in morphological parameters are not very likely to be present
at this early life stage but should be carefully investigated in further studies.

5. Conclusions

Shortly before hatching, embryos of S. canicula undergo morphological changes. These
are visible by total flattening of the rostral angle and the establishment of body pigmen-
tation. The respective stages have not been incorporated into the previously established
staging system of Ballard et al. (1993) [14]. Our study furthermore complements the final
stages of the Ballard system, i.e., 24 to 34, with details on morphological transitions. Most
prominent are changes in external gill length and a shift in the ratio of pre- to post-vent
length. Thus, our study presents a framework allowing comparison of future studies
dealing with the pre-hatching stages of Scyliorhinus.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes7030100/s1, Table S1: Overview of the mean and S.E.M.
(mm) of selected body parameters of S. canicula with increasing size classes; Table S2: Overview of
the mean and S.E.M. in relation to the total length (%) of selected body parameters of S. canicula with
increasing size classes.
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