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Abstract

Few studies have been conducted on the reproductive biology and embryology of Kinosternon scorpioides. Determining
the development of embryonic stages is essential for studies on comparative anatomy and phylogenetic relationships. The
aim of this research was to examine the macroscopic embryonic development of K. scorpioides. At least three eggs were
collected at incubation intervals of 5 days. After morphometry, embryos in stages 9-12 were classified in relation to the
presence of pharyngeal arches, optic and otic vesicles, as well as sequential changes in both the forelimbs and hindlimbs.
Embryos from stages 13 to 17 were identified through evident eye pigmentation, limb morphology, carapace appearance,
and urogenital protuberance. From stages 19 to 22, the presence of digits on digital plates and pigmentation of the body
were used for defining each of the stages. From stages 23 to 26, the digits and dense pigmentation on the body were used
to define the stages and the disappearance of the urogenital protuberance and umbilical hernia. These results describe the
ontogenetic changes that occur in this species, therefore facilitating the correct ex sifu handling practices during incubation
and serving as a basis for phylogenetic studies among the Kinosternidae.
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Introduction stages (Mahmound et al. 1973), and development of marine

turtles was standardized in 31 stages with preovipositional

The first morphological embryonic descriptions regarding
the order Chelonia were performed in the nineteenth century
(Rathke 1848; Agassiz 1857; Parker 1880). Subsequently,
the embryonic development of semi-aquatic chelonians was
standardized based on macroscopic characters in Chelydra
serpentina in 27 stages (0-26) (Yntema 1968). Posteriorly,
the development of Chrysemys picta was defined in 23
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stage characteristics included for the families Cheloniidae
and Dermochelyidae (Miller 1885; Miller et al. 2017).
Species-specific features are important for understanding
the development of animals (Werneburg 2009). However,
this distinction between species makes it more difficult to
standardize the development stages. This is the reason there
are different tables for different chelonian species (Guzmén
and Bonilla 1990; Greenbaum and Carr 2002; Okada et al.
2011). These tables still contain variations in numbers of
development stages and incubation temperature (Santos
Braga et al. 2020), which might hinder analysis among taxa.
Embryonic development is standardized to understand each
developmental stage of the animal, each of which are sen-
sitive to environmental variations during incubation, since
this phase is one of the most critical periods in the turtle’s
life (Kobayashi et al. 2017; Kolackova et al. 2019). Embryo-
logical studies contribute to laboratory research that aims to
use these animals as model organisms (Cordero and Janzen
2014). Moreover, they assist in taxonomic and phylogenetic
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studies, since embryonic development exhibits homologies
that facilitate the understanding of phylogenetic relation-
ships between groups of species (Boughner et al. 2007).

There is little information on the embryology of Kinos-
ternidae, and there are few tables which explain the embry-
onic development of this family. The present study used C.
serpentina standardized criteria (Yntema 1968) to include
characteristics that allow the developmental stages to be
identified (Ewert 1985). A comparison was made of Tes-
tudines families considering the developmental characteris-
tics and incubation period, using Kinosternidae specimens
(Ewert 1985). Some aspects of the development of Kinos-
ternidae, Sternotherus odoratus, and Kinosternon subrubum
morphology have been compared to other turtle species to
determine the origins of skeletal innovations (Cordero and
Quinteros 2015). In addition, Kinosternon scorpioides (Lin-
naeus 1766) embryos (21 days incubation) were used for the
study of melatonin (Silva and Sampaio 2014). Smith-Pare-
des et al. (2020) recently analyzed the development of S.
odoratus, complementing the study with musculoskeletal
observations. Recently, the skeletogenesis of the limbs of
K. scorpioides was present (dos Santos Braga et al. 2020).

The present study characterizes the embryonic stages of
K. scorpioides from the 10th day after oviposition through
hatchings under laboratory conditions. This established the
developmental stages of the embryo and the relationship
between these stages. External morphological characters
are essential in the criteria of differentiation of embryonic
stages, and we therefore emphasize specific characteristics
which facilitate comparison with other Kinosternidae and
other groups of testudines.

Materials and methods

Embryonated eggs of K. scorpioides were collected between
April and August from 2014 to 2017 on the experimental
farm of the Brazilian Agricultural Research Corporation
(Embrapa Amazdnia Oriental) (LO 7310/2014-SEMAS-
PA), located in Marajé Island (Salvaterra, Pari, Bra-
zil, 0°4226.90" S and 48°33'34.70"” W). This study was
approved by the Embrapa (Empresa Brasileira de Pesquisa
Agropecuédria)—Amazonia Oriental Ethics Committee for
Use of Animals (n° 001/2016). Vouchers of embryonic
development stages were deposited in the herpetologi-
cal collection of Museu Paraense Emilio Goeldi (MPEG
1667—1683).

After being laid, the eggs were removed from the nest,
washed with water, and transferred to a commercial incu-
bator (Ecological Premium®, IP-R model) where they
remained in a substrate of moisturized vermiculite under a
mean temperature of 30 °C +0.5. The substrate was prepared
using a kiln (Embrapa 1997) and dried at 95-110 °C for
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72 h. The humidity level was set at 80% and checked daily.
To calculate the amount of water in the substrate, the boxes
were weighed twice a week and water was added, if neces-
sary (Alvine et al. 2013).

Eggs were opened for fixation at 5 day intervals from
the 10th incubation day until hatching. Morphometry
of eye width, head width, crown-rump length, carapace
straight length, width, plastron straight length, width, and
height between carapace-plastron were measured using a
manual caliper with 0.2 mm precision, to facilitate staging
(Costa et al. 2017). Body volume of stage 18-26 embryos
(0.90+0.06 to 2.82+0.07 cm, mean carapace length) was
measured. After being eviscerated (n=96), the heart, liver,
and gastro-enteric tube were removed to measure humid
volume, using the Archimedes’ Principle. This law of phys-
ics considers the displaced water volume as an approximate
value to humid volume of the submerged organ (El Bizri
et al. 2017; Andrade et al. 2018). This measurement was
performed with help of hypodermic needles (containing 0.01
accuracy).

The embryos were fixed in a Bouin solution for 24 h and
stored in 70% ethyl alcohol. This solution was used, because
it better fixed the tissue due to its high penetrating power,
and it guarantees firmness to these fragile tissue samples
(Banks 1992; Soares et al. 2006; Magalhdes et al. 2017).
Each developmental stage was recorded with the help of
a digital camera (CANON® EOS Rebel T5 coupled to a
60 mm macro-lens); sketches were made from the photo-
graphs (Supplementary S1). Criteria for embryo identifica-
tion were adapted from the descriptions by Yntema (1968)
and are shown in Table 1. A total of 181 embryos were
obtained, with at least three embryos for each developmental
stage. The number of embryos per embryonic development
stage is shown in Table 2. The same amount of embryos was
used for the statistical tests.

Mean values and standard error of morphometric meas-
urements were calculated, as well as volumetric measure-
ments, to test the existence of a relationship between meas-
urements. To determine the embryo growth equation, a
polynomial curve was performed between carapace length
and incubation period using RStudio®. Then, polynomial
curves were realized to determine the relationship between
the increase in organ volume and the total volume of embryo
bodies.

Results

K. scorpioides embryo stages were observed from stages
10 to 26, in an incubation period lasting an average of
129.50+21.73 (Fig. 1). The initial stages (0-9) were simi-
lar to those of C. serpentina, which are common among
the other chelonian taxa (Greenbaum and Carr 2002); they
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therefore are not indicated here. New diagnostic features
and the pre-hatching stage (26) were described. Pictures and
schematic sketches of embryos are shown in Fig. 2. These
figures show the embryonic development from the appear-
ance of eyes until the formation of limbs. Detailed descrip-
tions of the morphological features are presented in Table 1.

Stages 10-12 (Fig. 2) were determined by the presence
of branchial arches, morphology of optic vesicle, and initial
indications of limb formation (Fig. 2). Stages 13 and 14
(Fig. 2), in turn, were determined by the presence of nasal
process and heart bludge, as well as the digital plate on
the limbs (Fig. 2), beginning of urogenital bud, and lateral
edge of the carapace. Stages 15-18 (Fig. 2) were classified
by the presence of carapace, ribs, and plastron; aside from
the formation of the three carapace keels and scutes, the
appearance of structures such as eyelids, caruncles, and dig-
its (Fig. 2) were reported during this period. Stages 19-22
(Fig. 2) were defined by the dispersion of body pigmentation
the appearance of claws, and retraction of urogenital bud.
Development stages 23-26 (Fig. 2) were determined by the
closure of the vent, opening of nostrils, formation of ungueal
phalanx (Fig. 2), and closing of umbilical hernia.

The maximum duration of the egg incubation period
was 160 days, in which completely formed embryos were
observed with total or partial absorption of the vitelline sac.
Morphometric embryo measurements are shown in Table 2,
with their mean values and deviation by embryo develop-
ment stage.

On the other hand, the growth pattern showed that
embryos developed rapidly in stages 10-17. How-
ever, their highest growth rates were observed from
stage 21 onwards. The growth function (Fig. 1) was:
y=— 1.770+8.225¢7% x x — 3.599¢~* x x%; R* = 0.82;
F=161.6, p value=0.000.

The curves performed on humid volumetric measures
(Fig. 3) showed that the heart volume (y=0.0043810 +
0.0146767 x x — 0.0013359 X x* R*=0.16; F=7.42, p
value=0.001) grew more slowly compared to the liver (y
=0.010252+0.059758 x x — 0.005288 x x*; R*=0.49;
F=34.85, p value=0.000) and gastro-enteric tube (y=0.0
04699 +0.069700 X x — 0.006761 X x*; R* = 0.55; F=42.51;
p value =0.000), with the latter having a faster growth.

plastron that is closed, with a small structure

tion, except for the regions with spots, such
or no vitelline sac

as head and plastron

present
The hernia umbilical is a soft region in the

The cloaca is completely closed. Hernia is

Other characters

appearance. Plastron has a smooth appear-

rise to the pectoral plate is well marked
ance, with yellow and black spots

ged appearance. Skin fold that will give
and expands laterally

Pigmentation dark disperses on plastron and The embryo’s body has a dark green colora-
marginal scutes

Marginal plates on the carapace have a rug-
Carapace is dark brown and has a rugged

Carapace—plastron complex

nalized. The bases of claws are pigmented,
digits have an interdigital membrane, skin-
folds are prominent, claws are blunt and
are enclosed in a slightly opaque sheath

lucent sheath that covers it and pigmenta-
tion is on the claws is completely dark

The last digit of the hindlimb remains inter-

The claws is differentiated inside the trans-

The sheath over the claws is worn, indicat-
ing friction with the eggshell

Limbs

Discussion

This study describes the embryonic development of a Kinos-
ternidae species and characterizes stages 10 to 26 of K. scor-
pioides (Table 1). Although the features observed here were
similar to those observed in C. serpentina (Yntema 1968),
stage-specific characters of K. scorpioides specie were also
considered in the present study.

mentation, which along with small yellow

Nostrils are open. Caruncle is evident and
spots forms uneven ridges

Lower eyelids reach beyond the lens.
pointed. Jaw is pigmented

Pigmentation is dispersed on the head

The entire cranial region has a greenish pig-

Table 1 (continued)
Stage Cranial features

4
25
26
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Table 2 Morphometrics of K. scorpioides embryos with mean and standard error

ST n EwW HW CL PL CW PW HCP CRL

10 5 0.03+0.03 0.09+0.01 - - - - - 0.40+0.02
11 3 0.04+0.00 0.15+0.00 - - - - - 0.48+0.04
12 7 0.07+0.00 0.16+0.01 - - - - - 0.53+0.02
13 4 0.06+0.01 0.16+0.02 - - - - - 0.54+0.01
14 3 0.12+0.00 0.26+0.02 - - - - - 0.65+0.02
15 3 0.11+0.00 0.20+0.03 0.47+0.03 - 0.23+0.00 - - -

16 3 0.16+0.01 0.26+0.02 0.58£0.01 0.25+0.02 0.48+0.03 0.19+0.01 0.23+0.02 -

17 4 0.20+0.02 0.36 £0.03 0.66+0.07 0.45+0.10 0.46+0.04 0.38+0.07 0.29+0.04 -

18 5 0.22+0.01 0.41+0.03 0.90+0.06 0.55+0.03 0.65+0.02 0.46+0.02 0.47+0.02 -

19 4 0.23+0.00 0.52+0.00 1.20+0.04 0.76 +£0.04 0.87+0.04 0.63+0.04 0.57+0.02 -

20 5 0.23+0.03 0.58+0.02 1.33+0.01 0.96+0.04 0.80+0.12 0.71+0.02 0.57+0.02 -

21 6 0.28+0.01 0.65+0.02 1.61+0.05 1.22+0.08 1.22+0.07 0.95+0.07 0.76 +0.05 -

22 6 0.28+£0.01 0.69+0.02 1.65+0.06 1.36 +0.07 1.26 +0.04 1.03+0.04 0.82+0.02 -

23 6 0.32+0.01 0.74+0.02 2.09+0.11 1.76 £0.07 1.44+0.06 1.20+0.08 1.00+0.07 -

24 9 0.33+£0.02 0.76 +0.03 2.45+0.07 2.04+0.08 1.73+0.05 1.45+0.05 1.36 +0.07 -

25 11 0.39+0.01 0.84+0.02 2.83+0.06 2.43+0.06 1.88+0.03 1.64+0.02 1.37+0.05 -

26 12 0.39+0.01 0.84+0.02 2.82+0.07 2.55+0.11 2.06+0.07 1.72+0.03 1.50+0.04 -

ST stage, n embryo numbers used for each stage, EW eye width, HW head width, CL carapace length, PL plastron Length, CW carapace width,
PW Plastron width, HCP height carapace-plastron, CRL crown—rump length

Fig.1 Carapace length (cm)
according to incubation period
(days) of K. scorpioides
3.0

25

cm)
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15
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Table 3 shows the comparison of embryonic development
stages of turtle species incubated at different temperatures.
C. serpentina (Yntema 1968), sea turtles (Miller et al. 2017),
and S. odoratus (Smith-Paredes et al. 2020) had one of the
shortest incubation periods, even though it is the closest
phylogenetically of K. scorpioides (Crawford et al. 2015;
Shaffer et al. 2017). Therefore, it is evident that each stage is
related to a specific expression, and that temperature affects
the acceleration (or lack thereof) of the appearance of these

@ Springer
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characters, meaning that temperature determines the dura-
tion of each stage, and thus, the incubation period.

In reptiles, embryonic study is limited to egg and embry-
onic characteristics, but without observing their ontogenetic
growth (Thompson 1989; Lourdais et al. 2015), unlike stud-
ies conducted with some mammals in which this tool has
already been used (Lane and Gardner 1992; El Bizri et al.
2017; Andrade et al. 2018). Specific volume is an important
aspect of the organogenesis of these animals, which can even
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10

Fig.2 K. scorpioides embryos from stages 10 to 26 (scales are equal: 3 mm in stages 10 and 11; 5 mm in stages 12-23; 10 mm in stage 24-26)

be studied using fixed animals from zoological collections.
Similar to mammals, the gastrointestinal tube and liver of
K. scorpioides showed a strong relationship with body vol-
ume (EI Bizri et al. 2017; Andrade et al. 2018): the liver has
hematopoietic functions (Hill et al. 2019) which justifies the
intense relationship with body volume, while the gastroin-
testinal tube must be prepared to feed and aid the digestion
of hatchlings after birth (Vieira-Lopes et al. 2014).
Embryonic growth is explained by polynomial curves,
which was also observed in C. picta (Cordero and Janzen
2014) and Carettochelys insculpta (Beggs et al. 2000).

Although it is not a characteristic that defines development
stages, a variation in embryo size can be another character-
istic for criteria of stages (Miller et al. 2017).

Species-specific stage characters

Embryologic clade identification in K. scorpioides
occurred from stage 15 onwards, with the formation of
carapace, similar to other chelonians (Yntema 1968;
Magalhades et al. 2017). In addition, species-specific iden-
tification began at stage 18, with the appearance of the

@ Springer
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Fig.3 Volume of gastro-enteric
tube (GT), heart (HE), and liver
(LI), in terms of body volume
of K. scorpioides embryos
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Table 3 Comparison of the embryonic stage of development and the incubation, under different temperatures, of turtle species

Embryonic K. scorpioides® C. serpentina® Sea turtles® P. unifilis® C. insculpta® P. expansa’ S. odoratus®

sages 30°C 20°C  30°C  29°C 30°C 30 °C 30 °C 28 °C
Incubation days (Proportion of development period—%)

10 10-14 (6.25-8.75) 20 - 598 (11.5) 10 - 10

11 15-19 (9.37-11.87) 24 7 6.97 (13.4) 11 - 11-12

12 20-24 (12.5-15) 30 - 8.48 (16.3) 12-14 14-15 13 12

13 25-29 (15.62-18.12) 35 - 9.98 (19.2) 15-16 15-18 14-16 14

14 30-32 (18.75-20) 42 - 11.44 (22.0) 17-19 18-20 17-19 16

15 33-35(20.62-21.87) 47 14 13.00 (25.0) 20-21 20-22 20-23 18

16 36-37 (22.5-23.12) 56 - 15.34 (29.5) 22-23 23-25 24 21

17 38-40 (23.75-25) 63 - 17.94 (34.5) 24-25 25-29 25-28 23

18 41-44 (25.62-27.5) 70 21 20.49 (39.4) 26-27 29-32 29-32 25

19 45-49 (28.12-30.62) 77 - 23.4 (45.0) 28-30 32-36 33-35 28

20 50-53 (31.25-33.12) 84 - 27.56 (53.0) 31-37 3641 36-39 32

21 54-59 (33.75-36,87) 91 28 32.24 (62.0) 3844 41-46 40-43 35

22 60-64 (37.5-40) 98 - 36.71 (70.6) 45-47 46-52 44-47 42

23 65-69 (40.62-43.12) 105 35 40.72 (78.3) 48-49 52-59 48-53 49

24 75-85 (46.87-53.12) 126 49 44.72 (86.0) 50-55 59-66 54-55 56

25 86-99 (53.75-61.87) 133 56 49.24 (94.7) 60-66 66-77 56-57 63

26 100-160 (62.5-100) 140 63 52 (100) 70-80 77 58-64 -

This study, "Yntema (1968), “Miller et al. (2017), *Guzma and Bonilla (1990), “Beggs et al. (2000), fMagalhﬁes et al. (2017), ESmith-Paredes

et al. (2020)

three keels and carapace scutes. These features, along with
body pigmentation, are patterns typical of Kinosternidae.
This was similar to that observed in the present study, C.
picta can be distinguished from other embryos at stage 17
(Cordero and Janzen 2014), affirming that clade-specific
phenotypic differences are established at the middle one-
third of incubation.

@ Springer

K. scorpioides has one of the longest incubation peri-
ods found in freshwater species. It is known that artifi-
cial incubation can last for up to 266 days in this species
(Rocha and Molina 1990); however, this period varies in
the literature, e.g., from 116 to 145 days (Guimardes et al.
2017), 129.3 +19.6 days (Costa et al. 2017), and 176 days
(Vogt 2008). The incubation period in K. scorpioides and
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Kinosternon flavescens can be extended by up to 116 and
232 days, respectively (Ewert 1991) due to the synchronic
hatching in periods that are favorable to juvenile feeding.
This occurs during the early rainy season in tropical regions
(Ewert 1991; Ewert and Wilson 1996; Rafferty and Reina
2012; Cristo et al. 2017).

Three morphological characters observed in adult animals
could not be observed in embryos or in hatchlings of K.
scorpioides: 1—presence of a nail at the tip of the tail; 2—
smooth-like carapace, with concentric sculptures; 3—yel-
low plastron, with concentric and well-defined sculptures.
The latter only showed dark spots in hatchlings. Therefore,
hatchlings of this species might have morphological pat-
terns on the head, carapace, and plastron (Guimaraes et al.
2017) which may facilitate their camouflaging, as observed
in mammal cubs (El Bizri et al. 2017) and alligators (Vieira
etal. 2011).

Comparisons with other groups of Testudines

Stage patterns described in the chelonian embryonic devel-
opment tables were effective in determining the development
of K. scorpioides. However, studies on chelonian embry-
onic development have used different temperatures (seen in
Table 3), making it difficult to compare the tables, as differ-
ent temperatures change the metabolic rates of embryos, thus
causing different responses in embryonic development, e.g.,
changes in duration between developmental stages (Yntema
1979; Packard and Packard 2000).

Pharyngeal slits in P. unifilis (Guzman and Bonilla 1990)
are responsible for the external facial appearance of embryos
as seen at stage 10 and which disappear at stage 14. As in
K. scorpioides, these are related to the initial development
of the digestive, respiratory, and lymphoid systems. Maxil-
lary and mandibular processes were described in most of
the staging systems starting at stages 10 or 11. Development
ends with upper and lower jaw occlusion between stages
18 and 19 (Greenbaum and Carr 2002; Okada et al. 2011;
Magalhaes et al. 2017), as seen in this study in stage 19.
Werneburg et al. (2009) point out that Pleurodira have the
most accelerated mandibular development when compared
to Cryptodira, stating that this process may be related to
the development of mandibular musculature and the way in
which prey are captured (Werneburg et al. 2009).

The caruncle, egg tooth (Molina and Gomes 1998), was
visible in K. scorpioides at stage 17, much later compared
to P. expansa (Magalhaes et al. 2017) in which it appeared
at stage 14. This structure is linked to hatching, but also has
importance on the origin of air spaces inside the egg dur-
ing incubation. Besides opening cracks in extraembryonic
membranes, the early appearance of the caruncle is related
to the maturation that becomes keratinized (Ferguson 1985).
Two days after hatching degenerates are not being present

in hatchlings, as noted in Trachemys dorbignyi (Molina and
Gomes 1998).

Limb pigmentation occurred from stage 16 onwards, sim-
ilar to that found in C. serpentina embryos (Yntema 1968).
This is an interspecies variation; the pigmentation patterns
differ among species. However, due to their fragility, the
application of Bouin to fix the samples of K. scorpioides
could influence the pigmentation of the embryos in this
work.

From their appearance at stage 10 onwards, limbs are
important criteria for the differentiation and characteriza-
tion of all embryonic developmental stages of K. scorpi-
oides. Moreover, these structures provide key information
regarding the evolution of tetrapod groups (Billet et al. 1985;
Sheil and Portik 2008; Richardson et al. 2009; Joyce et al.
2013). Claws, seen from stage 20 onwards, were similar to
what occurred in P. sinensis (Tokita and Kuratani 2001;
Okada et al. 2011). Ungueal phalanx was first seen on the
sheath of K. scorpioides embryos at stage 24 (Yntema 1968;
Greenbaum 2002; Okada et al. 2011). This is later than in A.
spinifera and T. scripta, in which it occurs during stage 22
(Beggs et al. 2000; Greenbaum and Carr 2002).

Carapace formation, which began in stage 14, was simi-
lar to C. serpentina (Yntema 1968), with the appearance of
lateral and anterior carapace edges and marginal shields. On
the other hand, the plastron formation pattern was similar to
that found in stage 15 of M. japonica (Okada et al. 2011).
However, the skin folds between the pectoral, abdominal,
and femoral shields were only seen from stage 19 of incu-
bation. The plastron of Kinosternidae is one of the main
characteristics of this clade, due to the kinetic hinges that
guarantee the partial or total closure of the shell (Bramble
et al. 1984); in C. serpentina, this characteristic is not con-
sidered (Yntema 1968). The appearance of hinges is incom-
plete in newly hatched turtles (Gilbert et al. 2001; Cordero
et al. 2018), as observed in this work. Hatchlings did not
present total body retraction, due to the relationship between
the size of the shell with the head and the limbs. This kinesis
occurs in some species from the age of 3—-5 (Cordero et al.
2018), however, a better understanding of the evolution of
this phenotype in different turtle species is necessary.

Urogenital papillae were observed from stages 14 to 23.
After stage 23, it was no longer visible, unlike the findings
in other chelonian species where this structure was observed
from stage 12 onwards (Greenbaum 2002; Okada et al.
2011). In this regard, urogenital papilla might contribute to
a better understanding of the homologies in this group (Lar-
kins and Cohn 2015) as they have different morphological
variations among amniotes.

This study has described the embryonic develop-
ment of K. scorpioides, from stage 10 to stage 26, under
an incubation temperature of 30 °C for a period of
129.50+21.73 days (dos Santos Braga et al. 2020). Together
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with characteristics common to other chelonians, embryonic
development in this species has specific features that are
essential for describing its stages. The results consequently
contribute to understanding the ontogenetic aspects of this
species and serve as a basis for comparative studies that aim
to know the systematic relationships between groups of Tes-
tudines. Moreover, the proper ex sifu embryo handling prac-
tices during incubation procedures were followed, allowing
the determination of the time to translocate the nests to incu-
bators that can control the incubation period and sex of the
hatchlings, in addition to making it possible to identification
the species and age of embryos where the spawning day is
unknown (Hildebrand et al. 1997; Magalhaes et al. 2017).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00435-021-00517-5.
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