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Abstract Although comparative studies of anuran ontogeny have provided

new data on heterochrony in the life cycles of frogs, most of them have not

included pssification sequences of Neotropical frogs.Celembian-species. Using [ Formatted: Font:Font color: Auto

differentialnt staining techniques, we observe and describe the cranial and
poscranial elements-development in two hylid species, Scinax ruber and

Dendropsophus labialis, providing new data for more comprehensive ontogenetic

studies in-of Colombian species.Neotropical-frogs. We examined specimens
tadpoles ranging from Gosner stages-Stages 25 to 45. We found differences

between the species in the infrarostral and suprarostral cartilages, optic foramen,

planum ethmoidale, and the-gill apparatus. In the-essification-sequenceboth

species, ene-of the first elements to ossify were the atlas and transverse processes

of spinalvertebral column and-atlas-in-beth-species-and the parasphenoid-in-the

Formatted: Font:Font color: Auto

skull. ThesetwoBoth species showed-exhibited the-suprascapular processes,
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asthathas-characterized-the Hylids-that have-been-described in other Hylids
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species-cleared-and stained-until-new. Although the hylids comprise a large group
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(over 700 species), postcranial ossification sequence is only known for 15 species,, Formatted: Font:Font color: Auto

New-Therefore, the descriptions of the skeletal development and ossification

sequences oHarval-stages-ofthesetwo-speeiesprovided herein —mainlyespecially

data-coneerning-the-posteranium,-should be contribute-with-useful information-for
future analyseis of sequential-heterochrony in the group. ;-because although-the
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Introduction

Comparative Merphelegieat-morphological descriptions have that-compare-species «

offerprovideprovided information-that useful systematicians-systematic characters

studies of frog morphological characters have-widely-privilegedfocus on adults,

ands ever-tadpoles are often overlooked (Alcalde et al. 2011).{Alealde-et-al-2011)-

Fraditionally;Of those comparative studies ef-that examine frogtarvaetadpoles,

have-most considered external morphological characters and; while-mest-skeletal

characters (benes-and-cartilages) haveare been often been-neglected. \When, and

“| Comment [F1]: If the main goal (as described in the

introduction and conclusions) is to provide baseline
information to be used later in comparisons of heterochrony
within phylogenetic context and/or for phylogenetic
character, why not just describe each species individually?
‘What new information does comparing the two species
provide? Do the developmental differences relate to adult
morphological differences? Providing more justification for
the comparative approach in the introduction would make
the paper more interesting, and the significance and new
knowledge gained by comparing them should be discussed in
the conclusions.
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when, skeletal features are considered, studies-have beenconcentrated-on

deseribing-the chondrocranium_is most often mere-described, and the than-the

postcranium_is frequently ignored (e.g., Orton 1953; Starrett 1973; Wassersug

1980; Wassersug and Heyer 1988; Haas 2003). The frog family Hylidae is One-of

the-families-of frogs-that contribute-withlarge and diverse, and frequently the
subject of ;systematic(Orton1953;-Starrett 1973; Wassersug-1980; Wassersug, and
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morphology data-is Hylidaestudies. ; However, as with other groups, relatively few

detailed comparative morphological studies of hylid tadpole skeletal development

have been completed. one-eftheGiven the size and meostdiverse-and-thathas

recent #y-hadtaxonomic re-arrangements of the hylids (Duellman et al. 2016;
Jungfer 2017). seluemidalolothe diveraland vl nuimbeor ol coccioe il
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septentrionalis (Sheil et al. 2014) (Sheil-et al, 2014}, Pseudacris crucifer (Havens
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~ | .-were(Havens, 2010),-have included the posteranial skeleton.

Faking-into-accountBecause identifying -that-variations in developmental
moprphology and the-ossification sequence ;-placed-in-a-phylogenetic-context,-will

helpcan to-recognize-lead to petentialinformative phylogenetic characters-and
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Materials and methods

Aecording-to-the-availability-ef biolegicalmaterialthe-We cleared and double-

[ Formatted: Font:Font color: Auto

stained for cartilage and bone (Dingerkus and Uhler [1977) tadpoles and

metamorphs of Dendropsophus labialis (N= 32), and Scinax ruber (N=114); the

number in each series correspondes to the availability of specimens in the Museo

de Historia Natural “Lorenzo Uribe” at the Universidad Javeriana (MUJ) and the
Instituto de Ciencias Naturales at the Universidad Nacional in Bogota — Colombia

(ICN). The larval stages of D. labialis were collected from the Municipio Tenjo,

Cundinamarca Departament, 3200 m (MUJ 9250). The larval stages of S. ruber

were collected from the Mun. Neiva, Huila Dep., 570 m; Mun. Granada, Meta Dep.,

470 m (MUJ 3727, MUJ 6178, ICN 46015-46017). Tadpoles and metaphorphs

were staged according to Gosner (1960).Fhe-larval-stages-of Dabialis-were

Comment [AMM3]: Isn't this protocol mainly for
cartilage? Was it modified from their protoicol?
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Observations and photographs were made with a stereomicroscope (Advanced
optical) equipped with a digital camera (Infinity 1 Lumenera Corporation) with white

LED light and Image Pro Insight software (version 8.0.3). Drawings were made
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using a digitizing tablet (Wacom-Bamboo-Connect-Pen)(Wacom Bamboo Connect

Pen) -and edited using Adobe lllustrator 5. Anatomical nomenclature for tadpoles

follows Parker 1876; Higgins 1921; Jolie 1962; Rocek 1981; Duellman and, Trueb  Formatted: Font:No underline, Font color: Auto |
71_; ; {Formatted: Font:No underline, Font color: Auto J
1986; Haas 1995; Haas 1997; Hall and, Larsen 1998; Maglia and Pugener 1998; | Formatted: Font:No underline, Font color: Auto |
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begins to ossify. If two or more elements begin ossifying at the same Gosner

stage, they were assigned the same rank (i.e., a tie) as per Nunn and Smith
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first time any specimen at that stage showed stain or when
more than 50% of the specimens at that stage shgowed stain?
Please add a line here to clarify.
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Results |

Individual-Skeletal ddevelopment and sequence of onset of ossification of the

cranial and poscranial elements in-of Dendropsophus labialis and Scinax ruber are

showed in Tiable 1 and 2,each-ene-showing-essification-sequences. BecauseA

number of specimens in our original series of -Scinax ruber did not show

markedclear staining-essified-elements, thus we increased our sample size. Most

of the poorly stained specimens we-mustelement-so-touched-use-more-specimens

“| Comment [F5]: 2) I suggest to present the results in a

comparative way, and that the idea of the development of the
described structures be clearly reflected:

Results:

The data of the tables 1 and 2 would be useful to see in a
comparative way

- The authors study the development of the skeletal system
of two species of anurans, but in the description is not
recorded in which stages / moments of development the
structures, ossifications, etc., appear. This is a serious
problem since the main objective of the work is to describe
the development, and such as the results are presented, this is
not reflected. In the section "ossification sequence" there is a
summary on this subject, but it is not useful to transmit to the
reader what are the elements (each one) that appear before or
later, and what would be the difference between both species
studied in this aspect.
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than-in-D-ecopies—infabialis- Besides; the-were between largeststages26-to-35;the

total number of individuals that did not show ossification (GSStages 26 and -35);
after Stage 35, specimens stained more clearlyspecimens-with-red-coloration
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Chondrocranium -

We observed similar the-changes in the shape, size, and increase

absorptionmodification of structures in the development of chondrocranium

inbetween, the two [species. The overall width of the chondrocranium in

Dendropsophus labialis and Scinax ruber is roughlyappreximaiely 80-90% of this
total length (Fig 1). The chondrocranium in D. labialis is wider (dorsal view) and
lower (lateral view) than S. ruber (Fig 1A, 1B, 1C). Basicranialthe basieranial

fenestrae did not differentiatedifferentiated with Alcian Blue in both-either species.

We perceivedobserved a stronger blue coloration in D. labialis, and the jugular,-{if};
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aforms the floor-strueture. The tectum nasi is separated from the orbit by a wall, the
lamina orbitonasalis (= planum antorbitale sensu XXX?). Because ofthese regions
remain-are only-weakly chondrified, the lamina orbitonasalis is not observableed in

the tadpole stages, and the nasal capsules are-becomes visible in-on after

metamorphic climax later-stages-(posterior-Stage to-the- GS42 and beyond). The Formatted: Font:Font color: Auto
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taenia tecti marginalis is evident and clearly differentiated at-by GS37 in D. labialis Formatted: Font:Font color: Auto

and at-by GS35 in S. ruber. In nNeither species we-did we observed a

frontoparietal fenestra, nor the-was a taenia tecti transversalis was

perceivedobservedvisible, directly-on the edge of the frontoparietal fontanellea (Fig. Formatted: Font:Font color: Auto
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composed of a discontinuous cartilaginous plate divided into a corpus
suprarostralis and a-pars alaris; ;-while-posterolaterally we observed a distal
syndesmotic junction between the corpus and the ala The ala has three
processes: two rounded anterolateral processes that join syndesmotically with the

cornu trabecula and one process posterolaterally (Fig. 1C). Fhe
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posterior; sensu & . -and.Bowatte &
Meegaskumbura;2011)-and-In D. labialis the corpus suprarostral is curved, while
in S. ruber it is straighter and wider distally, articulating proximally with the cornu

(= trabecular horn, sensu Cannatella 1999)e . The cornua

approximately 35% of the total length of chondrocranium
(lateral view) in both species: they are ;-and-this-is-shorter and narrower in D.
labialis than in S. ruber. The cornua trabeculae articulate -(irabecular-hern,sensu
Cannatella1999)Cannatella,1999)-anteriorly with the corpus rostrale and laterally
with the pars alaris of the suprarostral cartilage.
Cartilago Meckeli

The cartilago Meckeli (= Meckel's cartilage, sensu

has three processes: the retroarticular (short

o
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and blunt), the dorsomedial, and the ventromedial. These processes articulate with

beth-the infrarostral cartilage(= commissura intramandibularis sensu Cannatella,

1999) which is ;-composed of two syndesmotically--joined flat plates

and

the processus muscularis quadrati the shape of the processus
dorsomedialis and the processus ventromedialis are the same in both species. The
palatoquadrate cartilage and the commissura quadratocranialis are joining
joined anteriorly to the base cranii. Laterally, the palatoquadrate cartilage

forms the arcus subocularis. The process muscularis quadrati is joined to the

» = lamina

externa sensu = processus antorbitalis sensu

"

= triangular plane sensu
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Pelvic girdle. In both species, theThe primordium of the ilium appears at GS34

and is fully developed at-by GS41-in-both-species. The ilium-is begins to pssified
ossify, during-developmentinin by GS41 D. labialis a+GS41-and by GS39/40 jn S.
ruberat+GS39/40, and articulating-articulatesanteriorly with the ventral surface of
the lateral margin of the sacral diapophyses atby GS42. The iliac crest appears
dorsally prominent; the primordia of the pubis and the ischium appear at

GS36,and are synchondrotically fused at-by GS38 in both species. The sacral

diapophysis is wider in D. labialis that in S. ruber. The pubis is totally-completely
fused at-by GS40. The pelvic girdle is completely ossified with the halves fused at
the midline, extending anterodorsally forming an angle of 55° with the head of the
femur atby GS45 (Fig. 3B).

Forelimb and hindlimb. The first cartilaginous elements of the forelimbs (radius,
ulna, and humerus) appear at GS32, and those of the hindlimbs at GS33 (femur,
tibia, and fibula). The tibia and fibula are fused at-in D. labialis by (GS41) and in S.
ruber by {(GS38). We observed ossification of the radius and ulna in D. labialis by
(GS41) and S. ruber {postafter metamorphosisic); these elements are fused in both
species. Primordia of the four carpal and five tarsal elements appear at by GS33
and complete development at-by GS41.

The phalangeal carpal formula is 3-3-4-4 and the phalangeal tarsal formula is 3-3-
4-5-4 in both species. Metacarpals are curved and phalanges are cylindrical,
having a conical shape at the tip of the terminal phalanges. Digits IV (manus and
pes) and V (pes) begin to ossify at-by GS42 enly-in D. labialis, although all

phalanges are ossified at GS45 in both species (Fig. 3). The carpalsia
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B01

stayremainwere, cartilaginous in the-all specimens and stages examined, and the
distal tarsals remain-were cartilaginous in S. ruber. The relative size of carpal
elements is 3 <4 <2 < 1< prehallux and the tarsal elements is4<5
<3 <2< 1 <prepollex Sesamoids are absent from GS25 to GS45. In-the

Ffigure 3A shows the limb elements (showed-elements-as-central fibulare

radiale tibiale ulnare, and intermedium) at Stage XXX
Axial skeleton
The vertebral column is composed of eight procoelous presacral vertebrae, the
sacrum, and the urostyle. The notochord length-diminishes as the tadpoles grow,
reaching-a-total-and is complete resorption-resorbed at-by GS44 in both species
(Fig. 4). We found that the axial skeleton was more chondrified in D. labialis than in
S. ruber. The first postcranial skeletal elements to develop in both species were the
nine pairs of semicircular cartilaginous primordia of neural arches, included eight
presacral vertebrae, the sacrum, the urostyle {=)}-and the hypochord The
sacral diapophyseal primordia are cylindrical. The last postsacral vertebra (first
coccygeal or veriebra-Vertebra X sensu Haas 1999) and the second coccygeal
vertebra ossified-ossify only in D. labialis at-by GS45. Simultaneous to thely ;-
of-the notochord
coccygeal elements and urostyle
The urostyle has a bicondylar articulation with the sacral vertebra and the condyles

are widely separated | in both species (Fig. 4).

The atlas (a)-is concave at its point of articulation with the convex occipital

condyles at the base of the skull. Semicircular, -procoelous (sensu Jolie 1962)
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321
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B24

vertebral centrum-centra begins to develop asprocoelous{sensuJolie 1962)Jolie
1962)-vertebra-fromas early as GS31 in D. labialis and at- GS32 in S. ruber,
increasing the thickness of both the neural arches and the transverse process. The
neural arches appear as eartilaginous-cartilage at GS33 in both species; these are
complete at GS34 in D. labialis and at GS38 in S. ruber. The arches are fused
dorsally at the midline at GS38 in S. ruber and at GS38 in D. labialis. The
transverse processes are the first elements to ossify in both species (Tables 1 and
2). Both-pPostzygapophyses and prezygapophyses are conspicuous in presacral
vertebrae Il lll, and IV in both species. Sesamoids are absent from GS25 to GS45.
Ossification sequence

The rst stage examined efthe-twein both species was the-GS25.
The-o0ssification timing-in D. labialis begins-appears atby GS34 and in S. ruber at
by GS35 (Fig. 1A). Ossification in D. labialis begins with the atlas and the
transverse processes, whereas in S. ruber it begins with the parasphenoid, the |-
ViHHTransverse processesProcesses |-VII and neural-Neural arches-Arches I-111.
The ossification sequence was constructed with the first appereance of bone.

\We pereeivedobserved-that the-Mmetamorphic climax (MC) begins at GS41 in D.
labialis; and GS39-40 in S. ruber. at GS39-40.-We identified seven ranks (I-VII) in
D. labialis and five ranks (I-V) in S. ruber (Tables 1 and 2). The-GS-wherein-which

we-found-Oeossified elements {er-bones)-inwere perceptible in D. labialis were-from

GS35 to GS45, with 46 ossified elements, and from GS36 to GS43 in S. ruber-from

GS36-10-GS43, with 26 ossified elements. ;
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{Fable-3)-The- MCMetamorphix climax in D. labialis was at GS45 with 14 ossified
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elements; and in S. ruber at GS39-40 with seven ossified elements. Of these, the

structures in common were-are the femur, tibia, fibula, humerus, ilium, and

radiouina -Thetwe-speciespresentboth-ditferences-and-similarities-with
ficat : ) .
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in: 1) the shape of the suprarostral, 2) -{i};-the size and width of infrarostral

cartilages, 3) {ii};-the length of processus articularis, 4) -(iii};-the thickness of

palatoquadrate, 5) -(iv);-the size of optic foramen, 6) -(opf)-{v}; the presence of an
operculum -{vi}-and processus posterolateralis of the auditive-otic capsule-{vii}, 7)

the thickness of the processus muscularis quadrati-(viii}, 8) the presence of a

quadratoethmoid and pseudopterygoid-{ix)-, 9) the attachment of the ascending | Comment [AMM18]: Not discussed anywhere else—

maybe elaborate here?

process to the braincase, 10) the -{x};-thickness of the planum ethmoidale-{x#}, 11)
tthe development of the branchial apparatus-(xii}, 12) the presence of copula
Copula I, -(xii);-and 13) the type of junction between the ceratobranchialia and
planum hypobranchiale {x+3-(Fig. 1 and 2). These differences likely represent

species-specific differences among the taxa examined. There-are-nro-admandibular
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of Scinax ruber (Scinaxinae) and Dendropsophus labialis (Dendropsophinae)

relative to other hylids for which similar data are available esuld-bemay be an

indication of a recent eensequence-of-common origin, or -butalse-could be a

consequence of homoplasy with independent origins. However-the-absence

ofWithout additional morphologic data-in-combination-withand molecular data- on

other species, it is not possible to answer this questiondees-not-allow-a-clear

comparison.

Several of the differences between the two species examined present interesting

avenues for future examination. For example, the Fhe-processus ethmoidalis of the
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quadrate in S. ruber is wide, and it is not clearly distinct from the processus
articularis, while-whereas in D. labialis, the processes are easily distinguishable,
and similar to that described by Alcalde and Rosset who alse-found
the-samesimilar features in Hyla raniceps comparing-compared with-to the Scinax
speeies-group (S. squalirostris and S. granulatus, Scinax ruber group). The
palatoquadrate is similar between the species but the processus ascendens of the
palatoquadrate in D. labialis is wider than in S. ruber, while-and the distal side of
the cornu trabeculae extends posteriorly toward the otic capsule. and-Tthe anterior
region of the palatoquadrate is distinctively broader in S. ruber than in D. labialis,
and i-In S. ruber the dorsomedial process is wider than the ventromedial process
in D. labialis. The lateral development of the crista parotica is more prominent in S.

ruberthan in D. labialis. It is possible that some of the variation in the euistanding

anatomical structures of the otic capsule are functionally {(ec)-allewrelated to -te

perceiveption of vocalizations ef-theirown(i.e., same species recognition) -speeies

in adult-sstages, but experiments must be conducted to check the relationship of

these anatomical structures with hearing physiological functions

The chondrification of skull in S. ruber was-is faint when it-is-viewed laterally, and «

foramina are not clearly visualized. By contrast, in D. labialis, much more blue
coloration was observed. [This could ;-may-be due to the-abundant chondrification

of these parts or to the early developmental stages of this anatomical area the-in

larvae-in-this-region, which allowed differentiation of craniopalatine carotid
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foramina, contrary to what was found by Alcalde and Blotto (2006). |

(2006)-Although the sample size for the D. labialis is very small in comparison

with S. ruber.-, Dendropsophus;-B., labialis exhibited more ossified elements with

stronger chondrification and less intraspecific variation, while in-S. ruber, showed

more intraspecific variation and less overall chondrification in the samples (Fig 1).

individuals-ossified-regarding—D-—/abialis presented uniformely stained (ossification

ossified) elements in all individuals stainedstaining-and-clearedelearing-(Table 3). ,

FheThis variation between S. ruber and D. labialisFable-3)—TFhis-variation

suggests-that-may-becould be caused by the-intrinsic factors that determines the
timing of development or because-extrinsic factors may-affecttheaffecting

osteogenesis (Vera and Ponssa 2014). It may not be a coincidence that On-the
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Haas (1996) identified(1996)-observedreported that the-cCeratohyalia II-IV are

fused in Scinax ruber and Megophrys montana nasuta, characteristics that

separating-separate them from other species. ;thischaracterhas-to-be-takeninto

this eharacterstate was found-confirmed in S. ruber but not in D. labialis. The

ceratohyal in D. labialis presents-has a process on the articular condyle that is not

presentin S. ruber. Alcalde and Rosset (2003)(2003) found this process in both S.
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hypobranchial plate are present in D. labialis and S. ruber, but the-sSpicule IV is
not.
CThe-copula Il ep-(H)-is present in both species; ;-butthe-cCopula | ca-(h-is

present in D. labialis---absent-in-S—+ruber-and-it-is-present-in-Dlabialis,just-as in S.

squalirostris---but absent in S. ruber, as in -butin-S. granulatus, BoanatHylaHyla

raniceps (Alcalde and Rosset 2003)(Alcalde-and-Rosset2003) and Tlalocohyla
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smithii (Vera and Haas 2004)|Pendropsephus-hants | {\era-and-Haas2004)is

absent. Although the presence of copula-Copula | is extremely variable in hylids,

and is shared by all non-hylid macrophages (Vera and Haas 2004) (Vera and
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Haas 2004); a relationship between ofthis structure with-and the ecological

function that it ean-performs (e.q., prey utilization);fer-example-inrelationto-the
type-of-food, has not been foundidentified.

The-Additional characteristics of the developmental morphology of these species

align them with other hylids that have been studies previously. For example, the

urostyle in-of D. labialis and S. ruber presenis-aforms a bicondylar articulation with
the sacral vertebra with-and the condyles are widely separated. The shoulder girdle
of both tadpeles-species presents differences in the shape of the omosternum and
sternum at GS 45. Dendropsophus labialis and S. ruber present suprascapular
processes in tadpoles and adults similar to those in other species-of the-family

Hylidaehylids: Hypsiboas lanciformis (De Sa 1988).(Be-S2-1988), Boana pulchella
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The discussion section should be focused to compare related species. In this sense, S. ruber

should be compared with the information available for Scinax species (i.e. Alcalde and Rosset,

2003; Alcalde et al., 2011), and inferences (with caution by the absence of data in most taxa)

with julianus and other Scinaxinae (like Ololygon), in the framework of Hylidae. In

Dendropsophus, the authors omitted references useful to make comparisons (see above) and the

result obtained should be discussed considering the complete framework of Hylidae. The

similitudes observed between between taxa not closely related: Dendropsophus labials



(Dendropsophinae) and Scinax ruber (Scinaxinae) could be consequence of common origin, but
also could be consequence of homoplasy with independent origin. So the absence of data not
allow a clear comparison, and result obtained should be discussed considering the complete
framework of Hylidae. The similitudes observed between between taxa not closely related:
Dendropsophus labials (Dendropsophinae) and Scinax ruber (Scinaxinae) could be consequence
of common origin, but also could be consequence of homoplasy with independent origin. So the

absence of data not allow a clear comparison, and the authors should be caution with such issue.
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Validity of the findings

The discussion section should be focused to compare related species. In this sense, S. ruber
should be compared with the information available for Scinax species (i.e. Alcalde and Rosset,
2003; Alcalde et al., 2011), and inferences (with caution by the absence of data in most taxa)
with julianus and other Scinaxinae (like Ololygon), in the framework of Hylidae. In
Dendropsophus, the authors omitted references useful to make comparisons (see above) and the

result obtained should be discussed considering the complete framework of Hylidae. The



similitudes observed between between taxa not closely related: Dendropsophus labials
(Dendropsophinae) and Scinax ruber (Scinaxinae) could be consequence of common origin, but
also could be consequence of homoplasy with independent origin. So the absence of data not

allow a clear comparison, and the authors should be caution with such issue.



