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ABSTRACT After the description of the chondrocra-
nium, hyobranchial apparatus, associated musculature,
buccal apparatus, buccopharyngeal cavity, digestive tract,
and gut contents, it was possible to define the feeding
modes of Scinax nasicus and Hyla nana tadpoles (Gosner
Stages 31-36). Scinax nasicus larvae are “typical” mi-
crophagous tadpoles, with keratodonts and robust rostro-
donts appropriate for rasping surfaces and mincing of food
particles; the buccopharyngeal cavity is equipped with
filtering structures and has a conspicuous glandular zone
and a highly developed branchial basket. In contrast, H.
nana tadpoles have a modified buccal apparatus; the re-
duction of the buccopharyngeal and branchial basket
structures, together with the high lever—arm ratio and the
great development of the depressor muscles of the buccal
floor are indicative of macrophagous feeding. J. Morphol.
261:206-224, 2004. © 2004 Wiley-Liss, Inc.
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The morphology and feeding habits of tadpoles
have been described in numerous species of an-
urans. These studies usually focus mainly on mor-
phology or ecology. Thus, studies by Savage (1955),
Satel and Wassersug (1981), Ruibal and Thomas
(1988), Echeverria (1992a,b, 1997a,b, 1998), Iordan-
sky (1992), among others, provide information on
morphological and anatomical features, whereas au-
thors such as Kamat (1962), Inger (1986), Laj-
manovich (1994), Lajmanovich and Fernandez
(1995), and Lavilla (1983) supply ecological analy-
ses.

The hylid frogs Scinax nasicus and Hyla nana
were selected because of the availability of material
and the abundance of previous information. These
two species live at different levels in the water col-
umn in the same lentic environments, suggesting
differences in the trophic spectra and the structures
involved in the feeding process.

The present study synthesizes information about
the feeding modes of anuran larvae by means of
morphological, anatomical, and ecological studies.
Although works of this kind have been carried out
with some taxa (e.g., Seale and Wassersug, 1979;
Altig and Johnston, 1989; Haas and Richards, 1998;
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for a synthesis, see McDiarmid and Altig, 1999), this
is the first integrative contribution on the subject for
southern South America.

MATERIALS AND METHODS
Specimens

Twenty larvae each of Scinax nasicus and Hyla nana were
collected from temporary ponds near Laguna Paiva and La Toma,
Santa Fe, Argentina, in January 2000. Tadpoles were between
Stages 31-36 of Gosner (1960), equivalent to Period V of Fabrezi
(1988) regarding the development chondrocranium and associ-
ated musculature. Voucher specimens are housed at Fundacién
Miguel Lillo, Tucumaén, Argentina, under the numbers FML
12172 (S. nasicus) and FML 12173-74 (H. nana).

Chondrocranium and Hyobranchial
Apparatus

Five specimens of each species were cleared and stained ac-
cording to Wassersug (1976a). The digestive tract was removed
before clearing and staining for use in a separate analysis. Mea-
surements of hyobranchial apparatus were recorded according to
Haas and Richards (1998). Measurements were taken from digi-
tized drawings employing UTHSCSA Image Tool software (Wil-
cox et al.,, 1995) and were transformed to ratios to eliminate
absolute size as a variable.

The shapes of the hyobranchial apparatuses of both species
were compared using the thin-plate spline technique with the
software tpsDig and tpsSplin (Rohlf, 1997, 1998a). In this
method, discrete points (landmarks) are defined in each specimen
and the modifications of shape (irrespective of size, position, and
rotation of the object) are depicted with respect to a reference
configuration by using thin-plate splines (Rohlf and Bookstein,
1990). Selection of landmarks followed that of Haas and Richards
(1998). Given that not all the structures present in Scinax nasicus
appear in Hyla nana, some of the original landmarks were rede-
fined. Figure 1 shows the landmarks and measurements consid-
ered for the analysis of the hyobranchial apparatuses.

Musculature

For the study of the mandibular and hyoid musculature, five
specimens of each species at Stage 31 were prepared following the
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Fig. 1. Landmarks and measurements of the hyobranchial
apparatus. a—c, width of the ceratohyal; a—b, width of the
lateral portion of the ceratohyal; «, orientation of the cerato-
hyal; AC, area of the ceratohyal; AH, area of the hypobranchial
plate; AB, area of the ceratobranchials. Landmarks: 1, anterior
margin of pars reuniens; 2, tip of processus anterior hyalis; 3,
tip of processus anterolateralis; 4, condylus articularis; 5, most
lateral internal point of branchial basket; 6, most posterior
point of gill slit I; 7, most posterior point of gill slit II; 8, most
posterior point of gill slit III; 9, most anterior and medial point
of ceratobranchial IV; 10, most posterior point of hypo-
branchial plates junction; 11, most posterior point of copula II;
12, lateral point of hypobranchial plates-copula II junction; 13,
tip of processus posterior hyalis; 14, most posterior point of
ceratobranchial III-hypobranchial plate junction; 15, most pos-
terior point of ceratobranchial II-hypobranchial plate junction;
16, most posterior point of ceratobranchial I-hypobranchial
plate junction; 17, tip of processus lateralis. Redrawn from
Haas and Richards (1998).

clearing-and-staining protocol of Wassersug (1976a), with the
procedure interrupted before immersion in glycerol. The speci-
mens were then colored with Lugol, to enhance the contrast
between blue cartilages and brown-reddish muscles.

The Mm. interhyoideus and orbitohyoideus were studied in
detail in order to compare the buccal pumping mechanism in the
two species. The muscles were freed from their attachment to the
ceratohyals, placed in a drying oven at 60°C for 5 days, and then
weighed with digital scales (precision = 0.000005 g) to obtain
their dry weight. The ratio between the weights of Mm. interhy-
oideus and orbitohyoideus (IH/OH ratio) was calculated to esti-
mate the forces involved in raising and lowering of the buccal
floor (Satel and Wassersug, 1981).

Buccal Apparatus and Buccopharyngeal
Cavity

Five tadpoles of each species were analyzed. In three of them
the oral disc was removed whole, whereas in two the floor and the
roof of the mouth were exposed for analysis of the buccopharyn-
geal cavity. Samples were dehydrated according to Echeverria
(1997a) and then critical-point-dried and gold-coated in an ION
Sputtering Balzers SCD 040 metalizer. The observations and
micrographs were done with a Philips 505 scanning electron
microscope.

Digestive Tract and Gut Content Analysis

Measurements of the digestive tract of 10 larvae of each species
from the same pond were taken with a Craftsman caliper (preci-
sion = 0.05 mm); the gut contents were extracted to do quanti-
tative analysis. Samples were diluted in an erythrosine-water
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solution (1:1) and three aliquots (0.09 ml) were evaluated by the
Lackey Drop (microtransect) Method (Lackey, 1938). This tech-
nique calculates the number of food items per milliliter, applying
the formula:

C X TA

N/ml = 3= s %V

where C is the number of organisms counted, TA the area of the
slide cover, A the area of a row, S the number of rows counted,
and V the volume of the sample under the slide cover.

Each food item was identified and measured. Some organisms,
such as filamentous algae, were not quantified; we calculated
their frequency of occurrence in all the larvae. The possible dif-
ferences in the sizes of the food particles ingested by the two
species were evaluated applying Student’s ¢-test.

All drawings were made using a stereomicroscope equipped
with a camera lucida. The skeletal terminology is based on that
of Haas and Richards (1998) and Cannatella (1999). Latin
terms are used only if English terms are not available. The
nomenclature for musculature is the one suggested by Haas
(2001, 2003). Terminology for the characterization of oral disc
morphology and keratinized structures follows that of Altig
and McDiarmid (1999) and Van Dijk (1966). The nomenclature
used in the description of the buccopharyngeal cavity is the one
suggested by Viertel (1982).

RESULTS
Scinax nasicus

Chondrocranium and hyobranchial appara-
tus (Fig. 2). The chondrocranium and hyo-
branchial apparatus of Scinax nasicus tadpoles
were described by Fabrezi and Vera (1997), based
on specimens at Stages 31-37 from Salta, Argen-
tina. Examination of five specimens at Stage 31
from Santa Fe, Argentina, shows some intraspe-
cific variation. The suprarostral cartilage has a
simple corpus with a concave dorsal margin; the
corpus is fused to the alae, although these can still
be distinguished. Each ala bears a processus dor-
salis posterior. The tadpoles examined by Fabrezi
and Vera have a different suprarostral cartilage,
with the corpus syndesmotically joined to the alae.
The hyobranchial apparatus has a conspicuous,
elliptical copula I, not recorded in Fabrezi and
Vera’s specimens. Table 1 shows the relative sizes
of each area of the hyobranchial apparatus. The
area of the ceratobranchials is highly developed,
occupying more than half the whole area.

Musculature (Fig. 3).

M. mandibulolabialis. This muscle is composed of
two slips, Mm. mandibulolabialis inferior and supe-
rior, both of which originate from the ventromedial
region of Meckel’s cartilage. The inferior slip inserts
in the ventral marginal papillae and in the valleys
between the tooth rows P-1-P-2 and P-2-P-3. The
superior slip inserts in the lateral marginal papillae
and part of the upper lip, and between them and
tooth row A-1.

M. intermandibularis. From its origin on the mid-
dle part of Meckel’s cartilage, muscle fibers diverge
medially to meet with the opposite half, thereby
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Fig. 2. Scinax nasicus Stage 31. Chondrocranium and hyobranchial apparatus. A: Chondrocranium, dorsal view. B: Chondrocra-
nium, ventral view. C: Chondrocranium, lateral view. D: Hyobranchial apparatus, ventral view. E: Suprarostral cartilage, frontal
view. a, ala; ap, ascending process; ¢, corpus; ca, condylus articularis; cb, ceratobranchial (I-IV); cf, carotid foramen; ch, ceratohyal,
cl, copula I; cll, copula II; cpf, craniopalatine foramen; ff, frontoparietal fenestra; fo, fenestra ovalis; hp, hypobranchial plate; ic,
infrarostral cartilage; lop, larval otic process; mc, Meckel’s cartilage; mp, muscular process; nc, notochordal canal; oc, orbital cartilage;
oca, otic capsules; of, optic foramen; pah, processus anterior hyalis; pal, processus anterolateralis; paq, pars articularis quadrati; pdp,
processus dorsalis posterior; pf, prootic foramen; pl, processus lateralis; pph, processus posterior hyalis; ppl, processus posterolateralis;
pr, pars reuniens; qc, quadratocranial commissure; rp, retroarticular process; s, spicule; sb, subocular bar; sc, suprarostral cartilage;
sf, subocular fenestra; tc, terminal commissure; th, trabecular horn; ts, tectum synoticum; ttm, taenia tecti marginalis; up, uro-
branchial process.



FEEDING MECHANISMS IN TWO TREEFROGS

TABLE 1. Relative values of the hyobranchial apparatuses

Species AC/T AH/T AB/T a-b/a-c «
Scinax nasicus 0.34 0.14 0.52 0.23 71.18°
Hyla nana 0.55 0.32 0.14 0.41 47.77°

AB, area of the ceratobranchials; AC, area of the ceratohyal; AH,
area of the hypobranchial plate; a-b/a-c, lever-arm ratio; T, total
area; «, orientation of the ceratohyal. Values are averages of five
specimens of each species, Stage 31.

forming a semicircular structure, which may be free
or attached to the M. interhyoideus aponeurosis.

M. levator mandibulae longus superficialis. This
superficial muscle of the jaw levator complex origi-
nates from the posterior border of the subocular bar
and the superior border of the ascending process of
the palatoquadrate. It borders the subocular
fenestra externally up to the medial extreme of
Meckel’s cartilage.

M. levator mandibulae longus profundus. This
muscle lies deep to the M. I.m. longus superficialis.
It originates from the ascending process of the pala-
toquadrate and inserts via a long tendon on the
ventral border of the suprarostral cartilage.

M. levator mandibulae internus. This deepest and
most medial of the jaw levator muscles originates
from the ventral surface of the ascending process of
the palatoquadrate and the anteroventral surface of
the otic capsule. It runs longitudinally through the
subocular fenestra and inserts via a well-developed
tendon on the lateral edge of the Meckel’s cartilage,
between the insertions of the Mm. l.m. articularis
and hyoangularis.

M. levator mandibulae externus superficialis. This
small, flat muscle has few fibers. It originates from
the anterior border of the muscular process of the
palatoquadrate and inserts on the dorsal margin of
the ala of the suprarostral cartilage.

M. levator mandibulae externus profundus. The
muscle is circular in cross section and originates
from the medial, inferior surface of the muscular
process of the palatoquadrate. It inserts on the ven-
tral border of the ala of the suprarostral cartilage,
together with the tendon of the M. I.m. longus pro-
fundus.

M. levator mandibulae articularis. This short
muscle with a circular cross section originates from
the ventromedial surface of the muscular process of
the palatoquadrate, below the M. l.m. externus su-
perficialis. It inserts on the retroarticular process of
Meckel’s cartilage, just medial to the attachments of
the muscles of the hyoid group.

M. suspensoriohyoideus. From its origin on the
posterior descending border of the muscular process
of the palatoquadrate, this muscle inserts on the
posterior margin of the ceratohyal.

M. orbitohyoideus. The muscle originates from
both the anterior and dorsal margin of the muscular
process of the palatoquadrate and inserts along the

209

edge of the ceratohyal, covering the M. Suspensorio-
hyoideus entirely.

M. suspensorioangularis. This muscle has a circu-
lar cross section and originates from the posterolat-
eral side of the descending border of the muscular
process of the palatoquadrate. Its point of origin lies
deep to the M. orbitohyoideus. Fibers occupy approx-
imately the lower half of the process and extend
forward to attach to the retroarticular process of
Meckel’s cartilage. The insertion point lies medial to
that of the M. quadratoangularis.

M. quadratoangularis. From its origin from the
ventral surface of the palatoquadrate, this muscle
inserts on the retroarticular process of Meckel’s car-
tilage; its insertion is the most lateral of the muscles
attached to Meckel’s cartilage. The muscle is totally
concealed by the Mm. suspensorioangularis and
hyoangularis.

M. hyoangularis. This cylindrical muscle origi-
nates from the dorsal side of the ceratohyal, anterior
to the condylus articularis; it inserts on the retroar-
ticular process of Meckel’s cartilage.

M. interhyoideus. The parallel fibers of this mus-
cle are oriented transversely. The muscle originates
from an oblique crest located on the ventral side of
the ceratohyal, near its lateral edge; fibers extend
toward a medial aponeurosis and insert next to the
fibers of the contralateral muscle.

M. geniohyoideus. Thin and flat, it originates in
the posterior surface of the infrarostral cartilage
and extends backward to insert in the hypo-
branchial plate of the branchial basket.

Table 2 shows the dry weights calculated for the
Mm. orbitohyoideus and interhyoideus of this spe-
cies.

Buccal apparatus and buccopharyngeal cav-
ity (Figs. 4, 5). In the larvae studied (n = 5, Stage
31), the relaxed oral disc is triangular and has well-
developed lateral folds. The disc is subterminal and
its length 10% that of the snout-vent length. It
bears a single row of marginal papillae, accompa-
nied by smaller submarginal papillae located in the
commissural region. The marginal papillae are in-
terrupted to form a rostral gap (Figs. 4A, 5A). The
jaw sheaths are wide, thick, robust, and finely ser-
rated. The keratin sheath is wide and the frontal
serrations slightly larger and more worn than the
lateral ones (Fig. 5B). There are five keratodonts
rows, two anteriorly (A) and three posteriorly (P).
Tooth rows A-1, P-2, and P-3 are complete and ex-
tend from one commissure to the other, whereas A-2
and P-1 are interrupted medially (making the labial
tooth row formula (1)(1-1)/(1-1)(2)). Each keratodont
has three distinct zones: base, neck, and head. The
head is convex, oblong, or slightly wider in its distal
extreme, and has an average of 12 cusps (Fig. 5C).

The roof of the buccal cavity (Fig. 4B) is darkly
pigmented. Numerous chromatophores occur on
both sides of the buccal roof arena and on the dorsal
velum. The prenarial arena contains five pustules: a
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Figure 3
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TABLE 2. Development of the Mm. interhyoideus (IH) and
orbitohyoideus (OH)

SVL  Dry weight Dry weight
Species (cm) IH (mg) OH (mg) IH/OH
Scinax nasicus 1.02 0.061 0.136 0.448
Hyla nana 0.74 0.030 0.206 0.145

Values are averages of five specimens of each species, Stages 31
and 36.

central one and a pair on each side. The internal
nares are oriented obliquely (Figs. 4B, 5D). Behind
them, the postnarial arena contains paired, trifur-
cate papillae and central pustules. The median ridge
is trapezoidal and its free margin is irregular, with
slight projections. Between the postnarial arena and
the median ridge there is a second ridge, the preme-
dian ridge, which is less developed. The lateral ridge
papillae are paired, bifurcate, and the tallest of the
buccal papillae. The buccal roof arena lacks papillae,
but has many pustules uniformly distributed. The
dorsal velum lacks a glandular epithelium.

On the buccal floor (Fig. 4C), paired keratinized
structures (spurs, according to Wassersug, 1980) are
located over the commissura intramandibularis, ori-
ented toward the exterior of the mouth (Figs. 4C,
5E). Behind them are three pustules aligned antero-
posteriorly. Behind these is the orobranchial cavity,
which bears small groups of pustules aligned trans-
versely. Posteriorly, and converging toward the mid-
dle axis, there is a pair of bifurcate, nonoverlapping
infralabial papillae. The tongue anlage lacks lingual
papillae. Four pairs of buccal floor arena papillae are
arranged symmetrically and delimit the buccal floor
arena. Some of them are flat and bifurcate, whereas
others are conical and small. A few pustules are
distributed among these buccal floor papillae. The
buccal pockets are deep, transversely oriented, and
lack papillae. The ventral velum is semicircular and
lacks marginal projections and a median notch. The
anterior edge of the velum has a narrow band of
chromatophores. There is conspicuous glandular ep-
ithelium on the free margin of the velum and the
zone immediately adjacent to it (Fig. 5F).

Digestive tract and gut content analysis. The
digestive tract of Scinax nasicus larvae is a 6D-7L

Fig. 3. Scinax nasicus Stage 31. Musculature. A: Dorsal view,
superficial plane. B: Dorsal view, middle plane. C: Dorsal view,
deep plane. D: Ventral view, superficial plane. E: Ventral view,
deep plane. F: Lateral view, superficial plane. G: Lateral view,
deep plane. gh, geniohyoideus; ha, hyoangularis; ih, interhyoi-
deus; im, intermandibularis; Ima, levator mandibulae articularis;
lmep, levator mandibulae externus profundus; lmes, levator man-
dibulae externus superficialis; lmi, levator mandibulae internus;
lmlp, levator mandibulae longus profundus; lmls, levator man-
dibulae longus superficialis; mli, mandibulolabialis inferior; mls,
mandibulolabialis superior; oh, orbitohyoideus; qa, quadratoan-
gularis; sa, suspensorioangularis; sh, suspensoriohyoideus.
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coiled tube. The esophagus is short and is separated
from the next section by a small constriction, fol-
lowed by a decrease in diameter. A gastric region is
not macroscopically differentiated, but a histological
study would be necessary to document its absence.
The anterior gut (from its anterior end to the switch-
back point, where the spiral reverses itself) is
slightly thicker than the posterior portion. The di-
ameter of the tube increases distally, forming a re-
gion called the “posterior dilatation” by Teran and
Michel de Cerasuolo (1988) for Gastrotheca gracilis
tadpoles. The gut terminates with a dextral vent
tube. Meristic data are recorded in Table 3.

Filamentous algae predominate in the gut con-
tents (Table 4). These algae appeared in all of the
larvae examined, and the length of their filaments
exceeded the field of view of the microscope. In most
cases they were Chlorophyta of the genera Oedogo-
nium and Cladophora, which retained their entire
attaching discs and part of the substrate. Other
filamentous algae found were Cyanophyta of the
genera Anabaena and Oscillatoria. These were not
counted due to their abundance and large size.
Among the quantifiable items, euglenophyta,
mainly Lepocinclis, were predominant. Diatoms
(most of them epiphytic, such as Gomphonema spp.)
were the second most numerous group. The size of
most food particles consumed by the larvae ranged
from 0.03-0.05 mm. Bigger items represented only
10% of the total (Table 5).

Hyla nana

Chondrocranium and hyobranchial appara-
tus (Fig. 6). The chondrocranium and hyobranchial
apparatus of Hyla nana tadpoles were described by
Fabrezi and Lavilla (1992) for specimens at Stages
31-35 from Chaco, Argentina. The specimens in our
study (n = 5, Stage 31) differ in having a well-
developed tectum synoticum, independent infraros-
tral cartilages, and no terminal commissure III be-
tween ceratobranchials III and IV.

The morphometric data obtained from the hyo-
branchial apparatus of Hyla nana tadpoles, together
with those of Scinax nasicus, are presented in Table 1.

Musculature (Fig. 7). In order to avoid repeti-
tions, only features that differ from Scinax nasicus
are mentioned. Descriptions are based on four tad-
poles in Stage 31 and one in Stage 36.

M. mandibulolabialis. The fibers of this muscle
insert on the cutaneous flange that forms the oral
tube. The muscle is not divided into two slips as it is
in Scinax nasicus.

M. levator mandibulae lateralis. This muscle, ab-
sent in Scinax nasicus, originates from the surface of
the nasal sac and inserts on the dorsal and external
region of the pars articularis quadrati.

M. orbitohyoideus. The large size of this muscle,
together with a large muscular process of the pala-
toquadrate attached to the lamina orbitonasalis,
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Fig. 4. Scinax nasicus Stage 31. Buccal apparatus and buccopharyngeal cavity. A: Oral disc. B: Buccal roof. C: Buccal floor. bfa,
buccal floor arena; bfap, buccal floor arena papillae; bp, buccal pocket; bra, buccal roof arena; dv, dorsal velum; gz, glandular zone; in,
internal nares; ip, infralabial papillae; ir, infrarostrodont; k, keratodonts (A, anterior; P, posterior); lrp, lateral ridge papillae; mp,
marginal papillae; mr, median ridge; oc, orobranchial cavity; p, pustulation; pmr, pre-median ridge; pna, prenarial arena; ptna,
postnarial arena; ptnap, postnarial arena papillae; pz, pigmented zone; rg, rostral gap; s, spur; smp, submarginal papillae; sr,
suprarostrodont; ta, tonge anlage; vv, ventral velum.

conceals the muscles of the jaw levator complex. M. hyoangularis. This well-developed muscle cov-
This unusual development derives in a very small ers the whole M. quadratoangularis.
average value of the TH/OH ratio (Table 2). Buccal apparatus and buccopharyngeal

M. quadratoangularis. The muscle is more ventral cavity (Figs. 8, 9). The buccal apparatus of Hyla
in position than in Scinax nasicus, and is not con- nana was described by Lavilla (1990). The oral
cealed by the M. suspensorioangularis. disc is modified into a narrow suctorial tube (X =
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Fig. 5. Scinax nasicus Stage 31. Buccal apparatus and buccopharyngeal cavity. SEM. A: Oral disc, left commissure. B: Detail of
suprarostrodont. C: Detail of keratodonts, tooth row P-2. D: Detail of internal nares. E: Detail of spurs. F: Detail of ventral velum and
glandular zone. b, base; in, internal nares; h, head; gz, glandular zone; n, neck; s, spur; vv, ventral velum.

0.25 mm) that lacks oral papillae and keratodonts. ings and SEM micrographs of the oral disc of
The margins of the jaw sheaths bear fine, conical the specimens examined in our study (n = 5,
serrations. Figures 8A and 9A-C show draw- Stage 31).
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TABLE 3. Absolute and relative lengths of the organs of the
digestive tract

M.F. VERA CANDIOTI ET AL.

TABLE 4. Qualitative analysis of the gut contents,
using the Lackey method

Scinax nasicus Hyla nana
% in total % in total

Measurement X (cm) length X (cm) length
Esophagus 0.43 5% 0.23 9%
Manicotto — — 0.27 11%

glandulare
Intestine 8.17 95% 2.04 80%
Total length of 8.56 100% 2.55 100%

the tract
SVL 0.97 — 0.64 —

Values are averages of 10 specimens of each species, Stages
31-36.

The buccal roof is elongated (Fig. 8B). The inter-
nal nares are longitudinally oriented, elliptical, and
small (major axis: 0.2 mm) (Fig. 9D). The buccal roof
bears a pair of pustules located on each side of the
midline of the cavity. The posterior part of the roof,
including the inconspicuous dorsal velum, has nu-
merous chromatophores. Secretory epithelium is ab-
sent.

The buccal floor is elongated anterior to the buccal
pockets (Fig. 8C). There is one pair of conspicuous,
globose infralabial papillae (Fig. 9E). The tongue
anlage bears a pair of pustules on its posterior edge.
The buccal floor arena is not well delimited because
of the lack of buccal floor arena papillae. With in-
tense staining, two groups of five or six pustules can
be detected on both sides of the longitudinal axis, on
the lateral portion of the ceratohyal. The buccal
pockets are small and almost unperforated. Behind
them appears the ventral velum, which has a free
border with a median notch and without any projec-
tions. There are no secretory structures and the
glottis is not visible (Fig. 9F).

Digestive tract and gut contents analysis.
Part of the digestive tract of this species was de-
scribed by Lajmanovich et al. (2000). There are three
macroscopically distinct sections. The most anterior
is the esophagus, comparatively shorter than that of
Scinax nasicus, and located in a medial position.
Next is the manicotto glandulare, surrounded by the
liver. The percentage of the total length of the tract
occupied by the manicotto is similar to that occupied
by the esophagus. The last section is the intestine,
separated from the previous region by a sphincter-
like constriction. The intestine is a tube of uniform
diameter, with the exception of a small distal por-
tion, the posterior dilatation. It is a 2D-3L coiled
tube that ends in a short, dextrally oriented vent
tube. Table 3 shows the measurements of the diges-
tive tract of 10 larvae at Stages 31-36.

The most conspicuous items in the digestive tracts
were oligochaetes. An average of five intact worms
was found intact inside the manicotto glandulare;
the mean length was 1.87 mm and the mean width
0.25 mm. It should be noted that in all of the spec-

Scinax nasicus Hyla nana

Taxa X (N°/ml) % X (N°/ml) %

Filamentous algae nq nq 11.9 5%
Crustaceans 1.1 0% 3.3 1%
Desmidiacea 3.3 0% 0 0%
Diatoms 583.3 22% 1144 41%
Euglenophyta 1965.6 76% 134.8 48%
Oligochaeta — — 5% —*

Tracheophyta remnants 3 0% 2.6 1%
Rizopoda 24.4 1% 104 3%
Rotifera 25.6 1% 3.3 1%
Total 2605.6 100% 280.7 100%

*Qligochaeta are not included in this analysis because their small
number would make the results based on abundance misleading.
ng, non quantifiable. Values are averages of 10 specimens of each
species, Stages 31-36.

imens examined the intestine was almost empty,
which caused low absolute values (Table 4). Between
the smaller items, the predominant groups were
Euglenophyta (Euglena spp.) and the diatoms,
which together represented 83% of the total. Fila-
mentous algae were absent, with the exception of
small fragments that were considered nonquantifi-
able. With regard to the most predominant size
range (Table 5), there was a preponderance of larger
sizes; values higher than 0.1 mm represented 17% of
the total. Student’s ¢-test detected a significant dif-
ference (P < 0.001) relative to Scinax nasicus.

DISCUSSION
Chondrocranium and Hyobranchial
Apparatus

Previous studies of hylid larvae indicate a wide
variation in the chondrocranium and hyobranchial
apparatus structures. Characters of several species
have been analyzed by Fabrezi and Lavilla (1992),
Fabrezi and Vera (1997), Haas (1996b, 2003), Haas
and Richards (1998), and Lavilla and Fabrezi (1987),
among others.

TABLE 5. Distribution of food particles sizes in
the digestive content

Scinax nasicus Hyla nana

Size (mm) X (N°/ml) % % (N°/ml) %

0.03 1870.4 65% 37.4 13%
0.04 547.4 19% 58.1 20%
0.05 181.9 6% 444 15%
0.06 79.6 3% 33.7 12%
0.07 79.3 3% 25.6 9%
0.08 27.4 1% 28.1 10%
0.09 14.8 1% 11.5 4%
>0.1 74.7 2% 48.2 17%
Total 2875.4 100% 287 100%

Values are averages of the counting of the digestive content of 10
specimens of each species, Stages 31-36.
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Fig. 6. Hyla nana Stage 31. Chondrocranium and hyobranchial apparatus. A: Chondrocranium, dorsal view. B: Chondrocranium,
ventral view. C: Chondrocranium, lateral view. D: Hyobranchial apparatus, ventral view. E: Suprarostral cartilage, frontal view. ap,
ascending process; ca, condylus articularis; cb, ceratobranchial (I-1IV); cf, carotid foramen; ch, ceratohyal; cII, copula II; cpf, cranio-
palatine foramen; ff, frontoparietal fenestra; fo, fenestra ovalis; hp; hypobranchial plate; ic, infrarostral cartilage; lop, larval otic
process; mc, Meckel’s cartilage; mp, muscular process; nc, notochordal canal; oc, orbital cartilage; oca, otic capsules; of, optic foramen,;
pah, processus anterior hyalis; pal, processus anterolateralis; paq, pars articularis quadrati; pdp, processus dorsalis posterior; pf,
prootic foramen; pl, processus lateralis; pph, processus posterior hyalis; pr, pars reuniens; qc, quadratocranial commissure; rp,
retroarticular process; sb, subocular bar; sc, suprarostral cartilage; sf, subocular fenestra; tc, terminal commissure; th, trabecular
horn; ts, tectum synoticum; ttm, taenia tecti marginalis.
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Figure 7
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Fig. 8. Hyla nana Stage 31. Buccal apparatus and buccopharyngeal cavity. A: Oral disc. B: Buccal roof. C: Buccal floor. bp, buccal
pocket; dv, dorsal velum; in, internal nares; ip, infralabial papillae; ir, infrarostrodont; mn, median notch; p, pustulation; pz,
pigmented zone; sr, suprarostrodont; st, suctorial tube; ta, tonge anlage; vv, ventral velum.

Among the taxa studied, the most marked dif-
ferences involve the suprarostral cartilages, pala-

Fig. 7. Hyla nana Stage 31. Musculature. A: Dorsal view, toquadrates, orbital cartilages, and the floor of the
superficial plane. B: Dorsal view, middle plane. C: Dorsal view, cranial cavity. Regarding the suprarostral carti-
deep plane. D: Ventral view, superﬁc;al plane. E: Ventral view, lages, two of the four states mentioned by Fabrezi
deep plane. F: Lateral view, superficial plane. G: Lateral view, and Lavilla (1992) for that character are present:
deep plane. gh, geniohyoideus; ha, hyoangularis; ih, interhyoi- . . b o
deus; im, intermandibularis; Ima, levator mandibulae articularis; & simple corpus and alae, which are fused but still
lmep, levator mandibulae externus profundus; lmes, levator man- recognizable (Scinax nasicus), and corpus and alae
dibulae externus superficialis; Imi, levator mandibulae internus; fused and indistinguishable (Hyla nana). How dif-
1ml, levator mandibulae lateralis; lmlp, levator mandibulae lon- . . .
gus profundus; lmls, levator mandibulae longus superficialis; ml, ferences .ln suprarosj:ral cartilages correlate with
mandibulolabialis; oh, orbitohyoideus; qa, quadratoaularis; sa, the feedlng mechanism has not yet been deter-

suspensorioangularis; sh, suspensoriohyoideus. mined.
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Fig. 9. Hyla nana Stage 31. Micrographs of buccal apparatus and buccopharyngeal cavity. A: Suctorial tube, frontal view.
B: Suctorial tube and infrarostrodont, dorsal view. C: Detail of suprarostrodont. D: Detail of internal nares. E: Detail of infralabial
papillae. F: Detail of ventral velum lacking of glandular zone. in, internal nares; vv, ventral velum.

Another variable character is the palatoquadrate, in H. nana. The muscular process and the posterior
similar to that of most tadpoles in Scinax nasicus region of the subocular bar have clear trophic corre-
but with a peculiar quadrangular muscular process lations in tadpoles because they serve as the attach-
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ment site for muscles depressors of the larval buccal
pump and adductors for jaw cartilages (Gradwell,
1968; Wassersug and Hoff, 1979). Furthermore, a
recent study showed that, during ontogeny, mea-
surements associated with these structures indicate
scale with either isometry or positive allometry and
a distinct expansion or widening of both of these
structures with increasing size is evident. A better
appreciation of the functional significance of mor-
phological variation in palatoquadrate morphology
is needed (Larson, 2002).

The orbital cartilage and the floor of the cranial
cavity differ in the extent of chondrification in the
two species. According to Haas (1996a) and Haas
and Richards (1998), in some neotropical hylids
the anterior braincase walls and the nasal septum
develop late in larval life or just at metamorpho-
sis, whereas in others these structures chondrify
early. Development of these structures in Hyla
nana seems to be delayed relative to that of Scinax
nasicus, because in the same developmental pe-
riod, S. nasicus has a well-developed orbital car-
tilage and braincase floor, whereas H. nana does
not.

The hyobranchial apparatus shows profound
morphological variation, and Hyla nana has the
most divergent traits, relative to the generalized
pond-type larva (see Table 1). In H. nana, the
ceratohyal and hypobranchial areas are much
larger than the ceratobranchials area. The small
angle a reflects a difference in the orientation of
the ceratohyals, the lateral edges of which are
rotated posteriorly. The high value of the lever—
arm ratio reflects the greater width of the lateral
portion of the ceratohyal relative to its total width.
Wassersug and Hoff (1979) demonstrated that
high values of this ratio are characteristic of mac-
rophagous larvae. The values calculated for H.
nana exceed those of H. microcephala (which pos-
sesses a hyobranchial apparatus of similar config-
uration, according to Haas, 1996a) and to Spea
bombifrons, a macrophagous carnivore. Values
calculated for Scinax nasicus are the usual ones
for generalized pond-type larvae (Haas and Rich-
ards, 1998; Wassersug and Hoff, 1979).

Morphometric differences in the hyobranchial ap-
paratuses are summarized in Figure 10, which
shows the relative larger size of the ceratohyal area
and the posterior rotation of its lateral edges in Hyla
nana tadpoles. The Cartesian deformation method
has controversial applications. Fink and Zelditch
(1995) employed it to detect taxonomical relation-
ships among various species of a genus of piranhas
(Teleostei). Rohlf (1998b) and Zelditch et al. (1998)
discussed the validity of conclusions that concern
phylogeny. Here, the method is applied only as a
comparison of shapes, without establishing phyloge-
netic relations from the differences observed.
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Fig. 10. Comparison of shapes of hyobranchial apparatuses of
two species, applying thin-plate splines method. Drawings are
not in scale. A: Scinax nasicus. B: Hyla nana.

Musculature

Cannatella (1999) compiled the available informa-
tion on the mandibular and hyoid musculature of
anuran larvae. Haas (2001) proposed a different no-
menclature for the muscles of the mandibular group,
based on the homologies of larval and adult muscu-
lature of anurans, and that of anurans compared to
that of salamanders and caecilians. The functions of
some muscles are known, whereas those of others
remain speculative (Haas and Richards, 1998). Lar-
son and Reilly (2003) recorded electromyographic
and kinematic data from six mandibular and hyoid
muscles, providing a review of muscle function in
tadpoles.

In the two species examined here there is some
myological variation. The M. levator mandibulae
lateralis usually is present in hylids (Haas and Rich-
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ards, 1998; Haas, 2001, 2003). However, muscle lo-
cation differs from that in Hyla nana, because the
muscle extends from the extreme of the suprarostral
cartilage to the anterolateral dorsal region of the
pars articularis quadrati. In tadpoles of H. micro-
cephala and Pseudinae, the muscle configuration
resembles that of H. nana (Haas, 2003; Vera Candi-
oti, 2004, and pers. obs.). Such a configuration of the
M. I.m. lateralis would dilate the nasal sac (Haas,
2003).

Another muscle that varies among anuran larvae
is the M. mandibulolabialis (Carr and Altig, 1991).
In the species with labial teeth, fibers insert behind
each tooth ridge and contraction causes the kerat-
odonts to rotate distally (dorsally in the upper la-
bium and ventrally in the lower labium). Thus, the
keratodonts orient at an angle that allows them to
come in contact with the substrate (Taylor and Altig,
1996). According to Carr and Altig (1991), some spe-
cies without labial teeth (i.e., Hyla ebracatta) have a
well-developed M. mandibulolabialis, although the
muscle is represented only by the inferior slip. This
is also the case with H. nana tadpoles, in which the
M. mandibulolabialis diverges from the general pat-
tern, since it inserts in the skin of the suctorial tube.
An electromyographic study would be necessary in
order to establish the function of M. mandibulola-
bialis in these tadpoles, but it might be inferred that
this muscle would be involved in the movements of
the suctorial tube, at least in retraction.

The sizes of some of the muscles clearly differ. Dry
weights of Hyla nana muscles are disproportion-
ately greater than those of Scinax nasicus, particu-
larly the M. orbitohyoideus (Table 2). Satel and Was-
sersug (1981) studied the IH/OH ratio in various
species of anuran larvae. Rather than using the dry
weights to quantify the ratio, these authors com-
pared the cross sectional area of each muscle. None-
theless, the interpretation remains the same; values
near or exceeding 1 indicate a large M. interhyoi-
deus, and thus large forces invested in raising the
buccal floor for propelling water from the buccal
cavity through the gill filters. This is characteristic
of microphagous larvae. Conversely, low values,
such as those of H. nana, reflect the presence of a
large M. orbitohyoideus. This occurs in macropha-
gous and suctorial larvae because they need a pow-
erful burst of suction, the former to retain large and
moving prey, and the latter to adhere to substrate.
Mean values are characteristic of generalist larvae.

The opening and closing mechanism of the jaw for
gill irrigation was described by Gradwell (1972). De
Jongh (1968) considered the musculoskeletal move-
ments of this process and the feeding process to be
essentially the same. According to Gradwell, the
opening of the jaw occurs in three sequential phases,
fundamentally by the lowering of the cartilages of
the inferior jaw by muscular action. The first phase,
narrow opening, is effected by the contraction of M.
quadratoangularis. The second phase, wide open-
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ing, recruits the M. hyoangularis, whereas the third
stage, protrusion, also requires the participation of
the M. suspensorioangularis. Larson and Reilly
(2003) confirmed many of the results of Gradwell
and add new data about the M. [.m. longus superfi-
cialis, responsible for closing the mouth. The devel-
opment of the M. hyoangularis in Hyla nana may
allow these larvae to produce additional force to
reach a still wider opening of the buccal orifice in
order to ingest large prey.

Buccal Apparatus and Buccopharyngeal
Cavity

The structure of the mouth and buccal cavities of
anuran larvae are highly adaptive and correlated
with feeding ecology (Wassersug, 1976b). The ab-
sence of keratodonts excludes surface-rasping in
some species and, conversely, the presence of robust
rostrodonts and multiple tooth rows signals food
removal by surface rasping.

Wassersug (1980) found a general trend toward
the progressive loss of the tooth rows associated
with a reduction in the sorting and trapping struc-
tures of the buccopharyngeal cavity in the genus
Hyla. Thus, species can be grouped by common fea-
tures of their mouths and buccal cavities. To a large
extent, these groups coincide with those described
by Duellman (1970) for neotropical hylids, based on
osteology, external structure, coloration, and adult
calls.

Tadpoles of the Hyla microcephala group present
the most extreme reduction, with a toothless mouth
and the buccopharyngeal cavity devoid of sieving
structures. According to Duellman (1970), in Middle
America this group comprises four species: H. mi-
crocephala, H. phlebodes, H. sartori, and H. robert-
mertensi. In an earlier work (Duellman and Fou-
quette, 1968), H. nana was proposed to be related,
although it was not added to the group due to lack of
knowledge of the larvae. More recent studies added
South American species, including H. nana, to the
group (Duellman, 1972; Hero, 1990; Cruz and Dias,
1991).

The oral disc shape, the arrangement and shape of
the keratodonts, and the extent of development of
the rostrodonts of Scinax nasicus tadpoles resemble
those of larvae of the local congeneric species S.
fuscovarius (Echeverria and Montanelli, 1992), S.
eringiophilus (Echeverria, 1997a), and S. acumina-
tus (Sandoval, 2000). Langone and Cardoso (1997)
reported a labial tooth row formula of (1)(1-1)/(3) in
S. nasicus. In the specimens examined in our work,
as in Yanosky and Dixon (1997), all the larvae
showed a divided P-1, making the corresponding
LTRF (1)(1-1)/(1-1)(2).

Wassersug and Yamashita (2001) studied feeding
kinematics in anuran larvae with a typical oral disc.
They found that keratodonts help to hold the oral
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disc and rostrodonts against the substrate and they
are released from it in a definite order.

Other structures within the buccal cavity have
well-known functions. Roof and floor arena papillae
constitute a mesh that retains food particles and
divides the water flux into two streams that run
toward the gill filters at each side of the body
(Kenny, 1969). A great number of papillae is associ-
ated with an efficient filtration capability at the
level of the buccal cavity, whereas their absence
presupposes either the lack of this capability or the
presence of compensatory structures, such as dense
gill filters (Wassersug, 1980).

The infralabial papillae would act as respiratory
or sensory structures, or they might also have me-
chanical interactions with food and water currents.
They move in concert with the jaws, erecting when
the mouth is at maximum gape, and flicking cau-
dally as the rostrodonts begin to close (Wassersug
and Yamashita, 2001). Wassersug (1980) proposes
that the globose papillae of Hyla microcephala and
H. phlebodes would provide information on the po-
sition of the fragments of food in their buccal cavity.
Hyla nana larvae possess similar globose infralabial
papillae, with a presumably similar function.

The spurs found in Scinax nasicus tadpoles occur
in other species. Faivovich (2002) analyzed the pres-
ence of this character within the genus Scinax. A
possible function of assistance in the shredding food
has been suggested (Wassersug, 1980).

The glandular zone of the buccopharyngeal cavity
is a region the development of which varies depend-
ing on the ecological habits of the species. In general
terms, the suspensivorous taxa possess a conspicu-
ous glandular area either in the floor or the roof of
the mouth, or in both. The secreted mucus aggre-
gates and traps food particles removed from the
water current. Conversely, larvae with other feeding
modes lack secretory tissue (Wassersug, 1980). Of
the two species studies, Scinax nasicus has conspic-
uous secretory pits in the floor of the mouth,
whereas Hyla nana lacks any glandular zone.

Digestive Tract and Gut Content Analysis

The alimentary tract of anuran larvae has been
studied by numerous authors (e.g., Barrington,
1946; Griffiths, 1961; Fox, 1984; Rada and Bello,
1988; Viertel and Richter, 1999). The general mor-
phological pattern is that of an almost undifferenti-
ated tube, consisting of an esophagus, a gastric re-
gion, and a long coiled intestine (Hourdry and
Beaumont, 1985).

Michel de Cerasoulo and Teran (1991) correlated
morphological features with different diets, record-
ing the main differences in the cellular physiology.
At a macroscopic level, longer digestive tracts are
correlated with a mainly herbivorous diet, whereas
shorter ones are associated with carnivorous diets
(Noble, 1954; Altig and Kelly, 1974; Villée et al.,
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1987, in Martin et al., 1997). Hyla nana larvae have
a more modified digestive tract (at a macroscopic
level), with a conspicuous manicotto glandulare, and
a shorter intestine than that of Scinax nasicus (Ta-
ble 3).

The range of food particle size, as well as the
qualitative composition of the diet in tadpoles, is
highly variable, and is linked to food availability.
However, Heyer (1973) and Inger (1986) mentioned
interspecific variation in the sizes of food particles
ingested. The latter classifies various sympatric lar-
vae according to the size of the organisms they con-
sume, mentioning three groups, according to the
mean particle size (X): macrophagous (X > 0.12 mm),
mesophagous (X = 0.074 mm), and microphagous
(X = 0.038 mm). Following this criterion, Scinax
nasicus larvae, with a mean size of particles in-
gested equal to 0.03 mm, would be situated among
the microphagous forms. With regard to Hyla nana,
there are alternate interpretations. The presence of
oligochaeta would indicate a preference for the in-
gestion of large items (X = 1.87 mm) and, conse-
quently, a specialized macrophagous diet, whereas
the appearance of smaller and numerous algae sug-
gests an omnivorous feeding. However, the morpho-
logical features mentioned and the low total number
of small organisms ingested, compared to that of S.
nasicus, argue against the latter. Presumably, the
presence of small items in the digestive tract is
merely circumstantial (Tables 4, 5).

Although most anuran larvae are thought to feed
indiscriminately, some studies postulate a possible
resource selection, which would permit a differenti-
ation in the trophic niche (Steinwascher and Travis,
1983; Taylor et al., 1995). A preliminary analysis of
water samples from the site where the larvae were
collected shows a smaller number of Euglenophyta
in the environment than in the gut contents. This
finding agrees with a study that reported a high
assimilation of this kind of algae at the level of the
distal zone of the intestine of another hylid larva,
Phyllomedusa hypochondrialis azurea (Vera Candi-
oti and Lajmanovich, 1998).

In summary, the morphological traits of Scinax
nasicus larvae are associated with a microphagous-
generalist regime. The buccal apparatus, the vari-
ous groups of papillae and other sieving structures,
the secretory pits, and the large branchial basket
that supplies a large supporting area for the gill
filters retain particles in the size range of 0.03—0.05
mm. These conclusions also find support in the me-
chanical features of the ceratohyals and associated
musculature (low lever—arm ratio and similar devel-
opment of levator and depressor muscles of the buc-
cal floor). Although these tadpoles have been char-
acterized as plankton feeders (Lajmanovich, 1997),
they can also graze on substrate with their keratin-
ized jaw sheaths and teeth, as evidenced by the food
items in the digestive tract.
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Hyla nana larvae, in contrast, have been consid-
ered macrophagous (Fabrezi and Lavilla, 1992).
Many of the features mentioned in the descriptions
are typical of larvae having this feeding mode. The
absence of sieving structures in the buccopharyn-
geal cavity (papillae, ridges, etc.) and the reduction
of the branchial baskets indicate that the filtration
mechanism is poorly developed. The main method of
food sieving is the diameter of the buccal orifice.
How H. nana tadpoles use their unusual buccal ap-
paratus has not yet been elucidated. Recently, De-
ban and Olson (2003) described the prey suction
mechanism in Hymenochirus boettgeri larvae. Suc-
tion action is generated by hyobranchial move-
ments, cranial elevation, and downward rotation of
the lower jaw. These authors also point out several
benefits of mouth protrusion during prey capture. A
study focusing on food capture mechanisms in H.
nana tadpoles has yet to be done. As previously
mentioned, small planktonic organisms found inside
the intestine might flow in along with the respira-
tory currents, and consequently be part of a second-
ary trophic spectrum in the tadpole. The main
source of food is likely to be larger items. Gut con-
tents and the relatively short length of the intestine
indicate these larvae to be macrophagous carni-
vores. Further studies on enzymes will bring un-
equivocal conclusions in this sense. Other aspects
indicating macrophagy are the high values of the
ceratohyal area and the lever—arm ratio. This, along
with a large muscular process of the palatoquadrate,
affords a large attachment site for the M. orbitohy-
oideus, which reaches a considerable development
(low TH/OH ratio). Even excluding oligochaetes, the
mean size of the food particles ingested is bigger
than that in Scinax nasicus larvae. Given the ab-
sence of an efficient retention mechanism (papillae,
mucus, dense gill filters), the smaller particles
would be resuspended.

Finally, considering spatial distribution within
the body of water, it is clear that Scinax nasicus and
Hyla nana occupy different microhabitats (Laj-
manovich, 1997, 1998). Our work adds a separation
at a trophic level, reflected in both size and type of
the items consumed.
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