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Abstract. Diet is one of the most important dimensions of the trophic niche, contributing to understanding intra- and interspecific
interactions in food webs. Amazophrynella teko was described in 2018, and given the scarcity of information about its feeding ecology,
we describe here the diet of this species in a population from eastern Amazonia based on stomach flushing. We analyzed the stomach
contents of 68 A. teko (18 juveniles, 13 females, and 37 males). We found 360 prey items from 23 prey categories from males (Shannon-
Wiener index: H = 2.36, N = 29), 17 for females (H" = 1.53, N = 12), and 14 for juveniles (H" = 2.35, N = 11). Formicidae were the most
abundant prey items (284 prey items), Myrmicinae were the most abundant subfamily, and Crematogaster was the most abundant
genus in all age/sex groups. Females had a narrower niche amplitude (Ba = 0.08) than juveniles (Ba = 0.58) and males (Ba = 0.21).
Trophic niche overlap between males and females (Ojx = 0.92), and between males and juveniles (O = 0.77), higher than the overlap
between females and juveniles (Ojx = 0.55). The prey category accumulation curve, in relation to the number of stomachs flushed, did
not reach an asymptote. The relationship between the SVL and JW of the toads with the volume of prey was not significant for males,
females, and juveniles. The larger jaw width of females observed in our study may be related to the greater volume of prey they
consumed. There were no significant differences among the diets for males, females, and juveniles based on the volumetric
composition of prey. Amazophrynella teko feeds largely on ants but opportunistically will forage on other invertebrates such as spiders,
beetles, and mites. The present study provides relevant information about the feeding ecology of A. teko, a poorly known species from
north Brazil, eastern Brazilian Amazonia.
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Introduction

Diet is one of the most important dimensions of the trophic
niche of species, contributing to understanding intra- and
interspecific (Toft 1985,
Huckembeck et al. 2014). Bufonid frogs are usually
considered generalists (Duellman & Trueb 1994), although
some studies report dietary specialization (Solé et al. 2017,
Nufiez et al. 2021). This variation in diet may be caused by
differences in habitat-prey composition or prey-selection
behaviors (Duellman & Trueb 1994) and differences in size
and type of prey related to the foraging mode (Toft 1981).
Although the feeding ecology of several anuran species has
been identified as paramount to unveil their natural history
and the dynamics of food webs (e.g., Baia et al. 2020, Brandao
etal. 2020, Plaza et al. 2021), basic feeding ecology data remain
limited and have not been collected for anurans species
widely distributed in the Neotropical region.

One such example is Amazophrynella teko Rojas-Zamora,
Fouquet, Ron, Hernandez-Ruz, Melo-Sampaio, Chaparro,
Vogt, Carvalho, Pinheiro, Avila, Farias, Gordo & Hrbek, 2018,
a bufonid frog widely distributed throughout Amazonia. It is
a small-sized toad with conspicuous sexual dimorphism, with
males much smaller than females (Rojas et al. 2018). This
species inhabits the forest leaf litter, breeds in seasonal pools,
and has diurnal and crepuscular habits (Rojas et al. 2018).

Amazophrynella teko was described in 2018, and given the
scarcity of information about its feeding ecology, the diet of
this species in a population from eastern Amazonia is
described herein. The specific aims of this study were to

interactions in food webs

(1) identify the most important prey items present in the diet
of males, females, and juveniles of A. teko; (2) analyze the
niche breadth and the level of niche overlap between males,
females, and juveniles; (3) test significance of the changes in
prey volume with the Snout vent-length, jaw width and sex
(male, female and juvenile); (4) verify differences in the
volumetric composition of prey, and the number of prey
consumed, among sexes (males, females and juveniles).

Material and methods

Study site
The study was carried in two conservation units at Amapa state,

Brazil: (1) Parque Natural Municipal do Cancéo (0.9008°N, 52.0134°W;
datum WGS84), municipality of Serra do Navio, and (2) Reserva
Extrativista Municipal Beija-Flor Brilho de Fogo (0.7918°N,
51.9783°W), municipality of Pedra Branca do Amapari. All sites were
mainly terra firme forests, characterized by a forest with seasonal
flooding, also within the Equatorial (Am) climate domain according
to the Képpen-Geiger classification, with mean air temperatures >
27.0 °C and annual rainfall of 2,850 mm (Alvares et al. 2013).

Data sampling

Individuals of A. teko were sampled in four diurnal surveys (March
2019, October 2019, June 2021, and September 2021) during rainy
seasons. All samples had a duration of 5 consecutive days per month,
with samples between 8:00 and 11:00 h. The sampling effort was
carried out by three people each day for a total sampling time of 180
effective hours. We located the toads through active search (Crump &
Scott Jr. 1994) and captured them manually. Following capture, we
applied stomach-flushing (Solé et al. 2005) to obtain the stomach
contents, which were preserved in 70% ethanol. To prevent recapture,
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all captured individuals were kept in moist plastic bags until the end
of sampling and were then released. Individuals were classified as
juveniles if they had no obvious sexually dimorphic characters and
SVL less than the minimum size of adult males, 12.9-15.8 mm,
following Rojas et al. 2018). Adults were sexed by examining the
external morphology (presence of vocal sacs in males and readily
visible eggs through the ventral skin of females). We measured the
snout-vent length (SVL) and the jaw width (JW) of each specimen
using a digital caliper (0.1 mm precision) and used the Student t-test
to evaluate the relationship only between JW of males and females.

Dietary analysis
Prey items were counted and identified to the lowest possible

taxonomic level under a Zeiss Stemi SV 11 stereomicroscope,
following the identification keys of Rafael et al. (2012) for insect orders
and Baccaro et al. (2015) for subfamilies and genera of Formicidae. The
length and width of each prey item were measured with calipers (0.1
mm precision), and the volume was estimated using the ellipsoid
formula (Dunham 1983): V = (41/3)(length/2)(width/2)?. The index of
relative importance was estimated using the formula IRl =
(N%+%V%)F%, in which N = numerical percentage, V = volumetric
percentage, F = frequency of occurrence percentage of each prey
category in relation to the total samples (see Pinkas et al. 1971).

Food niche breadth was calculated using the formula proposed
by Levins (1968) B = 1/Zpi?, where B = niche breadth and pi =
proportion of item i in the diet. The values of niche breadth were
standardized (Ba) using the formula Ba= (B - 1)/(n - 1), where Ba =
standardized Levins index and n = number of possible resources.
Values close to zero are attributed to a specialist diet, while values
close to one are attributed to a generalist diet. The food niche breadth
was analyzed with the software Ecological Methodology (Krebs 2014).

To analyze if the trophic niches overlap between males, females,
and juveniles, with regards to the degree of similarity between their
diets, we used the Trophic Niche Overlap Index of Pianka (Oj)
(Pianka 1974): Oy = Y Pjj P /NY Pi? ¥ Pa2, where Ojis the niche overlap
index between the species j and k; Pjjis equivalent to the proportion of
the resource type i relative to the total of resources used by the species
j; Pix is the proportion of resource i relative to the total of resources
used by the species k; and 7 is the total number of resource categories
used by the species j and k. The index ranges from 0 to 1 when there
is no overlap or a complete overlap between the species' diets,
respectively (Krebs 2014). We used the niche overlap module from the
EcoSim program (version 7.0) (Gotelli & Entsminger 2005) with 1,000
randomizations.

To estimate the prey category richness in the diet, we made
rarefaction curves based on samples with the software EstimateS 8.2.0
(Colwell 2009), with 1,000 random permutations. In this analysis,
stomachs were treated as samples, and prey types were richness
categories (curves were made for each sex). In addition, we used the
Shannon Diversity Index to quantify diet diversity H'= -} pi In pi, in
which pi is the numeric proportion of prey i in the total number of
individuals of 1 prey types.

We also evaluated the relationship between snout-vent length
(SVL) and the jaw width of each specimen (juvenile, female, and male)
with the volume of the prey consumed through Spearman’s
correlation. We transformed variables to their natural log when
necessary to meet assumptions of normality (Zar 2010). The
significance of the changes in prey volume was tested using a General
Linear Mixed Model (GLMM), with the SVL and JW as independent
quantitative variables; sex (male, female, and juvenile) as an
independent categorical variable; and collection period (March 2019,
October 2019, June 2021 and September 2021) as a random effect
We inspected model residuals to confirm normal
distribution and homoscedasticity to fit the linear model. Only the
response variable was log-transformed to meet the assumption of
normal distribution. We included only JW as a response variable
because SVL, JW, and weight were highly correlated (Pearson R > 0.7).

We performed a permutational multivariate analysis of variance
(PERMANOVA) through Euclidean distance (Anderson 2001) to test

variable.
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for differences in the volumetric composition of prey among sexes
(males, females, and juveniles), using order-level taxonomic
resolution, except for Formicidae, which was classified by genus. In
addition, we evaluated whether the number of prey consumed
differed among sexes through Mann-Whitney tests. Pairwise
PERMANOVA was performed with the software R (R Core Team
2020), using the “vegan” (Oksanen et al. 2015) and “PairwiseAdonis”
(Martinez Arbizu 2020) packages, and the Mann-Whitney tests were
performed with the “car” package (Fox & Weisberg 2019).

Results

We analyzed the stomach contents of 68 A. teko (18 juveniles,
13 females, and 37 males). Of the 68 toads analyzed, 58.8% (n
= 40) were captured in March 2019, 2.9% (n = 3) in October
2019, 13.2% (n = 9) in June 2021, and 23.5% (n = 16) in
September 2021 (Fig. 1). Of the 68 analyzed individuals, 16
(23.5%) had empty stomachs (8 males, 1 female and 7
juveniles), while 52 (76.5%) contained stomach contents (29
males, 12 females and 11 juveniles).

We found 360 prey items from 23 prey categories for
males, 17 for females, and 14 for juveniles (Table 1). The
number of prey items per stomach varied from 1-63 items
(mean = 7.3 +12.9, for males), 1-94 items (mean = 8.5 + 22.2,
for females), and 1-8 items (mean = 3.4 + 2.7, for juveniles).
The most important category in the diet was Formicidae (IRI
= 76.7%), followed by Araneae (IRI = 7.8%) (Fig. 2).
Formicidae (284 items of 5 subfamilies - Ectatomminae,
Formicinae, Myrmicinae, Paraponerinae and Ponerinae, and
17 genera) was the most abundant for males (121 prey items),
females (133) and juveniles (30 prey items), representing
78.9% of the stomach contents (see Table 2). Myrmicinae was
the most abundant subfamily, and Crematogaster was the most
abundant genus in all age/sex groups (Fig. 3).

Females had a narrower niche amplitude (B4 = 0.08) than
juveniles (Bx = 0.58) and males (Bx = 0.21). Trophic niche
overlap between males and females was 0.92, and between
males and juveniles was 0.77, higher than between females
and juveniles (0.55). The prey category accumulation curve,
in relation to the number of stomachs flushed, did not reach
an asymptote and indicated a higher taxonomic richness in
the diet of males (Fig. 4). The number of prey categories of
males (23 prey types) and relative abundance of prey
categories (Shannon-Wiener index: H” = 2.36) of males and
juveniles (14 prey types, H = 2.35) was similar and more
diverse than females (17 prey types, H" = 1.53).

The relationship between the SVL and JW of the toads
with the volume of prey was not significant for males (SVL: rs
=0.05, p=0.79, n = 29; JW: rs = 0.09, p = 0.62, n =29), females
(SVL: s = 0.32, p = 0.31, n =12) and juveniles (SVL: rs = 0.11,
p =0.75 n=11; JW: rs = 0.06, p = 0.86, n = 11), but there was
a statistically significant relationship between jaw width and
volume of prey for females (rs = 0.61, p = 0.04, n =12). The JW
of females was greater than males (t = -4.93, p < 0.001). Prey
volume values varied significantly according to the JW
(Mixed model: Fp46 = 4.70; p = 0.03) but not according to the
sex of individuals (Mixed model: Fp46 = 0.25; p = 0.70). No
significant interaction effect was observed between the JW
and males, females, and juveniles (Mixed model: F»46 = 0.31;
p = 0.73) on prey volume.

There were no significant differences among the diets for
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the volumetric composition of prey between males and
females (PERMANOVA: F = 1.95, p = 0.21), males and
juveniles (F = 0.820, p = 1.00), and females with juveniles (F =
1.34, p = 0.59). Likewise, considering only Formicidae, there
are no significant differences among the diets between males
and females (F = 1.51, p = 0.17), males and juveniles (F = 1.85,
p = 0.20), and females and juveniles (F = 0.95, p = 0.54).
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Regarding the number of prey consumed, we did not find
significant variations between males and females (Mann-
Whitney test: U = 157, p = 0.63), males and juveniles (U = 159,
p = 0.50), and females and juveniles (U = 57, p = 0.58). The
average number of prey items consumed by males was 5.8
(SD = 8.3, range: 1-45), by females was 12.1 (SD = 21.7, range:
1-78), and by juveniles was 4.3 (SD = 2.7, range: 1-9).
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Figure 1. Number of stomachs analyzed of Amazophrynella teko sampled in four
diurnal surveys (March 2019, October 2019, June 2021 and September 2021) from
Amapa state, northern Brazil. The numbers above the bars represent individuals

with empty stomachs.

Table 1. Food items found in the stomach of 52 specimens (males, females and juveniles) of Amazophrynella teko collected in two conservation
units at Amapa state, North of Brazil. N = number of items consumed, N% = numerical percentage of items, F = frequency of items
consumed, F% = frequency of occurrence, V = volume of items consumed, V% = numerical percentage of items, IRI = index of relative

importance for each category of items in the diet, (L) larvae.

Males (N =29)

Females (N =12)

Juveniles (N =11)

Prey N (%) F (%) V (%) IRI N (%) F (%) V (%) IRI N (%) F (%) V (%) IRI
Acari 4 (2.38) 4(5.63) 0.52(0.61) 288 2(1.38) 1(333) 033(037) 169 1(213) 1(4.17) 0.02 (0.04) 211
Araneae 17 (10.12) 10 (14.08) 2.44(2.87) 9.02 5(345) 4(13.33) 191(212) 630 6(10.77) 3(12.50) 0.83 (1.61) 8.96
Coleoptera 7 (4.17) 4(5.63) 7.61(8.94) 6.25 - - - - 4(8.51) 3(12.50) 1.06 (2.05) 7.69
Collembola 3 (1.79) 3(423) 0.20(0.23) 2.08 1(0.69) 1(3.33) 0.01(0.01) 134 1(213) 1(4.17) 0.01 (0.02) 2.10
Diplopoda 5(2.98) 1(141) 1.03(1.21) 1.86 2(1.38) 1(333) 233(259) 243 - - - -
Diptera 1 (0.60) 1(141) 019(022) 0.74 - - - - 1(2.13) 1(4.17) 0.04 (0.08) 212
Formicidae 121 (72.0) 39(54.9) 72.0(845) 705 133(91.7) 21(70.0) 85.5(94.80) 855 30(63.80) 12(50.0) 49.35(95.62) 69.82
Hemiptera 1 (0.60) 1(141) 0.16(0.19) 0.73 - - - - 1(2.13) 1(4.17) 0.24 (0.47) 2.25
Hymenoptera (L) 1 (0.60) 1(1.41) 031(036) 0.79 - - - - - - - -
Ixodida 6 (3.57) 5(7.04) 049058 373 1(0.69) 1(3.33) 0.06 (0.07) 136 3(6.38) 2 (8.33) 0.06 (0.12) 4.94
Psocoptera 1 (0.60) 1(141) 010(0.12) 0.71 1(0.69) 1(3.33) 0.01(0.01) 134 - - - -
Siphonaptera 1 (0.60) 1(1.41) 0.15(0.18) 0.73 - - - - - - - -
IRI
0 15 30 45 60 75 90 0 30 45 60 75 90 0 15 30 45 60 75 90
Acari | ‘ I '] I I ‘ ‘ " ‘ ‘ I
Araneae .
Coleoptera
Collembola 5
> Diplopoda ',
& : |
% Diptera |
;,'_ Formicidae —
& Hemiptera
Hymenoptera (L)
Ixodida |
Psocoptera h
Siphonaptera |
Males Females Juveniles

Figure 2. Diet of Amazophrynella teko from Amapa state, northern Brazil. Bars represent the Index of

Relative Importance (IRI).
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Table 2. Genera and subfamilies of Formicidae found in the stomach of 52 specimens (males, females, and juveniles) of Amazophrynella teko
collected at Amapd state, northern Brazil. N = number of items consumed, N% = numerical percentage of items, F = frequency of items

consumed, F% = frequency of occurrence, V = volume of items consumed, V% = numerical percentage of items, IRI = index of relative
importance for each category of items in the diet, (n.i) = non-identified Myrmicinae.

Males (N =29)

Females (N =12)

Juveniles (N =11)

Prey N (%) F (%) V (%) IRI | N (%) F (%) V (%) IRI | N (%) F (%) V (%) IRI
Formicinae
Camponotus - - - - 2(150) 1(4.76) 1.15(1.35) 2.54 - - - -
Nylanderia 5(413) 4(10.26) 1.69(2.35) 5.8 - - - - 2(6.67) 2(16.67) 0.65(1.32) 8.22
Ectatomminae
Gnamptogenys - - - - | 1(0.75) 1(4.76) 541(6.33) 3.95 | 2(6.67) 1(8.33) 32.08(65.01) 26.67
Myrmicinae
Apterostigma - - - - 2(150) 1(4.76) 3.63(4.25) 3.50 - - - -
Blepharidatta 8(6.61) 4(10.26) 519(7.21) 8.03 3 (2.26) 1(4.76) 0.51(0.60) 2.54 - - - -
Carebara 6 (4.96) 2(5.13) 0.64 (0.89)  3.66 - - - - - - - -
Crematogaster 63 (52.07) 10 (25.64) 36.57 (50.82) 42.84 | 94 (70.68) 5 (23.81) 24.55(28.72) 41.07 | 8 (26.67) 2(16.67) 4.95(10.03) 17.79
Cyphomyrmex 1(0.83) 1(256) 231(3.21) 220 - - - - - - - -
Myrmicinae (ni.) 5(4.13) 4(10.26) 4.37 (6.07) 6.82 6(4.51) 4(19.05) 11.28 (13.20) 12.25 - - - -
Myrmicocrypta 2 (1.65) 1(256) 3.78(5.25) 3.16 - - - - - - - -
Pheidole 11 (9.09) 4(10.26)  2.56 (3.56) 7.63 4 (3.01) 2(952) 220(257) 5.04 |8(26.67) 3(25.00) 3.07(6.22) 19.30
Solenopsis 14 (11.57) 5(12.82) 1.38(1.92) 8.77 - - - - 7(2333) 2(16.67) 2.28(4.62) 14.87
Strumigenys 1(0.83) 1 (2.56) 0.04 (0.06) 1.15 4 (3.01) 2(952) 069 (0.81) 445 | 2(6.67) 1(833) 042(085) 5.28
Trachymyrmex 3 (2.48) 2(5.13) 11.10(1543) 7.68 9(6.77) 2(952) 27.26(31.89) 16.06 | 1(3.33) 1(8.33) 5.90(11.96) 7.87
Paraponerinae
Paraponera - - - - | 7(626) 1@476) 525(614) 539 | - - - -
Ponerinae
Anochetus - - - - 1(0.75) 1(476) 115(1.35) 254 - - - -
Hypoponera 2 (1.65) 1(256) 233(3.24) 248 - - - - - - - -
Total 121 39 71.96 100 133 21 85.47 100 30 12 49.35 100
IRI
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Figure 3. Genera of Formicidae found in the stomach of of Amazophrynella teko
collected in Amapd state, northern Brazil. Bars represent the Index of Relative

Importance (IRI).
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Figure 4. Rarefaction curves based on diet items of Amazophrynella teko.
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Discussion

Many studies have shown that some bufonids species are ant-
specialists for different reasons. For instance, Clarke (1974)
suggested that ants and coleopterans are frequently present
in the diet of leaf litter species, such as bufonids, due to the
availability and abundance of these prey in the soil. In
addition, Vences et al. (1998) pointed out that bufonids may
have phylogenetic constraints to eat ants because basal
bufonid species would have been small myrmecophagous. In
line with these statements, our results indicate that the
bufonid A. feko, a species from the leaf litter, feeds on ants that
can consume substantial prey (e.g., Araneae, Coleoptera, and
Acari) to supply nutritional demands. The higher IRI values
for beetles by juveniles of A. teko in this study may be related
to energy demands due to this prey being highly chitinous
and requiring long digestion, suggesting that the gradual
supply of nutrients helps in the development/growth of
juveniles. Indeed, Taveira et al. (2021) observed that
individuals of A. manaos (a conspecific with A. teko; see Taucce
et al. 2022) older than 15 mm had dietary restrictions (i.g.,
increased consumption of soft-bodied prey and decrease in
chitinous prey).

The high incidence of Myrmicinae ants in the diet of A.
teko is in accordance with what is recognized for species of
Amazophrynella, such as A. bokermanni (Travassos 2003) and A.
manaos (Taveira et al. 2021), as well as for other species of
bufonids such as Rhinella abei (Moser et al. 2022), R. alata
(McElroy & Donoso 2019), R. castaneotica (Figueiredo et al.
2022), R. crucifer and R. icterica (Sabagh & Carvalho-e-Silva
2008), R. major (Oliveira-Souza et al. 2022), R. ornata (Flynn et
al. 2020) and R. proboscidea (Borges et al. 2019). Indeed, the
Myrmicinae ants are the most numerous and frequently in the
diet of bufonids (Oliveira-Souza et al. 2022) due to the higher
diversity of genera and habitats of these ants in the
(e.g., leaf litter and arboreal habitats)
(Ferndndez 2003). Furthermore, the higher abundance of
arboreal ants that forage in leaf litter (e.g., Crematogaster) in
the diet of A. teko suggested that this species displays climbing
behavior on understory vegetation. Such behavior has been
noted for small-sized bufonid species, such as R. castaneotica,
a sympatric species with A. teko in our study area (Oliveira-
Souza et al. 2020, Costa-Campos & Pedroso-Santos 2022,
Figueiredo et al. 2022), but this behavior has not yet been
reported for species of Amazophrynella. Therefore, further
field observations are needed to support our hypothesis.

The niche breadth of A. teko, considered narrow in our
study, suggests a specialist feeding behavior. This condition
is common in small-sized tropical bufonids with no teeth,
such as A. teko (Isacch & Barg 2002). In addition, the positive
relationship between morphological characteristics (e.g.,
snout-vent length and jaw width) and the volume of prey
consumed by toads is more common in generalist species,
which consume fewer but larger prey, than ant-specialist
species that feed on larger proportions but on small-sized
prey (Lima & Magnusson 2000). Therefore, the largest jaw
width of females observed in our study may be related to the
greater volume of prey they consumed. Taveira et al. (2021)
noted the same pattern for A. manaos but did not present data
on these relationships. The relationship is poorly described
for leaf-litter anuran species (see Adenomera marmorata;

environment
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Santos-Pereira et al. 2015).

We conclude that A. teko feeds largely on ants but
opportunistically will forage on other invertebrates such as
spiders, beetles, and mites. Spiders and mites may be
important items in the diet of small species that forage in the
leaf litter (Lima & Magnusson 2000, Santos-Pereira et al. 2015,
Moser et al. 2022). Beetles are often reported as an important
prey in the diet of bufonids (De Oliveira et al. 2017, Oliveira-
Souza et al. 2022), and due to the high species richness of this
group, as well as their abundance in the environment, are
easy to find and thus consumed by several species (Moser et
al. 2022). Our study provides relevant information about the
feeding ecology of A. teko, a poorly known species of north
Brazil, eastern Brazilian Amazonia. Thus, further studies are
needed to disentangle these observations in ground-dwelling
and leaf-litter anurans so that we can learn more about
aspects related to the natural history of this species.
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