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Abstract

Reproductive patterns observed in organisms are direct outcomes of the interaction among
parameters such as phylogeny, body size, and environmental characteristics. However, the
action of these parameters is rarely observed in an integrated perspective in the literature.
Here, we collected 109 specimens of two congeneric species of treefrogs living in the
same microhabitat (bromeligenous species of genus Ololygon) to compare the reproduc-
tive patterns of the two species, evaluating the effect of different parameters on the repro-
ductive ecology of the organisms. Our results show that morphometric measurements be-
tween females of the two species were not significantly different, indicating similar body
sizes. The species exhibited different degrees of sexual dimorphism, and interspecifically,
females showed significant differences in breeding traits, with the species O. perpusilla
demonstrating higher reproductive effort, characterized by increased ovarian mass and
increased average egg size compared to O. littorea. We observed that differences in re-
productive effort were strongly associated with egg size, which drove higher reproductive
investment in O. perpusilla females. We conclude that although the species share many
traits commonly related to the degree of reproductive investment, other drivers, not yet
completely understood, may influence the reproductive aspects of organisms, generating
unexpected patterns.
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Introduction

In anurans, typically, females tend to be larger than males. This pattern of sexual size
dimorphism (SSD) is proposed as a consequence of the increase in fecundity that females
undergo with increasing body size, promoting larger body sizes in females, when compared
to males (Darwin 1874; Shine 1989). The amount of energy invested in reproduction is
directly related to offspring survival capacity (see Dziminski and Roberts 2006 for details)
and females may invest in reproduction through different modes of partitioning the energy
allocated for reproduction, which can vary in quantity (i.e., fecundity) and size (i.e., quality)
of the produced eggs (Dziminski et al. 2009; Pupin et al. 2018; Dugas et al. 2023; Justicia
et al. 2023). Generally, the reproductive effort (RE) in females is expected to be positively
related to female body size, and this relationship has been seen in all anurans reproducing
in aquatic habitats (Nali et al. 2014; Silva et al. 2020). However, females of different spe-
cies may present differences in patterns of RE as consequence of changes in body size-RE
relationships (i.e., reproductive allometry) as well as in magnitude of RE, when variation is
not explained by body size (Reiss 1989; Camargo et al. 2008).

Anurans exhibit diverse reproductive strategies (Nunes-de-Almeida et al. 2021). These
different reproductive modes are intricately related to specific behaviors and evolutionary
trade-offs. Among neotropical amphibians, one reproductive mode stands out: the intimate
association between tadpoles and plants belonging to the Bromeliaceae family. Anurans
that depend on bromeliads to reproduce are termed bromeligenous (Peixoto 1995). Many
bromeliads present water-retaining structures, creating a favorable environment for tadpole
development even in minimal water volumes, and the reproduction can occur throughout
the year (e.g., Lantyer-Silva et al. 2014; Ferreira et al. 2019). Both our study species are
prolonged breeders, and reproductive activity is observed during all year after rain events
(Alves-Silva and Silva 2009). Remarkably, this bromeligenous behavior appears to have
evolved independently across various families of anurans (Tonini et al. 2020). However,
due to the restrictions that the bromeliad microhabitat imposes (e.g. water volume, high
temperatures), it is plausible that reproductive traits exhibit similarities among different
species of bromeligenous frogs. On the other hand, there are unresolved questions regard-
ing breeding traits of anurans. For instance, while small eggs are expected in warm habitats,
frogs that lay their eggs in small bodies of water, such as bromeliads, produce larger eggs
compared to closely related species that breed in larger bodies of water, because these sites
typically offer limited food for developing larvae (Wells 2007). An alternative to overcome
spatial and nutritional limitations in the bromelias microhabitat may be the behavior of
spawning in a partitioned manner between different tanks of the same bromeliad or even
neighboring bromeliads (Alves-Silva and Silva 2009). Despite spatial limitations, bromeli-
ads are capable of retaining water for longer periods than other aquatic environments with
similar volume, being a more temporally stable reproductive site (Cogliatti-Carvalho et al.
2010; Barberis et al. 2023).

In the present work we investigated how reproductive traits are conserved or differenti-
ated between congeneric species that inhabit bromeliads in two sites. We also investigated
potential differences in these traits between seasons as well as the sexual size dimorphism.
Specifically, we hypothesized there is sexual dimorphism seen on body size between
females and males in an intraspecific perspective (H1), and we expected females would be
greater than males. We supposed that females of Ololygon perpusilla and Ololygon littorea
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do not have difference in body size and breeding traits (H2), in view of its that share the
same microhabitats conditions (bromeliad) and are very closely phylogenetic relationship
(same genus). Then, we also supposed that its traits would not undergo seasonal variations
(H3) due stable abiotic conditions in bromeliads. Finally, we hypothesized that females
show the same reproductive allometry (i.e., allocation pattern) and magnitude in reproduc-
tive effort (H4).

Materials and methods
Study area and species models

We conducted this research at two sites in Rio de Janeiro State - Brazil, that contain the
bromeliads Alcantarea glaziouana. The first area encompasses the Natural Monument of
Morro da Urca and Sugar Loaf (22°57’S, 43°09°W) in the municipality of Rio de Janeiro.
The second area is located at Costdo de Itacoatiara (22°58’S, 43°01’W) within the State
Park of Serra da Tiririca, spanning the municipalities of Niterdi and Marica (Fig. 1). These
two areas are coastal Inselbergs with similar structural composition, origin, and age of for-
mation (Meirelles et al. 1999). The vegetation in these both areas is primarily rupicolous
dominated by bromeliads.

Both species of treefrog are endemic to the Atlantic Rain Forest biome and live on coastal
inselbergs. The life cycles of Ololygon species are completed in association with plants of

Fig. 1 Location of the two studies sites in Rio de Janeiro State — Brazil. The coastal inselbergs Sugar Loaf
(Natural Monument of Morro da Urca and Sugar Loaf) and Itacoatiara (State Park of Serra da Tiririca)
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the family Bromeliaceae (known as bromeligenous behaviour). The larvae of these species
develop in the water stored in the bromeliads, and all Ololygon “perpusilla group” species
have similar morphology (i.e., body size and shape) and behaviour (Peixoto 1987; Alves-
Silva and Silva 2009), and they are, in fact, probably monophyletic (Alves-Silva and Silva
2009). The tadpoles of both bromeligenous Ololygon species are found during the rainy and
dry seasons. They are exotrophic and known to feed on detritus and aquatic organisms in
proportion to their abundances (Sabagh et al. 2012).

Field sampling and laboratory procedures

We sampled anurans between the years 2008 to 2010 in two dry seasons (July-August) and
two rainy seasons (January-February). Each Ololygon species was found in distinct Insel-
berg environments: O. perpusilla was identified at the Natural Monument of Morro da Urca
and Sugar Loaf, while O. littorea was observed at Costdo de Itacoatiara. When checking the
bromeliads Alcantarea glaziouana for the presence of treefrogs we did not follow vocaliza-
tions to avoid bias in sex ratio. The Ololygon species were collected manually, anesthetized,
fixed in 10% formalin, and preserved in 70% ethyl alcohol. This study was approved by
environment agencies and is in accordance with Brazilian laws. All specimens were care-
fully euthanized avoiding stress, pain, or suffering. The specimens were also being used for
other studies (e.g. Sabagh and Rocha 2014; Sabagh et al. 2022).

We measured the snout—vent length (SVL) of treefrogs with digital vernier calipers
(nearest 0.1 mm) and weighed them on an analytical balance (nearest 0.001 g). Frogs were
dissected and the ovaries were weighed and the total number of eggs found was counted and
measured a under millimeter ocular (five from each ovary, totaling 10 per female). Measure-
ments of egg diameters were based on mature ovarian eggs (pigmented) and do not include
jelly capsules surrounding the eggs. The reproductive effort was calculated as the ratio of
total ovarian mass divided by total body mass of each female (Camargo et al. 2008).

Data analysis

We employed a sexual dimorphism index (SDI) to quantify the extent of sex-biased body
size within species and to contrast SSD levels between the two species (Gibbons and Lovich
1990). When females exhibit greater size, the ratio value is arbitrarily positive; conversely,
when males are larger, it is negative. The SDI equaling 1 denotes the absence of body size
difference, whereas deviations from 1 indicate significant variations in body size.

Mean size of larger sex
SDI = ‘
Mean size of smaller sex

We verified the normality (Shapiro—Wilk test) of all data sets used (Shapiro and Wilk 1965).
Then, for comparisons of variables between species or seasons, we conducted Mann—Whit-
ney U-tests when data were non-normally distributed and T-tests when data were normally
distributed. In the light of conducting multiple comparisons (i.e., within each species dur-
ing different seasons and between species), we performed the false discovery rate (FDR)
procedure at a significance level of 5% to adjust the p-values when analyzing the results
(Benjamini and Hochberg 1995). We conducted, separately, linear regressions with log-
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transformed variables for both species to evaluate body size-RE (i.e., reproductive allom-
etry) patterns in each species. Then, to compare whether body size-RE relationships vary
significantly in slope and intercept between species we used ANCOVA analysis with body
mass as a covariate. To test how egg size and the number of eggs explain reproductive
investment level in species we used multiple linear regression models grouping species. All
statistical analyses were performed using R 4.3.2 (R Development Core Team 2023), and all
graphics were made within the ggplot2 package (Wickham 2016).

Results

We collected 109 individuals of two species of tree frogs living inside Alcantarea glaziouana
bromeliads. Ololygon perpusilla individuals (n=56, Female=24, Male=32) were docu-
mented at Natural Monument of Morro da Urca and Sugar Loaf sites, while Ololygon lit-
torea individuals (n=53; Female=22; Male=31) were documented founded at Costao de
Itacoatiara sites. The basic statistics are summarized in Table 1.We found significant differ-
ences in SVL and body mass between females and males of the two species indicating there
is intraspecific sexual size dimorphism (Fig. 2). On average, females of Ololygon perpusilla
were 29.3% larger in SVL (T-test, p<0.001, T=13.594, d.f. = 43.71) and 100% larger in
body mass (U-test, p<0.001, U=654) compared to males. Likewise, females of Ololygon
littorea were, on average, 16.5% larger in SVL (U-test, p<0.001, U=520.5) and 53.65%
larger in body mass (T-test, p=0.003504, T = -3.2406, d.f. = 23.81) compared to males. The
SDI exhibits positive values in both species (O. perpusilla=2.00; O. littorea=1.53) and it
was more accentuated in Ololygon perpusilla, which showed about 30.7% greater than SDI
seen in Ololygon littorea. These results support our predictions for the H1 hypothesis.

Comparing the females of the two species by morphometric traits, we expected that
females should not diverge in these traits, and this was supported. In both SVL (U-test,
p=0.232,U=172.5) and body mass (U-test, p=0.153, U=163) comparisons, there were no
significant differences among females.”

We found differences in breeding traits and reproductive effort between females of the
two species, so our H2 hypothesis was partially supported. Females presented a significant

Table 1 Summary measurements data of Ololygon species. The values are mean +standard deviation [mini-
mum-maximum]. SVL=snout-vent length

Ololygon littorea Ololygon perpusilla
Female Male Female Male
N 22 31 24 32
SVL (mm) 22.09+3.55[15.0-26.8] 18.96£1.61 23.80+£1.39[20.4-25.7] 18.40%1.43
[15.0-21.8] [14.47—
21.22]
Mass (g) 0.63+£0.30[0.15-1.27] 0.41%£0.11  0.76+£0.19[0.41-1.36]  0.38+0.12
[0.15-0.61] [0.16-0.77]
Ovarian mass (g) 0.01100+0.01135 - 0.026£0.015 -
[0.0004-0.0382] [0.0015-0.072]
Reproductive effort (%) 1.42+£1.28 [0.08-4.09] - 3.35+1.78 [0.35-8.67] -
Number of eggs 61.72£24.26 [16-106] - 64.45+25.04 [6-113] -
Mean egg diameter 1.023+0.1595 - 1.1366£0.1521 -
(mm) [0.685-1.22] [0.5675-1.2525]
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Fig. 2 Frequency distribution of body mass of males and females of bromeligenous treefrogs. (A) Body
mass distribution of Ololygon littorea. (B) Body mass distribution of Ololygon perpusilla
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divergence in reproductive effort and Ololygon perpusilla invests on average 135.9% more
in reproduction than Ololygon littorea (U-test, p<0.001, U=80) (Fig. 3A). For breeding
traits, we found that ovarian mass in Ololygon perpusilla was on average 136.0% greater
than Ololygon littorea and this difference was statistically significant (U-test, p=0.0013,
U=92.5) (Fig. 3B). We found a significant difference in mean egg diameter (mm), that was
on average 11.1% in Ololygon perpusilla females (U-test, p=0.0121, U=41) (Fig. 3C).
The difference in number of eggs between species was not statistically significant (T-test,
p=0.7704, T = -0.29554, d.f. = 21.306) (Fig. 3D). We found no significant differences in
morphometrics (p>0.05) or breeding traits (p>0.05) arising within each species under sea-
sons, then supporting our H3 hypothesis (Table S2). Nonetheless, we also consider the pos-
sibility that these results may be a consequence of a low sampling, in view the dispersion
of data indicates changes between seasons in breeding traits for both species (Figure S1).
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Finally, we suppose that more conclusive assertions about seasonality could be made with
a bigger sample.

We found positively significant relationships in body mass-RE in O. littorea (B=1,1416,
p=0.00804) and O. perpsuilla (B=1.22112, p=0.042), indicating that females of both spe-
cies tend to invest more in reproduction as long as greater (Fig. 4). Both regressions had
a low adjustment (<30%) and it can be explained by the oversimplification of the model
when evaluating only body mass-RE relationship. This oversimplification occurs by exclud-
ing the influence of ovarian mass, which is regulated by breeding parameters such as egg
size and egg number, on reproductive effort. On the other hand, the data dispersion also
showed some large females with a very low reproductive effort. We consider these females
may have reproduced shortly before being collected, which could have directly influenced
the observed patterns. However, it is challenging to access this information accurately for
more conclusive assertions. When comparing reproductive allometry with body mass as a
covariate, we found no significant difference in body mass-RE relationships slopes between
species (ANCOVA, df=1, F=0.01, p=0.92186). On the other hand, we found significant
differences between intercepts (ANCOVA, df=1, F=23.68, p<0.001). These results sup-
port partially our H4 hypothesis, in view we noted a clear different magnitude of reproduc-
tive efforts between females of the two species.

Finally, we performed a multiple linear regression to evaluate how mean egg diameter and
number of eggs are related with reproductive effort of the two species grouped together. Our
MLR (a,de2 = 0.6053) showed that reproductive effort was significantly affected by mean
diameter of eggs (p<0.001) and total number of eggs (p=0.00673). We found the mean
diameter of eggs a positive slope (B=1.6412) greater than total number of eggs (§=0.5949).
The MLR results indicates how these mechanisms are regulating reproductive effort.

y = -1.38472 + 1.22112 - , adjR? = 0.1581
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Fig. 4 Reproductive allometry of Ololygon spp. females with body mass as a covariate. Circles and
dashed-line=O. littorea. Triangles and continuous-line=0. perpusilla. Shaded areas correspond to 95%
confidence intervals for both species
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Discussion

We confirmed that females are larger than males for both Ololygon species while their
females did not differ in size. However, in contrast to our expectations, we found differ-
ences in breeding traits between Ololygon females with the exception of the number of eggs.
Therefore, the greater reproductive of O. perpusilla effort must be associated with the larger
diameter of the egg for this species.

Our results are congruent with the female-biased sexual size dimorphism seen in frogs,
in which females are larger than males, which is ubiquitous in most (~90%) of species
(Shine 1979; Han and Fu 2013; Nali et al. 2014). Females of both species were larger than
males in SVL as well as body mass and this is also in accordance with SSD literature for
the Ololygon genus (Pombal et al. 2010; Lourenco et al. 2013; Pereira-Ribeiro et al. 2020).
The main mechanism we propose to explain this pattern of SSD observed in our results is
the fecundity selection, whereby there exists a direct relationship between female body size
and fecundity (increasing fitness), and then, in an intraspecific view, intersexual decoupling
of body size towards larger females than males (Darwin 1874; Shine 1989). The occurrence
of this pattern is reinforced in both species studied, considering that female size is directly
related with fecundity in almost all frogs exhibiting aquatic reproduction, and besides also
is positively correlated with both explosive and intermittent breeding species (Nali et al.
2014). Finally, when interpreting sexual size dimorphism between the two species we con-
sider the possibility of more accentuated value of SDI in Ololygon perpusilla arising from
an increase on reproductive investment when compared with Ololygon littorea, which we
expected to intensify the degree of SDI.

As we expected, morphometric traits remain similar across the two studied species rein-
forcing the notion of a phylogenetically-biased distribution in female size for both species,
in view that phylogenetic proximity is an evident proxy for elucidating body size distribu-
tions among anurans (Phung et al. 2020). Anurans have been related as being dependent
on different drivers for body size, which impacts directly in the diverse body size distribu-
tion seen in this group, varying from small to large body sizes (Amado et al. 2019, 2021;
Acevedo et al. 2022). Additionally, there is clear evidence that anuran body size is also
regulated by microhabitat conditions, with overlapping size distributions among species
sharing similar abiotic conditions (Womack and Bell 2020). The bromeliad environment,
characterized by more stable microhabitats, offers favorable and similar conditions such as
water availability, humidity, and reproductive sites for the organisms that inhabit them (Zotz
and Thomas 1999; de Oliveira and Navas 2004). Therefore, we interpret these results as a
consequence of both phylogenetic proximity and shared abiotic conditions within bromeliad
microhabitats, which collectively intensify similar pressures on morphometric tendencies.
However, considering breeding traits, contrary to our expectations, we found significant dif-
ferences in parameters such as ovarian mass, mean egg size and reproductive effort, while
number of eggs did not vary between species. Significant differences in reproductive effort
between congeneric species has been noted for females with the same size (i.e., SVL) but
that diverge in body mass (Camargo et al. 2008). In contrast, our results expose new evi-
dence that differences in reproductive investment can arise even if morphometric traits do
not vary, despite being highly correlated. It suggests that differently from what is expected
in literature, morphometric traits can explain reproductive patterns, but only partly, and
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other drivers can emerge to additionally elucidate the reproductive effort patterns seen in
females.

Our findings indicated no significant difference influenced by seasonality on the body
size and reproductive patterns of both species, supporting our hypothesis. However, these
findings contrast with the literature, where effects of environmental changes on body size
patterns observed in anurans are described (Olalla-Tarraga et al. 2009; Oyamaguchi et al.
2017; Goldberg et al. 2018; Pupin et al. 2020). We attribute these results to the relatively sta-
ble environmental conditions within the bromeliad microhabitat, which mitigate the impact
of seasonal variations and favor phylogenetic-biased phenotypic convergence in body size
between the two species.

Finally, our results demonstrate there is a positive relationship between body size (i.e.,
body mass) and reproductive investment for both species and it is a general trend seen in
reproductive studies in frogs (Prado and Haddad 2005; Camargo et al. 2008; Pupin et al.
2010; Pereira and Maneyro 2012), which has been used to explain the female-biased sexual
size dimorphism in most of anuran species (Shine 1979; Woolbright 1983; Han and Fu
2013; Nali et al. 2014). When compared to each other, females showed no significant dif-
ferences in the slopes of the regressions between body mass-RE, indicating similar patterns
of reproductive allocation. However, species differed significantly in intercept comparisons,
suggesting that the magnitudes of reproductive effort vary between these species regardless
of body mass. In this context, in which body size did not change between species, it suggests
that the females invest different energy quantities for reproduction, which can be generated
by resource limitation or increase of survival costs (Castellano et al. 2004; Camargo et al.
2008). Maintaining equivalent patterns of energy allocation, we suppose that the discrepancy
in reproductive investment magnitude may be driven by lower energy availability for repro-
duction, thus reducing reproductive magnitude without necessarily influencing the alloca-
tion pattern (Stearns 1998; Roff et al. 2006; Cox et al. 2010). However, we also support the
possibility that the reduction in reproductive effort among species may result from unmea-
sured environmental variations in the microhabitat. According to personal observations by
the authors (i.e., L.T. Sabagh, unpublished data), it was noted that bromeliads located on
the Costao de Itacoatiara, where O. littorea specimens were found, were more exposed to
sunlight and had lower water accumulated, suggesting a higher risk of desiccation compared
to bromeliads in the Natural Monument of Morro da Urca and Sugar Loaf where lives O.
perpusilla. Empirical studies suggest a reduction in egg size in desiccation environments, as
part of a strategy to shorten egg development time and increase offspring survival chances
by taking advantage of the shorter temporal water availability range (McLaren and Cooley
1972; Kaplan 1985; Richter-Boix et al. 2011). Furthermore, it is acknowledged that envi-
ronmental variation directly impacts the quality pattern of eggs, leading to an optimal egg
size that enhances fitness according to environmental changes, which results in different
optimal egg sizes depending on the environment (Kaplan and Cooper 1984; McGinley et al.
1987; Morrongiello et al. 2012; Marshall et al. 2018). Therefore, the observed differences
between species may arise as a response to the lower water availability in bromeliads more
exposed to sunlight. In this scenario, reducing total energy investment in reproduction, lead-
ing to a subsequent decrease in egg size (i.e., quality), could be the mechanism responsible
for regulating this response to environmental variation. Despite the size and quantity of eggs
being positively related to reproductive effort, the slope of the regressions demonstrates that
egg size is more strongly associated with reproductive effort. Associating these results with
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comparison tests for breeding traits, in which the egg size of Ololygon perpusilla was on
average 11% larger than that of Ololygon littorea, it was evident that the differences in egg
size drove the variation in reproductive effort observed between the species.

Given the assumptions made in this study, for a better understanding of the factors influ-
encing reproductive aspects and organism’s sensitivity to these factors, we suggest studies
that assess intrapopulation variations, even within the same microhabitat. These studies
should quantify fluctuations in biotic and abiotic parameters to better comprehend the nature
and mechanisms of exogenous agents influencing reproductive patterns in organisms. Ide-
ally, these studies should be designed based on future climate change scenarios.

In conclusion, this paper presents new perspectives the reproductive studies using tree-
frogs. Here, we highlight that reproduction can vary between species even if they are closely
phylogenetically, share the same microhabitat and do not differ in morphometric traits. We
suggest that regular drivers (e.g., body size) used to explain reproductive patterns described
in literature may be partially sensitive to other parameters that impact the reproductive
investment of females. We demonstrate that egg size is the main mechanism explaining the
differences in reproductive effort between females. Our findings indicate that females differ
in reproductive effort due to investments in egg quality even though the investments in the
number of offspring are the same.

Supplementary Information The online version contains supplementary material available at https:/doi.
org/10.1007/310682-024-10306-3.
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