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Reproductive modes and patterns of egg and clutch size among anurans in Eastern Amazonia, Guiana Shield
Because of limited resources and the physical constraints of reproducing females, there is an inherent trade-off between the number of eggs produced and their individual size within a clutch. This trade-off typically leads to an inverse correlation between egg size and clutch size, a pattern consistently documented across Amphibia. However, relatively few studies have explored how this relationship is influenced by life-history characteristics such as reproductive modes.. We investigated reproductive modes and patterns of eggs and clutch size variation among amphibians in Eastern Amazon. Our data on reproductive modes comprises field observations of oviposition sites of 37 species of anurans from Amapá, Eastern Amazon. Parameters of egg and clutch size were obtained from 92 dissected gravid females. We registered 11 reproductive modes including aquatic, arboreal, semiterrestrial and terrestrial oviposition including data from direct developing species. Aquatic deposition of eggs represented the most common reproductive mode. The trade-off between egg and clutch size and female size were different for different reproductive modes. In aquatic ovipositing species, clutch size was associated to female size. For species that oviposit terrestrially and exhibit parental care we find a greater egg investment. In addition, species with parental care had smaller clutch sizes indicating a k-selection scenario. The inverse relationship between clutch and egg size was similar to the pattern observed in other neotropical biomes and world regions.
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INTRODUCTION
Over the past half-century, systematic studies on amphibian reproduction have transformed our understanding of the transition from water to land in non-amniotes (Salthe 1969; Salthe and Duellman 1973; Crump 2015). Previous work has identified amphibians 	Amphibians as exhibiting the greatest reproductive diversity of reproductive modes among all other Tetrapoda (Haddad and & Prado 2005). They currently display a wide diversity of reproductive modes, which are combinations is defined as a combination of oviposition and developmental features, such as ovum and clutch characteristics (e.g., size and number of eggs), rate and duration of development, stage and size of hatchlings, and type of parental care, if any (sensu Salthe &and Duellman 1973). The current interpretation of reproductive modes in amphibians results from descriptive and quantitative aspects of life history (e.g., Hödl 1990; Magnusson and Hero 1991; Wells 2007; Hartmann et al. 2010; Vági and Székely 2023). However, Tthese many components are highly variable between clades, reflecting a complex evolutionary history underlying reproductive ecology (Liedtke et al. 2022), resulting in .at least 39 recognized reproductive modes among amphibians (Haddad & Prado, 2005). 
A general pattern in amphibian reproduction is that reproductive modes range from fully aquatic to increasingly terrestrial forms, such as direct development and viviparity (Lutz 1947; Goin & Goin 1962; Zamudio et al. 2016). This pattern variation is associated with repeatedly modifications of the standard biphasic life cycle, known as oviparity, that involves adult terrestrial phase with the deposition of eggs and external fertilization of embryos in water and metamorphosis of aquatic larvae into terrestrial juveniles (Crump 2015).
A better understanding of reproductive patterns in amphibians may emerge through the study of quantitative measures of fecundity, and, in particular, by examining the trade-off between egg size and the number of eggs produced per clutch (Crump and Kaplan 1979; Gould et al. 2022; Liedtke et al. 2014). Due to the female’s finite egg-carrying capacity and reproductive reserves, a general inverse relationship between the number of eggs produced per clutch and their size must exist (Gould et al. 2022a). Consequently, the size–fecundity relationship in anurans can be strongly influenced by the trade-off between clutch and egg size (Lack 1967; Hödl 1990; Pincheira-Donoso &and Hunt 2017). Moreover, this trade-off is also associated with other aspects of reproductive modes and environmental conditions that affect both adult and offspring survival, such as predation, competition, desiccation, and parasitism (Magnusson &and Hero 1991; Crump 2015).
Aquatic-breeding amphibians produce much larger clutches than most other species, resulting in a greater number of eggs per clutch (Crump 2015; Hartmann et al. 2010). Fecundity increases with body size in aquatic-breeding amphibians, as the eggs are smaller, they must complete rapid growth to overcome but eggs are smaller and associated with rapid growth to overcome the pressures of egg predators and the high risk of desiccation, as the aquatic system may begin to dry before development to metamorphosis is completed in freshwater ponds (Donnelly and Crump 1998; Gould et al. 2022b). In contrast, non-aquatic breeders produce much larger eggs, resulting in comparatively large offspring. One explanation for this phenomenon is that females reproducing outside water gain a fitness advantage by avoiding reducing egg predation in open water, but are required tomust produce larger eggs, as a smaller surface-area-to-volume ratio reduces evaporative water loss with a larger yolk reserve, and allowsing embryos to resist desiccation (Salthe 1965; Bradford & Seymour 1988).  The production of large eggs is also associated to large yolk reserve to provideand possess sufficient energy for hatching in terrestrial environments where nutrients are less available for embryos (Lutz 1947; Summers et al. 2007). Moreover, terrestrial deposition of eggs may be associated with endotrophic tadpoles that obtain their developmental energy entirely from the egg supply (Callery et al. 2001). In this sense, terrestrial-breeding amphibians produce larger but fewer eggs at the expense of reduced fecundity and greater survivorship of embryos (Duellman 1989; Goulden et al. 1987).
These 	The variations between reproductive patterns and fecundity are generally consistent in the Neotropical region, with evidence from a few studies showing a relationship between egg and clutch size at the assemblage level (Hödl 1990; Bitar et al. 2012; Silva et al. 2012; Jiménez-Robles et al. 2017). However, empirical evidence supporting the relationship between reproductive modes and the fecundity trade-off is still scarce in Amazonia, with most studies focusing on single species rather than broader comparative analyses (Telles et al. 2013; Pinto &and Menin 2017; Sanches et al. 2022). This represents a major gap, particularly in the Guiana Shield region, where evolutionary history and topographic complexity may influence the diversity of reproductive modes and fecundity relationships within assemblages.
To address this gap, we investigated patterns in clutch and egg size in relation to body size among anurans in Amapá, a species-rich region on the eastern versant of the Guiana Shield (Costa-Campos et al. 2022; Taucce et al. 2022). Our aim was to investigate the diversity of reproductive modes and quantitative data on egg and clutch measurements to: (1) compare the effect of female body size on clutch and egg size among different reproductive modes; (2) determine whether mean egg size is inversely proportional to mean clutch size in a comparative phylogenetic framework; and (3) examine the relationship between egg investment, female body size, reproductive mode, and parental care. By exploring these aspects, we aimed to contribute empirical data on the life history of amphibians from the Guiana Shield region.
MATERIAL AND METHODS
Study area
The city of Serra do Navio is located in the Easternmost versant of the Guiana Shield formation within the Brazilian state of Amapá. It comprises an area of 7,713 km². The average temperature varies between 25.8 to 29.0°C, and the average rainfall is approximately 2,850 mm with the monsoon period between February and May, during which monthly precipitation reaches approximately 400 mm (Alvares et al. 2013). Fieldwork was undertaken in areas located within the Parque Natural Municipal do Cancão (PNMC), the most studied area in Serra do Navio (0.90263°N, 52.00505°W and 0.90858°N, 52.00422°W). This area covers approximately 3.7 km²370 hectares of primary forest, including terra-firme rainforests, streams, open areas, and treefall gaps (Silva e Silva &and Costa-Campos 2018). The vegetation is predominantly composed of dense submontane ombrophilous forest, including non-flooded forests, riparian forests, open areas, and treefall gaps, within an altimeter range between 100 and 600 meters.
Sampling
 We sampled anurans in PNMC every three months from February 2017 to September 2019 using surveys ate breeding sites, which consists in active search species in areas of intense breeding activity (Scott & Woodward 1994). The surveys were conducted at four main breeding sites in the PNMC previously identified by Silva e Silva and Costa-Campos (2018). Two sites consisted of trails approximately 500m in legnth:: Terra Firme Trail at Cancão Forest (0.90275°N, 52.00497°W) and, River Amapari Trail (0.90083°N, 52.01347°W), whereas the latter two consisted of large permanent ponds:, Treefall Gap at Stream Cancão 01 (0.91183°N, 52.00205°W), and Treefall Gap at Cancão Forest 02 (0.91388°N, 51.99977°W).  In these areas, we searched for anurans along the trails and around the perimeter of the permanent ponds using diurnal and nocturnal active visual search and auditory censuses for species engaged in calling activity the reproductive sites of the 62 species recorded in PNMC using diurnal and nocturnal active visual searches and auditory censuses (Heyer et al. 1994). These methods were carried out by three researchers in eachall sampled areasbreeding site to collect gravid females adult specimens for posterior identification of  for obtaining quantitative data on mature ovarian eggs gravid females. For each species found in reproductive activity, we recorded (1) deposited eggs to determine the oviposition site and (2) evidence of parental care such as egg attendance and tadpole transport.
To test the relationship between egg metrics and body size, we dissected only gravid females to obtain mature oocytes of their abdominal cavity. To avoid the dissection of non-gravid females, we used indirect methods, following Reyer and Bättig (2004), to determine whether females contained eggs in the abdominal cavity: (a) visual inspection — we classified females with visibly distended abdomens (rounded bellies) as gravid and females with slender bellies as non-gravid; we also determined the presence of eggs when visible through the abdomen; and (b) tactile inspection — we identified gravid females by palpation of the belly to determine the presence of eggs. The identified gravid females were killed by the topical application of 2% Lidocaine to the abdomen, a fast-acting and effective means of euthanasia (Leary et al. 2013). We removed their ovaries to count the number of mature oocytes and measure their mean diameter with an ocular micrometer in a Zeiss stereomicroscope (Z Series Modular Zoom stereo microscope with Standard HWF10X/23 mm eyepieces). We measured the snout-to-vent length (SVL), the measurement from the tip of the snout to the cloaca, of gravid females using a digital calliper (0.01-mm precision). The voucher specimens were fixed in 10% formalin, stored in 70% ethanol, and deposited in the Herpetological Collection of Universidade Federal do Amapá (voucher numbers in Table S1 in Supplemental Data).
We classified oocyte maturity according to pigmentation, in which mature oocytes generally have pigmented animal poles, whereas immature eggs are smaller, whitish, or translucent (Méndez-Tepepa et al. 2023). For species with unpigmented mature eggs, we identified egg maturity based on the marked size distinction between mature (large) and immature (small) oocytes (Nali et al. 2014).  Egg size was based on the mean diameter of mature ovarian eggs without the gelatinous capsules surrounding the eggs (Hartmann et al. 2010). The mean diameter was obtained from measurements of 30 eggs per specimen using digital callipers (nearest 0.1 mm). The total number of mature oocytes per female determined clutch size (Liedtke et al. 2014).
We characterised the reproductive modes of each species using the classification criteria of Haddad and Prado (2005), based on direct observations of oviposition events and spawns,  larval development, and the presence of parental care.  For each species found in breeding activity, we searched amplectant pairs to record egg deposition and determine the oviposition site of species. Similarly, the presence of parental care was determined from occasional records of egg attendance or guarding behaviors, following Vockenhuber et al. (2008), characterized by the remaining of a parent with an egg mass at a fixed location positioned on top of the egg clutch, touching the egg clutch with limbs or head, and on the same leaf (in arboreal species), without touching the eggs.
The presence of tadpole/egg transportation was characterized by the observation of adults carrying eggs and/or larvae on or within their bodies other than inside the oviduct (Crump, 1996). For species in which oviposition and parental care could not be directly observed, complementary information from the literature was used to infer these aspects of their reproductive mode. We obtained information on reproductive modes reported for singles species occurring in Amazonia from primary literature indexed and searchable via Google Scholar (Google Inc., CA, USA).
Deposited eggs observed were used to determine characteristics of reproductive modes, but the small sample was insufficient to establish a relationship between clutch and body size. To obtain the relationship between egg metrics and body size, we dissected adult females occasionally found moving near calling males during reproductive activity. We used indirect methods, following Reyer and Bättig (2004), to determine whether females contained eggs in the abdominal cavity: (a) visual inspection — we classified females with visibly distended abdomens (rounded bellies) as gravid and females with slender bellies as non-gravid; we also determined the presence of eggs when visible through the abdomen; and (b) tactile inspection — we identified gravid females by palpation of the belly to determine the presence of eggs. The identified gravid females were killed by the topical application of 2% Lidocaine to the abdomen, a fast-acting and effective means of euthanasia (Leary et al. 2013). We removed their ovaries to record the number of mature oocytes and measure their mean diameter with an ocular micrometer in a Zeiss stereomicroscope (Z Series Modular Zoom stereo microscope with Standard HWF10X/23 mm eyepieces).The voucher specimens were fixed in 10% formalin, stored in 70% ethanol, and deposited in the Herpetological Collection of Universidade Federal do Amapá (voucher numbers in Table S1 in Supplemental Data).
Statistical analysis
We used snout-vent length (SVL), i. e. the measurement from the tip of the snout to the cloaca, as a body size measurement. To determine the influence of body size on egg investment, we used SVL as an independent variable in the models. We classified oocyte maturity according to pigmentation, in which mature oocytes generally have pigmented animal poles, whereas immature eggs are smaller, whitish, or translucent (Méndez-Tepepa et al. 2023). For species with unpigmented mature eggs, we identified egg maturity based on the marked size distinction between mature (large) and immature (small) oocytes (Nali et al. 2014).  Measurements of egg size were based on the mean diameter of mature ovarian eggs without the gelatinous capsules surrounding the eggs (Hartmann et al. 2010). The mean diameter was obtained from measurements of 30 eggs per specimen using digital callipers (nearest 0.1 mm). The total number of mature oocytes per female determined clutch size (Liedtke et al. 2014). We were also interested in	To test the effect of the type of reproductive mode on the relationship between body size and clutch and egg size,. Wwe classified the reproductive modes according to the oviposition site in four levels following the major categories of Haddad and Prado (2005): aquatic (eggs deposited directly in water and exotrophic tadpoles), arboreal (eggs deposited in above-water vegetation [tree leaves and holes]), semiterrestrial (eggs deposited in foam nests in subterranean chambers and exotrophic aquatic tadpoles), and terrestrial (including eggs deposited on the ground and leaf litter and exotrophic tadpoles, and including direct development of  endotrophic tadpoles). Parental care was classified into two levels: egg or tadpole attendance or guarding and tadpole/egg transportation performed by one or both parents, iasncluding transport, protection, and/or nutrition (present), or no parental care at allobserved as (absent) (Furness &and Capellini 2019)..
	Our first investigation was to test the effect of body size on clutch and egg size among different reproductive strategies. To compare the effects of body size on the number and size of oocytes, we used two generalised linear mixed models (GLMMs) with a binomial error structure. To ensure clarity and simplicity in interpreting the specific effects on each reproductive parameter, we analyzed clutch size and egg diameter in two distinct generalized linear mixed models (GLMMs) with a binomial error structure. This separate modelling avoids the complexity of a multivariate approach and provides a direct, unambiguous test for each of our questions. Thus, iIn the first model, clutch size was the response variable, and SVL and its interaction with the type of reproductive mode were added as fixed effects, whereas the variable ‘species identity’ (name of species) was included as a random factor in this model. Diameter of eggs (dependent variable expressed in mm) was analysed in the second model. ‘Species identity’ was included in this model as a random factor, and SVL and its interaction with the type of reproductive mode as explanatory variables. In these first models, we did not include phylogenetic comparative methods since they typically assume one value per species tip in the phylogeny, which prevents the use of multiple individuals per species without data aggregation. Averaging trait values across individuals would discard valuable within-species information and reduce the number of replicates. Moreover, most implementations, such as a phylogenetic generalised linear mixed model (PGLMM), cannot easily accommodate replicated observations for the same species (Goolsby et al. 2015; Adams &and Collyer 2024).
Secondly, we asked whether there was an inverse relationship between egg and clutch size among species. For this analysis, we used a phylogenetic generalised least squares (PGLS) model, in which mean egg size per species was the response variable and mean clutch size per species was a fixed effect since PGLS typically assume one value per species tip in the phylogeny. The PGLS model was running using the pgls function in the caper package (version 0.2) in R (Orme et al. 2012), to examine this relationship while accounting for the potential non-independence derived from the phylogenetic relationships between species. A third model was applied to determine this trade-off between egg size and clutch size in terms of egg investment, following Gould et al. (2022a). To obtain the variable Egg Investment, we calculated the volume of each egg based on the volume of a sphere (V = 4/3πr³). Then, we divided the total clutch volume (egg volume × total egg number per clutch) to obtain the proportion of clutch volume that each egg comprised. We included Egg Investment as the response variable in a PGLS model with female size (SVL), reproductive mode (aquatic, arboreal, terrestrial, semiterrestrial), and parental care level (present or absent) as predictors.
The phylogenetic data, including topologies and branch lengths, were obtained from the NNI-optimised maximum likelihood phylogeny (amph_shl_new) from Jetz and Pyron (2018). We measured the phylogenetic signal of the data for the PGLS models using the parameter Pagel’s lambda (λ), in which λ = 0 when traits are phylogenetically independent and λ = 1 when covariance follows Brownian motion. We then estimated the maximum likelihood value of the lambda (λ) parameter, which provides an estimate of the observed covariance among residuals (Freckleton, Harvey, and Pagel 2002; Revell 2010). GLMM analyses were carried out using the package lme4 (Bates et al. 2015) in the software R (R Core Team 2024). We log-transformed all variables to improve the normality of residuals (since the response variables did not have a normal distribution: Shapiro–Wilk normality test, P < 0.05). Details about the linear models and the assessment of their assumptions and codes are provided in the Supplemental Data S2.
RESULTS
We collected egg and clutch size data based on ovarian eggs from 92 gravid females representing37 of the 62 anuran species recorded in the study area The dataset includes representatives of all frog families occurring in the PNMC assemblage, except for Allophrynidae (Table 1). The remaining species were not included due to the absence of observed reproductive activity or gravid females at their occurrence sites during the sampling period. 
Reproductive modes
We identified eleven reproductive modes among the 37 species sampled in PNMC, resulting in an estimated ratio of modes to species of 0.29 (number of reproductive modes/number of species). The majority of species (33.3%) deposited eggs directlyin water. Aquatic oviposition was recorded for  all species of Bufonidae and for  56for 56% (n = 10) of species within Hylidae (Fig. 1A). Eight arboreal species deposited their eggs on leaves or other arboreal structures, with  exotrophic tadpoles dropping into lentic or lotic water upon hatchig (22.2%) (Fig. 1B-C). This mode was typical of Dendropsophus (n = 5)  within Hylidae and of species belonging to  Phyllomedusidae (n = 3) and Centrolenidae (n=1). Terrestrial oviposition with exotrophic tadpoles trasnported to water by adults (mode 20) was the third most common reproductive mode, recorded for poison frogs (Dendrobatidae) and their relatives (Aromobatidae) (Fig. 1D-E). The reproductive mode assigned to each species is provided in Table 1.
Clutch and egg size
The frequency of distribution of clutch sizes showed that most anuranMost species produced fewer than 500 eggs per clutch (mean = 589.5 ± 1551.2, Fig. 2A). Clutch size ranged from as few as four eggs in terrestrial species to as many as 13,970 in the aquatic species Rhinella marina. The GLMM revealed that clutch size was significantly and positively predicted bycorrelated with female body size (SVL) in aquatic species, with a estimated increase of  1.6 eggs for each 1 mm increase in body size (β = 1.62, p = 0.0006).,  but nNo significant effects of SVL were detected within arboreal, semiterrestrial, or terrestrial species (Table 2). Differences in slope between reproductive modes were negative compared to the aquatic mode, but these differences were not statistically significant (Fig. 2B). Random effects indicated moderate interspecific variation (σ² = 1.02, SD = 1.01) and residual variance of 0.154 (SD = 0.392).
Female body size did not significantly influence egg diameter across reproductive modes (P > 0.3 in all cases; Fig. 2C). Random effects showed low among-species variation (σ² = 0.14, SD = 0.37) and residual variance of 0.04 (SD = 0.2). Interaction terms between SVL and reproductive mode were nonsignificant (SVL × Arboreal: T = 0.999, P = 0.324; SVL × Semiterrestrial: T = 0.959, P = 0.343; SVL × Terrestrial: T = 0.498, P = 0.621).
 The PGLS model testing the relationship between clutch and egg size revealed a marginally significant inverse association (T = –1.865, P = 0.071). The model had an adjusted R² of 0.09 and the estimate, indicateding that a 1% increase in clutch size corresponded to an approximate 0.085% decrease in egg size (β = -0.085) (Fig. 3). The estimated phylogenetic signal (Pagel’s λ) was 0.702 (95% CI: up to 0.953), significantly different from 0 (P = 0.079) but also significantly different from 1 (P = 0.0009).
The PGLS model examining egg investment as a function of reproductive variables (SVL, reproductive mode, and parental care) revealed a significant inverse relationship between egg investment and female body size (tT = –3.94, P = 0.0004), with larger females investing proportionally less per egg. Species with terrestrial reproduction exhibited a significantly higher mean egg investment (≈177% increase; t = 2.92, P = 0.0065) relative to aquatic species. Moreover, species exhibiting parental care invested significantly more per egg (≈ 120% increase; t T = 2.29, P = 0.0289) than those lacking it. Arboreal and semiterrestrial species did not differ significantly from aquatic species in egg investment (P > 0.3). The model had an adjusted R² of 0.6847, indicating that approximately 68% of the variation in egg investment among species was explained by the model (F₅,₃₀ = 16.2, P < 0.0001; maximum-likelihood estimate of λ = 0.000, 95% CI upper bound = 0.489).
 
DISCUSSION
To date, 62 anuran species are known to occur in Serra do Navio, making it one of the richest regions for amphibian diversity in the eastern Amazon (Costa-Campos et al. 2022). Our results demonstrate high diversity in reproductive modes among anuran groups in the region.The diversity of reproductive modes recorded at our study site highlights major differences in reproductive patterns among anuran groups in this region. Of the 39 reproductive modes described worldwide (Haddad &and Prado 2005), 28.2% are represented among the anurans of Serra do Navio. This diversity accounts for 50% of all reproductive modes reported for within Amazonian forests (n = 22). Compared with other Amazonian assemblages, our study site exhibits a proportionally higher number of reproductive modes, surpassing those reported for Manaus (ratio of modes to species = 0.26; Hödl 1990), Parque Nacional da Serra do Divisor, Brazil (0.10; Souza 2002), Santa Cecilia, Ecuador (0.18; Duellman 1978, Hödl 1990), and Panguana, Peru (0.21; Hödl 1990). As previously noted by Haddad and Prado (2005), sites with greater higher species richness tend to exhibit a lower ratio of reproductive modes to speciesproportion of reproductive modes. Therefore, the ratio estimatedfound forin our study site is likely underestimatedmay ultimately be lower, as reproductive data are still lacking unavailable for approximately 40% of the local species, and additional reproductive modes may yet be documented.
Most amphibian species in our study sitespecies exhibited aquatic reproduction (mode 1) depositing eggs in lentic water bodies. This pattern agrees with observations from other sites in the Neotropical region (Hödl 1990; Prado et al. 2005; Hartmann et al. 2010; Bitar et al. 2012).  Many author have argued that mode 1 represents the most generalized and ancestral condition among amphibians, whereas other modes correspond to derived  specializationsderived specializations at higher taxonomic levels (e.g. family), associated with adaptive radiation into diverse habitats (Haddad &and Prado 2005, da Silva et al. 2012).  We also found that female body size explained variation in clutch size, but this relationship was statistically significant only for aquatic-breeding species. This pattern appears consistent across multiple biomes dominated by aquatic reproducers, such as the Atlantic Forest (Hartmann et al. 2010), Pantanal (Prado &and Haddad 2005), Chaco (Perotti 1997), and Amazonia (Hödl 1990). The most likely driver of the fecundity advantage in aquatic species is the selection for producing smaller eggs that develop more quickly in unstable environments such as temporary ponds, where the rate of predation and risk of desiccation are high. Thus, producing many smaller eggs is advantageous and allows for a positive fecundity selection as it increases the chance of at least some offspring survive by the reproductive age (Donnelly and Crump 1998; Crump 2015; Gould et al. 2022b). 
High Positive fecundity is often associated with the production of smaller offspring and lower energetic investment per egg, typical a trait commonly attributed to r-strategist speciesof r-strategists (Pianka 1970; Gomez-Mestre et al. 2012). This explains the absence of the lower significant fecundity observed relationships among terrestrial, semiterrestrial, and arboreal species, which typically exhibit a k-selected strategy characterized by the produceproduction of larger eggs that require a longer developmental periods and higher energy investment in yolk and nutrient supply, at the cost of reduced clutch sizes (Lutz 1947; del Pino and & Elinson 2003; Wells 2007; Buxton &and Sperry 2017; Gould et al. 2022a). Due to the finite egg-carrying capacity of females, an increase in egg size is necessarily associated with a decrease in clutch size. Consequently, reproductive modes in which females investing in larger eggs are characterized by exhibit reduced fecundity (Lack 1967; Smith &and Fretwell 1974). This trade-off between egg and clutch size has also been documented among Australian (Gould et al. 2022a), African (Liedtke et al. 2014), and Neotropical anurans (Hartmann et al. 2010).
Regarding egg investment, we found significantly higher per-egg investment in terrestrial species, indicating a shift from numerous small eggs in aquatic species toward fewer, larger eggs in terrestrial ones. This pattern corroborates findings from Gould et al. (2022a) for Australian assemblages, where terrestrial species showed an average increase in egg investment of 146% relative to other reproductive modes. Laying eggs outside water reduces exposure to aquatic predators but requires prolonged development and more advanced larval stages at hatching, which is why eggs must be larger (Duellman 1989; Crump 2015; Touchon &and Worley 2015; Zamudio et al. 2016). Similarly, direct-developing frogs must allocate greater energy yolk reserves to support complete embryonic development, leading to larger eggs (Callery et al. 2001). Furthermore, larger eggs have a better volume-to-surface ratio than small eggs, which reduces water loss associated with terrestrial oviposition demands a higher yolk concentration and a greater volume-to-surface ratio to mitigate the risk of desiccation (Seymour &and Bradford 1995; Furness et al. 2022).
We expected to find a similar patternhigher per-egg investment in arboreal species, which as they also deposit eggs outside water and often exhibit longer embryonic developmental periods before hatching into advanced larvaecompared to aquatic embryos (Duellman 1989; Crump 2015; Silva et al. 2020). However, our results showed no significant difference in egg investment between arboreal and aquatic species. This suggest that arboreal oviposition may constitutes a transition from aquatic to terrestrial oviposition, as observed in many arboreal species that commonly exhibit reproductive mode plasticity changing from aquatic to arboreal oviposition in the presence of egg-consuming aquatic predators (Touchon & Worley, 2015). Our sample of arboreal species was dominated by Dendropsophus species showing reproductive mode plasticity, which may explain the lack of significant differences between aquatic and arboreal eggs This may be partly explained by the composition of our arboreal sample, which was dominated by Dendropsophus species. Members of this genus are known to alternate between aquatic and arboreal oviposition sites depending on environmental conditions (Touchon &and Warkentin 2008; Touchon 2012; Zina et al. 2014). Thus, these species may not exhibit the same degree of reproductive specialization observed in strictly terrestrial species.
Our results also indicate that producing fewer but larger eggs is correlated with the presence of parental care. This pattern aligns with numerous studies demonstrating that large egg size and small clutch size are frequently associated with extended parental care (Summers et al. 2005; Summers et al. 2007; Vági et al. 2019; Gould et al. 2022), reflecting K-selected life-history strategies (Pianka 1970). Parental care increases offspring survival by reducing the exposure to environmental risks (Summers et al. 2005; Summers et al. 2007; Vági et al. 2019; Gould et al. 2022a). It allows parents to invest more resources per egg, resulting in larger bur fewer eggs, which is a typical strategy of K type selection (Pianka 1970; Ringler et al. 2023). We also confirm that this pattern is not limited to terrestrial species  Parental care in terrestrial Aromobatidae and Dendrobatidae is well-documented, with males transporting tadpoles after hatching (Weygoldt 1987; Rojas &and Pašukonis 2019). We found that Hyalinobatrachium iaspidiense, which exhibits egg guarding, produced relatively larger eggs than arboreal species lacking parental careEgg guarding of arboreal clutches is also common among glassfrogs (Delia et al. 2020), and such behavior has been reported for Hyalinobatrachium iaspidiense in our study site (Pedroso-Santos et al. 2021). Similarly, the aquatic speciesAlthough parental care is most frequent in terrestrial and arboreal reproductive modes, aquatic species such as  Pipa pipa also exhibit parental care, with which females carrying eggs embedded in dorsal pockets until hatching (Schulte et al. 2020), produces relatively larger eggs than other aquatic-breeding species. This indicates that parental care is directly associated with larger eggs even when desiccation risk is low.
 Overall, our findings provide further evidence that oviposition site, female body size, and the presence of parental care are interrelated factors shaping the trade-off between egg and clutch size. These results are consistent with the predictions of r–K selection theory. However, knowledge of the natural history of many Amazonian amphibians remains limited, particularly regarding behavior and ecology of species in the Guiana Shield. Due to the remoteness of many localities and the rarity of several species, obtaining comprehensive life-history data across broad taxonomic scales remains challenging. Nevertheless, our findings suggest that Amazonian assemblages follow fecundity patterns similar to those reported from other Neotropical regions, contributing valuable data on the reproductive biology and fecundity of anuran assemblages in the Guiana Shield..
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Table 1.
Maximum female body size (measured as snout-vent length in mm), clutch size and egg size (diameter in mm) for all species in Serra do Navio, Eastern Amazon. on reproductive modes, reproductive strategy, and parental care were obtained from field observations. Egg and clutch data were measured from mature ovarian eggs of dissected gravid females=.
	Species
	N
	Max. Female body size (mm)
	Max. Clutch size
	Max. egg size (mm) 
	Reproductive Mode
	
	Reproductive strategy

	Aromobatidae
	
	
	
	
	
	
	

	Anomaloglossus baeobatrachus
	1
	19.07
	6
	2.23
	20
	
	Terrestrial**

	Allobates femoralis
	8
	29.27
	45
	1.54
	20
	
	Terrestrial**

	Bufonidae
	
	
	
	
	
	
	

	Amazophrynella teko
	2
	20.1
	267
	0.65
	18
	
	Terrestrial

	Rhinella castaneotica
	9
	47.31
	720
	1.45
	1
	
	Aquatic

	Rhinella lescurei
	2
	56.71
	888
	1.32
	1
	
	Aquatic

	Rhinella marina
	1
	202.7
	13970
	1.21
	1
	
	Aquatic

	Centrolenidae
	
	
	
	
	
	
	

	Hyalinobatrachium iaspidiense
	3
	22.15
	30
	2.29
	25
	
	Arboreal**

	Dendrobatidae
	
	
	
	
	
	
	

	Ameerega pulchripecta
	10
	29.58
	28
	2.56
	20
	
	Terrestrial**

	Dendrobates tinctorius
	2
	52.65
	18
	1.47
	20
	
	Terrestrial**

	Ranitomeya variabilis
	1
	18.3
	9
	1.03
	20
	
	Terrestrial**

	Eleutherodactylidae
	
	
	
	
	
	
	

	Adelophryne amapaensis
	1
	14.97
	4
	2.28
	23*
	
	Direct**

	Hylidae
	
	
	
	
	
	
	

	Boana boans
	2
	98.34
	2248
	1.9
	4
	
	Aquatic

	Boana cinerascens
	1
	36.1
	249
	1.28
	1
	
	Aquatic

	Boana fasciata
	2
	50.57
	970
	0.91
	1
	
	Aquatic

	Boana geographica
	1
	50.4
	2380
	1.2
	1
	
	Aquatic

	Boana multifasciata
	1
	59.18
	1136
	0.9
	1
	
	Aquatic

	Dendropsophus counani
	6
	25.98
	153
	1.51
	24
	
	Arboreal

	Dendropsophus leucophyllatus
	1
	38.53
	356
	1.28
	24
	
	Arboreal

	Dendropsophus microcephalus
	1
	21.1
	334
	0.84
	24
	
	Arboreal

	Dendropsophus minusculus
	1
	23.51
	196
	1.16
	24
	
	Arboreal

	Dendropsophus minutus
	7
	26.6
	382
	0.94
	1 and 24
	
	Arboreal

	Osteocephalus oophagus
	2
	63.44
	338
	1.02
	6
	
	Aquatic**

	Osteocephalus taurinus
	2
	105.78
	2418
	1.38
	1
	
	Aquatic

	Phyllomedusa bicolor
	2
	124.7
	289
	2.63
	24
	
	Arboreal

	Pithecopus hypochondrialis
	2
	40.03
	65
	2.37
	24
	
	Arboreal

	Phyllomedusa vaillantii
	1
	74.2
	409
	1.63
	24
	
	Arboreal

	Scinax boesemani
	2
	33.26
	415
	1.06
	1
	
	Aquatic

	Scinx nebulosus
	1
	26.5
	196
	1.3
	1
	
	Aquatic

	Scinax ruber
	1
	44.31
	1089
	0.34
	1
	
	Aquatic

	Leptodactylidae
	
	
	
	
	
	
	

	Leptodactylus longirostris
	2
	51.1
	118
	1.84
	30
	
	Semiterrestrial

	Leptodactylus mystaceus
	1
	46.55
	482
	1.38
	30
	
	Semiterrestrial**

	Leptodactylus pentadactylus
	1
	143.08
	888
	2.18
	30
	
	Semiterrestrial**

	Leptodactylus petersii
	5
	46.85
	2456
	0.79
	28
	
	Semiterrestrial**

	Microhylidae
	
	
	
	
	
	
	

	Chiasmocleis hudsoni
	2
	23.9
	297
	1.07
	1
	
	Aquatic

	Pipidae
	
	
	
	
	
	
	

	Pipa pipa
	2
	157.78
	247
	3.46
	23*
	
	Direct**

	Strabomantidae
	
	
	
	
	
	
	

	Pristimantis chiastonotus
	2
	54.2
	30
	3.15
	23*
	
	Direct**

	Pristimantis gutturalis
	1
	37.46
	23
	0.84
	23*
	
	Direct**


*Reproductive mode infered from literature
**Species with parental care observed
***Species with parental care inferred from literature (Cassiano-Lima et al. 2020; Angiolani et al. 2023; Carrillo et al. 2023)
Table 2.
Summary output of the selected model to explain the effects of body size (snout-to-vent [SVL] in mm) and reproductive mode (aquatic, arboreal, semiterrestrial and terrestrial) on clutch size (in mm) among anurans in Serra do Navio, Eastern Guiana Shield.

	Fixed effects 
	Estimate
	SE
	t-value
	P-value

	Intercept (Aquatic)
	0.083
	1.78
	0.05
	0.9627

	SVL x aquatic
	1.62
	0.44
	3.65
	0.0006

	Mode (Arboreal)
	4.04
	2.67
	1.51
	0.1372

	Mode (Semiterrestrial)
	3.21
	4.45
	0.72
	0.4738

	Mode (Terrestrial)
	-0.26
	2.40
	-0.11
	0.9143

	SVL × Arboreal
	-1.27
	0.71
	-1.78
	0.0817

	SVL × Semiterrestrial
	-0.9
	1.08
	-0.83
	0.4097

	SVL × Terrestrial
	-0.67
	0.64
	-1.05
	0.2967

	Random effects
	Variance
	SD
	
	

	Individual (Intercept)
	1.02
	1.01
	NA
	NA

	Residual
	0.15
	0.39
	NA
	NA







Fig.ure 1. ― Field observation of reproductive mode and breedeing behavior among anurans in Amapá state, Eastern Amazon. (A) Eggs of Boana boans deposited in temporary pond (mode 1); (B) tadpoles hatch from eggs of Dendropsophus counani deposited in above-water vegetation (mode 24); (C) oviposition of Phyllomedusa bicolor in folded leaf (mode 24); (D) terrestrial eggs deposited by Allobates femoralis (mode 20); (E) male Allobates femoralis carrying tadpoles in the back; and (F) male Hyalinobatrachium iaspidiense protecting clutch deposited in leaf. 
Fig.ure 2. ― Clutch and egg size of aurans in Eastern Amazon. (A) Frequency histogram of distribution of clutch sizes and egg diameter. (B) Clutch size in relation to female body size, with regression slopes for different reproductive modes: aquatic (filled black circles and solid black line), arboreal (open black circles and dashed black line), terrestrial (filled grey circles and solid grey line), and semiterrestrial (open grey circles and dashed grey line). (C) Egg size in relation to female body size, with regression slopes for the same reproductive modes as in (B).
Fig.ure 3. ―  Inverse relationship between egg and clutch size among anurans in the eastern Amazon. Mean egg and clutch size values were obtained for 37 species and log-transformed. The phylogenetic regression line is shown. ..

