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Breeding-site selection by the poison frog Ranitomeya biolat in Amazonian bamboo forests: an experimental approach Rudolf von May, Margarita Medina-Mu¨ller, Maureen A. Donnelly, and Kyle Summers



Abstract: Habitat selection in amphibians has typically been investigated using species that breed in medium-sized to large bodies of water. So far, few studies have focused on tropical, phytotelm-breeding species. We examined habitat selection in the context of reproductive resource use by Ranitomeya biolat (Morales, 1992), a poison frog that uses bamboo internodes as breeding sites. We conducted field observations and experiments using bamboo and PVC sections to test the effect of physical and biotic factors on tadpole deposition. Our field observations indicated that water volume, as well as internode length, height, and angle, may be important for tadpole deposition. We predicted that adult R. biolat would deposit tadpoles in pools that are close to the ground, pools with high water volume, pools contained in long structures, and pools without conspecific tadpoles or heterospecific predators. Our experiments demonstrated that water volume and the length of the structure containing the pool affect the pattern of tadpole deposition. Tadpoles were also deposited more frequently in experimental pools containing no other tadpoles or no predators. Our results support the prediction that phytotelm-breeding species, to maximize their reproductive success, should deposit their tadpoles in pools with water volumes that maximize nutrient content and that present no competitors or predators. Re´sume´ : On e´tudie ordinairement la se´lection d’habitat des amphibiens chez des espe`ces qui fraient dans des milieux ` ce jour, peu d’e´tudes se sont inte´resse´es aux espe`ces tropicales qui fraient dans aquatiques de taille moyenne a` grande. A des phytotelmes. Nous examinons la se´lection des habitats dans le contexte de l’utilisation des ressources reproductives chez Ranitomeya biolat (Morales, 1992), une grenouille ve´ne´neuse qui se sert d’entrenœuds de bambou comme site de fraie. Des observations sur le terrain et des expe´riences a` l’aide de sections de bambou et de CPV ont servi a` tester les effets des facteurs physiques et biotiques sur la ponte des teˆtards. Nos observations de terrain indiquent que le volume d’eau, ainsi que la longueur, la hauteur et l’angle de l’entrenœud, peuvent avoir une importance pour le de´poˆt des teˆtards. Nous avons pre´dit que les adultes de R. biolat de´poseraient leurs teˆtards dans des cuvettes a` proximite´ du sol, des cuvettes a` fort volume d’eau, des cuvettes contenues dans des structures allonge´es et des cuvettes sans teˆtards de meˆme espe`ce, ni pre´dateurs he´te´rospe´cifiques. Nos expe´riences montrent que le volume d’eau et la longueur de la structure qui porte la cuvette affectent les patrons de de´poˆt des teˆtards. Les teˆtards sont aussi de´pose´s plus fre´quemment dans des cuvettes expe´rimentales qui ne contiennent aucun autre teˆtard, ni aucun pre´dateur. Nos re´sultats confirment les pre´dictions que, pour maximiser leur succe`s reproductif, les espe`ces qui se reproduisent dans les phytotelmes doivent de´poser leurs teˆtards dans des cuvettes contenant des volumes d’eau qui ont le contenu le plus e´leve´ en nutriments et qui n’he´bergent ni compe´titeurs, ni pre´dateurs. [Traduit par la Re´daction]



Introduction Habitat selection is a central theme in ecology and plays an integral role in population ecology, community structure, metapopulation dynamics, population genetics, and the evolution of behavior (Holt 1987; Rosenzweig 1991; Morris 2003; Binckley and Resetarits 2007). Reproductive success of animals can be enhanced by the use of places that offer favorable characteristics, such as safe retreat or sufficient food, provided that individuals are able to identify such locations (Alcock 2001). The critical role that habitat selection plays in survival and reproductive success makes it an inte-



gral component of life-history strategy that can profoundly influence population dynamics (Sutherland 1996), patterns of species distribution and abundance, and hence community structure (Fryxell and Lundberg 1997; Binckley and Resetarits 2005). Biotic and physical (abiotic) factors, including the risk of predation, the presence of competitors, and the risk of desiccation, have been demonstrated to affect habitat selection in the context of reproductive resource use in a variety of temperate and tropical aquatic ecosystems (e.g., Fincke 1992; Stav et al. 1999; Kiflawi et al. 2003a, 2003b). In amphibians, habitat selection occurs for both terrestrial and aquatic
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habitats. Studies on temperate species have shown that adults are able to discriminate among different reproductive sites available in the environment. Intra- and inter-specific predations and competition pose risks that influence the pattern of oviposition-site selection by female frogs. For example, female frogs actively select ponds that lack tadpoles, predaceous insect larva, or fishes (e.g., Resetarits and Wilbur 1989; Petranka et al. 1994; Binckley and Resetarits 2003). Similar capabilities for oviposition-site selection have been demonstrated for some tropical anurans (e.g., Summers 1999; Murphy 2003a, 2003b). In addition to these biotic factors, various abiotic characteristics (e.g., water volume, pH) can affect the pattern of habitat selection by breeding frogs. For example, adult females may choose egg-laying sites based on both water volume and presence of conspecific tadpoles (competitors) in artificial pools (Crump 1991). Most of the studies that have addressed habitat selection by adult frogs have used medium-sized to large bodies of water, and these studies have usually focused on temperate species that exhibit a typical reproductive mode in which both eggs and tadpoles develop in water (Duellman and Trueb 1986). So far, few studies have investigated habitat selection in tropical frogs, and only a small proportion of those studies have focused on phytotelm breeders (e.g., Caldwell 1993; Heying 2001; Lehtinen 2004; Rudolf and Ro¨del 2005). This is unfortunate because phytotelmata represent important components of tropical ecosystems and studies of these systems are relevant to a variety of general issues in ecology. For example, phytotelmata have been used to address ecological questions about the structuring of communities, habitat selection, nutrient cycling, and ecosystem functioning (Naeem 1990; Ngai and Srivastava 2006; Srivastava 2006). One advantage of studying phytotelm breeders is that their small size makes it possible to carry out experiments and to have sufficient replicates to rigorously investigate the factors that influence habitat selection. Neotropical poison frogs (Dendrobatidae) typically use phytotelmata for reproduction (Grant et al. 2006) and are excellent subjects for investigations of habitat selection in the context of phytotelm ecosystems. Research on these frogs may also shed light on the factors that influenced the evolutionary transition to breeding in small phytotelmata (Summers and McKeon 2004). Some progress has been made in understanding the factors affecting habitat selection by frogs using phytotelmata as breeding sites. Potential predation is a factor that is likely to have a strong impact on tadpole survival. Caldwell and de Araujo (1998) demonstrated that adult Adelphobates castaneoticus (Caldwell and Myers, 1990) in Brazil prefer to deposit their tadpoles in phytotelmata that do not contain predators. Summers (1999) demonstrated experimentally that adult Ranitomeya ventrimaculata (Shreve, 1935) in Ecuador avoid placing eggs and tadpoles in pools that contain conspecific, large tadpoles who would cannibalize newly deposited eggs or tadpoles. Previous research on the phytotelm-breeding frog Kurixalus eiffingeri (Boettger, 1895) in Taiwan suggests that females prefer to oviposit in pools with more water (Lin and Kam 2008). Pool volume may affect the availability of nutrients critical for tadpole growth and survival (Crump 1991) and could also be associated with pool duration. However, Ro¨del et al. (2004) did



Can. J. Zool. Vol. 87, 2009



not observe a correlation between oviposition-site selection and pool volume in an African phytotelm-breeder (Phrynobatrachus guineensis Guibe´ and Lamotte, 1962), and did not find an association between pool volume and duration. Hence, previous studies have suggested that water volume and the presence of potential predators may influence habitat selection in some phytotelm breeders, but this conclusion is tentative and requires further testing, using one species as a focal organism instead of testing the effect of different factors on different species. In this study, we attempted to assess the influence of these factors (and others) on breedinghabitat selection in Ranitomeya biolat (Morales, 1992), a poison frog that breeds in phytotelmata formed in bamboo plants. Ranitomeya biolat inhabits bamboo forests in the lowlands of southeastern Peru and northern Bolivia (Morales 1992; Maldonado and Reichle 2007). These forests are dominated by stands of one or two species of bamboo (genus Guadua Kunth, 1822), which covers extensive areas (>100 ha) or smaller patches embedded in other forest types. Habitat specialization is exhibited by at least four bird species (‘‘obligate bamboo specialists’’; Kratter 1997), one mammal species (Emmons 1990), and at least two ant species (Davidson et al. 2006) that live in bamboo forests in southeastern Peru. These species typically use bamboo habitat as retreat, foraging, and reproduction sites, as well as a food source in some cases. The hollow internodes of bamboo stems, which usually contain some water derived from the plant, offer a suitable habitat for terrestrial and aquatic organisms (Louton et al. 1996; Davidson et al. 2006). The aquatic microhabitat becomes available after the stem’s wall is opened by insects (e.g., weevils (family Curculionidae); Patricia Feria, personal communication (2007)) and some vertebrates (e.g., rufous-headed woodpecker (Celeus spectabilis P.L. Sclater and Salvin, 1880), brown capuchin monkey (Cebus apella (L., 1758)); R. von May, personal observation). Ranitomeya biolat uses this microhabitat for reproduction: egg clutches are deposited on the inner wall, above the water contained in open internodes; newly hatched tadpoles may drop into the pools contained in those internodes or, more commonly, are transported by adult males to other pools to complete their development (Morales 1992; von May et al. 2008; Waldram 2008). Pools contained in bamboo internodes can be utilized by up to 29 species of aquatic arthropods (Louton et al. 1996). Tadpoles feed on mosquito larvae and may prey on conspecific tadpoles when two or more tadpoles are deposited in the same internode (MedinaMu¨ller 2006). The small size of the pools makes them ideal for testing predictions concerning the factors influencing breeding-site selection in the context of tadpole deposition in R. biolat. Our major predictions at the start of the study were that frogs would favor pools with higher water volume and would avoid pools with potential predators. To refine our initial predictions, we used field observations to investigate correlations between physical properties (e.g., internode angle, height, length, diameter, and water volume) of potential breeding sites in the bamboo and the actual patterns of reproductive resource use by the frogs. We then used the results of these analyses as a guide to refine our predictions and to design a series of experiments aimed at investigating the influence of specific factors on Published by NRC Research Press
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habitat selection in the context of breeding in R. biolat. By using the frequency of tadpole deposition as a response variable, we tested the following null hypotheses: (i) pool height does not affect tadpole deposition, (ii) pool water volume does not affect tadpole deposition, (iii) length of the structure containing the pool does not affect tadpole deposition, (iv) presence of a conspecific tadpole in the pool does not affect tadpole deposition, and (v) presence of a heterospecific aquatic predator in the pool does not affect tadpole deposition. Based on the results of previous studies on other phytotelm-breeding poison frogs (Caldwell and de Araujo 1998; Summers 1999) and on the results from our observational study, we predicted that adult male R. biolat would deposit tadpoles in pools that are close to the ground, pools with high water volume, pools contained in long structures, and pools without conspecific tadpoles or heterospecific aquatic predators.



Materials and methods Study areas We conducted this study at two sites, the Tambopata Research Center (13808’S, 69836’W; 350 m elevation; hereafter referred to as Tambopata) and the Los Amigos Research Center (12834’S, 70806’W; 270 m elevation; hereafter referred to as Los Amigos). Both sites are located in the rainforests of Madre de Dios region in southeastern Peru and exhibit a heterogeneous landscape composed of terrestrial and aquatic habitats typical of the lowlands of western Amazonia (Pitman 2006). Annual rainfall is variable at Los Amigos and Tambopata, typically ranging between 2700 and 3000 mm. The dry season (usually between June and September) exhibits rainfall less than or slightly above 100 mm/month and is relatively cooler than the wet season (http://atrium-biodiversity.org [accessed on 10 February 2009]). The mean annual temperature ranges between 21 and 26 8C (Pitman 2006). Field observations We sampled 65 internodes during part of the 1998 wet season (November–December) at Tambopata and 69 internodes during part of the 2005 dry season (July–August) at Los Amigos. All internodes were sampled within a 4-week period at each location. One internode per bamboo stem was sampled to maintain independent observations. We sampled bamboo stems that had only one open internode containing water; these stems are more common than stems with two or more open internodes with water. Prior to data collection, we located bamboo internodes that contained water and attached a piece of flagging tape near the bamboo stem. We returned to the same place at night (1900–2330) and recorded physical data, opened the internode with a machete and a saw, and carefully retrieved the organisms found inside. We measured the following physical factors to describe the use of the aquatic microhabitat by R. biolat: height, measured in metres from the ground level to the internode opening; angle of the stem with respect to the ground, measured in degrees of arc; internode length, measured in metres as the distance between the lower and upper node; internal diameter of the internodes, measured in millimetres; volume
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of water contained in the internode, including organic matter, measured in milliliters. We also recorded the presence or absence of adults and eggs of R. biolat outside of water, as well as presence or absence of R. biolat tadpoles and predaceous insect larvae inside water. The latter were expected to affect the distribution of tadpoles in bamboo internodes. We expected to find significant differences between occupied and unoccupied bamboo internodes (i.e., internodes containing a tadpole versus internodes without a tadpole), which would suggest a preference for specific microhabitats. Any significant difference in these measures would suggest that tadpole deposition by adults is associated with particular physical characteristics or the presence or absence of a predator. Field experiments We conducted all field experiments at Los Amigos (the year and season in which fieldwork occurred are listed at the beginning of each section below). We designed these experiments to test whether adult male R. biolat choose tadpole deposition sites depending on physical characteristics of the bamboo internodes, such as height, water volume, and length. We used experimental pools resembling the ones found in naturally occurring broken internodes whose opening is located on the upper end of the broken stems. After the first experiment (on height), we compared the frequency of tadpole depositions in PVC sections and bamboo sections. We did this to determine whether PVC sections could be used as a surrogate for bamboo sections in the other pool-choice experiments. We also tested whether the presence of a conspecific tadpole or a heterospecific predator (a predaceous insect larva) in the pool affected the pattern of tadpole deposition by adult R. biolat. Prior to installing the experimental pools, we first located sites where we heard active males vocalizing. Sites were marked with colored flagging tape and revisited to search for pools. We used bamboo stems without open internodes to install the treatment pools in all experiments to reduce the potential effect of naturally occurring pools on tadpole deposition. Bamboo stems used as sample units were at least 1.0 m away from each other. We used string to secure the sections to the bamboo stem and to keep them at a constant height throughout the experiment. Prior to starting each experiment, we filled the experimental pools with water collected from a stream bissecting the terra firme forest. The stream was near the experiment locations and its water pH (5.46 ± 0.18, n = 20) was similar to the water contained in bamboo internodes (R. von May and M. Medina-Mu¨ller, personal observations). We measured the pH of the stream and the experimental pools using strips of Hydrion pH paper. We checked the pools every 3 days for the presence of tadpoles. We recorded which pool in a replicate contained a tadpole to determine which pool was first selected by the adult for deposition of its tadpole. If both pools in a replicate (or two or more pools in the height experiment) were found to contain a new tadpole on the same sampling day, we recorded the tadpole’s presence but did not use the data in the analysis of pool choice, as it was impossible to discern which pool first received a tadpole. We used only the first tadpole ‘‘arrival’’ in the analysis of pool choice. Published by NRC Research Press
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Height We conducted this experiment during part of the 2003 wet season. We tested whether adult R. biolat choose tadpole deposition sites depending on the height of the pool (measured at the opening of the bamboo section with respect to the forest floor). Each sample unit was a bamboo stem with four bamboo sections placed at different heights (0.2, 0.8, 1.4, and 2.0 m). We installed 25 replicates, each with four bamboo sections. Bamboo sections attached to each stem had the same diameter, contained approximately the same amount of water (160 ± 5 mL), and were placed along the same side of the bamboo stem. Bamboo versus PVC We conducted this experiment during part of the 2007 wet season. We tested whether tadpole deposition differs between bamboo sections and PVC sections to evaluate if there was any difference between natural and artificial pool use. We designed this experiment prior to the following four experiments. The use of PVC would allow us to keep the pool diameter constant in all replicates. Also, the use of PVC would minimize the disturbance to natural-occurring bamboo and to the wildlife associated with it. We tested the null hypothesis that tadpole deposition is equal in bamboo sections and PVC sections. If this hypothesis was not rejected, then the use of PVC in further experiments would be justified, as adult frogs would deposit their tadpoles indiscriminately in pools contained in this artificial structure. Each sample unit included one section of bamboo and one section of PVC, both with the same length (20 cm), similar diameter (5.1–5.8 cm), and same length of water column (14 cm, which resulted in constant volume of 300 mL in the PVC sections and variable volume about 300 mL in the bamboo sections). A node (of the bamboo stem) formed the bottom of each bamboo section, whereas a plastic cap was used to seal the bottom of each PVC section. To keep the water column with a constant volume, we drilled small holes 6 cm below the upper opening of the bamboo and PVC sections so that excess of rainwater would drain out of the sections. The holes drilled were narrower than the smallest tadpoles, so there was no risk of losing tadpoles owing to overflow (in any event, tadpoles tend to be near the bottom of pools and approach the surface only for breathing). If water level decreased, we added water (from the same source) into the sections. We installed 100 pairs, each with one bamboo section and one PVC section; both sections were placed next to each other on a bamboo stem at 1.2 m above the ground and were secured with string and kept at the same height. In addition to recording tadpole depositions, we measured weekly variation in water pH to assess whether there were differences between bamboo and PVC sections (n = 20 pairs, each with one bamboo section and one PVC section). Because we found no significant difference in tadpole deposition in bamboo sections versus PVC sections (see Results), we decided to use PVC sections for the remaining four pool-choice experiments. Water volume We conducted this experiment during part of the 2007 wet season. We tested whether adult R. biolat choose tadpole deposition sites depending on volume of water contained in
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the pool. Each sample unit included one pair of PVC sections, both with the same length (20 cm) and same diameter (5.1 cm), but with different water volumes. One section contained 300 mL and the other section contained 100 mL. We drilled small holes at the corresponding heights in each PVC section (6 and 15 cm below the upper opening of sections, respectively) to maintain a constant water volume in case of rainfall accumulation (i.e., the excess of rainwater would drain out). If the water level decreased, we added water (from the same source) into the sections. We installed 50 pairs, each with one 300 mL section and one 100 mL section; both sections were placed next to each other on a bamboo stem at 1.2 m above the ground. Length We conducted this experiment during part of the 2007 wet season. We tested whether adult R. biolat choose tadpole deposition sites depending on the length of the container, which is also related to the depth of the inner space of the pool (the portion with no water). The depth of the space between the opening of the container and the water surface was greater in long PVC sections than in short PVC sections; this also occurs in bamboo internodes under natural conditions. Each sample included two PVC sections, a long one (30 cm) and a short one (20 cm), both of which had the same diameter (5.1 cm) and contained the same amount of water (300 mL). We drilled small holes at the corresponding heights in each PVC section (6 and 16 cm below the upper opening of sections, respectively) to maintain a constant water volume in case of rainfall accumulation. If the water level decreased, we added water (from the same source) into the sections. We installed 50 pairs, each with one long section and one short section; both sections were placed next to each other on a bamboo stem at 1.2 m above the ground. Tadpole presence or absence We conducted this experiment during part of the 2007 wet season. We tested whether adult R. biolat choose tadpole deposition sites depending on the presence or absence of a conspecific tadpole. Each sample unit included one pair of PVC sections with the same dimensions (20 cm length, 5.1 cm diameter) and same amount of water (300 mL), but only one of them received a tadpole of R. biolat prior to the experiment. For this treatment, we used tadpoles of R. biolat collected during our second experiment (bamboo versus PVC). The control did not contain a tadpole. We drilled small holes, as in the previous experiments, to maintain constant water volume in case of rainfall accumulation. We installed 50 pairs of PVC sections; both sections were placed next to each other on a bamboo stem at 1.2 m above the ground. Because it was possible that the tadpole already present in the pool would cannibalize the newly deposited tadpole (usually larger tadpoles attack and consume smaller tadpoles; R. von May and M. Medina-Mu¨ller, personal observations), introducing a bias to the observed number of tadpole depositions, we conducted preliminary observations as follows. We placed a slightly larger tadpole with a newly hatched tadpole (both collected during the second experiment) in four experimental pools and observed them daily every 3 days. The smaller tadpole was not preyed upon and was observed after this time period. In fact, two pairs of tadPublished by NRC Research Press
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poles remained in the same pool for up to 6 days and one pair of tadpoles remained in the same pool for up to 9 days. Thus, cannibalism occurred after 3–9 days of tadpole cooccurrence. These observations confirm the results of previous studies on cannibalism in other phytotelm-breeding poison frogs, which showed that it may take days to several weeks for a small tadpole to be cannibalized by a larger tadpole (Caldwell and de Araujo 1998; Summers and Symula 2001). Thus, our periodic checks every 3 days would allow us to count whether new tadpoles were deposited in pools already containing a tadpole. This procedure was similar to the one used in a previous study on deposition of tadpole R. ventrimaculata (Summers 1999). Predator presence or absence We conducted this experiment during part of the 2008 wet season. We tested whether adult R. biolat choose tadpole deposition sites depending on the presence or absence of a predator. We used larvae of an unidentified species in the genus Toxorhynchites Theobald, 1901 (Diptera: Culicidae; hereafter referred to as Toxorhynchites sp.) for this experiment because it was the most common predator found in bamboo and PVC sections (see Results: field observations). Each sample unit included one pair of PVC sections with the same dimensions (20 cm length, 5.1 cm diameter) and same amount of water (300 mL), but only one of them received a larval Toxorhynchites sp. These larvae were collected using bamboo and PVC sections during the wet season of 2008. We drilled small holes, as in the previous experiments, to maintain constant water volume in case of rainfall accumulation. We installed 36 pairs of PVC sections; both sections were placed next to each other on a bamboo stem at 1.2 m above the ground. Because the larval Toxorhynchites sp. present in the pool could attack and consume any newly deposited tadpole prior to detection, each larva was enclosed inside a transparent plastic vial (55 mL plastic tube, dimensions: 30 mm  84 mm; BioQuip1 Products, Rancho Dominguez, California) submerged in the water. Only the upper end of the vial, which was suspended from the section’s edge by a string, was maintained above the water level to keep the predator enclosed in the vial and to prevent the predator from attacking any newly deposited tadpole. Each vial had three 1 mm holes drilled on the bottom to allow for exchange of water and potential chemical cues, and its upper end was open to allow for gas exchange. A similar vial, with no larval Toxorhynchites sp., was placed in the control pool. Data analysis Prior to analysis of field observations, we used normality plots and the Shapiro–Wilk statistic to test whether data from each treatment deviated from a normal distribution. Because the normality assumption was not met for some variables, we used the Kruskal–Wallis one-way analysis of variance by ranks test. The grouping variable included the three internode categories (absence of tadpole or predator, presence of tadpole, presence of predator). We used the Mann–Whitney U test to compare physical characteristics of bamboo internodes sampled at both study sites. To analyze the potential effect of the physical characteristics and predator presence on tadpole deposition, we used a logistic
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regression in which the dependent variable was presence or absence of tadpole. We used the backwards logistic regression method, which enters all variables in the first step and then drops the nonsignificant variables from the model. We used c2 tests to compare frequencies of tadpole depositions in pool-choice experiments. To analyze data from most experiments (bamboo versus PVC, water volume, length, tadpole presence or absence), we applied the Yates’s correction for continuity, as there was only one degree of freedom (Fowler and Cohen 1992). Because we obtained a marginally nonsignificant value for the experiment on length (see Results), we also present the results of a G test to point out that it would be premature to exclude the possibility that length of the container affects tadpole deposition. The G test is an alternative to the c2 test, as both tests share the same assumptions. We applied the Williams’s correction to obtain the adjusted value of G prior to checking for significance (Fowler and Cohen 1992). We estimated mean pH values measured on a weekly basis in the last three experiments to compare the mean pH level between treatments. Because the difference in pH between treatments followed a normal distribution, we used paired t tests to compare pH levels. We used Microsoft Excel and SPSS version 14.0 (SPSS Inc., Chicago) to conduct these analyses. Significance level for all tests was set at a = 0.05.



Results Field observations Our results indicated that about one third of the waterholding bamboo internodes are used by adults and tadpoles of R. biolat. From 134 bamboo internodes sampled at Tambopata and Los Amigos, 19 (14.2%) were occupied by adult or juvenile R. biolat and 27 (20.1%) internodes were occupied by tadpole R. biolat. In addition, 18 (13.4%) internodes contained tadpole predators (16 with a damselfly larva and two with a predaceous mosquito larva of Toxorhynchites sp.). The predators were identified as damselfly larvae in the genus Mecistogaster Rambur, 1842 (Odonata: Pseudostigmatidae; hereafter referred to as Mecistogaster sp.) and predaceous mosquito larvae in the genus Toxorhynchites. In addition to these two tadpole predators, we found that internodes contained nonpredaceous mosquito larvae (filter-feeders), aquatic beetles, and other aquatic arthropods. Only two physical characteristics, height and angle, were similar in bamboo internodes measured at Tambopata and Los Amigos (Mann–Whitney U test; height: U = 2235.000, z = –0.033, P = 0.973; angle: U = 1927.000, z = –1.410, P = 0.159; Tables 1, 2). In contrast, internode length, inner diameter, and water volume differed between the two study sites. Internodes measured at Tambopata were longer than internodes at Los Amigos (U = 974.500, z = –5.647, P < 0.001; Tables 1, 2), the inner diameter of internodes measured at Tambopata was larger than at Los Amigos (U = 323.500, z = –8.543, P < 0.001; Tables 1, 2), and internodes at Tambopata contained more water than internodes at Los Amigos (U = 1529.000, z = –3.180, P = 0.001; Tables 1, 2). Because of the observed discrepancy in physical characteristics of internodes measured at Tambopata and Los Amigos, we conducted separate analyses for each site. For each Published by NRC Research Press
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Can. J. Zool. Vol. 87, 2009 Table 1. Summary of physical characteristics of 65 bamboo internodes sampled during the wet season at Tambopata Center (mean ± SD). Characteristic Angle (8) Height (m) Length (m) Internal diameter (mm) Water volume (mL)



No tadpole, no predator (n = 39) 50.26±26.31 1.35±0.56 0.46±0.24 49.79±10.86 59.28±56.96



With tadpole (n = 19) 47.63±34.09 1.26±0.55 0.55±0.21 52.47±11.32 218.34±361.78



With predator (n = 7) 47.88±19.76 1.67±0.24 0.45±0.12 46.91±12.60 317.14±237.24



H* 0.105 3.062 1.612 1.477 12.311



P 0.949 0.216 0.447 0.478 0.002



Note: Three groups were identified as follows: internodes with no tadpole or tadpole predator, internodes with a Ranitomeya biolat tadpole, and internodes with a tadpole predator (e.g., damselfly larva). *Results of Kruskal–Wallis test and significance values are included in the last two columns.



Table 2. Summary of physical characteristics of 69 bamboo internodes sampled during the dry season at Los Amigos Research Center (mean ± SD). Characteristic Angle (8) Height (m) Length (m) Internal diameter (mm) Water volume (mL)



No tadpole, no predator (n = 50) 56.90±24.86 1.44±0.48 0.29±0.10 30.45±6.70 34.54±30.25



With tadpole (n = 8) 36.43±19.09 1.08±0.55 0.34±0.09 30.34±4.95 36.43±21.16



With predator (n = 11) 71.36±13.06 1.49±0.31 0.23±0.07 32.35±4.60 55.91±49.39



H* 7.188 4.199 9.207 1.898 3.052



P 0.027 0.123 0.010 0.387 0.217



Note: Three groups were identified as follows: internodes with no tadpole or tadpole predator, internodes with a Ranitomeya biolat tadpole, and internodes with a tadpole predator (e.g., damselfly larva). *Results of Kruskal–Wallis test and significance values are included in the last two columns.



data set, we compared the physical characteristics of bamboo internodes that did not contain a tadpole or tadpole predator, contained a tadpole, and contained a tadpole predator. From the Tambopata data set (n = 65), we found that only water volume varied significantly among groups (Kruskal–Wallis test; H[2] = 12.311, P = 0.002) and that internodes occupied by tadpoles or their predators contained more water than internodes without tadpoles or predators (Table 1). The other factors did not vary among groups (Table 1). From the Los Amigos data set (n = 69), we found that stem angle and internode length varied significantly among groups (Kruskal–Wallis test; angle: H[2] = 7.188, P = 0.027; length: H[2] = 9.207, P = 0.010; Table 2). Our analysis using the backward logistic regression showed similar results for Tambopata, as water volume was the only significant characteristic that affected tadpole presence or absence (B[1] = 0.100, SE = 0.004, P = 0.013). At Los Amigos, internode height and internode length were the only characteristics that affected tadpole presence or absence (height: B[1] = –2.851, SE = 1.115, P = 0.011; length: B[1] = 12.624, SE = 4.815, P = 0.009). Our observations indicated that R. biolat reproduces throughout the year, producing more clutches during the wet season than the dry season. Our results also showed that adult males, adult females, and juveniles use bamboo internodes as nocturnal retreat sites. We found that adult frogs use bamboo internodes for reproduction: 1–2 eggs are laid per clutch (n = 20), which is attached to the internal wall of a bamboo internode (but outside of the water); the embryo’s development lasts, on average, 12.5 days (n = 4, range 10–16 days) and the tadpole development lasts, on average, 85.2 days (n = 16, range 69–101 days). These



ranges of embryo and tadpole development are similar to the ranges observed for other species in the genus Ranitomeya (Schulte 1981; Summers et al. 1999; Poelman and Dicke 2007). We found that other amphibian species use bamboo internodes as a retreat site, as occasional sampling revealed the presence of Scinax ruber (Laurenti, 1768) (n = 5), Trachycephalus venulosus (Laurenti, 1768) (n = 1), Dendropsophus leucophyllatus (Beireis, 1783) (n = 1), Hypsiboas calcaratus (Troschel, 1848) (n = 1), Osteocephalus cf. leprieurii (Dume´ril and Bibron, 1841) (n = 1), and Bolitoglossa altamazonica (Cope, 1874) (n = 1). Moreover, during the 2005 fieldwork at Los Amigos, we found a total of 11 internodes (16%) that were occupied by frogs. Six of them were adult or subadult individuals of R. biolat, whereas five were other species (two T. venulosus, two S. ruber, and one D. leucophyllatus). Occasional sampling also revealed that two snake species (Imantodes cenchoa L., 1758 and Siphlophis compressus (Daudin, 1803); n = 1 in each case), as well as several spider and katydid species, use bamboo internodes as retreat sites. Field experiments Height There was no difference in tadpole deposition frequency at different heights (c2½3 = 1.22, P = 0.748). However, bamboo sections at 1.4 m were most frequently used (~33%) compared with the other height categories. We found predaceous insect larvae in two sections; one larva of Mecistogaster sp. in one section and one larva of Toxorhynchites sp. in the other section. We removed these two replicates prior to the analysis. None of the additional Published by NRC Research Press



von May et al. Fig. 1. Weekly variation of mean pH in water contained in PVC sections and bamboo (Guadua sp.) sections. Bars indicate SE and n = 20 for each mean.



459 Fig. 3. Number of tadpole Ranitomeya biolat deposited in short and long sections containing the same amount of water (300 mL). Only the first tadpole deposited (first choice) in each pair of pools was included in this comparison.



Fig. 2. Number of tadpole Ranitomeya biolat deposited in pools with high and low water volume. Only the first tadpole deposited (first choice) in each pair of pools was included in this comparison.



replicates contained tadpoles in two or more pools on the same sampling day; no additional data were removed prior to the analysis. Bamboo versus PVC There was no significant difference between the number of tadpoles deposited in bamboo and PVC sections (c2½1 = 0.853, P = 0.356, n = 75). Forty-two tadpoles were first deposited in bamboo sections, whereas 33 were first deposited in PVC sections. Only seven additional replicates contained one tadpole in each pool on the same sampling day; these data were removed prior to the analysis because it was impossible to discern which pool first received a tadpole. We also found no difference in the number of larval Toxorhynchites sp. present in bamboo and PVC sections (10 and 9, respectively). Larval Toxorhynchites sp. were found both in tadpole-occupied and tadpole-unoccupied sections. However, we observed Toxorhynchites sp. preying on a tadpole of R. biolat on only one occasion. Weekly pH measurements (9 weeks) indicated that water contained in bamboo sections was more acidic than water contained in PVC sections (t[8] = 33.022, P < 0.001; Fig. 1). The pH levels decreased through time in both treatments (Fig. 1).



Water volume Tadpole deposition in pools with high water volume was significantly more frequent than tadpole deposition in pools with low water volume (c2½1 = 5.939, P = 0.015, n = 33; Fig. 2). Twenty-four tadpoles (72.7%) were first deposited in pools with high water volume (300 mL), whereas nine tadpoles were first deposited in pools with low water volume (100 mL). Only three additional replicates contained one tadpole in each pool on the same sampling day; these data were removed prior to the analysis. We found no difference in the number of larval Toxorhynchites sp. present in sections with both high and low water volumes (three and five, respectively). An additional observation was that adult R. biolat oviposited exclusively in sections with low water volume; we found egg clutches in 10 sections with low water volume and none in sections with high water volume. In most cases (in 8 out of 10 sections), these clutches were deposited after tadpole deposition had occurred. The egg clutches were attached to the inner wall of the PVC section and were 3.5 ± 1.5 cm above the water (range 0.5–9.0 cm, n = 55 clutches in 24 different sections). Weekly pH measurements (8 weeks) indicated no difference in pH level in pools with high or low water volume (t[7] = 0.407, P = 0.696). Length The results of the c2 test suggested that there was no significant difference between the numbers of tadpoles deposited in short sections and long sections (c2½1 = 3.375, P = 0.066, n = 24). In contrast, the result of the G test indicated that tadpole deposition in short sections was significantly more frequent than tadpole deposition in long sections (G[1] = 4.209, P = 0.040, n = 1; Fig. 3). In any event, the number of tadpoles first deposited in short sections (n = 17) was more than double than the number of tadpoles deposited in long sections (n = 7). Only four additional replicates contained one tadpole in each pool on the same sampling day; these data were removed prior to the analysis. We found no difference in the number of larval Toxorhynchites sp. present in short and long sections (seven and five, respectively). We Published by NRC Research Press
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Fig. 4. Number of tadpole Ranitomeya biolat deposited in pools without a tadpole and pools with a conspecific tadpole. Only the first tadpole deposited (first choice) in each pair of pools was included in this comparison.



Fig. 5. Number of tadpole Ranitomeya biolat deposited in pools without a predator and pools with a predator. Only the first tadpole deposited (first choice) in each pair of pools was included in this comparison.



also observed that egg clutches were deposited in the PVC sections, and all clutches were deposited in long sections (n = 6). In all cases, egg clutches were deposited after tadpole deposition had occurred. Weekly pH measurements (8 weeks) indicated no difference in pH level in pools contained in short or long sections (t[7] = –0.392, P = 0.707).



tadpole deposition. Small water volume is typically associated with low nutrient levels (Noble 1931; Wassersug et al. 1981; Crump 1992), and hence, larger volumes should be associated with more nutrients and enhanced tadpole growth (Lehtinen 2004). Pool size could also influence survival if larger pools are less likely to dry out. In contrast to the results from Tambopata, we did not find an association between pool size and tadpole deposition at Los Amigos in the dry season. This is somewhat surprising, given that water volume might be expected to be an important factor under dry conditions. It is likely that the small range of water volume observed at Los Amigos reflected dry periods typical of the region’s dry season (Pitman 2006). Similarly, it is possible that increased precipitation during the wet season at Tambopata resulted in large pool sizes. In any event, water volume is not necessarily a good predictor of pool duration in phytotelmata (e.g., Ro¨del et al. 2004). The benefit of choosing a larger pool at Tambopata apparently outweighs an increased risk of predation, because predators also occurred more frequently in larger pools. Our field observations also indicate that internode length, height, and angle may be important for tadpole deposition at Los Amigos. It is possible that increased internode length or internode angle are associated with increased security (i.e., reduced predation) of tadpoles, but this is speculative. The relative importance of these characteristics was suggested by our analysis using nonparametric tests (see Tables 1, 2) and logistic regression analysis (see Results). We did not find any association between the presence of known tadpole predators and internode length or internode angle in this study. Our field experiments indicate that water volume and the length of the container affect the pattern of tadpole deposition by adult male R. biolat. These results provide experimental support for the importance of two factors predicted to affect habitat selection on the basis of previous research and on our observational studies. This is consistent with the results of previous studies on phytotelm-breeding anurans that showed that pools with high water volume are used more often than pools with low water volume (Kam et al. 1996; Lin and Kam 2008). In contrast, the observation that



Tadpole presence or absence Tadpole deposition in pools with no other tadpoles was significantly more frequent than tadpole deposition in pools containing a conspecific tadpole (c2½1 = 22.321, P < 0.001, n = 28; Fig. 4). Twenty-seven tadpoles were first deposited in pools with no tadpole, whereas only one tadpole was first deposited in pools containing a conspecific tadpole. None of the additional replicates contained a tadpole in either pool on the same sampling day; no data were removed prior to the analysis. We also found larval Toxorhynchites sp., one in a pool with no tadpole and one in a pool with a tadpole. We measured pH level only during the first 2 weeks in this experiment, and our measurements were almost identical in pools containing a tadpole and pools with no tadpole. Predator presence or absence Tadpole deposition in pools with no predators was more frequent than tadpole deposition in pools containing a predator (Fig. 5). Seven tadpoles were first deposited in pools with no predator, whereas only one tadpole was first deposited in pools containing a tadpole predator. None of the additional replicates contained a tadpole in either pool on the same sampling day; no data were removed prior to the analysis. Because the number of tadpole depositions was low, even though the experiment was run for more than 2 months, we did not use a statistical method to test for significance.



Discussion Our results indicate that the pattern of microhabitat use for tadpole deposition in R. biolat is associated with specific physical and biotic characteristics of bamboo internodes. Our field observations at Tambopata during the wet season indicate that water volume was positively associated with
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oviposition exclusively occurred in sections with low water volume seems to contradict the observation that tadpole deposition was more frequent in sections with high water volume. The reason for this discrepancy is most likely a result of a factor distinct from water volume. It seems that, for oviposition, the amount of space between the water surface and the section’s opening is more important than water volume. In our water-volume experiment, sections with low water volume offered more space for oviposition than those with high water volume (15 versus 6 cm, respectively, of space available; see Materials and methods). Because eggs are laid 3.5 ± 1.5 cm above the water (range 0.5–9.0 cm; see Results), the space available for oviposition in sections with high water volume may not be attractive to the adults because clutches would be too close to the opening (and may end up exposed to desiccation or other risks). Moreover, because tadpoles are typically transported to other pools, water volume may not be the most important factor for oviposition-site selection. Our results from the length experiment, in which egg clutches were deposited only in long sections (water volume was the same in short and long sections), also suggest that the availability of space is more important than water volume for oviposition. We observed an apparent discrepancy in terms of internode length. Field observations at Los Amigos showed that long internodes were more frequently occupied by tadpoles than short internodes (suggesting that adult R. biolat prefer to deposit tadpoles in longer internodes), whereas poolchoice experiments showed that short sections were selected more often than long sections. This discrepancy may be a consequence of comparing pool use under natural conditions, where multiple physical and biotic characteristics vary at the same time in contrast to the experimental conditions, where all but one characteristic remained equal. We think that frogs may have chosen short sections over long sections in our experiment because they were able to see into the pools more easily and detect potential predators (e.g., Mecistogaster sp. and Toxorhynchites sp.). Long sections (or internodes) are darker near the bottom than short sections and may interfere in the ability of frogs to detect a potential predator prior to tadpole deposition. Moreover, long sections provide more space for snakes and other terrestrial predators that could potentially prey on the adult frogs. However, because predators like snakes are relatively uncommon inside bamboo internodes (we found only two snakes throughout our study; likewise, Louton et al. (1996) found only two snakes in their study), the risk of entering a long internode under natural conditions may be offset by the benefit of finding a large pool. Thus, in the context of pool selection under natural conditions, frogs may favor pools containing the maximum water volume, which typically occur in longer internodes. In our choice experiments, tadpoles were also more frequently deposited in pools containing no other tadpoles. Selection of tadpole-free sites provides obvious benefits in this species because tadpoles are cannibalistic (Medina-Mu¨ller 2006). A strong aversion to placing tadpoles in pools that already contain another tadpole has been found in other species of phytotelm-breeding dendrobatids that show larval cannibalism (e.g., Summers 1999). Tadpoles are also potential competitors for the limited nutrients available in phyto-
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telmata (Crump 1992), providing another reason to avoid placing more than a single tadpole in a pool. Aversion to placing eggs or tadpoles in pools with potential competitors has been found in a variety of other frog species in both the tropics (e.g., Murphy 2003b) and in temperate systems (e.g., Resetarits and Wilbur 1989). However, it has been shown that some phytotelm-breeding species whose larvae do not engage in cannibalistic interactions prefer to oviposit in pools occupied by conspecific tadpoles, as their presence may indicate a low predation risk (Rudolf and Ro¨del 2005). Even though we had a small number of observations in the choice experiment on predator presence or absence, our results suggest that male R. biolat avoided depositing tadpoles in pools occupied by predaceous insect larvae. This has been observed in only a few other poison frog species (e.g., Caldwell and de Araujo 1998; Downie et al. 2001). Predaceous mosquito larvae (Toxorhynchites sp.) and damselfly larvae (Mecistogaster sp.) pose an obvious risk to newly deposited tadpoles. Priority effects will probably determine the success of tadpole survival in these pools, i.e., it is more likely for a tadpole to survive if it is deposited in a predator-free pool than in a pool containing a predator. In contrast, the fact that only one larval Toxorhynchites sp. was present in a pool containing a tadpole (in the tadpole presence or absence experiment) suggests that predaceous insect larvae that hatch in a pool already occupied by a tadpole also experience the risk of predation. Laboratory observations have shown that tadpole R. biolat may prey on larval Toxorhynchites sp., particularly if these larvae are relatively young (R. von May, unpublished data). The preference for deposition in larger pools without tadpoles (and without heterospecific predators) supports the general prediction that frogs, to maximize their reproductive success, should deposit their tadpoles in pools with water volumes that maximize nutrient content (which is generally correlated with large size) and present no conspecific competitors or predators (Crump 1992; Petranka et al. 1994; Caldwell and de Araujo 1998; Downie et al. 2001). We observed the presence of tadpole predators in pools containing more water than unoccupied pools (Tables 1, 2) and there was an overlap between the volume of pools containing tadpoles or tadpole predators. In particular, a minimum volume of 100 mL is necessary to support damselfly larvae in pools contained in tree holes (Fincke 1992). Hence, tadpoles deposited in pools containing relatively high water volume (>100 mL) may benefit from increased nutrient availability but, at the same time, face the risk of being attacked by predaceous insect larvae. There is typically a trade-off between these two constraints, but the importance of nutrition or other preferred characteristics may be particularly high in the small pools that form in bamboo, and in other phytotelmata (Crump 1992; Poelman and Dicke 2007). The fact that adult R. biolat deposit tadpoles in artificially created bamboo sections suggests that bamboo microhabitat is limited at the study sites. Even though artificial (PVC) and natural (bamboo) sections differed in pH levels, tadpole deposition was similar in both pool types. This result indicates that artificial containers resembling bamboo internodes can be useful to test predictions related to pool choice. In sites where microhabitat is abundant, it is probable that frogs will select the internodes that offer the best physical Published by NRC Research Press
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characteristics (e.g., more water, more food, no predators). This has been seen in other frog species that use bamboo microhabitat. For example, K. eiffingeri in Taiwan select bamboo internodes that contain more water, are closer to the ground, are longer, and have a larger internal diameter (Kam et al. 1996). Likewise, Mantella laevigata Methuen and Hewitt, 1913 in Madagascar select bamboo pools that are closer to the ground and contain more water (Heying 2001, 2004). The availability of phytotelmata can strongly influence the population ecology of anuran species that depend on these kinds of pools as a reproductive resource (Donnelly 1989a, 1989b; Heying 2004). In turn, habitat selection in the context of reproductive site choice may amplify the effects of phytotelm availability on the population ecology of phytotelm-breeders by affecting patterns of residency on a local scale and patterns of abundance on a regional scale. Effects of this nature have been documented in temperate systems for anurans and other taxa (Binckley and Resetarits 2005; Resetarits 2005), but have not yet been evaluated for tropical taxa. In summary, our results indicate that water volume, internode length, presence of conspecific tadpoles, and presence of predaceous insect larvae affect the pattern of tadpole deposition by adult male R. biolat. It is possible that the combination of two or more of these physical and biotic factors will affect the use of bamboo internodes as the primary reproductive resource under natural conditions. Our study corroborates the importance of combining field observations and experiments to assess the use of reproductive resources by phytotelm-breeding species. A similar approach is suggested for other studies that focus on anurans and other organisms with reproductive modes that involve different types and sizes of water bodies.
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