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Abstract 

One third of amphibians are threatened with extinction and the number of amphibian 

captive breeding programs (CBPs) is increasing as components of recovery strategies. 

However, the success rate of amphibian CBPs is only 50%, and may be limited by 

health problems resulting from inadequate husbandry knowledge. I investigated the role 

of husbandry in the occurrence of Spindly Leg Syndrome (SLS), a limb development 

disease, in a population of captive-bred Andinoabes geminisae tadpoles at the Panama 

Amphiban Rescue and Conservation Project (PARCP). I found that that vitamin 

supplementation and filtration method of tadpole rearing water may affect SLS 

prevalence and that decreasing tadpole husbandry intensity delays the development 

time of tadpoles. A fortuitous accident during one of my experiments provided 

compelling evidence that phosphate exposure may also be a key factor in the 

occurrence of SLS. Accompanying my SLS work, I described the tadpoles of 

Andinobates geminisae and Oophaga vicentei (Vicente’s dart frog) using tadpoles that 

died of baseline mortality during my experiments. Combined, my work demonstrates that 

CBPs can serve beyond their immediate conservation purpose to facilitate important 

research on the biology of the species they hold. 

 

Keywords:  amphibian conservation, tadpole, captive breeding programs, ex situ 

conservation, poison dart frogs, spindly leg syndrome. 
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Chapter 1. Introduction 

Originating over 300 million years ago and comprising over 8,000 species, the 

Class Amphibia (or the amphibians) is one of the most ancient and diverse groups of 

vertebrates today (AmphibiaWeb 2019; Dodd 2010; Wells 2007). The number of 

amphibian species described has more than doubled since 1985 (AmphibiaWeb 2019) 

and continues to grow by 128-172 new species per year (Tapley et al. 2018). Ironically, 

amphibians are simultaneously undergoing global declines with projections of reducing 

the number of frog species by 7% over the next century, based on extinction data from 

1971-2001 (Alroy 2015). This “profoundly disturbing paradox” (AmphibiaWeb 2019; 

Hanken 1999) challenges modern herpetologists, who are faced with the task of 

studying a class of animals that may be disappearing faster than it can be described 

(AmphibiaWeb 2019; Alroy 2015; Crawford et al. 2010).  

Amphibian declines affect everyone; amphibians are an important source of 

protein in some cultures (Ribas & Poonlaphdecha 2017; Gonwou & Rödel 2008), and 

their skin secretions, which have been used in traditional medicine for millennia to treat 

inflammation, infection, parasites and cancer, have vast pharmaceutical potential 

(Rodríguez et al. 2017); amphibians may control insect agricultural pests and vectors of 

human disease (Hagman & Shine 2007; Kagemann & Han 2015.; Khatiwada et al. 2016; 

Raghavendra, Sharma, & Dash 2008) and their disappearance is documented to have 

cascading effects on ecosystem structure and function, (Connelly et al. 2008; Ranvestel 

et al. 2004; Whiles et al. 2006). Lastly, amphibians hold aesthetic and cultural value. 

Amphibians are represented in film and literature, inspire artwork, and are important 

symbols of fertility, good fortune, and rebirth in many cultures (Crump 2015; Tapley et al. 

2011). Amphibians are also increasingly popular as pets (Tapley et al. 2011), and 

childhood encounters with amphibians can provide formative learning experiences about 

the natural world. 

While extinction is a natural process, current amphibian declines are far from this 

- the extinction rate of amphibians is four times measured background rates, and 

declines are primarily caused by human activity (Tapley et al. 2015; Gascon et al 2007). 

Many threats to amphibians can be mitigated through policy and law enforcement (eg. 

habitat loss, pollution, invasive species, and overexploitation), but climate change and 
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the spread of fungal pathogens Batrachochytrium dendrobatidis (Bd) and 

Batrachochytrium salamandrivorans (Bsal) has triggered a seemingly irreversible series 

of species extinctions, even in areas of pristine and protected habitat (Scheele et al. 

2019; Tapley et al. 2015; Stuart & Sutherland 2014; Gascon et al. 2007). In these cases, 

the only way to safeguard some species from extinction is to keep them in conservation 

breeding programs (CBPs) in addition to ongoing in situ conservation efforts until we find 

a way for them to persist in the wild.  

Captive breeding can be thought of as the open-heart surgery of conservation 

biology: it is expensive, risky, and should only be used when preventative measures and 

less invasive treatments have failed. Unlike open-heart surgery, captive breeding is not a 

well-established emergency procedure; each new case brings novel complications that 

are overcome largely through trial and error, and subsequently, the success rate of 

amphibian CBPs is only 54% (Biega 2017). Another contrast between these two 

emergency practices is their level of research activity. The Journal of Cardiac Surgeons 

has produced 34 volumes since 1980 with articles on methodology, case reports, and 

cardiac health that continue to inform the treatment and prevention of cardiac disease, 

while little to no information gleaned from amphibian CBPs is published, and the 

knowledge pool on amphibian CBPs is stagnating in comparison. While captive breeding 

programs may be necessary to prevent the extinction of some species, it is currently 

hard to justify such expensive and drastic procedures when the success rate of these 

programs is only 54%. I argue that the success rate of CBPs is at least partially 

constrained by idiopathic (of unknown cause) amphibian diseases, but that CBPs have 

the potential to determine effective treatments for these diseases using a scientific 

approach. I also argue that CBPs could increase their value by increased publication of 

information on the rare species they hold, thus further justifying the existence of such 

programs. This thesis addresses the problem of low success in captive breeding 

programs due to captivity-specific health problems. 

Of course, a high likelihood of captive breeding success alone cannot ensure the long-

term persistence of a species. The success of captive breeding programs in reducing the 

extinction risk of wild populations depends on a variety of other factors, including the 

size of the source population, the number of release events, the number of captive bred 

individuals released, and the survival and reproductive success of captive-bred 

individuals post-release (McCleery et al. 2014; Heinrichs et al. 2019). Furthermore, if the 
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in situ conditions responsible for wild population declines are not addressed, then any 

positive effects of CBPs on wild populations will only be temporary (Heinrichs et al. 

2019). Captive breeding and release programs also pose risks. CBPs can negatively 

impact wild populations through the removal of scarce remaining wild individuals for use 

in founder populations (McCleery et al. 2014; Heinrichs et al. 2019). There is always a 

risk due to the transmission of new diseases (Woodford & Rossiter 1994). A further 

concern is unwanted genetic change:(Willoughby and Christie 2018; Araki et al. 2009; 

Araki et al. 2007). For example, the relative reproductive success of steelhead trout 

(Oncorhynchus mykiss) is reduced by as much as 40% per generation bred in captivity 

due to genetic effects, and interbreeding between wild and first generation captive-bred 

individuals results in offspring with an overall reproductive fitness that is only 55% that of 

the an individual born of two wild born parents (Araki et al. 2007). Overall, the potential 

benefits of CBPs should therefore be carefully weighted against their risks (Araki et al. 

2007; Araki et al. 2009; McCleery et al. 2014; Heinrichs et al. 2019) when deciding 

whether to include CBPs in conservation initiatives.  

Hindlimb paralysis, Spontaneous Metamorph Death (SMD), edema, and various 

skeleto-muscular deformities are just a few examples of the idiopathic diseases that 

commonly affect amphibians held in captivity (Ferrie et al. 2014; Wright and Whitaker 

2001; Jorge Guerrel pers. comm.). Superficially, many of these diseases appear to occur 

spontaneously, but their high frequency in captivity and their absence in the wild 

suggests that they are the result of failure to meet some specific husbandry need - water 

quality, nutrition, substrate choice, temperature, or something else (Ferrie et al. 2014; 

Wright & Whitaker 2001). These diseases threaten the success of captive breeding 

programs. For example, the Oregon Spotted Frog Recovery Team lost 30% of their 

head-starting population of tadpoles at Canadian facilities to body edema of unknown 

etiology in 2008 (Gielens et al. 2008), and the Panama Amphibian Rescue and 

Conservation Project (PARCP) lost over 50% of captive-born metamorphs of a critically 

endangered species of poison dart frog to Spindly Leg Syndrome, a deformity of the 

limbs of unknown etiology (PARCP unpublished data 2017). Scientific investigation of 

the potential husbandry factors influencing the incidence and severity of idiopathic 

captivity-related diseases could raise the success rate of captive breeding programs and 

improve our understanding of the general needs of captive amphibians.  
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Many of the species brought into amphibian CBPs are cryptic, with little to no 

published information available on them from the wild. For example, the vanishing 

robber frog (Crugastor evanesco) is appropriately named because it had nearly 

disappeared from its home range due to the Bd-caused fungal disease chytridiomycosis 

by the time it could be described and taken in for captive breeding at the Panama 

Amphibian Rescue and Conservation Project (PARCP), where all remaining individuals 

now reside. Likewise, the last remaining female of an unknown Craugastor species at 

the PARCP died before anything on her species could be described (Ryan et al. 2010; 

Roberto Ibanez pers. comm.). The possession of these cryptic species in captivity 

provides a unique opportunity to publish novel data on their behaviour, natural history, 

and biology, including descriptive information (calls, behaviour, adult or tadpole 

morphology) that would otherwise be unattainable and could be used in species-specific 

search and recovery efforts in the wild. Sufficient time and energy should be allocated 

into processing and publishing these data not only for conservation initiatives, but also 

for the field of herpetology in general.  

My thesis exemplifies the process of developing evidence-based treatments of 

captivity-related amphibian disease and the production of publishable CBP-based 

information. Under the auspices of the NSERC CREATE RenewZoo internship program, 

I worked at the Panama Amphibian Rescue and Conservation Project (PARCP) for 15 

months to carry out the two components of my thesis work. First, I experimentally 

investigated the possible causes of Spindly Leg Syndrome (SLS), a leg deformity that 

was severely limiting the survival of young poison dart frog metamorphs at the PARCP. I 

carried out two experiments between July and December 2017 and March and August 

2018 to test if qualities of the tadpole rearing water or tadpole husbandry, respectively, 

were important factors in the prevalence of SLS. I spent my remaining time at the 

PARCP describing the eggs and tadpoles of the two species of dart frog held at the 

PARCP, with a view to improving the scarce taxonomic knowledge base for dendrobatid 

tadpoles. My work resulted in significant improvement in the reproductive output and 

survival of poison dart frogs at the PARCP and the production of two manuscripts in 

under two years, demonstrating the importance and feasibility of such studies.   
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Chapter 2. Two dendrobatid tadpole descriptions 
from Panama with notes on their eggs (Anura: 
Dendrobatidae; Andinobates and Oophaga1 

Abstract 

Dendrobatids (family Dendrobatidae) are a highly diverse group of neotropical frogs 

whose systematics are complex and unstable. Like most amphibians, dendrobatids are 

under severe pressure from habitat loss and disease and are in critical need of 

conservation action, including the generation of up-to-date ecological range data. 

Tadpole morphology can help resolve phylogenetic questions and so contribute to 

conservation, but few dendrobatid tadpoles have been described to date. Due to the 

small size, cryptic behaviour, and remote habitat locations of many species, finding the 

tadpoles of dendrobatids in the wild can be very difficult. Due to an absence of 

information, few biologists have attempted to identify free-living dendrobatid tadpoles in 

the field, limiting the sensitivity of search efforts for species of conservation concern. 

Likewise, few dendrobatid eggs have been officially described, and the detection of egg 

masses in the wild as a useful survey tool has not been explored. We describe the eggs 

and tadpoles of Andinobates geminisae and Oophaga vicentei. We found that the 

tadpoles of both species are morphologically indistinguishable from congeneric species 

and that their morphologies are consistent with existing hypotheses on their systematics 

and evolution.  

Key words: Amphibia, Anura, Dendrobatidae, larvae, tadpoles, eggs, morphology, A. 

geminisae, O. vicentei, Poison Dart Frog, Panama 

                                                 
1 This chapter is a draft of a manuscript of the same name, authored by K. Higgins and R. Ibáñez, 
written for the journal Zootaxa. 
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Introduction 

The superfamily Dendrobatoidea contains 314 species of Poison-Dart Frog, 

divided between families Dendrobatidae (194 spp.) and Aromobatidae (120 spp.) on the 

basis of genetic similarity and the differential ability to produce skin toxins (Frost 2018; 

Grant et al. 2006). Known for their aposematic coloring and complex parental care 

behaviours, dendrobatids (family Dendrobatidae) have been studied extensively in 

behavioural ecology, evolution, and diversity, especially to answer questions on the 

evolution of reproductive behaviours (e.g., Brown et al. 2008; Sánchez 2013; Weygoldt 

1987; Silverstone 1975; Savage 1968) and color polymorphism (e.g., Richards-Zawacki, 

Wang and Summers 2012; Rudh, Rogell and Höglund 2007; Wang and Summers 2010). 

The skin toxins produced by dendrobatids are also of great biomedical interest because 

of the precise physiological effects of the compounds in their skin (Daly et al. 2000; 

Myers and Daly 1976). 

Family Dendrobatidae is a taxonomically complex and diverse group subject to a 

great deal of phylogenetic debate. Grant et al. (2006) placed Dendrobatidae as a family 

within the superfamily Dendrobatoidea, along with several major revisions including the 

division of the genus Dendrobates (Silverstone 1975) into 5 smaller genera 

(Dendrobates, Adelphobates, Oophaga and Ranitomeya), the division of genus 

Epipedobates (Myers 1987) into Allobates, Ameerega, and Epipedobates, and the 

division of the genus Colostethus (Cope 1866) into Allobates, Anomaloglossus, 

Colostethus, Hyloxalus, Rheobates, and Silverstoneia (Grant et al. 2006, Grant et al. 

2017). Despite the initial critiques to Grant et al.’s 2006 phylogeny, it was eventually 

accepted by most. Further division of Ranitomeya and Dendrobates resulted in the 

creation of new genera Excitobates (Twomey and Brown 2008) and Andinobates (Brown 

et al. 2011) and, most recently, Grant et al. (2017) proposed the creation of two 

additional genera: Ectopoglossus and Leucostethus.  It is clear there are still many 

unresolved questions in poison dart frog systematics (Grant et al. 2017). 

Tadpole morphological traits can be used to hypothesize phylogenetic groupings 

in dendrobatids (Grant et al. 2017; Myers and Daly 1980; Sánchez 2013), but 
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researchers historically have shown little interest in tadpoles, and tadpole information is 

scarce. This lack of interest is probably at least in part due to personal preference for 

more charismatic adults, but also because locating tadpoles can be challenging, 

especially for species who deposit single tadpoles into distantly separated phytotelmata 

in logistically and physically challenging environments (Grant et al. 2017). We don’t have 

enough knowledge of dendrobatid tadpoles to identify them to species based on 

morphology; therefore, we rely on witnessing a positively identified nurse frog 

transporting the tadpole(s) for its’ identification. Consequently, tadpole descriptions are 

usually based on specimens from early developmental stages when tadpoles are being 

transported (Grant et al. 2017; Sánchez 2013). However, tadpoles may not display all 

taxonomically relevant morphological characters at such early stages (e.g., tail fin size, 

body proportions and tooth row number (Grant et al. 2017). This limits the utility of these 

specimens in phylogenetic, developmental or evolutionary studies. The ability to 

morphologically distinguish free-living dendrobatid tadpoles could also aid in the 

generation of ecological and range data for species of conservation concern by means 

of (a) determining species presence and mating based on tadpole presence, and (b) 

locating high density tadpole nursery sites and prioritizing them for protection. Therefore, 

more complete data on tadpole morphology, from a variety of developmental stages and 

localities, would facilitate ecological and behavioural studies, contribute to conservation, 

as well as to the development of new phylogenetic hypotheses for this interesting and 

highly diverse taxon (Grant et al. 2017; Sánchez 2013).  

Dendrobatid egg size and morphology represent another knowledge gap.  These 

data are seldom mentioned in the literature. Descriptive data on egg masses is also 

scarce – descriptions are typically of eggs removed from dissected females and rarely 

describe more than the color of the preserved eggs after their removal. As with tadpole 

data, basic information on the size and appearance of different dendrobatid eggs might 

allow to detect species present in the field without relying on sighting adults. Dendrobatid 

eggs from a variety of species are available for measurement and description in captive 

populations - it is just a matter of prioritizing the publication of this information.  

The Smithsonian’s Panama Amphibian Rescue and Conservation Project houses 

assurance populations for two species of dendrobatid frogs: Andinobates geminisae and 

Oophaga vicentei. As part of a study on tadpole health issues, tadpole deposition, 

development, and survival from both captive populations have been monitored at this 
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facility. The frequency of the monitoring allowed us to find and preserve several dead 

tadpoles from baseline mortality events before their bodies decomposed (usually no 

more than 24 hours dead before preservation).  We took advantage of this opportunity to 

describe the tadpoles of these two species, using specimens from a variety of life 

stages. We also provide brief description of the eggs of these two species, along with 

the size of the eggs and embryos.  

The tadpoles of both species were morphologically typical of their genera, and 

could not be distinguished from their closest congeneric relatives on the basis of the 

observed and recorded character states. These findings are consistent with the pattern 

that tadpole morphology is very similar, if not the same, for closely related species, 

suggesting that tadpole similarity is indicative of evolutionary proximity within this family. 

We photographed the eggs of both species and used digital imaging software to 

measure the embryos and eggs, when possible.  

2.1. Andinobates geminisae Tadpole and Egg Description 

Introduction  

Originally considered part of the genus Ranitomeya, the dendrobatid genus Andinobates 

is fairly new (Brown et al. 2011). It currently contains fifteen species, with the most 

recent species described in 2017 (Brown et al. 2011; Frost 2018; Márquez et al. 2017). 

Known members of this genus occur in the forests of Colombia, Ecuador and Panama 

(Frost 2018). Andinobates geminisae is distinct from other congeneric species because 

of its uniform orange coloration and its’ unique male advertisement call (Batista et al. 

2014). The Four species of the genus Andinobates are present in Panama: A. claudiae, 

A. fulguritus, A. geminisae and A. minutus (Batista et al. 2014; Brown et al. 2011), A. 

geminisae being the most recently described species (Batista et al. 2014). Nothing has 

been published on the reproductive biology, behaviour or larval morphology of A. 

geminisae since its description in 2014. A. geminisae is endemic to a small area in the 

Caribbean lowlands of Panama (Roberto Ibáñez, pers. comm.; Batista et al. 2014), 

where copper mining operations are being developed. This potential threat creates a 

pressing demand for more biological information pertinent to the conservation of this 

species (Batista et al. 2014). 
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Tadpole descriptions are available for seven out of fifteen species of Andinobates 

(Table 2-1). Of these seven descriptions, only three are complete, i.e., they have a 

sample size greater than one and are not limited to back-riding individuals of stage 25 

(Gosner 1960). Of the four Andinobates species from Panama, only the tadpole of A. 

minutus has been described, with a complete description in Silverstone (1975). So far, 

within Andinobates, sympatric species cannot be distinguished on the basis of free-living 

tadpole morphology, but this may be due to a lack of adequate data. For example, free-

living tadpoles suspected to be those of A. altobueyensis and A. fulguritus were found in 

water-filled leaf axils in Alto Del Buey and Camino de Yupe, Colombia, respectively 

(Silverstone 1975). These individuals could not be morphologically distinguished from A. 

minutus because A. altobueyensis and A. fulguritus tadpoles had yet to be described 

(Silverstone 1975).  

Here we describe the tadpoles of Andinobates geminisae using n = 40 tadpoles 

ranging between stages 25-43 (Gosner 1960). Based on this new description, the 

tadpoles of A. geminisae are distinguishable from all other sympatric phytotelm-dwelling 

dendrobatid larvae on the basis of their size, colour, and features of the oral apparatus, 

with the exception of the closely related A. minutus, which is morphologically identical to 

A. geminisae for the traits examined in this description, but of least concern for 

conservation, according the IUCN (2018). We also provide a brief description of the size 

and appearance of A. geminisae eggs. This is the first egg description from the freshly 

laid eggs of a captive female for this genus; the only previous description (Silverstone 

1975) was for dissected eggs from wild-caught A. minutus females.  

Materials and Methods 

Tadpoles 

As part of ongoing experiments to determine the cause of limb deformities in the 

Panama Amphibian Rescue and Conservation Project’s (PARCP) assurance population 

of A. geminisae between the months of May 2017 and July 2018, we monitored tadpoles 

for mortality three times a week, and dead individuals were collected and preserved as 

they were found. All tadpoles were preserved in 10% formalin or ≥ 70% ethanol. We took 

measurements of body length (BL) and total length (TL) using a Leika dissecting 

microscope and 1 mm2 graph paper under a petri dish containing each specimen (n = 
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40). We examined two additional specimens for comparison from the Círculo 

Herpetológico de Panamá (CH 3026 and CH 3042, collected from Altos de Campana, 

and Llano Cartí Rd. in the provinces of Panamá Oeste and Panamá, Panama, 

respectively). Figure 2-2 is based on Anganoy-Criollo’s (2014) presentation of length 

data for tadpoles. This method of presenting size data effectively demonstrates length 

variation in each stage and illustrates a general length growth pattern over the course of 

development. Terminology follows that of McDiarmid and Altig (1999). For labial tooth 

row formulas (LTRF), we used the “fractional designation” LTRF described in McDiarmid 

and Altig (1999) and exemplified by Altig (1970). Developmental stages refer to Gosner 

(1960) and summary statistics of the mean and standard deviation for body and total 

lengths were calculated using R Statistical Software (R Core Team 2018). 

Eggs 

Breeding tanks were also monitored for the appearance of new clutches three 

times weekly. During the last two weeks of work we placed freshly laid eggs in Gosner 

stages ≤ 3 on laminated 1 mm2 graphic paper and photographed them before returning 

them to their original deposition sites for their continued development. The measuring 

process had no apparent effect on the fertility of these clutches and they continued their 

development into tadpoles normally. The diameter measurements for the embryos and 

jelly capsules represent the mean diameter of two diameter measurements that cross at 

a 90-degree angle. Egg embryo diameter and total egg diameter were measured using 

Fiji digital imaging software (Schindelin et al. 2012).  

Results 

Tadpoles 

The body is oval-shaped and depressed. Eyes and nares are positioned dorsally, 

oriented dorso-laterally. The spiracle is sinistral and vent tube is dextral. The oral disc is 

round with a very slight lateral indentation (Figure. 2-1). The posterior labium is lined 

with a single row of oral papillae that extend the bottom lateral corners of the anterior 

labium. Dental formula is 2(2)/3[1], although the apparent variation in the presence of a 

posterior labial tooth row gap may have been due to the loss of denticles in lower quality 

specimens. The beak is massive and serrate, and the mouth is oriented antero-ventrally. 
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In 10% formalin, the larvae are greyish brown dorsally and light grey to transparent 

ventrally. The tail fin is light grey or translucent and nearly reaches the body (Figure. 2-

1). Live tadpoles were dark grey to black dorsally, with a lighter grey ventral side. The 

tail tip is rounded and translucent (Figure. 2-1). Table 2-1 presents this information 

alongside corresponding morphological information available for 14 other species of 

Andinobates for comparison.  

A total of 10 different stages were measured for BL and a total of 8 stages were 

measured for TL (Table 2-2). Fewer samples were included in total body length 

measurements because of decomposition or damage to the tail tips. TL ranged between 

9.6 and 24.4 mm from stages 25 through 42, respectively (Table 2-2). BL was less 

variable compared to total length (Table 2-2, Figure 2-2), ranging from 3.4 mm in stage 

25 to 7.4 mm in stage 43. The ratio of mean BL to mean TL was conserved between 

0.32 and 0.35 mm for all stages sampled (Table 2-2, Figure 2-2). 

Eggs 

Viable clutches of A. geminisae eggs of stage ≤ 3 were examined (n = 16). In our 

sample, the number of eggs per clutch was one (n = 14) or two (n = 2). While eggs from 

the same clutch were always in close contact, the translucent jelly capsules surrounding 

each egg (n = 18) were discrete. The embryos were either solid dark grey in color, or 

dark grey with varying amounts of light grey at the vegetal pole. Average egg 

diameter was 6.2 mm (n = 18, SD = 0.853), with a mean embryo diameter of 2.40 mm (n 

= 18, SD = 0.23) for embryos in Gosner stage ≤ 3.  

Discussion 

Systematics 

A. geminisae and A. minutus larvae are the only described species of 

Andinobates that have a complete row of oral papillae along the posterior edge of the 

oral disc. This feature distinguishes them from A. abditus, A. bombetes, A. opisthomelas, 

A. tolimense, and A. virolinensis, all which have a large medial gap interrupting the 

posterior row of oral papillae. While indistinguishable as tadpoles, A. geminisae and A. 

minutus can still be distinguished from each other as adults based on their distinct 
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coloration and male advertisement calls (Batista et al. 2014).   Myers and Daly (1980) 

first proposed the medial gap in the posterior oral papillae of tadpoles as a 

synapomorphy, uniting the species possessing it as a subgroup. The condition of the 

posterior oral papillae is still unknown for A. claudiae, A. dorriswansonae and A. 

daleswansoni (Table 2-1), but our description here is consistent with genetic studies 

based on mitochondrial and nuclear phylogenetic analyses (Batista et al. 2014; Brown et 

al. 2011; Márquez et al. 2017; Rueda-Almonacid et al. 2006; Ruiz-Carranza and 

Ramírez-Pinilla 1992) that place A. abditus, A. bombetes, A. daleswansoni, A. 

dorisswansonae, A. opisthomelas, A. tolimense and A. virolinensis together in the 

Andinobates bombetes species subgroup, and A. claudiae, A. geminisae, A. minutus 

and together in the A. minutus species group.  

Ecologically and Morphologically Similar Species 

A. geminisae is sympatric with three other species of dendrobatid frogs known to 

deposit their larvae in phytotelmata: Andinobates minutus, Dendrobates auratus and 

Oophaga vicentei. A. geminisae tadpoles are easily distinguished from those of D. 

auratus, because D. auratus tadpoles are larger in size, darker in color, and lack the 

lateral emargination of the oral disc characteristic of all species of Andinobates (Brown 

et al. 2011; Silverstone 1975). A. geminisae larvae are larger and have a rounder body 

shape than the much smaller and streamline-shaped tadpoles of O. vicentei (KH 

personal observations of O. vicentei tadpoles at PARCP‘s Gamboa facility). However, 

the tadpoles of A. minutus and A. geminisae are morphologically identical based on the 

characters examined (Table 2-1); therefore, we cannot yet distinguish free-living larvae 

of these species using morphology alone. The implication of this is that we still rely on 

the detection of adults to confirm the presence of A. geminisae during surveys or search 

efforts to find A. geminisae for ecological studies and conservation efforts.  

Eggs 

Andinobates minutus eggs taken from the ovary of a dissected female were 3 to 

4 mm in diameter (Silverstone 1975), but these had not likely acquired their full size yet. 

Information on eggs from other congeneric species is missing, except for a brief note of 

“brown eggs”, of unknown stage or state of preservation, from A. daleswansoni, A. 

dorisswansoni, and A. tolimense (Bernal et al. 2007; Rueda-Almonacid et al. 2006). 
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In conclusion, the morphology of A. geminisae tadpoles is consistent with its 

placement within the A. minutus subgroup of the genus Andinobates, based on the 

lateral indentation of the oral disc and uninterrupted row of oral papillae along its 

posterior edge. This description raises the number of tadpole descriptions in the genus 

Andinobates to seven species, four of which are complete. Descriptions of free-living 

dendrobatid larvae help make the detection of species based on tadpole presence 

possible. For example, free-living A. geminisae tadpoles are distinguishable from the 

larvae of other sympatric phytotelma-breeding species of dendrobatid frogs (D. auratus 

and O. vicentei) but not from the larvae of their closest relative, Andinobates minutus.  

2.2. Oophaga vicentei Tadpole And Egg Description 

Introduction 

Species in the genus Oophaga (Bauer 1994) are known for their complex mating 

and parental care behaviours and bright color polymorphisms, and are the focus of many 

studies on dendrobatid behaviour and evolution (e.g., Richards-Zawacki et al. 2012; 

Stynoski 2012; Wang and Summers 2010). There are currently nine species of Oophaga 

found throughout Nicaragua, Costa Rica, Panama, Colombia and Ecuador (Frost 2018). 

Prior to the systematic revision of the family Dendrobatidae by Grant et al. (2006), 

Oophaga species were placed together as the Dendrobates histrionicus species group 

(Myers and Daly 1976), based on their shared “chirp” vocalization, female parental care, 

and nutritive egg feeding (Grant et al. 2006; Myers et al. 1984; Silverstone 1975; Van 

Wijngaarden and Bolaños 1992). This combination of distinct behavioural traits makes 

Oophaga one of the most well defined genera of dendrobatid existing today (Grant et al. 

2006).  

Tadpole oral morphology is also believed to unite all Oophaga species, who 

share an egg-based diet (Myers 1984, Grant 2006); however, tadpole descriptions are 

only available for 4 out of nine species of Oophaga (Table 2-3). All tadpoles examined to 

date have enlarged oral papillae and a single row of teeth on the anterior and posterior 

labia (Myers 1984, Savage 1968; Silverstone 1975; Van Wijngaarden and Bolaños 

1992). When present, the anterior tooth row tends to be incomplete - the teeth are few 

and scattered unevenly, or there is a gap in the middle or either side of the row (Table 2-

3). The posterior tooth row is generally more complete, but may have gap in the middle 
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or either side of the row as well (Table 2-3). These features are specialized for an egg-

based diet (Weygoldt 1980, Grant et al. 2006, Ryan and Barry 2011), and we expect to 

observe them in all species of Oophaga. Jungfer et al. (1996) provide an account of an 

O. vicentei tadpole riding on the back of a nurse female, and report clutches of two to six 

eggs, along with colored photographs of eggs and the back-riding tadpole. Here, we add 

to these findings by describing the tadpole of O. vicentei, and also measure and 

describe the eggs of this species, to increase knowledge on this genus.  

Materials and Methods 

Tadpoles. 

 In an effort to improve the reproductive success of an assurance population of 

O. vicentei at the PARCP, we regularly checked various water-filled containers and 

bromeliads in breeding tanks for the appearance of tadpoles to determine where and 

what type of objects nurse females prefer to deposit tadpoles in. We found that females 

preferred to deposit the tadpoles in tank bromeliads, but some tadpoles were found 

dead. These dead tadpoles were stored in 10% formalin or ≥ 70% ethanol and were 

examined for this description. While the quality of the specimens was limited due to 

decomposition, n = 10 specimens were useable for description, including measurements 

of total length and body length. We examined specimens under a dissecting microscope, 

placed on top of 1 mm2 graph paper for measurement. We examined three live 

specimens were also examined in water under a dissecting microscope to confirm the 

morphological traits observed in the ten dead specimens. For live specimen 

examination, we placed tadpoles in a small water-filled petri dish under a dissecting 

microscope and manipulated specimens with the aid of a plastic pipette. To examine the 

ventral side of the live specimens, we removed most of the water from the dish and 

flipped the individual so it lay ventral side up, adhered to the plate with surface tension, 

for a few seconds of examination. After examination, these tadpoles were returned to the 

same body of water in their parental breeding tank to complete their development. 

Terminology for tadpole morphology follows that of McDiarmid and Altig (1999), and 

developmental stages refer to Gosner (1960). For labial tooth row formulas, we used the 

“fractional designation” LTRF described in McDiarmid and Altig (1999) and exemplified 

by Altig (1970). 
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Eggs 

Eggs were placed on 1 mm2 graphical paper to be photographed, then returned 

to their original deposition sites to complete their development. We could only measure 

egg embryo diameter, and not individual egg diameter, because the separation between 

the jelly layer surrounding each egg and the rest of the egg mass was unclear and could 

not be separated without damaging them. To measure the embryo diameter, we took the 

mean of two cross-cutting diameter measurements for each embryo. We only observed 

eggs in Gosner stages ≤ 3. Embryo diameter was measured using Fiji digital imaging 

software (Schindelin et al. 2012), and summary statistics for tadpole and egg data were 

obtained out using R Statistical Software (R Core Team 2018).   

Results 

Tadpoles 

The tadpole body is ovate and slightly tapered at the anterior end (Figure. 2-3). 

Eyes are located dorsally and oriented anterolaterally. Nares are located dorsally. The 

vent tube is median, and the spiracle is sinistral. The oral disc is round and not indented, 

with scarce large oral papillae surrounding the posterior labium and the lateral margins 

of the anterior labium (Figure. 2-3). Based on the sample we observed, the dental 

formula is 1[1]/1. However, the posterior labial tooth row was absent in all of our dead 

specimens (probably due to decomposition), and was observed in only one out of the 

three live specimens that were examined, so there may be variation in the number of 

posterior denticles or tooth rows. The labial teeth are scarce and large, and the beak is 

large and serrate. The mouth is oriented antero-ventrally. In ethanol, the specimens are 

gray in colour from above and below and translucent around the margins of the tail. Live 

specimens are dark grey to black in colour, with darker speckling on the body and tail, 

and translucent along the margins of the tail. A total 11 tadpoles of three developmental 

stages were measured for body length and total length (Figure 2-4, Table 2-4).  
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Eggs 

13 eggs from 5 different breeding pairs were examined in detail. In our sample, 
there was 1 clutch of 4 eggs, 2 clutches of 3 eggs, 1 clutch of 2 eggs (only 1 egg was 

useable), and 2 clutches of 1 egg, but there may be anywhere between 1 and 12 eggs 

per clutch for this species, based on past observations. The clutches formed a cohesive 

transparent mass of eggs. The eggs (n = 13, embryo with jelly coat) measured 

approximately 3 mm each in diameter, but could not be measured precisely due to the 

unclear boundaries of the jelly coats. The embryos of eggs in Gosner stages 0-3 had 

varying amounts of light grey at the vegetal pole, and dark grey at the animal pole, and 

had an average diameter of 1.6 mm (n = 13, SD = 0.1 mm).   

Discussion 

O. vicentei tadpoles are indistinguishable from O. arborea, O. granulifera, O. 

histrionica and O. pumilio for the observed traits. O. lehmanni, O. occultator, O. speciosa 

and O. sylvatica tadpoles remain to be described. Tadpoles of Oophaga spp. exhibit the 

typical morphological features of an egg-eating tadpole: an antero-ventrally positioned 

mouth, reduced tooth rows and tooth number, a large beak, and a long tail (Kishimoto 

and Hayashi 2017). These morphological features are considered adaptations to an egg-

based diet in other groups of anuran larvae (Kishimoto and Hayashi 2017; Kuramoto and 

Wang 1987; Rowley et al. 2012; Vassilieva et al. 2013; Wassersug et al. 1981), and are 

believed to be well-conserved in the genus Oophaga because they hold a similar 

adaptive significance. Tadpoles from the genus Oophaga can be distinguished from 

tadpoles from other genera by their tapered egg-shaped body, reduced tooth rows 

(maximum one anterior and one posterior row) and single row of large, scarce oral 

papillae lining the entire posterior labium and the lateral regions of the anterior labium.  

However, we could not distinguish between described tadpoles of the genus Oophaga 

based on morphology alone.  

The genus Oophaga is united by complex parental care behaviours, including the 

use of nutritive egg feeding of the tadpoles. All tadpoles of Oophaga spp. described to 

date are morphologically indistinguishable from one another, supporting the notion that 

this is a well-defined clade of closely related species. Nutritive egg feeding probably led 

to the evolution of distinct larval morphology in this group, because the tadpoles exhibit 
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features that are adaptations to an egg-based diet in other anurans. Describing the 

remaining tadpoles in this genus will further confirm whtether larval morphology is a 

derived character trait for this group, and will contribute to our overall understanding of 

dendrobatid frogs and their systematics. 
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Tables and Figures   

Table 2-1  Summary of tadpole descriptions available for genus Andinobates, including new data on A. geminisae. 
Tadpole descriptions are not available for A. viridis, A. victimatus, A. cassidyhornae, A. daleswansoni or A. 
dorisswansoni. 

* Silverstone (1975) found free-living tadpoles and suspected them to be from A. altobueyensis based on their 
locality, but he could not confirm whether or not they were A. minutus tadpoles (Silverstone 1975). 

**The specimen was thought to be greater than stage 25 because of its size, although no limb buds were 
visible. This may be due to the poor quality of the specimen, which was dead prior to preservation (Myers and 
Daly 1976). 

PE = Oral papillae complete on the posterior edge of the oral disc. 

AE = Oral papillae complete on the anterior edge of the oral disc. 

AE-MG = Oral papillae on the anterior edge of the oral disc, with a medial gap. 

PE-MG = Oral papillae on the posterior edge of the oral disc, with a medial gap. 
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Species N Stage 
Nares 
position 

Vent tube 
position 

Spiracle 
position 

Eyes 
position 

Mouth 
orientation 

Oral disc 
shape 

Dental 
formula Beak 

Oral 
papillae Source 

 

A. abditus 1 ≥25** 
Dorso-
lateral - Sinistral, low 

Dorso-
lateral 

Antero-
ventrally 

Laterally 
indented  2(2)/3(1)  

Serrate, 
massive PE-MG 

Myers & Daly 
1976 

 

A. altobueyensis - - - - - - - - - - - 
Silverstone 
1975* 

 

A. bombetes 7 25 
Dorso-
lateral Dextral Sinistral, low 

Dorso-
lateral 

Antero-
ventrally 

Laterally 
indented 

2(2)/3 
[1 or 3] 

Serrate, 
massive 

PE-MG, 
lateral AE 

Myers & Daly 
1980 

 

A. claudiae - - - - - - - - 2(2)/3(1) - PE-MG 
Brown et al. 
2011 

 

A. fulguritus - - - - - - - - - - - 
Silverstone 
1975* 

 

A. geminisae 40 Various 
Dorso-
lateral Dextral Sinistral, low Dorsal 

Antero-
ventrally 

Laterally 
indented 2(2)/3[1] 

Serrate, 
large 

PE, lateral 
AE Present study 

 

A. minutus 22 Various Dorsal Dextral Sinistral, low Dorsal 
Antero-
ventrally 

Laterally 
indented 2(2)/3 

Serrate, 
massive 

PE, lateral 
AE 

Silverstone 
1975 

 

A. opisthomelas 25 Various  - Dextral   - Dorsal  - 
Laterally 
indented 2(2)/3(1) 

Serrate, 
massive 

PE-MG, 
lateral AE 

Silverstone 
1975 

 

A. tolimense 1 25 
Dorso-
lateral Dextral  Sinistral, low 

Dorso-
lateral 

Antero-
ventrally 

Laterally 
indented 2(2)/3 

Serrate, 
massive 

PE-MG, AE-
MG 

Bernal et al. 
2007 

 

A. virolinensis 121 Various 
Dorso-
lateral Dextral 

Sinistral, 
posterior, & 
ventral 

Dorso-
lateral 

Antero-
ventrally 

Laterally 
indented 2/3 

Serrate, 
large  

PE-MG, 
lateral AE 

Ruiz-Carranza 
& Ramírez-
Pinilla 1992 
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Table 2-2 A. geminisae body length (BL) and total length (TL) measurements. 

 

 

Stage Body Length (mm) Total Length (mm) Mean BL/TL  
n Range  Mean (SD) n Range  Mean (SD) 

25 8 3.4-4.6 3.95 (0.54) 
 

6 9.6-15.4 11.37 (2.50) 
 

0.35 

27 3 4.6-6.0 5.33 (0.70) 
 

3 15-17 16.07 (1.01) 
 

0.33 

28 3 5.6-7.0 6.20 (0.72) 
 

3 16.8-19.2 18.33 (1.33) 
 

0.34 

30 2 6.0 6.00 (0.00) 
 

2 18.2-18.4 18.30 (0.14) 
 

0.32 

34 1 7.0 7.00 (NA) 
 

1 22.2 22.20 (NA) 
 

0.33 

35 2 7.0-7.6 7.30 (0.42) 
 

2 21.6-23.0 22.30 (0.99) 
 

0.33 

36 1 7.4 7.4 (NA) 1 22.6 22.60 (NA) 
 

0.33 

37 4 6.0-8.0 7.00 (0.82) 
 

3 20.2-25.0 21.93 (2.66) 
  
 

0.32 

41 8 6.6-8.0 7.23 (0.47) 
 

4 19.2-26.0 21.55 (3.04) 0.34 

42 5 6.8-8.0 7.44 (0.43) 
 

3 20.6-24.4 23.07 (2.14) 
 

0.32 

43 2 6.4-7.4 6.90 (0.71) 
 

- - - - 
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Table 2-3 Review of tadpole descriptions available for genus Oophaga, including new data on O. vicentei. Descriptions 
are not available for O. lehmanni, O. occultator, O. speciosa or O. sylvatica. 

*One specimen may have had a dental formula of 1[1]/0, but this may have been due to poor specimen quality 
(Myers et al. 1984). 

PE = Oral papillae border the entire posterior edge of the oral disc. 

Lateral AE = Oral papillae only border the lowermost sides of the anterior edge of the oral disc.  

Species N Stage 
Nares 
position 

Vent tube 
position 

Spiracle 
position 

Eyes 
position 

Mouth 
orientation 

Oral 
disc 
shape 

Dental 
formula Beak 

Oral 
papillae Source 

 

O. arborea >1 28-29 Dorsal  Median Sinistral Dorsal 

 
Antero-
ventral Round 

1[1]/1[1] or 
0/1[1]* 

Serrate, 
massive 

PE, lateral 
AE 

Myers, Daly 
& Martínez 
1984 

 

O. granulifera 1 28 Dorsal - Sinistral Dorsal 

 
Antero-
ventral Round 1[1]/1 Serrate 

PE, lateral  
AE 

Van-
Wijngaarden 
& Bolaños 
1992 

 

O. histrionica 9 

25, 33, 
35-38, 
41 Dorsal Median Sinistral Dorsal 

 
Antero-
ventral Round 1[1]/1  

Serrate, 
massive 

PE, lateral  
AE 

Silverstone 
1975 

 

O. pumilio 10 

25, 26, 
28, 41, 
42 Dorsal Median Sinistral Dorsal 

 
Antero-
ventral Round 1[1]/1[1] 

Serrate, 
massive 

PE, lateral  
AE 

Silverstone 
1975, 
Savage 
1968 

 

O. vicentei 11 
25, 33, 
41 Dorsal Median Sinistral Dorsal 

 
Antero-
ventral Round 1[1]/1 

Serrate, 
large 

PE, lateral  
AE 

Present 
study 
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Table 2-4 O. vicentei body length (BL) and total length (TL) measurements. 
 

 

 

 

 

 

 

 

 

 

 
 
Stage 

 
Body Length (mm) 

 
Total Length (mm) 

n Mean 
(SD) 

n Mean (SD) 

25 9 2.5 (0.79) 
 

9 8.3 (1.92) 
 

33 1 6.5 (NA) 
 

1 16.0 (NA) 
 

41 1 7.0 (NA) 
 

1 19.8 (NA) 
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Figure 2-1  Stage 28 Andinobates geminisae tadpole mouthparts (above) and left 

lateral view (bottom). Lines represent 1 mm. 
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Figure 2-2 Mean Andinobates geminisae total (▲) and body (●) lengths, by tadpole 
stage. The bars represent the mean ± standard deviation and the numbers 
next to each point denote sample size.  

 



 25 

 

Figure 2-3 Tadpole stage 33 of Oophaga vicentei. Oral apparatus (above) and left 
lateral view (bottom) of tadpole. Lines represent 1 mm. 
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Figure 2-4 Mean Oophaga vicentei total (▲) and body (●) lengths, by tadpole stage. 
The bars represent the standard deviation of the mean, and the numbers 
beside each point denote sample size. 
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Chapter 3. Observations on Spindly Leg Syndrome in a 
Captive Population of Andinobates geminisae2 

Abstract 

Amphibian health problems of unknown cause may constrain the success of amphibian 

conservation captive breeding programs, and determining the causes of these health problems 

is critical as the number of amphibians brought into conservation captive breeding programs 

continues to rise. Spindly Leg Syndrome (SLS) is an amphibian limb developmental disease of 

unknown etiology. Affected individuals have underdeveloped limbs and oftentimes must be 

euthanized due to resulting immobility.. The following describes our work on isolating tadpole 

husbandry-related factors of SLS in a captive population of Andinobates geminisae, a tiny and 

critically endangered poison dart frog currently being bred at the Smithsonian’s Panama 

Amphibian Rescue and Conservation Project (PARCP), Gamboa, Panama. The filtration 

method, vitamin B content, and quality of tadpole rearing water, as well as tadpole nutrition and 

husbandry, are considered factors in the occurrence of SLS according to hobbyist, zookeeper, 

and veterinary media, but few of these factors have been experimentally tested. We ran two 

experiments between July-December 2017 and March-August 2018 to test the effects of tadpole 

rearing water filtration and vitamin supplementation (2017) and tadpole husbandry protocol 

intensity (2018) on time to metamorphosis and SLS prevalence in emerging metamorphs. In our 

first experiment, we found that the vitamin content and filtration method of tadpole rearing water 

had no effect on the metamorphosis time of tadpoles, but our results regarding SLS were 

inconclusive. Our second experiment revealed that decreased tadpole husbandry (higher 

tadpole feeding and lower water change frequency) significantly delayed the metamorphosis 

time of tadpoles, but had no effect on SLS development or tadpole survival. A fortuitous 

accident resulted in the manipulation of the phosphate content of the tadpole rearing water and 

we were able to correlate the amount of time each tadpole had available to sequester calcium 

for ossification during metamorphosis and decreased incidence of SLS.  This suggests that low 

calcium availability may lead to SLS. 

                                                 
2 This chapter is a draft of a manuscript of the same name, authored by K. Higgins, J. Guerrel, E. 
Lassiter, A. Mooers, W. Palen, and R. Ibáñez, to be submitted to the journal Zoobiology. 
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Introduction 

 40% of all amphibian species are threatened with extinction, one of the highest 

proportions across terrestrial vertebrate Classes (Scheele et al., 2019; IUCN 2018; Gratwicke et 

al., 2012; Hoffmann et al., 2010; Stuart et al., 2004). Amphibian population declines are caused 

by a variety of anthropogenic threats including habitat loss, non-native species introductions, 

and pollution. However, many of the rapidly declining species are undergoing declines (over 

40% of cases in 2005: Stuart et al., 2004) in areas of protected or even pristine habitat. For 

these cases, it is suspected that disease and/or climate change are responsible for the 

observed declines (Scheele et al., 2019; Stuart et al., 2004). Amphibians are therefore in critical 

need of conservation action that goes beyond regular habitat protection measures, and 

conservation captive breeding is one important management component (Claunch & Augustine, 

2015; Mendelson et al., 2006; Stuart et al., 2004). Amphibians are said to be amenable to 

captive breeding due to their small size and tolerance to the artificial conditions of captivity 

(Biega, 2017; Conde et al., 2015; Balmford et al., 1996; Bloxam & Tonge, 1995). Despite this 

alleged amenability, the success rate of amphibian captive breeding programs in producing 

viable offspring is only 52% (Biega, 2017). This low success rate is at least partially due to 

health problems resulting from our inadequate knowledge of the environmental and nutritional 

needs of species held in captivity (Ferrie et al., 2014). 

Spindly Leg Syndrome (SLS), also known as “match legs” or “skeletal and muscular 

underdevelopment (SMUD)” (Hakvoort et al., 1995), is a developmental disease of amphibians 

characterized by the deformation and/or underdevelopment of the limbs during the final stages 

of metamorphosis (Camperio Ciani et al., 2018; Claunch & Augustine, 2015; Hakvoort et al., 

1995; Marlett et al., 1988). If not euthanized, metamorphs with SLS usually drown or die of 

starvation because they are immobile (Claunch & Augustine, 2015; Wright & Whitaker, 2001; 

Marlett et al., 1988). SLS is most heavily documented in poison dart frogs (Dendrobatidae), but 

has also been reported in a wide variety of other anuran taxa that also have free-swimming 

tadpoles as a developmental stage, e.g. Bombina, Phyllomedusa, Discoglottus (Hakvoort et al., 

1995), Mantella (Claunch & Augustine, 2015), Atelopus, Hyloscirtus (Camperio Ciani et al., 
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2018) and one salamander species (Tylototriton shanjing) (Wright & Whitaker, 2001). There are 

many putative cures for SLS circulating in zoo, veterinary, and hobbyist circles, but 

experimentally tested knowledge on the etiology of this disease is scarce (Table 3-1). SLS is a 

major problem for captive management of amphibians as it may cause the loss of up to 100% of 

captive born offspring in severe cases (Claunch & Augustine, 2015; Marlett, Eichler, & Fellows-

Hagemeister, 1988). As the number of amphibian conservation captive breeding programmes 

increases (Harding, Griffiths, & Pavajeau, 2016), reducing the incidence of SLS is critical for 

improving the success of of ex-situ conservation. 

Here we evaluated the efficacy of three environmental factors in reducing the incidence 

of SLS using the critically endangered frog, Andinobates geminisae, a species at the focus of 

ex-situ conservation effort at the Panama Amphibian Research and Conservation Project 

(PARCP) in Gamboa, Panama. We conducted a pilot-scale experiment in 2017, and a complete 

experiment in 2018 to identify factors associated with SLS incidence in newly metamorphosed 

frogs. During the pilot scale experiment, we tested the factors of tadpole water filtration method, 

vitamin B supplementation, and vitamin content. The only published treatment of SLS to date is 

by Wright & Whitaker (2001), who state that adding VEDCO® vitamin B supplement (containing 

vitamins B1 through B3, B5, B6, and B12) to tadpole rearing water at a dosage of 1mL per 

gallon will “drastically reduce” SLS in an afflicted population, based on anecdotal observations 

of the authors. Another popular theory is that SLS is caused specifically by a deficiency in folic 

acid (vitamin B9). While the link between folic acid and deformities has never been tested in 

frogs, the fact that folic acid deficiency in pregnant humans can lead to congenital limb 

deformities (Cleves et al. 2011) and the spread of anecdotal stories has led to somewhat 

widespread acceptance of this hypothesis. We tested the role of tadpole water vitamin 

supplementation on SLS during the first pilot scale experiment through vitamin B complex and 

folic acid treatments, with the hypotheses that (1) SLS is caused by a deficiency in any or all of 

the B vitamins contained in vitamin B complex and (2) that SLS is caused specifically by a 

deficiency in folic acid.  

A recent study by Camperio Ciani et al. (2018) on SLS in Atelopus glyphus tadpoles 

found that the use of reconstituted reverse osmosis water, rather than carbon filtered water, for 

tadpole rearing significantly reduced the prevalence of SLS in emerging metamorphs, 

suggesting that the chemical composition of the tadpole rearing water may be an important 

factor in the occurrence of SLS. We included water filtration method as a second factor during 

our pilot experiment to see if Camperio Ciani et al.’s (2018) findings were applicable to A. 
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geminisae, with the hypothesis that raising tadpoles in reconstituted reverse osmosis water 

instead of carbon filtered water reduces the prevalence of SLS in Andinobates geminsiae.  

Our second full-scale experiment tested the novel hypothesis that tadpole husbandry 

intensity (feeding frequency, food allotment, and cleaning frequency) is a key factor in the 

occurrence of SLS. This hypothesis was based on the observation that SLS prevalence 

decreased from 68% in A. geminisae metamorphs at the PARCP in 2016 and early 2017 to just 

3% when more intensive tadpole husbandry protocols were implemented for the first pilot scale 

experiment.  

 

Materials and Methods 

Study Species 

Andinobates geminisae is a critically endangered, tiny (<14mm adult snout-to-vent 

length) species of dendrobatid frog endemic to a small area in the Donoso region of the 

province of Colón, Panama currently adjacent to a copper mining concession area (IUCN SCC, 

in press; Batista et al., 2014). The Panama Amphibian Research and Conservation Project 

(PARCP) initiated captive assurance populations of A. geminisae in 2013 in response to 

concerns about impacts of chytridiomycosis and the potential loss of habitat.  

General Husbandry 

Tadpoles originating from six different breeding pairs were used in this experiment. Each 

breeding pair and their tadpoles were housed in their own 20 gallon breeding tank, where the 

adults were fed a standardized diet of cricket nymphs that were gutloaded on an alternating 

schedule with Mazuri® Hi Calcium Gut Loading Diet. Breeding tanks were maintained at (24-

25)°C, 12:12 hours dark:light, and (89-100)% relative humidity, and were misted with carbon-

filtered water for 5 minutes every 3 hours. Our cleaning schedule ensured that the amount of 

time between cleanings was the same for all tanks. We maintained tadpoles within each of their 

parental breeding tanks, instead of in a common garden, as a cautionary measure to prevent 

the loss of the entire tadpole population should an accident occur where they were kept.  
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To facilitate breeding behaviour, each breeding tank was fitted with a standardized set of 

objects to serve as oviposition or tadpole deposition sites (Figure 3-1).  Between July 6th and 

October 2end 2017 (experiment 1) and March 4th and May 16th 2018 (experiment 2), A. 

geminisae females laid clutches of 1-3 eggs in capped PVC pipe (a preferred terrestrial egg-

deposition sites (Figure 3-1) and the males transported hatched tadpoles to one of several 

water-filled petri dishes or bromeliad wells for development (Figure 3-1). We surveyed the 

breeding tanks three times weekly for clutches and tracked their development. Using this 

system, we could predict when an egg was ready to hatch and find the tadpole - either on a 

nurse male’s back or in one of the tadpole deposition locations. If we saw a tadpole being 

transported by a male, we waited for the male to deposit the tadpole into a body of water before 

collecting it. This method of collection allowed us to collect all tadpoles within 3 days of 

hatching. We used a new disposable plastic pipette to move each tadpole from their original 

pool to enclosed petri dishes for further development. We raised tadpoles individually in closed-

lid petri dishes filled with 12mL of water, placed in the front area of the breeding tank from which 

they originated (Figure 3-1). We kept 22 numbered petri dishes for tadpole rearing at the front of 

each breeding tank at all times, regardless of whether or not they were used in the experiment 

(Figure 3-1). In the first experiment, tadpoles were fed 0.005 ± 0.002g crushed Tetramin® fish 

flakes and given 50% water changes three times weekly. In the second experiment, feeding and 

water change protocol varied by treatment. 

Experiment 1  

To determine if filtration method or vitamin B content of tadpole-rearing water affected 

SLS prevalence, survival to metamorphosis, or development, we raised n = 97 A. geminisae 

tadpoles in one of four different water treatments: (1) reconstituted reverse osmosis water, (2) 

carbon filtered water, (3) carbon filtered water with Vedco® vitamin B complex added at a 

concentration of 300 ppm, or (4) carbon filtered water with folic acid added at a concentration of 

417 ppm. We used a partial, rather than full factorial design because our sample size was 

limited to the number of tadpoles we could collect from six breeding pairs in four months. The 

concentrations of vitamin B complex and folic acid were calculated using Wright and Whitaker’s 

(2001) recommended dosage of vitamin B complex for the prevention of SLS.  For each 

treatment group, we compared the survival to metamorphosis, metamorphosis time (measured 

as the number of days from birth to the emergence of both forelimbs ± 2 days), and SLS 

prevalence in young metamorphs.  
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We assigned treatments to the tadpoles by a random draw, but without replacement, so 

that once a treatment was assigned to a tadpole, it was removed from the draw and could not 

be drawn again until all the other treatments had been assigned to a tadpole once in that tank. 

This method ensured there were approximately equal numbers of tadpoles in each treatment 

group and decreased the likelihood that tadpoles from the same clutch would be placed into the 

same treatment group. We replaced the carbon-filtered water that the tadpoles were initially 

placed in with treatment-specific water gradually during 50% water changes three times weekly 

using a 10mL plastic syringe for each tank. The position of each tadpole’s dish was randomized 

three times weekly to control for any effects of within-tank dish position.  

 Experiment 2  

Design and Rationale 

During our first experiment, we witnessed a dramatic decrease in the prevalence of SLS 

from 68% in 2016 and early 2017 to just 3% during the six month experiment (see Results), 

indicating that an important disease factor had changed. Two possible SLS factors were 

knowingly changed during the first experiment: tadpole feeding and water change frequency 

were increased, and the diet of the breeding adults was changed from cricket nymphs twice a 

week and springtails once a week, to cricket nymphs three times a week (this change was 

implemented due to a shortage of springtails). Following the results of the first experiment, we 

chose to focus on the effects of the changed tadpole husbandry protocol on SLS because 

tadpole feeding frequency and allocation have direct impacts on water quality, and water quality 

is suspected to play an important role on tadpole health and development (Álvarez & Nicieza, 

2002 ; Browne et al., 2003), and to be implicated in the occurrence of SLS (Wright & Whitaker, 

2001).  

We therefore ran a second experiment between March 4th and August 16th 2018 to 

determine if tadpole husbandry (feeding frequency, food allotment, and cleaning frequency) was 

the key factor in the near-disappearance of SLS during the first experiment. We predicted that 

tadpoles raised in carbon filtered water (the water used prior to the first experiment), under the 

same intensive feeding and cleaning protocols instituted for the first experiment, would have a 

significantly lower SLS prevalence than the pre-experiment baseline, perhaps as low as 18%, 

based on results from the carbon filtered water treatment group from the first experiment (see 

Results). In contrast, experimentally reverting tadpole feeding and cleaning procedures to the 
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original, less intense PARCP protocol was expected to increase SLS prevalence significantly, 

based on the 58% historical levels of SLS in A. geminisae at the PARCP.  

To test if changing tadpole husbandry affects tadpole health or development, we raised 

n = 62 A. geminisae tadpoles under one of two husbandry treatments: the intensive husbandry 

treatment and the medium husbandry treatment (Table 3-2). Our response variables were 

tadpole survival, metamorphosis time, and SLS prevalence among metamorphs. 

Metamorphosis time was defined as the number of days it took each tadpole to reach 

metamorphic climax, marked by the emergence of the first forelimb (Etkin, 1964; Pilkington & 

Simkiss, 1966). 

We flipped a coin to assign a husbandry treatment (intensive or medium) to the first 

tadpole collected from each breeding tank, and treatments were then alternated for each 

subsequent tadpole. This method of treatment assignment created complementary treatment 

pairs of tadpoles with similar birth dates and ensured that there were approximately equal 

numbers of tadpoles in each treatment group. The position of each tadpole’s dish in the front of 

the tank was randomized once weekly to control for any effects of within-tank dish position. 
Water changes followed the same protocol as experiment 1, using only carbon filtered water. 

The frequency of these changes was three times weekly (intensive husbandry protocol) or once 

every two weeks (medium husbandry protocol) (Table 3-2). Tadpoles in the medium husbandry 

treatment group had the same 6mL of dirty water removed and replaced three times weekly to 

control for disturbance effects. We checked each tadpole for mortality or the appearance of 

forelimbs during water changes. Tadpoles in the intense husbandry protocol group were fed 

0.003 ± 0.002 g crushed Tetramin® fish flakes three times a week, and tadpoles in the medium 

husbandry protocol group were fed 0.005 ± 0.002 g crushed Tetramin® fish flakes once a week 

(Table 3-2). 

Water Sampling Protocol and Water Chemistry Analysis: 

 Every 2 weeks we tested wastewater (6mL, removed during water changes) from the 

first 2-3 tadpoles added to each treatment group within each tank for ammonia (using a Hanna 

checker H1700), phosphates (using a Quantofix® 91320), pH (using a Macherey-Nagel 92110), 

total dissolved solids (using a Hanna® Instruments GroLine HI98131), conductivity (using a 

Hanna® Instruments GroLine HI98131), nitrites/nitrates (using a Hach® 2745425), and total 

hardness (net dissolved calcium and magnesium hardness, represented as ppm CaCO3 
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- using a Hach® 1194T51EA). This method of sampling created complementary 

treatment pairs of tadpoles of approximately the same age within each tank. To control for 

effects of tadpole age on wastewater chemistry, we analyzed the water chemistry of tadpoles in 

four age class groups (0-25, 25-50,50-75, and 75-100 days old). We informally compared the 

wastewater chemistry of tadpoles from each husbandry treatment group by examining plots of 

the mean and 95% confidence intervals of each parameter. Differences in parameters were 

considered significant if the 95% confidence intervals from each treatment group did not 

overlap. A multi-parameter analysis (using a Hach® DR/890, YSI Professional Plus 

multiparameter instrument) of the source water used for tadpole rearing was run on April 26th, 

March 5th, May 24th, and July 26th 2018 to get an overview of the chemistry of the water used in 

the experiment (Figure 2). For the purposes of discussion, we also measured phosphate and 

calcium content of filtered tadpole-rearing water before and after it underwent phosphate 

removal in July 2018 (see Statistics and Data Visualization: accounting for phosphate 

exposure). 

Statistics and Data Visualization. 

We used generalized linear (experiment 1) or generalized linear mixed effects 

(experiment 2) models (GLM or GLMERs) to assess the effects of water type (experiment 1) 

and husbandry treatment (experiment 2) on metamorphosis time, survival, and SLS using the 

lme4 package (Bates et al. 2015) in R (R core team 2018). We controlled for possible effects of 

parental genetics or tank environment by including the fixed (experiment 1) or random 

(experiment 2) effect “tank.Id” in our models (sample size was too small to include random 

effects in the first experiment) . Models were compared using Aikake’s Information Criterion, 

corrected for small sample sizes (AICc). We considered a predictor to be statistically significant 

if its coefficient did not include 0 in its 95% confidence interval. For experiment 2, we generated 

full model averaged coefficients using the MuMIn package (Bartón 2018) following the 

recommended methodology of Grueber et al. (2011). All figures were generated using base plot 

functions or the ggplot2 package (Wickham 2016) in R (R core team 2018). 

 

Accounting for Phosphate Exposure: 

Halfway through the second experiment, we discovered that the phosphate reactor used to 

remove excess phosphates from the tadpole rearing source water was malfunctioning, which 
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introduced the new variable of phosphate exposure that needed to be accounted for in our 

analyses. 

Time periods of high phosphate exposure may represent time periods that tadpoles could not 

access dissolved calcium, thereby shortening the window of time tadpoles had to store the 

calcium they needed for limb bone development during metamorphosis. This could have 

influenced the occurrence of SLS (see Discussion – Phosphate Exposure).  

We could not include measured phosphates in our models because only a subset of tadpoles 

had their water sampled for phosphates, but we were able to approximate phosphate-

dependent calcium storage time of each tadpole by creating the calcium (Ca2+) sequestering 

time variable. Because tadpoles are known to store calcium in specialized sacs during the 

growth period after hatching until just prior to metamorphic climax (Pilkington & Simkiss, 1966), 

Ca2+ sequestering time, measured as the time difference (in days) between the repair of the 

phosphate reactor and metamorphic climax (Equation 3-1) represents the amount of time 

tadpoles had to store calcium while uninhibited by potentially high phosphates in the water. We 

included Ca2+ sequestering time as a fixed effect in our models of SLS and of metamorphosis 

time in response to husbandry treatment, with the random effect of tank Id. We also modelled 

SLS in response to Ca2+ sequestering time with husbandry treatment and breeding tank Id 

included as random effects.  

The biologically-relevant variable Ca2+ sequestering time could not be used in models of survival 

to metamorphosis because its’ calculation depends on the emergence of forelimbs. To account 

for the effects of phosphate exposure in our analysis of the effects of husbandry treatment on 

tadpole survival to metamorphosis, we considered a closely related variable, % PO43- exposure, 

measured as the percent of the total lifetime of each tadpole that was spent in potentially high 

phosphate water before the phosphate reactor was repaired (Equation 3-2). Ca2+sequestering 

time and % PO43- exposure are strongly correlated across tadpoles (r = - 0.86, n = 45).  % PO43-  

exposure was treated in the same way as Ca2+ sequestering time: as a fixed effect in models of 

survival in response to husbandry treatment, with the random effect of tank id. 

We centered and scaled both Ca2+ sequestering time and % PO43- exposure by the mean and 

two standard deviations, respectively, using the recommended methodology of Schielzeth 

(2010) and Gelman (2008). This allowed us to compare binary, continuous, and interaction 

coefficients in the same space of the mean (equal to 0) ± two standard deviations. 
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Water quality data of the source water used during the second experiment was not designed to 

capture the effects of a broken phosphate reactor, so measurements of calcium and phosphate 

from this time period are scarce. However, we were able to directly test the phosphate reactor 

by measuring the phosphate and calcium of the source water used for tadpole rearing before 

and after passing through the repaired phosphate reactor during July 2018. Using these data, 

we could estimate the impact the broken phosphate reactor would have had on phosphate and 

calcium levels in the source water during the experiment, with the assumption that the water 

chemistry effects of the phosphate reactor do not change over time. Mean calcium and 

phosphate values before and after phosphate removal were considered to be significantly 

different if the 95% confidence intervals of their means did not overlap. 

Results 

Experiment 1 

A total of 97 tadpoles were born during experiment 1, and 10 died before metamorphosis. There 

was no effect of water treatment or breeding tank on survival to metamorphosis (Table 3-4). 

This is reflected in the results of our AICc analysis, which showed that the inclusion of breeding 

tank and/or treatment did not improve the fit of models compared to the null model (Table 3-3). 

Mean metamorphosis time for surviving tadpoles was 58.30 days across all treatments (n = 87, 

σ = 4.6), and there was no effect of either water treatment or breeding tank on the number of 

days it took for tadpoles to reach metamorphosis (Figure. 3-2); All models that include tank 

and/or treatment ranked lower than the null model by ΔAIC > 3 (Table 3-3). Only five out of out 

of the 87 surviving tadpoles exhibited SLS. Four out of these five SLS tadpoles were raised in 

carbon-filtered water and one was raised in reconstituted reverse osmosis water, and all five 

SLS tadpoles came from three of the six breeding pairs (Figure 3-3). The number of SLS cases 

was too low to statistically disentangle the effects of breeding tank and water treatment. While 

the null SLS model did not have the lowest AICc score (Table 3-3), neither breeding tank nor 

water treatment were statistically significant predictors of SLS, with their coefficient confidence 

intervals including zero across all models. 

Experiment 2 

Wastewater from tadpoles reared using the medium husbandry treatment had 

significantly higher phosphates, nitrates, and nitrites in two out of three age class comparisons, 
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and significantly higher total dissolved solids in all age classes, based on the discrete 95% 

confidence intervals of each treatment group’s mean (Figure 3-4). The medium husbandry 

treatment had a significant positive effect on tadpole metamorphosis time (Figure 3-5: medium 

treatment 95% CI: 0.35, 0.50, Table 3-5); Tadpoles in the medium treatment group took ~30 

days longer to metamorphose (x̅ = 93, n = 21, σ = 15) than tadpoles in the intensive husbandry 

treatment group (x̅ = 60, n = 24, σ = 4, Figure 3-7, Figure 3.15). There was no apparent 

difference in the metamorphosis time of tadpoles that developed SLS compared to tadpoles that 

developed healthy limbs (Figure 3-8) and tadpole survival in the two husbandry treatments was 

similar (Figure 3-6, Table 3-6).  

Neither Ca2+ sequestering time nor husbandry treatment had a significant effect on the 

development of SLS when SLS was modelled in response to fixed effects of Ca2+ sequestering 

time and husbandry treatment (Figure 3-5, Table 3-5). However, Ca2+ sequestering time had a 

relative importance value of 1 in the full-averaged model (Figure 3-5). When we analyzed the 

effects of Ca2+ sequestering time on SLS with husbandry treatment and breeding tank included 

as random effects, Ca2+ sequestering time had a sizeable negative effect on SLS 

development (Table 3-7, Figure 3-9: 95% CI of the log-odds ratio SLS given a one-unit 

increase in Ca2+ seq. time : -137.03, -8.40).  A one-unit change in Ca2+ sequestering time is 

50 days, and, as can be seen from Figure 3-10, the likelihood of a tadpole developing SLS 

sharply decreased with increasing calcium sequestering time when tadpoles had ≥ 10 calcium 

sequestering days. 

Figures 3-11 through 3-14 present an overview of the chemistry of the water used in the 

second experiment. Tadpole rearing water tested before the phosphate reactor was known to 

be broken had a phosphate level of ~0.4ppm PO43-, which decreased to 0 - 0.04 ppm PO43- after 

the phosphate reactor was repaired (Figure 3-12). Dissolved calcium levels seemed to be 

unaffected by the phosphate reactor function, varying between 15.6 and 20.8ppm CaCO3 

(Figure 3-12) over the course of the experiment. When we directly tested the phosphate reactor 

in July, we found that it significantly reduced the phosphate concentration of filtered source 

water from 0.54ppm PO43- (n = 9, σ = 0.45) to 0.04ppm PO43- (n = 6, σ = 0.03, Figure 3-15: non-

overlapping CIs), while the calcium concentration remained constant (Figure 3-13). The 

estimates of the phosphate to calcium ratio before and after phosphate removal are consistent 

with estimates taken before and after the repair of the phosphate reactor during the experiment 

(Figure 3-12). Phosphate measured from individual tadpole wastewater fluctuated between 0 
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and 100 mg/L over the course of the experiment, while calcium hardness stayed at 120mg/L 

(Figure 3-14).  

Discussion  

Combined, both experiments reveal that tadpole husbandry practices affect different 

aspects of tadpole health and development to varying degrees, and that these effects may be 

mediated through changes in the chemistry of tadpole rearing water. First, I discuss the effects 

of vitamin supplementation and water filtration method tested in experiment 1, followed by a 

discussion of the effects of husbandry intensity tested in experiment 2. Lastly, I discuss our post 

hoc analysis of the effects of phosphate exposure/calcium sequestering time on SLS and 

introduce a new candidate hypothesis on the etiology of SLS. 

Experiment 1 

Neither water filtration method nor vitamin supplementation had an effect on tadpole 

metamorphosis time, which was between 47 and 77 days across all treatments (Figure 3-2).  

This result is consistent with preliminary PARCP data noting an average metamorphosis time of 

about 58 days for A. geminisae. Both the five tadpoles that had SLS and the 87 tadpoles that 

were healthy had a mean metamorphosis time of 58 days; there is no suggestion of a link 

between SLS and the development time of tadpoles from this experiment.  

Of the five SLS cases, four were from carbon-filtered water and one was from 

reconstituted reverse osmosis water (Figure 3-3). This pattern is consistent with Camperio Ciani 

et al. (2018), who found that SLS was drastically reduced in Atelopus glypus tadpoles that were 

raised in reconstituted reverse osmosis water instead of carbon-filtered water. Another similarity 

between Camperio Ciani et al. (2018) and the present study is that SLS was reduced to very 

low levels, but not eliminated, in reconstituted reverse osmosis water. In our experiment, only 

one (~4% of all RO tadpoles) had SLS, compared to < 2% of all reconstituted reverse osmosis 

tadpoles in Camperio Ciani et al. (2018). The similarity between our results and those of 

Camperio Ciani et al. (2018) suggests that there may be a consistent pattern between SLS and 

water filtration method indicating that water composition is likely an underlying factor in the 

occurrence of SLS. However, the specific elements involved are still not known (Camperio Ciani 

et al. 2018). None of the 42 tadpoles raised in carbon-filtered water supplemented with vitamin 

B complex or folic acid exhibited SLS, whereas four out of the 21 tadpoles raised in carbon 
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filtered water had SLS. This suggests that folic acid or other B vitamins may have offset any 

negative effects carbon-filtered water on tadpole development. The role of vitamins on tadpole 

development and SLS merits further experimental work with increased statistical power.  

Experiment 2 

Main Results 

Metamorphosis time was significantly longer for tadpoles in the medium husbandry treatment 

group (Figure 3-5; Figure 3-7). We cannot conclude if this effect was due to differences in 

feeding frequency or water change frequency since both factors were manipulated, but 

decreased tadpole feeding has been shown to decrease tadpole metamorphosis time across 

multiple studies (Griffiths et al., 1993; Hota & Dash, 1981; Murray, 1990), whereas the water 

quality parameters that differed between our treatment groups have no known clear effect on 

tadpole metamorphosis time (Egea-Serrano et al., 2012; Marco & Blaustein, 1999). Regardless 

of the mechanism, this finding provides vital information to project managers who are 

responsible for allocating limited staff hours to the husbandry of amphibian populations in 

conservation breeding facilities; in the case of A. geminisae, increasing husbandry intensity 

decreases the metamorphosis time of tadpoles by approximately one month. 

42% of tadpoles in the medium husbandry treatment died before metamorphosis vs. 

25% of tadpoles in the intensive husbandry treatment, and 14% of tadpoles from the carbon-

filtered treatment of experiment 1. Tadpole water in the medium husbandry treatment also had 

elevated levels of nitrite and ammonia (Figure 3-4), which are known to negatively impact 

amphibian larvae survival (Egea-Serrano et al., 2012; Huey & Beitinger, 1980; Odum & Zippel, 

2011). However, the difference in survival we observed was not significant (Table 3-6, Figure 3-

6: medium treatment 95% CI: -1.77, 0.69). One explanation for this is possible ecological 

adaptation of dendrobatid tadpoles to withstand elevated levels of and nitrites and ammonia. 

The toxicity of nitrogenous compounds to amphibians has been shown to vary greatly between 

species (Odum & Zippel 2011).  For example, typical nitrite concentration of bromeliad water 

containing wild Ranitomeya amazonica tadpoles is about 10ppm (Poelman et al., 2013), while 

general amphibian husbandry guidelines warn against nitrite levels exceeding 0ppm (Wright & 

Whitaker 2001). Five tadpoles in the intensive husbandry treatment developed SLS vs. three 

tadpoles in the medium husbandry treatment. This ran contrary to our expectation that SLS 

would be significantly higher in the medium husbandry treatment group, but can be explained as 
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due to the delayed metamorphosis date of tadpoles in the medium husbandry treatment group 

relative to the date the phosphate reactor was repaired: tadpoles in the medium husbandry 

treatment group had longer calcium sequestering times (see Discussion: Phosphate Exposure). 

Phosphate Exposure 

Because husbandry treatment affected metamorphosis time (see Results), Ca2+ 

sequestering time is weakly correlated with husbandry treatment (r = 0.52, n = 45) such that 

tadpoles in the medium husbandry treatment had longer calcium sequestering times than 

tadpoles in the intensive husbandry treatment. Consequently, the effects of Calcium 

sequestering time on SLS or metamorphosis time may be confounded by husbandry treatment. 

However, for the SLS analysis, the expected husbandry treatment effect was that tadpoles in 

the medium husbandry treatment would have higher SLS prevalence than tadpoles in the 

intensive husbandry treatment, while the observed effect of Ca2+ sequestering time on SLS 

was negative; tadpoles in the medium treatment with higher Ca2+ sequestering time had less 

SLS. It Is therefore unlikely that the negative effect of Ca2+ sequestering time on SLS was 

confounded by husbandry treatment. We therefore assert the use of the Ca2+ sequestering 

time in our analyses of SLS based on the biological relevance of the Ca2+ sequestering time 

effect and the opposite direction of the expected treatment effect and the observed Ca2+ 

sequestering time effect. Ca2+ sequestering time is a direct function of metamorphosis time 

(equation 3-2), so Ca2+ sequestering time and metamorphosis time are strongly correlated (r = 

0.69, n = 45). We included Ca2+ sequestering time in our analysis of the effect of husbandry 

treatment on metamorphosis time to control for the effects of the broken phosphate reactor but 

acknowledge that any effect of Ca2+ sequestering time on metamorphosis time detected in this 

analysis is likely the result of this relationship.    

We now turn to our most surprising results. Ca2+ sequestering time had a relative 

importance value of 1 in our full averaged model (Figure 3-5) and had a significant negative 

effect on SLS when we analyzed the effect of Ca2+ sequestering time on SLS treating 

husbandry treatment and breeding tank as random effects (Figure 3-9). This suggests that 

change(s) in water chemistry associated with the failure and repair of the phosphate reactor had 

an important effect on SLS. Specifically, we hypothesize that the excess phosphates introduced 

during the time that the phosphate reactor was broken indirectly caused SLS by reducing the 

amount of dissolved calcium available to developing tadpoles. We base this hypothesis on the 

original findings and discussion of Camperio Ciani et al. (2018), our post-hoc analysis of water 



 42 

chemistry, the effect of Ca2+ sequestering time on SLS, and the physiology of tadpoles during 

metamorphosis.  Importantly, the same phosphate reactor that failed during our second 

experiment was installed at the PARCP between 2016 and 2017, i.e. it was a third (and 

unknown) factor that changed between the pre-experimental and 2017 pilot experiment. The 

installation of a working phosphate reactor may have led to the surprising low levels of SLS in 

experiment 1 by freeing up dissolved calcium.  

Calcium plays an important role in amphibian metamorphosis (Baldwin & Bentley, 1980; 

Oguro et al., 1975; Pilkington & Simkiss, 1966; Stiffler, 1993) and previous studies have shown 

an increased incidence of skeletal deformities for tadpoles raised in low calcium water 

(Marshall, Amborski, & Culley, 1980; Pollack & Liebig, 1989). Camperio Ciani et al. (2018) found 

that SLS prevalence was reduced in Atelopus glypus if tadpoles were raised in reconstituted 

reverse osmosis water instead of carbon-filtered water, and we found a similar pattern with 

Andinobates geminisae tadpoles during our first experiment. Reconstituted reverse osmosis and 

carbon filtered water differ drastically in their chemical composition: in Camperio et al.'s (2018) 

experiment, reconstituted reverse osmosis water was over twice as hard as the hardness of 

carbon-filtered water (56mg/L CaCO3 vs. 26mg/L CaCO3). These researchers also noted that 

the ratio of phosphate to calcium was 1:189 in carbon-filtered water, compared to 1:986 in 

reconstituted reverse osmosis water. Phosphate reacts with calcium in aqueous solution to form 

insoluble calcium phosphate salt (NCBI, 2019), thereby sequestering dissolved calcium needed 

by developing amphibian larvae. The correlation between an increased phosphate to calcium 

ratio and high SLS prevalence noted by Camperio Ciani et al. (2018) provides the foundation of 

our hypothesis that SLS may be a metamorphosis-related symptom of phosphate-induced 

calcium deficiency. 

We initially hypothesized that SLS decreased from 58 to 3% during the first experiment 

because of changes to tadpole husbandry. During the first experiment, 4 out of 22 tadpoles 

raised in carbon-filtered water developed SLS at staggered time points over a six-month period. 

In the second experiment, four tadpoles raised in carbon-filtered water under nearly identical 

care conditions developed SLS in succession within the first four months (Figure 3-12). This 

latter prevalence of SLS was much higher than predicted based on our initial hypothesis and 

indicated that another important SLS factor had changed. Genetics is an unlikely factor because 

five out of six of the breeding pairs used in the second experiment were unchanged from the 

first experiment. All of the tadpoles that developed SLS during the first three months of our 

study were from the intensive husbandry treatment group, but we cannot say if this is due to a 
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treatment effect or to the date of tadpole metamorphosis, because of the delayed 

metamorphosis time of tadpoles in the medium husbandry treatment group. However, the high 

prevalence of SLS at the beginning of our experiment coincided with the period of time just 

before the repair of the phosphate reactor (Figure 3-12), suggesting that the timing of 

metamorphosis relative to the repair of the reactor may be more directly related to SLS than 

tadpole husbandry treatment. 

Given the purpose of phosphate reactors, one would assume that excess phosphates 

were present in the water used for tadpole rearing over the time period that the phosphate 

reactor was broken, and that phosphate levels would decrease following its’ repair. Data on the 

phosphate to calcium content of the tadpole source water taken during the experiment confirms 

that phosphates decreased from ~0.4ppm to 0-0.04ppm PO43- during the repair of the reactor 

while calcium levels remained relatively constant (Figure 3-12), resulting in an elevated calcium 

to phosphate ratio that sharply decreased following the repair of the phosphate reactor; this 

decrease in the phosphate to calcium ratio was accompanied by a drop in the prevalence of 

SLS (Figure 3-12). This pattern is consistent with the water filtration data we collected in July 

2018, which shows that phosphate levels in the tadpole rearing water would remain at about 

0.54 ppm PO43- without a functioning phosphate reactor, vs. 0.04ppm PO43- with a functioning 

phosphate reactor, while calcium levels would remain between 15 and 20ppm CaCO3 

regardless (Figure 3-12). Our ad hoc and post hoc water analyses both consistently show that 

the failure of the phosphate reactor resulted in an elevated ratio of phosphate to calcium in the 

tadpole rearing water and that this ratio decreased following the repair of the reactor. However, 

our phosphate and calcium data from individual tadpole wastewater does not reflect this pattern 

(Figure 3-14). This is likely due to the cyclic introduction and removal of phosphates through 

food waste and feces and/or the limited accuracy of the test strips we used for these 

measurements. Nonetheless, we can still say with some degree of confidence that the broken 

reactor increased the phosphate to calcium ratio of the water used for tadpole rearing, and that 

this was correlated with an increased incidence of SLS, based on the data presented in figures 

3-12 and 3-13.  

So far, we have discussed two instances of correlation between the phosphate to 

calcium ratio and SLS prevalence: one observed by Camperio Ciani et al. (2018) due filtration 

method choice and one due to an equipment malfunction in the present study. It was not until 

this phenomenon became a focus of conversation at the PARCP that we learned the phosphate 

reactor units had been installed for the first time at the PARCP just prior to running experiment 1 
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(July-December 2017), i.e. coincident with the 55% decrease in the incidence of SLS in 

Experiment 1. 

Calcium is vital for the ossification bones during amphibian metamorphosis (Baldwin & 

Bentley, 1980; Oguro et al., 1975; Pilkington & Simkiss, 1966; Stiffler, 1993). In anurans, the 

most dramatic metamorphic changes — including metamorphosis of the mouth, reabsorption of 

the tail and much of bone ossification — take place during a stage known as metamorphic 

climax, marked by the emergence of forelimbs and ending with the completion of tail 

reabsorption (Etkin 1964; Pilkington and Simkiss 1966, Stiffler 1993; Gosner 1960). Tadpoles 

can acquire environmental calcium across the skin (Guirguis et al., 1997; Stiffler, 1995, 1996; 

Stiffler et al., 1997; Zerella & Stiffler, 1999) and gills (Baldwin & Bentley, 1980; Stiffler, 1993, 

1996), and via dietary calcium through the wall of the small intestine (Robertson, 1976, 1975; 

Stiffler, 1993, 1996). However, during peak metamorphosis, tadpoles are unable to feed due to 

the restructuring of the mouth (Gosner, 1960; Pilkington & Simkiss, 1966) and external gills are 

no longer present at this stage (Gosner, 1960), limiting the capacity to acquire calcium from the 

environment (Pilkington & Simkiss, 1966).  However, tadpoles store calcium as calcium 

carbonate in specialized regions of the inner ear, called endolymphatic sacs, and this calcium is 

mobilized for use during metamorphic climax (Pilkington and Simkiss, 1966). In Rana 

temporaria, the calcium concentration of tadpole rearing water is directly correlated with the 

amount of calcium carbonate in the endolymphatic sacs and the degree of skeleton 

mineralization in metamorphs (Pilkington and Simkiss, 1966).  

Calcium accumulates in the endolymphatic sacs of tadpoles during the growth period 

prior to bone development, which occurs up until Gosner stage 38-41 (right before metamorphic 

climax). Once bone development begins, there is a plateau in endolymphatic calcium storage 

until it is mobilized for use during metamorphic climax (Pilkington and Simkiss, 1966). The 

availability of Calcium, and the window of time tadpoles have to accumulate calcium in the 

endolymphatic sacs should therefore be directly reflected in the health of bones that develop 

during metamorphic climax. We may have quantified this phenomena in our model of the effect 

of Ca2+ sequestering time on SLS. Ca2+ sequestering time directly quantifies the amount of time 

that each tadpole had to sequester calcium during the growth period prior to metamorphic 

climax. As such, Ca2+ sequestering time was a statistically significant predictor of SLS (Figure 3-

9); According to our statistical model, tadpoles must have a minimum of 10 days to accumulate 

calcium prior to peak metamorphosis in order to lower their probability of developing SLS below 

50% (Figure 3-10) in this system.  
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Conclusion 

Our first experiment revealed that neither filtration method nor vitamin supplementation 

of tadpole rearing water effect the time it takes for Andinobates geminisae tadpoles to 

metamorphose. We found no significant effect of water supplementation or filtration on survival 

or SLS, however, our study had limited statistical power. The distribution of the 5 SLS cases 

across treatment groups is consistent with the pattern reported by Camperio Ciani et al. (2018) 

and there were no SLS cases from either vitamin-supplemented treatment groups. Both of these 

patterns merit further study with increased statistical power. In our second experiment we found 

that less intensive tadpole husbandry increased the amount of time it took for tadpoles to reach 

metamorphosis by approximately 30 days; this provides important information for the cost-

benefit analyses of tadpole husbandry staff hours at the PARCP and similar projects. The 

effects of husbandry intensity treatment on tadpole survival and SLS were unclear. However, we 

observed an association between elevated phosphate-to-calcium levels in the water used to 

rear tadpoles, and an elevated incidence of SLS. Further investigation revealed a second 

association between elevated dissolved phosphate and SLS at the PARCP, and our post-hoc 

analysis of the ability of tadpoles to sequester calcium on SLS development suggests that SLS 

is a symptom of hypocalcemia during metamorphic climax, induced specifically by high 

phosphate content of the tadpole rearing water in this system. Our manipulation of the 

phosphate to calcium ratio of the tadpole rearing water was unintentional, and as such, changes 

in the phosphate to calcium ratio were confounded by the variable of time, and the exact 

phosphate and calcium concentrations involved in these changes could only be approximated. 

We do not intend for our findings to result in the circulation of another putative SLS factor. 

Rather, the hypocalcemia hypothesis for the etiology of SLS, which is based on our 

observations, known tadpole physiology, and the work by Camperio Ciani et al. (2018), should 

be considered a top candidate for future directed testing. 
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Tables and Figures   

Table 3-1 Summary of experimentally tested husbandry-related causes of causes of 
SLS.  

 

 

 

Experimental variable 
 

Model Species 
(tadpoles) Result Source 

Different types of 
commercial diets (dried 
brine shrimp, rabbit 
chow, baby food, fish 
food, dried tubifex 
worms, Xenopus 
tadpole diet) 

Dendrobates 
auratus 

There was no effect of 
commercial diet type on SLS. 

Marlett, 
Eichler, & 
Fellows-
Hagemeister 
(1988) 

Dietary Calcium Rana catesbeiana 

Lower dietary calcium 
significantly increased skeletal 
deformities, including "crooked 
limbs”, for tadpoles ≤ stage 18. 

Culley (1980) 

Environmental Calcium Epipedobates 
tricolor 

Inconclusive: tadpoles died or 
developed poorly at all calcium 
concentrations.   

Hakvoort & 
Gouda (1990) 

Overfeeding Atelopus glyphus  

Overfeeding significantly 
increased SLS prevalence, 
especially if tadpoles were 
raised in carbon filtered water 
instead of reconstituted reverse 
osmosis water 

Camperio 
Ciani et al. 
(2018) 

Experimental vs. 
Commercial diet Atelopus glyphus  

There was no difference 
between experimental and 
commercial diet on SLS. 

Camperio 
Ciani et al. 
(2018) 

Water filtration method 
(reconstituted reverse 
osmosis water vs. 
carbon filtered water) 

Atelopus glyphus  

Raising tadpoles in 
reconstituted reverse osmosis 
water significantly reduced SLS 
prevalence. 

Camperio 
Ciani et al. 
(2018) 

Diet Ration Atelopus glyphus  

Ration had a significant 
positive effect on SLS in 
carbon filtered water and 
increased the effect of filtration 
method on SLS. 

Camperio 
Ciani et al. 
(2018) 

Dietary Protein Atelopus certus 
 
There was no effect of dietary 
protein on SLS. 

Camperio 
Ciani et al. 
(2018) 

Time into the breeding 
season* 

Dendrobates 
auratus 

SLS prevalence increased with 
increased time into the 
breeding season. 

Marlett, 
Eichler, & 
Fellows-
Hagemeister 
(1988) 
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Table 3-2  Summary of the differences in tadpole care protocol between the two 
husbandry intensity treatment groups. 

 

 Husbandry Treatment 

Care parameter Intensive  Medium 

Feeding dose  0.003 ± 0.002 g crushed fish flakes per 
feeding. 

 0.005 ± 0.002 g crushed fish flakes 
per feeding. 

Feeding frequency Tadpoles fed three times weekly. 
 

Tadpoles fed once weekly. 
 

Water change 
frequency 

50% water change 3 times weekly.  50% water change once every 14 
days. 
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Table 3-3 Generalized linear models of tadpole metamorphosis time (in days), 
survival, and SLS status in response to water vitamin/filtration treatment 
and breeding tank ID in Experiment 1. Breeding tank ID represents the 
parental tank origin and tank Id of each tadpole. 

 

 

 

 

Response  
Variable Model K AICc ΔAICc AICcω 

Cum.  
AICω LL 

 
Met. 
Time ~ 
n = 87 

1 1 547.00 0.00 0.85 0.85 -272.48 
tmt 4 550.78 3.78 0.13 0.97 -271.15 
tmt + tank.Id 6 554.08 7.08 0.02 1.00 -270.51 
tmt*tank.Id  9 558.59 11.59 0.00 1.00 -269.13 
tank.Id 24 600.59 53.59 0.00 1.00 -266.62 

 
 
Survival ~ 
n = 97 

1 1 66.42 0.00 0.69 0.69 -32.19 
tank.Id 6 69.05 2.63 0.19 0.88 -28.06 
tmt 4 70.31 3.90 0.10 0.97 -30.94 
tmt + tank.Id 9 73.00 6.58 0.03 1.00 -26.46 
tmt*tank.Id 24 108.39 41.98 0.00 1.00 -21.86 

 
 
SLS ~ 
n = 87 

tmt + tank.Id 9 32.11 0.00 0.87 0.87 -5.88 
tmt 4 37.25 5.14 0.07 0.93 -14.38 
tank.Id 6 37.72 5.62 0.05 0.99 -12.34 
1 1 40.32 8.21 0.01 1.00 -19.14 
tmt*tank.Id 24 79.12 47.02 0.00 1.00 -5.88 



 50 

 

Table 3-4 The number of tadpoles to die or survive to metamorphosis, by (a) water 
treatment group or (b) breeding tank, for Experiment 1. Total N=97 

 
 

 

 

(a) Water 
treatment CB CF FA RO 
# died 
# survived 

2 
22 

3 
21 

4 
20 

1 
24 

(b) Breeding  
Tank t24 t25 t58 t70 t72 t77 
# died 1 2 0 1 4 2 
# survived 6 24 19 13 10 15 
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 Table 3-5 Generalized linear mixed effects models of Andinobates geminisae tadpole 
time to metamorphosis (Met.time) and SLS , and survival as a function of 
husbandry treatment (tmt) and Ca2+ sequestering time with the random 
effect of breeding tank (tank.Id) for Experiment 2. Ca2+ sequestering time 
was centered and scaled by the mean and 2 standard deviations. 

 
Response 
Variable Model K AICc ΔAICc AICcω 

Cum. 
AICω LL 

 
Met.time ~ 
(n = 45) 
 

tmt * Ca2+ Seq. Time + (1|tank.Id) 6 335.81 0.00 0.72 0.72 -160.80 
tmt + Ca2+ Seq. Time + (1|tank.Id) 5 337.66 1.85 0.28 1.00 -163.06 
tmt + (1|tank.Id) 4 350.96 15.15 0.00 1.00 -170.98 
Ca2+ Seq. Time + (1|tank.Id) 4 362.78 26.98 0.00 1.00 -176.89 
1 + (1|tank.Id) 3 391.99 56.18 0.00 1.00 -192.70 

 tmt* Ca2+ Seq. Time + (1|tank.Id) 5 31.05 0.00 0.52 0.52 -9.75 
 Ca2+ Seq. Time + (1|tank.Id) 3 31.69 0.64 0.38 0.91 -12.55 
SLS ~ tmt+ Ca2+ Seq. Time + (1|tank.Id) 4 34.49 3.44 0.09 1.00 -12.75 
(n = 45) 1 + (1|tank.Id) 2 44.74 13.70 0.00 1.00 -20.23 
 tmt + (1|tank.Id) 3 46.08 15.03 0.00 1.00 -19.75 
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Table 3-6 Generalized linear mixed effects models of Andinobates geminisae tadpole 
survival to metamorphosis as a function of husbandry intensity treatment 
(tmt) and % PO4

3- exposure with the random effect of breeding tank (tank.Id) 
for Experiment 2. % PO4

3- exposure was centered by the mean and scaled 
by 2 standard deviations. 

 
Response 
Variable Model K AICc ΔAICc AICcω 

Cum. 
AICω LL 

 tmt*PO43- exp. + (1|tank.Id) 5 68.25 0.00 0.27 0.27 -28.57 
 PO43- exp. + (1|tank.Id) 3 68.33 0.08 0.26 0.53 -30.95 
Survival ~ tmt + PO43- exp. + (1|tank.Id) 4 68.38 0.13 0.25 0.78 -29.83 
(n = 60) 1 + (1|tank.Id) 2 69.46 1.21 0.15 0.93 -32.63 
 tmt + (1|tank.Id) 3 70.82 2.57 0.07 1.00 -32.20 
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Table 3-7 AICc comparison of null and alternate generalized linear mixed effects 
models of SLS in response to Ca2+ sequestering time in Experiment 2. 
Breeding tank (tank.Id) and husbandry intensity treatment (tmt) were 
included as random effects. Ca2+ sequestering time was centered by the 
mean and scaled by 2 standard deviations. 

Response  
Variable Model K AICc ΔAICc AICcω LL 
 Ca2+ Seq. Time + (1|tank.Id) + (1|tmt) 4 30.97 0 1 -10.97 
SLS ~ 1+ (1|tank.Id) + (1|tmt) 3 46.68 15.71 0 -20.04 
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Figure 3-1 Habitat design of parental breeding tanks with tadpoles in the front area. 
Each breeding tank had an identical set of objects: 10 capped pieces of 
PVC, 6 water-filled petri dishes, a pot hide, a small bromeliad, a clear 
shelter, and 22 numbered petri dishes for tadpoles. Objects were 
positioned as seen above in all tanks. Emerging metamorphs were placed 
under the clear shelter after forelimb emergence to complete 
metamorphosis. 

 



 55 

 

 

 
Figure 3-2 Mean and standard error of metamorphosis time for tadpoles raised in one 

of four water filtration and vitamin supplementation treatments in 
Experiment 1. Numbers at the top of each bar represent the number of 
observations in each treatment group. N = 87 tadpoles.  
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Figure 3-3 The number of tadpoles to metamorphose with SLS (dark grey) or healthy 
(light grey) from each water treatment group (left) and for each breeding 
tank (right) in Experiment 1. N = 87 tadpoles.  
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Figure 3-4 Comparison of mean water quality parameters measured from the 
wastewater of individual tadpoles of four age classes in Experiment 2. 
Water quality data is only available for tadpoles in the medium husbandry 
group for the oldest age class because tadpoles in the high husbandry 
group had all metamorphosed prior to 75 days old. Error bars represent 
95% confidence intervals. 
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Figure 3-5 Full averaged model coefficients for models of Metamorphosis time and 
SLS in response to husbandry treatment, Ca2+ sequestering time, and their 
interaction in Experiment 2. Models with a cumulative AICω ≥ 0.95 were 
selected for averaging, and Ca2+ sequestering time was centered by the 
mean and scaled by 2 standard deviations. RIV = Relative importance 
value. 
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Figure 3-6 Coefficient estimates from a model of tadpole survival to metamorphosis in 
response to husbandry treatment, % PO4

3- exposure, and their interaction, 
with breeding tank included as a random effect in Experiment 2. Error bars 
represent the 95% confidence intervals of the coefficient estimates. % PO4

3- 
exposure was centered by the mean and scaled by 2 standard deviations. 

. 
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Figure 3-7 Mean ± standard error of the metamorphosis time of tadpoles raised under 
medium and high intensity husbandry treatments in Experiment 2. 
Numbers at the top of the bars represent the number of observations in 
each treatment group. N=45 tadpoles. 
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Figure 3-8 Comparison of the metamorphosis times of n = 8 tadpoles that 
developed SLS to n = 37 tadpoles that developed healthy limbs in 
Experiment 2. Each point represents a single tadpoles’s 
metamorphosis time in days. Solid lines represent the group means 
and dashed lines trepresent the mean ± standard error.   
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Figure 3-9 Coefficient estimates from a model of SLS in response to Ca2+sequestering 
time, with breeding tank and husbandry treatment included as random 
effects in Experiment 2. Error bars represent the 95% confidence intervals 
of the coefficient estimates. N=45. Ca2+sequestering time was centered by 
the mean and scaled by 2 standard deviations. 
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Figure 3-10 The probability of SLS (represented by the fitted line) over increasing 
calcium-sequestering time, generated from our model of SLS in response 
to increasing calcium exposure (AICω = 1), with husbandry treatment and 
breeding tank included as a random effects for Experiment 2. The circles 
represent the SLS status (1 = SLS, 0 = healthy) and calcium sequestering 
time of each experimental tadpoles (N = 45). 
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Figure 3-11 Mean values of various water parameters covered during full spectrum 
analyses of PARCP A. geminisae source water. The mean for each 
parameter is taken from n = 3 or n = 4 measurements taken over the 6 
month period of the experiment. Whiskers represent the standard error of 
the mean. 
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Figure 3-12  Comparison of SLS at metamorphosis, PO4
3- concentration, and calcium 

concentration of the source water used for tadpoles, over the duration of 
Experiment 2. The vertical line at day 79 represents the day that the 
phosphate reactor was repaired. In the top graph, each (jittered) point 
represents the metamorphosis of a single tadpole, with 1 indicating that the 
emerging metamorph had SLS and 0 indicating they were healthy. We used 
three methods to measure PO4

3- and calcium: a “Hanna” colorimeter, a 
“Hach” colorimeter, and manual titration. The dashed lines represent the 
median phosphate (middle panel) or calcium (bottom pannel) concentration 
of the water before and after the phosphate reactor was repaired (indicated 
by the vertical line). 

 



 66 

 

 

Figure 3-13 Mean phosphate (PO4
3-) and calcium concentration (CaCO3) of the tadpole 

source water before and after passing through the repaired phosphate 
reactor in July 2018. Error bars represent 95% confidence intervals. 
Concentrations are in mg/L, and calcium concentration is divided by a 
factor of ten for visualization on the same scale as phosphate data. 

CaCO3(ppm)/10 

PO43-(ppm) 
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Figure 3-14  Phosphate and hardness readings taken from the wastewater of individual 
tadpoles in the six breeding tanks. Each solid line connects chronological 
phosphate measurements (represented by the solid points) taken from a 
single tadpole. The dashed black line represents the total water hardness, 
which was the same in all measurements. The circled points highlight the 
age of each tadpole when the phosphate reactor was repaired, and are 
absent on the lines of tadpoles that metamorphosed prior this time. Fate 
refers to the fate of each tadpole regarding survival to metamorphosis or 
SLS development. 
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Figure 3-15 Distribution of individuals from experiment 2 by metamorphosis time in 

each husbandry treatment group. N = 45 
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Equation 3-1 Ca2+ sequestering time. The difference between the two dates is 
represented in days since the start of the experiment (day 0). If a tadpole 
metamorphosed prior to the repair of the phosphate reactor, Ca2+ 
sequestering time is set = 0. 

 

 

 

Equation 3-2 %PO4
3- exposure. Negative numerators indicate tadpoles that 

metamorphosed prior to the repair of the phosphate reactor and are set to 
equal zero.  
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Chapter 4. Conclusion 

The thesis presents my work at the PARCP as part of a broader discussion of the health 

problems that limit the success of CBPs and the contributions that CBPs can make to 

conservation and science. First, I described the tadpoles and eggs of Oophaga vicentei and 

Andinobates geminisae using data that was collected from conservation breeding populations at 

the PARCP. I found that the tadpoles of both species are indistinguishable from the tadpoles of 

congeneric species, consistent with the hypothesis that tadpole morphology is a shared derived 

trait within the Oophaga genus and within the Andinobates minutus species subgroup (of which 

A. geminisae is a part) (Myers 1984; Myers & Daly 1980). However, this cannot be confirmed 

until descriptions are complete for the remaining species in each genus.   

Generally, descriptions of dendrobatid eggs are limited to a few notes on the color or 

size of eggs taken from dissected females, while dendrobatid tadpole descriptions are scarce 

and available descriptions are generally incomplete because they are based on a small sample 

of wild, early stage individuals. More abundant and complete egg and tadpole data might 

provide insight into the highly debated phylogenetic relationships between dendrobatid species. 

In conjunction with biogeographical and ecological data, tadpole descriptive data can be used to 

identify free-living tadpoles in the field. For example, described Andinobates tadpoles are 

morphologically distinct from the tadpoles of other genera, and A. geminisae tadpoles do not 

overlap ecologically or geographically with any congeneric species except for A. minutus, 

allowing tadpoles of this morphology to be identified to genus, and more specifically, as either A. 

minutus or A. geminisae. Likewise, eggs could also be used to detect species presence if 

descriptive data were available for more species. The ability to identify free-living tadpoles and 

eggs in the field could potentially increase the sensitivity of biological surveys and improve the 

accuracy of population estimates and range data relevant to conservation. In addition to the 

descriptions I provide, this chapter also demonstrates that useful morphological data on eggs 

and tadpoles can be collected non-invasively at conservation breeding facilities. The collection 

of tadpole and egg data from conservation breeding facilities is superior to field data collection 

because (1) a larger sample size can be attained, (2) no animals must be sacrificed, (3) 

tadpoles are available from a variety of stages, and (4) freshly laid eggs are available (rather 

than immature eggs from dissected females). CBPs have sole access to these valuable data, all 
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of which could potentially contribute to the conservation of species in the wild.  This is one way 

to further increase the conservation and scientific value of CBPs.  

Next, I carried out two experiments to investigate potential husbandry-related causes of 

Spindly Leg Syndrome (SLS), a captivity-specific disease of unknown etiology that was severely 

limiting the survival of the PARCP’s population of poison dart frogs. My results suggest that 

raising tadpoles in reconstituted reverse osmosis water instead of carbon-filtered water has no 

effect on the time it takes tadpoles to reach metamorphosis or on tadpole survival, but may 

decrease the prevalence of SLS in Andinobates geminisae. None of the tadpoles raised in 

vitamin B or folic acid- supplemented carbon-filtered water had SLS. Since there is anecdotal 

evidence that this manner of supplementing tadpole rearing water drastically reduces SLS 

prevalence, future studies with increased statistical power should continue investigating this 

potential treatment.  

My second experiment revealed that decreasing the intensity of the tadpole husbandry 

protocols delayed the time it took for tadpoles to reach metamorphosis but did not affect SLS 

prevalence or tadpole survival; This information is important to consider when allocating limited 

staff resources to animal care at CBPs.  

During experiment 2, a fortuitous accident led to the manipulation of the phosphate 

content of tadpole rearing water, which in turn affected the amount of time tadpoles had to 

sequester calcium for use during metamorphic climax. When I accounted for these factors in my 

analysis, I found that calcium sequestering time was the most important predictors of SLS. In 

light of these findings and available information on tadpole physiology, it appears likely that SLS 

is a symptom of phosphate-induced hypocalcaemia leading to metamorphic climax in this 

system. A third experiment that manipulates the phosphate and calcium content of tadpole-

rearing water and compares the resulting prevalence of SLS between treatment groups is 

needed to confirm this hypothesis, however. This experiment is now (May 2019) underway at 

PARCP (Roberto Ibáñez, pers. comm.). 

SLS prevalence drastically decreased from 68% to 3% for Andinobates geminisae 

metamorphs following the installation of phosphate reactor units at the PARCP. Phosphate 

reactors are often used in zoos, aquaria, and CBPs, based on general knowledge that excess 

phosphates are bad for amphibian health, but phosphate reactors may be critical in specifically 

preventing SLS. Understanding the importance of husbandry practices can have long-lasting 
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positive effects: Since completing my work, SLS prevalence has stayed below 3% in the 

PARCP’s population of A. geminsae, and in light of our findings, we believe this to be due to 

diligent maintenance of a functioning phosphate reactor.  

During my work, we discovered that the experimental collection protocol proved to be 

highly efficient in locating tadpoles consistently from actively breeding pairs. This methodology 

has since been adapted by the PARCP as a regular protocol resultantly; the number of 

metamorphs produced per month has tripled for this population.  

 Knowledge gaps in amphibian husbandry have led to the discovery of numerous 

idiopathic husbandry-related diseases that can severely limit the success of CBPs. Using an 

experimental approach, it is feasible to identify the causes of these diseases and revise 

husbandry accordingly with drastic positive effects. In the interest of saving time, husbandry 

staff may be tempted to use a shotgun approach to treat disease, whereby several treatments 

are simultaneously applied to the patient until they are cured. However, this approach provides 

no information on the etiology of the disease. If we are to continue increasing the number of 

amphibian species in CBPs (Harding et al. 2016), then our knowledge on husbandry-related 

diseases must also increase proportionally; therefore sufficient staff resources should be put 

towards hypothetico-deductive problem-solving protocols that generate focussed new 

knowledge. In addition to studying husbandry-related diseases, this approach can be used to 

solve other problems that can constrain the success of CBPs, such as reproductive or 

behavioural problems. For example, at the Vancouver Aquarium, captive populations of 

endangered Northern Leopard Frogs (Lithobates pipiens) and Oregon Spotted Frogs (Rana 

pretiosa) are breeding, but their reproductive output is currently too low to produce the number 

of tadpoles and metamorphs for release necessary to prevent their extirpation in the wild 

according to existing PVA models (Kissel et al. 2017; pers comm. Kendra Morgan). This 

problem sets the stage for a study to test hypotheses on (a) which parameters (eg. egg mass 

size, clutch fertility, hatching success) are primarily responsible for the overall low reproductive 

output of these species in captivity, and (b) what factors (eg. gamete quality, behaviour, 

hormones) are causing the identified parameters to be low. Low reproductive output is a 

common problem in amphibian CPBs (Browne & Zippel 2007), so this study could contribute 

valuable knowledge that could help elevate the success rate of amphibian CBPs and increase 

our understanding of amphibian reproductive biology in general. 
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As mentioned in my thesis introduction, habitat loss, pollution, and overexploitation are 

driving amphibian declines on a global scale. These threats can be mitigated through habitat 

protection, legislation, and public outreach, but declines are still expected to continue due to, 

inter alia, disease in protected areas where Bd and Bsal have already been introduced, leaving 

captive breeding as the last hope for the survival of many species. Despite the capacity of CBPs 

to succeed and contribute to science, the question remains as to whether or not it is ethically 

correct to maintain species in captivity with so much uncertainty about when and how they will 

return to the wild due to the unresolved threat of disease. Furthermore, if the ecological risks 

and benefits of captive breeding and release programs are not carefully weighted, they have the 

potential to do more harm than good through the depletion of remaining populations and 

outbreeding depression (Araki et al. 2007; McCleery et al. 2014; Heinrichs et al. 2019).  I 

believe that it is ethically justifiable to keep these species in captivity because we simply do not 

have enough information to assume that they cannot be successfully released in the future, and 

so discussion of pulling the plug at this point is premature. For example, research initiatives are 

currently underway to investigate the feasibility of release of chytridiomycosis-sensitive species 

into their native range; the first trial release of captive-bred Atelopus limosus frogs from the 

PARCP into the Mamoní valley preserve in Panama began in 2017, and will provide important 

data on the ecology, health, and survival of individuals post-release. Likewise, studies 

quantifying the effects of collecting amphibians for conservation CBPs on wild population health 

and the genetic fitness risks of interbreeding between captive-bred and wild amphibians must 

be carried out before deciding if captive breeding and release is an appropriate conservation 

action for a species.  The need for the release of captive-bred individuals is still largely 

unknown: though the recovery capacity of species to chytrid is poorly understood (Newell et al. 

2013), if remnant or recovering populations of species previously thought to be extinct in the 

wild are found, then perhaps there is no need to reintroduce individuals from captivity. But we 

must be ready to not find any survivors. Until we find out more about the feasibility of releasing 

captive-bred individuals and their subsequent success, and until we know more about the 

recovery capacity of individuals in the wild, I argue that CBPs have a clear purpose to efficiently 

safeguard amphibian biodiversity from human-caused extinction while providing new scientific 

information. Shepherding these species is the least we can do.
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