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ABSTRACT 

 

 

Understanding the ultimate and proximate mechanisms of spadefoot tadpole 

developmental polyphenism is the first step in gaining a mechanistic and evolutionary 

understanding of the factors responsible for the control and evolution of polyphenism and 

the connection between the environment, genotype, and phenotype.  Tadpoles of the 

spadefoot toad Spea multiplicata and Spea bombifrons can display either a “typical” 

omnivorous phenotype or a carnivorous phenotype in ephemeral ponds in the deserts of 

the American Southwest.  In chapter 1 the ultimate (environmental cues and behavior) 

mechanisms of carnivore development were investigated.  Out of over one thousand 

tadpoles used in the chapter 1 study, only 44 total carnivore phenotypes were identified, 

which were spread out among different temperature, food-type, density, and substrate 

treatments.  Additionally, no evidence was found that muscle use differences, for the two 

behaviors quantified, are associated with myoenlargement in the carnivore phenotype.  In 

chapters 2 and 3 the proximate (allometry, histology, and cellular proliferation) 

mechanisms were investigated.  In chapter 2, trait allometry was investigated to 

determine how traits are growing in carnivores relative to omnivores and relative to other 

traits.  It was found that the omnivore developmental program was modified to produce 

the carnivore phenotype by trait-specific heterochronic changes, and although most traits 

in omnivores were negatively allometric, carnivores showed a mixture of negative 

allometry, positive allometry, and isometry.  Also striking is that these traits are 

modified, at least statistically, as two distinct groups, suggesting trait modularity.  

Finally, in chapter 3 histological and cellular regulation of carnivore myoenlargement 

was investigated, relative to omnivores.  It was found that myoenlargement of the 

orbitohyoideus jaw and tail muscles in the carnivore phenotype is due to both hyperplasia 

and hypertrophy, relative to the omnivore phenotype, and the timing of each process and 

regulation differences between and within the phenotypes, suggest there may be at least 

three different developmental events regulating carnivore myoenlargement.  Finally, the 

BrdU analysis showed that even though it was predicted that carnivores would show 
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more labeled daughter nuclei, because of their myoenlargement, omnivores, in fact, 

showed significantly more daughter nuclei or no significant difference from carnivores.          
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INTRODUCTION  

 

 Understanding the process of evolution is of fundamental importance not only for 

the field of evolutionary biology but also for biology in general.  In fact, from the most 

reductionist molecular studies to the broadest of evolutionary questions, understanding 

genetic and phenotypic differences among and between organisms and between 

phenotypes has proven important to all researchers working in a comparative framework. 

 Developmental polyphenism is the expression of multiple, discrete phenotypes 

from one genotype, and has long been of interest to biologists (Mayr 1963).  

Developmental polyphenism has been implicated in many biological systems where 

alternative developmental strategies help organisms cope with changes in community 

composition (Van Buskirk and McCollum 2000; Relyea 2001a, 2001b), mating-strategies 

(Emlen 1994; Moczek and Emlen 1999), density (Hoffman and Pfennig 1999; Michimae 

and Wakahara 2002), habitat longevity (Pfennig 1990, 1992a, 1992b), and season 

(Brakefield and Mazzotta 1995; Nijhout 1999).  Determining the ultimate and proximate 

mechanism(s) controlling the expression of ontogenetic polyphenism is the first step in 

elucidating the underlying developmental mechanisms of this process and the selective 

factors that may have been responsible for its evolution.   

In many vertebrate and invertebrate systems the ultimate and proximate control of 

developmental polyphenism is well understood.  In some ambystomatid salamanders the 

density of conspecifics mediates the development of the broad-headed carnivorous 

phenotype (Hoffman and Pfennig 1999), and the frequency of that phenotype may be 

increased by the presence of heterospecific anuran tadpoles (Michimae and Wakahara 

2002).  Other species of ambystomatid salamanders display facultative paedomorphosis; 

some individuals metamorphose and move onto land while others remain sexually mature 

larvae (Whiteman 1994).  The latter retain the ability to metamorphose and may do so 

under laboratory stress (Brandon 1976).  Some anuran tadpoles alter tail morphology and 

body size in response to the presence of predators (Van Buskirk and McCollum 2000; 

Relyea 2001a).  For example, tadpoles of Hyla versicolor may develop brightly colored 

tail fins in the presence of Anax predators (Van Buskirk and McCollum 2000).  In some 

species, effects of these responses may last into adulthood (Relyea 2001b). 
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In insects, polyphenism is induced by many factors, such as temperature, 

photoperiod, crowding, pheromones, and diet (Nijhout 1999).  In the butterfly Bicyclus 

anynana ventral eyespot size is determined by larval rearing temperature (Brakefield and 

Mazzotta 1995), and understanding this ecological association has led to further studies 

on the hormonal control of ventral wing-spot formation (Brakefield et.al. 1998).  

Caterpillars of Nemoria arizonaria normally resemble oak twigs, but those developing in 

the spring feed on and mimic oak catkins (Greene 1989).  Finally, horn length in adult 

dung beetles is determined by the size of the “brood ball” in which larvae are reared 

(Emlen 1994; Moczek and Emlen 1999).  These are just a few examples of ultimate and 

proximate mechanisms that govern the expression of developmental polyphenisms.  

Determination of the environmental mechanisms in these systems has been important in 

continued research into the developmental control and the ecological and evolutionary 

implications of polyphenism (Brakefield and French 1999; Nijhout 1999; Emlen and 

Nijhout 2001; Schlichting and Smith 2002). 

Spadefoot-toad species have been implicated as a promising model for vertebrate 

systems that might provide insights into the mechanistic control of developmental 

polyphenism at the molecular, hormonal, and morphological level (Hall and Larsen 1998; 

Gilbert 2001; Hall et al. 2002; Michimae and Wakahara 2002).  Larvae of the spadefoot 

toads Spea multiplicata and Spea bombifrons show a striking polyphenism in which a 

“typical” filter-feeding larva is transformed into a carnivore that actively preys on 

microcrustaceans and conspecifics.  The carnivorous phenotype develops 3–5 days after 

hatching and is characterized by an enlarged head, enlarged jaw musculature, shortened 

intestines, and increased keratinization of the mouth to form a beak (Pomeroy 1981; 

Pfennig 1990, 1992a, 1992b).  This polyphenism is thought to have evolved as an 

adaptation for survival in temporary pond environments (Pfennig 1990,1992b).  

Temporary ponds are extremely short-lived; they are filled by rainwater and may dry in 

as little as a week without regular refilling.  In these environments survival depends on 

the ability to develop and metamorphose rapidly.  Individuals of the carnivorous 

phenotype have been shown to have a competitive advantage in rapidly drying ponds 

because they metamorphose sooner than omnivores (Pomeroy 1981), thereby avoiding 

desiccation.  Conversely, in long-lived ponds, omnivores have higher survival at 
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metamorphosis because of their greater fat reserves and develop into healthier juvenile 

toads.  Evidence therefore supports fitness trade-offs between becoming carnivorous and 

remaining omnivorous (Pfennig 1990, 1992b).  Although much is known about the 

evolution and ecology of spadefoot polyphenism, little is know regarding its ultimate and 

proximate regulation. 

The focus of this dissertation is to understand the regulation of spadefoot 

developmental polyphenism from the ultimate (environmental and behavioral) to the 

proximate (histological and cellular) levels.  A series of experiments and assays were 

conducted at increasingly reductionist levels in order to understand (1) what 

environmental and behavioral factors are regulating development of the carnivore 

phenotype; (2) how are individual traits changing in carnivores relative to omnivores and 

relative to other traits and which phenotypic traits most important for distinguishing 

carnivore phenotype from that of the omnivore, and (3) how are changes in the jaw and 

tail musculature regulated at the histological and cellular level?  Answering these 

questions will provide an exceptional start for a research program with the ultimate goal 

to understand the complex regulation of developmental polyphenism, from the 

environment to the molecular mechanisms.    
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CHAPTER 1 

 

ULTIMATE REGULATION OF SPADEFOOT DEVELOPMENTAL 

POLYPHENISM,  ENVIRONMENTAL AND BEHAVIORAL FACTORS 

 

Introduction 

 

Researchers have long recognized the importance of large-scale evolutionary 

developmental events, such as evolution of the amniotic egg (Liem et al. 2001), but 

recently investigators have begun to focus on more “fine-scale” developmental 

differences among taxa and phenotypes to improve understanding of the evolutionary 

process (Felix et al. 2000; Wray and Lowe 2000; Gibson and Honeycutt 2002; Herrero et 

al. 2002; Shapiro 2002; Brakefield et al. 2003; Rudel and Sommer 2003).  One of these 

developmental phenomena is polyphenism, which is the expression of multiple, discrete 

phenotypes from one genotype, and has long been of interest to biologists (Mayr 1963).  

Most studies of developmental polyphenism have focused on understanding its 

environmental regulation (reviewed in Nijhout 1999) because this knowledge is 

fundamental to understanding the evolutionary process and linking the environment to 

development and to evolution.   

Spadefoot toads spend the larval stage of their biphasic life cycle in rapidly drying 

temporary ponds, and because the drying rate of these ponds can be unpredictable, 

spadefoot larvae are susceptible to an exceptionally high degree of larval mortality 

(Newman 1987).  Two species of spadefoot toads (Spea multiplicata and Spea 

bombifrons) have evolved a developmental strategy to counteract the unpredictable 

nature of their larval environment.  Larvae of these species show a striking polyphenism–

–although data presented in the current study questions whether it is in fact a 

polyphenism––in which a “typical” filter-feeding tadpole is transformed, in both 

morphology and behavior, into a carnivore (Figure 1.1) that actively preys on 

microcrustaceans and cannibalizes conspecifics (Pomeroy 1981; Pfennig 1990).  All 

tadpoles hatch with the same phenotype, but some larvae soon transform into carnivores, 

which are fully recognizable as little as three days after hatching.  By mid-development  
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Figure 1.1.  Phenotype comparison of carnivore (c) and omnivore (o) larvae showing 
the superficial differences between phenotypes at premetamorphosis, 
prometamorphosis, and metamorphic climax.  Larvae in comparison pictures are at the 
same stage of development.  Phenotypic differences first emerge 3-5 days after hatching 
(premetamorphosis) and the morphs show their biggest differences at mid-development 
(prometamorphosis).  Finally, carnivores and omnivores begin to converge at 
metamorphosis and are indistinguishable after metamorphosis.    
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larvae are strikingly distinct in both morphology and behavior.  Finally, at metamorphosis 

the phenotypes begin to show morphological convergence (Figure 1.1), and upon 

emergence from the pond show no phenotypic differences. 

Phylogenetic analysis (Garcia-Paris et al. 2003) and developmental comparison 

(Pfennig 1992a, 1992b; Storz unpublished) have clearly shown that the omnivore-only 

phenotype is the ancestral spadefoot toad condition and polyphenism––the ability to 

become a carnivore or remain an omnivore––is the derived, evolved condition in these 

two species of North American spadefoot toads.  The phenotypes are so dissimilar that 

they were originally classified as different subspecies (Turner 1952).        

Carnivores show an increased developmental rate.  Carnivorous tadpoles, 

therefore, can quickly develop and metamorphose to escape a rapidly drying pond.  

Omnivores, on the other hand, feed primarily on detritus and algae (Pomeroy 1981) and 

take longer to develop.  A longer developmental rate results in increased susceptibility to 

mortality in rapidly drying ponds, but omnivores show better postmetamorphic survival 

rates (Pfennig 1992b).  The differences in postmetamorphic survival rates are believed to 

be due to differences in fat storage during larval development.  Omnivore larvae have 

relatively large fat bodies while carnivores have essentially no fat bodies (Storz 

unpublished data), and because metamorphosis is an energetically taxing event, increased 

omnivore survival post metamorphosis is likely due to their greater fat storage.  Thus, in 

terms of polyphenism as an evolved strategy, it is better to become a carnivore if a pond 

is drying rapidly, but it is better to remain an omnivore if the pond is longer lived 

(Pfennig 1992b). 

The ultimate and proximate mechanism model of spadefoot developmental 

polyphenism induction was originally proposed by Pomeroy (1981) and Pfennig (1992a).  

According to the model, carnivore development was thought to be induced in young 

larvae by feeding on fairy shrimp, a fresh water crustacean common in temporary ponds, 

or cannibalizing other spadefoot tadpoles, and from eating these prey items tadpoles 

would sequester thyroid hormone, which would induce carnivore development.  This 

model was later investigated in another study (Storz 2004), and some aspects of the 

model were either shown to be incorrect or called into question.   For example, feeding 

on conspecifics and thyroid hormone were both shown not to induce carnivore 
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development, while feeding on fairy shrimp caused morphological changes associated 

with field-collected carnivores, but did not induce all changes seen in field-collected 

animals (e.g. jaw muscle size increased but beak morphology did not change).  A second 

potential problem with the model is that only one trait, allometric disparity of the 

orbitohyoideus jaw muscle, was quantified in the original studies to denote whether a 

tadpole had transformed into a carnivore or remained an omnivore, but carnivores, in 

fact, show many trait differences relative to omnivores (Table 1.1).  The orbitohyoideus 

jaw muscle is not necessarily the best trait to use, at least by itself, to determine carnivore 

or omnivore phenotype.  The oribitohyoideus jaw muscle, like all skeletal muscles, can 

rapidly change morphologically and physiologically depending on functional demand.  

Hence, if a tadpole is fed a food item in the laboratory in an attempt to induce the 

carnivore phenotype and the food item is harder/softer or differs in some other type of 

texture in one treatment relative to another (which occurred in both Pomeroy 1981 and 

Pfennig 1992a), it becomes difficult to interpret whether the morphological change of the 

muscle is purely a functional response independent of becoming a carnivore or whether 

the carnivore developmental program has been activated, and to further complicate the 

matter, these events are most likely not mutually exclusive.  As evidence of the 

orbitohyoideus functional response, Pomeroy (1981) has shown that feeding spadefoot 

tadpoles lettuce causes the orbitohyoideus jaw muscle to become larger, similar to 

tadpoles fed fairy shrimp, but even though the lettuce-fed animals could presumably be 

categorized as “carnivores” or carnivore-like, using the methods of Pomeroy (1981) and 

Pfennig (1992a), no researchers have done so.  

 No one trait should be used to determine the induced phenotype but rather a 

compilation of traits.  Even traits that seem somewhat bimodal, beak morphology for 

example (see Storz and Travis 2007), are excellent indicators of phenotype early in 

development, but become less disparate between carnivores and omnivores as carnivores 

become older (Storz unpublished data), presumably due to usage wear.  Pfennig and 

Murphy (2002) developed, and later refined in Pfennig et al. (2006) and Pfennig et al. 

(2007), a metric termed the “morphological index” that combines three measurements of 

the trophic apparatus to distinguish field-collected omnivore and carnivore tadpoles.  The 

morphological index has not previously been used to distinguish laboratory-induced  
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Table 1.1.  Compilation of studies investigating larval polyphenism in spadefoot toads.  

Each trait shows either an increased (
y) growth rate, decreased (
{ ) growth rate or no 
difference (-) in carnivores, relative to omnivores.��

����

 

 

 

 

 

 

 

 

   Carnivore  Omnivore Reference  
Trait           
Jaw Musculature           
Orbitohyoideus  �9  �;  Pomeroy 1981; Pfennig 1992; Storz 

2004; Storz and Travis 2007  
Interhyoideus  �9  �;  Pfennig 1992; Storz and Travis 2007  
Hyoangularis  �9  �;  Storz and Travis 2007  
Head Shape           
Head Width  �í  �í  Storz and Travis 2007  
Head Length  �í  �í  Storz and Travis 2007  
Tail Shape           
Tail Muscle Height  �9  �;  Storz and Travis 2007  
Tail Fin Height  �9  �;  Storz and Travis 2007  
Tail Length  �9  �;  Storz and Travis 2007  
Feeding mode           
Protein in Diet  �9  �;  Pomeroy 1981  
Intestine Length  �;  �9  Pfennig 1992; Storz and Travis 2007  
Beak Pointedness  �9  �;  Pfennig and Murphy 2002  
Fat Bodies  �;  �9  Storz personal observation  
Other           
Melanization  �;  �9  Pomeroy 1981; Pfennig 1992  
Snout-to-vent length  �9  �;  Storz 2004  
Development Rate  �9  �;  Pomeroy 1981; Pfennig 1992  
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carnivores; this metric is used for the first time in the current study.           

In addition to the reasons discussed above for re-examining the polyphenism 

induction model, the effects of other factors such as temperature and density on carnivore 

induction have not been tested.  Fairy shrimp density is positively correlated with 

carnivore phenotype frequency, which led to the initial fairy shrimp induction hypothesis.  

The high fairy shrimp density is also positively correlated with pond temperature and 

pond-drying rate, whereby, hotter rapidly drying ponds show higher densities of fairy 

shrimp (Pfennig 1990), but neither the effect of temperature differences alone nor 

temperature co-varied with shrimp have been investigated.  Likewise, high relative 

densities are well known to induce polyphenism in Ambystomatid salamanders (Pfennig 

and Collins 1993)––a large cannibalistic phenotype develops at high densities––but this 

factor has not been investigated.     

An additional ultimate factor, other than the environmental cues discussed above, 

that may elicit phenotypic differences between carnivores and omnivores, at least for 

skeletal muscle, is behavioral differences in muscle use.  Relative differences in muscle 

use are well known to have effects on muscle morphology and physiology.  For example, 

skeletal muscle can show dramatic morphological, physiological, biochemical, and 

biophysical modifications in response to endurance or strength training, including 

changes in myofiber composition, size (hypertrophy) and number (hyperplasia) (Fluck 

and Hoppeler 2003; Fluck 2006).   

In the current study a battery of induction assays were carried out, varying food 

type, temperature, densities, substrates, and combinations thereof, with two different 

spadefoot species (Spea multiplicata and Spea bombifrons) in order to elucidate the 

environmental factor responsible for induction of the carnivore phenotype and to 

hypothesize a new or refine the existing carnivore induction model.  Additionally, 

potential behavioral muscle-use differences was investigated, quantifying mouth 

movement cycles and swim time (without and with fairy shrimp) between carnivores and 

omnivores within and between different ponds and over a developmental series from one 

pond.    
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Methods 

Induction assays 

Field-collected tadpole analysis 

 Naturally developing omnivores and carnivores were collected from Dearing 

Pond (approximately 1.6 km north of Portal Road), Rock Tank Pond (N 31.944783, 

W109.1173333), and Ava Ranch Pond (N31�q55'445 W109�q08'452), Cochise County, 

Arizona for a total of 373 tadpoles used in the field-collected morphological index 

analysis.  Animals were collected from multiple ponds in order to represent a better 

estimate of carnivore and omnivore phenotype variation that may exist in a natural 

population.  Tadpoles were collected by dip net or seine and sorted according to 

phenotype and Gosner stage (Gosner 1960).  Phenotype was easily determined by 

superficial inspection of the beak morphology, jaw musculature, dorsoventral flattening, 

and coloration (Pomeroy 1981; Pfennig 1990, 1992a).  Larvae were immediately 

euthanized with an overdose of MS-222 and preserved in 10% formalin or 1% 

paraformaldehyde in 80% phosphate buffered saline, depending on future analysis needs.   

Laboratory-induced group tadpole analysis 

Two pairs of adult Sp. multiplicata and the same number of adult Sp. bombifrons 

were chosen arbitrarily and collected in Cochise County, Arizona.  All induction assays 

were conducted at the Southwestern Research Station, Portal, Arizona, in temperature- 

and light-controlled research facilities maintained at 23–26°C and on 12-h light/dark 

cycles.  Pairs were placed in separate aquaria, and breeding was induced by injection of 

both males and females with 50 to 100 ��l of 1 ��g/100 ��l GnRH agonist [des-Gly10, (D-

His (Bzl)6)-luteinizing hormone releasing hormone ethylamide] (Buchholz and Hayes 

2000).  Animals subsequently mated, and by the following day multiple clutches of eggs 

were present in each aquaria.  Larvae hatched 48 h later.  At 72 h yolk was fully absorbed 

and larvae were transferred to experimental conditions.   

In the main experiments the potential environmental factors temperature (Sp. 

bombifrons and Sp. multiplicata), presence of, and presumably feeding on, fairy shrimp 

(Sp. bombifrons and Sp. multiplicata), density (Sp. bombifrons only), and pond substrate 

from a know carnivore pond (Sp. multiplicata only) and all combinations thereof were 

tested.  Temperature differences were established using wading pools two of which had 
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aquaria pumps and hot tub heaters attached; the cold treatment wading pool had no 

pump/heater attached and fluctuated along with room temperature.  High/low 

temperatures and fluctuation cycles from natural spadefoot ponds were determined using 

data loggers in the field (unpublished data), and this data was used to establish 

temperature treatments and fluctuation cycles in the laboratory.  Temperature treatments, 

therefore, closely mimicked natural pond-temperature variation and daily fluctuations 

among ponds that contain carnivorous tadpoles.  Pumps and heaters were turned on every 

morning at 7 a.m. (natural ponds begin to warm) and turned off at 5 p.m. (beginning of 

natural pond cooling).  The coolest average temperature for high, intermediate, and cold 

treatments was 24.4, 23.8, and 22°C respectively.  The warmest average temperatures for 

high, intermediate, and low were 37.6, 32.6, and 24.9°C respectively.  Circular pieces of 

plywood, siliconed to Styrofoam, were floated on top of each wading pool and each 

plywood/Styrofoam piece had 14X14 cm holes cut, each of which could hold a 1-liter 

plastic container that was mostly submerged into the different temperature water and in 

which tadpoles could be reared in a specific treatment but separate from other tadpoles in 

the same temperature treatment.  Each 1-liter container was filled with dechlorinated well 

water and 3 day-old (72 hour) tadpoles were placed in containers according to experiment 

and treatment.  

For the Sp. multiplicata assay, 3 plastic 1135.6-liter pools were used, each of 

which had plywood/Styrofoam floated on top with 32 holes cut and a total of 4 treatments 

with 8 replicates per treatment per temperature pool.  The presence of pond substrate 

from a carnivore pond (substrate) and feeding on fairy shrimp (shrimp-fed) was tested 

along with temperature assignments.  Five 3-day-old tadpoles were placed in each 1-liter 

container for a total of 40 tadpoles per treatment (12 total treatments X 40 tadpoles = 480 

experimental tadpoles).  Treatments are listed in Table 1.3.  Only 470 of the 480 tadpoles 

are listed in Table 1.3 because of tadpole loss due to random death, cannibalism by 

carnivores, etc. of tadpoles during experiment.   

The Sp. bombifrons assay was scaled down and some of the treatments were 

changed.  Specifically, 3 plastic 567.8-liter pools were used, each of which had 

plywood/Stryrofoam floated on top with 24 holes cut for a total of 4 treatments with 6 

replicates per treatment per temperature pool.  Substrate was not tested in this assay, but 
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instead density differences (4 per replicate for low and 8 per replicate for high) were 

tested along with feeding on fairy shrimp in conjunction with temperature differences.  

Four or eight 3-day-old tadpoles were placed in each 1-liter container, depending on 

treatment, for a total of 24 or 48 tadpoles per treatment (6 treatments X 24 tadpoles and 6 

treatments X 48 tadpoles = 432 experimental tadpoles).  Treatments are listed in Table 

1.4. 

Both experiments were in a block design within each temperature treatment, and 

water in 1-liter containers was changed and animals were fed ad-libitum fairy shrimp or 

control food (a finely ground mixture of 3 parts rabbit chow and 1 part Tetramin�“  fish 

food) (Travis 1980) every other day.  Experiments were conducted for a total of 10 days 

for both Sp. multiplicata and Sp. bombifrons. Experiments were terminated when 

tadpoles had reached approximately Gosner stage 35, which is the developmental stage at 

which carnivores and omnivores begin to show their biggest phenotypic disparity.  

Animals were immediately euthanized in an overdose of MS-222 and preserved in either 

10% neutral buffered Formalin or in 1% Para formaldehyde in 80% phosphate buffered 

saline, depending on future analysis needs.  All research was approved under ACUC 

protocol #0020.  

Laboratory-induced individual tadpole analysis 

A subset of both Sp. multiplicata and Sp. bombifrons tadpoles were reared 

individually in 2-liter plastic containers in a randomized design.  Containers were placed 

on shelving units in a separate room from the main experiments discussed above and 

water temperature was allowed to fluctuate along with the room fluctuations (23–26°C).  

Containers were filled with 2 liters of dechlorinated well water and 3-day-old tadpoles 

were placed individually in containers according to treatment.  Treatments were brine 

shrimp fed, control fed, or fairy shrimp fed (Table 1.5).  Water was changed and animals 

were fed ad-libitum brine shrimp, control tadpole chow, or fairy shrimp every other day.  

Animals were collected, euthanized, and preserved in the same manner as discussed 

above. 

 Phenotype for all tadpoles from all assays (field-collected, laboratory-induced 

group analyses, and laboratory-induced individual analyses) was determined in the same 

manner.  The Morphological Index (MI) metric developed by Pfennig and Murphy 
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(2002) and later refined in Pfennig et al. (2006; 2007) was used to determine phenotype.  

The MI method uses principal component analysis to collapse multiple trait 

measurements of the trophic apparatus (interohyoideus width (IH), orbitohyoideus width 

(OH), and mouth parts (MP)) into one metric that can be used to distinguish between the 

carnivore and omnivore phenotype.  Snout-to-vent length was measured from the tip of 

the rostrum to the vent on the ventral side using calipers.  The ventral and lateral cranial 

epithelium was removed from tadpoles and the average width of the IH (two 

measurements taken, one on each side of the ventral midline, and averaged), average 

width of the OH (each OH measured at widest point and averaged) were measured using 

an ocular micrometer on a dissecting microscope.  Finally, the mouth parts were 

quantified according to the scale of 1 to 5 established by Pfennig and Murphy (2002) 

whereby 1 distinguishes a beak that is completely smooth with no projections, and 

usually associated with the omnivore phenotype, and 5 distinguishes a beak with 

multiple, sharp pointed projections, one on the top at the midline and two on the bottom, 

which is associated with the most carnivorous state.   

The IH, OH, and SVL measurements, in millimeters, were log transformed, and 

log IH and log OH were plotted separately against log snout-to-vent length.  For size 

standardization, the residuals of log IH plotted against log SVL, residuals of log OH 

plotted against log SVL, and MP values were used in the principal component analysis 

and a factor score was generated for each tadpole.  This factor score is the phenotype 

Morphological Index and the greater the MI (factor score) the more carnivore-like the 

tadpole phenotype.   

Each laboratory-induced assay was analyzed with a subset of the field-collected 

omnivores and carnivores but separate from other laboratory-induced assays.  Young, 

undetermined phenotype tadpoles (Gosner stages 26 and 27) were removed before joint 

analyses with laboratory-induced animals because they are effectively neither phenotype.  

Thus, besides the MI analysis specific for the field-collected animals, I conducted four 

other separate MI analyses, laboratory-induced Sp. multiplicata (group reared) + field-

collected carnivores and omnivores, laboratory-induced Sp. bombifrons (group reared) + 

field-collected carnivores and omnivores, laboratory-induced Sp. multiplicata 

(individually reared) + field-collected carnivores and omnivores, and laboratory-induced 
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Sp. bombifrons (individually reared) + field-collected carnivores and omnivores.  It was 

necessary to analyze the laboratory-induced tadpoles in this manner because principal 

components analysis uses subtraction of the mean from each variable to standardize the 

data around zero.  Hence, two separate principal component analyses cannot be directly 

compared (a laboratory-induced assay to field-collected tadpoles for example) because 

different data likely have different variances, which result in different means and 

standardization differences with principal components analysis.   Analyzing laboratory-

induced and field-collected tadpoles together allowed for determination of the laboratory-

induced tadpole MI’s, relative to the field-collected tadpoles, both of which were 

standardized in the same manner.    

In each analysis the minimum MI for the field-collected carnivores and the 

maximum MI for the field-collected omnivores were determined.  These MI’s were used 

to determine phenotype of laboratory-induced tadpoles; laboratory-induced animals with 

an MI greater or equal to the minimum for the field-collected carnivore were classified as 

“carnivore”, and laboratory-induced animals with an MI less than or equal to the 

maximum field-collected omnivore MI were classified as a “omnivore”.  All other 

laboratory-induced tadpoles not in these ranges were classified and “unknown”.  Total 

number of carnivores, omnivores, and unknowns were calculated for each treatment in 

each assay.         

Behavioral Analysis 

  To test for differences between carnivore and omnivore muscle use and potential 

variation among ponds, 20 carnivores and 20 omnivores were collected from Ava Ranch 

pond (N31�q55'445 W109�q08'452), Rock Tank pond (N 31.944783, W109.1173333), 

Cochise County, Arizona, and Javelina pond, Hidalgo County, New Mexico, and 10 of 

each phenotype were collected from Richardson pond, Cochise County, Arizona (Table 

1.2).  In addition, to test whether carnivores and omnivores show muscle use differences 

at specific ages, a developmental series was collected from Rock Tank pond, 10 of each 

phenotype at 5, 6, 8, 9, 10, and 13 days old.  All tadpoles were collected by dip net or 

seine, sorted according to phenotype, immediately returned live to the Southwestern 

Research Station, and all trials were conducted within 5 hours of collection.   
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Table 1.2.  Environmental differences among ponds from which carnivores and 
omnivores were collected from behavioral analyses. 
 
 
Pond Depth Temperature Shrimp Density 
Javelina Pond Deep Cold High 
Ava Ranch Pond Deep Cold Low 
Richardson Deep Cold  Low 
Rock Tank Pond Shallow Hot  Low 
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Carnivores and omnivores were initially placed, cranial end first, in a 5ml tube filled with 

dechlorinated well water, allowed to acclimate for 30 seconds, and the number of mouth 

movements (1 mouth movement equals 1 opening/closing cycle) were counted for 2 

minutes. After quantifying mouth movement, the same tadpoles were placed in a 1- 

liter plastic container filled with dechlorinated well water, allowed to acclimate for 30 

seconds, and total time spent swimming during a 2-minute period was quantified.  An 

additional step was implemented for the tadpoles from Rock Tank.  After swimming time 

was quantified the same tadpoles were placed in another 1-liter plastic container, filled 

with dechlorinated well water, and containing 10 fairy shrimp.  Tadpoles were allowed to 

acclimate for 30 seconds, and total time spent swimming during a 2-minute period was 

again quantified.  Potential mouth movement or swimming time differences were 

analysed using a two-group t-test (Systat version 9).  

 
Results 
 
Induction Assays 

 Field-collected carnivores and omnivores show essentially a bimodal distribution 

when log snout-to-vent length is plotted against morphological index (Figure 1.2), which 

should be expected if the morphological index metric is suitable for distinguishing 

phenotypes. Undetermined juveniles, who are at Gosner stages 26/27 and prepolyphenic, 

fall mostly between the two separate phenotype clouds.  

 Few carnivores were induced in the four separate assays regardless of 

temperature, density, environment, or food type.  The first induction assay was with Sp.  

multiplicata, for which temperature, substrate, and food type were varied but all tadpoles 

were reared in groups of five (Table 1.3).  Few carnivores were induced; in fact only 4 

carnivores were produced from the 470 total tadpoles in this assay.  Most animals 

remained as an omnivore (465), which is presumably the default phenotype if no 

environmental cue is present.  Of the four carnivores produced, there is no apparent 

induction pattern; 2 were produced in intermediate temperature/shrimp-fed treatments but 

2 were also produced in cold temperature/control-fed treatments.  No carnivores were 

produced in the hot temperature, regardless of food type. 
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Figure 1.2.  Log snout-to-vent length plotted against morphological index for field-
collected Spea multiplicata tadpoles.  Three distinct groups are recognized, omnivorous 
phenotypes (�| ), carnivorous phenotypes (�”), and undetermined juveniles (�x ) whom are 
Gosner stages 26 and 27 (hind-limb bud formation) and 3 days old.  
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Table 1.3.  Number of Spea multiplicata carnivore, omnivore, and unknown phenotypes 
produced in each treatment.  Four carnivores were produced but not in any one specific 
treatment. 
 

Treatment Carnivores Omnivores Unknown 
Cold/substrate/shrimp-fed 0 28 0 
Cold/substrate/control-fed 1 22 0 
Cold/shrimp-fed 0 35 0 
Cold/control-fed 1 33 0 
Inter/substrate/shrimp-fed 1 69 0 
Inter/substrate/control-fed 0 31 0 
Inter/shrimp-fed 1 31 1 
Inter/control-fed 0 35 0 
Hot/substrate/shrimp-fed 0 83 0 
Hot/substrate/control-fed 0 30 0 
Hot/shrimp-fed 0 35 0 
Hot/control-fed 0 33 0 
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The Sp. bombifrons induction assay produced more carnivores than Sp. multiplicata but 

still at a low frequency, 28 carnivores out of 417 total tadpoles in the Sp. bombifrons 

assay (Table 1.4).  Temperature, food type, and density were varied in this assay, and 

most of the carnivores were spread out among the cold and intermediate temperature 

treatments.  A number of the tadpoles were categorized as “unknown” (51), but again the 

majority were omnivores (338).  Similar to the Sp. multiplicata assay, hot temperature 

may have negatively affected carnivore development; only 2 of the 28 carnivores 

developed in the hot temperature treatment. 

The assay of Sp. multiplicata and Sp. bombifrons reared individually also failed to 

produce a significant number of carnivores (Table 1.5).  Six total were produced in each 

assay from 97 Sp. multiplicata and 97 Sp. bombifrons total tadpoles in each assay.  Most 

of the carnivores were produced in the brine shrimp fed treatment for both species, but 

the number of omnivores in this treatment (Sp. multiplicata = 45, Sp. bombifrons = 24) 

was higher.  The remaining carnivores were spread out among fairy shrimp and control-

fed treatments. 

Behavioral Analysis 

  No mouth movement differences were found between carnivores and omnivores 

from the different ponds except Rock Tank (Figure 1.3a, Table 1.6a).  Rock Tank 

omnivores, in fact, showed higher mouth movement cycles than carnivores at all ages 

tested (Figure 1.4, Table 1.7).  Carnivores and omnivores showed no swim-time 

differences for the different ponds tested (Figure 1.3b, Table 1.6b), but Rock Tank 

tadpoles showed some-swim time variability as they aged.  Omnivores showed greater 

swim time for a 2-minute cycle at 8 days of age, but this pattern was reversed on day 9 

and carnivores showed significantly longer swim time (Figure 1.5a, Table 1.8a).  In the 

presence of fairy shrimp omnivores showed significantly longer swim time on day 8 only 

(Figure 1.5b, Table 1.8b).  

 

Discussion 

 

 The induction assays in the current research encompassed 2 years of research, 27 

different treatments, and 1082 tadpoles, and is the most exhaustive analysis of the  
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Table 1.4.  Number of Spea bombifrons carnivore, omnivore, and unknown phenotypes 
produced in each treatment.  Twenty-eight carnivores were produced but not in any one 
specific treatment. 
 
 

Treatment Carnivores Omnivores Unknown 
Cold/shrimp-fed/8 density 2 43 1 
Cold/control-fed/8 density 6 36 6 
Cold/shrimp-fed/4 density 5 15 4 
Cold/control-fed/4 density 1 21 1 
Inter/shrimp-fed/8 density 2 38 2 
Inter/control-fed/8 density 5 26 12 
Inter/shrimp-fed/4 density 5 13 6 
Inter/control-fed/4 density 0 23 1 
Hot/shrimp-fed/8 density 0 41 7 
Hot/control-fed/8 density 0 43 6 
Hot/shrimp-fed/4 density 2 16 5 
Hot/control-fed/4 density 0 24 0 
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Table 1.5.  Number of Spea multiplicata and Spea bombifrons carnivore, omnivore, and 
unknown phenotypes produced in each treatment.  Twelve carnivores were produced but 
not in any one specific treatment. 
 

Treatment Carnivores Omnivores Unknown 
Spea multiplicata    
Brine shrimp fed 4 45 9 
Control fed 2 22 7 
Fairy shrimp fed 0 4 4 
Spea bombifrons    
Brine shrimp fed 4 24 12 
Control fed 1 37 11 
Fairy shrimp fed 1 2 5 
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Figure 1.3.  (a) Number of mouth movement cycles during a 2-minute interval between 
carnivores (C) and omnivores (O) from different ponds.  Omnivores show significantly 
more mouth movement cycles than carnivores at Rock Tank only.  (b) Swim time during 
a 2-minute interval of carnivores (C) and omnivores (O) from different ponds.  
Carnivores and omnivores show no significant swim-time differences. 
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Table 1.6 
 
a. T-test of number of mouth movement cycles between carnivores and 
omnivores from different ponds.  Omnivores show significantly more mouth 
movement cycles than carnivores at Rock Tank pond.  *significant at �d 0.05   
 

Pond Carnivore 
Mouth 

movement 
Average ± SD 

Omnivore 
Mouth 

movement 
Average ± SD 

t-test df p-value 

Javelina 208.45 ± 21.24 214.30 ± 43.25 0.54 38 0.59 
Ava 
Ranch 206.29 ± 39.61 229.16 ± 39.77 

1.73 34 0.09 

Richardso
n 198.70 ± 34.17 217.20 ± 61.55 

0.83 18 0.42 

Rock 
Tank 173.44 ± 22.81 273.50 ± 31.29 

7.93 18 0.000 * 

 
 
 
b. T-test of swim time during a 2-minute interval between carnivores and omnivores from 
different ponds.  Carnivores and omnivores show no significant swim time differences.  
 

Pond Carnivore 
Mouth movement 

Average ± SD 

Omnivore 
Mouth movement 

Average ± SD 

t-test df p-value 

Javelina 28.04 ± 25.12 44.36 ± 29.89 1.87 38 0.07 
Ava Ranch 64.97 ± 39.13 52.07 ± 24.34 0.46 34 0.65 
Richardson 42.51 ± 28.10 59.31 ± 35.60 1.17 18 0.26 
Rock Tank 47.57 ± 34.22 47.49 ± 24.94 0.01 18 0.10 
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Figure 1.4.  Number of mouth movement cycles during a 2-minute interval between 
carnivores (C) and omnivores (O) from Rock Tank pond plotted for different aged 
tadpoles.  Omnivores show significantly more mouth movement cycles than carnivores at 
all ages. 
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Table 1.7.  T-test of number of mouth movement cycles during a 2-minute interval 
between carnivores and omnivores from Rock Tank pond at different ages.  Omnivores 
show significantly more mouth movement cycles than carnivores at all ages.  *significant 
at �d 0.05   
  
 

Age Carnivore 
Mouth movement 

Average ± SD 

Omnivore 
Mouth movement 

Average ± SD 

t-test df p-value 

Day 5 163.50 ±39.54 196.78 ± 27.32 2.11 17 0.05   * 
Day 6 155.30 ± 28.92 235.10 ± 41.15 5.02 18 0.000 * 
Day 8 177.90 ± 37.71 291.10 ± 21.92 8.21 18 0.000 * 
Day 9 126.10 ± 42.81 272.00 ± 41.68 7.72 18 0.000 * 
Day 10 173.44 ± 22.81 273.50 ± 31.29 7.93 18 0.000 * 
Day 13 212.90 ± 39.14 267.90 ± 12.88 4.22 18 0.001 * 
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Figure 1.5.  (a) Swim time during a 2-minute interval of carnivores (C) and omnivores 
(O) from Rock Tank for different aged tadpoles.  Omnivores show significantly longer 
swim-time than carnivores on day 8 but the pattern is reversed on day 9.  (b) Swim time 
in the presence of fairy shrimp during a 2-minute interval between carnivores (C) and 
omnivores (O) from Rock Tank for different aged tadpoles.  Omnivores show 
significantly longer swim-time than carnivores on day 8. 
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Table 1.8 
 
 
a. T-test of swim time during a 2-minute interval between carnivores and omnivores from 
Rock Tank at different ages.  Omnivores show significantly longer swim-time than 
carnivores on day 8 but the pattern is reversed on day 9 and carnivores show significantly 
longer swim time.  *significant at �d 0.05    
 

Age Carnivore 
Swim time 

Average ± SD 

Omnivore 
Swim time 

Average ± SD 

t-test df p-value 

Day 5 89.22 ± 32.25 83.17 ± 28.95 0.43 17 0.67 
Day 6 44.49 ± 27.03 45.57 ± 36.99 0.07 18 0.94 
Day 8 27.08 ± 16.63 48.62 ± 22.05 2.96 18 0.01 * 
Day 9 49.84 ± 28.00 16.25 ± 12.94 3.60 18 0.002 * 
Day 10 47.57 ± 34.22 47.49 ± 24.94 0.01 18 0.10 
Day 13 57.76 ± 18.55 66.82 ± 23.26 0.96 18 0.35 
 
 
 
b. T-test of swim time in the presence of fairy shrimp during a 2-minute interval between 
carnivores and omnivores from Rock Tank at different ages.  Omnivores show 
significantly longer swim-time than carnivores on day 8.  *significant at �d 0.05    
 

Age Carnivore 
Swim time 

Average ± SD 

Omnivore 
Swim time 

Average ± SD 

t-test df p-value 

Day 5 71.64 ± 39.41 77.22 ± 32.29 0.34 17 0.74 
Day 6 51.61 ± 29.72 50.10 ± 28.76 0.12 18 0.91 
Day 8 40.19 ± 18.97 67.93 ± 20.93 3.11 18 0.01 * 
Day 9 45.17 ± 26.01 29.41 ± 16.47 1.62 18 0.12 
Day 10 64.58 ± 31.38 47.69 ± 18.18 1.47 18 0.16 
Day 13 39.69 ± 20.85 57.72 ± 32.52 1.48 18 0.16 
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environmental factors potentially regulating spadefoot toad developmental polyphenism.  

Unfortunately, we are no closer to understanding the environmental factor(s) responsible 

for inducing the carnivore phenotype.  Of the over one thousand tadpoles used in this 

study only 44 total carnivore phenotypes were identified, and these phenotypes were 

spread out among different temperature, food-type, density, and substrate treatments.   

Additionally, no evidence was found that muscle use differences, for at least the three 

behaviors measured, in associated with myoenlargement of the carnivore phenotype.   

The inability to tie carnivore induction to a specific environmental factor, or combination 

of factors, raises the question of whether the carnivore/omnivore phenotypes are a 

polyphenism.  It is possible that some unidentified factor exists in the assays that may 

have triggered carnivore development, but more likely, spadefoot tadpole polyphenism 

may in fact be due to some other regulatory model.   

A number of other models may explain spadefoot tadpole polyphenism, including 

a genetic polymorphism, bet-hedging strategy, or stochastic model.  While a polyphenism 

is defined as similar genotypes producing different, environmentally regulated 

phenotypes, genetic polymorphism is defined as the co-occurrence of two or more alleles 

at the same locus in a population at frequencies that cannot be accounted for by recurrent 

mutation alone.  Implicit in the definition is that the different alleles are associated with a 

different phenotype, which Lloyd (1984) categorizes as specialists.  Polymorphism is 

thought to evolve when (1) different alleles at a locus are favored in different 

environments and (2) limited migration occurs among populations inhabiting those 

environments (Seger and Brockman 1987); the spadefoot system satisfies both criteria.  

First, carnivore and omnivore tadpoles specialize on different diets.  Carnivores prey on 

microcrustaceans and conspecifics while omnivores eat mostly detritus along the pond 

bottom (Pomeroy 1981; Pfennig 1990, 1992a).  These diet specializations are effectively 

different, yet sympatric, environments (criteria one above) in which each phenotype is 

favored.  Second, evidence suggests spadefoot toads likely disperse little during their life 

cycle, remaining within relatively small areas; in fact, recent mitochondrial sequence data 

from Spea bombifrons reveal a high degree of population structure, suggesting that gene 

flow is low (Rice and Pfennig 2008) (criteria 2, above).   
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Bet-hedging is a polyphenic strategy of random assignment of phenotypes to 

environments, thereby increasing the chance that at least some phenotypes match the 

encountered environment (Seger and Brockman 1987; Moran 1992).  Because temporal, 

unpredictable environmental conditions cause different generations to encounter different 

environments, fitness varies through time (across generations).  Long-term average 

fitness for a bet-hedging strategy, therefore, is calculated as the geometric mean fitness, 

which is sensitive to high variance among values being average because it is a 

multiplicative process.  Thus, in a bet-hedging strategy the variance in fitness is reduced 

even at a potential cost in arithmetic mean fitness (Seger and Brockman 1987).  Bet-

hedging is thought to evolve in temporal, heterogenous, unpredictable (either due to 

absence of cues and/or organismal developmental sensitivity) environments (Seger and 

Brockman 1987).  The spadefoot tadpole developmental environment is certainly 

heterogenous and unpredictable, because tadpoles develop in ephemeral ponds which dry 

at different rates every year depending on amount of local precipitation, temperature, 

humidity, etc.  A molecular mechanism for bet-hedging that involves a stochastic 

component of some aspects of cell fate determination was recently reviewed by Losick 

and Desplan (2008), and in their model, stochastic, bistable switches control phenotype 

assignment at the cellular level in both populations of single cell organisms (E. coli and 

B. subtilis), or in individual cells within a single organism (Drosophila photoreceptors).  

In the latter case, there is a stochastic determination of whether individual cells of one 

type of photoreceptor are associated with blue- or green-sensitive rhodopsin 

photopigment synthesis in an underlying photoreceptor cell.  The controlling bistable, 

hypersensitive switches are thought to be cooperatively interacting DNA-binding 

molecules that modulate gene expression (Losick and Desplan, 2008).  One could 

imagine that such a mechanism could affect a bet-hedging strategy for spadefoot toad 

polymorphism if the stochastic switch was set very early in development, or if it operated 

in a very small number of cells that influenced the entire organism’s development (e.g., 

hormonally) at a somewhat later stage.  Future research should include a quantitative 

genetic analysis of the carnivore and omnivore phenotypes in spadefoot toads in order to 

investigate these different models. 
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Two of four potential muscle use differences were investigated between 

carnivores and omnivores in the current study.  Both factors, mouth movement cycles and 

swim time in the absence and presence of fairy shrimp, tested are associated with 

endurance training, and differences in endurance training can have radical effects on 

morphology, physiology, biochemistry, and biophysics of skeletal muscle (Fluck and 

Hoppeler 2003).  At least two other muscle-use behaviors need to be quantified to fully 

investigate a potential connection between behavior and carnivore myoenlargement.  

Both tadpole burst speed and bite force need to be investigated, which are behaviors 

similar to strength training.  Strength training also results in major modifications of 

skeletal muscle, including hypertrophy, some level of hyperplasia, a shift towards fast-

type II glycolytic myofibers, and elevated glycolytic enzymes (Fluck and Hoppeler 

2003).  Spadefoot carnivore and omnivore relative burst speed is currently being studied 

(Arendt unpublished data) and bite force will be assessed in the future studies using 

pressure paper or some other micro-pressure method.         
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 CHAPTER 2 

 

TEMPORALLY DISSOCIATED, TRAI T-SPECIFIC MODIFICATIONS 

UNDERLIE PHENOTYPIC POLYPHENISM IN SPEA MULTIPLICATA 

TADPOLES, WHICH SUGGESTS MODULARITY 

 

Storz, B.L. and Travis, J. (2007) Temporally dissociated, trait-specific modifications 

underlie phenotypic polyphenism in Spea multiplicata tadpoles, which suggests 

modularity. TSW Development & Embryology 2, 60–71. DOI 10.1100/tswde.2007.118. 

 

Introduction 

 

Developmental plasticity, the ability to produce multiple phenotypes from one 

genotype, has long been of interest to biologists (Mayr 1963; Bradshaw 1965).  Its 

adaptive importance lies in the organism’s ability to perceive characteristics of the 

environment and, in response, to switch to a developmental pathway that will yield a 

phenotype better suited to that environment (Moran 1992).  Developmental plasticity 

should be favored in fluctuating environments in which a reliable cue signals approaching 

change (Via and Lande 1985; Moran 1992; Tufto 2000).  Some of the best-known 

examples include plant shade avoidance in response to high density (Schmitt et al. 1995); 

alternate caterpillar morphology induced by seasonal diet differences (Greene 1989); and 

tadpole plasticity for larval period, morphology, and behavior in response to pond 

duration, temperature, food level, and predation risk (Travis 1984; Travis and Trexler 

1986; Newman 1987, 1994, 1998; Skelly and Werner 1990; Pfennig 1992; Leips and 

Travis 1994; Van Buskirk and McCollum 1999, 2000; Leips et al. 2000; Relyea 2001). 

Studies of plasticity have shown that several traits are usually modified in a 

correlative manner in response to an environmental cue.  For example, male sailfin 

mollies (Poeciliidae:  Poecilia latipinna) that experience higher temperatures have a 

lower visceral mass for their size but a higher testis mass (McManus and Travis 1998); 

individual Daphnia pulex respond to predation risk by altering several aspects of their 

morphology and life history (Spitze 1992); changes in tadpole tail morphology in 
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response to predators usually involve changes in several individual traits (Alford 1999; 

Van Buskirk and McCollum 2000; Relyea 2001).  When several traits change in response 

to an environmental cue, each individual trait modification may be beneficial, neutral, or 

deleterious in any particular environment, and the organism's total fitness is the sum of 

these effects (Travis 1994; Travis et al. 1999).  Plasticity must therefore be understood as 

alteration of entire developmental trajectories and not just as putatively adaptive shifts in 

a few traits (Smith-Gill 1983).  If this is so, then it is important to understand how many 

developmental trajectories are involved - that is, to understand if all of the traits have 

been molded to respond independently by selection for plasticity, whether there are 

interconnected units that change relatively independently of other interconnected units 

(Bolker 2000; Raff and Raff 2000) or whether the individual traits are so tightly 

constrained by shared control into suites that they exhibit very few possible discrete 

plastic responses.   

New World spadefoot toads are an especially suitable system for studying 

developmental integration of plasticity and its consequences.  Larvae of at least two 

species (Spea multiplicata and Spea bombifrons) show a striking polyphenism between 

“typical” filter-feeding omnivores and carnivores (Figure 2.1) that actively prey on 

microcrustaceans and conspecifics.  The phenotypes are so dissimilar that they were 

originally classified as different subspecies (Turner 1952).  This polyphenism is thought 

to have evolved as an adaptation for survival in temporary pond environments (Pfennig 

1990, 1992).  In these environments survival depends on the ability to develop and 

metamorphose rapidly.  Carnivorous individuals have been shown to have a competitive 

advantage in rapidly drying ponds because they metamorphose sooner than omnivores 

(Pomeroy 1981), thereby avoiding desiccation.  Conversely, in long-lived ponds, 

omnivores have higher survival at metamorphosis because of their greater fat reserves 

(Pfennig 1990, 1992). 

Spea multiplicata tadpoles hatch as omnivores, but upon exposure to an 

environmental cue (Pfennig 1992a), individuals may shift their ontogenies to become 

carnivores.  Carnivores are known to have enlarged heads, enlarged jaw musculature, 

shortened intestines, and increased keratinization of the mouth to form a beak, relative to 

omnivores (Figures. 2.1A–C; Pomeroy 1981; Pfennig 1990, 1992a).  However, it is not  
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Figure 2.1.  Spea multiplicata phenotypes shown are at Gosner stage 36 (middle hind-
limb development), at which phenotypes show their biggest difference in size and 
morphology.  Size and shape differences between the phenotypes are apparent in 
intestines, jaw musculature, and beak morphology; (a) carnivores have wider and shorter 
intestines than do omnivores; (b) carnivore orbitohyoideus jaw muscles show 
hypertrophy relative to those of omnivores; and (c) carnivores have more sharply pointed 
beaks than do omnivores. 
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known whether these traits change independently or as developmental modules, whether 

the change from omnivore to carnivore represents a shift in total somatic growth or only 

in specific traits, or whether developmental trait modification has additional, as yet 

unknown, consequences.   

In this study we address these questions as a first step toward investigating the 

developmental trajectories that produce these strikingly different morphs.  We ask 

whether the change from omnivore to carnivore represents a shift in total somatic growth 

or only in specific traits, whether these traits change independently or concordantly, and 

whether we can identify inherent trade-offs among traits associated with becoming a 

carnivore.  We present a morphological analysis of developmental polyphenism in Spea 

multiplicata showing that the omnivore developmental program is broken up and 

modified in a trait-specific manner to produce the carnivore phenotype and trait 

modifications are grouped and occur at different developmental stages, suggesting trait 

modularity and at least two levels of shared developmental control. 

 

Methods 

 

Naturally developing Sp. multiplicata omnivores and carnivores were collected in 

July and August 2002 over a period of 25 days at developmental stages 27–42 from 

Dearing Pond, approximately 1.6 km north of Portal Road, Cochise County, Arizona (see 

Table 2.1 for sample sizes of each morph at each stage).  Only one breeding aggregation 

occurred at this pond; all eggs were laid on the same evening, and the cohort of tadpoles 

could be followed throughout development in a natural setting.  Tadpoles were collected 

by dip net or seine and sorted according to phenotype and Gosner stage (Gosner 1960).  

Phenotype was easily determined by inspection of the beak morphology (Figure 2.1C).  

Larvae were euthanized with an overdose of MS-222 and preserved in 10% formalin.  All 

morphological measurements were taken, in millimeters, with an ocular micrometer or by 

digital image analysis (Image J NIH version 1.29X). 

In addition to snout-to-vent length (Hall et al. 2002), we recorded averaged width 

of the two orbitohyoideus jaw muscles, two measures of the interhyoideus width 

(measured at the widest point, as by Pfennig 1990, 1992), averaged width of the two  
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Table 2.1.  Number of carnivores and omnivores at each Gosner developmental stage 
measured for analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Gosner developmental stage 

 27 28 29 30 31 32 34 35 36 38 39 40 41 42

Carnivore 3 12 10 11 10 9 6 9 11 10 11 8 10 9 
Omnivore 17 9 9 9 7 0 10 7 10 13 10 10 10 11
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hyoangularis muscles, mouth width, head width (as a straight-line measurement of  

interhyoideus length), head length (as a straight-line measurement from snout to mid-

eye), tail length (from cloaca to the posterior tip of the tail muscle), tail-fin height (just 

posterior to the cloaca), tail-muscle height (just posterior to the cloaca), hind-limb length 

(from point of attachment to terminal end of footpad), and intestine length (the distance, 

measured on intestines dissected from tadpoles, from the beginning of the mid-gut to the 

end of the rectum, at point of attachment to the cloaca).  Omnivore and carnivore 

phenotypes show radically different trait growth curves when untransformed 

measurements are plotted against snout-to-vent length; thus, to standardize growth curves 

for purposes of direct comparison, all trait measurements were log (base 10) transformed 

for all analyses. 

We used Gosner stages 27–42 for carnivore and omnivore trait disparity analysis 

but only stages 27–40 in linear allometry and discriminant function analyses.  Later 

developmental stages were excluded from these analyses because metamorphic climax 

begins just after Gosner stage 40, and larval phenotype differences due to polyphenism 

could be confused with those due to metamorphic climax.  Hind-limb length was also 

excluded from discriminant function analysis because the relatively large mean and 

variance may obscure the importance of other traits in distinguishing omnivore and 

carnivore phenotypes, and no significant allometric difference was found between 

carnivore and omnivore phenotypes.   

We determined the developmental stage at which trait disparity between the 

phenotypes originated and how long it was maintained during larval ontogeny by t-test of 

log (base 10) transformed trait measurements on the two phenotypes at each Gosner 

developmental stage (27–42).  Although the stage analyses were based on some 143 t-

tests, we deemed Bonferroni corrections unnecessary because the results at each stage are 

independent; they are based on different animals (independent collections).  We used 

simple, linear allometry of the log-transformed trait measurements against snout-to-vent 

length to investigate trait growth differences between the phenotypes and analysis of 

covariance to test for significance of slope difference.  We used discriminant function 

(DF) step-down analysis (Timm 1975) to determine which trait(s) contributed the most to 

the differences between the two phenotypes.  In the DF analysis, we calculated a test 
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statistic for the multivariate differences (Wilks’ lambda) using all carnivore and 

omnivore traits; we calculated an F-statistic for each trait (F-to-remove) to determine 

whether the phenotypes differed in each trait, allowing for the effects of the other traits.  

We removed the trait with the lowest F-statistic and recalculated the Wilks’ lambda using 

the remaining traits.  This iterative procedure retains those traits that provide the best 

discrimination between the phenotypes.  We used log data rather than size-adjusted data 

in the DF analysis because one of the questions we sought to answer was “how do the 

phenotypes differ?”; size is an element in this analysis and the DF analysis examines the 

role of each trait independently of the other traits, including size. 

   

Results 

 

Developmental Timing 

All tadpoles hatch with the omnivore phenotype, and phenotypes are 

indistinguishable at posthatching stages 25 and 26.  Trait differences between the morphs 

emerged at two distinct times in development (Table 2.2, Figure 2.2).  Carnivores 

exhibited larger jaw musculature, larger heads, and shorter intestines at the earliest stage 

we examined (Gosner stage 27, approximately 3 days after hatching), and the difference 

persisted throughout larval development.  The magnitude of the difference increased only 

slowly during subsequent development.  The larger tails of carnivores did not appear until 

later in development (Gosner stage 34, approximately 10 days after hatching), and the 

discrepancy between the morphs increased substantially as development progressed.  

Carnivore and omnivore phenotypes later converge during metamorphic climax and are 

indistinguishable upon emergence from ephemeral ponds; the beginning of convergence 

is graphically illustrated by the shift towards zero of the intestine length and jaw 

musculature in figure 2.2.   

Allometry 

   With the exception of intestine length and hind-limb length, all omnivore traits showed 

negative allometry with body length.  In contrast, traits in carnivores showed a mixture of 

positive and negative allometry and isometry (Table 2.3).  Traits involved in the trophic 
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Table 2.2.  T-test of log (base 10) transformed trait measurements at each Gosner developmental stage.  Carnivores show significantly 
larger jaw muscles and head traits and smaller intestines just after hatching, whereas tail traits and snout-to-vent length are not 
significantly larger in carnivores until mid-development.  *significant at �d 0.05 and **significant at < 0.0001 level.   

 Gosner developmental stage 
Trait 27 28 29 30 31 34 35 36 38 39 40 41 42 
Jaw Muscles              

Interhyoideus 
width 

T18=9.48 
** 

T19=7.23 
** 

T17=6.72 
** 

T18=11.03 
** 

T15=9.12 
** 

T14=7.66 
** 

T14=11.29 
** 

T19=28.99 
** 

T21=17.42 
** 

T19=23.04 
** 

T16=25.49 
** 

T18=21.76 
** 

T18=10.18 
** 

Orbitohyoideus 
width 

T18=9.62 
** 

T19=7.24 

** 
T17=6.75 
** 

T18=10.81 
** 

T15=8.51 
** 

T14=9.88 
** 

T14=15.10 
** 

T19=49.47 
** 

T21=17.36 
** 

T19=17.74 
** 

T16=18.98 
** 

T18=19.15 
** 

T18=12.62 
** 

Hyoangularis 
width 

T18=5.80 
** 

T19=6.97 
** 

T16=7.89 
** 

T18=11.32 
** 

T15=9.32 
** 

T14=9.43 
** 

T14=11.51 
** 

T19=40.36 
** 

T21=17.63 
** 

T19=16.21 
** 

T16=21.51 
** 

T18=17.11 
** 

T18=7.204 
** 

Intestine length T18=6.36 
** 

T19=5.41 
** 

T17=9.04 
** 

T17=23.66 
** 

T18=18.75 
** 

T18=6.83 
** 

T18=9.71 
** 

T15=24.32 
** 

T17=17.50 
** 

T17=23.56 
** 

T17=22.56 
** 

T17=22.56 
** 

T17=9.89 
** 

Head Traits              

Head width T18=1.79 
ns    

T19=4.72 

* 
T17=4.18 
* 

T18=7.58 
** 

T15=6.45 
** 

T14=5.54 
** 

T14=10.84 
** 

T19=39.95 
** 

T21=18.82 
** 

T19=17.69 
** 

T16=20.86 
** 

T18=17.75 
** 

T18=11.58 
** 

Head length T18=2.40 
   * 

T19=5.12 
** 

T17=3.93 
* 

T18=7.35 
** 

T15=6.15 
** 

T14=6.73 
** 

T14=13.49 
** 

T19=31.87 
** 

T21=14.43 
** 

T19=18.99 
** 

T16=23.42 
** 

T18=17.56 
** 

T18=8.20 
** 

Mouth width T18=1.23 
ns 

T19=4.10 

* 
T16=2.41 
* 

T18=3.26 
* 

T15=2.10 
* 

T14=2.52 
* 

T14=5.12 
* 

T19=13.40 
** 

T21=6.52 
** 

T19=7.79 
** 

T16=11.68 
** 

T18=6.29 
** 

T18=6.88 
** 

Tail Traits              

Tail length T13=1.57 
ns 

T13=4.06 
* 

T14=0.63 
ns 

T13=0.46 
ns 

T12=1.20 
ns 

T11=2.48 
* 

T15=5.91 
** 

T16=8.90 
** 

T15=9.77 
** 

T17=12.83 
** 

T15=12.31 
** 

T15=7.64 
** 

T16=4.44 
* 

Tail-fin height T18=0.13 
ns 

T19=0.23 

ns 
T14=1.53 
ns 

T18=1.85 
ns 

T15=1.01 
ns 

T14=2.79 
* 

T14=4.83 
* 

T19=5.60 
** 

T21=5.78 
** 

T19=9.78 
** 

T16=9.53 
** 

T18=7.42 
** 

T18=4.62 
* 

Tail muscle 
height 

T18=1.24 
ns 

T19=2.05 
* 

T16=0.76 
ns 

T18=0.25 
ns 

T15=1.87 
ns 

T14=3.44 
* 

T14=6.14 
** 

T19=8.07 
** 

T21=13.19 
** 

T19=14.63 
** 

T16=9.41 
** 

T18=11.62 
** 

T18=8.92 
** 

Snout-to-vent 
length 

T18=0.045 
ns 

T19=1.69 
ns 

T17=0.08 
ns 

T18=1.73 
ns 

T15=0.13 
ns 

T14=1.91 
ns 

T14=5.99 
** 

T19=13.73 
** 

T21=9.67 
** 

T19=13.19 
** 

T16=16.52 
** 

T18=11.80 
** 

T18=9.73 
** 
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Figure 2.2.  Log (carnivore trait/omnivore trait) as a function of Gosner developmental 
stage.  Means are represented.  Jaw musculature (upper panel:  hyoangularis, open 
squares; orbitohyoideus, open triangles; interhyoideus, open circles), head shape (upper 
panel:  head length, filled triangle; head width, filled square; mouth width, filled circle), 
and intestines (upper panel:  x symbol) show divergence at the earliest developmental 
stages, whereas tail shape (lower panel:  tail length, open triangles; tail muscle height, 
open circles; tail fin height, open squares) and snout-to-vent length (lower panel:  open 
diamonds) show divergence at mid-larval period. 
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Table 2.3.  Linear regressions of log-transformed traits on log snout-to-vent length and 
results of ANCOVA comparing slopes of traits plotted against snout-to-vent length in the 
carnivore and omnivore phenotypes of spadefoot toads.  *significant at 0.05 level with 
Dunn-Sidak correction for multiple comparisons. 
 
   ANCOVA 
 Slope ± S.E. R2 F ratio P value 

Jaw musculature 
Interhyoideus width    18.77 <0.0001* 
 Carnivore 0.97 ± 0.001 0.94   
 Omnivore 0.75 ± 0.004 0.74   
Orbitohyoideus width    75.11 <0.0001* 
 Carnivore 1.07 ± 0.001 0.94   
 Omnivore 0.69 ± 0.003 0.80   
Hyoangularis width   49.45 <0.0001* 
 Carnivore 1.15 ± 0.003 0.89   
 Omnivore 0.71 ± 0.005 0.68   

Head shape 
Head width   1.78 0.18 
 Carnivore 0.96 ± 0.0008 0.95   
 Omnivore 0.92 ± 0.0006 0.97   
Head length   4.02 0.05 
 Carnivore 0.92 ± 0.0006 0.96   
 Omnivore 0.97 ± 0.0009 0.96   
Mouth width   9.38 0.002* 
 Carnivore 0.85 ± 0.001 0.91   
 Omnivore 0.69 ± 0.004 0.71   

Tail structure 
Tail length   14.27 0.0002* 
 Carnivore 0.99 ± 0.0006 0.96   
 Omnivore 0.79 ± 0.005 0.76   
Tail-fin height   60.61 <0.0001* 
 Carnivore 0.92 ± 0.002 0.85   
 Omnivore 0.51 ± 0.003 0.64   
Tail muscle height   20.66 <0.0001* 
 Carnivore 0.93 ± 0.001 0.91   
 Omnivore 0.70 ± 0.004 0.72   

Other 
Hind-limb length   0.39 0.53 
 Carnivore 3.01 ± 0.01 0.91   
 Omnivore 2.86 ± 0.07 0.60   
Intestine length   11.99 0.0006* 
 Carnivore 1.24 ± 0.006 0.80   
 Omnivore 1.60 ± 0.02 0.79   
 
Note:  All regressions are significant at P < 0.0001 and ANCOVA (*) at 0.05.   
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apparatus (mouth width and jaw musculature as measured by interhyoideus width, 

orbitohyoideus width, and hyoangularis width) and tail structure (tail length, tail-fin 

height, tail-muscle height) had steeper slopes when plotted against snout-to-vent length in 

carnivores than in omnivores.  Two traits, head length and intestine length, had steeper 

slopes in omnivores than in carnivores, but after we applied Dunn-Sidak correction to 

adjust for multiple slope tests, the difference in the slope of head length was no longer 

significant.  Finally, in two traits, head width and hind-limb length, the phenotypes did 

not differ (Figures 2.3A–D, Table 2.3).  Because these data are drawn from a 

developmental series, steeper slopes represent traits that are growing faster relative to 

body length (SVL) in one or the other phenotype.  Therefore, traits tightly connected to 

the mode of tadpole feeding and locomotion grew faster in carnivores than in omnivores, 

whereas some traits grew more slowly and others grew at the same rates in the two 

phenotypes.   

Discriminant Function Analysis 

Discriminant function analysis identified intestine length (F-to-remove = 97.86, 

Wilks’ lambda F2 = 2293.55, P = 0.00) and interhyoideus width (F-to-remove = 40.59, 

Wilks’ lambda F2 = 2293.55, P = 0.00) as the traits that best discriminate between the 

phenotypes.  The prominence of these traits is due to 3–4 fold longer intestines in 

omnivores and massive hypertrophy of carnivore jaw musculature relative to omnivores, 

even at the earliest stages of development (Gosner stage 27, presence of hind limb buds).   

These trait differences can be visualized in a graph of log intestine length against log 

interhyoideus width, including measurements during metamorphic climax, although these 

measurements were not included in the discriminant function analysis (see methods).  

Figure 2.4 clearly shows that the phenotypes occupied different regions of morphospace 

during larval ontogeny but converge at metamorphic climax. 

 

Discussion 

 

Carnivore and omnivore phenotypes were fundamentally dissimilar and 

demonstrated differences in size, shape, and multivariate trait organization.  The 

omnivore developmental program was modified to produce the carnivore phenotype by  
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Figure 2.3.  Simple linear regression of log-transformed traits on log snout-to-vent length 
(SVL) for carnivores (open symbols) and omnivores (filled symbols):  A, jaw-
musculature measurements; B, head measurements; C, tail measurements; D, intestine 
length and hind-limb length.  Large differences are apparent in jaw musculature, tail 
morphology, and intestine development.  OHW, orbitohyoideus width; HAW, 
hyoangularis width; IHW, interhyoideus width; IHL, interhyoideus length; SME, head 
length; MW, mouth width; TL, tail length; TFH, tail-fin height; TMH, tail muscle height; 
IL, intestine length; HL, hind-limb length. 
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Figure 2.4.  Log intestine length plotted against log interhyoideus width for carnivores 
(open symbols) and omnivores (filled symbols).  Carnivore and omnivore phenotypes are 
distinctly different until convergence at metamorphic climax. 
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trait-specific heterochronic changes, and although most traits in omnivores were 

negatively allometric, carnivores showed a mixture of negative allometry, positive 

allometry, and isometry.  This finding is remarkable because it suggests that the larval 

developmental program can be broken up and modified at individual tissues but that the 

developmental program is still coordinated enough to produce a postmetamorphic, 

juvenile toad. 

Also striking is that these traits are modified, at least statistically, as two distinct 

groups, suggesting trait modularity.  Researchers have argued for the existence of 

developmental modules on the basis of multiple types of evidence, including genetic and 

phenotypic trait covariance and conservation of developmental series (Nunn and Smith 

1998; Beldade et al. 2002; Poe 2004).  In the study reported here, we suggest the 

existence of modularity because of differences in timing of correlated trait shifts.  For 

example, carnivore trophic structure diverged from that of omnivores at the earliest 

stages of development, whereas carnivore tail traits were modified at mid-larval period.  

This study provides preliminary evidence for the existence of trait modules underlying 

carnivore development but further investigations are necessary to substantiate trait 

modularity.   

The developmental patterns suggest that the two phenotypes make different 

allocation decisions during the growth process, which inevitably results in developmental 

trade-offs.  Carnivores shift growth from intestines to trophic structure, relative to 

omnivores, from the earliest stages of development.  The intestine-length effect is striking 

because of its association with diet (Horiuchi and Koshida 1989).  Long intestines are 

necessary to acquire resources from plant material and detritus (the typical tadpole diet), 

whereas shorter intestines are correlated with more carnivorous diets (Horiuchi and 

Koshida 1989; Alford 1999).  According to Pfennig (1992b), carnivores have shifted to a 

more carnivorous, proteinaceous diet in order to accelerate development, but although a 

higher-protein diet may speed development, increasing the chances of completing 

development in rapidly drying ephemeral ponds, the acceleration comes at the cost of 

reduced fat storage and smaller size at metamorphosis (Pfennig 1990, 1992b).   

Metamorphosis is energetically taxing, and Pfennig (1992b) has shown that 

omnivores are more likely than carnivores to survive through metamorphosis, 
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presumably because of their greater fat stores.  Small size at metamorphosis is correlated 

with many factors that may decrease fitness in postmetamorphic juvenile anurans, 

including increased risks of predation and desiccation (see discussion in Morey and 

Reznick 2001) and reduced oxygen consumption, endurance, hematocrit level, and heart 

size (Pough and Kamel 1984).  These factors may also be part of the cost of becoming a 

carnivore in spadefoot toads and should be addressed in future studies. 
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CHAPTER 3 

 
PROXIMATE REGULATION OF CAR NIVORE MUSCLE ENLARGEMENT; 

HISTOLOGICAL COMPARISONS OF SPADEFOOT CARNIVORE AND 

OMNIVORE PHENOTYPES 

 

Introduction 

 

One of the most important features of becoming a carnivore, in terms of behavior 

and phenotype, is the massive enlargement of the jaw and tail musculature, and 

understanding the regulation of polyphenism in this system at the proximate level is to 

understand the mechanisms underlying this myoenlargement.  Myosatellite cells are the 

underlying precursors for postnatal muscle growth, and understanding the regulation of 

the myosatellite cell system is of great interest to researchers working to understand 

muscle development and the effects of the embryonic, fetal, and postnatal environments 

(Dauncey and Gilmour 1996).  Myosatellite cell proliferation and differentiation is also 

essential for maintaining healthy myotissue, and healthy myotissue is essential for many 

physiological and locomotor functions, including thermoregulation, insulin activity, and 

respiration.  Thus, understanding myosatellite regulation is of great interest to researchers 

working to develop methods to counteract the effects of many diseases including cancer, 

cardiomyopathies and muscular dystrophies (Puri and Sartorelli 2000; Hawke and Garry 

2001; Koleva et al. 2005).  In order to fully exploit the myosatellite cell system for use 

against these diseases, a detailed understanding of the factors regulating quiescence, 

proliferation, and differentiation, their in vivo levels, and the factor interactions is 

necessary.  The majority of studies have used in vitro myosatellite cell assays to 

investigate the effects of factors hypothesized to regulate quiescence, proliferation, and 

differentiation; in vivo assays have also been used but to a much lesser degree (Hawke 

and Garry 2001; Dhawan and Rando 2005; Holterman and Rudnicki 2005; Wozniak et al. 

2005).   

The biggest difference between spadefoot toad carnivore and omnivore 

phenotypes is due to trait-specific increases in muscle growth (Figure 3.1), which is most 
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likely due to proliferating myosatellite cells.  Spadefoot toads, therefore, give us a unique 

opportunity to study myosatellite cell regulation in a naturally-evolved system in which 

tadpoles have the ability to increase their skeletal muscle growth rates in response to an 

environmental cue(s) (Pomeroy 1981; Pfennig 1992a).  The factors regulating 

myosatellite cell quiescence, proliferation, differentiation, and their appropriate levels 

have been subject to the process of evolution by natural selection in the spadefoot system 

for the past 20–29 million years (Garcia-Paris et al. 2003), giving these animals the 

ability to up-regulate muscle growth without the corresponding maladies, such as tumor 

formation, found in other studies (Morgan et al. 2002).  Hence, rather than attempting to 

recreate a perfect system in the lab in which muscle growth can be stimulated without 

repercussions, as many labs are currently attempting to do via in vitro and in vivo 

myosatellite cell assays, it is valuable to fully exhaust the spadefoot toad system to 

understand myosatellite cell regulation in spadefoot larvae.     

As a first step towards developing the spadefoot toad system as a model for 

understanding the regulation of myosatellite cells, myofiber number, diameter, and 

myosatellite cell proliferation were quantified for both the orbitohyoideus jaw (OH) and 

tail muscle (TL), for both carnivore and omnivore phenotypes, and for multiple tadpole 

ages.  The jaw and tail muscle were both quantified because carnivore trait growth-rate 

modification occurs as two temporally dissociated modules, relative to omnivores, 

primarily consisting of an increase in growth rate of the jaw musculature just after 

hatching and an increase in the growth rate of tail musculature at mid-development (see 

chapter two/Storz and Travis 2007).  This temporal dissociation of jaw and tail myofiber 

enlargement in carnivores may be due to different underlying molecular mechanisms, and 

understanding whether carnivore muscle enlargement occurs by way of hypertrophy (an 

increase in myofiber diameter), hyperplasia (an increase in myofiber number), or both, 

relative to omnivores, may provide insights for the underlying molecular mechanisms 

responsible for myosatellite cell proliferation in both the jaw and tail muscle.   

The data show that both hyperplasia and hypertrophy underlie carnivore 

myoenlargement for both the OH and TL, relative to omnivores.  Carnivores had more 

OH and TL myofibers than omnivores at all ages but showed rate differences for rate of 

induction of myofibers (myofiber number plotted against days old), which was  
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Figure 3.1.  Phenotype comparison of carnivore and omnivore larvae showing 
myoenlargement of the orbitohyoideus (OH) jaw muscle (a) and tail (TL) muscle (b).  
Larvae are developmental stage 36––mid-development, fully formed but non-functional 
hindlimbs. 

Orbitohyoideus jaw muscle 

a b
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approximately 9 and 17 myofibers per day for the OH and TL respectively.  Carnivores 

also had larger OH and TL myofibers for many of the ages tested, relative to omnivores, 

and the rate of myofiber diameter increase (myofiber diameter plotted against days old) 

was significantly greater for carnivores relative to omnivores in two different regions of 

the OH muscle but only one region of the TL.  Finally, contrary to expectations, 

omnivores showed more newly synthesized myosatellite daughter nuclei for both the OH 

and TL for some ages and no significant differences for others (both total number and 

myofiber number corrected ratios).   

 

Methods 

 

Muscle enlargement analysis 

Ten carnivores and 10 omnivores were collected each at four different age groups, 

4, 6, 8, and 14 days old from Rock Tank pond (N 31.944783, W109.1173333, elevation 

1364 meters), Hutchinson Co., Arizona.  The earliest collection age (4 days old) was 

determined because it was the youngest age at which phenotypes were distinguishable, 

using beak morphology and OH jaw muscle diameter for initial determination, while the 

final collection was determined based on developmental stage––the average day 14 

developmental stage was 36, at which carnivores and omnivores showed the largest trait 

disparity.  Larvae were immediately euthanized with an overdose of MS-222 and fixed in 

4% paraformaldehyde.   

The OH jaw muscle (Figure 3.1a) was removed from larvae and cut in half at the 

muscle midline, perpendicular to the muscle fibers.  A section of tail tissue was removed 

from the base of the tail (Figure 3.1b), just posterior to the larval vent.  Tissues were 

placed in 30% sucrose and left until tissue had transferred to the bottom of eppendorf 

tubes.  After which, tissues were cut into 20 ��m sections using a cryostat set at –20°C and 

immediately placed in –4 °C freezer.  All larval muscles were sectioned in a standardized 

region, muscle midline for OH and anterior-most edge for TL, regardless of morphology.  

Spadefoot tadpole myofibers are extremely susceptible to dehydration (personal 

observation), and to minimize myofiber dehydration, sections were stained and fixed in a 

simple two-step process.  Slides were removed from the freezer, immediately coated with 
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Harris Hematoxylin (EMS #26108-01), excess Harris Hematoxylin was removed, and 

slides were mounted/cover-slipped using Shur/mount xylene-based liquid mounting 

medium (EMS #17991-01).  Slides were allowed to dry over night and were imaged the 

following day in Florida State University Biology Department’s imaging facility using a 

Nikon microscope with Axio cam attachment set at 10X magnification.  Multiple images 

were usually taken for each section, and the images were photomerged (Adobe 

Photoshop Elements version 2.0) into one reconstruction of the complete section.  

Myofiber number was quantified using Image J (NIH image J version 1.35s).  

Orbitohyoideus (OH) myofiber number was quantified by simple counts of the 

entire midline cross-sections; tail muscle myofiber number was quantified by simple 

counts of either the left or right side of cross-sections (side was determined by staining 

and sectioning quality).  Tail (TL) cross-sections show little to no myofiber diameter or 

number asymmetry between left and right regions, and these quantification methods have 

been used in other spadefoot myofiber studies (Arendt and Hoang 2005).  Myofiber 

diameter was quantified in three specific regions for each section for both OH and TL 

(peripheral, intermediate, medial, Figures 3.2a,b).  Myofibers were chosen based on 

staining and shape––acceptable myofiber cross-sections are symmetrically circular or 

oblong.  Myofibers were traced and the area was quantified using the software package 

Image J (NIH version 1.35s); measurements were standardized to µm2 using an ocular 

micrometer.   

Myofiber number and diameter was first assessed for carnivores and omnivores 

separately using ANOVA and post-hoc multiple comparisons with Bonferroni correction 

for multiple comparisons (Systat version 9) to test whether myofiber number and 

diameter increased with age for each phenotype.  Next, two-group comparison t-tests 

were used to test for myofiber number and diameter differences between carnivore and 

omnivore phenotypes at each age group.  Finally, myofiber number and diameter were 

plotted against tadpole age (days old), and linear regression was used to determine the 

slopes (or recruitment rate) and Y-intercepts.  Analysis of covariance was used to test 

whether phenotypes showed recruitment or growth rate differences for myofiber number 

and diameter when plotted against age.  
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Figure 3.2.  Cross-sections of jaw muscle (OH) (a) and tail muscle (TL) (b) used for 
myofiber number and diameter analysis.  Myofiber diameter was originally quantified at 
peripheral, central, and medial regions. 
 
 

a 
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Myosatellite Proliferation Assay 

Ten carnivores and 10 omnivores were collected each at three different age 

groups, 4 and 8-day-old larvae from Rock Tank pond (N 31.944783, W109.1173333) and 

6-day-old larvae from Ava Ranch pond (N 31�q55'445, W 109�q08'452), Hutchinson Co. 

Arizona.  The earliest age (4 days old) was determined for the same reasons discussed 

above, while the final collection was determined because it was the earliest age at which 

carnivores showed both enlarged jaw and tail muscle (see chapter two for discussion of 

OH and TL temporal dissociation of myoenlargement).  Larvae were subjected to 

bromodeoxyuridine (BrdU) labeling.  BrdU replaces thymidine during DNA replication, 

and cells undergoing mitotic proliferation can be identified by BrdU incorporation into 

daughter DNA.  Larvae were immersed live for 24 hours in 4mg/ml 10% BrdU 

Steinberg’s solution (Katbamna et al. 2004).  Because larval anurans have porous 

epithelium and use gills for oxygen import, BrdU is readily taken in via immersion, and 

researchers commonly use BrdU immersion for mitotic labeling in other anuran larvae 

(Katbamna et al. 2004).  Euthanasia, tissue fixation, and sectioning were done in the same 

manner as described above, with the exception that tissues were sectioned at 10 µm.  As 

an initial test to determine whether BrdU incorporation was successful, fluorescent 

antibody labeling of BrdU was conducted (Figure 3.3a) and compared to sections from 

the same tissue stained with DAPI (4',6-diamidino-2-phenylindole) (Figure 3.3b).  DAPI 

is a fluorescent general stain for nuclei, and conformation of BrdU labeling success can 

be determined by overlapping BrdU antibody-labeled section images with DAPI-stained 

section images and analysis of overlapped labeled nuclei (Figure 3.3c).  BrdU 

incorporation was deemed successful (Figure 3.3c), and all sections used in this analysis 

were labeled with a primary monoclonal anti-BrdU antibody developed in Mus (Sigma 

B8434) and a secondary anti- mouse reporting antibody conjugated with peroxidase 

(Sigma A-4416).  After labeling, mounting, and cover slipping, sections were dried 

overnight and immediately imaged and photomerged the following day using the same 

procedures discussed above.  Labeled nuclei were quantified in a similar manner as 

described above, by simple counts of all labeled nuclei in OH and simple counts of only 

one side of TL cross-sections.  BrdU-labeled nuclei number was first assessed for  
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Figure 3.3.  Newly synthesized myosatellite daughter nuclei labeled by BrdU-specific 
antibodies (white circles) (a), all nuclei, new and old, labeled by DAPI (white circles) (b), 
and overlap of image a and b (white circles) (c).  Panel c. confirms that BrdU was 
incorporated into new nuclei because both BrdU-specific antibodies and DAPI identify 
the same nuclei.     
 

a 
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carnivores and omnivores separately using ANOVA and post-hoc multiple comparisons 

with bonferroni correction for multiple comparisons (Systat version 9) to test whether 

proliferation increases with age for each phenotype and each muscle type.  Secondly, 

two-group comparison t-test was used to test for nuclei proliferation differences between 

carnivore and omnivore phenotypes at each age group.         

 

Results 

 

Myofiber number and diameter 

Carnivores and omnivores both increased OH and TL myofiber numbers as they 

aged, and carnivores clearly had more OH and TL myofibers than omnivores at all ages 

tested (Figures 3.4a, 3.5a, Tables 3.1, 3.2 a,b,c).  Interestingly, carnivores and omnivores 

showed no significant recruitment rate differences for OH or TL myofiber number when 

plotted against days old (F=0.17, p=0.68, F=0.76, p=0.39, respectively) and both 

phenotypes are adding approximately 9 new OH and 17 new TL myofibers each day.  

The Y-intercept estimate, on the other hand, was higher for carnivore OH and TL, 

relative to omnivores.  This suggests a burst of myosatellite cell proliferation and new 

myotube formation in carnivores before the first collection age (day 4).    

Orbitohyoideus myofiber diameter increased for both carnivores and omnivores 

as they age, but myofibers in different regions (peripheral, central, medial) of the OH and 

TL showed different patterns of growth.  Peripheral myofibers of the OH were larger for 

carnivores at all days tested (Figure 3.6a, Tables 3.3a,b,c) and showed a growth rate 7.5 

times higher than that of omnivores when peripheral myofiber daimeter was plotted 

against days old (Figure 3.6b).  The central and medial myofibers showed no significant 

differences within both carnivores and omnivores; thus central and medial fibers were 

grouped together into one metric termed “internal” myofibers.  Carnivores had larger 

internal OH myofibers at all days tested (Figure 3.7a, Tables 3.4a,b,c), and these 

myofibers grew at 38 times the rate of omnivore internal myofibers (Figure 3.7b).   

Tail myofibers showed different patterns of growth relative to OH when 

carnivores and omnivores were compared.  Peripheral TL myofibers were not 

significantly different between carnivores and omnivores at days 4 and 6, but carnivores   



 55

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4.  OH myofiber number as a function of age.  Means and standard deviations 
are represented (a).  Carnivores show significantly higher number of OH myofibers at all 
days. *significant at �d 0.05.  Regression of OH myofiber numbers on age with a linear 
model (b).  Slopes of carnivore and omnivore myofiber proliferation are not significantly 
different (ANCOVA F=0.17, p=0.68).  Averages in (a) are from data in (b). 
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Table 3.1 
 
a. Carnivore OH myofiber number ANOVA F=4.60, p=0.008 and table of post-hoc, 
bonferroni-corrected, pairwise comparison probabilities.  Carnivore OH myofiber number 
increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.876 1.000 - 
14 day old 0.014 * 0.023 * 1.000 

 
 
b Omnivore OH myofiber number ANOVA F=5.05, p=0.005 and table of post-hoc, 
bonferroni-corrected, pairwise comparison probabilities.  Omnivore OH myofiber 
number increases over time.  *significant at �d 0.05   
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.059 0.206 - 
14 day old 0.017 * 0.065 1.000 

 
 
c. T-test of OH myofiber number at each day.  Carnivores show significantly more OH 
myofibers at all days except day 8.  *significant at �d 0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

 
t=2.47, df=18 

p=0.024 * 
 

 
t=2.87, df=18 

p=0.01 * 

 
t=2.04, df=18 

p=0.056 

 
t=2.92, df=18 

p=0.009 * 

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.5.  TL myofiber number as a function of age.  Means and standard deviations 
are represented (a).  Carnivores show significantly higher numbers of TL myofibers on 
days 4 and 8 but no differences on days 6 and 14. *significant at �d 0.05.  Regression of 
TL myofiber numbers on age with a linear model (b).  Slopes of carnivore and omnivore 
myofiber proliferation are not significantly different (ANCOVA F=0.76, p=0.39).  
Averages in (a) are from data in (b). 
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Table 3.2 
 
a. Carnivore TL myofiber number ANOVA F=12.20, p=0.000 and table of post-hoc, 
bonferroni-corrected, pairwise comparison probabilities.  Carnivore TL myofiber number 
increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 0.729 - - 
8 day old 0.001 * 0.072 - 
14 day old 0.000 * 0.003 * 1.000 

 
 
 
b. Omnivore TL myofiber number ANOVA F=12.45, p=0.000 and table of post-hoc, 
bonferroni-corrected, pairwise comparison probabilities.  Omnivore TL myofiber number 
increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 0.248 - - 
8 day old 0.412 1.000 - 
14 day old 0.000 * 0.003 * 0.001 * 

 
 
c. T-test of TL myofiber number at each day.  Carnivores show significantly more TL 
myofibers at days 4 and 8 but no difference 6 and 14.  *significant at �d 0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

 
t=2.88, df=18  

p=0.01 * 
 

 
t=1.66, df=18 

p=0.115 

 
t=6.03, df=17  

p=0.000 * 

 
t=1.81, df=18  

p=0.088 

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.6.  OH peripheral myofiber diameter as a function of age.  Means and standard 
deviations are represented (a).  Carnivores show significantly larger peripheral OH 
myofibers at all days. *significant at �d 0.05.  Regression of OH peripheral myofiber 
diameter on age with a linear model (b).  Carnivores show a significantly higher slope 
than omnivores (ANCOVA F=16.62, p=0.000).  Averages in (a) are from data in (b). 
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Table 3.3 
 
a. Carnivore OH peripheral myofiber diameter ANOVA F=6.54, p=0.001 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities.  Carnivore OH 
peripheral myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.024 * 0.161 - 
14 day old 0.003 * 0.028 * 1.000 

 
 
 
b. Omnivore OH peripheral myofiber diameter ANOVA F=25.32, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Omnivore OH 
peripheral myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 0.008 * - - 
8 day old 0.001 * 1.000 - 
14 day old 0.000 * 0.000 * 0.001 * 

 
 
c. T-test of OH peripheral myofiber diameter at each day.  Carnivores show significantly 
larger OH peripheral myofibers at all days.  *significant at �d 0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

 
t=7.81, df=18  

p=0.000 *  
 

 
t=2.90, df=18 

p=0.010 * 

 
t=4.69, df=18  

p=0.000 * 

 
t=3.10, df=18  

p=0.006 * 

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.7.  OH internal myofiber diameter as a function of age.  Means and standard 
deviations are represented (a).  Carnivores show significantly larger internal OH 
myofibers at all days. *significant at �d 0.05.  Regression of OH internal myofiber 
diameter on age with a linear model (b).  Carnivores show a significantly higher slope 
than omnivores (ANCOVA F=98.59, p=0.000).  Averages in (a) are from data in (b). 
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Table 3.4 
 
a. Carnivore OH internal myofiber diameter ANOVA F=34.99, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Carnivore OH internal 
myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.009 * 0.066 - 
14 day old 0.000 * 0.000 * 0.000 * 

 
 
 
b. Omnivore OH internal myofiber diameter ANOVA F=57.68, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Omnivore OH internal 
myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 0.000 * - - 
8 day old 0.000 * 0.041 * - 
14 day old 0.000 * 0.000 * 0.000 * 

 
 
c. T-test of OH internal myofiber diameter at each day.  Carnivores show significantly 
larger OH internal myofibers at all days.  *significant at �d 0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

 
t=11.26, df=38  

p=0.000 *  
 

 
t=3.68, df=38 

p=0.001 * 

 
t=5.90, df=38  

p=0.000 * 

 
t=7.29, df=38  

p=0.000 *  

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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showed larger peripheral myofibers for later days, day 8 and 14 (Figure 3.8a, Tables 

3.5a,b,c).  In addition, carnivores and omnivores showed no growth rate differences for 

peripheral TL myofiber growth when plotted against days old, and both increased 

myofiber diameter at approximately 52 um2 (Figure 3.8b).  Central and medial myofibers 

again did not differ significantly within carnivores and omnivores (the same “internal” 

myofiber metric was used as OH).  Carnivores showed larger internal myofibers at all 

ages tested (Figure 3.9a, Tables 3.6a,b,c) and showed a significantly higher myofiber 

growth rate (2.5 times) when TL internal myofiber diameter was plotted against age 

(Figure 3.9b). 

Myosatellite proliferation analysis 

Carnivores and omnivores showed the same pattern of daughter nuclei (BrdU-

labeled nuclei) recruitment (myosatellite proliferation) for uncorrected values and 

myofiber-number-corrected daughter nuclei; hence, only uncorrected data are reported.  

Omnivores showed higher numbers of daughter nuclei in the OH at day 4 and 6 but not 

day 8 (Figure 3.10a, Tables 3.7a,b,c).  The rate of carnivore daughter nuclei recruitment 

in the OH was significant and was approximately 6 nuclei per day.  Omnivores, on the 

other hand, showed a recruitment rate that was not significantly (F=0.03, p=0.86) 

different from zero (Figure 3.10b).  If day 8 data is removed from the sample for 

omnivores, focusing only on the increase of daughter nuclei, omnivores showed a 

significantly (F=6.46, p=0.02) positive proliferation rate, 12.52 nuclei added per day 

from day 4 to day 6.   

Tail muscle daughter nuclei recruitment, on the other hand, showed a different 

pattern from that of OH when phenotypes were compared.  Omnivores showed a 

significantly higher number of daughter nuclei at day 6, but no significant difference at 

earlier (day 4) or later days (day 8) (Figure 3.11a, Tables 3.8a,b,c).  Additionally, 

carnivores and omnivores showed no proliferation rate difference (F=0.71, p=0.40) when 

TL daughter nuclei were plotted against days old, and both phenotypes showed a 

daughter nuclei recruitment rate of approximately 44 per day (Figure 3.11b).  Lastly, the 

majority of daughter nuclei are located among the peripheral myofibers in both the OH 

and TL in both carnivores and omnivores, although far fewer daughter nuclei are found in 

the OH relative to the TL (Figures 3.10a,b, 3.11a,b, 3.12a,b).  
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Figure 3.8.  TL peripheral myofiber diameter as a function of age.  Means and standard 
deviations are represented (a).  Carnivores show significantly larger peripheral TL 
myofibers at day 8 only. *significant at �d 0.05.  Regression of TL peripheral myofiber 
diameter on age with a linear model (b).  Carnivores and omnivores show no significant 
slope differences (ANCOVA F=1.55, p=0.22).  Averages in (a) are from data in (b). 
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Table 3.5 
 
a. Carnivore TL peripheral myofiber diameter ANOVA F=3.44, p=0.027 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Carnivore TL 
peripheral myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 1.000 1.000 - 
14 day old 0.04 * 0.076 0.902 

 
 
 
b. Omnivore TL peripheral myofiber diameter ANOVA F=23.86, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Omnivore TL 
peripheral myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.678 1.000 - 
14 day old 0.000 * 0.000 * 0.000 * 

 
 
c. T-test of TL peripheral myofiber diameter at each day.  Carnivores show significantly 
larger TL peripheral myofibers only on day 8.  *significant at �d 0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

 
t=1.27, df=18  

p=0.221 
 

 
t=0.56, df=18 

p=0.586 

 
t=2.37 , df=16  

p=0.031 * 

 
t=1.04, df=18  

p=0.312 

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.9.  TL internal myofiber diameter as a function of age.  Means and standard 
deviations are represented (a).  Carnivores show significantly larger internal TL 
myofibers at all days. *significant at �d 0.05.  Regression of TL internal myofiber 
diameter on age with a linear model (b).  Carnivores show a significantly higher slope 
than omnivores (ANCOVA F=62.98, p=0.000).  Averages in (a) are from data in (b). 
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Table 3.6 
 
a. Carnivore TL internal myofiber diameter ANOVA F=63.93, p=0.000 and table of post-
hoc, bonferroni-corrected, pairwise comparison probabilities. Carnivore TL internal 
myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.011 * 0.003 * - 
14 day old 0.000 * 0.000 * 0.000 * 

 
 
 
b. Omnivore TL internal myofiber diameter ANOVA F=81.67, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Omnivore TL internal 
myofiber diameter increases over time.  *significant at �d 0.05 
 

 4 day old 6 day old 8 day old 
4 day old - - - 
6 day old 1.000 - - 
8 day old 0.016 * 0.464 - 
14 day old 0.000 * 0.000 * 0.000 * 

 
 
c. T-test of TL internal myofiber diameter at each day.  Carnivores show significantly 
larger TL internal myofibers at all days.  *significant at �d 0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 14 day old carnivore

 
t=4.13, df=38  

p=0.000 * 
 

 
t=2.10, df=38 

p=0.042 * 

 
t=6.54, df=36  

p=0.000 * 

 
t=5.63, df=38  

p=0.000 * 

4 day old omnivore 6 day old omnivore 8 day old omnivore 14 day old omnivore
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Figure 3.10.  OH BrdU-labeled nuclei as a function of age.  Means and standard 
deviations are represented (a).  Omnivores show significantly more labeled nuclei at days 
4 and 6 but no significant differenence at day 8. *significant at �d 0.05.  Regression of OH 
BrdU-labeled nuclei on age with a linear model (b).  Carnivores show a significantly 
higher slope than omnivores (ANCOVA F=5.90, p=0.019).  Averages in (a) are from 
data in (b). 
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Table 3.7 
 
 
a. Carnivore OH BrdU-labeled nuclei number ANOVA F=9.96, p=0.001 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities.  Carnivore OH BrdU-
labeled nuclei number increase over time.  *significant at �d 0.05 
 
 4 day old 6 day old 

4 day old - - 
6 day old 0.56 - 
8 day old 0.001 * 0.065 

 
 
b. Omnivore OH BrdU-labeled nuclei number ANOVA F=6.25, p=0.007 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities.  Omnivore OH BrdU-
labeled nuclei number increase over time.  *significant at �d 0.05 
 
 4 day old 6 day old 

4 day old - - 
6 day old 0.017 * - 
8 day old 1.000 0.011 * 

 
 
c. T-test of OH BrdU-labeled nuclei number at each day.  Omnivores show significantly 
more OH BrdU-labeled nuclei at day 4 and 6 but no difference at day 8.  *significant at �d 
0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 

 
t=3.67, df=17  

p=0.002 * 
 

 
t=2.64, df=11 

p=0.023 *  

 
t=1.75, df=18  

p=0.097 

4 day old omnivore 6 day old omnivore 8 day old omnivore 
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Figure 3.11.  TL BrdU-labeled nuclei as a function of age.  Means and standard 
deviations are represented (a).  Omnivores show significantly more labeled nuclei at day 
6, but no difference at days 4 and 8. *significant at �d 0.05.  Regression of TL BrdU-
labeled nuclei on age with a linear model (b).  Carnivores and omnivores show no slope 
difference (ANCOVA F=0.71, p=0.403).  Averages in (a) are from data in (b). 
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Table 3.8 
 
a.  Carnivore TL BrdU-labeled nuclei number ANOVA F=86.27, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities. Carnivore TL BrdU-
labeled nuclei number increase over time.  *significant at �d 0.05 

 
 
 
 
 

 
 
b.  Omnivore TL BrdU-labeled nuclei number ANOVA F=78.52, p=0.000 and table of 
post-hoc, bonferroni-corrected, pairwise comparison probabilities.  Omnivore TL BrdU-
labeled nuclei number increase over time.  *significant at �d 0.05 
 
 4 day old 6 day old 

4 day old - - 
6 day old 0.000 * - 
8 day old 0.000 * 0.006 * 

 
 
c. T-test of TL BrdU-labeled nuclei number at each day.  Omnivores show significantly 
more TL BrdU-labeled nuclei at day 6 but no differences at day 4 or 8.  *significant at �d 
0.05   
 
4 day old carnivore 6 day old carnivore 8 day old carnivore 

 
t = 0.29, df = 18  

p = 0.776 
 

 
t = 2.41, df = 10 

p = 0.036 *  

 
t = 0.93, df = 15  

p = 0.368 

4 day old omnivore 6 day old omnivore 8 day old omnivore 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 4 day old 6 day old 
4 day old - - 
6 day old 0.001 * - 
8 day old 0.000 * 0.000 * 
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Figure 3.12.  Cross-sections of jaw muscle (OH) (a) and tail muscle (TL) (b) with newly 
synthesized daughter nuclei labeled with anti-BrdU antibodies (brown spots).  Most 
daughter nuclei are located among the peripheral myofibers for both the OH and TL. 
 

a 

b 
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Discussion 

 

 Clear differences exist between carnivores and omnivores for myofiber number, 

myofiber diameter and myosatellite proliferation in both OH and TL muscles.  The 

characteristic carnivore phenotype is due to both OH and TL hyperplasia and 

hypertrophy, which underlies the massive myoenlargement, creating the carnivore 

phenotype.  Although both hyperplasia and hypertrophy seem to be important, the timing 

of each process and differences between and within the phenotypes suggest there may be 

some level of difference in the regulation of carnivore myoenlargement for the OH and 

TL.   

The OH muscle is part of the trophic apparatus (jaw musculature and beak 

together) and is associated with the carnivores new trophic role, that of predacious 

carnivore and cannibal (Pomeroy 1981; Pfennig 1992b; Storz and Travis 2007).   

Considering the importance of the OH muscle to the new trophic role of the carnivore, it 

is not surprising that it is one of the first traits to show allometric disparity between the 

carnivore and omnivore (3 to 5 days post hatching, see chapter two).  But, in fact, the 

current study suggests that the OH jaw muscle shows phenotypic disparity much before 

the 3-5 day estimate pointed out in chapter two and other studies (Pomeroy 1981; Pfennig  

1992a), estimated by the OH carnivore and omnivore Y-intercepts.  Carnivores have 

approximately 1.19 times (60) the number of OH myofibers relative to omnivores 

immediately post-hatching, which is based on the Y-intercept estimate.  After which, 

carnivores and omnivores add OH myofibers at the same rate, approximately 9 per day.  

At the same time carnivores are adding new OH myofibers, they are also rapidly 

increasing the diameter of both the peripheral and internal myofibers relative to 

omnivores, 7.5 times and 38 times the omnivore myofiber growth rate respectively.  

These differences in OH myofiber number and diameter suggest that there may be a cap 

on the initial burst of new myofibers that can be created early in carnivore development.  

This cap is quickly reached within the carnivores’ first few days, and afterwards 

carnivores are limited to the same recruitment number as omnivores, approximately 9 per 

day.  This cap on initial hyperplasia may be regulated by nervous system maturation.  

Hypertrophy and hyperplasia may be activated in the same upstream manner but 
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downstream regulators, such as degree of innervation, may dictate direct differentiation 

or fusion to existing myofibers.  To continue their massive OH myoenlargement, 

carnivores begin to rely more on peripheral and internal myofiber hypertrophy.  Figures 

3.6a and 3.7a clearly show that hypertrophy is much more of an important factor for older 

carnivores than younger.  For example, carnivore internal OH myofibers are 

approximately 5 times the diameter of those in omnivores at day 4, but reach 

approximately 27 times the diameter of those in omnivores at day 14.   

It is important to remember that the carnivores’ prey items, mostly anastrocan 

shrimp and other tadpoles, (Pomeroy 1981; Pfennig 1990, 1992a) are also growing 

rapidly.  To continue feeding on their prey, carnivores cannot be limited by a potential 

developmental cap on the process of OH hyperplasia and are rapidly shifting to the 

process of OH hypertrophy in order to maintain their new carnivorous, cannibalistic 

trophic role.   

The TL, on the other hand, has a different ecological importance and therefore 

potentially a different developmental process regulating its myoenlargement in 

carnivores.  Chapter two showed a clear temporal dissociation between the OH and the 

TL; the OH is larger in carnivores early in development while the TL is not noticeably 

larger in carnivores until mid-development (Storz and Travis 2007).  This TL 

enlargement lag time in carnivores may be functional response to increased use rather 

than a direct effect of an environmental cue, which is predicted for the OH.  Carnivores 

are chasing after prey items continually after they hatch, and the TL, in response to this 

increased demand, may be signaled to increase myofiber number/diameter to keep up 

with demand.  Hence, there may be a lag time between the demand and a quantifiable TL 

response at mid-development (Storz and Travis 2007).  Furthermore, as a pond becomes 

depleted of prey items over time (personal observation), which occurs as carnivores 

continue to feed, carnivores most likely have to chase prey items further distances and 

more frequently, and the demand/myofiber response should be exacerbated. 

Some of the histological data in the current study does not, while other data does, 

support the above model.  Similar to OH, the TL shows an initial hyperplastic burst 

immediately after hatching in carnivores, which does not support the above TL “lag time” 

model.  This TL hyperplastic burst in carnivores may be part of the same developmental 
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phenomenon as the initial hyperplastic burst found in the OH.  Carnivores had 1.27 times 

(92) the TL myofibers relative to omnivores immediately post-hatching, but the same rate 

of myofiber number increase was approximately 17 per day for both phenotypes after the 

initial burst.  Carnivores may experience a similar cap in TL hyperplasia early in 

development and shift to hypertrophy later, both similar to the carnivore OH.  The shift to 

TL hypertrophy, on the other hand, differs from OH because it occurs at a slower rate and 

at less of a magnitude, which both may support the TL “lag time” model described above.  

Peripheral TL myofibers are not significantly larger in carnivores than omnivores at both 

days 4 and 6 and reach only 1.8 times those of omnivores by day 14.  Internal TL 

myofibers are significantly larger in carnivores but only 1.6 times on day 4 and 1.8 times 

those of omnivores on day 6, attaining a diameter of 2.4 times those of omnivores by day 

14.   

Although both the OH and TL show hyperplasia and hypertrophy early in 

development, the differences in hypertrophy magnitude between OH and TL may explain 

why OH allometric disparity was found early in development between carnivores and 

omnivores but not for TL (Storz and Travis 2007).  For example, at day four the 

carnivore OH peripheral myofiber is 3 times and the internal myofiber diameter is 5 times 

that of omnivores; the carnivore TL, on the other hand, is not significantly different at 

day 4 for the peripheral myofibers and only 1.6 times that of the omnivore for the internal 

myofiber.  This minor amount of TL hypertrophy in young tadpoles, even with additional 

hyperplasia, may not be detectable with millimeter calipers or an ocular micrometer, 

which were the methods used in chapter two (Storz and Travis 2007).        

Little is known about spadefoot toad myodevelopment, which limits discussion to 

that known for Xenopus and fish.  This immediately poses a problem because spadefoot 

toads differ from Xenopus in a least one myodevelopmental aspect, Xenopus laevis 

develop uninucleate primary myofibers that later become the scaffolding for development 

of multinucleate secondary myofibers during metamorphosis while the spadefoot toad 

(Pelobates fuscus) develops multinucleate primary myofibers from the beginning (see 

review Kacperczyk and Daczewska 2006).  Regardless of potential differences, there 

should be some similarities between spadefoot toad, Xenopus, and fish myodevelopment, 

which warrant a discussion.    
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Xenopus myogenesis consist of two waves of myoblast proliferation and 

differentiation, the first wave occurring during the larval stage and the second at 

metamorphosis.  This larval wave consists primarily of myotubes differentiating into fast 

type II fibers and a small number differentiating into slow type I fibers.  The slow type I 

fibers are terminally located peripheral to the core of fast type II fibers (see review 

Chanoine and Hardy 2003).  Fish, similar to Xenopus tadpoles, show a peripheral ring of 

slow type I fibers and a core of fast type II fibers during larval and adult stages (Johnston 

2006).  Devoto et al. (1996) showed that this fiber patterning in fish occurs by way of 

differentiation and migration of slow type I fibers.  They found that the muscle precursors 

could be divided into two subsets, adaxial cells and lateral presomitic cells depending on 

fiber type and locality fate.  The adaxial cells are found next to the notochord originally; 

these cells differentiate into slow type I fibers, elongate to the length of the somite, and 

migrate radially to the periphery of the trunk musculature.  The lateral presomitic cells, 

on the other hand, are originally located lateral to the adaxial cells; these cells do not 

migrate, elongate the length of the somite, and differentiate into fast type II fibers.  

Hence, the different activities of these myofiber precursors established the myofiber 

patterns observed in larval and adult fish.  This same patterning process may explain the 

similar myofiber patterning in Xenopus larvae, and the fiber differentiation and migration 

of adaxial cells is most likely induced by some regulatory factor secreted from the 

notochord tissue, such as sonic hedgehog (see reviews TeKronnie and Reggiani 2002; 

Yamane 2005).  This muscle patterning reflects the functional demands of fish life 

history; many fish show continuous anterior movement, driven by small lateral 

movements of the tail, and peripheral, fatigue-resistant, slow, oxidative muscles 

presumably drive the majority of this movement.  Fish, on the other hand, must be able to 

show sporadic bursts of movement to catch prey or avoid predators, which occurs by way 

of increased lateral motion of the tail and is most likely driven by the core of fast, 

glycolytic fibers.   

Spadefoot larvae in the current study show a superficial similarity, in morphology 

and behavior, to this same pattern; the peripheral myofibers are smaller and tend to be 

darker colored while the internal myofibers are larger and tend to be lighter colored in 

fresh tissue cross-sections (current study and personal observation).  Also similar to fish, 
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spadefoot tadpoles are continuously moving, which most likely is driven by similar 

lateral tail motions and slow, oxidative peripheral myofibers.  Carnivores are also 

bursting after prey items, which may be driven by a core of fast, glycolytic internal 

myofibers.  Thus, the peripheral TL myofibers are predicted to be slow, oxidative type I 

fibers, while the internal TL myofibers are predicted to be fast, glycolytic type II fibers, 

and the OH may show the same pattern.  A fiber-typing analysis, using antibody-labeling 

methods, is needed to confirm this pattern but unfortunately these antibodies are not 

available.  In addition to the potential fiber type differences between the peripheral and 

internal myofibers, the peripheral myofibers show a higher level of myosatellite 

proliferation than the internal fibers, as shown by BrdU antibody labeling.  These 

peripheral myofibers seem to be a myosatellite source, in which myosatellite cells are 

proliferating and then radiating out to form new or fuse to existing myofibers.        

 A number of factors may be driving hypertrophy of the internal myofibers.  The 

carnivore TL muscle adds approximately 17 and the OH approximately 9 new myofibers 

per day, but the BrdU study showed that 44 new TL and 6 new OH daughter myonuclei 

are created per day.  The new daughter nuclei are enough to account for the creation of 

the newly formed myofibers, at least in the carnivore TL, while the remaining daughter 

nuclei fuse to existing myofibers.  Addition of new daughter nuclei to existing myofibers 

correlates with an increase in sarcomere number, mitochondria and other supporting 

organelles, triglyceride and/or glycogen, and a capillary volume, all of which contribute 

to myofiber hypertrophy.  Additionally, Stedman et al. (2004) have shown that 

differential myosin isoform expression is correlated with myofiber diameter differences.  

An alternative explanation is that hypertrophy of internal myofibers in carnivores may be 

occurring due to differential isoform expression, which would mean a larger sarcomeric 

structure. 

Carnivores have an enlarged OH and TL, relative to omnivores, and it was 

predicted that carnivores would show more labeled daughter nuclei.  Omnivores, in fact, 

showed significantly more daughter nuclei (uncorrected and myofiber-number-corrected) 

or no significant difference from carnivores.  For the TL, omnivores showed a marginally 

significant (t=2.41, p=0.04) higher number of daughter nuclei for only one day and the 

phenotypes did not show a significant proliferation rate difference, which suggests that 
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the TL myosatellite proliferation rate is essentially the same between the two phenotypes.  

This suggests that the TL hypertrophy may be occurring by some other means other than 

addition of daughter nuclei, and the correlative effects as discussed above, because 

although proliferation rate is consistent for the two phenotypes, carnivores increase the 

internal myofiber diameter from 1.6 times on day 4 to 3.8 times on day 8.  

Orbitohyoideus jaw muscle, on the other hand, shows no consistent pattern between 

carnivores and omnivores.  In OH analyses with a complete data set carnivores show a 

positive proliferation rate and omnivores show a proliferation rate not significantly 

different from zero, which is mostly driven by day 8 data.  If we remove day 8 data, both 

phenotypes show a positive proliferation rate, but omnivores show an OH proliferation 

rate approximately 2 times that of carnivores.  This suggests that the omnivore 

proliferation rate covers the number of new myofibers added per day and the remaining 

nuclei may fuse to existing myofibers, and the carnivore rate is an underestimate for 

carnivores because the new fibers added to the OH per day (9) is not matched by the 

myosatellite cell proliferation rate (6 per day).   
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CONCLUSIONS 

 This study has provided a tremendous amount of new information regarding the 

regulation of spadefoot developmental polyphenism, and at the same time has challenged 

some of the oldest dogma.   

In the first study, a series of experiments and behavioral assays were designed to 

elucidate the ultimate mechanisms that may regulate development of the carnivore 

phenotype, but the data, in fact, suggests that this developmental polyphenism may not be 

a polyphenism after all but rather a polymorphism.  Polyphenism is the production of 

multiple, discrete phenotypes from one genotype and a predictable phenotype should be 

produced after exposure to one, or a combination of, environmental cue(s).  Rather than 

the carnivore phenotype developing in response to one treatment, a few carnivores 

developed in 17 (out of 30 total) different treatments, regardless of food type, 

temperature, density, or substrate.  We used the most conservative estimate currently 

possible to characterize the carnivorous and omnivorous phenotypes and have the utmost 

confidence that laboratory-reared animals categorized as “carnivores” are indeed the 

carnivore phenotype when compared to field-collected animals.  Polymorphism, on the 

other hand, is the development of multiple, discrete phenotypes due to genetic 

differences.  The data from the ultimate regulation study suggest that the polymorphism 

model may be more suitable for the spadefoot system because the carnivore phenotype 

developed in multiple treatments regardless of environmental cue.  Lastly, muscle use 

differences were investigated between carnivores and omnivores, suggesting that 

increased muscle use by the carnivore phenotype is not a causal mechanism of jaw or tail 

enlargement.   

In the second study allometric and multivariate analyses were used to fully 

characterize growth and development of specific traits and determine which traits were 

the most important for distinguishing phenotypes.  Trait growth differences occur as two 

temporally dissociated events.  Early in development (Gosner stage 27, approximately 3 

days old) carnivores show larger jaw musculature, larger heads, and shorter intestines, 

and later in development (Gosner stage 34, approximately 10 days old) carnivores show 

larger tail musculature and tail fin.  Additionally, the allometric analyses suggest that the 

growth regulation of different traits occurs autonomously from one another because some 
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traits grew faster while other grew slower in carnivores relative to omnivores.  Finally, 

intestine length and interhyoideus jaw muscle width most distinguished the phenotypes 

from one another. 

In the third and last study myofiber number, diameter, and myosatellite cell 

proliferation was characterized for the orbitohyoideus jaw and tail muscle from both the 

carnivores and omnivores.  This analysis suggested at least three different 

myodevelopmental events underling carnivore myoenlargement, relative to omnivores.  

The first is an initial burst of hyperplasia immediately after hatching in both the OH and 

TL muscle.  After which, both the OH and TL show hypertrophy but the hypertrophy is 

temporally dissociated between the two muscles; OH peripheral myofibers show 

hypertrophy at day 4, relative to omnivores, while TL peripheral myofibers do not show 

hypertrophy until day 8.  This temporal dissociation corresponds to similar findings for 

the jaw and tail muscle in chapter two, and taken together suggest developmental 

modularity at some level for the jaw and tail musculature.  Finally, it was predicted that 

carnivores would show higher levels of myosatellite proliferation, but omnivores, in fact, 

show the same or greater numbers of daughter nuclei, which does not account for the 

extensive hypertrophy shown by carnivores at these same ages.                   
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Animal Development, Florida State University (Spring 2007) 
 
Human Anatomy and Physiology for non-biology majors, Florida State University 
(Summer 2002, Summer 2003, Summer 2004, Summer 2007) 
 
Cell Biology, Molecular Biology, and Genetics for non-biology majors, Florida 
State University (Summer 2006) 
 
Animal Diversity and Behavior for non-biology majors, Florida State University 
(Summer 2005) 
 
Teaching Assistant 
 
Anatomy and Physiology, Florida State University (Fall 2004, Spring 2005, Fall 
2005, Spring 2006, Fall 2006) 
 
Anatomy and Physiology Laboratory, Tallahassee Community College (Spring 
2006) 
 
Anatomy and Physiology Laboratory, Florida State University (Fall 2004) 
 
Comparative Vertebrate Anatomy Laboratory, Florida State University (Spring 
2004) 
 
Evolutionary Biology, Florida State University (Fall 2003) 
 
Molecular Biology Laboratory, Florida State University (Fall 2000, Spring 2002) 
 
Animal Development Laboratory, Florida State University (Spring 2001, Spring 
2003) 
 
Animal Diversity Laboratory, Florida State University (Fall 2001) 
 
Herpetology Laboratory, University of California, Davis (Spring 1999) 
 
Assistant Instructor 
 
Saturday-at-the-Sea, Florida State University (Fall 2000, Spring 2001) 
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Professional Development 
 
Teaching: Active Learning 1: Inquiry Approaches, Florida State University, 2003 
(Cheryl B. Stratton) 
 
Planning: Communicating Expectations, Florida State University, 2003 (Cadence 
Kidwell) 
 
Biology Teaching and Learning Workshop, Florida State University, 1999 (Ann S. 
Lumsden) 
 
Scholarly Presentations 
 
 
Poster Presentation.  Hypertrophy and hyperplasia underlie myoenlargement in 
the spadefoot tadpole carnivore phenotype.  The Society of Integrative and 
Comparative Biology (SICB) Annual Meeting. Phoenix, AZ January (2007). 
 
Seminar Presentation.  Developmental Modification over Evolutionary and 
Ecological Timescales: are there conserved means by which developmental 
programs are modified?  Seminars in Ecology and Evolution, Florida State 
University, Tallahassee, FL March (2006).��
 
Seminar Presentation.  Developmental Modification Over Evolutionary and 
Ecological Timescales: are there conserved means by which developmental 
programmes are modified?  The Society of Integrative and Comparative Biology 
(SICB) Annual Meeting. Orlando, FL January (2006) 
 
Seminar Presentation.  Are Carnivorous Tadpoles Driving Anuran Community 
Structure in the Southwest Desert?  Seminars in Ecology and Evolution, Florida 
State University, Tallahassee, FL November (2004) 
 
Seminar Presentation.  Reassessment of the Proximate Mechanisms of 
Developmental Polyphenism in Spadefoot Toad Tadpoles.  The Society of 
Integrative and Comparative Biology (SICB) Annual Meeting.  New Orleans, LA  
January (2004) 
 
Seminar Presentation.  Character Specific Heterochrony Drives Developmental 
Polyphenism in the Spadefoot Toad Spea multiplicata.  The Society for the Study 
of Evolution Annual Meeting.  Chico, CA June (2003) 
  
Seminar Presentation.  The Proximate and Mechanistic Control of 
Developmental Polyphenism in an Anuran Tadpole.  Howard Baker Lecture 
Series, Florida State University, Tallahassee, FL April (2003)  
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Seminar Presentation.  The Proximate and Mechanistic Control of 
Developmental Polyphenism in an Anuran Tadpole.  Seminars in Ecology and 
Evolution, Florida State University, Tallahassee, FL November (2002) 
 
Poster Presentation.  Will the Real Carnivore Please Stand Up? Thyroxine 
induction assays to investigate the evolution of developmental polyphenism in 
spadefoot toads.  The Society of Integrative and Comparative Biology (SICB) 
Annual Meeting.  Anaheim, CA January (2002) 
 
Seminar Presentation.  Analysis of the RAG1 gene complex; a comparative study 
of RAG1 evolution in Sciurid and Murid rodents. Florida Ecology and Evolution 
Symposium Annual Meeting. Archbold Biological Station, FL March (2001) 
 
 
Community Outreach 
 
Science Fair Judge: Leon County Regional Science Fair, Florida State 
University, Tallahassee, FL (Spring 2000, 2001, 2002, 2003, 2004, 2005, 2006, 
2007) 
 
Science Fair Judge: Holy Comforter Episcopal School Science Fair, Tallahassee, 
FL (Fall 2007) 
 
Academic Volunteer Positions 
 
Member of the Scientific Advisory Panel for the American Museum of Natural 
History Southwestern Research Station (2002) 
 
Treasurer for Ecology and Evolutionary Biology Group, Florida State University  
(2001) 
 
Professional Memberships 
 
Society of Integrative and Comparative Biology 
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