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BUFADIENOLIDES IN THE CHEMICAL DEFENSES OF THE TOADS,
BUFO AMERICANUS AND BUFO FOWLERI

Catherine E. M erovich, Ph.D.

W estern M ichigan U niversity, 2005

I investigated the steroidal chemical defenses (bufadienolides) o f Bufo 

americanus and Bufo fowleri. By the nature o f the ir complex, biphasic life  

cycles, toads, like  other amphibians are im portant components o f aquatic and 

terrestria l habitats and are prey to numerous invertebrates and vertebrates. 

Bufadienolides are presumed to be im portant anti-predatory compounds 

although much o f the ir chemical ecology is poorly understood. I investigated 

(1) ontogenetic variation in  bufadienolides, (2) bufadienolides from  adu lt 

parotoid secretion, (3) effectiveness o f bufadienolides against a terrestria l 

predator, and (4) effectiveness o f bufadienolides against an aquatic predator. 

I hypothesized that B. americanus w ould have a more extensive bufadienolide 

p ro file  and a more effective suite o f chemical defenses than B. fowleri and that 

th is could account fo r d istribu tiona l differences in  these toads. Results 

showed va ria b ility  in  numbers and concentrations o f bufadienolides among 

toad developmental stages, but cum ulatively no difference in  to ta l mean
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concentrations. Bufadienolide concentrations across developm ental stages 

appeared to f it  Brodie and Form anowicz's (1987) m odel, bu t were more 

pronounced in  eggs. Bufadienolides d id  not appear to be inducible fo llow ing  

metamorphosis. M ore bufadienolides were detected in  adu lt B. americanus bu t 

the ir mean to ta l concentrations were not larger than in  B. fowleri suggesting that 

d istributiona l differences m ight be explained by varia tion in  bufadienolide 

types rather than by bufadienolide concentrations. However, seven 

bufadienolides were statistica lly d iffe ren t between toad species. In  B. 

americanus there was much overlap in  bufadienolide types and concentrations 

from  a ll collection sites. Repeated expressions o f parotoid glands revealed 

h igh ly variable in d iv id u a l responses among toads. In  tongue-flick bioassays, 

te rrestria l snake predators responded to chemical s tim u li from  both B. 

americanus and B. fowleri w ith  more tongue-flicks and greater tongue-flick attack 

scores than snakes exposed to d is tilled  water. Because snakes showed elevated 

tongue-flick rates w ith  parotoid secretions than w ith  toad skin stim u li, parotoid 

chemicals may present a more concentrated toad stim ulant and are not 

necessarily deterrents to predation. Also, aquatic D ytiscid beetle predators 

equally consumed both B. americanus and B. fowleri suggesting no 

discrim ination between species or between toad developmental stages.
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CHAPTER I

INTRODUCTION W ITH A  REVIEW OF THE POISONS 
IN  TOADS OF THE GENUS B UFO

In troduction

Am phibians are im portant components o f both te rrestria l and aquatic 

ecosystems. W orldw ide, amphibians lin k  diverse environm ents by the nature 

o f the ir complex, largely biphasic life  cycles and by possessing life  histories 

that vary from  almost com pletely aquatic to  almost com pletely terrestria l 

(Duellm an and Trueb 1986). Foraging modes o f natural enemies in  these 

diverse environm ents influences the evolution o f anti-predatory mechanisms 

and behaviors in  amphibians and affects other life  h istory tra its  that enhance 

defensive functions. M ost am phibia appear to  re ly p rim a rily  on crypsis and 

anachoresis (h id ing in  holes) fo r defense against natural enemies (C ott 1941; 

Edmunds 1974), yet defensive strategies employed by amphibians are 

diverse, invo lving  various m orphological, physiological, and behavioral 

attributes that can act alone or in  com bination to increase an am phibian's 

chance o f surviving encounters w ith  predators (Duellm an and Trueb 1986). 

In  many organisms, including amphibians, the evolution o f chemical defenses
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against natural enemies may prom ote more conspicuous life  styles, enhance 

distributions, and increase abundances. The toads are w e ll known fo r the ir 

chemical defenses, abundance, and w ide d istributions and in  some cases fo r 

the ir aposematic coloration (C ott 1941) (e.g., schools o f darkly-colored 

tadpoles) and / or conspicuous behaviors (e.g., aggregation and m etam orphic 

synchrony).

Here, I describe m y research in to  the steroidal chemical defenses o f 

tw o N orth Am erican toad species, the Am erican toad, Bufo americanus 

(Holbrook), and Fow ler's toad, Bufo fowleri (H inkley). Bufo americanus is an 

abundant and w ide ly d istributed toad in  N orth  Am erica and in  some 

locations it  occurs w ith  the considerably less abundant toad, B. fowleri. I 

tested the n u ll hypotheses that there are no differences between either the 

presence or the functioning o f steroidal chemical defenses between B. 

americanus and B. fowleri. A lternative ly, I  hypothesized that the chemical 

defenses o f B. fowleri are less effective and less abundant than those o f B. 

americanus and tha t th is difference may account fo r the abundance o f B. 

americanus and the ra rity  o f B. fowleri.

Am phibians o f the Anuran fam ily Bufonidae include members o f 

tw enty-five genera, on ly one o f which, Bufo, contains representative species 

found in  N orth Am erica. Bufonid toads, like  other amphibians, possess many
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defensive mechanisms and behaviors that are im portant in  predator-prey 

interactions. These defensive strategies include various m orphological, 

physiological, and behavioral attributes that can act alone or in  com bination 

to  increase a toad's chance o f surviving an encounter w ith  a predator 

(Duellm an and Trueb 1986). Such defensive behaviors and responsiveness 

have also been shown to vary across ind ividua ls and populations (Ducey and 

Brodie 1991).

Transformed or post-m etamorphic amphibians are w e ll defended 

chem ically. Their skin secretions contain various compounds, depending on 

the species, such as biogenic amines, steroids (bufadienolides and 

bufotoxins), both water-soluble and lip id-so lub le  alkaloids, as w e ll as 

peptides and proteins (Daly 1995). The defensive chemicals o f a ll am phibian 

species are predom inantly concentrated in  cutaneous granular (poison or 

serous) glands (Duellm an and Trueb 1986) bu t are also found in  other 

locations in  the animals and are not lim ited  to  the skin. For example, 

chemicals have been isolated from  other tissues and organs such as stomach, 

ovaries, eggs, and bile  (Matsukawa et al. 1996; Meyer 1966). Butler et al. 

(1996) found compounds sim ilar to bufotoxins in  fresh plasma o f Bufo 

marinus. Some o f these chemicals (the steroidal bufadienolides) may be 

involved w ith  endogenous regulation o f the membrane enzyme Na+/K +
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ATPase (Lichtstein et al. 1986), as has recently been suggested fo r mammals 

includ ing humans (Schoner 2002), as w e ll as other im portant physiological 

roles such as water and electrolyte homeostasis (F lier et al. 1980; Matsukawa 

et al. 1997), or hypertension (Blaustein et al. 1998; Doris and Bagrov 1998).

Chemicals have also been isolated from  early am phibian 

developmental stages—in  eggs, tadpoles, and juveniles (e.g., bufadienolides 

found in  B. marinus tadpoles and juveniles by F lier et al. (1980)). Akizaw a et 

al. (1994) reported the structures o f nine compounds o f bufadienolides 

isolated from  the eggs o f Bufo marinus. The fact that these early 

developmental stages have these chemicals is interesting since they 

com pletely lack or do not have fu lly  developed cutaneous granular glands 

(D elfino et al. 1995; Hayes and G ill 1995; Trong 1973). The tw o m ain groups 

o f compounds found in  Bufonid toads are the amines and steroids (Clarke 

1997), w ith  especially high tite rs o f steroids occurring in  toads (Flier et al. 

1980). In  th is dissertation, I focus on the chemical ecology o f the steroidal 

bufadienolides found in  tw o N orth  Am erican toad species, Bufo americanus 

and Bufo fowleri.

Am phibian chemicals can be noxious and sometimes toxic defenses 

against predators (Brodie et al. 1978, Brodie and Formanowicz 1987, Brodie 

and Tum barello 1978). Frogs in  the fam ily Dendrobatidae are typ ica lly
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b rig h tly  colored and this aposematism is indicative o f the diverse array o f 

poisonous alkaloids that they possess (Edwards et al. 1988). Presumably, 

amphibians have a vast array o f chemicals in  response to a d iversity o f 

predators (Clarke 1997). I t  is interesting to po in t out tha t in  one known 

instance another anim al can explo it am phibian chemicals fo r its  own 

defensive purposes. For example, hedgehogs coat the ir spines w ith  toad 

secretions, termed "se lf anointing behavior," to  augment the ir own anti­

predator defenses (Brodie 1977). N ot only are amphibians endowed w ith  

chemicals as deterrents to predation, but they also possess e fficien t anti­

m icrobial and anti-fungal defense systems (Bradford et al. 1996, Clarke 1997). 

A ll compounds, except the alkaloids, appear to  be synthesized de novo by the 

animals themselves from  cholesterol and other precursors such as b ile  acids 

(Chen and Osuch 1969; Clarke 1997; Daly 1995; D oull et al. 1951; G arraffo and 

Gros 1986; Santa Coloma et al. 1984; Siperstein et al. 1957; Tschesche 1972).

A lthough a defensive function fo r bufadienolides in  toads is an 

in tu itive ly  appealing idea, very little  is known about the ecology o f chemical 

defenses in  toads and whether bufadienolides are in  fact an effective defense 

against natural enemies such as snakes, birds, or mammals. Indeed, some 

predators, such as garter (Thamnophis sirtalis) and hognose (Heterodon 

platirhinos) snakes have been reported to prey on toads w ith  no apparent i l l
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effects (Sm ith and W hite 1955). Sm ith and Green (2002) reported the 

predation o f an adu lt Fow ler's toad (Bufo fmvleri) by a bu llfrog , Rana 

catesbeiana, showing that among numerous aquatic and te rrestria l toad 

predators, other, less recognized or known predators may feed on toads.

Compounds isolated from  toads have been used fo r m edicinal 

purposes fo r the past 3000 years in  trad itiona l O riental m edicine (Clarke 

1997). For example, Ch'an Su in  Liu-Shen-W an (called Senso in  Japanese) 

contains bufadienolides (bufalin, cinobufagin and resibufogenin) obtained 

from  the toads Bufo melanostictus o r Bufo bufo gargarizans (Hong et al. 1992; 

Kamano et al. 1998). Toad chemicals were introduced and used m edicinally 

in  Europe beginning in  the 1600's and replaced by d ig ita lis  about 200 years 

later (Clarke 1997).

Just over a century ago, Phisalix and Bertrand (1902) investigated the 

chemicals found in  the European common toad, Bufo vulgaris (Bufo bufo 

Linne) and the ir research prom oted interest in  isolating pharm acologically 

active chemicals from  amphibians (Chen and Kovafikov& 1967). For example, 

Abel and M acht (1912) isolated epinephrine and bufagin from  secretions o f 

Bufo marinus. The chem istry o f am phibian secretions has received 

considerable attention fo r the last 70 years p rim a rily  fo r pharm acological 

reasons because the cardiac-active bufadienolides are a m ajor constituent o f
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chemical secretions in  toads (Barry et al. 1996; Chen and Kovafikovd 1967; 

Clarke 1997; Deulofeu and Ruveda 1971; Cei et al. 1972; Low  1972; Daly and 

W itkop 1971; Hong et al. 1992; M eyer 1966; Meyer and Linde 1971; Okada 

1966). Today, the bufadienolide resibufogenin is used as a cardiac-active 

drug (Kamano et al. 1998).

It  was clear to researchers in  the late 1960's tha t "the  chemical 

com position o f each species o f Bufo d iffers from  one another, although there 

are many sim ila rities" (Chen and Kovafikova 1967). Chemical d iversity in  

secretions from  toad parotoid glands (large clusters o f poison-producing 

glands found in  the skin) has also been used to in fe r evolutionary 

relationships among toad species (Low  1972; Porter and Porter 1967; W ittliff 

1962). The bufadienolides, however, show no apparent phylogenetic pattern 

suggesting that bufadienolides are a p rim itive  tra it "th a t is retained at 

detectable levels on a rather random  basis" or that bufadienolides "are 

physiological regulators o f Na+/K + ATPase, whose levels are correlated w ith  

unknown physiological or ecological factors" (F lier et al. 1980). Differences in  

proteins from  the parotoid secretions o f Bufo americanus and Bufo fowleri have 

also been found and are thought to be potentia lly im portant fo r 

understanding the evolution o f bufonid species (Mahan and Biggers 1977).
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Granular glands and their compounds

The poison-producing granular glands o f am phibian skin have been 

studied fo r many years (e.g., Muhse 1909). Anatom ically, these glands may 

reach in to  the stratum  compactum and may have one or tw o types o f 

m yoepithelial cells (Deullm an and Trueb 1986). Am phibian granular glands 

are considered to be the source a n d /o r storage site o f m ost o f the active 

compounds im portant fo r chemical defenses against predators (Clarke 1997); 

w hile  some alkaloids are sequestered from  the d ie t as in  Dendrobatid and 

other frogs (Daly 1995), yet others (tetrodotoxin and sim ilar compounds) may 

be produced by sym biotic m icroorganisms such as bacteria (Daly et al. 1997).

G ranular glands can be either evenly distributed or concentrated in  

certain parts o f the body (Duellm an and Trueb 1986). The concentration o f 

granular glands that form  the large parotoid glands in  toads is an example of 

such clustering. The term  parotid  gland (as in  salivary gland) should not be 

confused w ith  the chem ical-producing parotoid glands o f amphibians. 

Erroneously, these tw o terms are often used synonymously in  the lite ra ture  

and other m isspellings such as paratoid (referring to glands in  salamanders) 

also occur (Cannon and P alkuti 1976; Tyler et al. 2001).

Clusters o f granular glands can occur elsewhere (e.g., on the head, 

body, or lim bs) and the ir names are based on location (e.g., rostral, labial,
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coccygeal, fem oral, tib ia l, m ental) (Tyler 1987 as cited by Tyler et al. 2001). 

G ranular glands can also be found in  clusters in  la teral w arts and as enlarged 

m iddorsal granular glands that are recessed in to  m odified epaxial 

musculature as in  Salamandra salamandra (Brodie and Smatresk 1990). 

Typically, toad parotoid glands extend from  the tym panum  onto the 

shoulders or sides o f the body (W right and W right 1967) (Figures la  and 2). 

In  B. americanus, the parotoid glands are separated from  the cranial ridge 

behind the eyes or connected to the ridge by a short spur, w hile  in  B. fowleri, 

the parotoid glands touch the ridge behind the eyes (Conant 1975) (Figure 

lb ). As an antipredator defense, toads and other frogs orient th e ir parotoid 

glands tow ard a potential threat and exhib it 'head-butting ' behavior 

(Deullm an and Trueb 1986; Green 1988; Sm ith et al. 2003). When the parotoid 

glands are stim ulated, the chemical secretions discharge through m u ltip le  

pores as a w hite or yellow ish, "m ilk y " substance (Toledo et al. 1992). M eyer 

and Linde (1971) reported tha t the approxim ate amount o f dried venom 

obtained from  Bufo americanus (between 54-110 mm in  length) is 16 

m g/anim al and in  Bufo fowleri (between 51-82 mm in  length) is 14 

m g / animal.
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W«rh

TOAD

FOWLER'S
(  fowleri) 

Parotoid touch** 
postorbital ridge

AMERICAN 
(  americanus) 

Parotoid separate 
or connected to 
ridge by a spur

Figure 1. (a) Illu s tra tio n  o f the typ ica l location and shape o f anuran 
parotoid glands and (b) m orphological differences in  placement o f 
parotoid glands in  Bufo americanus and B. fowleri (Conant 1975).

Source: Conant, R. 1975. A  Field Guide to Reptiles and Am phibians. 
Houghton M ifflin  Company. Boston, Massachusetts. Used w ith  
perm ission o f Ronald Hussey, Permissions M anager/Serial Rights 
Manager, Houghton M ifflin  Company, 9-22-04.
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Figure 2. Photograph o f B. americanus showing the enlarged 
kidney-shaped parotoid glands (PG), Photograph by G. 
M erovich.

Steroids — bufadienolides and bufotoxins

Bufadienolides (bufogenins or bufagins) and the ir conjugates w ith  

suberyl-arginine, suberyl-histidine, or suberyl-glutam ine (bufotoxins) are 

steroidal compounds derived from  cholesterol (Erspamer 1994). The firs t 

bufotoxin was isolated from  the European common toad, Bufo vulgaris (Bufo 

bufo), by W ieland and Alles (1922). Bufadienolides are sim ilar in  biological 

activ ity to plant cardenolides (inhib itors of the membrane enzyme Na+/K +
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adenosine triphosphatase) and together these compounds are referred to as 

cardiac glycosides (M alcolm  1991, Steyn and van Heerden 1998) bu t none 

ofthe bufadienolides from  toads conjugates w ith  a carbohydrate to form  a 

glycoside (Chen and Kovafikov& 1967). Bufadienolides found in  plants, 

however, usually do possess sugar moieties.

Many p lant species in  the fam ilies Liliaceae, Ranunculaceae and 

Crassulaceae contain bufadienolides (Kren et al. 2000; Kopp et al. 1996; 

M ajinda et al. 1997). Bufadienolides are C24 steroids w ith  a 6-membered 

lactone ring  (a-pyrone type) attached to the steroid nucleus (K lyne 1957; 

Meyer and Linde 1971; Clarke 1997) (Figure 3). The lactone ring  o f 

bufadienolides contains an u ltrav io le t chromophore w ith  an absorption 

m inim um  at about 254 nm and maximum at 300 nm (Meyer and Linde 1971). 

B ufalin shown in  Figure 3 is typ ica l o f many bufadienolides, however many 

d iffe r substantially (e.g., the ro ta tion o f the lactone ring  about the C17-C 20 

bond) (Argay and K&lm&n 1992). Bufadienolides are "abundantly present in  

variable com binations in  the skin glands, especially parotoid glands, o f the 

bufonid genera Atelopus, Dendrophryniscus, and Melanophryniscus as w e ll as in  

a ll o f the more than 30 species o f Bufo examined" (Erspamer 1994). Table 1 

(adapted from  Daly and W itkop 1971 and Meyer and Linde 1971) shows the 

occurrence o f pharm acologically active substances in  skin extracts from  B.
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H O

a.

0 = 0

(C H 2)3C N H C H (C H 2)3N H C N H 2 

b ' C 0 2

Figure 3. The chemical structures o f bufadienolides (a) bu fa lin  and 
bufotoxins (b) bufotoxin (bufotalin-3-O -suberylarginine).
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Table 1

Pharmacologically active substances from  skin extracts o f B. americanus 
and B. fowleri (from  Daly and W itkop 1971; Meyer and Linde 1971).

General Class Compound Name B. fowleri B. americanus

Biogenic Am ines 1. serotonin + +
2. N -m ethyl serotonin + +
3. bufotenine + +
4. bufotenidine + +
5. bufovirid ine □ □
6. dehydrobufotenine + +
7. bufothionine □ □
8. leptodactyline 0 0
9. epinephrine □ □
10. histam ine 0 0

Peptides/Proteins 11. active peptides 0 0
12. hem olytic proteins 0 0

A lka lo ids 13. steroidal alkaloids 0 0

Bufadienolides 14. arenobufagin ■ 0
15. bufa lin ■ 0
16. gam abufotalin ■ 0

+ = 1-100 pg/gm
□ = not present or less than 1 pg/gm  
0 = no data available 
■ = present bu t no am ount reported
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americanus and B. fowleri. Steyn and van Heerden (1998) reviewed 

compounds o f bufadienolides present in  species o f Bufo overall but d id  not 

report w hich compounds were isolated from  particu lar species. A  novel 

bufotoxin was isolated from  B. americanus by Shimada and Nambara (1980) 

and its  chemical characteristics were given, however, the compound was 

unnamed. The skin o f Bufo viridis was found to contain a bufadienolide 

derivative upon HPLC analysis (Lichtstein et al. 1986).

Biological activity of bufadienolides

Both the bufadienolides and the bufotoxins can increase the strength o f 

the heartbeat and can decrease heart rate (Clarke 1997). The cardiotonic 

properties o f cardiac glycosides are due to the in h ib itio n  o f the membrane 

enzyme, sodium /potassium  adenosine triphosphatase (Na+/K + ATPase or 

the sodium  pump) (Daly 1995). Akizawa et al. (1994) were the firs t to show 

that bufadienolides in  the eggs o f Bufo marinus inh ib ited Na+/K + ATPase 

activ ity  typ ica l o f cardiac steroids. Sodium /potassium  ATPase is the only 

receptor fo r the cardiac glycosides (Steyn and van Heerden 1998) and a 

sensitive test fo r sm all amounts o f bufadienolides is to assess an antagonism 

o f radioactive ouabain binding to Na+/K + ATPase (Erspamer 1994). A t low  

doses, bufadienolides can act as regulators o f cardiac rhythm , however at

Reproduced with permission o fthe copyright owner. Further reproduction prohibited without permission.



16

higher doses, bufadienolides can be h igh ly toxic and are thought to provide a 

form idable chemical defense against natural enemies in  toads (Daly 1995). 

Because bufadienolieds have d iffe rent chemical structures, the ir cardiac 

activities vary and they have d iffe ren t potencies (Chen and Kovaflkov& 1967). 

Several recent human deaths a ttributed to bufadienolides were reported by 

Barry et al. (1996), bu t toad chemicals have been used since Roman tim es fo r 

nefarious purposes. Brubacher et al. (1999) describe a m ethod fo r treating 

poisoning by toad secretions. Interestingly, there is widespread occurrence o f 

skin compounds that interact w ith  the ouabain site o f Na+/K + ATPase in  frogs 

and toads and the highest levels o f bufadienolides have been found in  those 

species tha t m igrate between dry and aquatic environm ents (F lier et al. 1980). 

This find ing  im plicates bufadienolides as possible regulators o f salt and w ater 

balance. It m ight also im plicate a w ider range o f natural toad enemies and a 

greater need fo r more potent chemical defenses.

Study ethics and toad conservation

I chose to pay particu lar attention to the bufadienolides o f toads 

because they are thought to act as both toxins as w e ll as signals o f the ir own 

toxic ity, much like  the related cardenolides in  plants (M alcolm  1991). 

Further, the k illin g  o f large numbers o f adult toads is m inim ized or made
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com pletely unnecessary because the chemical secretions are read ily obtained 

by 'm ilk in g ' the parotoid glands. As Clarke (1997) w rote, "In  m y estim ation, 

research on am phibian skin secretions should be com patible w ith  the ir 

welfare and the use o f the ir secretions as a sustainable resource. The aims o f 

such research may be achieved by w orking on species w ith  enlarged compact 

glands. There is no need to harm, le t alone k ill amphibians fo r th is w ork." 

Throughout m y research on the bufadienolides in  toads, I have paid 

particu lar attention to the concerns fo r am phibian populations and 

purposefully considered ways to m inim ize the number o f animals used in  

th is project. I k ille d  five  adu lt toads o f each species fo r the histology section 

o f Chapter III and although early developmental stages (eggs, tadpoles, and 

metamorphs) were used in  much larger numbers (Chapter II), overall the ir 

m orta lity during these stages is natura lly very high.

Study objectives

In  m y research, I  have investigated several aspects o f the biology and 

chemical ecology o f toad bufadienolides. In  Chapter II, I  addressed (a) 

ontogenetic varia tion  in  bufadienolides, (b) whether the bufadienolide
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com position o f B. americanus and B. fowleri d iffers, and (c) whether 

bufadienolide biosynthesis is inducible in  new ly metamorphosed toads by 

predatory cues during development. In  Chapter IE , I addressed (a) whether 

the bufadienolide com position o f B. americanus and B. fowleri d iffers, (b) 

whether there is ind iv id u a l and geographic varia tion in  bufadienolides 

among adu lt toad populations, and (c) whether bufadienolide biosynthesis is 

inducible in  adu lt toads by sim ulated encounters w ith  predators. And in  

Chapters IV  and V, I addressed whether bufadienolides are effective against 

terrestria l and aquatic toad predators respectively. Below I discuss the 

hypotheses o f m y research and describe in  more detail the goals o f each o f 

these chapters.

Ontogenetic variation in bufadienolides—Chapter II

Early am phibian life  h istory stages (eggs and tadpoles) and new ly 

metamorphosed juveniles have been shown to have defensive characteristics 

attributed to toxic and noxious chemicals based on pa la tab ility studies 

(Brodie et al. 1978, Brodie and Formanowicz 1987, Brodie and Tum barello 

1978). Changes in  chemical defenses may have im portant im plications fo r an 

am phibian confronted w ith  many d ifferent predators throughout the ir 

aquatic development and eventual grow th to adulthood on d ry land. As far
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as I am aware, there have been no studies addressing chemical defenses in  

amphibians that consider the entire life  history (egg to adult). Crossland 

(1998) investigated whether the to x ic ity  o f la rva l Bufo marinus to native 

aquatic invertebrate predators changes during ontogeny. He showed that the 

tox ic ity  o f B. marinus increases during development, but not a ll predators are 

affected by th is increase.

In  Chapter II, I  describe how the chemical defenses (specifically the 

bufadienolides) o f Bufo americanus and Bufo fowleri change during ontogeny 

by paying particu lar attention to investigating m u ltip le  stages o f 

development spanning the entire life  history o f both species. Earlier 

pa la tab ility studies led to  the prediction that there are certain tim es during 

development when an am phibian is like ly  to possess chemical defenses. 

Brodie and Formanowicz (1987) developed a m odel that illustrates the 

presumed presence o f chemical defenses early in  the life  h istory o f 

amphibians (beginning at tim e o f hatching) and again during m etam orphic 

clim ax just p rio r to transform ation. The times between hatching and 

metamorphosis are believed to be devoid o f chemical defenses based on 

pa la tab ility studies. I hypothesized that B. americanus and B. fowleri w ill have 

bufadienolides at the times that correlate w ith  unpalatability by the Brodie 

and Formanowicz (1987) m odel. Also, I hypothesized that both toad species
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w ould have varia tion in  the amounts and types o f bufadienolides that they 

possess. Specifically, I predicted that B. fowleri w ould possess fewer and less 

concentrated bufadienolides than B. americanus and that d iffe rent populations 

o f toads w ould have d iffe rent bufadienolide profiles.

In  addition to these hypotheses, I investigated whether raising toads 

w ith  predatory cues w ould result in  a change in  the chemical phenotypes (of 

bufadienolides) produced by new ly metamorphosed toads. It  is w e ll 

established that amphibians show considerable phenotypic p lastic ity in  

m orphology, life  h istory, and behavior. Predator-induced changes in  

behavior also occur (Laurila et al. 2002; Eklov 2000). D ifferent predatory 

pressures, in  part, may explain potentia l differences in  the com position o f 

defensive toad chemicals.

Parotoid gland secretions of adult toads -  Chapter II I

The geographic d istributions o f B. americanus and B. fowleri are 

sym patric over much o f the eastern U nited States, but the range o f B. fowleri is 

less extensive than that o f B. americanus in  M ichigan (Conant 1975; Conant 

and C ollins 1998; H arding 1997) (Figures 4a and 4b). As a result o f these 

d istributiona l differences, B. fowleri may not encounter the same d iversity o f 

predatory species as does B. americanus. Thus, differences in  the chemical
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phenotypes o f adu lt toads could also be attributed to natural selective 

differences in  the am ount and type o f predation tha t they experience.

To investigate the potentia l induction of bufadienolides in  adu lt toads 

subjected to sim ulated encounters w ith  predators, toads were m aintained in  

the laboratory and parotoid secretions were obtained once a m onth fo r three 

months. Chen and Kovarikova (1967) reported that "The process of 

regeneration o f the venom is slow. I f  the pa ir o f parotoid glands (B. marinus) 

are m anually expressed, it  takes about 11 weeks fo r the toad to restore tw o- 

th irds o f the o rig ina l amount. I t  w ould be im possible fo r the anim al to 

furn ish large quantities o f the poison repeatedly fo r defensive purposes." 

However, large quantities may not be necessary to provide a toad w ith  

adequate defense since bufadienolides can be h igh ly toxic at low  doses 

(Clarke 1997). In  doing th is experim ent w ith  B. americanus and B. fowleri, I 

was interested to know  if  non-lethal predator encounters (repeated 

expressions o f parotoid glands) w ould cause an induction o f bufadienolide 

biosynthesis and the production o f d iffe rent and /o r more bufadienolides 

w ithou t regard to whether th is w ould in  fact be an effective response.
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TOADS 
Bufo americanus
■  AMERICAN  

DWARF

a.

i _.
TO A D S

flu /e woodhewi! 

m POWER'S 
W Q Q D H Q U S f'S  
SOUTHWESTERN

Figure 4. The geographic ranges o f (a) Bufo americanus and (b) Bufo fowleri 
(Conant and Collins 1998).

Source: Conant, R. and J.T. Collins. 1998. A  Field Guide to Reptiles and
Am phibians o f Eastern and Central N orth America. Third 
Edition, Expanded. Houghton M ifflin  Company. Boston, 
Massachusetts. Used w ith  perm ission o f Ronald Hussey, 
Permissions M anager/Serial Rights Manager, Houghton M ifflin  
Company, 9-22-04.
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Responses of a vertebrate predator to toad secretions — Chapter IV

Thamnophis sirtalis, the Eastern garter snake, is considered to have a 

very broad d iet (Seigel 1996). This snake species relies heavily upon 

chemoreception to recognize and fin d  prey. G arter snakes are known to prey 

heavily upon earthworms (H arding 1997), to prefer fish  and sm all 

amphibians (W right and W right 1967), to be m ajor toad predators (Lagler and 

Salyer 1945, L ich t and Low  1968), and especially to  prefer new ly 

metamorphosed frogs and toads (H arding 1997). In  M ichigan, toads have 

been found to make up 25% o f the d ie t o f garter snakes liv in g  near natural 

waters (Lagler and Salyer 1945). Despite the fact that toads possess a varie ty 

o f compounds in  the ir cutaneous poison glands, garter snakes can consume 

toads w ith  no apparent i l l  effects. However, some studies have shown that 

garter snakes exhib it selective responsiveness to chemical s tim u li o f preferred 

prey and that geographic varia tion in  responsiveness is correlated w ith  prey 

preference (Burghardt 1969,1970; A rnold 1977,1981).

I  tested the responses o f T. sirtalis to  chemical s tim u li from  B. 

americanus and B. fowleri w ith  tongue-flick bioassays to  investigate potential 

differences in  prey preference and to determ ine if  toad parotoid secretions 

w ould deter predation. I  hypothesized that snakes w ould potentia lly 

recognize one toad species over the other as prey and that th is difference
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could be attributed to  d istributiona l differences between B. americanus and B. 

fowleri populations a n d /o r to differences in  the bufadienolides between toad 

species. I also hypothesized that toad parotoid secretions w ould deter 

predation.

Responses of an invertebrate predator to tadpoles — Chapter V

Aquatic insects such as dragonfly larvae (Anax and Pantala), 

predaceous d iving  beetle larvae (Acilius and Dytiscus), and giant water bugs 

(Belostoma) are among the most im portant predators o f am phibian larvae 

(Brockelman 1969; Heyer et al. 1975). Larval D ytiscid beetles, in  particu lar, 

are im portant predators o f Bufo americanus tadpoles (Brokelman 1969; Brodie 

et al. 1978). Chapter V  describes an experim ental assay to  test the responses 

o f predaceous d iving  beetle larvae (Acilius sp. and Dytiscus sp.) to  the larvae 

o f Am erican toad (Bufo americanus) and Fow ler's toad (Bufo fowleri). M y 

interest was to determ ine if  these aquatic insect larvae w ould respond 

d iffe ren tly (by attack, consum ption, and survival) when exposed to tadpoles 

in  interm ediate stages o f development and in  m etamorphic clim ax. Based on 

the Brodie and Formanowicz (1987) m odel o f stage-specific surviva l o f 

anuran larvae, chemical defenses are predicted only during early and late 

developmental stages and not during interm ediate stages when larvae are
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palatable. Thus, m y goal was to relate the presence a n d /o r absence o f 

bufadienolides to th is va ria b ility  in  pa la tab ility during toad development. 

M y other interest was to  determ ine if  D ytiscid larvae w ould discrim inate 

between B. americanus and B. fowleri as prey. Again, a difference in  prey 

preference could be attributed to  varia tion in  chemical defenses between 

these toad species.
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CHAPTER H

ONTOGENETIC VARIATIO N IN  THE BUFADIENOLIDES OF BUFO 
AMERICANUS AN D BUFO FOWLERI

In troduction

The a b ility  to defend against predation is especially im portant fo r 

amphibians during the ir early life  h istory stages (eggs and larvae) when 

predation risks are large and come from  a w ide range o f invertebrate and 

vertebrate predators. Predation pressures can affect various behavioral 

characteristics invo lving  habitat preferences, use o f refugia, reductions in  

m obility, aggregation, and schooling behavior (C aldw ell 1989; DeVito 2003; 

Eklov 2000; Heyer et. al 1975; Kiesecker et. al 1996; Laurila et. al 1997; Relyea 

and Yurewicz 2002; Semlitsch and Reyer 1992) and can affect numerous 

m orphological and physiological tra its  invo lv ing  alterations in  body size and 

coloration, tim ing o f hatching, onset o f metamorphosis, size at 

metamorphosis, and metam orphic synchrony (A rnold and Wassersug 1978; 

Laurila et. al 2002; Moore et. al 2004; M cCollum  and Leimberger 1997; Van 

Bushkirk 2002; Van Bushkirk and Saxer 2001; W erner 1986; W ilbur et. al 

1983). Indeed, considerable attention has been given to understanding
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predator-induced phenotypic p lastic ity in  amphibians, however, on ly one 

study (Benard and Fordyce 2003) has examined the p lastic ity o f chemical 

phenotypes in  amphibians and the influence o f predation during 

development on the production o f defensive chemicals. Furtherm ore, a 

quantitative understanding o f how chemical defenses vary throughout the 

am phibian life  cycle is largely lacking. M ore attention to these aspects o f 

la rva l development and the production o f defensive compounds is especially 

im portant given that vu lne rab ility  to predation is influenced by chemicals 

that render ind ividua ls distasteful or toxic to the ir predators. The m ain 

categories o f am phibian compounds used in  chemical defense include w ater- 

soluble and lip id-so lub le  alkaloids, alkaline biogenic amines, steroidal 

bufadienolides and bufotoxins, as w e ll as peptides and proteins (Daly 1995). I 

examined one group o f am phibian chemicals (the steroidal bufadienolides) in  

ind ividua ls of Bufo americanus and Bufo fowleri from  southwest M ichigan to 

determ ine (a) if  bufadienolide com position varies during toad development, 

(b) if  bufadienolide com position is d iffe rent between toad species, and (c) if  

predatory pressure during la rva l development induces bufadienolide 

production fo llow ing  metamorphosis.

Transformed amphibians (juveniles and adults) are w e ll known fo r 

possessing a w ide varie ty o f chemicals in  the ir skin secretions (Clarke 1997;
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Daly 1995; Erspamer 1994) and it  is during these largely te rrestria l life  h istory 

stages that a wealth o f inform ation exists on the d iversity o f cutaneous 

chemical secretions present in  am phibian species. In  comparison, less is 

known about the chemical defenses o f pre-m etam orphic amphibians (eggs 

and larvae) and o f la rva l amphibians in  the m idst o f m etam orphic change 

(during metam orphic clim ax p rio r to transform ation). Akizaw a et al. (1994) 

reported the structures o f nine bufadienolides isolated from  the eggs o f Bufo 

marinus. Bufadienolides have also been found in  B. marinus tadpoles and 

juveniles (F lier et al. 1980). O ther studies have addressed the developm ent o f 

granular glands during periods o f la rva l grow th and onset o f metamorphosis 

(D elfino et al. 1995; Hayes and G ill 1995). Again, to  my knowledge, no study 

has quantified the chemicals present spanning the entire life  h istory o f any 

am phibian species.

To understand predation on la rva l amphibians, many studies have 

assessed the pa la tab ility o f tadpoles to various predators and have 

considered tadpole pa la tab ility to  predators during d iffe rent developmental 

stages (Brodie et. al 1978; Brodie and Formanowicz 1987; Cooke 1974; 

Crossland 1998; Formanowicz and Brodie 1982; Kats et al. 1988; Kruse and 

Stone 1984; Peterson and Blaustein 1991; Voris and Bacon 1966; Wassersug 

1971). I t  has been suggested that the unpalatab ility o f developm ental stages
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is correlated w ith  the development o f granular glands in  the skin and hence 

the presumed presence o f defensive chemicals (Brodie and Tum barello 1978; 

Brodie et al. 1978; Brodie and Formanowicz 1987). P alatability o f tadpoles to 

predators has been shown to change w ith  ontogeny in  some studies (Brodie 

et al. 1978; Formanowicz and Brodie 1982; Brodie and Formanowicz 1987; 

Denton and Beebee 1997; Crossland 1998; Crossland and A lfo rd  1998) bu t 

Peterson and Blaustein (1992) d id  not fin d  any developmental changes in  

pa la tab ility o f Bufo boreas.

Brodie and Formanowicz (1987) described a graphical m odel that, in  

part, illustrates the change in  tadpole pa la tab ility during ontogeny. This 

m odel shows that tadpoles gamer protection from  predation due to chemical 

defenses early in  development and during m etamorphic clim ax as depicted 

by lines B i and B2 in  Figure 5. Specifically, during the very early 

developmental stages (hatchlings, Gosner stages 20-25), ind ividua ls are 

unpalatable to predators perhaps as a result o f chemical defenses present in  

the yo lk o f eggs. Protection during these early stages is fo llow ed by a drop in  

stage-specific surviva l when interm ediate-stage tadpoles [w ith in  the range o f 

Gosner stages 26-41; but the exp lic it stages o f pa la tab ility examined by Brodie 

and Formanowicz (1987) were between Gosner stages 29-33] lose the ir 

chemical defenses and become palatable to  predators. Then unpalatability
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unpalatable’

effect o f learning'palatable

chemical defense'

■swim/escape'

Eggs* H

DEVELOPMENT
1-19 20-25 26-41 42 46 stages* 

(G osner 1960)

Figure 5. A  m odel o f pa la tab ility  and a b ility  to escape as they affect stage- 
specific survivorship o f anuran larvae. p[S] = stage-specific p robab ility  o f 
survival; H  = hatching; M  = metamorphosis; A  = surviva l based on a b ility  to 
escape; B i and B2 = probab ility o f surviva l based on chemical defenses in  
new ly hatched and m etamorphosing larvae, respectively; C = probab ility o f 
surviva l based on the a b ility  to  escape augmented by predator avoidance 
after contact w ith  unpalatable stages; d i = surviva l benefit accrued to 
unpalatable stages; d2 = surviva l benefit accrued to palatable stages. The 
vertica l line on die abscissa indicates the onset o f metam orphic clim ax (Brodie 
and Formanowicz 1987). I have made some m odifications as noted.*

Source: Brodie, E. D. Jr. and D. R. Formanowicz. 1987. A nti-predator
mechanisms o f la rva l anurans: protection o f palatable 
ind ividua ls. Herpetologica 43: 369-373. Used w ith  perm ission 
o f Edmund D. Brodie, Jr. 23 July 2004.
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and survivorship increase again as the tadpoles approach metamorphosis 

(beginning w ith  the emergence o f forelim bs, Gosner stage 42) and reach a 

peak when metamorphosis is complete (Gosner stage 46) (Figure 5). The 

prediction o f th is stage-specific pa la tab ility m odel is that am phibian larvae 

should possess chemical defenses during the ir development when they are 

not palatable to  predators. In  one bufonid species, Bufo calamita, early 

developmental stages (just after hatching) suffer high m orta lity  due to 

invertebrate predation and then the relative strength o f predation fa lls as 

tadpoles become larger (Denton and Beebee 1997). Law ler and Hero (1997) 

showed an ontogenetic sh ift in  pa la tab ility o f Bufo marinus tadpoles to 

barram undi fish  predators where later-staged tadpoles were less palatable. 

Thus, there are exceptions to th is generalized survivorship m odel. M y 

objective was to assess whether changes in  bufadienolide concentrations in  B. 

americanus and B. fowleri w ould agree w ith  predictions from  the Brodie and 

Formanowicz (1987) model. N ot included in  th is m odel is the relationship 

between toad body size and risk o f predation. W erner (1986) developed a 

model that shows that m orta lity risk from  predators declines w ith  increasing 

body size. Thus, a larger tadpole may have enhanced surviva l due to size 

rather than to chemical defense.
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Methods

Collection and maintenance of Bufo 

Eggs and tadpoles

Bufo americanus and B. fowleri eggs were collected from  several 

locations in  southwest M ichigan after the firs t sign o f reproduction in  the 

springs o f 1999-2003 and raised in  the laboratory. Bufo fowleri eggs were 

found only in  the spring o f 2003. To m aintain the developing toads, 

approxim ately 100 eggs o f each species from  the collection sites (d iffe rent 

clutches o f eggs were reared separately) were placed in to  separate 40 L  glass 

aquaria containing store-bought aquarium  gravel as the substrate and aged 

tap water aerated w ith  an activated carbon filte r. The aquaria were arranged 

on a laboratory bench top at room  tem perature and laboratory w indow s were 

uncovered allow ing tadpoles to  develop w ith  both natural lig h t and 

photoperiods. Aged tap w ater was used to replace water lost through 

evaporation and the tanks were period ica lly cleaned to remove extensive 

algal grow th. Tadpoles were fed Frog B rittle  (Nasco Scientific) ad libitum 

supplemented w ith  goldfish flakes. A t least five  ind ividua ls from  each 

developmental stage (shown in  Table 2) were frozen and kept at -80 °C u n til 

chemical analyses were conducted. Developmental stages were d ivided in to
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the Gosner (1960) stage ranges as shown in  Table 2. Tadpole stages were 

separated in to  three groups designated Tads A, TadsB, and TadsC (Table 2). 

Tadpoles not used fo r analysis were released at the site o f egg collection. 

A dd itiona l field-collected tadpoles were also included in  the analyses.

Metamorphs and Transformed Toads

Laboratory raised toads were removed from  the ir natal tanks upon the 

onset o f metamorphosis (beginning w ith  the eruption o f forelim bs at Gosner 

stage 42) and placed in to  separate 40 L aquaria containing store bought 

aquarium  gravel shaped in to  a depression. A  sm all am ount o f water was 

added to the gravel depressions to  perm it successful metamorphosis and to 

keep transform ed ind ividua ls m oist. Metamorphs from  d iffe ren t clutches 

were placed in to  separate 'm etam orphic' aquaria. When metamorphosis was 

complete (ending w ith  complete absorption o f the ta il at Gosner stage 46), 

flightless fru it flies were added and constantly available to toadlets.

The influence of predation on bufadienolide content of developing toads

For th is experim ent, six 40 L  aquaria per toad species (three controls 

w ithou t predators and three treatm ents w ith  predators) fo r a to ta l o f 12 

aquaria were d ivided by sem i-transparent, porous dividers such that one end
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Table 2

Bufadienolide analyses o f B. americanus and B. fowleri in  each o f the fo llow ing  
developm ental stage ranges (after Gosner 1960).

Gosner Stages

Stages Early M id Late

Eggs 1-19

Hatchlings 20-25

Tadpoles

A 26-30

B 31-35

C 36-41

Metamorphs 42-45

Transformed 46

o f the aquaria comprised 1 /3  and the other end comprised 2 /3  o f the to ta l 

area (Figure 6). Aquaria were arranged random ly on a laboratory bench top, 

fille d  w ith  store-bought aquarium  gravel and aged tap water, and exposed to 

natural photoperiods from  uncovered lab room w indows. Approxim ately300 

B. americanus and 300 B. fowleri eggs were collected in  the spring o f 2003 fo r 

th is experiment. Bufo americanus eggs were collected from  a d itch near 

G oldsworth Valley Pond on the campus o f Western M ichigan U niversity 

(Kalamazoo County) and Bufo fowleri eggs were collected from  a constructed
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pond near Covert M ichigan (Van Buren County). Approxim ately 50 eggs 

were placed in to  each o f the larger tank compartments. Six predators (larva l 

Ambystoma) were also collected from  a woodland pond (Steve's Pond) in  

Kalamazoo County and random ly assigned (one per tank) to  each o f the 

sm aller tank compartments in  the predator treatments. Each predator was 

offered 1-2 tadpole prey per day and a ll predators consumed tadpoles. Thus, 

developing tadpoles were exposed to m ultip le  predatory stim u li (i.e., visual 

and chemical) as w e ll as to cues from  active consum ption o f conspecifics and 

to the ir alarm substances.

Predator Test Tadpoles

Figure 6. Schematic o f rearing tanks fo r tadpoles exposed to  predator cues 
during development.
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Ind iv id u a l toads were random ly sampled from  contro l and treatm ent tanks 

during metam orphic clim ax (between stage 42 and 45) and placed in to  

'm etam orphic' aquaria as before. Once metamorphosis was complete, toads 

were frozen and prepared fo r HPLC as before.

Sample preparation and bufadienolide extraction

Toads (eggs, larvae, metamorphs, and transform ed ind ividua ls) were 

weighed (to the nearest 0.001 g) and then lyophilized. When applicable, to ta l 

lengths (TL) o f ind ividua ls were recorded to the nearest (0.01 cm) w ith  

Vernier calipers. Once dried, samples were weighed again (to the nearest 

0.001 g) and crushed w ith  a glass rod in  a test tube. Each sample received 

five  m illilite rs  o f m ethanol and was sonicated fo r 30 m inutes. Follow ing 

sonication, the samples were centrifuged at h igh speed fo r 5 m inutes. The 

supernatant from  each sample was removed and placed in to  a new test tube 

and dried under nitrogen in  a water bath at 60 °C. The rem aining residue 

from  each tube was re-suspended in  1 m l o f methanol and passed through a 

0.45-pm filte r in to  a 1 m l autosampler v ia l fo r HPLC. F ifty  pg samples o f a 

known bufadienolide standard, bu fa lin  (obtained from  Sigma Scientific), 

were run in  separate vials as an external standard.
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HPLC of toad bufadienolides

Chemical analyses o f toad secretion samples by HPLC were perform ed 

on a Waters gradient HPLC system w ith  WISP autosampler, 600E pum p, 996 

photodiode array detector (at 298 nm) ranging between 270-330 nm using 

M illenn iiun  2010™ chrom atography manager software. In jection volumes fo r 

in d iv id u a l samples were 30 ju l. Samples were eluted isocratically w ith  a 

m ixture o f water and acetonitrile (60:40) at 1.25 m l/m in  on a 250-4 

LiChroCART RP-18 colum n packed w ith  5 p i LiChrospher 100 (E. M erck) and 

a guard colum n packed w ith  the same m aterial, fo llow ing  the methods o f 

Gella et al. (1995) and Benard and Fordyce (2003). Rim  durations were 20 

m inutes per sample.

I iden tified  bufadienolides by com paring the absorption spectra of 

unknown peaks to  tha t o f bufalin. I quantified the bufadienolide content o f 

each sample by using a calibration curve obtained from  running a bufa lin  

d ilu tio n  series (between 10 ng and 100 pg). Peaks iden tified  as bufadienolides 

were constrained w ith in  the p u rity  values (p u rity  angle and p u rity  threshold) 

quantified by the low est concentration o f bufalin. I f  the p u rity  angle and 

p u rity  threshold o f an unknown peak (w ith  a characteristic absorption 

spectra) was equal to or less than 9.017 and 12.750 respectively, then the peak 

was considered a bufadienolide. I f  the absorption spectra o f an unknown
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peak f it  the characteristics o f a bufadienolide but d id  not fa ll w ith in  these 

lim its  o f p u rity , it  was not considered a bufadienolide.

Statistical analyses

The data from  a ll experiments were not norm ally d istributed and 

could not be transform ed, therefore I used Mann W hitney U  tests to 

determ ine whether the mean to ta l numbers o f bufadienolides and the mean 

to ta l concentration o f bufadienolides was d iffe ren t in  B. americanus and B. 

fowleri. A  Mann W hitney U test was also conducted on the mean to ta l 

concentration o f bufadienolides in  toads raised w ith  and w ithou t predatory 

cues. To determ ine if  mean to ta l bufadienolide concentrations d iffered 

among developmental stages in  B. americanus and B. fowleri, I  conducted 

Kruskal W allis tests. In  the case o f significant tests, the nonparam etric Q test 

(Zar 1999) was perform ed fo r unequal sample sizes to determ ine where the 

differences existed. Analyses were conducted w ith  JMP statistical software 

version 5.0.1 and Statistica software version 4.5.
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Results

Ontogenetic variation in bufadienolides

A  to ta l o f 222 ind ividua ls o f both toad species, Bufo americanus and 

Bufo fowleri, in  seven developm ental stage ranges (Table 2) were analyzed fo r 

the ir bufadienolide com position (Tables 3 and 4). Across a ll stages and 

species, ten bufadienolides were iden tified  w ith  average retention times (RTs) 

between 2.69 and 17.68 m inutes (Tables 5, 6, 7 and 8). N ine bufadienolides 

were found in  B. americanus and five  were found in  B. fowleri, on ly one o f 

w hich was not found in  B. americanus (ave RT = 10.34). The vast m ajority 

(83.3%) of ind ividua ls (both species combined) possessed no detectable 

bufadienolides. A ll developm ental stages possessed some ind ividua ls w ith  

no bufadienolides. Hatchlings and tadpoles (TadsA, TadsB, and TadsC) 

collectively accounted fo r the m ajority o f these bufadienolide-devoid 

ind ividua ls in  B. americanus and B. fowleri (21.1%, 16.2%, 26.0%, and 16.8%) 

but there was varia tion between species (Tables 7 and 8). O f a ll sampled 

toads, 16.7% o f ind ividua ls possessed detectable bufadienolides and were 

from  six o f the seven developm ental stages. Ind ividuals w ith  bufadienolides 

were most frequently from  the egg, transform ed, and hatchling stages (37.8%, 

21.6%, and 18.9%) w hile  no bufadienolides were detected in  TadsC tadpoles 

and only one TadsB in d iv id u a l possessed bufadienolides. One bufadienolide
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(ave RT = 3.4) was found more frequently in  ind ividua ls o f both species o f 

toads. This bufadienolide was present in  7% and 13% o f B. americanus and B. 

fowleri respectively (Table 5). The average concentration o f th is bufadienolide 

in  B. americanus and B. fowleri was between 0.4 -  1.0 ng bufad ieno lide/|rg  dry 

secretion sample respectively.

Results indicated that the mean number o f bufadienolides among 

developmental stages differed sign ificantly in  both B. americanus and B. 

fowleri (H  = 26.8, P = 0.0002 and H  = 41.5, P < 0.0001 respectively) (Figures 7 

and 8). In  B. americanus, differences among developmental stages were 

between transform ed ind ividua ls and tadpoles (TadsB, Q = 3.4, P < 0.01 and 

Tads C, Q = 3.29, P < 0.02) (Figure 7). Developmental stages that were 

d iffe rent from  each other in  B. fowleri were between eggs and a ll other stages 

except transform ed ind ividua ls (hatchlings, Q = 4.71, P < 0.001; TadsA, Q = 

4.9, P < 0.001; TadsB, Q = 5.0, P < 0.001; TadsC, Q = 5.1, P < 0.001; and 

metamorphs, Q = 3.63, P < 0.005) (Figure 8).

The average to ta l concentrations o f bufadienolides in  B. americanus and 

B. fowleri were 1.19 and 1.44 ng bufadienolide/pg dry w eight respectively and 

not statistica lly d iffe ren t (U = 5971; P = 0.85) (Figure 9). For both species
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Table 3

Mean mass and to ta l length (TL) o f a ll stages o f Bufo americanus ind ividua ls 
analyzed fo r the ir bufadienolide com position.

Toad Stage Mean + /- SE 

Wet Mass (g)

Mean+/-SE  

Dry Mass (g)

Mean +/-SE  

TL (cm)

B. americanus Eggs (n = 15) 0.093 ± 0.029 0.001 ± 0.0002 NA

(n = 125) Hatchlings (n = 32) 

Tadpoles

0.035 ± 0.007 0.001 ±0.00015 0.62 ± 0.02

A (n = 13) 0.029 ± 0.007 0.001 ±0.0002 0.87 ± 0.08

B (n = 32) 0.106 ± .008 0.015 ± 0.003 1.89 ±0.05

C (n = 18) 0.214 ± 013 0.033 ±0.004 2.19 ± 0.04

Metamorphs (n = 7) 0.255 ± 0.014 0.058 ±0.009 1.83 ± 0.17

Transformed (n = 8) 0.089 ±0.011 0.022 ±0.004 0.94 ± 0.03

combined, the mean to ta l bufadienolide concentrations among 

developmental stages were sta tistica lly significant (H = 49.8; P < 0.0001). 

Non-param etric post-hoc tests revealed that differences existed between eggs 

and four other stages (TadsA, Q = 4.8, P < 0.001; TadsB, Q = 6.2, P < 0.001; 

TadsC, Q = 5.9, P < 0.001 and hatchlings, Q = 4.6, P < 0.001) (Figure 10).

In  B. americanus, mean to ta l bufadienolide concentrations were not the 

same among toad developm ental stages (H  = 26.8; P = 0.0002) (Figure 11). 

This was also true fo r B. fowleri (H  = 41.5; P < 0.0001) (Figure 11).
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Table 4

Mean mass and to ta l length (TL) o f a ll stages o f Bufo fowleri ind ividua ls 
analyzed fo r the ir bufadienolide com position.

Toad Stage Mean + /- SE 

Wet Mass (g)

Mean + /- SE 

Dry Mass (g)

Mean + /- SE 

TL (cm)

B. fowleri Eggs (n = 10) 0.036 ± 0.007 0.01 ± 0.0004 NA

(n = 97) Hatchlings (n = 14) 

Tadpoles

0.0200 ± 0.004 0.001 ± 0.00002 0.55 ± 0.03

A (n = 21) 0.040 ± 0.006 0.01+ 0.0004 1.17 ±0.06

B (n = 17) 0.158 ± 0.020 0.012 ± 0.002 1.87 ±0.08

C (n = 13) 0.219 ± 0.018 0.018 ± 0.002 2.23 ± 0.06

Metamorphs (n = 4) 0.189 ± 0.041 0.021 ± 0.005 1.59 ± 0.21

Transformed (n = 18) 0.128 ± 0.007 0.017 ±0.001 1.00 ± 0.03

Nonparam etric post-hoc tests revealed that in  B. americanus, mean to ta l 

bufadienolide concentrations were d iffe rent between eggs and tadpoles 

(TadsA) (Q = 7.13, P < 0.001), (TadsB) (Q = 6.11, P < 0.001), (TadsC) (Q = 7.13, 

P < 0.001), eggs and metamorphs (Q = 6.45, P < 0.001) and between tadpoles 

(TadsB) and transform ed ind ividua ls (Q = 3.68, P < 0.01) (Figure 11). In  B. 

fowleri, post-hoc tests revealed sim ila r differences among developm ental 

stages. Bufo fowleri eggs were d iffe ren t from  hatchlings (Q = 3.72, P < 0.005), 

tadpoles (TadsA) (Q = 3.90, P < 0.005), (TadsB) (Q = 3.97, P < 0.002), and
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Table 5

Number o f ind ividua ls w ith  each o f the ten identified  bufadienolides across a ll 
developmental stages. Percentages are in  parentheses.

Species Bufadienolide
____________ Average Retention Time (m in)

2.69 3.40 3.89 4.29 5.27 6.86 8.41 10.34 12.70 17.68

Bufo americanus 

(n = 125)

1
(0.79)

9
(7.09)

4
(3.15)

3
(2.36)

2
(1.5 7)

1
(0.79)

3
(2.36)

0
(0.00)

7
(5.51)

1
(0.79)

Bufo fowleri 1 13 1 0 0 0 0 1 1 0

S ii (1.03) (13.40) (1.03) (0.00) (0.00) (0.00) (0.00) (1.03) (1.03) (0.00)
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Table 6

Mean number o f bufadienolides iden tified  in  B. americanus and B. fowleri
across a ll developm ental stages.

N Mean ± SE M in Max

B. americanus and B. fowleri 222 0.20 ± 0.04 0 5

B. americanus 125 0.22 ± 0.06 0 5

B. fowleri 97 0.18 ± 0.04 0 2

(TadsC) (Q = 4.05, P < 0.002), and transform ed ind ividua ls (Q = 3.59, P < 0.01) 

(Figure 12). Comparisons between species revealed that B. fowleri eggs had 

higher concentrations o f bufadienolides than d id  B. americanus eggs (Figure 13).

Bufadienolide Induction

The mean to ta l concentration o f bufadienolides in  B. americanus and B. 

fowleri raised from  eggs w ith  and w ithou t predatory cues were not statistica lly 

d iffe rent (B. americanus: U = 77.5; P = 0.44 and B. fowleri: U = 19.0; P = 0.52) 

(Figure 14).
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Table 7

Number o f Bufo americanus ind ividuals w ith  each o f the ten iden tified  bufadienolides 
by developmental stage. Percentages are in  parentheses.

Stage Bufadienolide
 ___________ Average Retention Time (m in)

2.69 3.40 3.89 4.29 5.27 6.86 8.41 10.34 12.70 17.68

Eggs (n= 15) 0 2 . 3 1 0 0 1 0 2 1
(0.00) (12.50) (18.75) (6.25) (0.00) (0.00) (6.25) (0.00) (12.50) (6.25)

Hatchlings 0 3 0 0 1 0 0 0 3 0
(n-32) (0.00) (9.09) (0.00) (0.00) (3.03) (0.00) (0.00) (0.00) (9.09) (0.00)

Tadpoles 

A (n = 13) 0 0 0 0 0 0 0 0 2 0
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (15.38) (0.00)

B (n = 32) 0 0 0 0 0 0 0 0 0 0
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

C (n = 18) 0 0 0 0 0 0 0 0 0 0
(0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00) (0.00)

Metamorphs 0 2 0 0 1 0 0 0 0 0
(n = 7) (0.00) (28.57) (0.00) (0.00) (14.29) (0.00) (0.00) (0.00) (0.00) (0.00)
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Table 8

Num ber o f Bufo fowleri ind ividua ls w ith  each o f the ten identified  bufadienolides by 
developmental stage. Percentages are in  parentheses.

Stage Bufadienolide
_____________Average Retention Time (m in)

2.69 3.40 3.89 4.29 5.27 6.86 8.41 10.34 12.70 17.68

Eggs (n = 10)

Hatchlings 
(n = 14)

0
(0.00)
0
(0.00)

8
(80.00)
0
(0.00)

0
(0.00)
0
(0.00)

0
(0.00)
0
(0.00)

0
(0.00)
0
(0.00)

0
(0.00)
0
(0.00)

0
(0.00)
0
(0.00)

0
(0.00)
0
(0.00)

0
(0.00)
1
(7.14)

0
(0.00)
0
(0.00)

Tadpoles

A (n = 21) 0
(0.00)

2
(9.52)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

1
(4.76)

0
(0.00)

0
(0.00)

B (n= 17) 0
(0.00)

1
(5.88)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

C (n = 13) 0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

Metamorphs 
(n  = 4)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

Transformed 
(n = 18)

1
(5.56)

2
(11.11)

1
(5.56)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)

0
(0.00)
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Developm ental Stage

Figure 7. Mean number (± SE) o f bufadienolides across a ll developm ental 
stages in  B. americanus. D ifferent letters denote significant differences.
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Figure 8. Mean number (± SE) o f bufadienolides across a ll developm ental 
stages in  B. fowleri. D ifferent letters denote significant differences.
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Bufo americanus Bufo fowleri

S p e c i e s

Figure 9. Mean (± SE) to ta l bufadienolide concentration across a ll 
developmental stages in  B. americanus and B. fowleri. Concentrations are in  
ng /pg  d ry weight.
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Figure 10. Mean (± SE) to ta l bufadienolide concentration (ng 
bufadienolide/pg d ry w eight) fo r both toad species across a ll developm ental 
stages. D ifferent letters denote significant differences.
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Figure 11. Mean (± SE) to ta l bufadienolide concentration (ng 
bufadienolide/pg d ry w eight) fo r B. americanus across a ll developm ental 
stages. D ifferent letters denote significant differences.
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Figure 12. Mean (± SE) bufadienolide concentration (ng bufadienolide/pg 
d ry w eight) fo r B. fowleri across a ll developm ental stages. D ifferent letters 
denote significant differences.
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U  =  35, P =  0.03

§a
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J93ca
OJs

□ Bufo americanus
a Bufo fowleri

r^la-
Eggs Hatchlings TadsA TadsB TadsC

Developmental Stage

Metamorphs Transformed

Figure 13. Mean (± SE) bufadienolide concentration (ng bufadienolide/ pg 
dry w eight) fo r B. americanus and B. fowleri across a ll developm ental stages. 
Concentrations were sign ificantly d iffe rent only between eggs o f B. 
americanus and B. fowleri.

Discussion

The steroidal chemical defenses (bufadienolides) o f the toads, B. 

americanus and B. fowleri varied ontogenetically. A lthough the vast m ajority 

o f sampled toads possessed no detectable bufadienolides, s im ilar patterns 

were observed in  the differences among toad developm ental stages. The fact
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C ontrol P red a to r

T rea tm en t

Figure 14. Mean (± SE) to ta l bufadienolide concentration (ng 
bufadienolide/|ag d ry w eight) in  transform ed ind ividua ls o f B. americanus 
and B. fowleri raised from  eggs w ith  and w ithou t predatory cues.

that the vast m ajority o f toads d id  not possess bufadienolides is not 

surprising given tha t the m ajority o f sampled toads comprised the m iddle 

developmental stages (tadpoles) when anuran larvae are known to lack skin 

glands (such as the granular or poison glands) (Hayes and G ill 1995). This 

find ing  was consistent w ith  the study by Benard and Fordyce (2003) where 

no bufadienolides were detected in  Bufo boreas larvae (Gosner stages 31 and
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Differences in  bufadienolide concentrations were found among 

developm ental stages in  both toad species. When a ll stages were considered 

collectively, there were no statistica lly significant differences in  the mean 

numbers o f bufadienolides nor in  the mean to ta l concentrations o f 

bufadienolides between B. americanus and B. fowleri. N ot only d id  the 

developmental stages d iffe r w ith  respect to the mean number o f 

bufadienolides present, but they also differed w ith  respect to  the average 

concentrations o f those bufadienolides as w ell. As Brodie and Formanowicz 

(1987) predicted by the ir pa la tab ility and stage-specific survivorship m odel, 

chemical defenses were present (in  th is case the bufadienolides) in  early and 

late toad developmental stages, bu t the decrease and increase in  

bufadienolides, as predicted by lines B i and B2 (Figure 5), do not appear to  be 

as gradual. N ot only this, but the concentrations o f bufadienolides found in  

B. americanus and B. fowleri developm ental stages are pronounced only in  

early stages (eggs and hatchlings) bu t not in  late stages. Figure 15 shows the 

mean to ta l bufadienolide concentrations (in  both toad species) joined by a 

curve. This curve may represent the relative p a ya b ilitie s  o f toad 

developmental stages where larger concentrations o f chemicals may 

positive ly correlate w ith  unpalatability. This remains a hypothesis to be 

tested. U nlike the Brodie and Formanowicz (1987) m odel where there is an
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Figure 15. Mean to ta l bufadienolide concentrations (ng bufad ieno lide/ jLtg dry 
weight) fo r each developm ental stage joined by a curved line . This may 
represent the contribution o f bufadienolides to the unpala tab ility o f certain 
developmental stages.

increase in  unpalatability o f metamorphs and transform ed ind ividua ls, 

bufadienolide defenses do not match the m odel's predictions because only 

trace amounts were detected in  these stages. This suggests tha t either the 

unpalatability o f Bufo species in  these later developm ental stages may not be 

due to bufadienolides or tha t very sm all amounts are adequate defenses. It 

seems like ly  that the sm all amounts o f bufadienolides found in  both toads at 

this stage is a result o f the tim e required fo r the m aturation o f the poison-
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producing granular glands fo llow ing  metamorphosis (D elfino et al. 1995). 

However, th is was not d irectly controlled in  th is study. N ew ly transform ed 

ind ividua ls ranged in  age from  about one to ten days post metamorphosis. I t  

may take longer fo r the glands to be fu lly  functional and longer yet fo r the 

form ation o f the large clusters o f granular glands that form  the parotoids 

(Licht 1967). D elfino et al. (1995) reported the m aturation process o f granular 

glands in  Bufo bufo. They found a consistent reduction in  the am ount o f 

smooth endoplasmic reticulum  fo llow ing  metamorphosis, ind icating that 

steroid biosynthesis slows down considerably during toad developm ent and 

that the im m ature poison 'cannot exert its  fu ll a c tiv ity  u n til the 

m yoepithelium  and secretory u n it are fu lly  m ature fo llow ing  

m etam orphosis/

The Brodie and Formanowicz m odel d id  not address the earliest 

Gosner (1960) stages (1-19) (eggs) bu t they were w e ll defended chem ically in  

these tw o toad species. In  fact, B. americanus and B. fowleri eggs collectively 

possessed more bufadienolides than a ll tadpole stages includ ing hatchlings 

but possessed sim ilar numbers o f bufadienolides as late staged-toads 

(metamorphs and transform ed ind ividua ls). Considering each species 

separately, a strik ing  difference was apparant. In  B. americanus, the eggs d id  

not possess more bufadienolides than any other developm ental stage—only
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transform ed toads had more bufadienolides than tw o tadpole stage ranges 

(TadsB and TadsC) (Figure 7). In  B. fowleri, however, eggs had more 

bufadienolides than a ll other stages except transform ed ind ividua ls. This 

suggests that differences may exist between B. americanus and B. fcrwleri in  

terms o f female investm ent in  bufadienolide defenses fo r offspring. This 

should not mean necessarily tha t B. fowleri is better defended by the larger 

concentrations o f bufadienolides found in  the ir eggs than in  those o f B. 

americanus because B. americanus had a more diverse bufadienolide p ro file  

overall (Table 5).

W ith  respect to bufadienolide concentrations, there were differences 

among developmental stages in  both toad species but th is tim e the patterns 

were quite sim ilar. Both B. americanus and B. fowleri had larger concentrations 

o f bufadienolides in  eggs than in  other developmental stages. Yet, B. fowleri 

eggs seem to be better defended than those o f B. americanus because the 

concentrations o f bufadienolides found in  B. fowleri eggs was also larger than 

that found in  transform ed ind ividua ls whereas in  B. americanus eggs the 

concentrations were not larger than in  transform ed ind ividuals.

Benard and Fordyce (2003) showed that transform ed Bufo boreas from  

predator cue la rva l environm ents had sign ificantly higher concentrations of 

bufadienolides than those raised w ithou t predator cues. In  contrast, I found
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no predator-induced bufadienolide induction in  either B. americanus or B. 

fowleri. This result is rather surprising given that p lastic ity in  chemical 

defenses was demonstrated fo r a bufonid species and that m u ltip le  predatory 

cues were present during the duration o f la rva l developm ent (egg- 

metamorph). A lthough it  is unclear w hy induction was not observed, the 

tim e o f sam pling fo llow ing  the com pletion o f metamorphosis may be 

im portant fo r observing the bufadienolides if  poison glands are s till 

im m ature. Sampling ind ividua ls later (20 or more days post metamorphosis) 

rather than soon after metamorphosis may reveal possible induction of 

chemical defenses as was observed by Benard and Fordyce (2003).
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CHAPTER m

A  COMPARISON OF BUFADIENOLIDES IN  THE CUTANEOUS 
PAROTOID G LAND SECRETIONS OF ADULT 

BUFO AMERICANUS AN D BUFO FOWLERI

In troduction

Steroidal bufadienolides (bufagins or bufagenins) are present in  the 

parotoid gland secretions o f bufonid frogs particu la rly in  species belonging to 

the genus Bufo (Meyer 1966) and in  several p lant fam ilies (e.g., Crassulaceae, 

Hyacinthaceae, Iridaceae, and Melianthaceae) (Steyn and van Heerden 1998). 

Bufadienolides are C 2 4  steroids tha t possess a six-membered, doubly 

unsaturated lactone ring  and are biochem ically sim ilar to  p lan t cardenolides 

(e.g., d ig itox in  and ouabain) (Fieser and Fieser 1959; M alcolm  1991). The 

biological activ ity  o f bufadienolides and cardenolides targets in h ib itio n  o f 

the membrane enzyme, sod ium / potassium adenosine triphosphatase 

(Na+/K + ATPase or the sodium-potassium  pum p). Akizawa et al. (1994) were 

the firs t to show that bufadienolides in  the eggs of Bufo marinus in h ib it 

sodium-potassium pum p a ctiv ity  typ ica l o f cardiac glycosides. Both 

bufadienolides and cardenolides are termed cardiac glycosides due to the ir 

cardiac-active properties (they increase the contractile strength o f the heart
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and low er heart rate), but chem ically the bufadienolides produced by toads 

do not conjugate w ith  sugars to form  true glycosides as they do in  plants 

(Klyne 1957). Rather, toad bufadienolides may conjugate w ith  either suberyl- 

argenine, suberyl-histidine, or suberyl-glutam ine (at C-14) form ing 

bufotoxins (Klyne 1957; Erspamer 1994). Bufotoxins have low er potency than 

the corresponding un-conjugated bufadienolide and thus produce a weaker 

effect on the heart (Chen and Kovafikova 1967).

I t  is the potent in h ib itio n  o f the sodium-potassium  pum p and 

associated cardiac effects that make bufadienolides especially im portant in  

the anti-predator chemical defenses o f toads. M oreover, bufadienolides can 

be lethal to vertebrates such as mammals and even to other frogs (Fieser and 

Fieser 1959; Crossland and A lfo rd  1998). Am phibian chemical defenses are 

also irrita tin g  to buccal tissue (Daly 1995) and have adhesive properties that 

deter predation (Evans and Brodie 1994).

Chemical defense in  toads, as in  other amphibians, is a cum ulative 

effect o f a d iversity o f chemicals, in  add ition to bufadienolides, that 

collectively makes am phibian skin biochem ically and physiologically 

complex. This com plexity is probably necessary to serve the m ultip le  and 

simultaneous functions o f am phibian integum ent associated w ith  surviva l 

(e.g., water balance, respiration, excretion, tem perature control, anti­

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



59

m icrobial and anti-fungal properties, as w e ll as defense against predators) 

(Clarke 1997). O ther substances found in  toad skin secretions include 

biogenic amines (basic substances) such as indole alkylam ines (e.g., 

bufotenines are typ ica lly  present in  high levels in  Bufo) (Daly 1995), 

catecholamines (e.g., epinephrine and norepinephrine), other non-cardiac 

active sterols (e.g., cholesterol) (Chen and Kovafikovd 1967; Clarke 1997), and 

peptides and proteins (Mahan and Biggers 1977). Also, some bufonid toads 

contain alkaloids (Porter 1964; Daly et a l 1987; Daly 1998).

Bufadienolides and other chemical defenses are produced in  the 

cutaneous granular glands (poison or serous glands) found throughout the 

skin as w e ll as in  the clusters o f granular glands that form  the enlarged 

parotoid glands. G ranular glands can be either evenly d istributed or 

concentrated in  certain parts o f the body (Duellm an and Trueb 1986). The 

concentration o f granular glands that form  the parotoid glands o f toads is an 

example o f such clustering. The term  parotid  gland (as in  salivary gland) 

should not be confused w ith  the chem ical-producing parotoid gland of 

amphibians. Erroneously, these tw o terms are often used synonym ously in  

the lite ra ture. Another term , paratoid (referring to glands in  salamanders) 

has also been used in  place o f toad parotoid glands (Cannon and P alkuti 

1976; Tyler et al. 2001).
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The parotoid glands o f toads are located on both sides o f the head in  

post-orbita l position and may extend over the shoulders (Figure 16a). The 

parotoids may d iffe r in  both m orphology and in  placement on the body (Lutz 

1971). Figure 16b shows differences in  the parotoids o f Bufo americanus and 

Bufo fowleri. When the parotoid glands are stim ulated, the chemical secretion 

exudes onto the skin's surface through m ultip le  pores where it  may come in to  

contact w ith  potentia l predators. A lthough a defensive function fo r 

bufadienolides in  toads is the most parsimonious explanation fo r the ir 

presence, very little  is known about the ecology o f chemical defenses in  toads 

and whether bufadienolides are in  fact effective against the ir natural enemies.

The ecology o f bufadienolide defenses in  the N orth Am erican toads, 

Bufo americanus (H olbrook) and Bufo fowleri (H inkley), was the focus o f th is 

study. A t the outset, I wanted to  determ ine if  the bufadienolide com position 

o f B. americanus d iffe rs from  that o f B. fowleri. I expected tha t both species 

should possess sim ilar bufadienolides since they are closely related species 

and because the production o f bufadienolides is presumably under genetic 

control (Porter 1962; W ittliff 1962), yet differences in  bufadienolides could 

exist between the species due to environm ental varia tion and variable 

predatory pressures.
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(fo w h ri) 
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Figure 16. (a) Bufonid toads posses large aggregations o f granular glands that 
form  tw o protuberances, the parotoid glands, on both sides o f the body. 
Shown here is B, americanus w ith  enlarged kidney-shaped parotoid glands 
(PG) and (b) the m orphology and placement of the parotoids differs sligh tly 
between B. americanus and B. fowleri (Conant 1975).

Source (Fig. 16b): Conant, R. 1975. A  Field Guide to Reptiles and
Amphibians. Houghton M ifflin  Company. Boston, Massachusetts. 
Used w ith  perm ission o f Ronald Hussey, Permissions M anager/Serial 
Rights Manager, Houghton M ifflin  Company, 9-22-2004.
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Bufo americanus and Bufo fowleri have largely overlapping ranges but in  

M ichigan the range o f B. fowleri is more restricted than that o f B. americanus. 

Bufo fowleri typ ica lly occurs along the eastern shore of Lake M ichigan, 

especially in  sandy areas, and B. americanus occurs ubiquitously throughout 

the state and beyond (H arding 1997). Thus, I  hypothesized that d istribu tiona l 

differences among toad populations w ould influence the frequencies o f the ir 

chemical phenotypes so that these tw o bufonids should possess d iffe rent 

bufadienolide profiles. For example, if  B. americanus is prey to  a larger 

d iversity o f predators, because o f the ir widespread d istribution , they should 

posses either more bufadienolides, d iffe rent types o f bufadienolides, or 

perhaps d iffe ren t concentrations o f bufadienolides in  the ir secretions. Thus, a 

difference in  bufadienolide com position could be attributed to d iffe rent 

predatory-pressures experienced by each species or by d iffe rent populations 

o f the same species. Intra-specific varia tion  in  bufadienolides is possible, 

especially if  toad populations are adapted to local conditions. I  was also 

interested to determ ine whether in d iv id u a l varia tion in  bufadienolide 

com position was apparent in  both species.

Another goal o f this study was to  investigate the potentia l induction o f 

bufadienolides in  toads that have been subjected to repeated but sim ulated 

encounters w ith  predators. When the parotoid glands are stim ulated,
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thereby releasing the noxious chemical secretions onto the skin's surface (as 

when a toad is seized by a predator), most if  not a ll o f the secretion may be 

used in  the toad's defense. Assuming that the chemical defenses deter 

predation and the toad survives to encounter another predator, I wanted to 

determ ine whether the new ly synthesized bufadienolide p ro file  w ould be 

altered.

Lastly, I examined the in terna l structure o f the parotoid gland to  

determ ine if  the stim ulation technique ("m ilk in g " the gland by gentle 

compression) was effective in  rem oving most o f the chemical secretion. 

A lthough bufadienolides can be obtained from  other tissues in  toads, I 

focused on the parotoid gland bufadienolides because th is represents a 

m orphological and physiological concentration that is thought to  target 

defense against natural enemies.

Methods

Parotoid gland secretions

I  collected toads d in in g  the ir active seasons (spring-fall) o f 2000 and 

2001 from  several locations in  southwest M ichigan (Kalamazoo, Kent, and 

Van Buren counties). Snout-vent-length (SVL) and mass were recorded fo r
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each toad and parotoid secretions were obtained in  the laboratory. To collect 

the parotoid secretion, each toad was held in  one hand w hile  the parotoid 

glands were gently compressed between thum b and index finger u n til no 

fu rthe r secretion was observed. The yellow ish-w hite, viscous secretion from  

each toad was collected onto pre-weighed filte r paper, weighed again w hile  

wet, dried com pletely in  a drying oven, and reweighed. F ilte r papers 

containing secretion were stored separately in  plastic bags and kept 

refrigerated u n til they were prepared fo r chemical analysis by high 

performance liq u id  chrom atography (HPLC).

HPLC of toad bufadienolides

F ilte r papers containing parotoid secretions were placed in to  glass test 

tubes containing 5 -  7 m l m ethanol and sonicated fo r 30 m inutes. The filte r 

papers were removed and the m ethanol was evaporated under nitrogen in  a 

water bath at 60 °C. The rem aining residue in  each tube was re-suspended in  

1 m l o f m ethanol and passed through a 0.45-pm filte r in to  a 1 m l autosampler 

v ia l fo r FIPLC. F ifty  m icro-gram  samples o f a known bufadienolide standard, 

bufa lin  (obtained from  Sigma Scientific), were run  in  separate via ls as an 

external standard.
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Chemical analyses o f toad secretion samples by HPLC were perform ed 

on a Waters gradient HPLC system w ith  WISP autosampler, 600E pum p, 996 

photodiode array detector (at 298 nm) ranging between 270-330 nm using 

M illennium  2010™ chrom atography manager software. In jection volum es fo r 

ind iv id u a l samples were 30 pi. Samples were eluted isocratically w ith  a 

m ixture o f water and acetonitrile (60:40) at 1.25 m l/m in  on a 250-4 

LiChroCART RP-18 colum n packed w ith  5 p i LiChrospher 100 (E. M erck) and 

a guard colum n packed w ith  the same m aterial, fo llow ing  the methods of 

Gella et al. (1995) and Benard and Fordyce (2003) and each sample had a rim  

tim e o f 20 m in.

I  iden tified  bufadienolides by com paring the absorption spectra o f 

unknown peaks to that o f bufalin. I quantified the bufadienolide content o f 

each sample by using a calibration curve obtained from  running a bufa lin  

d ilu tio n  series (between 10 ng and 100 pg). Peaks iden tified  as bufadienolides 

were constrained w ith in  the p u rity  values (p u rity  angle and p u rity  threshold) 

quantified by the lowest concentration o f bufalin. I f  the p u rity  angle and 

p u rity  threshold o f an unknown peak (w ith  a characteristic absorption 

spectra) was equal to or less than 9.017 and 12.750 respectively, then the peak 

was considered a bufadienolide. I f  the absorption spectra o f an unknown
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peak f it  the characteristics o f a bufadienolide but d id  not fa ll w ith in  these 

lim its  o f p u rity , it  was not considered a bufadienolide.

The data were not norm ally d istributed, therefore I  used M ann 

W hitney U tests to determ ine whether the mean to ta l concentrations of 

bufadienolides d iffered between B. americanus and B. fowleri as a function o f 

both toad mass and dry parotoid secretion. A  M AN O VA was conducted to 

test fo r differences in  the concentrations (ng bufadienolide/pg d ry w eight 

parotoid secretion) of the tw elve most common bufadienolides between toad 

species. A  significant analysis was fo llow ed by univariate ANOVAs to test 

fo r differences in  each bufadienolide concentration between toad species. I 

also used a m ultivariate, ordination technique, p rincipa l component analysis 

(PCA), on the concentrations o f these same tw elve bufadienolides in  order to 

synthesize the data and to determ ine w hich bufadienolides were most 

responsible fo r explaining the varia tion  between species and between 

habitats. The data were checked fo r norm ality using Shapiro W ilk 's W  tests 

and could not be norm alized by transform ation. The data were skewed, 

however a square-root transform ation reduced th is problem  (raw  data had an 

average skewness value o f 3.99 and square-root transform ed data had an 

average skewness value o f 1.66). G iven the reduced skewness o f the data, 

PCA and M ANO VA were considered va lid  analyses. M oreover, PCA can be
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perform ed on data that are not norm ally distributed w ithou t necessarily 

producing biased results when the data are not h igh ly skewed (Legendre and 

Legendre 1998). M ANO VA is also especially resistant to  non-norm ality due 

to  skewness (Zar 1999). Analyses were conducted w ith  JMP statistical 

software version 5.0.1 and Statistica software version 4.5 and considered 

statistica lly significant at a = 0.05.

Inducibility of bufadienolides

Five B. americanus and five  B. fowleri were collected in  southwest 

M ichigan (Kent County) in  June o f 2000. Four B. fowleri and one B. americanus 

were successfully m aintained in  the laboratory to  investigate the effect o f 

sim ulated encounters w ith  predators (manual and repeated expression of 

parotoid glands). The cause o f m orta lity fo r the other animals is unknown 

and B. americanus was subsequently excluded from  the analysis. Each toad 

was housed separately in  a plastic ra t cage (42.55 cm x 26.67 cm x 29.21 cm) 

and fed crickets once or tw ice weekly. Parotoid secretions were collected 

repeatedly (once a m onth) over the course o f three months in  cap tiv ity. The 

parotoid secretion was collected on a pre-weighed filte r paper, dried, and 

analyzed by HPLC as described above. A ll toads were released at the site o f 

capture fo llow ing  the fin a l parotoid extraction. I used a sign test
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(nonparam etric equivalent to a dependent t-test) to assess changes in  to ta l 

bufadienolide concentrations between the firs t and fin a l collection times.

Histology of toad parotoid glands

A  to ta l o f ten toads (five B. americanus and five  B. fowleri) were 

collected in  the summer o f 2003 from  several locations in  southwest M ichigan 

(Kalamazoo and Kent Counties). For each toad collected, measurements 

were taken o f mass, snout-vent-length, le ft and rig h t parotoid length and 

w id th . The rig h t parotoid gland was m anually compressed w hile  the le ft 

gland was not. The parotoid secretion was collected on a pre-weighed filte r 

paper, dried, and analyzed by HPLC as described above.

A ll animals were euthanized in  a cold water bath w ith  an overdose o f 

MS222 (concentration > 250 m g /L  buffered pH  7-7.5) and death was 

confirm ed after 10-15 m inutes by cutting the aorta o f each animal. 

Compressed glands were dissected in  the ir entirety and then cut in  half. One 

ha lf was im m ediately fixed in  form alin  and the other ha lf was frozen to a 

piece of cork in  isobutane over dry ice. Frozen samples were placed in  a -80 

°C freezer p rio r to  m aking sections and used in  attem pts to  stain 

bufadienolides w ith  2% dinitrobenzoic acid failed. Form alin-fixed tissues 

were sectioned along the transverse plane at 6 |um and stained w ith
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hem otoxylin and eosin. Slicing and staining was perform ed by the colleagues 

o f Dr. Robert Eversole. Sections were examined on a Zeiss Axioskop2 M ot 

lig h t microscope and d ig ita l images were captured w ith  an MRC5 camera 

using A xioV ision 4.1 software. G ranular gland areas were measured by 

d ig itiz ing  polygons around a ll non-compressed alveoli. The data were 

checked fo r norm ality using Shapiro W ilk 's W statistics and dependent t-tests 

were used to compare to ta l mean granular gland areas (compressed versus 

non-compressed parotoids) fo r B. americanus and B. fowleri. Analyses were 

conducted w ith  JMP statistical software version 5.0.1 and Statistica software 

version 4.5 and considered sta tistica lly significant at a = 0.05.

Results

Parotoid gland secretions — bufadienolide composition

Table 9 shows the average sizes o f animals whose parotoid secretions 

were analyzed. Toads were equal in  mean mass (U = 807.5; P = 0.174) (Figure 

17). The mean to ta l concentrations o f bufadienolides as a function o f toad o f 

bufadienolides as a function o f toad mass (ng bufadienolide/g toad) in  B. 

americanus and B. fowleri were 8.50 and 4.30 respectively and were not 

statistica lly d iffe rent (U = 765; P = 0.09) (Figure 18).
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Table 9

Mean mass and snout-vent length (SVL) o f toads whose parotoid 
gland secretions were analyzed.

Toad Mean 1 SE 

Mass (g)

Range

(g)

Mean ± SE 

SVL (cm)

Range

(cm)

B. americanus 

(n = 63)

11.72 ± 1.57 1.00 -  54.90 4.03 10.169 2.05 -  7.34

B. fowleri 

(n = 31)

8.5311.77 1.57 -  36.71 3.5710.21 2.20 -  6.60

Figure 17. Mean mass (± SE) o f adu lt B. americanus and B. fowleri.

B. fowleriamericanus

Species

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



71

C um ulatively, 30 bufadienolides were iden tified  in  the parotoid gland 

secretions o f Bufo americanus and Bufo fowleri. Ind ividua ls o f both species, on 

average, possessed 6.83 bufadienolides. When each species was considered 

separately, the average number o f bufadienolides in  B. americanus secretion 

was 7.66 and in  B. fowleri secretion was 4.90 (Figure 19a). The difference in  

the mean number o f bufadienolides between species was sta tistica lly 

significant (U = 324; P < 0.0001). The mean to ta l concentrations o f 

bufadienolides as a function o f dry parotoid secretion in  B. americanus and B. 

fowleri were 46.03 and 34.63 ng bufadienolide/ pg d ry secretion sample 

respectively and were not sta tistica lly d iffe rent (U = 974; P = 0.98) (Figure 

19b).

Twelve bufadienolides (B l, B2, B4, B7, B9, B10, B12, B13, B15, B16, B17, 

and B21) were typ ica lly  found in  both species o f toads. These re la tive ly 

common bufadienolides were present in  at least 22.3% (B17) and at most 71.3 

% (B2) o f sampled toads (Table 10). The average concentrations o f these 

bufadienolides in  B. americanus and B. fowleri were between 2.0 -  10.0 and 0.60 

-  2.0 ng bufadienolide/pg dry secretion sample respectively (Figures 20 and 

21). O f the twelve common bufadienolides in  both toad species, five  o f these 

(B l, B2, B4, B7, and B10) were present in  53.2% -  71.3% o f ind ividua ls (Table 

10). Bufo americanus contributed most to  these percentages by accounting fo r
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Figure 18. Mean (± SE) to ta l bufadienolide concentration as a function 
o f toad mass. U nits are in  ng bufadienolide/g toad.

78.4% - 96.9 % o f toads that contained each o f these five  bufadienolides (Table 

10). M oreover, these five  bufadienolides were the most common 

bufadienolides among B. americanus ind ividua ls (present in  74.6% - 100.00% 

o f individuals). One bufadienolide (B7) was also commonly found among 

Bufo fowleri ind ividua ls, bu t fou r others (B ll, B12, B16, and B17), in  contrast to 

those in  B. americanus, were most common in  B. fowleri (present in  25.81 % - 

51.62 % o f ind ividua ls) (Table 10). Bufadienolide B ll was the one 

bufadienolide re la tive ly common to B. fowleri (present in  25.8% o f B. fowleri
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Figure 19. (a) The mean number (± SE) o f bufadienolides identified  in  
B. americanus and B. fowleri and (b) the mean (± SE) to ta l concentration 
o f bufadienolides in  B. americanus and B. fowleri. U nits are in  ng 
bufadienolide/jag dry parotoid secretion.
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Table 10

Num ber o f ind ividua ls (B. americanus n = 63 and B. fowleri n = 31) that 
possessed each o f the iden tified  bufadienolides (B l -  B30). Percent 

number o f ind ividua ls w ith  each bufadienolide present in  the 
parotoid secretion is in  parentheses.

B ufadienolide Total B. americanus B. fowleri
A verage
Retention T im e
(m in )________________ ________________ ____________________________________ _

#  toads #  toads #  toads

(% ) (% ) (% )

n  =  94 n  = 63 n = 31

B l 2.77 65 (69.15) 63 (100.00) 2 (6.45)

B2 3.43 67 (71.28) 59 (93.65) 8 (25.81)

B3 3.82 12 (12.77) 7 (11.11) 5 (16.13)

B4 4.13 53 (56.38) 48 (76.19) 5 (16.13)

B5 4.58 12 (12.77) 5 (7.94) 7 (22.58)

B6 5.04 17 (18.09) 17 (26.98) 0 (0.00)

B7 5.31 51 (54.25) 40 (63.49) 11 (35.48)

B8 5.97 17 (18.09) 10 (15.87) 7 (22.58)

B9 6.55 28 (29.79) 22 (34.92) 6 (19.35)

BIO 6.91 50 (53.19) 47 (74.60) 3 (9.68)

B l l  7.77 17 (18.09) 9 (14.29) 8 (25.81)

B12 8.27 34 (36.17) 21 (33.33) 13 (41.94)

B13 8.84 23 (24.47) 17 (26.98) 6 (19.35)
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Table 10—Continued.

B ufadienolide  
A verage  
Retention T im e  
(m in )

Total B. americanus B. fowleri

#  toads #  toads #  toads

(% ) (% ) (%)

n =  94 n  =  63 n  =  31

B14 9.27 2 (2.13) 1 (1.59) 1 (3.23)

B15 9.49 29 (30.85) 22 (34.92) 7 (22.58)

B16 9.80 35 (37.23) 22 (34.92) 13 (41.94)

B17 10.43 21 (22.34) 5 (7.94) 16 (51.62)

B18 11.56 8 (8.51) 5 (7.94) 3 (9.68)

B19 12.21 11 (11.70) 8 (12.70) 3 (9.68)

B20 12.79 14 (14.89) 13 (20.63) 1 (3.23)

B21 13.53 24 (25.53) 18 (28.57) 6 (19.35)

B22 14.11 12 (12.77) 10 (15.87) 2 (6.45)

B23 14.79 9 (9.57) 5 (7.94) 4 (12.90)

B24 15.45 11 (11.70) 4 (6.35) 7 (22.58)

B25 15.98 13 (13.83) 6 (9.52) 7 (22.58)

B26 16.68 3 (3.19) 3 (4.76) 0 (0.00)

B27 17.47 4 (4.26) 4 (6.35) 0 (0.00)

B28 18.13 5 (5.32) 5 (7.94) 0 (0.00)

B29 18.73 4 (4.26) 4 (6.35) 0 (0.00)

B30 19.51 5 (5.32) 5 (7.94) 1 (3.23)
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Figure 20. Mean concentrations o f each o f tw elve common bufadienolides in  
B. americanus. Concentrations are in  ng bufadienolide/pig d ry w eight 
parotoid secretion. Standard errors fo r each mean: B l = 2.19, B2 = 1.30, B4 = 
0.48, B7 = 0.84, B9 = 0.46, B10 = 0.90, B12 = 0.92, B13 = 0.43, B15 = 0.46, B16 = 
0.08, B17 = 0.11, B21 = 0.35.

ind ividuals) but not to B. americanus (present in  only 14.3 % o f B. americanus 

ind ividuals). A ll 30 bufadienolides were iden tified  in  B. americanus 

ind ividuals, although in  several cases these numbers were sm all w ith  only 

one or tw o ind ividua ls per bufadienolide, and in  B. fowleri some 

bufadienolides (B6, B26, B27, B28, B29) were never observed (Table 10).
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Figure 21. Mean concentrations o f each o f tw elve common bufadienolides in  
B. fowleri. Concentrations are in  ng bufadienolide/ frg d ry w eight parotoid 
secretion. Standard errors fo r each mean: B l = 0.06, B2 = 0.13, B4 = 0.09, B7 = 
0.18, B9 = 0.27, B10 = 0.35, B12 = 0.45, B13 = 0.43, B15 = 0.16, B16 = 0.62, B17 = 
0.33, B21 = 0.95.

Figures 22a and 22b show HPLC chromatograms o f example ind ividua ls o f B. 

americanus and B. fowleri w ith  these characteristic bufadienolide profiles.
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Figure 22. HPLC chromatograms fo r (a) one B. americanus in d iv id u a l 
(Ba26FF) collected at Franz Farm (Van Buren County) and (b) one B. fmvleri 
ind iv idua l (Bf5BT) collected along Belmont T ra il (Kent County). These 
bufadienolides were typ ica lly  found in  each species respectively.

V aria tion  in  bufadienolides between toad species

Results o f M AN O VA on concentrations o f the tw elve most common 

bufadienolides (com prising between 22.3 % - 71.3 % o f sampled toads) in  B.
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americanus and B. fowleri parotoid secretion show a h igh ly sign ificant 

difference between species (Fdf = 1,92 = 5.30; P < 0.0001). The subsequent 

univariate ANOVAs showed that the concentrations of seven bufadienolides 

(B l, B2, B4, B7, B10, B16 and B17) were statistica lly d iffe rent between species 

(Table 11).

A  m ultivaria te principa l component analysis (PCA) showed that 

p rincipa l component axes one and tw o (PCI and PC2) explained 49.9 % o f the 

va ria b ility  in  the concentrations o f bufadienolides among toads (Table 12). 

P rincipal component axis one alone explained 33.79% o f th is variance (Figure 

23). Eigenvector scores fo r specific bufadienolides represent the am ount o f 

loading or w eighting o f each variable on each o f the p rincipa l components. 

For example, fo r PC I, the highest weightings (eigenvector scores) are fo r 

bufadienolides B l, B2, B4, and B10 and fo r PC2, the highest weightings are fo r 

bufadienolides B13 and B21 (Figure 23). Thus, bufadienolides B l, B2, B4, and 

B10 are h igh ly positive ly correlated w ith  PCI and associated w ith  B. 

americanus and B13 and B21 are h igh ly negatively correlated w ith  PCI and 

associated w ith  B. fowleri. A  scatter p lo t o f the firs t tw o p rincipa l variable 

scores (Figure 23) shows the placement o f ind ividua ls o f each species along 

the gradients created by PCI and PC2. Bufo fowleri are clustered in  the 

negative d irection on PC I in  contrast to the more positive clustering o f B.
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Table 11

U nivariate ANOVAs on bufadienolide concentrations 
(n g / pig d ry w eight o f parotoid secretions) from  

B. americanus and B. fowleri.

ANO VA

Source d f F P

B l 1,92 10.142 < 0.002

B2 1,92 18.120 < 0.001

B4 1,92 9.994 < 0.002

B7 1, 92 5.229 < 0.025

B9 1,92 2.147 0.146

BIO 1,92 6.422 0.013

B12 1,92 0.843 0.361

B13 1,92 0.496 0.483

B15 1,92 0.493 0.485

B16 1,92 13.173 0.0005

B17 1,92 24.960 < 0.0001

B21 1,92 1.001 0.3198
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Table 12

Eigen analysis o f bufadienolide concentrations 
in  adu lt B. americanus and B. fowleri 

parotoid gland secretions.

PCI PC2 PC3 PC4
Eigenvalue 4.055 1.934 1.456 1.188
Percent 33.793 16.113 12.135 9.896
Cumulative Percent 33.793 49.905 62.040 71.936

Eigenvectors
B l 0.456 0.078 -0.096 -0.029
B2 0.458 0.060 0.030 -0.087
B4 0.421 0.043 0.012 0.170
B7 0.342 0.159 -0.019 0.442
B9 0.203 -0.001 0.584 -0.107
BIO 0.404 0.013 -0.236 0.107
B12 0.027 0.372 0.504 -0.293
B13 0.057 -0.582 0.083 0.201
B15 0.066 0.123 -0.533 -0.419
B16 -0.180 0.212 0.095 0.599
B17 -0.204 0.289 -0.193 0.289
B21 0.049 -0.585 0.044 0.008

americanus about PC I. A long PCI there is less overlap between the species 

than along PC2.

The PC A conducted on the concentrations o f bufadienolides from  B. 

americanus collected from  six d iffe ren t locations shows that PC I and PC2 

explained 47.22% o f the va ria b ility  in  bufadienolide concentrations (Table 13). 

P rincipal component one alone explained 31.5% o f th is variance (Table 13).
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Figure 23. Scatterplot o f PCA scores fo r B. americanus (open squares) and B. 
fowleri (fille d  circles) w ith  respect to concentrations o f twelve bufadienolides.

The bufadienolides B l, B2, B4, B9, and B21 w ere highly positively correlated  

w ith  P C I w hile B12, B17, and B21 were h igh ly positive ly correlated w ith  PC2 

(Figure 24). Bufadienolide BIO was h igh ly negatively correlated w ith  PC2
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Table 13

Eigen analysis o f bufadienolide concentrations 
in  adu lt B. americanus parotoid 

secretions by habitat.

PCI PC2 PC3 PC4

Eigenvalue 3.780 1.887 1.570 1.262
Percent 31.49615.728 13.08210.519
Cumulative Percent 31.496 47.224 60.307 70.826

Eigenvectors
B l 0.465 -0.054 0.026 0.177
B2 0.425 0.166 0.086 0.065
B4 0.401 0.036 0.057 -0.344
B7 0.189 -0.324 0.446 0.218
B9 0.421 0.170 -0.145 -0.080

B10 0.079 -0.481 0.151 0.493
B12 -0.043 0.516 0.420 0.117
B13 0.065 0.026 -0.556 0.218
B15 0.065 -0.179 0.124 -0.633
B16 0.022 0.223 -0.400 0.198
B17 -0.056 0.502 0.279 0.214
B21 0.458 0.050 -0.079 0.046

(Figure 24). Figure 24 shows the scatterplot o f the firs t tw o p rincipa l variable 

scores fo r B. americanus from  each o f six collection sites. Therefore, there was 

overlap in  bufadienolide types and concentrations from  a ll habitats.
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Figure 24. Scatterplot o f PCA scores fo r the concentrations o f tw elve 
bufadienolides in  B. americanus collected from  six locations. Kalamazoo 
County (A L = Asylum  Lake, S = Steve's land, and SF = Schwallier Farm); 
Kent County (BT = Belmont T ra il and GB = Guy's Bog); VanBuren County 
(FF = Franz Farm).

Hisotology of toad parotoid glands

A d u lt B. americanus and B. fowleri have well-developed parotoid 

glands w ith  visib le pores. In  B. fowleri, the parotoid glands touch the 

postorbital ridge o f the cranial crest and in  B. americanus, the parotoids either 

touch the postorbita l ridge by a short spur or do not touch the ridge at a ll
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(Figure 16b). The average sizes of the parotoid glands o f toads used in  th is 

study were 1.11 cm in  length by 0.65 cm in  w id th  and 1.12 cm in  length by 

0.59 cm in  w id th  fo r B. americanus and B. fowleri respectively. The general 

shape o f the parotoids o f B. americanus and B. fowleri is ovoid or sometimes 

kidney-shaped. The parotoids are located behind the tym panic membranes 

on both sides o f the head and may extend down over the shoulders. The 

m ajor component o f the parotoid glands is the large alveoli (granular glands) 

that produce and accumulate the granular secretion (w hite or yellow ish in  

color) (Figures 25 and 26). I f  stim ulated, the parotoid secretion exudes from  

each alveolus to  the surface o f the anim al through a pore.

Table 14 shows the average size o f toads and the ir parotoid glands 

used fo r histological observations. The basic m orphology o f the in terna l 

structure o f the parotoid glands o f B. americanus and B. fowleri is s im ilar to 

that o f other Bufo species such as B. arenarum, B. crucifer, B. granulosus, B. 

ictericus, B. jim i, and B. paracnemis (Carlos Jared per s. comm.). In  B. americanus, 

there were on average 21.6 granular a lveoli and in  B. fowleri there were on 

average 31 granular a lveoli per parotoid gland section (long itud ina l section 

across the m iddle o f the parotoid). M ucus glands, also found in  the parotoid 

glands o f both species, are much sm aller and found closer to the epiderm is 

than the granular glands (Figures 25 and 26).
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Figure 25. Parotoid section from  the le ft parotoid o f B. americanus showing 
non-compressed granular aleveoli (g) fu ll o f darkly stained secretion and 
arranged in  a honey-comb fashion. Small mucous glands (m) are located in  
the periphery each w ith  re la tive ly large lumen. Total m agnification = 10.25 x.

To determ ine if  the m ilking  technique o f secretion extraction was 

effective in  rem oving the secretion by compressing the parotoids, I observed
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Figure 26. Parotoid section from  the le ft parotoid o f B. fowleri showing non­
compressed granular alveoli (g) fu ll o f darkly stained secretion and arranged 
in  a honey-comb fashion. Total m agnification = 10.25 x.

sections before and after compression and quantified the area o f granular 

glands containing secretion. Results show that in  B. americanus and B. fowleri, 

m anually compressing the parotoid glands removes most of the secretion in  

compressed parotoids but not a ll o f it  (Figures 27 and 28). The mean area of 

granular glands containing secretion in  the non-compressed parotoids was 

statistically greater than in  the compressed parotoids of B. americanus (t =
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Table 14

Measurements taken on toads used in  the exam ination o f parotoid glands. 
SVL (snout-vent-length), rPL (rig h t parotoid length), rPW (rig h t parotoid 

w id th ), 1PL (le ft parotoid length), 1PW (le ft parotoid w id th ), 
d ry (mass o f d ry secretion)

Toad Mass
(g)

SVL
(cm)

rPL
(cm)

rPW
(cm)

1PL
(cm)

1PW
(cm)

dry
(g)

Bufo americanus 

Bal 49.75 6.61 1.43 0.80 1.27 1.27 0.00289

Ba2 18.73 4.9 1.03 0.57 1.05 0.61 0.00408

Ba3 12.45 4.65 1.03 0.53 0.96 0.53 0.00086

Ba4 15.45 5.18 1.06 0.51 1.13 0.53 0.00355

Ba5 18.42 4.62 1.09 0.56 1.09 0.57 0.00356

average 22.96 5.192 1.128 0.594 1.10 0.702 0.002988

Bufo fowleri 

B fl 9.12 4.18 0.84 0.37 0.89 0.39 0.00332

Bf2 31.64 5.87 1.17 0.60 1.16 0.65 0.00745

Bf3 32.59 6.60 1.35 0.64 1.16 0.61 0.00842

Bf4 29.19 5.43 1.09 0.5 1.02 0.63 0.00428

Bf5 36.71 5.95 1.15 0.76 1.35 0.73 0.01158

average 27.85 5.606 1.12 0.574 1.116 0.602 0.00701
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Compressed granular alveoli Non-compressed granular alveoli

Figure 27. Parotoid section from  the rig h t parotoid of B. americanus showing 
compressed granular alveoli including some in  the non-compressed state. 
Note how the syncytia have collapsed in to  the m iddle of each alveolus. Total 
m agnification = 10.25 x.

2.81; P = 0.05) but not in  B. fowleri (t = 1.14; P = 0.34). Interestingly, manual 

compression o f one parotoid gland on a toad does not stim ulate the non- 

compressed parotoid to exude its secretion—at least not between the tim e of 

compression and k illin g  o f the anim al because no collapsed alveoli were 

observed in  non-compressed parotoids (Figures 25 and 26).
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Figure 28. Parotoid section from  the rig h t parotoid o f B. fowleri showing 
compressed granular a lveoli including some in  the non-compressed state. 
Total m agnification = 10.25 x.

Bufadienolide induction

M anual compression o f the parotoid glands, to sim ulate repeated 

encounters w ith  predators, does change the bufadienolides that are present 

and the concentrations of those bufadienolides in  B. fow le ri. Table 15 shows 

the bufadienolides that were detected and the ir concentrations. The mean
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Table 15

Bufadienolides present in  B. fowleri parotoid secretion and th e ir average 
concentrations during three sam pling periods spaced 

at one m onth intervals.

Bufadienolide (average concentration n g / pg dw  secretion)

M onth One M onth Two M onth Three

B4 6.57 0.73 —

B5 0.36 - - 1.54

B6 - - 0.59 0.66

B 7 0.51 — - -

B8 0.20 3.88 0.034

B9 0.0457 10.12 3.22

BIO - - 1.14 - -

B13 — — 0.0295

B14 - - 0.31 —

B15 — — 0.76

B18 — 0.32 - -

B21 — — 0.0126
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Figure 29. Mean to ta l concentration (± SE) o f bufadienolides collected from  
fou r B. fowleri ind ividua ls over a three m onth period. Concentrations are in  
ng bufadienolide/jag dry parotoid secretion.

to ta l concentration o f bufadienolides between m onth one and m onth three 

were not sta tistica lly d iffe rent (x2r, df=2, = 3.50; P < 0.174) (Figure 29), however, 

there were large differences among ind ividua ls in  each sam pling period. 

Ind ividua ls varied in  the type o f bufadienolides that they possessed, the 

concentrations o f bufadienolides, and how the bufadienolides changed over 

the course o f the three months (Figure 30). For example, the num ber of 

bufadienolides detected in  in d iv id u a l B. fowleri ranged from  zero to three in

M onth
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Figure 30. Mean bufadienolide concentrations (± SE) in  B. fowleri over a three 
m onth period. U nits are ng bufadienolide/jag dry parotoid secretion.

m onth one, one to three in  m onth tw o, and zero to four in  m onth three. Also, 

the way that these bufadienolides changed from  one sample tim e to the next 

was d ifferent among ind ividua ls. For example, in  one toad, the fin a l 

secretion sample showed a loss o f bufadienolides and none were detected, 

w hile  in  another toad there was an increase in  the number o f bufadienolides 

and four w ere detected. Further, there was a shift from  less po lar to m ore 

polar bufadienolides w ith  tim e because bufadienolides w ith  re la tive ly longer
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retention times were more frequently observed in  months tw o and three 

(Table 7).

Discussion

Steroidal bufadienolides are im portant components o f the chemical 

secretions o f toad integum ent and parotoid glands. Because the biological 

a ctiv ity  o f bufadienolides involves the potent in h ib itio n  of the membrane 

enzyme, Na+/K + ATPase, bufadienolides can provide toads w ith  form idable 

chemical defenses. However, very little  is known about the ecology o f these 

chemical defenses in  toads and how  the bufadienolides may change or be 

affected by variable natural conditions. For example, I hypothesized that 

differences in  the d istributions o f Bufo americanus and Bufo fowleri w ould 

translate in to  varia tion in  the bufadienolide profiles o f both species. Also, 

regional varia tion in  the chemical defenses w ith in  the same toad species 

(populations may be more or less noxious or toxic) was predicted. Both in tra - 

and inter-specific va ria b ility  in  bufadienolides in  toads could be explained by 

va ria b ility  in  diet, clim ate, and local adaptation (Palumbo et al. 1975) as w e ll 

as genetics. Geographical varia tion in  chemical defenses (and predator 

resistance to prey chemicals) has been w e ll documented in  interactions

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



95

between rough skinned newts (Taricha granulosa) and garter snakes 

(Thamnophis sirtalis) (Brodie et al. 2002; Geffeney et al. 2002; W illiam s et al. 

2003). In  toads, regional varia tion in  chemical defenses has also been 

suggested (Palumbo et al. 1975).

The results o f th is study indicate that there is in d iv id u a l varia tion  in  

bufadienolides among toads and that the bufadienolide com position o f B. 

americanus and B. fowleri d iffers. Specifically, the mean number o f 

bufadienolides in  B. americanus was larger than that o f B. fowleri. Bufo 

americanus has a broader d istribu tion  than B. fowleri in  M ichigan and as such 

may encounter a greater d iversity o f predatory species w hich may drive the 

production o f more defensive compounds. However, the mean to ta l 

concentrations o f bufadienolides between toad species were not statistica lly 

d ifferent. This find ing  shows that predators are like ly  to get a sim ila r dose o f 

bufadienolides from  the parotoid secretion o f B. americanus and B. fowleri and 

as a defensive mechanism, th is may be more im portant than the to ta l number 

o f bufadienolides that are present.

Yet, seven bufadienolide concentrations were sta tistica lly d iffe rent 

between toad species. Bufadienolides w ith  re la tive ly short retention times 

(B l, B2, B4, B7, and B10) were more concentrated in  B. americanus w hile  

bufadienolides w ith  re la tive ly long retention times (B16 and B l 7) were more
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concentrated in  B. fowleri. P rincipal component analysis also revealed the 

im portance o f tw o additional bufadienolides (B13 and B21) fo r explaining the 

varia tion in  bufadienolide concentrations between toad species. Based on 

these data, an exam ination o f bufadienolides in  toads could be he lp fu l in  

distinguishing species. W hether the differences in  bufadienolide 

concentrations are largely attributed to local adaptation and genetic control is 

unknown. The result that B. americanus ind ividua ls collectively possessed a ll 

30 bufadienolides and some bufadienolides were never detected in  B. fowleri 

is interesting and supports the idea that B. americanus is susceptible to more 

diverse predatory pressures.

Concerning differences in  bufadienolide concentrations examined 

w ith in  B. americanus collected from  several habitats, PC A  suggests that there 

is no association between the collection site and the suite o f bufadienolide 

concentrations that toads possess. Thus, w ith in  B. americanus, there is no 

discernable pattern o f bufadienolides among habitats despite the fact that 

toads were sampled from  separate locations each greater than one kilom eter 

apart and presum ably beyond the range fo r interbreeding and gene flow .

The in terna l structure o f the parotoid glands of B. americanus and B. 

fowleri is sim ilar to tha t o f other toad species (Carlos Jared pers. comm.; Jared 

et al. 2003). W ith in  the parotoids o f B. americanus and B. fowleri, granular
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glands (alveoli) were observed fu ll o f secretion and arranged in  a 

honeycomb-like fashion. Smaller mucus glands were also observed close to 

the epiderm is each w ith  a re la tive ly large lumen. Pores on the surface o f the 

parotoid glands were also readily visib le w ith  the naked eye as they are in  

other toads (Hostetler and Cannon 1974; Jared et al. 2003; Shipley and 

W islocki 1915) and each pore, although not d irectly observed in  th is study, is 

joined to  an alveolus via  a duct (W ilber and C arro ll 1940). Upon stim ulation, 

such as m anually compressing the glands ('m ilk in g 7), the chemical secretion 

reaches the surface o f the toad by exiting the pores. When parotoids o f both 

B. americanus and B. fowleri are m anually compressed, collapsed syncytia are 

readily observed and the ir contents are secreted. However, manual 

compression is not com pletely effective since some intact granular a lveoli are 

also seen in  the compressed parotoid. Interpretation o f the granular gland 

measurement o f areas to assess this difference gave conflicting results—in  B. 

americanus compression sta tistica lly removed more secretion bu t in  B. fowleri 

it  d id  not. This find ing  is probably a result o f the d iffic u lty  in  obtaining 

sections cut at the same depth o f the parotoids.

F inally, m anually and repeatedly compressing the parotoids does 

appear to cause changes in  the types o f bufadienolides detected and in  the ir 

concentrations in  B. fowleri. However, there was a very large amount of
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ind iv idua l varia tion in  both types o f bufadienolides detected and in  how  the 

concentrations o f these bufadienolides changed during the sam pling times.
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CHAPTER IV

RESPONSE OF A  VERTEBRATE PREDATOR TO THE PAROTOID 
SECRETIONS OF BUFO AMERICANUS AND BUFO FOWLERI

In troduction

Snakes are one o f the most im portant predators o f amphibians 

throughout N orth America (Conant and C ollins 1998; H arding 1997) and here 

I investigate whether the parotoid secretions o f the toads, Bufo americanus and 

Bufo fowleri, influences the response o f a snake predator, Thamnophis sirtalis, 

and whether there is a difference in  response to toad species. Throughout 

most o f the Great Lakes Basin, Thamnophis sirtalis sirtalis, is the most 

commonly encountered subspecies o f garter snake (H arding 1997). S urvival 

and reproduction in  garter snakes, as in  many lizards and v irtu a lly  a ll other 

snakes, depends heavily upon chemoreception (Lanuza and H alpern 1998). 

In  fact, chemoreception is probably more im portant in  squamate reptiles than 

in  any other vertebrate group because it  mediates many behaviors such as 

aspects of reproductive behavior, prey detection and localization, and 

aggregation o f ind ividua ls (Lanuza and H alpern 1998). In  garter snakes, prey 

are located by either sight a n d /o r by the tongue and vomeronasal organ. 

Thamnophis sirtalis is considered to  have a very broad d ie t (Seigel 1996) and to
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prey heavily upon earthworms (H arding 1997), to prefer fish  and sm all 

amphibians (W right and W right 1967), to be m ajor toad predators (Lagler and 

Salyer 1945, L ich t and Low 1968), and especially to prefer new ly 

metamorphosed frogs and toads (H arding 1997). Occasionally, other types o f 

prey are taken such as sm all mammals, birds, leeches, slugs, crayfish, insects, 

and other snakes, as w e ll as carrion (H arding 1997; Conant and C ollins 1998).

In  M ichigan, toads have been found to make up 25% o f the d ie t o f 

garter snakes liv in g  near natural waters (Lagler and Salyer 1945). Despite the 

fact that toads possess a varie ty o f compounds in  the ir cutaneous poison 

glands such as biogenic amines, peptides, proteins, both water-soluble and 

lip id  soluble alkaloids, steroidal bufadienolides and bufotoxins (Daly 1995); 

garter snakes s till fin d  toads suitable if  not preferred prey (Fitch 1941,1965). 

M oreover, Thamnophis sirtalis seems to be particu la rly resistant to the poisons 

o f many amphibians (Brodie 1968; Brodie and Brodie 1990a and 1990b; L ich t 

and Low 1968; M acartney and Gregory 1981) and if  an in d iv id u a l T. sirtalis 

consumes one to  several toads, it  is very un like ly to receive a le thal dose o f 

toad chemicals (between 3-10 mg B. marinus secretion/g T. sirtalis) (L icht and 

Low  1968). In  particu lar, the bufadienolides can be h igh ly toxic and can give 

toads form idable chemical defenses by the ir potent in h ib itio n  o f the 

membrane enzyme Na+/K + ATPase (Daly 1995) and by adversely affecting 

heart muscle by increasing the intensity o f contraction and decreasing heart
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rate (Clarke 1997, Voet and Voet 1990). The bufadienolides appear to be 

synthesized from  cholesterol precursors de novo by the animals themselves, in  

fact, toads appear to  produce a ll o f the ir granular gland compounds w ith  the 

exception o f the alkaloids (D oull et al. 1951; Siperstein, et al. 1957; D aly 1995; 

C lark 1997). Also, the b io logical activities induced by bufadienolides are 

sim ilar to those o f p lant cardenolides, such as syrioside, desglucosyrioside, 

and calotropin that provide monarch butterflies w ith  the ir chemical defenses 

(M alcolm  1991).

A lthough garter snakes can consume toads w ith  no apparent i l l  effects, 

some studies have shown tha t garter snakes exhib it selective responsiveness 

to chemical s tim u li o f preferred prey and that geographic varia tion  in  

responsi-veness is correlated w ith  prey preference (Burghardt 1969, 1970; 

A rnold 1977,1981). In  a study by M acartney and Gregory (1981), d iffe ren tia l 

susceptib ility o f garter snake species to toad secretions was considered. They 

used a tongue-flick assay to determ ine w hich o f three garter snake species 

(Thamnophis sirtalis, T. ordinoides, and T. elegans) was most susceptible to  toad 

chemicals. Their results showed that T. sirtalis and T. elegans had overall 

higher responsiveness to am phibian prey extracts than Thamnophis ordinoides. 

In  fact, T. ordinoides d id  not consume Bufo horeas or Taricha granulosa as d id  the 

other tw o snake species. This suggested that chemical defenses o f prey can 

act as deterrents to predation in  a garter snake species. In  addition to
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differences in  prey preference, garter snakes from  d iffe rent regions also show 

varia tion in  the ir ab ilities to tolerate am phibian poisons (Brodie and Brodie 

1991, W illiam s et. al 2002).

In  southwest M ichigan, snakes could encounter and prey upon tw o 

species o f toads, Am erican toad (Bufo americanus) and Fow ler's toad (Bufo 

fowleri) and in  this region B. fowleri has a sm aller range than B. americanus but 

its  populations can be loca lly large, especially along the southern and eastern 

shore o f Lake M ichigan (H arding 1997). Also, hybrid ization between both 

toad species is known to occur in  some locations (Green 1982, Green and 

Parent 2003) and they can be heard calling together at the same breeding 

location in  southwest M ichigan (personal observation). Thus, snakes may be 

sym patric w ith  one or both species o f toads, or the ir hybrids, and may exhib it 

d iffe rentia l preferences fo r one toad species over the other as prey. Further, 

differences in  prey preference in  garter snakes could be a ttributed to 

differences in  the chemicals (e.g., the bufadienolides) among toad species. I  

tested the responses o f T. sirtalis to chemical s tim u li from  B. americanus and B. 

fowleri (in  tongue-flick bioassays) to  investigate potential differences in  prey 

preference and to determ ine if  toad parotoid secretions w ould deter 

predation.
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Methods

Collection and maintenance of snakes and toads

Ten adu lt eastern garter snakes, Thamnophis sirtalis sirtalis, (6 females 

and 4 males) were collected from  three locations in  southwest M ichigan 

(Kalamazoo County) in  the summer (June-July) o f 2001. These adu lt snakes 

had an average snout-vent length (SVL) o f 47.7 cm and an average mass o f 

76.2 g. Two females (snakes 1 and 3) gave b irth  to  litte rs  o f 15 (L itte r A) and 5 

(L itte r B) young, respectively, w h ile  kept in  the lab. The average mass o f 

L itte r A  neonates was 3.1 g and L itte r B neonates was 2.8 g. Another adu lt 

female was obtained in  July o f 2002 and gave b irth  in  the lab to 20 young, five  

o f which died p rio r to the analyses (L itte r C). The average mass o f L itte r C 

neonates was 2.25 g.

A d u lt snakes were housed separately in  40 L  glass aquaria and fed 

earthworms, guppies, and frozen mice at least once weekly or as often as they 

w ould accept food. Neonate snakes were housed separately in  plastic ra t 

cages (42.55 cm x 26.67 cm x 29.21 cm) and fed pieces o f earthworms daily. 

Trials w ith  newborn snakes were conducted 5-10 days after b irth . W ater was 

provided to a ll snakes ad libitum .

Snakes and toads were housed at the A nim al Facility, Haenicke H a ll, 

Western M ichigan U niversity, under the supervision o f Lynn Plew. Care o f
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animals was according to IACUC protocol number 97-07-02. A d u lt snakes 

were kept in  the Anim al Facility fo r one m onth p rio r to the experim ent to 

ensure tha t proper activ ity  and feeding behavior w ould occur in  cap tiv ity. 

Fluorescent lig h t was provided on a 12-hour ligh t/12 -hou r dark cycle and 

incandescent lamps were also used to provide additional heat. Am bient 

temperatures in  the anim al fa c ility  ranged between 20-22 °C, but 

temperatures in  the aquaria were approxim ately 10 degrees warm er. Snakes 

were active and fed consistently under these laboratory conditions.

A d u lt toads (Bufo americanus and Bufo fowleri) were collected from  

several locations in  Southwestern M ichigan (Kalamazoo, Kent, and VanBuren 

Counties) in  the summers o f 2001 and 2002 to provide chemical s tim u li fo r 

the assays. Toads were housed singly in  either 40L glass aquaria or in  plastic 

ra t cages w ith  sand substrate, a w ater dish, and terrarium  moss fo r cover. 

Crickets and earthworms were provided as food. This research was 

conducted under the specifications described in  IACUC proposal number 97- 

07-02 and in  the Scientific C ollector's Perm it from  the M ichigan DNR num ber 

C0896.

Tongue-flick bioassays

A  commonly used measure o f responsiveness to  chemical s tim u li by 

squamate reptiles is the rate o f tongue extrusions or tongue flicks that occur
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w ith in  a set tim e in terva l (Halpern and Frum in 1979; Cooper and V itt 1986; 

Cooper and Burghardt 1990; Cooper 1992; H alpern et al. 1997). Since the 

tongues o f T. sirtalis and many other snakes and lizards are used as 

chemosensory organs, counting the number o f tongue-flicks provides an 

easily measured, quantitative index o f responsiveness to chemical s tim u li 

(Cooper and V itt 1986). Each tongue-flick bioassay was designed as a 

random ized block w ith  repeated measures and follow ed the procedures 

described by Cooper et al. (1989 and 1990) and W attiez et al. (1994). The 

stim u li tested were (1) d is tille d  w ater (control), (2) Bufo americanus skin 

("Baskin": dorsal and ventra l surfaces), (3) Bufo americanus parotoid secretion 

("Basec"), (4) Bufo fowleri skin ("B fskin ": dorsal and ventra l surfaces), and (5) 

Bufo fowleri parotoid secretion ("Bfsec").

The bioassays involved soaking the cotton tip  o f a 15 cm wooden 

applicator in  d is tille d  water and swabbing both the dorsal and ventra l 

surfaces o f B. americanus and B. fowleri to obtain chemical stim u li. To obtain 

parotoid secretion, one parotoid gland was gently pressed between thum b 

and index finger. Expressed secretion was collected onto the entire surface o f 

a cotton applicator.

In  each tria l, the top o f the cage was slow ly lifte d  and after 60 seconds 

had elapsed, the cotton applicator was slow ly moved tow ard the snake's 

snout. The tria l was started once the applicator was approxim ately 1 cm from
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the snout. I recorded the to ta l number o f tongue-flicks directed tow ard the 

cotton tip  in  60 seconds. Trials were term inated if  a snake qu ickly fled  from  

the applicator or b it the applicator. The elapsed tim e fo r both types o f 

term inated tria ls was recorded as flee latency and bite latency respectively. I f  

a snake moved slow ly, as if  actively searching, the applicator was slow ly 

moved to stay anterior to  the snake's snout. I f  a snake fa iled to  tongue-flick 

in  tw o or more tria ls, data fo r tha t in d iv id u a l snake were om itted due to a 

lack o f vomeronasal activ ity.

I  also adjusted tongue-flick data and used tongue-flick attack scores fo r 

repeated measures [TFAS(R)s] to  w eight b itten  applicators. Tongue-flick 

attack scores gave an overall index o f response strength where rapid attacks 

by b iting  are heavily weighted. I f  no bite occurred, then TFAS(R) = number 

o f tongue-flicks in  the tria l. I f  a b ite d id  occur, then TFAS(R) = the maximum 

number o f tongue-flicks by that snake in  any o f its  tria ls  + (60 -  latency to 

bite) (Cooper 1998).

A d u lt snakes were starved fo r one week p rio r to the experim ent, but 

neonates were fed during the experim ent (post-trials) to  prevent m orta lity. 

Each snake was random ly exposed to one o f five  treatments on consecutive 

days between 1200 and 1600 hrs EST beginning 20 August 2001 (Experim ent 

1: Adults, L itte r A  and L itte r B neonates] and between the same times 

beginning 7 September 2002 [Experim ent 2: L itte r C neonates].
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Data analyses

Data (number o f tongue-flicks and tongue-flick attack scores fo r 

repeated measures [TFAS(R)]) were checked fo r norm ality using Shapiro- 

W ilks W  statistics. I  used repeated measures analysis o f variance to  test fo r 

differences in  the number o f tongue-flicks and in  tongue-flick attack scores 

among treatments if  the d istribu tion  o f errors were norm ality d istributed and 

if  variances were homogeneous. I f  the assumptions o f ANO VA were 

violated, I used square root transform ations o f the data. I f  these 

transform ations fa iled to bring the data in to  a norm al d istribu tion , the 

nonparam etric analog, Friedm an's test (x 2r)  or its  adjustm ent (F f)  was used 

(Zar 1999). A ll tests were significant at a = 0.05. In  cases o f sign ificant tests, 

m ultip le  comparisons were conducted fo r param etric tests (Fisher's Least 

S ignificant D ifference) and fo r nonparam etric tests (Studentized range o r q 

value) according to  Zar (1999). Analyses were conducted w ith  JMP statistical 

software version 5.0.1.

Results

In  the firs t experim ent, 30 snakes were tested (9 adults and 21 neonate 

snakes from  L itte rs A  and B). Three snakes fa iled to tongue-flick in  tw o or 

more tria ls (snakes 8,11, and 23) and were om itted from  the analyses. N ine
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snakes (snakes 2, 9,14, 20, 22, 26, 27, 29 and 30) fa iled to tongue-flick in  one 

tria l. A ll other snakes tongue-flicked in  a ll tria ls. In  the second experim ent, 

20 snakes were tested (L itte r C neonates). Five snakes fa iled to tongue-flick in  

tw o or more tria ls (snakes 31, 36, 37, 47, and 48) and data fo r these 

ind ividua ls were om itted from  the analysis. E ight snakes fa iled to  tongue- 

flic k  in  one tria l (snakes 33, 35, 39, 44, 45, 46, and 50). The rem aining seven 

snakes tongue-flicked in  a ll tria ls.

Tongue-flick responses ofThamnophis sirtalis

For both adu lt and neonatal snakes, there was large varia tion  in  the 

to ta l number o f tongue-flicks in  a ll experim ental conditions, includ ing the 

control (Tables 16, 17, 18, and 19). The number o f tongue-flicks directed 

tow ard the applicators by adu lt snakes was not the same among the 

treatments (Fdf=4 = 3.1835, P = 0.0261). The average number o f tongue-flicks 

directed toward secretion samples o f B. americanus was sign ifican tly greater 

than the number o f tongue-flicks directed tow ard the control (d is tilled  water) 

(t = 22.67, P < 0.05) (Figure 31). The average number o f tongue-flicks directed 

tow ard secretion stim u li o f B. americanus was also sign ificantly greater than 

the number o f tongue-flicks directed tow ard skin s tim u li o f B. americanus (t = 

24.44, P < 0.05) and B. fowleri (t = 20.89, P < 0.05) (Figure 31). However, the
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Table 16

A d u lt Thamnophis sirtalis (n = 9) responses (number of tongue-flicks directed 
tow ard cotton applicators in  60-seconds) to  toad skin stim u li, toad secretion

stim u li, and d is tilled  water.

Stim ulus Mean Standard E rror Range

d is tilled  water (control) 25.11 ab 6.46 0-56
Bufo americanus skin 23.33 a 5.09 3-47
Bufo americanus secretion 47.77 ab 7.87 0-80
Bufo fowleri skin 26.88 be 7.53 1-54
Bufo fowleri secretion 43.00 c 4.70 18-59

Table 17

litte r  A  neonatal Thamnophis sirtalis (n = 13) responses (number o f tongue- 
flicks directed tow ard cotton applicators in  60-seconds) to  toad skin stim u li, 

toad secretion stim u li, and d is tilled  water.

Stim ulus Mean Standard E rror Range

d istilled  water 22.38 ab 6.24 0-77
Bufo americanus skin 17.46 a 4.01 0-42
Bufo americanus secretion 35.08 be 5.89 5-74
Bufo fowleri skin 32.54 be 4.96 6-66
Bufo fowleri secretion 37.46 c 5.05 1-63
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Table 18

L itte r B neonatal Thamnophis sirtalis (n = 5) responses (number o f tongue- 
flicks directed tow ard cotton applicators in  60-seconds) to toad skin stim u li, 

toad secretion stim u li, and d is tille d  water.

Stim ulus Mean Standard E rror Range

d istilled  water 3.60 a 2.46 0-13
Bufo americanus skin 26.60 b 8.85 10-51
Bufo americanus secretion 28.00 b 7.69 0-45
Bufo fowleri skin 31.40 b 10.14 0-56
Bufo fowleri secretion 28.20 b 5.61 16-48

Table 19

L itte r C neonatal Thamnophis sirtalis (n = 15) responses (num ber o f tongue- 
flicks directed tow ard cotton applicators in  60-seconds) to toad skin stim u li, 

toad secretion stim u li, and d is tille d  water.

Stim ulus Mean Standard E rror Range

d is tilled  water 7.67 a 2.38 0-30
Bufo americanus skin 18.53 a 3.88 1-49
Bufo americanus secretion 19.00 a 5.07 0-58
Bufo fowleri skin 21.20 a 4.06 0-40
Bufo fowleri secretion 17.80 a 4.20 0-47
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secretion and skin s tim u li o f B. fowleri d id  not e lic it more tongue-flicks when 

compared w ith  the control (Figure 31).

The average number o f tongue-flicks directed tow ard the applicators 

by neonatal snakes was not the same among the treatments w ith  the 

exception o f responses by L itte r C snakes (L itte r A: Fdf = 4 = 2.89, P = 0.03; 

L itte r B: Fdf=4 = 2.99, P < 0.05; L itte r C: Ff  = 1.59, P > 0.10) (Tables 17,18, and 

19; Figures 31, 32, and 33). No significant differences were found in  the 

number o f tongue-flicks among the treatments fo r L itte r C neonates. When 

the data fo r a ll neonates was combined, combined, the number o f tongue- 

flicks was d ifferent among the treatm ents (Fdf=4 = 3.77; P = 0.006) (Figure 35).

For the significant analyses, differences in  the number o f tongue-flicks 

among treatments were sim ilar to that o f adults but not identical. For 

example, neonates from  both litte rs  (A  and B) exhibited enhanced responses 

tow ard parotoid secretions compared to that o f the control (L itte r A: Bfsec > 

water, t  = 15.08, P < 0.05; L itte r B: Basec and Bfsec > water, t  = 24.40, P < 0.05; 

and t  = 24.60, P < 0.05, respectively) (Figures 32 and 35). Also, neonates from  

L itte r A  tongue-flicked more tow ard parotoid secretion than they d id  tow ard 

skin stim u li (Basec > Baskin, t  = 17.62, P < 0.05; Bfsec > Baskin, t  = 20.00, P < 

0.05) (Figure 31). In  the case o f L itte r B neonates, the average number o f 

tongue-flicks directed tow ard a ll o f the toad stim u li were greater than that o f
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Figure 31. Mean number (± SE) o f tongue-flicks directed toward cotton 
applicators by adu lt garter snakes from  experiment one. Treatments joined 
by the same le tte r are not statistically different.

the control (Baskin > water, t  = 23.00, P < 0.05; Basec > water, t  = 24.40, P < 

0.05; Bfskin > water, t = 27.80, P < 0.05; and Bfsec > water, t  = 24.60, P < 0.05) 

(Figure 33).

Tongue-flick attack scores for repeated measures [TFAS(R)s]

In  the firs t experiment, a to ta l o f five  snakes b it applicators w ith  either 

toad skin or toad secretion stim uli. Snakes never b it applicators soaked in

Water Baskin Bfskin

Treatment

Basec Bfsec
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Figure 32. Mean number (± SE) of tongue-flicks directed toward cotton 
applicators by neonatal snakes (L itte r A). Treatments joined by the same 
le tte r are not statistica lly different.

only d istilled  water. Three adult snakes and one neonate snake b it 

applicators w ith  toad skin s tim u li [Baskin had one bite (snake 1) and Bfskin 

had three bites (snakes 5, 6, and 13)]. One other adult snake b it an applicator 

w ith  toad secretion stim u li [Bfsec (snake 4)]. None of the snakes b it 

applicators in  more than one o f its  tria ls. Tongue-flick attack scores fo r 

repeated measures [TFAS(R)] fo r each experim ental treatm ent are shown in  

Tables 20-23. There were no significant differences found in  TFAS(R)s fo r 

adult and neonate snakes from  Litters B and C (adults: Fdf=4 = 1.24, P = 0.31;

W ater Baskin Bfskin

T reatm ent

Basec Bfsec
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Figure 33. Mean number (± SE) o f tongue-flicks directed toward cotton 
applicators by neonatal snakes ( litte r  B). Treatments joined by the same 
le tte r are not statistically d ifferent.
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Figure 34. Mean number (± SE) o f tongue-flicks directed toward cotton 
applicators by neonatal snakes (L itte r C). Treatments were not statistica lly 
different.
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Figure 35. Mean number (± SE) o f tongue-flicks directed tow ard cotton 
applicators by a ll neonatal snakes combined (L itters A, B, and C).

L itte r B: %r2 = 5.92, P > 0.10; L itte r C: Fdf=4  = 2.28, P = 0.07) (Tables 20,22, and 

23; Figures 36, 38, and 39). Responses o f L itte r A  neonates [TFAS(R)s] were 

sign ificantly d iffe rent among treatments (Fdf=4  = 3.40, P = 0.02) (Table 21 and 

Figure 37). Specifically, TFAS(R)s were greater in  treatments w ith  B. fowleri 

skin and secretion stim u li compared to the control (Bfskin > water, t  = 1.89, P 

< 0.05; Bfsec > water, t  = 1.83, P < 0.05). Also, B. americanus skin s tim u li
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Table 20

A d u lt Thamnophis sirtalis (n = 9) responses [TFAS(R)s] to  toad skin s tim u li, 
toad secretion stim u li, and d is tille d  water.

Stim ulus Mean Standard E rror Range

W ater 25.11 a 6.46 0-56
Bufo americanus skin 34.44 a 10.20 3-107
Bufo americanus secretion 47.78 a 7.87 0-80
Bufo fowleri skin 43.44 a 10.99 1-90
Bufo fowleri secretion 48.11 a 8.28 18-105

Table 21

L itte r A  neonatal Thamnophis sirtalis (n = 13) responses [TFAS(R)s] to 
toad skin stim u li, toad secretion stim u li, and d is tilled  water.

Stim ulus Mean Standard E rror Range

W ater 28.38 ab 6.24 0-77
Bufo americanus skin 17.46 a 4.01 0-42
Bufo americanus secretion 35.08 be 5.89 5-74
Bufo fowleri skin 39.08 c 7.62 6-109
Bufo fowleri secretion 37.46 c 5.05 1-63
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Table 22

L itte r B neonatal Thamnophis sirtalis (n = 5) responses [TFAS(R)s] to 
toad skin stim u li, toad secretion stim u li, and d is tilled  water.

Stim ulus Mean Standard E rror Range

W ater 3.60 a 5.50 0-13
Bufo americanus skin 26.60 a 19.78 10-51
Bufo americanus secretion 28.00 a 17.19 0-45
Bufo fowleri skin 31.40 a 22.67 0-56
Bufo fowleri secretion 28.20 a 12.54 16-48

Table 23

L itte r C neonatal Thamnophis sirtalis (n = 15) responses [TFAS(R)s] to 
toad skin stim u li, toad secretion stim u li, and d is tilled  water.

Mean Standard E rror Range
Neonates (n = 15)

W ater 7.67 a 2.38 0-30
Bufo americanus skin 18.53 a 3.88 1-49
Bufo americanus secretion 23.13 a 6.27 0-75
Bufo fowleri skin 28.07 a 6.69 0-105
Bufo fowleri secretion 25.93 a 6.56 0-73
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Figure 36. Mean (± SE) tongue-flick attack scores fo r repeated measures 
[TFAS(R)s] generated from  adu lt snakes. Treatments were not sta tistica lly 
different.

Water Baskin Bfskin
Treatment

Basec Bfsec

Figure 37. Mean (± SE) tongue-flick attack scores fo r repeated measures 
[TFAS(R)s] generated from  neonatal snakes from  L itte r A. Treatments joined 
by the same le tte r are not sta tistica lly d ifferent.
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Figure 38. Mean (± SE) tongue-flick attack scores fo r repeated measures 
[TFAS(R)s] generated from  neonatal snakes from  L itte r B. Treatments were 
not statistica lly d ifferent.

received low er responses when compared to B. americanus secretion, B. fowleri 

skin and B. fowleri secretion stim u li (t = 1.91, t  = 2.21, and t  = 2.14 

respectively). When data fo r a ll neonates were combined, [TFAS(R)s] were 

d iffe rent among the treatments (Fdf = 4 = 4.84; P = 0.001) and results were 

identical to that fo r the numbers o f tongue-flicks w ith  a ll neonates combined 

(Figure 40).
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Figure 39. Mean (± SE) tongue-flick attack scores fo r repeated measures 
[TFAS(R)s] generated from  neonatal snakes (L itte r C). Treatments were not 
statistica lly different.

Discussion

A lthough Bufonid toads possess chemical defenses that include 

steroidal bufadienolides w ith  potent cardiotonic activ ity, garter snakes, 

Thamnophis sirtalis, are able to consume them w ith  no apparent i l l  effects 

(Brodie 1968; Brodie and Brodie 1990a and 1990b; L ich t and Low  1968; 

Macartney and Gregory 1981). In  fact, th is snake and other Thamnophis 

species are particu la rly resistant to a w ide varie ty o f am phibian poisons,
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Figure 40. Mean (± SE) tongue-flick attack scores fo r repeated measures 
[TFAS(R)s] generated from  a ll neonatal snakes combined (L itters A , B, and 
C). Treatments joined by the same le tte r are not sta tistica lly d iffe rent.

including tetrodotoxin from  the rough-skinned newt, and th is resistance to 

am phibian chemicals is enhanced in  locations where snakes typ ica lly  

encounter noxious or toxic prey (Brodie and Brodie 1990b).

Garter snakes are also known to exhib it selective responsiveness to 

preferred prey (Burghardt 1969, 1970; A rno ld  1977, 1981) and research has 

shown that Thamnophis snakes exhib it some d iffe ren tia l susceptib ility to toad 

secretions (Macartney and Gregory 1981). I  tested the responsiveness o f 

garter snakes to  chemical s tim u li from  the toads Bufo americanus and Bufo
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fowleri to  investigate potential differences in  prey preference and to determ ine 

if  toad parotoid secretions w ould deter predation.

Results o f the firs t experim ent indicate that eastern garter snakes 

(adults and neonates) respond to chemical s tim u li from  both B. americanus 

and B. fowleri w ith  more tongue-flicks and greater tongue-flick attack scores 

than snakes exposed to d is tilled  water. Snakes in  experim ent tw o (L itte r C 

neonates) showed no significant differences in  the number o f tongue-flicks or 

in  TFAS(R) among the treatments. This suggests that some neonatal garter 

snakes show no more interest in  toad chemicals compared to the control 

(d is tilled  water). However, data from  the neonates in  experim ent one d id  

show sign ificantly increased responses to  toad stim u li. L itte r A  neonates 

tongue-flicked more tow ard parotoid secretion than tow ard skin stim u li 

w hile  L itte r B neonates responded w ith  more tongue flicks in  a ll toad 

treatments compared to the control. These differences in  responsiveness 

between groups o f siblings could sim ply reflect genetic differences fo r prey 

recognition among litte rs  (Burghardt 1975).

Because snakes in  the firs t experim ent tongue-flicked more often and 

had greater tongue-flick attack scores in  treatments w ith  parotoid secretions 

than in  the control (d is tilled  water), toad parotoid secretions e lic it 

investigative and predatory behaviors in  these snakes. Results also suggest 

no preference fo r one toad species over the other since snakes responded to
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both toad species secretion above the control. However, four out o f five  to ta l 

bites occurred w ith  B. fowleri s tim u li (3 bites on skin stim u li and 1 bite on 

secretion stim uli). O nly one bite occurred w ith  B. americanus skin stim u li. 

This m ight suggest that some snakes are more like ly  to prefer B. fowleri as 

prey although TFAS(R)s d id  not specifically show th is discrim ination. 

Presumably no differences existed in  the amounts o f chemical stim u li 

gathered from  the tw o toad species to affect these results, yet prey odor 

concentrations are, in  fact, im portant fo r snakes to locate food by tra ilin g  and 

snakes w ill also fo llow  intense odor tra ils  more accurately than less intense 

tra ils  (Halpern 1983; Waters 1993). However, because sibling newborn garter 

snakes can recognize preferred prey in  low  concentrations (Burghardt 1975), 

snakes in  th is experim ent could be exhibiting a true preference fo r B. fowleri 

as prey. This result is interesting given that the range o f B. fowleri is sm aller 

than that o f B. americanus in  southwest M ichigan. A  preference fo r B. fowleri 

by snake predators may actually account fo r the smaller abundances and 

distributions o f B. fowleri in  M ichigan. Also, it  w ould be interesting to 

investigate the actual toad cue molecules that the snakes are sensing w ith  

the ir vomeronasal organs to determine if  they can distinguish between 

species of toads.

Finally, because snakes tongue-flicked more tow ard parotoid 

secretions (of both species) than they d id  tow ard B. americanus skin stim u li, it
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may appear as though the snakes are not deterred by toad parotoid 

chemicals, but rather, are more interested in  secretion stim u li. A  stronger 

response tow ard parotoid secretions could also indicate a strong signal to the 

snakes, thus stim ulating predatory behaviors irrespective o f the nature o f the 

cue (indicating either a palatable or an un-palatable prey item ). 

Interpretation o f this result should be made cautiously because, as mentioned 

above, snakes could be responding w ith  more tongue-flicks tow ard secretion 

s tim u li sim ply because the secretion presented a more concentrated toad cue 

as compared to  a less intense toad cue as given by the skin stim u li. Parotoid 

secretion could, however, deter strikes since snakes b it more applicators w ith  

toad skin stim u li (4 bites) than they d id w ith  secretion stim u li (1 bite). Thus, 

snakes may recognize a toad as a prey item  and be more apt to attack if  the 

cue is toad skin rather than toad secretion, but because only five  to ta l bites 

occurred in  the experiments it  is not entire ly clear whether parotoid secretion 

actually deters predation by T. sirtalis. Rather, parotoid secretion does not 

appear to deter predation since in  the tria ls where snakes d id  bite applicators 

w ith  toad secretions, they d id  not appear to  release the applicators any sooner 

than they released bitten applicators w ith  toad skin stim u li, a find ing  w hich is 

probably not surprising since T. sirtalis is known to have tolerance to the 

chemical defenses o f many am phibian species.
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CHAPTER V

RESPONSE OF AN  INVERTEBRATE PREDATOR TO THE LARVAE OF 
BUFO AMERICANUS AN D BUFO FOWLERI

In troduction

Am phibian larvae are prey fo r a diverse varie ty o f aquatic and 

terrestria l natural enemies. W ith  the ir widespread d istributions and large 

abundances, especially during stages o f egg and la rva l development, 

amphibians are im portant parts o f many food webs. A ll am phibian life  

h istory stages (eggs, larvae, metamorphs, and adults) are vulnerable to 

predation (V illa  et al. 1982; A rno ld  and Wassersug 1978) and numerous kinds 

o f vertebrate predators such as birds, turtles, fishes, sm all mammals, and 

snakes com monly feed on tadpoles (Duellm an and Trueb 1986). In  addition, 

invertebrate predators also prey heavily upon am phibian larvae. 

C ollectively, predation is believed to  be the m ajor source o f tadpole m orta lity  

based on fie ld  studies o f surviva l rates (A lfo rd  1999). The focus o f th is part o f 

m y research is on the response o f invertebrate predators to larvae o f B. 

americanus and B. fowleri because these predators can be an im portant and
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abundant component o f the freshwater habitats in  w hich toad larvae develop 

(Brockehnan 1969; Brodie et al. 1978).

Aquatic insects such as dragonfly larvae (e.g., Anax and Pantala), 

predaceous d iving  beetle larvae (e.g., Acilius and Dytiscus), and g iant w ater 

bugs (e.g., Belostoma) are among the most im portant predators o f am phibian 

larvae (Brockelman 1969; Heyer et al. 1975). Swart and Taylor (2004) 

observed that belostom atid adults abundantly co-occur w ith  toad tadpoles, 

Bufo woodhousii, and that these bugs readily feed on tadpoles. Larval dytiscid 

beetles, in  particu lar, are im portant predators o f Bufo americanus tadpoles 

(Brokelman 1969; Brodie et al. 1978) despite the fact tha t B. americanus eggs 

and tadpoles have defensive characteristics attributed to  toxic and noxious 

chemicals (Brodie et al. 1978; Brodie and Formanowicz 1987; Brodie and 

Tum barello 1978).

Even though tadpoles are prey fo r many organisms, the ir secretions do 

repulse some predators. For example, a dytiscid beetle, Dytiscus verticalis, 

avoids new t secretions (Brodie and Formanowicz 1981) and hatchling 

tadpoles o f B. americanus are unpalatable to a vertebrate predator, the red- 

spotted new t (Notophthalmus viridescens), to dragonfly naiads (Anax junius), 

and to giant water bugs (Belostoma) (Brodie and Formanowicz 1987). Also, 

Bufo americanus in  m etam orphic clim ax (Gosner stages 42-46) are unpalatable
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to  predators (Brodie et al. 1978). Kats et al. (1988) showed that B. americanus 

larvae are unpalatable to tw o species o f sunfish (Lepomis cyanellus and Lepomis 

macrochirus) and Lardner and Loman (1995) found crucian carp (Carassius 

carassius) avoid consuming Bufo bufo tadpoles. Poisonous characteristics o f 

amphibians are most prom inent after transform ation when the m ature skin 

secretions contain various compounds that include, depending on the 

species, such as biogenic amines, peptides, proteins, both water-soluble and 

lip id  soluble alkaloids, and steroids (bufadienolides and bufotoxins) (Daly 

1995).

Some studies have suggested that the piercing and sucking technique 

used by some aquatic insects allows them to avoid consuming too much o f 

the tadpole skin where chemical defenses are most concentrated (Flier et al. 

1980; Wassersug 1971; and Wassersug 1973). However, anuran larvae lack 

the skin glands (granular and mucus glands) that are found in  adults (Hayes 

and G ill 1995). Rana sylvatica tadpoles were found to have many sm all 

developing granular glands, w ith  little  or no secretion, when they were fu lly  

palatable to  Dytiscus (between Gosner stages 38-39), w hile  in  la ter stages (44+) 

the glands were larger in  size and were presumed to be actively producing 

secretion (Formanowicz and Brodie 1982). Furtherm ore, the large clusters o f 

granular glands that comprise the parotoid glands are not found in  tadpoles.
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For example, in  three species o f N orth  Am erican Bufo that L ich t (1967) raised 

in  the laboratory, the in itia l appearance o f parotoid glands requires between 

18-29 days post metamorphosis. Also, in  a salamander, Ambystoma gracile, the 

parotoid glands are only present in  metamorphosed ind iv idua ls (L icht and 

Sever 1993). These data suggest that la rva l toads are more vulnerable to 

predation than metamorphosed toads and that predation is contingent upon 

toad development. Larval toad defense may also vary in  effectiveness 

according to predator feeding tactics. Thus, "bite-and-chew " predators may 

be more susceptible to  prey chemical defenses than "pierce-and-suck" 

predators that may circum vent skin defenses.

D ytiscid beetle larvae use a pierce-and-suck strategy fo r consuming 

prey. These larvae inject a cocktail o f protease enzymes tha t liquefies body 

contents and then ingest the resulting flu id  (Young 1967). This pierce-and- 

suck feeding technique is thought to be superior to other techniques (i.e., b ite- 

and-chew) to avoid tadpole chemical defenses (Wassersug 1973). However, 

D ytiscid larvae are known to consume surface tissues as w e ll as entire 

tadpoles (B. marinus) (Crossland 1998) and are classified as predatory 

swallowers that consume parts or whole animals (Cummins 1973 as cited by 

W illiam s and Feltmate 1992). The pierce-and-suck strategy may not 

com pletely enable an insect to  avoid tadpole unpala tab ility because some
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predators tha t suck body flu id s  are in  fact repulsed by the secretions o f new ly 

metamorphosed Bufo americanus (Brodie et al. 1978).

P alatability o f tadpoles to predators has been shown to change w ith  

ontogeny in  some studies (Brodie et al. 1978; Formanowicz and Brodie 1982; 

Brodie and Formanowicz 1987; Denton and Beebee 1997; Crossland 1998; 

Crossland and A lfo rd  1998), but no stage-dependent pa la tab ility  was found 

in  Bufo boreas larvae under Dytiscus predation (Peterson and Blaustein 1992). 

Interestingly, dytiscids are also known fo r the ir own defensive steroids and 

may perhaps be immune to the defenses o f toads (M ille r and Mumma 1974).

Brodie and Formanowicz (1987) described a graphical m odel that, in  

part, illustrates the change in  tadpole pa la tab ility during ontogeny. This 

m odel shows that tadpoles gamer protection from  predation due to chemical 

defenses early in  development and during metam orphic clim ax as depicted 

by lines B i and B2 (Chapter n , Figure 5). Specifically, during the very early 

developm ental stages (hatchlings, Gosner stages 20-25), ind ividua ls are 

unpalatable to  predators perhaps as a result o f chemical defenses present in  

the yo lk o f eggs through parental investm ent. Protection during these early 

stages is fo llow ed by a drop in  stage-specific surviva l when interm ediate- 

stage tadpoles [w ith in  the range o f Gosner stages 26-41 bu t the exp lic it stages 

o f pa la tab ility examined by Brodie and Formanowicz (1987) were between
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Gosner stages 29-33] lose the ir chemical defenses and become palatable to 

predators. Then unpalatability and survivorship increase again as the 

tadpoles approach metamorphosis (beginning w ith  the emergence o f 

forelim bs, Gosner stage 42) and reach a peak when metamorphosis is 

complete (Gosner stage 46) (Chapter II, Figure 5). The prediction o f th is 

stage-specific pa la tab ility m odel is tha t am phibian larvae should possess 

chemical defenses during the ir development when they are not palatable to 

predators. In  one bufonid species, Bufo calamita, early developm ental stages 

(just after hatching) suffer h igh m orta lity due to  invertebrate predation and 

then the re lative strength o f predation fa lls as tadpoles become larger 

(Denton and Beebee 1997). Thus, there are exceptions to  th is generalized 

survivorship model.

I tested the responses o f predaceous d iving  beetle larvae (Acilius sp. 

and Dytiscus sp.) to the larvae o f Am erican toad (Bufo americanus) and 

Fow ler's toad (Bufo fowleri). M y interest was to determ ine if  these aquatic 

insect larvae w ould respond d iffe ren tly (by attack, consum ption, and 

survival) when exposed to tadpoles in  interm ediate stages o f development 

and in  m etam orphic clim ax. I f  predators respond d iffe ren tly  to interm ediate 

stages (i.e., w ith  greater attack, consumption, and survival) than they do w ith  

tadpoles approaching metamorphosis, th is could be related to chemical
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defenses that appear when the granular glands mature and become active as 

ind ividua ls approach and complete metamorphosis. W ith  th is in  m ind, I 

wanted to relate the presence a n d /o r absence o f one group o f chemical 

defenses, the steroidal bufadienolides, to  th is va ria b ility  in  pa la tab ility  during 

toad development. M y other interest was to  determ ine if  dytiscid  larvae 

w ould discrim inate between B. americanus and B. foivleri as prey. Again, a 

difference in  prey preference could be attributed to varia tion  in  chemical 

defenses between these toad species. In  Chapter II, I found that on average 

bufadienolides were much more concentrated in  the early toad 

developm ental stages than in  later stages but that the average number o f 

bufadienolides in  transform ed ind ividua ls was not d is tinctly  d iffe ren t from  

earlier stages like  eggs (Chaper n, Figures 10 and 11).

Methods

Animal collection

D ytiscid larvae (Acilius sp. and Dytiscus sp.) and toad tadpoles (Bufo 

americanus and Bufo fowleri) were collected from  several freshwater ponds in  

southwest M ichigan (Kalamazoo and VanBuren Counties) by d ip-netting in  

June 2002. Total lengths o f ind ividua ls were measured w ith  vernier calipers

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

to the nearest 0.01 cm and w et masses were measured to the nearest 0.0001 g. 

Masses were taken p rio r to the experim ent fo r a ll predators and prey and at 

the end o f the experiments fo r surviving ind ividua ls. Tadpoles were staged 

according to Gosner (1960) p rio r to the experiments. Feeder guppies, Poecilia 

reticulata, o f s im ilar lengths and masses to tadpoles were obtained from  a 

local pet shop and served as alternative prey to  Bufo. D ytic id  beetles were 

starved fo r 24 h r p rio r to  the start o f the experiments.

Experimental design

I  conducted a laboratory experim ent designed fo llow ing  the methods 

o f Crossland (1998) and Crossland and A lfo rd  (1998) to assess the responses 

o f aquatic insect predators to  toad tadpoles. The experiments were 

conducted in  glass finger bowls containing 250 m L aged tap water. The 

insect larvae were able to  breathe at the surface and predators could not 

escape from  the containers. Fresh water was added as needed during the 

experiments.

A ll glass bowls were placed on a laboratory bench-top in  a 5 x 5 array 

(5 treatments and 5 replicates) in  a com pletely random ized design. The five  

treatments were: (1) one predator alone (predator control), (2) one B. 

americanus, one B.fawleri, and one P. reticulata alone (prey control), (3) one
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predator plus one B. americanus and one P. reticulata (predator treatm ent), (4) 

one predator plus one B. fowleri and one P. reticulata (predator treatm ent), (5) 

one predator plus one B. americanus, one B. fowleri, and one P. reticulata 

(predator treatm ent). Experiments were m onitored at 12 h r intervals fo r the 

condition o f both predators and prey fo r a to ta l o f 72 hrs. A lternative prey 

were replaced when consumed. Predators that consumed prey were kept fo r 

24 h r after the experim ent to assess the ir condition.

Data analyses

I tested the surviva l o f predators exposed to Bufo prey using C hi- 

square contingency analyses. The Chi-square analysis was constructed as a 

2x2 table that classified predators as either exposed or not exposed to Bufo 

and predator response (survived or d id  not survive). I f  a statistica l difference 

was found using the 2x2 Chi-square contingency analysis, I  subdivided the 

exposure to Bufo by species to represent the five  treatments as described 

above and conducted a 5x2 Chi-square contingency analysis.

I  used t-tests to examine if  (1) tadpoles o f both toad species were 

sim ilar in  both length and mass, (2) predators were sim ilar in  length and mass 

throughout the experim ent, and (3) alternative prey were sim ilar in  length 

and mass to Bufo prey. I also used a one-way analysis o f variance to
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determ ine if  the sizes of predators were sim ilar among the experim ental 

treatments. Analyses were conducted w ith  JMP statistical software version 

5.0.1 and considered statistica lly significant at a = 0.05.

Results

Table 24 shows the average lengths and masses o f animals used in  the 

experiment. A lthough Acilius were sm aller than Dytiscus in  both length and 

mass, there were no differences in  the ir sizes (in  length or mass) among 

treatments (F = 0.44, P = 0.52; F = 0.01, P = 0.94 respectively). Bufo americanus 

and B. fowleri tadpoles were sim ila r in  both length (t = 1.58, P = 0.12) and in  

mass (t = 1.69, P = 0.102) (Table 1). Also, P. reticulata were sim ilar in  mass to 

both B. americanus and B. fowleri (t = 0.51, P = 0.66 and t  = 0.75, P -  0.53 

respectively) (Table 24).

Predator response -  attack and consumption

Seven predators attacked Bufo tadpoles and three predators attacked 

both B. americanus and B. fowleri fo r a to ta l o f ten attacks on separate 

ind ividua ls (5 on B. americanus and 5 on B. fowleri). Thus, predator response 

by attack was equal fo r the tw o toad species. A ll attacks occurred w ith in  the
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Table 24

Mean lengths and masses (± SE) fo r predators and prey used in  the 
experim ent. Starting masses were measured p rio r to the experim ent 

and the ending masses were measured at 72 hrs.

Mean to ta l length 
(cm) ± SE

Mean start mass 
(s) ± SE

Mean end mass 
(g)±SE

Predators

Dytiscidae
Acilius sp. 
Dytiscus sp. 

Prey

1.65 1 0.05 
4.17±0.31

0.17 + 0.016 
1.1710.22

0.3210.13 
1.2110.20

Bufonidae
Bufo americanus 2.3810.08 0.2610.03 0.1510.04

Bufo fowleri 2.55 ± 0.07 0.2110.02 0.1310.03

Poeciliidae
Poecilia reticulata 1.77+ 0.41 0.1610.07

firs t 12 hours o f observation. In  fact, w ith in  the firs t 15 m inutes o f adding 

prey, both Bufo species were attacked and eaten by five  d iffe ren t predators. 

These five  predators and tw o others preyed on Bufo before Poecilia. Three 

predators attacked and consumed part or a ll o f both Bufo prey before 

attacking or ignoring Poecilia. In  only one instance d id  a predator attack
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Poecilia p rio r to Bufo. More Poecilia were consumed in  the predator contro l 

compared to the Bufo treatments (F = 13.09, P = 0.002).

A ll ten attacks on Bufo resulted in  tadpole m orta lity w ith  eight o f the 

attacks resulting in  pa rtia l or to ta l consum ption o f the tadpole prey. Two 

attacks involved refusal o f B. fowleri tadpoles w ith  no obvious signs that any 

consum ption had occurred. A ll B. americanus tadpoles were p a rtia lly  or 

to ta lly  consumed by either Acilius o r Dytiscus. Six tadpoles between Gosner 

stages 40-42 were attacked and fou r between Gosner stages 34-38 were 

attacked. E ight predators d id  not attack Bufo tadpoles in  the experim ent.

Predator response—survival

O ut o f 15 predators that were exposed to Bufo, a to ta l o f nine predators 

died w ith in  72 hours o f exposure and a statistical difference between 

predator surviva l and Bufo exposure was found (%2 = 7.335, P = 0.0068). 

However, there was no difference in  predator surviva l when each toad 

species was considered separately ( 5 x 2  Chi-square contingency analysis 

w ith  x2 = 7.335, P = 0.0619). O f the nine predators that died under Bufo 

exposure, only three o f these died after consuming tadpoles. Interestingly, 

these same three predators were the only ones that consumed both B.
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americanus and B. fowleri tadpoles. The other predators that consumed only 

one tadpole (of e ither species) survived 24 hrs past the end o f the experim ent.

Discussion

The anti-predator effectiveness o f chemical defenses in  la rva l 

amphibians has not been as extensively studied as it  has been fo r adu lt 

amphibians. P alatability o f tadpoles has been studied fo r many Bufo species 

to a d iversity o f predators (Brodie et al. 1978 and references therein), yet these 

studies d id  not determ ine if  defensive chemicals were present. The m ain 

purpose o f these earlier studies was to  address whether Bufo larvae are 

distasteful to  predators. In  th is experim ent, I investigated the responses o f 

la rva l dytiscid beetles to  Bufo americanus and Bufo fowleri tadpoles during both 

interm ediate stages o f la rva l development and during stages approaching 

metamorphosis. I  hypothesized that beetle larvae w ould respond d iffe ren tly 

to tadpoles based on the ir developmental stage by the predictions o f the 

Brodie and Form anowicz (1987) pa la tab ility model.

D ytiscid beetles attacked equal numbers o f B. americanus and B. fowleri 

tadpoles and nearly equal numbers o f tadpoles in  both developm ental groups 

(interm ediate stages and stages approaching metamorphosis). These findings
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also show that dytiscid larvae readily attack and consume tadpoles 

approaching metamorphosis (Gosner stage 40-42). W ith respect to  chemical 

defenses, neither B. americanus nor B. fowleri have detectable bufadienolides 

during a large stretch o f tadpole development, including stages approaching 

metamorphosis (as described in  Chapter II) and th is fact could explain 

tadpole pa la tab ility to dytiscid larvae. The find ing  that some Bufo tadpoles 

were not entire ly consumed is probably not indicative o f th e ir unpala tab ility 

since this behavior could be attributed to optim al foraging by the beetle 

larvae or by a g u t-lim iting  m odel (Kruse 1983). Because the assumptions o f 

the Chi-square analysis were not m et fo r th is d irect test (predator surviva l by 

toad developmental stage), significant results are suspect.

In  th is experim ent, dytiscid  predators attacked Bufo w ith in  the firs t 12 

hours o f observation and this find ing  is typ ica l (Young 1967). In  to ta l, five  

Bufo were rap id ly  attacked (w ith in  the firs t 15 m inutes) and eaten by separate 

predators. Seven predators selected Bufo as the firs t prey item  when 

alternative prey (Poecilia) were available. When Bufo were not available as 

prey, beetle larvae readily captured and consumed Poecilia. This suggests 

that bufonid tadpoles may be preferred prey or were were easier to  capture.

The significant Chi-square analysis on Bufo exposure and predator 

survival showed that more beetle predators died under Bufo exposure than in
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the control. This result is like ly  due to va ria b ility  in  predatory behavior 

between the dytic id  species (Acilius and Dytiscus). A lthough both dytiscid 

species were observed capturing and consuming Bufo, more Dytiscus preyed 

on Bufo than d id  Acilius. Further, the m orta lity  experienced by the beetle 

larvae w ith in  the Bufo exposure treatm ents was the result o f starving Acilius 

tha t fa iled to consume prey.

A n interesting find ing  o f th is study is that three predators died after 

consuming larvae o f both toad species. A lthough both Bufo were devoid o f 

detectable bufadienolide defenses during the la rva l stages used in  th is study, 

th is does not negate the possib ility tha t other classes o f defensive compounds 

could be involved in  tadpole noxiousness or tox ic ity . M oreover, there may be 

synergistic effects between these compounds when both species are 

combined in  the d ie t o f dytic id  beetle larvae. This deserves fu rthe r attention 

especially because the sample size fo r predators consuming both toad species 

was small.
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IACUC Number ° i l - < = n - CQ, . V / ^
Date of Receipt _____ _______  . /  <?
Date of Approval ^ /n /< n  *%/•> '5b O

WESTERN MICHIGAN UNIVERSITY 

INSTITUTIONAL ANIMAL CARE 

AND USE COMMITTEE (IACUC)

Application to use Vertebrate Animals for Research or Testing

The use of any vertebrate animals in research and/or teaching without prior approval of the Institute Animal 
Care and Use Committee (IACUC) is a violation of Western Michigan University policies and procedures. 
This Committee is charged with the institutional responsibility for assuring the appropriate care and 
treatment of vertebrate animals.

Mail the signed original and five (5) copies of the typed application and any supplements to Research and 
Sponsored Programs, 301 Walwood Hall, (616) 387-8270.

Any application that includes use of hazardous materials, chemicals, radioisotopes or biohazard must be 
accompanied with SUPPLEMENT A.

Any application the includes survival surgery must be accompanied with SUPPLEMENT B.

 Catherine E. Link____________________ Biological Sciences________  387-5600
Prindpal Investigator/Instructor- Department Campus Phone

7-S3
Signature Date

Dr. Stephen B. Malcolm Biological Sciences__________  387-5604_______
Responsible Faculty Member Department Campus Phone
(if PInot Faculty member)

Title of Project/Course The effectiveness of bufadienolides in the chemical defenses of toads.

Check One: Teaching Research X Other Ph. D. Dissertatjon _________ . 

I. ANIMAL USE CATEGORIES (check ONLY one category)

A. X Projects that involves little or no discomfort (including injections),

B. ______  Projects that may result in some discomfort or pain, but short in duration.
Anesthetics, analgesics or tranquilizers will be used.

C. _______Project that may result in significant discomfort or pain. Anesthetics,
analgesics, or tranquilizers will not be used
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II. ANIMAL USE FACILITIES

The animal(s) will be housed and maintained in accordance with the WMU Humane Care and Use of 
Animals Policies and Procedures.

Yes X No _____

If no, give explanation.

Please indicate the building and room(s) where the animals(s) will be housed and cared for as well as the 
location of the experiments and procedures if different from where housed.

The laboratory of Dr. Stephen Malcolm 
5022 McCracken Hall

III. ANIMAL USE SUMMARY

In language understandable to a layperson, summarize your primary aims and describe the proposed use of 
animals as concisely as possible. Bear in mind the IACUC is primarily interested in the responsible, 
necessary, humane use of animals. Included a description of procedures designed to assure that discomfort 
and pain to animals will be minimized. It should include method of restraint; methods of dosing with test 
compound; and methods of euthanasia or deposition of the animal after the experiment.

My research focuses on the chemical compounds that occur naturally in the parotoid glands of toads 
and their effectiveness against potential predators. I am interested in sampling from both species that occur 
in Michigan —Fowler’s and American toads (Bufo americanus and Bufo woodhousii fow leri). Chemical 
secretions found in these large warts (parotoid glands) can easily be removed using a hypodermic syringe. 
The principle aim of my research is to understand how these parotoid chemicals are used to protect toads 
from predators. Specifically, I wish to focus on one main group of chemicals called bufadiendolides. Adult 
toads would be collected in the field, measured and extracts from the parotoid gland would be removed with 
a sterile 1ml hypodermic syringe for chemical analysis. Toads would be released in the field within 30 
minutes of capture at the site of capture.

During the breeding season immature toads (larvae (tadpoles) and juveniles) will also be collected 
for analysis during May and June. At two-weekly intervals during this period local ponds -wilFbe sampled 
for larval toads and 10 individuals will be sacrificed. The ten larvae of each toad species at eafch sample 
period (duration of larval sampling will depend on the season) wilLbe placed on ice and then frozen on 
return to the labdratory. Juveniles with legs will be sampled as above for adults with a microsyringe 
extraction of the parotoid gland and then measured and returned to.the collection site. J - '

In addition to sampling for annual variation and life eyeleiyariationi in skin secretion chemistry, we 
wish to test the effectiveness of toad skin secretions against a potential predator; For this we propose to use 
the common g a ^ r  snake (Jhamnopftis sirtalis sirtalis) to assay parotoid secretioriifextracts. Twelve 

‘ individual ^iKts^ilL^iiO'u^d in 6, ^ L  glass aquaria separated into two equal compartments; Parotoid. 
skin secretions wiU be offered at known .eoncentrations^on. either u&yiert test substfate (a movable 1cm 
dianieterij^ystyrehe baUj/br on the baclknfn ’domestiqrgrifiket Q&ahetatdomesticni)g0 S of the snakes, 
Shake response will be recorded by timed .behaviors such as tongue flick rate, qriemaStion, taste, strike, 
rejection, consumption, Or regurgitation. Snake responses will be voluntary and it isjn@ct anticipated that the 
experiments will cause distress to the 8 replicate snakes. Snakes will be tested three times each (at 24 h 
intervals) with a random sequence of 3 concentrations of toad parotoid secretion c(one normal parotoid 

■ ' ; concentration and the other two at one natural logarithm below normal and lln abovq^tortnal); ahd a single

2
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control. The remaining four snakes will be tested with commercially available bufadienolides at similar 
concentrations using the same protocol.

IV. JUSTIFICATION FOR ALL ANIMAL EXPERIMENTS

Please provide a narrative with reference sources which addresses each of the following:

A. What assurance can be provided to indicate that the procedure is not duplicative?

Studies have addressed the chemistry of toad skin and parotoid secretions (Chen, K. K„ and A. 
Kovarikovd. 1967. Pharmacology and toxicology o f toad venom. Journal of Pharmaceutical Sciences 56: 1535-1541; BUcherl, 
and E. E. Buckley (eds.) 1971, Venomous Animals and Their Venom. Academic Press, New York and London; Daly, J. W. 1995. 
The chemistry o f poisons in amphibian skin. In, T. Eisner and J. Meinwald (eds.). Chemical Ecology: The Chemistry o f Biotic 
Interaction. National Academy Press, Washington D.C.) but little is known about their anti predator properties or 
those of bufadienolides (Lichtstein et al. 1986. Identification o f a ouabain-like compound in toad skin and plasma as a 
bufodienolide derivative. Life Sciences 38:1261-1270).

Literature searches of databases (BIOSIS, AGRICOLA) have not revealed publications that consider 
the ecology of toad defensive secretions. At a recent meeting of the American Society of Ichthyologists and 
Herpetologists (June 1997, Seattle, Washington), Cathy Link discussed the proposed research with experts 
in the field and it was clear that the research proposed here is the first attempt to understand natural 
variation and effectiveness of toad chemical defenses.

B. Have non-live animal techniques (e.g. in vitro biological systems, computer simulation, audiovisual 
demonstration) been considered? Explain why they have not been utilized.

It is not known how toads synthesize their defensive chemicals or how they vary naturally. Thus 
because the study compares two toad species and seeks to understand the natural eceology of chemical 
defense in these species it is not possible to use non-live animal techniques.

C. Why has this species been selected for this procedure?

B. americanus and B. woodhousii fow leri were chosen because they are two common and widely 
distributed species in Michigan. Also, these species are presumably affected by the same natural predators 
in the,wild. According to the Michigan Department of Natural Resources in Plainwell, Michigan, neither 
these two toad species, nor the common garter snake, Thamnophis sirtalis, are subject to special protection 
beyond the general protection afforded all reptiles and amphibians in Michigan. ,

D. How many animals will be used in this project? How often will its procedure be done and over what 
duration? - ; v -

If possible parotoid samples will be collected from 10 individual toads of each species for each 
month for one year (10 individuals x 2 species x 12 months = 240 individual toads). No toads or snakes 
will be collected between November 15 and the last Saturday in May, although we will attempt to sample 
parotoid gland secretions'between these dates with the permission of the DNR. In addition, it may prove 
necessary to keep a small colony*of 12 toads housed in 3, 40L aquaria as a source of parotoid gland 
secretion for the predator experiments. '

Fori predator experiments we will use 12 snakes as indicated above. As soon as the repeated- 
measures experiemnts have been completed we will release the snakes back into the wild.

3
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These numbers are just above the threshold for legal holdings of native amphibians and reptiles in 
the state of Michigan (for species like the toads and snake we propose to use that are not subject to specific 
protection) and for this we will apply for the required “Scientific Collectors Permit” from the Michigan 
Department of Natural Resources.

E. In light of concern to minimize the number of animal used in the experimentation, how will you 
determine the number of animal to be used?

Most animals will be released within 30 minutes of capture. The number of animals used in 
laboratory experiments have been determined by the anticipated variation among individuals and to ensure 
statistical rigor for analysis of the results.

NOTE : ITEMS F, G, H and I require the approval of the Consulting Veterinarian

F. What is the anticipated pain or distress response of the animal; and what is the duration of discomfort? 
(Injection not included.)

Aspiration of parotoid secretion will involve inserting a fine needle in the upper most layer of skin 
above the parotoid glands on either side of the neck immediately behind the head. Pain and distress is 
assumed to be minimal. Removal of the poison will not harm the toad because they are able to regenerate 
the poison. Prior work with toad skin secretions has involved sacrifice of toads. The only published 
alternative we have found has been to press a glass sheet against the parotoid glands which burst and smear 
the glass with secretion (Meyer, K. and H. Linde. 1971. Collection o f toad venoms and chemistry o f the toad venom 
steroids. In W. Bticherl, and E. E. Buckley (eds.), Venomous Animals and Their Venom. Academic Press, New York and 
London). This method is difficult to quantify and is likely to lead to contamination of the parotoid gland 
secretion with skin debris and blood. We propose to aspirate the secretion with; a hypodermic syringe as a 
more accurate and clean method that is less likely to cause distress to the toads.

*T -

Larval and juvenile toads that are collected for sacrifice will be chilled on ice as soon as they are 
collected. Once returned to the laboratory these chilled individuals will be frozen rapidly to -70°C and kept 
at this temperature for at least one week before being freeze dried and extracted for analysis by High 
Performance Liquid Chromatography. No vertebrate species is known that can revive after having been 
frozen at this temperature for this period of time.

G. How will the pain in the animal be monitored?

Toads typically show signs of distress by hissing, or making other release calls. Presumably if 
inserting a needle causes distress it could be ameliorated by using a local anesthetic.

H. Sedative, analgesic, anesthetics will be used, if any? Include dose, route and frequency of 
administration.

If toads show signs of distress anesthetics will be used. Sacrificed larval artdjjuvenile individuals 
will be chilled on ice before being frozen at -70°C.

I. What is the justification if pain relieving drugs are not used? " ~

Their efficacy is not known in toads and the procedure may not cause any pain.5

______________________   f j f c ........  £<■
Veterinarian D a te '

4

o A
■/ C!rvSignature/ Consulting
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WESTERN MICHIGAN UNIVERSITY 

INVESTIGATOR IACUC CERTIFICATE

Title of Project: The effectiveness of bufadienolides in the chemical defenses o f toads.

The information included in this IACUC application is accurate to the best of my knowledge. All personnel 
listed recognize their responsibility in complying with university policies governing the care and use of 
animals.

I declare that all experiments involving live animals will be performed under my supervision or that of 
another qualified scientist. Technicians or students involved have been trained in proper procedures in 
animal handling, administration of anesthetics, analgesics, and euthanasia to be used in this project.

If this project is funded by an extramural source, I certified that this application accurately reflects all 
procedures involving laboratory animal subjects described in the proposal to the finding agency noted 
above.

Any proposed revision to or variation from the animal care and use data will be promptly forwarded to the 
IACUC for.approval.

  Disapproved _____ Approved ‘• '^ Approved with the provisions listed below

Provisions or Explanations
< j )  <i>,t   l o g  C i t e  n aX J U .I c-. J v J

  M /•(*  _________ ;____________________________ _________
<%> Aox./'L -h i f
 />.. £> U____________________________________________ 1____________

fate

Accepi t)f Provisions

' Date

u
igator/Instructor

IAi CMairperspfirinal Approval 

pprovediA^UC Number 9 >  0 1 - 0 ‘Zi.

Rev. 3/92

5

\
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(Tel: 616-387-5604: Fax: 616-387-2649; E-mail: steve.malcolm@wmich.edu) 
(http://www. wmich. edu/bios/staff/malcolm/)

Dr Bruce Bejcek,
Department of Biological Sciences, 
Western Michigan University, 
Kalamazoo,
Michigan 49008.

?aj:

17 September 1997

- ■' ' ■ r' -yu Yv'iSiu A .•
Re: IACUC protocol to investigate “ The effectiveness o f  b u fad ien o lid es ii^ th e

chem ical defenses o f  toads”  ■ ;
Dear Dr Bejcek,

• ;V  *5

Thank you for your comments on our application for an IAQUg-protpcol to 
investigate, “The effectiveness o f bufadienolides in the chemical defenses oft&yd^z(/.C  athy 
Link and I have considered your comments and provisions in depth and jjaffiicfejwith this 
letter our response. • rn bh;.

: » ! o i d T n i ;  o : . r

' Thank you again for your.comments and help and I look fot»»rdd»3s (hearing 
again from the committee. ^  ay ,

.. c'

Yours sincerely,

Stephen B. Mailcolm, D. Phil. 
Associate Professor ■ '  j  r i t : .  .

to' yl;W.v 
■r : (I.>'.//!■ i . . . i  •

'..‘■'.'I 
. .• • Tifo '..rh I ■
<.Ji: Ahiiiui/;;..

: - ' i i  '{p X P iZ i. "

■ .: . -JM

■1U - tvc oteM bnrvjbb
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abUir i I Provisions to IACUC protocol. 17 September 1997 '* j
The effectiveness o f  bufadienolides in  the chem ical defenses o f  toads

Catherine E. Link under the advisement of Dr. Stephen B. Malcolm

1. State anesthetic, route of dosing, and dose .til-be indicated

We have been in touch with Dr Cindy Hoorn DVM to discuss toad anesthesia and the 
use of MS-222 and benzocaine as general anesthetics, or lidocaine (xylacaine) and benzocaine 
(cetacaine) as local anesthetics. Current Vet Therapy XI says that “Benzocaine (Sigma Chemical) is 
also an Effective anesthetic and is added to the water at concentrations of 300 mg/L for frogs.” 
Xylacaine (lidocaine) was used by Hoogstraten-Miller and Dunham (1997) to anesthetize the skin 
of African clawed frogs in order to place sutures. However, in this article the authors comment that 
amphibiarfkkin is very permeable to chemical compounds and anesthetics may result in toxic effects 
from systemic absorption.

Given the likelihood that chemical anesthetics will influence the validity of the parotoid 
samples necessary for the proposed research, we would'prefer to use a non-chemical method of 
anesthetic' Thus we propose to cool toads on ice in the field to about 4°C. To do this we would 
liketdipK^^fiildHCollected toads for 30 minutes on moist papef towels in a cooleif containing ice. 
We would then either take a parotoid sample in the field by syringe aspiration and warm the toad 
again to ambient over a further 30 minutes, or we would return die cooled toad to the laboratory 
and sampte^dMai keep it in laboratory aquaria for 24 hours (pffered lives crickets as food) before 
release bask to1 the capture site. n!'

Cannon and Hosteder (1976) studied the parotoid gland in the Colorado River toad, 
Bufo alvarius, and did not use any chemical anesthetic because its application tended to cause skin 
gland secretion. Instead they cooled the animals at d'C until inactive. We also feel that the use of 
chemical anesthetic on B. americams and B. fow leri will likely cause premature secretion of the 
parotoid chemicals we are trying to obtain. v

2. State animals to be swabbed with alcohol before aspiration of parotoid gland
- V . V  • - ‘. « r  .

Because the skin of toads is highly permeable to organic solvents and these are likely to influence 
parotoid gland secretions, we would prefer not to swab the gland with alcohol before aspiration. 
Bufadienolides are highly soluble in ethanol (or any alcohol) and swabbing would influence the 
validity of our results. Instead we propose to swab the parotoid gland with distilled water (using 
cotton wool) before and after aspiration.

l i  Are parotoid secretions toxic to snakes? Give reference if possible.

The eastern garter snake, Thamnophis sirtalis, is a major toad predator (Lagler and 
Salyer, 1945; Licht and Low, 1968) that can only eat toads whole and consequently consumes all 
of the compounds within the toad parotoid glands, In fact, this snake species appears to be 
particularly resistant to toxins contained in the secretions of many amphibians (Brodie 1968; 
Macartney and Gregory 1981) including the rough-skinned newt, Taricha granulosa, which is 
extremely toxic and has few natural predators.

Macartney and Gregory (1981) tested the debilitating and/or lethal effects of amphibian 
defensive chemicals by force-feeding several amphibians species to snakes in the laboratory. They
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showed that of three Thamnophis species examined, T. sirtalis ate amphibians most readily and did 
not suffer any apparent ill effects from doing so. Rough-skinned newts were not lethal to snakes 
but they showed signs of tarichatoxia poisoning and needed approximately 20 h to. recover. Lieht 
and Low (1968) showed that T. sirtalis can survive oral administration of sm ®  doses (3 mg/g 
body weight) of Bufo marinus parotoid venom while non toad-eating snakes suffer lethal cardiac 
and muscular tetany.

Our chemical assay with toad parotoid venom -(does' of
chemicals to. snakes. We are simply interested in measuring a voluntary; fongde-fliek 
response/strike rate, to components of the secretions. Incidental consumption of toad parotoid 
Chemicals by 7) sirtalis of pfher Thamnophis snakes is very unlikely to cause toxicity. Snakes 
apparently have digestive pliyMologicm mechanisihs for dealing with parotoid* venom. Moreover, 
the assay has, been designed specifically to minimize distress or toxicity fo snakeS and all assays 
will investigate voluntary rather-than fprced behaviors. ' .

<* .
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^  *<P. ^
Application to use Vertebrate Animals for Research or Testing ‘O  V

'C /
Catherine E. (Link! Merovich Biological Sciences c^nn
Prinrinal Tnvpsl-icratnr Department

387-5600 
Campus Phone

Signature
X

Date

Dr. Stephen B. Malcolm Biological Sciences
Responsible Faculty Member Department

387-5604 
Campus Phone

Signature /  Date

The following adjustments must be made under sections II. Animal Use Facilities.

1. The building and room(s) where the animals will be housed and cared for as well as 
the location of the experiments and procedures:

The laboratory of Dr. Stephen Malcolm 
Room 5022 McCracken Hall and

Room 5010 McCracken Hall

Animals w ill need to be moved to Wood Hall room 1119.
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Kalamazoo. M 308-

W e s t e r n  M ic h ig a n  U n iv e r s it y

Date: 5 May 1999

To: Stephen Malcolm, Principal Investigator
Catherine Merovich, Student Investigator

From: Bruce Bejcek, IACUC Chair

Re: Changes to IACUC Protocol No. 97-07-02

This letter will serve as confirmation that the changes to your research project ‘The 
Effectiveness of Bufadienolides in the Chemical Defenses of Toads” requested in your 
memo received 28 April 1999 have been approved by the Institutional Animal Care and 
Use Committee.

Please note, as indicated by the comments on the attached copy of your request, animals 
may be temporarily housed in Wood Hall. Animals are to be moved into the new facility 
in Haenicke Hall when it becomes operational or when otherwise requested by the animal 
facilities manager. If you have any questions, you may contact the research compliance 
coordinator by phone (7-8293), FAX (7-8276), or email (loreene.broker@wmich.edu).

.-'ire
> . I ;■

’ - "k .1 T.
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10/91 Date Received _________  -.^g__
^ . 0  IACUC Number 97-07-02_________

^  First Renewal Request 07/20/98
^  V* Second Renewal Request 07/15/99

^  G* WESTERN MICHIGAN UNIVERSITY 
 ̂ J .̂G YEARLY RENEWAL FORM APPLICATION TO USE 

VERTEBRATE ANIMALS FOR RESEARCH OR TEACHING

GENERAL INFORMATION: Fill in all appropriate information

Stephen Malcolm___________________  BIOS______________________________________  7-5604__
Principal Investigator/Instructor Department Campus Phone

Catherine/£inkN BIOS________;_________________________  7-5600
Co-PrincqVal/S fudent Investigator Department Campus Phone

Title of Project/Course The Effectiveness of Bufadienolides in the Chemical Defense of Toads_______

PRINCIPAL INVESTIGATOR/INSTRUCTOR DECLARATION

I assure that I have obtained IACUC approval prior to implementing this project and that there are no 
changes in the protocol submitted in the original application to use vertebrate animals for research or 
teaching. I understand that if at any time changes are made in the use of animals as described in the 
original application, a letter or amended protocol must be filed for review. I assure that the activities do 
not unnecessarily duplicate previous experiments.

Signatures:

^  __________
Principal Investigator/Instructor/ j

Co-Principal/Student Investigator 
(If PI not a faculty member)

^STITtKTIONAL ANIMAL CARE AND USE COMMITTEE APPROVAI

A   ________
IA<£UC2fChairperson ' * Date

PLEASE MAIL COMPLETED APPLICATION TO:
Research Compliance.Coordinaipp .  ̂v •

Western Michigan University ; . • r,i> j;:r:
327E Walwood Hall - . .t

Kalamazoo, MI 49008 • -'‘K .
(6 1 6 )3 8 7 -8 2 9 3

N O T E : It  is the responsibility o f  the Principal Investigator to obtain the signature o f  any Co- 
Principal/Student Investigators.
IAC-E I
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WESTERN MICHIGAN UNIVERSITY 
INSTITUTIONAL ANIMAL CARE 
AND USE COMMITTEE (IACUC)

Application to use Vertebrate Animals for Research or Teaching

The use of any vertebrate animals in research and/or teaching without prior approval of the 
Institutional Animal Care and Use Committee (IACUC) is a violation of Western Michigan 
University policies and procedures. This Committee is charged with the institutional 
responsibility for assuring the appropriate care and treatment of vertebrate animals.

IACUC Number 

Date of Receipt: 

Date of Approval

Adjustment: Tadpoles of B. americanus and B. fow leri will be raised in room 2404 Wood 
Hall for the Spring and Summer Sessions of 2001. Key WC1 will be available for access to 
this room.

Dr. Stephen B. Malcolm Biological Sciences

Principal Investigator 
Phone

/L^e.
Signature 

Catherine E. Merovich

Department

Date U  

Biological Sciences

Student or Co-Principal Investigator 
Phone

Department

signature Date

387-5604

Campus

387-5687

Campus

Title of Project/Course The Role of Bufadienolides in the Chemical Defenses of Bufo 

americanus and Bufo fow leri (Anura: Bufonidae’).

^ i-
V  A / I

> ! 
(• '
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WESTERN MICHIGAN UNIVERSITY
Institutional Animal Care and u se Committee 

ANNUAL REVIEW OF VERTEBRATE ANIMAL USE
PROJECT OR COURSE TITLE: Role Of Bufadienolides In The Chemical Defenses O f Bufo Americanus And Bufo 
Fowleri (Anura: Bufonidae)
IACUC Protocol Number: 00-07-02 RECEIVED
Date of Review Request: 09/04/02 Date of Last Approval: 10/02/01
Purpose of project (select one): □Teaching □Research □Other (specify): orn  n  c nnm
PRINCIPAL INVESTIGATOR OR ADVISOR OtT (J 3 ZUUZ
Name: Stephen Malcolm Title: A ssoc./A ssist. Professor
Department: BIOS Electronic Mail Address: steve.malcolm@wmich.edu 1 - A .C .U .G ;
CO-PRINCIPAL OR STUDENT INVESTIGATOR
Name: Catherine Merovich Title: Student
Department: B io S  Electronic Mail Address: catherine.merovich@wmich.edu

1. The research, as approved by the IACUC, is completed:
□ Y es (Continue with items 4-5 below.) □ N o  (Continue with items 2-5 below.)

I f  the answer to any o f the following questions (items 2-4) is “Yes,” please provide a detailed 
explanation on an attached sheet o f paper. Include details o f any modifications made to the 
protocol based on new findings or publications, adverse events or mortalities.
2. Have there been any changes in Principal or Co-Principal Investigators? QYes □ N o
3. Have there been any new findings or publications relative to this research? □  Yes □ N o

Describe the sources used to determine the availability of new findings or publications:
□ N o  search conducted (Please provide a justification on an attached sheet.)
□Animal Welfare Information Center (AWIC)
□Search of literature databases (select all applicable)

□AGRICOLA □Current Research Information Service (CRIS)
□Biological Abstracts □Medline
□Other (please specify):
Date of search: multip Years covered by the search: all
Key words:

□Additional search strategy narrative:
4. Are there any adverse events, in terms of animal well being, or mortalities to report as a result of

this research? | jYes □ N o
Cumulative number of mortalities:

5. Animal usage: Number of animals used during Cumulative number of
this quarter (3 months): 38 animals used to date:500 f  .

2*  ruw td  *  W tasaL  -

e> 1 Ou* yvrxjJe cU -huk
Principal Investigator/Faculty Advisor Signature Date -jy*/ 4L%Ci&h

& cT. /L fcS ic func^_  ^
Co-Principal or Student Investigator Signature /  Date r'̂ -tiJrC A  .

IACUC REVIEW AM) APPROVAL
Upon review/o/me/ra'levant information regarding this protocol, the IACUC approval for this project 
has beenCeMemed to r one year from the date of this signature. /
m>

IACUC Chair Signature Date

Revised 10/01 W M U IACUC 
All other copies obsolete.
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IACUC Number 00-07-02
First Renewal Request__
Second Renewal Request

WESTERN MICHIGAN UNIVERSITY 
YEARLY RENEWAL FORM APPLICATION TO USE 

VERTEBRATE ANIMALS FOR RESEARCH OR TEACHING

GENERAL INFORMATION: Fill in all appropriate information

Stephen Malcolm _______________  Biological Sciences_____________________  387-5604
Principal Investigator/Instructor Department Campus Phone

Catherine Merovich Biological Sciences
Co-Principal/Student Investigator Department Campus Phone

Title of Project/Course Role of Bufadienolides in the Chemical Defenses of Bufo americanus and Bufo fowleri
fAnura: Bufonidael

PRINCIPAL INVESTIGATOR/INSTRUCTOR DECLARATION

I assure that I have obtained IACUC approval prior to implementing this project and that there are no 
changes in the protocol submitted in the original application to use vertebrate animals for research or 
teaching. I understand that if at any time changes are made in the use of animals as described in the 
original application, a letter or amended protocol must be filed for review. I assure that the activities do 
not unnecessarily duplicate previous experiments.

Signatures:

Principal Investigator/Ins Date

Co-Principal/Student investigator Date
(If PI not a faculty member)

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE APPROVAL

rperson

PLEASE MAIL COMPLETED APPLICATION TO:
Research Compliance Coordinator 

Western Michigan University 
251W Walwood Hall 

Kalamazoo, MI 49008 
(616)387-8293

N O T E : I t  is the responsibility o f  the P rin c ipa l Investigator to obtain the signature o f  any Co- 
Principal/S tudent Investigators.

IAC-E 1
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18 July 2004

Dr. Edmund D. Brodie, Jr. 
Department of Biology 
BNR149
Utah State University 
5305 Old Main Hill 
Logan, Utah 84322

Dear Dr. Brodie,

I would like to request your permission to include an excerpt from the following item in my 
doctoral dissertation and/or in a publication that results from my dissertation research:

Brodie, E. D. Jr. and D. R. Formanowicz, Jr. 1987. Antipredator mechanisms of larval anurans: 
protection of palatable individuals. Herpetologica 43(3): 369-373.

Specifically, I would like permission to use your Figure 1. from this paper showing a model of 
palatability and ability to escape as they affect stage-specific survivorship of anuran larvae. In 
my dissertation, I have applied the hypothesis that Bufo tadpoles will have bufadienolide 
defenses when they are unpalatable to predators and will have less or no bufadienolide defenses 
when they are palatable. I will gratefully acknowledge the source with full credit in the 
manuscript of the dissertation and/or in a publication.

For your convenience, I am including a space for your signature to indicate your permission for 
my use of this material. By signing below, you give ProQuest Information and Learning 
(formerly University Microfilms) the right to supply copies of this material on demand as part of 
my doctoral dissertation. Please attach any other terms or conditions for the proposed use of this 
item below. If you no longer hold the copyright to this work, please indicate whom I should 
direct my request on the bottom of this page and return it to me.

Signature

Please return this letter in the self-addressed, stamped envelop provided. Thank you for your 
time and attention to this matter.

Respectfully,

Catherine E. Merovich 
Department of Biology 
West V irg in ia  University 
Morgantown, WV 26505 
(304)293-5201 ext. 31543
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Trade and Reference Division

Ronald Hussey
Permissions Manager/ 
Serial Rights Manager

215 Park Avenue South 
New York, NY 10003 
phone 2 12-420-5802 
fax 212-420-5899 
ron_hussey@hmco.com 
www.hmco.com

September 22, 2004

Catherine E. Merovich 
Department of Biology 
West Virginia University 
P.O. Box 6057 
Morgantown, W V 26506

Dear Ms. Merovich:

This is in reply to your request of September 8, 2004.

W e are pleased to grant you permission for use of material, as cited in your request, from the 
book, A FIELD GUIDE TO REPTILES AND AMPHIBIANS OF EASTERN AND CENTRAL 
NORTH AMERICA, Third Edition for use in your dissertation. Our requirement is that you cite the 
source as a footnote or in your bibliography.

The permission applies to all copies of your dissertation made to meet degree requirements of 
Western Virginia University, and to ProQuest Information and Learbing, formerly known as 
University Microfilms editions, which produces copies on demand.

Please re-apply to this department if your dissertation is later accepted for publication and you 
wish to retain our material.
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Trade and Reference Division

Ronald Hussey
Permissions Manager/ 
Serial Rights Manager

December 21 ,2004

Catherine Merovich 
Department of Biology 
West Virginia University 
P.O. Box 6057 
Morgantown, W V 26506

Dear Ms. Merovich

This is in reply to your request of November 20, 2004.

We are pleased to grant you permission for use of material, as cited in your request of November 
20, 2004 from the book, A FIELD GUIDE TO REPTILES AND AMPHIBIANS OF EASTERN AND 
CENTRAL NORTH AMERICA, Third Edition for use in your dissertation. Our requirement is that 
you cite the source as a footnote or in your bibliography.

The permission applies to all copies of your dissertation made to meet degree requirements of 
Western Michigan University, and to Pro Quest Information and Learning editions, which 
produces copies on demand.

Please re-apply to this department if your dissertation is later accepted for publication and you 
wish to retain our material.

Best wishes for.the successful completion of your work.

Sim

lonalo’Husiey

2 1S Park Avenue South 
New York, NY 10003 
phone 212-420-5802 
fax 2 12-420-5899 

ron_hussey@hmco.com 
www.hmco.com
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Trade and Reference Division

Ronald Hussey

Permissions Manager/ 
Serial Rights Manager

215 Park Avenue South 
New York, NY 10003 
phone 212-420-S802 
fax 212-420-5899 

ron_hussey@hmco.com 
www.hmco.com

December 21 ,2004

Catherine Merovich 
Department of Biology 
West Virginia University 
P.O. Box 6057 
Morgantown, W V 26506

Dear Ms. Merovich'

This is in reply to your request of November 20, 2004.

We are pleased to grant you permission for use of material, as cited in your request of November 
20, 2004 from the book, A FIELD GUIDE TO REPTILES AND AMPHIBIANS OF EASTERN AND 
CENTRAL NORTH AMERICA, Third Edition for use in your dissertation. Our requirement is that 
you cite the source as a footnote or in your bibliography.

The permission applies to all copies of your dissertation made to meet degree requirements of 
Western Michigan University, and to Pro Quest Information and Learning editions, which 
produces copies on demand.

Please re-apply to this department if your dissertation is later accepted for publication and you 
wish to retain our material.

■ work.

!onald\Hussi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

mailto:ron_hussey@hmco.com
http://www.hmco.com

	Bufadienolides In The Chemical Defenses Of The Toads, Bufo Americanus and Bufo Fowleri
	Recommended Citation

	tmp.1453475793.pdf.W9epp

