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ABSTRACT 

Successful predation is akey componentto the survival ofsnakes.Snakesthat 

encounter periodic fluctuations in prey availability,or that moveinto novelfeeding 

niches,mustbe behavibrally and morphologically equipped to adjustto new 

environmental conditions. Generalists,like the common garter snake(Thamnophis 

sirtalis),thrivein a wide variety ofenvironments.The wide geographic distribution and 

considerable inter-population variability ofT.sirtalis highlight their adaptability as a 

species. While microevolutionary change is knownto contribute to the morphological 

and behavioral diversity ofT.sirtalis,phenotypic plasticity is prevalent as well.In 

contrast to prey specialists, T.sitialis feeds on a great diversity ofprey species,each of 

which places different demandsonthe snakes'sensory and behavioral capacities.In such 

a generalist,relatively high levels ofmorphological and behavioral plasticity,can be 

expected.The purpose ofmystudy was to examinethe relationship between diet and 

morphological variation in gartersn^es,and how dietinfluences the ontogeny of 

chemosensoryresponseshiid predatory behavior. 

I examined the association between diet and morphological and behavioral 

differences in T.sirtalis inhabiting two sites on BeaverIsland in Lake Michigan.Body 

and head size variation in457 garter snakesfrom two ecologically dissimilar habitats 

were measured overthe course oftwo field seasons(1998-1999). Atoneofthe sites. 

Miller's marsh,the snakes eat a wide diversity ofamphibian species,as well as 

earthworms.Snakes atthe second site, McCafferty farm,consume earthworms almost 

exclusively.The dietary differences between the two sites are dueto differences in prey 
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availability among sites. Probably owing to dietary differences among sites, adult snakes 

at Miller's marsh were larger than snakes at McCafferty farm.However,only adult 

females significantly differed in body size between sites. There was a significant sex by 

site interaction for body length,suggesting differences in the degrees ofsexual 

dimorphism between the two sites. Controlling for body size,relative head sizes differed 

among the sites,but this was significant for only one ofthe four measurements,inter-

ocular distance.In addition to morphological measurements,snakes from both sites were 

tested on their abilities to consume live frog,fish,and worm prey. Overall,adult snakes 

from both sites did not substantially differ in their abilities to capture,handle and 

consume these prey items. 

I conducted developmental studiesofneonates bom to mothers from both sites 

during both years.Females from Miller's marsh had larger litters than females from 

McCafferty farm;however,the regressions ofmatemal snout-ventlength(SVL)on litter 

size and neonatal length and mass werelow and non-significant(n=33 litters). I tested 

for the effects oflitter, sex,and site on morphological and behavioral traits.Postpartum 

morphological analyses revealed significant sex and litter differences in SVL,body 

weight,and head size. Males had greater SVLsand tail lengths than females,butfemales 

were heavier and had larger heads. Site did notinfluence neonatal SVL or weight. 

However,neonates from Miller's marsh had significantly longerjaw lengths and inter-

ocular distances than neonates from McCafferty farm.Neonates were reared on diets of 

fish,worms,or both,and growth rates were measured at 80-day intervals until the snakes 

reached 240 days.Diet had a significant effect on SVL and mass,but did notinfluence 



Vll 

relative head sizes. Snakes reared on aihixture offish and worms grew longer and were 

heavier at240days than snakes feeding on single diets. Sex-based differences in head 
size persisted through 240days: . . 

I also examined the influence ofdiet and diet switching on the developmentof 

chemosensory responses to prey.Neonatal snakes were divided into diet groups 

comprising live fish,worms,or both.Testsfor chemosensory responses to surface 

extracts offish and worms were done prior to feeding experience and attwo 80-day 

intervals following feeding experience.Snakes thathad fish in their diet significantly 

increased their responses to this prey after feeding experience,whereas snakes reared on 

worms did notreveal a biastoward worm or fish extract. Whenthe diets ofthe snakes in, 

the fish and worm groups were switched at 160 days,chemosensory responses to fish and 

worm stimuli were not significantly differentfor either group when re-tested at240 days. 

Three experiments examined the role ofleaming and memoryin the development 

ofpredatory skills.In ExperimentI,the snakes used in the growth study were tested for 

their abilities to approach,capture,handle,and swallow prey attWrfirst feeding,and 

weretwice re-tested at80day intervals(11-12feedings per interval).Diets were then 

reversed for the groups feeding exclusively on fish or worms,and the same behavioral 

measures as above wererecorded forthe firstfeeding on the new prey,and again after 

11-12feedings.A final trial tested the snakes'retention for consuming the prey 

comprising their initial diets. Snakesin all three diet-groups decreased their overall 

latencies to consume prey(e.g.,capture,handle,and swallow)after feeding experience. 

However,snakesfeeding initially on worms were slow when consuming fish after diet 
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switching,whereas snakes thatinitially fed on fish rapidly coiisumed worrtis upon their 

first feeding.Snakes who had switched to fish decreased their total consumption times 

aflef 11-12feedings.Feeding skills for initial prey were retained following the diet-

switching phase. 

In ExperimentII,the amountoffeeding experience prior to diet switching and 

after diet switching wasreduced(6feedings per group).This wasdoneto assess the 

effects ofshorter durations on each diet.No effect ofdiet switching or decrementin 

feidiiig skills was detected.However,the number ofsnakescompleting the study was 

smMland variation was very high.Individual differences wereimportant contributors to 

this vmation and are described insome detail. 

ExperimentIII wasconducted to detennine the long-temi effects offeeding 

experience on prey consumption times.Snakes from McCaffertyfarm and Miller's marsh 

were tested on their abilities to approach,capture,handle,and swallow frogs,fish,and 

worms.Although total consumption tinies for all three prey did not differ amongthe 

adult snakes from both sites,there were differeiices amongthe four predatory phases 

measured.Actualfeeding experience maybeless ifriportant for adults than for neonates. 

Morphological and behavioral plasticity accounted for rriuch ofthe variation thatI 

observed.Results from the morphological studies and four behavioral experiments 

revealed phenotypically plasticresponses to varying environments,although important 

exceptions werefoimd.Behavioral differences dueto microevolutionary change were not 

detected,probably due to either the close proximity ofthetwo sites that I studied,or to 

larger intra site variability.Plasticity is known to bufferthe effects ofnatural selection 
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and allows organisms to adjust to environmental variability.The high level of 

morphological and behavioral plasticity found in garter snakes is a viable explanation of 

their wide distribution and success as a species. 
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CHAPTER1 

INTRODUCTION 

The early experiences that young animals have with prey,or prey related cues, 

can have a considerable influence on adult predatory behavior.Kuo(1930,1938)found 

thatkittens with early predatory experience,or that had witnessed predation on rats by 

conspecifics,were more likely to become rat predators than kittens withoutthese 

experiences.One primary aim ofKuo's early work was to dispute the conceptofinstinct 

asformulated by early ethologists,(Kuo, 1967)and his work represents oneofthe earliest 

attempts to experimentally investigate the ontogeny ofpredatory behavior.Subsequent 

work has examined the diversity oftactics employed by predatorsin capturing prey,as 

well as the roles played by sensory,behavioral and ecological factors in the acquisition = 

ofpredatory skills(e.g.,Caro,1980;Curio, 1976;Leyhausen,1973,Polsky, 1975, 1977). 

Generalist predators consumeon a variety ofprey types and experience is known to 

underlie the acquisition offeeding skills. Even precocial species such as snakes rely on 

postnatal experience for learning how to detect,capture,and consume prey.For predatory 

generalist species ofsnakes,high levels ofbehavioral plasticity facilitates the acquisition 

offeeding skills, often on novel prey types.The plasticity ofpredatory behavior in a 

highly precocial and generalist species,the common garter snake(Thamnophissivtalis^, 

is the topic ofmy dissertation. My primary objective wasto determine how dietary 

variation affects individual and population differences in morphological and behavioral 

phenotypes associated with feeding. 

Phenotypes vary across spatial and temporal scales,and the amountofvariation 

within a species is often directly proportional to environmental variation, either 
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seasonally or across its range(Komers,1997).A specialist strategy maybefavored in a 

constant environment,and a generalist strategy maybe favored when environmental 

variability is high(Gilchrist, 1995).Thecommon garter snake evinces a very level of 

morphological and behavioral variation(Burghardt&Schwartz,1999;Gregory& 

Larsen, 1993). Across its widespread geographic range, T.sirtalis exhibits a high degree 

ofphenotj'pic variation in body size and feeds on a diverse array ofspecies including 

fishes,worms,leeches,adult and larval amphibians,mammals,and occasionally birds 

(see Rossman,Ford,&.Seigel, 1996).Dietis known to affect growth rates and adult body 

sizes ofsnakes(Scudder-Davis&Burghardt, 1987;Queral-Regil&King,1998)and is 

one primary contributing factor to snake morphological variation.I examined diet-

indueed morphological variation in laboratory bom neonates and in adult snakes 

inhabiting two highly different feeding niches. Studies ofgeographic variation of 

behavior or morphology often compare populations separated by.relatively great 

distances(see chapters in Foster&Endler, 1999).I examined morphological and 

behavioral variation in snakesfrom two sites separated by only 10km.1reasoned thatthe 

close proximity ofthe two sites minimized the chances that genetic divergence could 

accountfor any morphological and behavioral differences observed.Thus,phenotypic 

plasticity is hypothesized as the likely mechanism accounting for diet-induced behavioral 

and morphological variation.I also examined the developmentofseveral behavioral traits 

associated with predation,including prey detection and consumption,and cheniosensory 

responses. 
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The Ontogeny ofBehavioraland MorphologicalPlasticity 

Phenotypic plasticity can be defined as "...the ability ofa single genotype to 

produce morethan one altemativeform ofmorphology,physiological state,and/or 

behavior in response to environmental conditions"(Pigliucci,et al., 1996).Definitions of 

phenotypic plasticity can encompasslearned behaviors(Foster, 1999;Pigliucci,in press; 

Wcislo, 1989).Learning allows animals to rapidly adjust to novel circumstances,and, 

leamed behaviors are among the most highly plastic(Komers,1997).Leaming may be a 

special type ofphenotypic plasticity because it facilitates extensive phenotypic 

modification with the potential ofreversibility,often throughout ontogeny. 

Morphological traits may constrain or facilitate the development and expression of 

behavioral traits. For example,morphological traits associated with feeding(e.g.,skull ; 

size and shape,body size)can vary as a function ofdietary experience in snakes 

(Forsman,1991, 1996a),as well as in many other animals.Robinson and Wilson(1995) 

reportthat morphological variation in body,skull,and fin size in Trinidadian ^ppies 

(Poecilia reticulata)wasinfluenced by body orientation while foraging. Walls,Belanger, 

and Blaustein(1993)found diet-induced changes in trophic morphology oflarval 

salamanders(Ambystoma macrodactylum).Larval salamanders raised on a varied diet 

thatincluded relatively large prey items as compared to groups reared on more size-

restricted diets,showed significant increases ofvarious head measurements in relation to 

body,size. Losos et al.(2000)found that Anolis lizards(Anolissagrei)inhabiting niches 

with broad surfaces(perches)had long hindlimbs,whereas those inhabiting narrow 

substrates had relatively short hindlimbs.In both cases,limb length facilitated efficient 

movement.Hatchling lizards reared in environments with broad substrates developed 
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longer hindlimbs than those reared on narrow substrates. Thus, similar to behavior, 

morphological traits such as skeletal size and shape undergo changes as a function of 

environmental input (Lanyon & Rubin,. 1985), particiilarly during growth phases of 

development. . ' ,: . ' 

Morphological Plasticity in Snakes 

Variations in characteristics of snakes such as body size, length, and head shape 

are often attributable to food quantity (Forsman, 1996a,b), diet (Lyman-Henley & 

Burghairdt, 1995; Scudder-Davis & Burghardt, 1987), and prey size (Queral-Regil & 

King, 1998; Shine, 1991). However, sexual size dimorphism is also widespread in snakes 

and sex can be an important determinant ofbody and head sizes (Shine, 1990, 1994; 

Shine & Crews, 1988). Also, studies of geographic variation and dietary effects on snake 

morphology have consistently demonstrated correlated head size variation in a few. 

species of snakes, including adders (Forsman, 1996a), garter snakes (Grudzien et al., 

1992), and water snakes (Queral-Regil & King, 1998). 

Forsman (1991) found phenotypic variation in head length among mainland and 

island populations of European adders {Vipera bents). Adders inhaljiting islands with 

large voles {Microtus agrestis) had longer heads (relative to body size) than adders living 

on islands with smaller voles. The differences among the islands could indicate that 

microevolutionary changes have altered the relative head sizes of these snakes or that 

inter-island variation is due to plastic responses to dietary differences: In a laboratory 

study, Forsman (1996a) reported significantly greater body sizes of snakes fed twice 

weekly compared to snakes fed once weekly on the same species ofprey. Therefore, local 

variation due to phenotypic plasticity may be the simplest explanation for size differences 



found in natural populations ofadders. Similarly,Madsen and Shine(1993)report 

phenotypic plasticity ofbody sizein European grass snakes(Matrix natrix)among 

mainland and island populations.Smaller body sizes werefound among snakes inhabiting 

an island with relatively small prey items.Larger snakes were able to consumelarger 

prey,and consumed prey.more rapidly,than did smaller snakes(Shine, 1991). 

Differences in body and head size were explained as adaptive responses to food 

availability, with variation attributed to phenotypic plasticity. 

The studies on morphological variation suirunarized above(e.g.,Forsman,1996a, 

Forsman& Lindell, 1993;Madsen&Shine, 1993)were comparisons ofsnake 

populations separated by considerable geographic distances(e.g.,island versus 

mainland).However,morphological and behavioral variation can occur between sites that 

are separated by very small distances. Recently,Brown and Weatherhead(1999)reported 

geographic variation offat reserves in male water snakes(Nerodia sipedon)separated by 

only 1km.Thus,population or site variation can occur at very small scales and when 

genetic differences are minimal or non-existent.I examined head and body size variation 

in garter snakes inhabiting two sites on Beaver Island in Lake Michigan(Charlevoix 

County,MI),Miller's marsh,and McCafferty farm,which are separated by a 

comparatively small distance(10km).Beaver Island is located 18 milesfrom thelower 

Michigan peninsula,and was created after the last glacial period,roughly9000 years ago. 

The island measures a maximum of21 km long and 10.5 km wide,and is the largest of 

several islands in an archipelago that extends north to south. 

Much ofthe work done on the Beaver Island T. sirtalis hastaken place at or near 

McCafferty farm(Burghardt,unpublished data; Gillingham,Rowe,&Weins,1990), 
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where the snakes primarily feed on earthworms. Miller's marsh hosts a much wider 

variety ofprey items,including several species ofamphibians,as well as earthworms. 

Information on the potential prey species available on Beaver Island(Table 1.1)comes 

from Gillingham(1988),Dickinson(1979),and from stomach content analyses of 

Thamnophis (Gillingham,unpubl.data)at Miller's marsh.Dueto their 

aihphibian-rich diet,the snakes from Miller's marsh should have greater body lengths, 

weights,and head sizes than the worm-feeding snakes inhabiting McCafferty farm.The 

greater body sizes ofamphibians and the higher level ofnutrients they provide in 

comparison to earthworms should result in greater body lengths and weights. 

Furthermore,the greater body sizes ofamphibians,the presence ofhard body parts,and , 

the greater challenge they present in handling and swallowing(compared to worms) 

should resultin greater head sizes in the snakes from Miller's marsh.Sex differences in 

morphology are also expected.Sexual head and body size dimorphism in snakes is 

widespread,and the degree to which the sexes vary dependson a variety ofphylogenetic 

and ecological factors(see Shine, 1993 for review).In T.sirtalis,females are generally 

longer and heavier than males and have greater relative head sizes(see Crews et al., 

1985;King et al, 1999).Based on previous findings with T.sirtalis,I predicted the same 

pattern for my study. 

In addition,I predicted neonatal site and sex differences in morphological traits. 

Ford and Seigel(1989)report significantly greater clutch massesin garter snakes 

{Thamnophis marcianus)reared on high-energy diets(30%ofsnake body mass) 

compared to snakes reared on low-energy diets(10%ofsnake body mass).Thus,garter 

snakes bom to females collected at Miller's marsh should have greater mean body . 



Table 1.1: Potential prey species(including adults and larvae)ofT.sirtalis 
inhabiting BeaverIsland. 

Froes and toads 

*American toad {Bufo americanus) 

*Spring Peeper(Hyla 
crucifer) 

*Gray tree frog{Hyla 
versicolor) 

*Wood frog{Rana sylvatica) 

Green Frog{Rana clamitans) 
111 

Bullfrog{Rana catesbeiana) 

Birds 

Red-wing blackbird 
{Agelaiusphoeniceus) 

Virginia rail {Rallus 
limicola) 

Salamanders and newts 

*Red-spotted newt{Notophthalmus 
viridescens) 

,*Red-backed salamander{Plethodon 
cinereus) 

*Spotted salamander{Ambystoma 
maculatum) 

*Blue-spotted salamander{Ambystoma 
laterale) 

Annelids -

Earthworms 

Mammals . 

Red-backed vole{Clethrionomys 
gapperi) 

Snowshoe hare{Lepus americanus) 

Shrew {Blarina brevicauda) 
Note:Atleast one instance ofpredation wasrecorded for each ofthese species,and 
werefound in adult snakes. 

* These are species that have also been found in the stomachs ofThamnophissauritus at 
Miller's marsh(Rowe&Gillingham,in prep.). 



weights and/or body lengths than snakes bom to mothers from McCafferty farm.Head 

size differences at birth are notexpected to occur among sites,because variation in head 

size is often induced by diet(e.g., Queral-Regil&King,1998).Based on the findings of 

King et al.(1999),neonatal females from both sites are expected to have greater body 

weights and head sizes than males.Males are expected to have greater body and tail 

lengths.Thefollowing hypotheses are tested in Chapter 2,"Growth and IVLorphology": 

1) Adult garter snakes ofboth sexes from Miller's marsh will have greater SVLs, 

body weights,and RHSsthan snakes from McCafferty farm. 

2) Females from both sites will be larger and will have greater RHSsthan males! 

3) Neonatal garter snakes bom,to mothers collected at Miller's marsh will be 

longer,heavier,or both. 

4) Neonatal garter snakes bom to mothers from both sites will not differ in 

relative head size. 

5) Garter snakes reared on fish diets,or a mixed diet consisting offish and 

worms,will grow more rapidly than snakes reared on wormsonly. 

Ontogeny and Plasticity ofGarter Snake Cheihosensory Responses 

The dominantchemosensory channel for mostsnake species is the vomerolfactory 

system(Cooper&Burghardt,1990),in which the tongue gathers chemical cues and 

transports them to sensory receptors on the vomeronasal organ,which relay messages to 

the central nervous system(Halpem,1992).This complex system allows snakes to locate 

prey,predators,and conspecifics(see Burghardt, 1970a;Ford&Burghardt, 1993; 

Halpem,1987for reviews).Cooper and Burghardt(1990)and Cooper(1998)discuss 

methods ofmeasuring and analyzing data on reptile chemosensory responses.The'swab 
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test', an indicator ofchemosensory investigation and discriminationjinvolves soaking a 

cotton-tipped swab in prey extract,orrubbing it along the surface Oflive or dead prey, 

and presenting the swab tips to subjects.Tpngue-flick rates and latencies to attack swabs 

are measured and the data are converted into tdngue-flick/attack scores(Cooper& 

Biirghardt, 1990).The swab test minimizes or eliminates visual and tactile cues,thereby 

restricting stimulation to the vomeronasal system.The term "vomodor"(Burghardt& 

Cooper,1990;Cooper,1998)refers to chemical cues exposed to snakes with the niethods 

described above. 

Burghardt(1966,1967,1969)found that,prior to feeding experience,neonatal 

snakes ofvarious species will tongue flick toward and attack swabs dipped in aqueous 

solutions ofdifferent prey. Since these initial studies,this method has been implemented 

to address a variety ofdevelopmental,ecological,and evolutionary questions(Arnold, 

1992;Burghardt,1993;Burghardt,Layne,&Konigsberg,2000;Cooper,1998). 

Chemically based preferences by snakes can be assayed with this method and response 

profiles often correspond with the natliral diets ofthe snakes tested(Arnold,198la, 

Burghardt,1967,1970b;Burghardt&Schwartz, 1999;Mushinsky&Lotz, 1980). 

Although the snake vomerolfactory system is functional at birth and preferences 

for certain prey types maybe present at birth,response levels can be modified during 

maturation and with differenttypes offeeding experience(Arnold,1978;Burghardt, 

1993;Burghardt,et al,2000;Burghardt,Wilcoxon,&Czaplicki, 1973;Fuchs& 

Burghardt, 1971;Gove&Burghardt,1975;Mushinsky&Lotz,1980).For example, 

adult T.sirtalis collected from the Beaver archipelago in northern Lake Michigan 

responded more strongly to amphibian and fish surface extracts than neonates bom to 
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mothers in the same area,suggesting a long term effect ofdiet on ehemosensbry 

responses(Greenwell,Hall,& Sexton,1984).Even exposure to prey chemicals alone 

prior to feeding experience is known to affect cheniosensory responses to prey 

(Burghardt, 1992). 

Diet effects on che:mosensory responses have been detected in very young snakes 

(neonatal to 159 days:Amold,1978;Fuehs&Burghardt,1971;Lyman-Henley& 

Burghardt, 1995).Amold(1978)found that T.sirtalis reared on fish show a response bias 

toward fish vomodors in comparison to snakes fed worm or amphibian diets.Fuehs and 

Burghardt(1971)found that neonatal garter snakesrespond more strongly toward 

familiar prey(fish or worms)through theirfirst42days ofage. Thamnophis butleri,an 

earthworm specialist,that were reared on fish through their first 159 days responded 

more strongly to fish extract than snakes reared on worms(Lyman-Henley&Burghardt, 

1995).Ofadditional interest is whether chemical prey preferences are consistent through 

longer developmental time periods,and whether switching to a new diet affects 

chemosensory responses at a later age than previously reported(Fuehs&Burghardt, 

1971). 

The chemical prey preferences ofyoung garter snakes may change with feeding 

experience because effective detection ofpreviously eaten prey mayincrease foraging 

success.This would be especially importantin very young snakes that,due to their 

restricted body sizes,are limited in the type ofprey they can consume.I examined 

relatively long-term effects ofdiet and diet switching on chemosensory responses in T. 

sirtalis.In my experiment,snakes werere^ed on diets offish,worms,or both.Tests for 

chemosensory responses to these stimuli were done shortly after birth(prior to feeding 



11 

experience)and at80and 160 days.At i60 days,the diets ofthe fish and worm-fed 

snakes were reversed and responses to surface extracts ofboth prey were re-tested at240 

days.The experimentreported in Chapter 3,"Experiential Modifieation ofChemically 

Mediated Responses",tested the following hypotheses: 

1) Neonatal garter snakes will notshow any response biases toward fish or 

worm extracts prior to feeding experience. 

2) Following feeding experience,a response bias to fish extract will occur 

among snakes at 160days that are fed exclusively on fish.The snakes 

reared exclusively on worms are predicted to show no preferenee for 

either stimulus at 160 days.The snakes feeding on the mixed diet will 

show a greater ehemieal preference for fish than for worms. 

3) Snakesreared on wormsthrough 160days will show a response bias 

toward fish after their diets are switched to fish.The snakes reared on fish 

initially will notshow an increased preference for worm extraet after their 

diets are switched to worms,and their response levels to fish extraet will 

deerease after the diet switehing phase.The snakes in the mixed^diet 

group will still show a greater preferenee for fish extract over worm 

extract. 

Ontogeny and Plasticity ofGarter Snake Feeding 

Detecting,subduing,and consuming prey are vital aspects ofbehaviorin animals 

thatforage actively,arid feeding experience often plays an importantrole in the 

developmentofforaging skills.The literature on the role ofontogeny in the acquisition of 

foraging skills encompassesa wide variety ofspecies,including invertebrates(Kause, 
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Haukioja,& Hanhimaki,1999;Serra,Chellazzi,& Castilla, 1997),fish(Croy&Hughes, 

1991a,b;Day& McPhail,1996),birds(Yoerg,1994),and squamate reptiles(Burghardt 

&Krause,1999;Halloy&Burghardt, 1990;Mori,1996). Species thatfeed on multiple 

prey types may have to leam several different feeding strategies in order to consume 

prey.Furthermore,predators may also weigh the costs and benefits offeeding on 

different available prey.The profitability ofa prey species can be measured by the energy 

yield it provides,and by the amountoftime it takes a predator to detect,capture,and 

consume it relative to other prey species(Hughes,1979;Stephens&Krebs,1986).For 

example,shorecrabs(Carcinus maenas)switch to new prey species ifnet energy yields 

increase and ifhandling times for the new prey are not significantly greater than handling 

times for the previous prey(Cunningham&Hughes,1984).Reducing the amountoftime 

spentforaging may also reduce predation risk(Milinski& Heller, 1978),and one wayof 

accomplishing this is to leam how to better detect,capture,and consume prey.Thus, 

animals that evince high levels of plasticity in their foraging behavioral repertoires can 

acquire feeding skills on a variety ofprey species. 

For many species,feeding experience underlies the developmentofsuccessful 

foraging.However,the type ofexperience places limits on the degree to which feeding 

skills(e.g.,reduced time spentforaging or net energy spentforaging)can improve.For 

example,both successive switching between dissimilar prey items,and simultaneous, 

mixed experience with multiple prey items,can irripede the developmentofefficient 

foraging behavior in shorecrabs, Carcinus maenas(Cunningham&Hughes,1984). 

Burghardt&Krause(1999)found thatnewbom garter snakes feeding on a mixed diet 

(fish and worms)did notconsume worms as quickly as snakes fed exclusively on worms. 
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Memory is an importantfactor to consider in deteiinining the effects ofdieton the 

developmentofforaging skills. For sticklebacks(Spinachia spindchia L.),the retention 

offoraging skills can beimpeded when diets are variable or ifa substantial time interval 

passes between feedings(Croy&Hughes,1991a). . 

The morphology and behavior ofprey can have a considerable influence on the 

developmentofpredatory skills. Specifically,the type ofprey consumed mayinfluence 

the degree to which foraging times can bereduced following feeding experience.For 

example,Croy and Hughes(1991a)reared fifteeuTspined stickleback{Spinachia spinacha 

L.)on pelagic brine shrimp{Artemia sp.),benthic amphipods{Gammaruslocusta),or a 

mixture ofboth,and assessed the development offeeding skills on all three diet groups. 

Feeding skills onArtemia,which is very slow moving and soft-bodied,were acquired 

more quickly than skills on Gammarus,which is fast moving and covered with a hard 

cuticle.Feeding on a mixed dietimpeded the developmentoffeeding skills relative to the 

groups reared on single item diets; However,it is possible that effective foraging on a 

new prey type after feeding experience oh a different prey type may be facilitated ifthe 

organism's initial diet consisted ofa prey type that wasrelatively difficult to consume. 

Efficiently detecting,capturing,and consuming prey may minimize predation 

risks for garter snakes thatforage in open fields,along water banks,and under water, 

where they themselves maybe vulnerable to predators.The rapid acquisition offeeding 

skills by T. sirtalis would aid in reducing the costs ofnot specializing on a limited 

numberofprey species.Behavioral plasticity would facilitate the acquisition offeeding 

on both novel and species-typical prey.For example, T.sirtalisin most populations feed 

on earthworms and amphibians,but will feed on fish opportunistically in the field and 
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readily in captivity(Arnold,:i992; Carpenter, 1952;Dix,1968;Gregory&Nelson, 

1991).However,neonatal T.sirtalis are not very adept at handling live fish in 

comparison to Thamnophis melanogaster,an aquatic prey specialist(Halloy& 

Burghai-dt, 1990).With feeding experience,T.sirtalis is capable ofconsuming fish about 

as proficiently as T. melanogaster,^\xs benefiting fi-om behavioral plasticity. 

Thefeeding behavior in T.sirtalis shows a considerable level ofplasticity in the 

firstfew months oflife. Burghardtand Krause(1999)tested three groups ofneonatal T. 

sirtalis on their abilities to feed on fish,worms,or a mixed diet. Initially, all prey items 

took equally long to consume.However,after 11 to 12feedings on their respective diets, 

both fish and worm consumption times decreased significantly. Also,the subcomponents 

offeeding were differentially affected by feeding experience.Fish and worm detection, 

as measured by prey approach times,decreased significantly after feeding experience 

with pure diets but notfor snakes reared on mixed diets. Feeding on a mixed diet also 

appeared to interfere With the developmentofabilities to approach,capture,handle,and 

swallow worms.• 

The findings reported in Burghardt and Krause(1999)lead to further questions 

aboutthe ontogeny and plasticity ofgarter snake foraging behavior.The first question 

concerns the age at which young snakes reach asymptotic levels ofprey consumption 

efficiency. Second,the effects offood switching need to be further addressed.It appears 

thatfeeding on fish,a prey item that is relatively difficult to consume,may facilitate 

, switching to worms,which are easier to handle. Conversely,feeding on wormsmay 

interfere with switching to fish(Yeager,Burghardt,&Lyman-Henley,1996).Third, 

garter snakes may experience periodic fluctuations in prey abimdance,which can result in 
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the absence ofcertain prey types for extended periods oftime.Thus,the retention of 

feeding skills by garter snakes needs to be assessed.Fourth,the relationships between 

feeding experience,foraging efficiency,and prey type need to be examined in snakes 

from natural populations.Thefollowing hypotheses were tested in Chapter4,"The 

Ontogeny ofFeeding Skills": 

Experiment I. 

1) Latencies to approach and consume prey will decrease significantly after 11 

tol2feedings for snakes reared on fish,worms,and a mixed diet. Feeding 

skills will asymptote by this point and an additional 11to12feedings will not 

affect times to approach and consume prey(11 to 12feedings were offered so 

that results could be compared with Burghardt and Krause(1999)and because 

the effects ofphysical maturation are minimized by re-testing the snakes after 

a relatively small numberoffeedings). 

2) Feeding on pure diets offish or worms will resultin greater decreases in 

approach and consumption times in comparison to snakes reared on the mixed 

diet. 

3) Snakes reared on wormsfor their first22to24feedings will notfeed 

efficiently upon fish when their diet is switched(interference effect),and 

snakes reared on fish their for their first22to24feedings will,feed efficiently 

on worms when their diet is switched(facilitation effect). 

4) Skill retention for consuming fish and worms will be evident after diets are 

switched back to the original prey item. 
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ExperimentII. 

1) Prey approach and consumption times will decrease after only six feedings 

(halfofthe number used in Experiment I),for snakes reared on fish and worm 

diets. 

2) Interference and facilitation effects will occur when diets are reversed for the 

worm and fish fed snakes respectively. 

3), Skill retention for consuming fish and worms will be evident after diets are 

switched back to the original prey item. 

Experiment III. 

1) Adultsnakesfrom Miller's marsh and McCaffertyfarm will detect and 

consume worms at the same rate. 

2) Adultsnakes from Miller's marsh will approach and consumefrogs and fish 

morerapidly than snakes from McCaffertyfarm. 

Morphological and behavioral adaptations to different feeding niches are well 

documented for many species ofsnakes(Drummond,1983;Halloy&Burghardt, 1990; 

Waters,2000). The high levels ofplasticity found in generalist species such as T.sirtalis 

provide plausible explanations for their success in invading new food niches.The dietary 

differences in the snakes at the two sites studied hereform the basis for several ofthe 

hypotheses tested in this dissertation. Differences in diet,morphological traits,and 

behavior among sites and sexes were examined using data gathered over the course of 

two field seasons.The laboratory studies ofchemoreception and prey feeding skills 

assessed the effects ofdiet on the developmentofgarter snake predatory behavior. 
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CHAPTER! 

GROWTHAND MORPHOLOGY 

Introduction 

Thamnophissirtalis from several,mainland and island populations ofthe Beaver 

Archipelago differ in relative head sizes,and this appears to correspond with differences 

in available diets(Grudzien et al., 1992). Garter snakes on island populations ofthe 

Beaver Archipelago are known to consume birds whereasthose on the mainland do not. 

Thus,the diets ofthe snakes in the island populations may be more diverse than the diets 

ofthe snakes in the mainland populations(Grudzien et al., 1992).The first part ofthis 

chapter examines morphological variation associated with diet differences in snakes from 

Miller's marsh and McCafferty farm.Several authors have demonstrated that diet affects 

the head and body sizes ofshakes(Forsman,1996a;Madsen&Shine,1993;Queral-

Regil &,King,1998,see Chapter 1),and morphological plasticity is often evident.For . 

example,Thamnophissirtalis and T.rai//x;feeding on fish grew at a faster rate than 

snakes feeding on worms(Scudder-Davis&Burghardt,1987).This waslikely dueto the 

higher levels ofcalcium and phosphorous available in the fish diets,assnakes feeding on 

wormssupplemented with these minerals grew even morerapidly than snakes feeding 

exclusively on fish(Burghardt, 1990;Lyman-Henley&Burghardt, 1995). Watersnakes 

{Nerodia sipedon)feeding on large fish had greater body and head sizes than snakes that 

ate an equal number ofsmaller fish(Queral-Regil&King,1998).I tested whether dietary 

differences are associated with head and body size differences between thetwo sites. 

Furthermore,variables such as sex also influence body and head size differences in 

snakes.Many species ofsnakes show either male orfemale biased sexual size 
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dimorphism(see Rivas&Burghardt,submitted; Shine, 1993for reviews).The adults of 

many species ofnatricine snakes,including T.sirtalis, show female biased sexual size 

dimorphism(King et al., 1999;Shine,1993, 1994).In this chapter I also tested for sex 

differences in body and head sizes ofwild-eaught snakes. 

The majority ofstudies examining sexual size dimorphism in snake body and 

head sizes have used adult snakes.Several possible explanationsfor adult head size 

dimorphism in snakes have been proposed.Crews et al.(1985)and Shine and Crews 

(1988)found that male T.sirtalis have smaller heads than females because the higher 

androgen levels in males inhibit growth.This finding raises the possibility that sexual 

selection accounts for sexual size dimorphism in garter snake head sizes.However, 

sexual selection is an unlikely explanation for head size dimorphism,as male garter 

snakes are not noticeably aggressive toward one another during their attempts to mate 

with females.Iffemale mate choice exists among garter snakes,it appears to have little to 

do with male head size. An alternative hypothesis is that sexually dimorphic snake 

species utilize differentfood niches.Some supportfor this hypothesiscomesfrom Shine 

(1986).Alternatively,sex differences in garter snake head size may be an incidental 

effect ofandrogen levels and there maybe no adaptive explanation.This is unlikely as 

males ofmany species ofsnakes have larger heads than females;and there are 

populations ofT.sirtalis where head sizes do not differ among sexes(Shine&Crews, 

1988).Recently,King et al.(1999)reported sexual size dimorphism ofbody and head 

sizes in neonatal T.sirtalis fi-om Ohio(Ottawa County).In this chapter,1 tested whether 

sexual size dimorphism ofbody and head sizes occurs in neonatal T.sirtalis bom to 

mothers collected at Beaver Island. 
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Atbirth,body lengths ofThamnophis elegans differ among litters, and relative 

size differences among individuals at birth persistthrough the first year ofgrowth 

(Gregory&Prelypchan, 1994).Thus,in this chapterI also tested for litter and site 
variation in neonatal body weight,SVL,and relative head size.I also reared laboratory 

bom snakes on diets offish,worms,or both,to.determine the degree to which diet and 

sex influence increases in body weight,SVL,and head size during the first240days of 

age.Dueto high mortality through the first 240 daysofage,litter effects on growth could 
notbe tested. , - ' . . -

Below,I have reported head and body size data on wild-caught shakesfrom the 

two sites,and tested for sex,reprpductiye condition,and site effects on riiorphological 

variation.1 then examined sex,site,and litter effects on neonatal morphology using 

snakes bom in captivity to females from both sites. Finally,I tested sex,site,litter, and 

diet effects on growth in neonates reared on dififerent diets.The specific hypotheses thatI 

tested are listed in Chapter 1. 

Method:Field Data 

Subjects and maintenance 

Field data were gathered at Miller's marsh and McCaffertyfarm between May and 

July in 1998 and 1999.1 captured snakes by hand and broughtthem to the Central 

Michigan University,Beaver Island Biological Station for measurements.I captured and 

measured a total of457 snakes during both field seasons.Dueto their greater abundance 

and/or ease ofcapture,a somewhatlarger sample was obtained from McCafferty farm 

(n=246;68 males,178 females)than from Miller's marsh(n=211;68 males,143 

females).Snakes at Miller's marsh were captured around the perimeter ofthe marsh and 
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along adjacentroads. Grass and bracken fern covered berms alongside the unpaved roads 

created highly suitable garter snake habitat.Snakes were eaptured at Miller's marsh at 

least6days/week and 3 days/week at McCaffertyfarm.McCafferty farm consists ofa 

privately owned,2ha grass field with scattered boards that the sh^esuse as refuge and 

to thermoregulate.Nearly all snakes at McCaffertyfarm were eaptured from beneath 

these boards.Atthe Biologieal Station,snakes were group-housed by site. Temperature 

waskept at 20-25°Cand the snakes were housed near windowsto keep them as close to 

their natural light-dark cycles as possible. 

Procedure 

Thefollowing morphological measurements were taken on the snakes captured 

during the 1998 field season(n=289):Mass,snout-vent-length(SVL),tail length(TL)^ 

head length(HL,distance between snout and posterior margin ofthe parietal scales),jaw 

length(JL,distance between the snout arid the posterior margin ofthe posterior-most 

upper labial scale on the left side ofthe head),head width(HW,widest anterior point to 

posterior margin ofparietal scales)^ and inter^ocular distanee(lOD,distanee between 

junction pointofsupraocular scale, parietal scale,and eyes).Body mass was measured in 

0.0Ig with a digital scale.SVL and TL were measured in mm with a meter stiek and 

head measurements(in 0.01mm)were made with a hand-held digital ealiper. Sex was 

determined by cloaeal probing.Figures showing the loeation ofeaeh head scale can be 

found in Conant and Collins(1991).Based ori findings in 1998,HL,but not JL,HW,and 

lOD,was measured on snakes captured during the 1999 field season(n= 168)so more 

effort eould be devoted to behavioral testing. 
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Therepeatability ofmeasurements on SVL,HL,JL,,HW,andlOD was assessed 

on fifteen adult snakes captured in 1998 at McCafferty farm following the procedure of 

Forsman(1994).All fifteen snakes were scale- clipped and placed into an aquarium.The 

first measurements were then taken,and each snake was placed into a second aquarium. 

After all fifteen snakes were first measured,the measurements were repeated twice using 

the same proeedure,for a total ofthree measurementson all variables for each snake.For 

each repetition,there was no reference to earlier measurements.All repeatability values 

were calculated using the intra-class correlation coefficient and were extremely-high 

(0.96-0.99,Table 2.1). 

Dietary differences atthe two sites were examined by non-destruetive analysis of 

stomach contentsfrom all snakes captured during the 1998 and 1999 field seasons.The 

presence ofstomaeh eontents was determined by palpating each snake's stomaeh.If 

ingested prey were detected,stomach contents wereremoved by gently pushing the prey 

forward through the stomach and gullet. This method ofstomach content removal, 

described by Fitch(1987),does not cause injury. Stomach contents were identified, 

weighed,and then frozen.Snakes were then scale clipped for identification purposes and 

released at their capture site,typically within 24hours(see Chapter4,Experiment III,for 

some exceptions). 

Statisticalanalyses 

Sex and site variation in SVL was tested using ANOVA.Body masses were 

compared among sexes and sites using a factoriafANOVA,with SVL as a coyariate. 

https://0.96-0.99
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Table 2.1;Repeatability ofmeasurements for snout-ventlength(SVL),head length(HL), 
jaw length(JL),head width(HW),and inter-ocular distance(lOD)for fifteen wild-caught 
garter snakes. 

lOD 

0.97 0.96 

SVL . HL JL HW 

R 0.99 0.99 0.99 

592.7 1254.4 98.0 83.2F-value 3210.4 
<0.001p-value <0.001 <0.001 <0.001 <0.001 
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Simple linear regressions were performed to compare the relationships between SVLs 

and masses for both sexes and sites. All,multivariate analyses ofhead size were 

performed on.the 289snakes captured in 1998.Phenotypic correlations between HL,JL, 

HW,and lOD were calculated separately for both sexes and sites. The calculation of 

these correlations is complicated bythe fact that HL,JL,HW,andlOD increase with 

increasing SVL.Partial correlations are the appropriate statistical tests to control for this, 

using SVL as the control variable(King,1997).An ANCOVA wasused to test for sex 

and site differences in head dimensions,with thesetwo variables treated as fixed factors, 

and SVLtreated as a covariate. Wilk's Lambda(k)was used to test for multivariate 

effects ofthe following factors: SVL,site,sex,and the sex by site interaction. I used 

univariate F-statistics to test for the effects ofeach ofthese factors on HL,JL,HW,and 

lOD.Data were natural log transformed to normalize the data and to linearize variate-

covariate relationships. 

Results:Field Data 

Dueto a relatively small number ofsnakes with prey(3.9%ofall snakes 

captured),stomach contents were examined in descriptive fashion.Only one stomaeh 

content sample,consisting ofearthworms,wastaken at McCaffertyfarm(Table 2.2). The 

weather was dry during both field seasons,possibly making earthwormsless available. 

Worms are also digested more rapidly than vertebrate species(Scudder-Davis& 

Burghardt, 1987). Additional data on stomach content analyses ofsnakesfrom 

McCaffertyfarm(Gillingham&Burghardt,unpubl.)have revealed only earthworms. 

Several species ofamphibians werefound in the snakes at Miller's marsh,as well as 

earthworms,a nestling bird,and ashrew(Table 2.2). 



 

24 

Table 2.2:Stomach contents from female(f)and male(m)garter snakes captured 
with identifiable prey from each site during the 1998-1999 field seasons. 

Prey species Miller's marsh McCaffertyfarm 
(#stomachs) (#stomachs) 

Red-backed salamander 01(f) 
{Plethodon cinereus) 
Green Frog{Rana clamitans) 1(f) 0 

Gray tree frog{Hyla versicolor) 6(5f, Im)* 0 

Spring Peeper{Hyla crucifer) 1(f) 0 

American toad {Bufo americanus) 1(f) 0 

Spotted salamander{Ambystoma 2(If, Im)* 0 

maculatum) 
Shrew {Blarina brevicauda) l(m) 
Bird(nestling) 1(f) 0 . 

Earthworms 3(2f,Im) 1(f) 

* Onefemale had two Hyla versicolor in her stomach,and three Ambystoma 
maculatum werefound in another female's stomach. 
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Site andsex differencesin body size 
J. 

Descriptive results for all morphological measurementstaken on all snakes 

captured at both sites are shown in Table2.3A.Comparisons ofSVL and mass between 

the two sites and sexes were restricted to adult snakes(Table 2.3B).Female and male 

adult sizes were estimated using size-frequency histograms(Figure 2.1A-D)from SVL 

data collected at both sites,and compared to previously published estimates ofmale and 

female adultSVLin T.sirtalis.Based on the data presented in Figure 2.1A-B,and King 

(1989),the minimum adult male SVL was estimated at 350.0 nun.A total of40 yearling 

andjuvenile males were thus omitted from the analysis(Miller's marsh,n= 16,M mass± 

SE= 10.2 g±0.95,MSVL±SE=276.9mm±10.1;McCaffertyfarm,n=24,M mass 

±SE=9.2 g±0.96,M SVL±SE=256.2mm±8.6).The smallestfemale from 

McCafferty farm in which embryos could be detected was 392.0mm,and the smallest 

female with embryos from Miller's marsh was422.0mm.Based on this and the data in 

Figure 2.1C-D,minimum female adult body size wasrounded to 400.0mm(the next 

smallestfemale with embryos at McCafferty farm was420.0 mm).A total of72 yearling 

andjuvenilefemales was omitted(Miller's marsh,n=29,M mass±SE= 11.9g± 1.19, 

M SVL+SE=286.4mm±11.52; McCafferty farm,n=43,M maiss±SE=15.3 g± 

1.29,MSVL±SE=300.5 mm±9.5). Yearling andjuvenile snakes ofboth sexes were 

more commonly captured at McCaffertyfarm,which may be due to their relative ease of 

capture compared with smaller snakes at Miller's marsh,of because younger snakes are 

less common at Miller's marsh. 
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Figure 2.1: Size frequency histograms (SVL) for males from
McCafferty farm (B) and females from Miller's marsh (C) and McCafferty farm ( ).
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Figure 2.1 (continued)
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Descriptive statistics ofall moiphological traits measured for adult males and 

femalesfrom both sites are reported in Table 2.2B.Sex and site effects on adultSVL 

were tested using a univariate ANOVA.Site had a significant effectonSVL,with snakes 

at Miller's marsh having greater SYLsthan snakesfrom McCafferty farm.Sex also had a 
significant effecton SVL,with adultfemales having greater SVLsthan adult males 
(Table 2.4).A significantinteraction was detected between sex and site(Table 2.4). 
Adult malesfrom both sites were not significantly differentin SVL(F=0.336,df= 1, 

95,p=0.563),whereas adultfemales from Miller's marsh were significantly longer than 
adultfemales from McCafferty farm(F=54.81,df=1,247,p <0.001). 

The significantinteraction between sex and site forSVLis also apparent when an 

Index ofSexual Size Dimorphism(ISSD)is used(Gibbons&Lovich,1990;Shine, 

1993),For snakes,theISSD is calculated by dividing the meanSVLofthe larger sex,by 
the smaller sex,and subtracting this ratio from one. Generally,theISSD measurementis 

used to compare snakes at maturity(Shine,1993).Overall,for my study theISSD for 

adult males and females from the two sites combined was-0.19,which reflects a female 

biased size dimorphism.I also calculated separate SSD indiees forthe snakesfrom 

Miller's marsh and MeCaffertyfarm.TheISSD for thesn^esfrom Miller's marsh was 

-0.24,and theISSD forthe snakes from McCaffertyfarm was-0.14.The differences 
between thetwo indices reflect the significant sex by site interaction for SVL. 

The mean body masses ofall males from both sites were nearly identieal(Table 

2.3A,Figure 2.2A-B).Only adult males(SVL> 350.0mm)atthe two sites were 

compared statistically for differences in mass.Adult males eaptured at McCafferty farm 
were only slightly heavierthan adult males at Miller's marsh(McCafferty's,M mass-
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Table 2.4: Results ofunivariate ANOVA testing for site and sex effects on snout-vent 
length(SVL)in 346 wild-caught adult garter snakes. 

Factor df MS 

17.84 <0.0010.18Site 1 

2.17 211.76 0.001
Sex 1 

0.0029.74E-02 9.51 

1.02E-02 
Site*Sex . 1 

Error 342 
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Figure 2 2' Mass frequency histograms for male snakes from Miller's marsh (A) andK4 toW aduU non-gravid females (SVL > 400.0 mm) ftom Mdlefs marsh
C) and McCafferty farm (D), and for gravid females from Miller s marsh (E) and
McCafferty farm (F).
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Figure 2.2 (continued)
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36.6g; Miller's,M mass=33.4g,Table 2.3B).However,with SVLtreated as a covariate, 

malesfrom McCaffertyfarm were significantly heavier than malesfrom Miller's marsh 

(Table 2.5).Twenty-five non-gravid adultfemales were captured at Miller's marsh(M 

mass±SE=66.6 g±8.0)and 28 were captured at McCaffertyfarm(M mass±SE = 

52.2 g±3.58).Body weights between these two groups were significantly different 

(Table 2:5,Figure 2.2C-D).Non-gravid females fi-om Miller's marsh also had 

significantly longer SVLs(MSVL±SE=527.4mm±13.23)than non-gravid females 

from McCaffertyfarm(MSVL±SE=476.7mm±12.02,F=8.08,df- 1,51,p-

0.006). 

'cravid females from Miller's marsh were heavier(M mass±SE=85.1 g±2.54) 

than gravid females from McCaffertyfarm(M±SE=64.8 g± 1.59),butthe difference 

was not significant(Tahle 2.5,Figure 2.2E-F).However,with SVLremoved as a 

covariate the body weights ofgravid females differed significantly among sites(F= 

51.25,df= 1,194,p <0.001). Gravid females from Miller's marsh were significantly 

longer(M SVL±SE=546.0mm±5.01)than gravid femalesfrom McCaffertyfarm(M 

SVL±SE=500.8 mm±3.9,F=52.4,df= 1,194,p < O.OOl). 

Snout-ventlength and mass showed significant linear relationships for all males 

and females from Miller's marsh and McCafferty farm(Table 2.6).Because the 

regression coefficients and slopes ofthe data from thetwo sites did not differ,the data 

were pooled.Using the pooled data,significantlinear relationships betweenSVL and 

mass were again found for both males aiid females(Table 2.6;Figures 2.3A-B). 
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Table 2.5:Results ofUnivmate ANOVAstesting for site arid sex effects on mass,with 
snout-ventlength(SVL)as a covariate,in riiale,non-gravid female,and gravid female 
garter snakes captured at Miller's marsh and McCafferty farm. 

OCA 
df 

Males . SVL 1 

Site '■'T 
Error 94 

Non-gravid SVL 1. 
females Site 1 

Error 50 

Gravid , SVL. ■ ' L" 
females Site 1 

Error 193. 

MS 

9.06 
0.350 

1.66E-02 

546.0 
21.1 

<0.001 
<0.001 

6.09 
0.142 ■ 

2.93E-02 

208.13 
4.85 , 

<0.001 
0.032 

9.1 
5.94E-02 
1.89E-02 

482.66 

3.15 . 

<0.001 
0.078 

; 

lo.r, - A'; \Afillpr'c marsh 
INOie. iVlUlCI b xiiaiMi — - 1 <>0 » 

non-gravid females, n = 25, McCafferty farm non-gravid females, n - 28. Miller s 
marsh gravid females, n = 89, McCafferty farm gravid females, n = 107. 
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Table 2.6: Results ofregression analyses ofsnout-ventlength and massm males and 
females from each site and in both sites combined. 

2 F df 
Site Sex t 

Males 0.95 1200.9 1,66 <0.001 

MM 
Females 0.96 3253.1 1,141 0.001 

Males 0.98 3172.1 1,134 0.001 

MF 
Females 0.97 4927.0 1,176 0.001 

Males 0.96 3172.1 1,134 0.001 

Sites combined 
Females 0.96 7907.2 1,320 0.001 
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Figure 2.3: Relationship between mass and snout-vent length(SVL)in 
136 male(A)and 321 female(B)wild-caught garter snakes.Regression equation 
for males is SVL= 4.7+0.39Mass and for females is SVL=4.8 -t- 0.34Mass. 
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Phenotypic correlations 

Phenotypic correlations among the four head measurements were computed 

(controlling for SVL).Significant phenotypic correlations among all four head 

measurements werefound for females at both sites,and malesfrom McCaffertyfarm 

(Table 2.7).The males from Miller's marsh showed significant phenotypic correlations 

betweenHL and JL(p <0.001),HLandlOD(p <0.005),HW andlOD(p<0.038),HW 

and JL(p <0.022),and JL andlOD(p <0.017).However,after adjusting the test-wise 

significance level to 0.013 using Holrn's sequentially rejective procedure(Aickm& 

Gensler,1996),the relationships between the last three comparisons were not significant. 
Site andsex differencesin headsize andshape 

Descriptive statistics forraw values ofHL,JL,HW,andlOD for snakes ofeach 

sex at both sites are shown in Table 2.3A.The initial MANCOVA including all snakes 

measured during the 1998 field season revealed ho significant effect for site on relative 

head size Q.=0.988,F-0.90,df=4,288,p=0.464). An overall effect wasfound for 

sex,with females having larger head sizes along length dimensions(HL and JL)than 

males(k=0.792,F= 18.92,df=4,288,p <0.001,see Table 2.8,Figure 2.4A-D).Sex 

and site did notinteract(A.=0.989,F=0.810,df=4,288,p=0.519,see Table 2.8). 

Snout-ventlength coyaried significantly with HL,JL,HW,andlOD(F= 1404.29,df-4, 

288,p <0.001). 

Age effects may have biased tests for differences in head sizes among sites. If 

phenotypic plasticity were to accountfor the hypothesized head size,variation,then 

differences would probably not appearin very young snakes.Therefore,tests for site 
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Table 2.7:Phenotypic correlations between four head measurements in 295 wild-caught, 
adult garter snakes from Miller's marsh and McCafferty farm. 

MFMM 

MalesMales 

(n-32) (n=43) 

HW lODJL HW lOD JL 

HL 0.88** 0.696** 0.642**HL 0.754** 0.381 0.487** 

JL 0.41 0.425 JL 0.738** 0.643** 

0.679**0.374 HWHW 

FemalesFemales 

(n=97) (n=123) 

HL 0.923** 0.682** 0.499** HL 0.816** 0.631** 0.488** 

0.682** 0.501**JL 0.715** 0.457* JL 

0.613**0.534** HWHW 

Note: MM=Miller's marsh,MF=McCaffertyfarm.Allp values are two-tailed after 
controlling for multiple comparisons. 
** = p< 0.001 
*=p <0.01 
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Table 2.8:MANCOVA results testing for site and sex differences in head length(HL), 
jaw length(JL),head width(HW),and inter-ocular distance(lOD)in 296 wild-caught 
garter snakes.Significant p-Values are boldfaced. 

Source of DV df MS 

Covariate(SVL)" HL 9.45 

JL 12.17 

HW 6.05 

lOD 6.56I • 

1 1.23E-04Site HL 
- 8.36E-04 

HW L57E-05 

lOD 1 4.65E-03 

JL 

4.58E-02 

JL 

Sex HL 

0.141 

HW 5.89E-02 

lOD 1 1.48E-02 

1.93E-03Site by Sex HL 

JL 1 5.89E-03 

HW 1 4.35E-03 

lOD 5.82E-04 

2.14E-03 

JL 291 2.33E-03 

HW 291 3.37E-03 

lOD 291 3.03E-03 

Error HL 291 . 

females,n= 124. 

4426.55 <0.001 

5221.37 0.001 

1794.13 0.001 

2162.98 0.001 

0.06 0.811 

0.36 0.550 

0.01 0.945 

1.53 0.217 

21.47 <0.001 

60.64 0.001 

17.46 0.001 

4.89 0.028 

0.90 0.343 

2.53 0.113 

1.29 0.257 . 

0.19 0.662 
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Figure2.4:Relationshipsbetweensnout-ventlength(SVL)and head length,HL(A),jawlength,JL(B), 
head width,HW(Q,and inter-ocular distance,ICO(D)in male(closed circles,n=75)andfemale 
(qDcncircles,n=221)wil(Fcau^gartersnakes. 
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effects were repeated using only adult snakes(maleSVL> 350.0mm;femaleSVL> 

400.0 mm).Descriptive statistics for the adults tested in this second MANCOVA are 

shown in Table 2.3B.With the sub-adult snakes removed,site had a significant effect on 

head size(k=0.94,F=3.21,df=4,200,p=0.014,see Table 2.9),as did sex(k=0.798, 

F= 12.68,df=4,200,p<0.001).Sex and site did notinteract for adult snakes(k= 

0.992,F=0.28,df=4,200,p=0.823).Snoutwentlength coyaried significantly with all 

head measurements(k=0.255,F= 146.14,df=4,200,p <0.001)and significant sex 

differences werefound for HL and JL.The site effect was primarily accounted for by 

lOD(Table 2.9). 

Method:Postpartum Morphology 

Seventeen gravid females from Miller's marsh and 16 gravid femalesfrom 

McCaffertyfarm were captured and broughtto the University ofTennessee following the 

1998(n=22litters)and 1999(n= 11 litters)field seasons.Thefemales were housed 

separately and fed either minnows(Pimephalespromelas)or earthworms(Lumbricus 

terrestris)once per week(depending on availability),and water was available ad libitum. 

Room temperature was25° C,relative humidity was30%,and a 12:12light:dark cycle 

was maintained.Neonates from 19of22litters bom during 1998(n=146)were used to 

study the effects ofdiet on growth rates.(The litters used in both analyses are listed in the 

Appendix I). After giving birth,adultfemales wereretumed to Beaver Island each Fall. 
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Table29"MANCOVA results testinig for site and sex differences in head length(HL),
jaw length(JL),head width(HW),and inter-ocular distance(lOD)in 208 adult garter
snakes. Significant p-values are boldfaced. 

MSdfSource of DV 

variation 

413.08 <0.001
Covariate(SVL) HL 1 0.91 

1.18 532.97 0.001 
JL 

0.60 162.16 0.001 
HW 1 

lOD 0.71 , 216.16 0.001 

0.53 0.4691.16E-03Site HL 1 
0.9202.22E-05 ' 0.01JL 
6.8371.57E-04 0.04HW 1 
0.0072.41E-02 7.38lOD 

0.0359.93E-03 4.47 
Sex HL 1 

0.0015.38E-02 24.29JL 
0.085,l.lOE-02 2.99HW 1 

0.07 0.7952.20E-04,.lOD 1 

0.9962.21E-03 0.00Site by Sex HL 1 
0.854i22E-03 0.03JL 1 
0.8673.69E-03 0.03HW 

0.50 0.4803.27E-03lOD 

2.21E-03203Error HL 

JL , 203 2.22E-03 

3.69E-03 

3.27E-03 
HW 203 

lOD 203 

Note:Miller's marsh:males,n=20;females,n=79.McCafferty farm:males,n 20; 
females,n=89. 
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X 

Subjectsand maintenance 

From birth,the neonates were housed separately in clear plastic cages(13.5 x 18.5 

4.0cm,or 12.0 x 17.0 x 9.0 cm),each including a cardboard substrate,shelter,and 

water dish.Room temperature waskept constant(25° C),with30%relative humidity, 

and a 12:12-hr light:dark cycle was maintained throughoutthe study period.Cages were 

cleaned as needed and water was available ad libitum. 

\ 

Procedure 

Within 24h ofbirth, mass,SVL,TL,HL,JL,HW,andlOD were measured on all 

neonates using the same protocol asfor adults.Body weights(to the nearest0.0Ig)were 

obtained using a digital scale,SVL and TL(to the nearest 1.0 mm)were measured using 

a meter stick,and head measurements(to nearest 0.01 mm)were made with a hand-held 

digital caliper. Sex was determined by cloacal probing.JL,HW,and lOD were not 

measured on neonates during the 1999 season. Multivariate analyses on head morphology 

are thus restricted to 156 ofthe neonates bom in 1998. 

Statistical analyses 

Sex,litter, and site differences in neonatal SVL,mass,and TL were tested with 

ANOVA,with sex and site specified as fixed factors,and litter as arandom factor nested 

within site. Snout-ventlength wastreated as a covariate for comparisons ofmass and TL. 

Head measurements were analyzed using MANCOVA(covariate=SVL)with sex and 

site treated as fixed factors,and litter nested in site as arandom factor. Multivariate 

significance for.SVL,sex,site, and litter was tested using Wilk's Lambda,and effects for 

each ofthese factors on all four head measurements were tested with univanate F-tests. 

Phenotypic correlations between HL,JL,HW,andlOD were determined using partial 
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correlation coefficients,with SVL and litterfactored out.Relationships between maternal 

SVL and litter size,and mean neonatalSVL,and mass were tested using simple linear 

regression. All data were normalized using natural log(+1)transformations. 

Results:Postpartum Morphology 

A total of286 neonates wasbom overthe two years'(Table 2.10). Comparisons 

by sex,site,and litter for SVL,tail, and mass were made with all 286 snakes.Descriptive 

statistics(M±1SE)on mass,SVL,TL,HL,JL,HW,andlOD atbirth for snakes ofeach 

sex,and site are shownin Table 2.11. Descriptive statistics for all postpartum 

measurements for each litter can befound in Appendix II. 

Litter,sex,andsite differencesin bodysi:^ 

Significant litter effects werefound for neonatal mass,SVL,and TL(Table 2.12). 

Males and females differed in all three measurements,with males having greater SVLs 

and TLsjand females having greaterbody weights(Table 2.12).Atbirth,neonatesbom 

to mothers colleeted at Miller's liiarsh were slightly heavier and had longer SVLsthan 

neonates from MeCaffertyfarm,butthe differences were not significant and no site,effect 

wasfound for TL.Mass and SVL were significantly correlated at birth for both males and 

females.Thelinear relationship between snout-ventlength and mass was significant for 

both males and females(Figure 2.5). 

Maternalcorrelations 

MatemalSVL did not significantly predict mean litter sizes for the 33 litters bom 

during the 1998 and 1999 seasons(Figure 2.6). MatemalSVL also did not predict 

neonatalSVL(Figure2.7A)and only a marginal relationship wasfound between . 

matemalSVL and mean neonatal body mass.(Figure 2.73).Nevertheless,all ofthe 



47 

Table 2.10: Litter sizes and frequeneies ofeach sex for snakesbom to mothers from 
Miller's marsh and McCafferty faim during 1998 and 1999.These snakes were used in 
analyses for litter,sex,and site differencesin snout-ventlength,tail length,and mass at 
birth. 

Males Females
#litters M(SD) Range 

Litter size (n) (n) 

84 91 

Site n 

10.3(3.4) 3-17
MM 175 17 

58 53 
MF 111 16 6.9(2.8) 2-13 

142 144
33 8.7(3.5) 2-17Totals 286 
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Table 2.12;Results ofunivariate ANOVAstesting for sex and site effects on neonatal 
snout-vent length(SVL),mass,and tail length(TL). 

Measure Source df MS* 

SVL 

Litter within Site 31,251 2.38E-02 

L21E-03 

Sex 1,251 2.16E-02 

L21E-03 

Site 1,32 L34E-02 

L90E-02 

Mass Covariate(SVL) 1,250 0.46 

2.54E-03 

Litter within Site 31,250 4.78E-02 

2.54E-03 

Sex 1,250 L16E-02 

2.54E-03 

Site 1,32 4.99E-02 

3.76E-02 

TL Covariate(SVL) 1,250. 0.18 

2.81E-03 

Litter within Site 31,250 3.61E-02 

2.81E-03 

Sex 1,250 0.22 

2.81E-03 

Site 1,32 2.25E-02 

2.86E-02 

* MS=Hypothesis Mean Squared Error above MS(error) 

F P 

19.75 <0.001 

17.86 0.001 

0.70 0.408 

180.23 <0.001 

18.83 0.001 

4.59 0.033 

1.33 0.258 

64.99 <0.001 

12.85 0.001 

78.62 0.001 

0.79 0.382 
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Figure 2.5: Relationship between snout-vent length(SVL)and Massin 
neonatal garter snakes(n=33 litters). Litter means for each sex are plotted.
Regression equation for males is SVL=4.74+0.32Mass,and females is 
SVL=4.62+0.41Mass. 
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Figure 2.7: Relationship between mean neonatal and maternal snout-vent length,SVL(A),and 
mean neonatal mass and maternal SVL(B)in 33 garter snake litters. Regression equations are 
neonatal SVL= 129.7+0.06SVL,and neonatal mass=2.71 +0.75SVL. 
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slopes were positive,suggesting that larger females have atendency to have more and 

larger offspring. 

Phenotypic correlations 

Phenotypic correlations amongthe four head measurements were computed with 

SVL and litter factored out.Atbirth,there were significant positive phenotypic 

correlations between the four head measurements(see Table 2.13). All correlations were 

significant atp <0.001.Adjusting significance levels for the six correlations using the 

Bonferroni procedure(0.05/6=0.008)and Holm's sequentially rejective procedure did 

not changethe outcome ofthe tests. 

Headsize variation 

Snout-ventlength covaried significantly with the four head measurements(A,= 

.595,F= 19.21,df=4,113,p <0.001).The overall effect for site on neonatal head size 

was not significant(%=0.58yF=2.53,df=4,i4,p=0.087),but snakesfrom Miller's 

marsh had significantly greater JLs and lODs(see Table 2.11 and 2.14).There wasa 

significant overall effect for sex{X=0.422,F=4.80,df=4,14,p=0.012),with females 

having greater JLs,HLs,HWs,and lODsthan males(Table 2.14).The overall effect for 

litter was significant(X=0.283,F=2.49,df=68,464,p <0.001),with all four head 

measurements showirig significant litter variation(Table 2.14).The litter by sex and sex 

by site interactions were not significant for any ofthe head measurements. 
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Table 2.13:Phenotypic correlations between four head measurementsinl55 neonatal 
garter snakes. 

Jaw length Head width Inter-ocular distance 

Head length 0.497** 0.495** 0.334** 

Jaw length 0.446** 0.365** 

0.556**Head width 

Note: All p values are two-tailed after controlling for multiple comparisons. 
**=p<0.001 
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Table 2.14; Results ofMANCOVA testing for site,sex,and litter effects on head length
(HL),jaw length(JL),head width(HW),and inter-ocular distance(lOD)in 155 neonatal 
garter snakes. 

Source of 
variation 

df Hypothesis 
MS 

Error MS F p 

Covariate(SVL) HL 

JL 

HW 

lOD 

1 

1 

1 

1 

2.15E-02 

4.76E-02 

l.lOE-02 

1.12E-02 

,6.0E-04 
7;bE-04 
5.7E-04 

6.9E-04 

35.69 

67.63 

19.22 

16.26 

<0.001 

0.001 

0.001 

0.001 

116 

Site HL 

JL 

HW 

idD 

1 

1 

1 

1 

1.83E-03 

1.67E-02 

2.0E-03 

1.55E-02 

1.52E-03 

2.25E-03 

1.17E-03 

2.97E-03 

L21. 

7.41 

1.71 

5.22 

0.287 

0.015 

0.208 

0.035 

17 

Sex HL 

JL 

HW 

lOD 

1 

1 

1 

1 

17 

3.79E-03 

2.05E-02 

8.29E-03 

3.20E-(j3 

6.0E-04 

7.0E-04 

5.7E-04 

6.9E-04 , 

5.71 

. 22.23 

, 12.25 

8.45 

0.029 

0.001 

0.003 

0.010 

Litter within 
Site 

HL 

JL 

HW 

lOD 

17 

17 

17 

17 

1.52E-03 

2.25E-03 

1.17E-03 . 

2.97E-03 

6.0E-04 

7.0E-04 

5.7E-04 
6.9E-04 

2.52 

3.20 

2.05 

4.30 

0.002 

0.001 

0.013 

0.001 

116 

Litter by Sex HL 

JL 

HW 

lOD 

. 

17 

17 

17 

17 

6.6E-04 

9.2E-04 

6.8E-04 

3.8E-04 

6.0E-04 

7.0E-04 

5.7E-04 

6.9E-04 

1.10 

1.31 

1.19 

0.55 

0.363 

0.198 

0.286 

0.922 

116 

, Sex by Site HL 

JL 

HW 

lOD 

1 

1 

1 

1 

2.2E-04 

5.0E-05 

4.6E-04 

l.lE-4 

. 

6.0E-04 

7.0E-04 

5;7E-04 

6.9E-04 

0.36. 

0.07 

0.80 

0.16 

0.548 

0.785 

0.373 

0.160 

116 
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Method:Diet and Growth 

Subjectsand maintenance 

Subjects were 146 neonates bom to 19 gravid females(M litter size=8.2,range= 

2-15,see Appendix I)collected at Miller's marsh(n=9litters)and McCaffertyfarm(n 

=10 litters). These snakes were also included in the postpartum morphological studies 

and their housing conditions are the same as above. 

Procedure 

The snakes were assigned to one ofthree feeding conditions: Fish(F group,n — 

48),Worm(W group,n=49),arid Mixed(FW group,n=48).The fish{Pimephales 

promelas)and the worms(Lumbricus rubellus)were purchased from commercial 

suppliers.The fish ranged in size from 0.14g to 0.38 g and the wormsranged from 0.17 g 

to 0.36 g.Diet assignments were balanced as well as possible across litters, sexes(78 

males;78 females),arid sites(Miller's marsh=97;McCaffertyfarm=59).Color-coded 

labels were placed on the outside ofeach snake's cage to designate its diet group. 

During feedings,live fish were placed in each snake's water dish.Worms were 

placed in shallow petri disheslayered with dirt.Thesnakes were offered their first meal 

at20days ofage.SVL,mass and TL measurements were taken at birth,80days,160 

days,and 240days.Head measurements weretaken at birth, 160 days,and 240 days.The 

snakes werefed once weekly on their respective diets between20and 160 days,and 

twice weekly between 160 and 240 days(to meetincreased dietary needs).This study 

was combined with another that investigated the role ofexperience and memory on prey 

handling abilities(see Chapter 4).The procedure required switching the prey fortheF 

and W groups at 160 daysofage.Thusthe data between 160 and 240days represent 
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changes in growth after diets were switched for these two groups.TheFW group 

remained on the mixed dietfor the entire 240-day period. Whenthe study was completed, 

the snakes were scale-clipped for identification and released at their respective sites on 

Beaver Island. 

Statisticalanalyses 

To testfor differences in growth(SVL and mass)across time and diet effects on 

growth,data were analyzed using aMANOVA method for repeated measures(OBrian& 

Kaiser, 1985).Dependent variables were thus treated as the differences in the linear 

dimensions between measurements,with three degrees offreedom.Diet wastreated as a 

fixed factor,and a significant effect would indicate an interaction between diet and 

growth across time.To determine which ofthe three groups differed,significant 

interactions were subsequently analyzed with separate univariate F-tests. Separate 

MANCOVAsfor repeated measures were run forSVL and mass.The effects ofdieton 

relative head size(HL,.JL,HW,andlOD)were tested separately with ANCOVA at birth, 

160 and 240 days.Sex,site,and diet were treated as fixed factors,and SVL ateach 

corresponding age wastreated as a covariate.Because ofhigh subject mortality,litter was 

notincluded as a factor at 160 and 240 days. All data were natural log transformed. 

Results:Diet and Growth 

Feeding records indicated that similar proportions offish and worms were eaten 

by snakes in all diet groups.The snakesin theF group,consumed 88.2% ofthe fish 

offered(M=24.2 fish per snake).TheW group consumed 88.6%(M=23.4)ofthe 

worms.TheFW group consumed 91.3% offish(M= 11.3)and 87.2% ofworms(M= 

13.7).The mean(+1SE)increases oflitterSVL and massfor each diet group are shown 
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in Figures2.8A and 2.8B respectively(see Appendix III for descriptive statistics). Site 

wasnot a significant factor for increases inSVL(F=0.64,df=3,30,p=0.594)or mass 

(F=0.02,df=3,30,p=0.997)at any pointofthe study.Data were combined by site for 

analyses ofSVL and mass.Sn^e mortality greatly reduced the sample sizes within the 

diet groups.Therefore,tests for litter effects were excluded.Sample sizes used in the 

repeated measures MANOVA were 10snakes(Fgroup),13 snakes(W group),and 11 

snakes(FW group). 

Dieteffects on snake bodysize 

Atbirth,SVL did not differ amongthe three diet groups(F=0.30,df=2,142,p 

=0.742),indicating that there were no pre-existing size biases prior to feeding(Figure 

2.8A).A repeated measures ANOVA showed thatSVLincreased significantly with age 

for all diet groups(F=75.43,df=3,29,p <0.001).Therepeated measures MANOVA 

testing for diet and sex effects on SVL at birth,80,160,and 240days(Table 2.15)shows, 

that diet had a significant overall effect on growth(X=0.584,F=2.67,df=6,52,p= 

0.025),and a marginally significant effect wasfound for sex(X=0.752,F=2.87,df=3, 

26,p=0.056). 

Resultsfrom the separate F-tests comparing SVLsbetween birth,80,160and 240 

days(Table 2.15)were not statistically different among the three diet groups at80or 160 

days. Marginally significant increases in SVL dueto diet occurred when the snakes 

reached 240 days(0.055).This difference wasdueto the greater SVLsofthe snakesin 

theFW group compared to the W group(p=0.05). 
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Figure 2.8: Mean(+SE)snout-vent length,SVL(A)and mass(B)increases 
from birth to 240 days in garter snakes(n=19 litters)on three diets. 
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Table 2.15: Results ofrepeated measures MANOVA testing for diet and sex effects on 
snout-vent length(SVL)increases from birth through 80,160,and 240days. 

Source DV df MS F P 

0.972 

birth vs 160 2 3.49E-04 
Diet birth vs80 2 4.22E-05 0.03 

0.11 0.893 

birth vs240 2 1.99E-02 3.23 0.055 

Sex birth vs80 1 1.57E-04 0.11 0.745 

birth vs 160 1 8.35E-03 2.72 0.111 

birth vs240 1 1.96E-02 3.17 0.086 

Diet*Sex birth vs80 2 3.49E-04 0.24 0.789 

birth vs 160 2 5.43E-04 0.18 0.839 

birth vs240 2 6.36E-03 1.03 0.370 

Error birth vs80 28 1.46E-03 

birth vs 160 28 3.08E-03 

birth vs240 28 6.17E-03 
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> Massincreased significantly with age(repeated measures ANOVA:F= 104.34, 

df=3,29,p<0.001),but diet had no overall effect on the relative increases in mass 

among the snakesin the three groups(X=0.694,F= 1.75,df=6,52,p=0.131).Sex 

also had no effect on relative massincreases(?i=0.850,F= 1.53,df=3,26,p=0.231). 

Marginally significant Sex differences between birth and 80days(0.053),and birth and 

160 days(0.052)werefound(Table 2.16).Massincreases between birth and 240days 

were not significant. 

Dieteffects on snake headsize 

Snout-ventlength covaried significantly with HL,JL,HW,andlOD at birth, 160 

days and 240 days(see Table 2.17A-C).Neither diet nor site had any effecton the 

relative size ofHL,JL,HW,orlOD atany pointofthe study.The non-significant site 

effect at birth(Table 2.17A)contrasts with the significant site effects found for JL and 

lOD reported in Table 2.14,which included alarger sample ofneonates.Sex had a 

significant effect on all measurements at all times exceptforHW andlOD at240days, 

with females having significantly larger relative head sizes than males at all ages,fi"om 

birth through 240 days(see Figure 2.9A-D).Sex and diet did notinteract at anytime and 

for any ofthe four dependent variables. Sex did not have a significant effect on head 

growth rate(F= 1.48,df=3,30,p=0.241). 

Discussion 

Dietinduced variation in body size is relatively widespread among snakes, 

although genetic factors are known to accountfor geographic variation ofmorphological 

traits in snakes,as well as in other taxa(see Madsen&Shine, 1993,refs. therein). 

Phenotypic plasticity ofbody and head sizes has beenfound within many species of 
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Table 2.16:Results ofrepeated measures MANOVA testing for diet and sex effects on 
mass increases from birth through 80,160,and 240days. 

Source DV df MS F P 

Diet Birth vs80 2 3.16E-02 2.94 0.069 

Birth vs 160 2 4.82E-02 3.06 0.063 

Birth vs240 2 7.43E-02 1.35 0.276 

Sex Birth vs80 1 4.38E-02 ,4.08 0.053 

Birth vs 160 1 6.48E-02 ,4.11 0.052 

Birth vs240 1 2.65E-02 0.48 0.494 

Diet*Sex Birth vs80 2 5.92E-04 0,95 ;0.946 

Birth vs 160 2 2.2,5E-03 0.87 0.868 

Birth vs240 2 6.98E-02 0.30 0.297 

Error Birth vs80 28 1.07E-02 

Birth vs 160 28 1.58E-02 ' '-.'J 

Birth vs240 28 5.51E-02 
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Table2 17" MANCOVA results for tests ofdiet,sex,and site effects on head length
(HL),jaw length(JL),head width(HW),and inter-ocular distance(lOD)at birth(A),at 
160days(B),and at240days(C). 

(A)Atbirth 
Source of DV df MS 
variation -

32.92 <0.0012.30E-02Covariate(SVL) HL 1 
0.0014.03E-02 50.08JL 1 

1.02E-02 18.98 0.001
HW 1 

4.16 0.0433.13E-03lOD 1 

0.823.1.36E-04 . 0.20
Diet HL 2-

0.70 0.4995.61E-04JL 2 
0.7931.23E-04 0.23HW 2 
0.9176.54E-05 0.09lOD 2 

0.0018.15E-03 11.67HL 1 
<0.001 

Sex 
2.61E-02 32.51JL , 1 

21.13 <0.0011.13E-02HW 1 
0.0036.73E-03 8.95lOD 1 

2.22 0.1391.55E-031 
0.605 

Site HL 
2.16E-04 0.27JL 1 

0.0561.99E-03 3.72HW 1 

4.19E-04 0.56 0.457
lOD 1 

6.98E-04 32.92HL 139Error 
8.04E-04 50.08JL 139 
5.35E-04 , 18.98 

7.53E-04 4.16 
HW 139 

lOD 139 
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Table 2.17(continued) 

(B)At 160 days 
Source of DV 

variation 

Covariate(SVL) HL 

JL 

HW 

lOD 

Diet HL 

JL 

HW 

lOD 

Sex HL 

JL 

HW 

lOD 

Site HL 

JL 

HW 

lOD 

Error HL 

JL 

HW 

lOD 

df 

1 

1 

1 

1 

2 

2 

2 

2 

70 

70 

70 

70 

MS 

1.76E-02 

1.42E-02 

7.35E-03 

1.44E-02 

7.51E-04 

1.08E-04 

6.01E-04 

7.18E-05 

1.69E-02 

1.25E-02 

7.54E-03 

1.63E-02 

7.91E-04 

2.17E-04 

2.09E-03 

6.62E-04 

8.27E-04 

6.60E-04 

7.08E-04 

1.33E-03 

21.27 

21.57 

10.38 

11.83 

0.91 

0.16 

0.85 

0.06 

20.43 

19.01 

10.65 

13.38 

0.96 

0.33 

2.96 

0.54 

<0.001 

<0.001 

0.002 

0.001 

0.408 

0.850 

0.432 

0.943 

<0.001 

<0.001 

0.002 

0.001 

0.331 

0.568 

0.090 

0.464 
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Table 2.17(continued) 

(C)At240 days 
Source of DV 

variation 

Covariate(SVL) HL 

JL 

HW 

lOD 

Diet HL 

JL 

HW 

lOD 

Sex HL 

JL 

HW 

lOD 

Site HL 

JL 

HW 

lOD 

Error HL 

JL 

HW 

lOD 

df 

1 

1 

1 

1 

2 

2 

2 

2 

49 

49 

49 

49 

MS 

L91E-02 

L17E-02 

L58E-02 

6.66E-03 

6.09E-05 

3.16E-04 

5.75E-04 

2.05E-03 

l.OOE-02 

9.81E-03 

6.62E-04 

1.51E-03 

1.69E-04 

9.56E-05 

1.09E-04 

3.09E-05 

28.07 

16.68 

14.20 

5.51 

0.09 

0.45 

0.52 

1.69 

14.73 

13.98 

0.60 

1.25 

0.25 

0.14 

0.10 

0.03 

<0.001 

<0.001 

<0.001 

0.023 

0.915 

0.641 

0.600 

0.194 

<0.001 

<0.001 

0.444 

0.270 

0.620 

0.714 

0.756 

0.874 
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Figure 2.9:Sex differences in head length,HL(A),jaw length,JL(B),head width,HW 
(C),and inter-ocular distance,lOD(D)in garter snakes at birth, 160 days,and 240 days. 
Sample sizes were as follows: Birth:males,n=70;females,n=75.160 days:males,n 
=37;females,n=39.240 days: males,n=27;females,n=29.*=p<0.05,**=p< 
0.001,ns=non-significant differences among sexes at each age. 
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snakes,possibly in response to dietary variation(Forsiiian&Lindell, 1991;Madsen& 

Shine,1993).The close proximity ofthe two sites that I studied renders it unlikely that 

genetic modifications accountfor any geographic variation ofbody size.However, 

confirming that phenotypic plasticity accounts for size variation in the adult snakes 

among sites is complicated by certain factors.For example,one limitation ofmystudy 

concerns survivorship ofthe snakes at each site. Because the preicise ages ofthe adult 

snakes thatIstudied could not be determined,it remains unknown whether differences in 

survivorship among sexes and sites,rather than plasticity,accounts forthe differences 

thatI found.This is a limitation for many field studies ofthis type,especially those that. 

do not measure growth pattqusthroughout the life span.Thefollowing discussion ofmy 

field work will assume survivorship to be equal among sexes and sites,and hopefully 

future work can address this potential bias. 

Sexualsize dimorphism in wild-caughtgartersnakes 

Female wild-caught t.sirtalis thatfed on ^phibian-rich diets at Miller's marsh 

had significantly greater SVLsthan females that.fed primarily on earthworms at 

McCaffertyfarm.Females fi-om Miller's marsh were also significantly heavier. 

Controlling for SVL,the masses ofgravid females did not differ among sites. Interpreting 

differences in body massofwild-caught snakes is complicated by several factors, 

including the amo.untoffood possibly consumed prior to measurement(although any 

stomach contents wereremoved before weighing),stage ofpregnancy,and the relatively 

small sample ofmales and non-gravid females compared in this study.However,SVL 

serves as a better measure ofgrowth plasticity because it is less sensitive to fluctuations 

due to recentfeeding history than body mass. 
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There are at leasttwo dietary correlates ofhead-size variation in snakes:feeding 

frequency and prey size.In my study,site was a significant overall factor influencing 

head size in adult snakes.However,lOD wasthe only measurein which the snakes atthe 

two sites differed significantly,with the snakes from Miller's marsh having greaterlODs 

than the snakesfrom McCaffertyfarm.It is difficult to determine whether or not site 

differences inlOD are due to dietary differences. Researchers examining diet-induced 

morphological plasticity typically measureHL and JL,but notlOD orHW(Forsman, 

1996a;Forsman& Liiidell, 1991).One exception is alaboratory study by Queral-Regil& 

King(1998)who included thelOD measurein their study ofwater snake(Nerodia 

sipedon)head size in relation to prey size and quantity. Queral-Regil and King(1998) 

found that water snakes feeding on large prey had greater JLs than snakes feeding on 

small prey,butlOD was not affected by differences in prey size or amount.Forsman and 

Lindell(1991)found that adders{Vipera bents)thatfed frequently on large-bodied prey , 

had significantly greater HLsthan adders feeding less frequently on small-bodied prey, 

butlOD was not reported in their study.Thus,there are no studies to myknowledge that 

'indicate that dietary differences correlate with significant differences inlOD.Researchers 

looking at similar topics could measurelOD to determine whether this is a width 

measurementthat is sensitive to diet-induced change.The non-significant differences in 

HL and JL thatIfound maybe explained bythe effects ofgene flow,which may prevent 

the divergence ofhead size plasticity between sites, at least along length dimensions. 

Alternatively,the body sizes ofthe amphibians consumed bythe snakes at Miller's marsh 

may notbelarge enough,in comparison to worms,to induce sigmficant differences in 

HL and JL.Thesnakes from Miller's marsh appearto eat more frequently than the snakes 
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from Miller's marsh,but differences in feeding frequency also appearto have no affect on 

HLorJL. 

The greater relative head size offemales versus males has been previously 

reported for T.sirtalis(Shine &,Crews,1988).Ifound sex differences in relative head 

sizes in several analyses,with females having larger relative head sizes than males.My 

comparison using all wild-caught garter snakes revealed significant sex differences in all 

fourofthe head measurementst^en.However,when I restricted my analyses to adult 

snakes,onlyHL and JL differed among sexes.The proximate cause ofsexually 

dimorphic head sizes is mostlikely due to the growth inhibitory effects ofandrogens on 

male garter snakes(Crews at al., 1985;Shine and Crews,1988).Several ecological and 

evolutionary explanations for sexual size dimorphism ofbody and head sizes in snakes 

have been proposed(Shine,1993,1994).One explanation for body size differences 

concerns sexual selection. Larger males we,expected when thereis combatamong males 

competing for mates.This has been confirmed forsome species ofsnakes(see Schuett8c 

Gillingham, 1989),but does not apply to garter snakes since male-male combatdoes not . 

occur.Fitch(1981)proposed thatfemale snakes are larger than males among viviparous 

species,but notfor oviparous species. However,this hypothesis was rejected by in a 

review by Shine(1993)who did not find this trend.Food resource partitioning among the 

sexes is another posribility(Shine, 1991).Female T.sirtalis in the wild are known to 

consume larger prey than males(Fitch, 1982;White&Kolb,1974).In my study,the 

significant site by sex interaction in SVL was,due to the equal SVLsofmales from both 

sites,and the much greater SVLsofthe females from Miller's marsh compared to females 

from McCafferty farm.This finding could be explained byfood resource partitioning 



between sexes at Miller's marsh,ifm'ales at both sites primarily consumed worms; 

However,amphibians werefound in the stomachs ofmales at Miller's marsh(see Table 

2.2). Further exploration including a largersample size,data on prey sizes,and with 

males from both sites ofknown ages,is needed. 

Sexualsize dimorphism andlitter differencesin neonatalgartersnake morphology 

Relatively few authors have investigated the ontogenetic origins and processes 

that give rise to adult sexual size dimorphism(butsee King,1997;Shine&Crews,1988). 

Sexual size dimorphism ofneonatal snakesis fairly widespread and has previously been 

reported for T.sirtalis(see King,et al., 1999;Shine,1993;butsee Arnold&Peterson 

1989).King et al. point outthatthe prenatal origins ofsex differences in body and head 

size indicate that the fitness consequences ofsexual dimorphism may exist prior to 

adulthood.At birth,malesin mystudy had greater SVLsthan females,and,less 

surprisingly,greater TLs.Male biased sexual diinorphism ofTL persists into adulthood, 

but adultfemale SVLs are typically greater than male SVLs.Female neonates were 

significantly heavier than males,which maybe dueto a.greater maternalinvestmentof 

nutrients in female offspring.Further research could examine whether there are sex 

differences in survival among neonatal T.sirtalis,and whether any differences relate to 

birth weight. 

It remains unclear whether sexual size dimorphism ofadult garter snake head 

sizes has fitness consequences,or even that head size dimorphism correlates consistently 

with ecological factors(e.g.,food resource partitioning).The presence ofsexual size 

dimorphism among neonatal T.sirtalis suggests that its ecological significance can be 

found in early developinent.However,the statistical difference in neonatal head sizes 
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does not necessarily indicate a biologically relevant consequence(King et al., 1999).Sex 

differences in neonatal diets are difficult to determine at present given the paucity offield 

data available.Lind and Welsh(1994)compared the foraging behavior and diets of 

neonatal and adult Thamnophis atratus.Juveniles and neonates in Lind and Welshs' 

study foraged along stream margins and consumed smaller prey than adult snakes 

foraging in a wider variety ofhabitats.In nature,neonatal garter snakes ofboth sexes 

probably consume very small prey(e.g.,worms,larval amphibians)simply because they 

are constrained by their small heads.Atpresent,field data on the diets ofveiy young 

snakes ofboth sexes are needed,as well as detailed laboratory studies comparing 

swallowing performance in male arid females snakes with head size dimorphism. 

Litter effects 

King et al.(1999)emphasized the importance ofincluding litter as afactor in tests 

for sex and site effects on neonatal morphology in snakes,and demonstrated that sex 

effects would have gone undetected had family membership been ignored.The litter 

effects found for all morphological measurementsin my dissertation supportthe case 

madebyKing et al. There maybe several sources explaining litter variation,which were 

not determined in mystudy or by King et al. Maternal effects on neonatal morphology 

(e.g.,scalation,growth)are known to be relatively great(King et al.,in review). 

However,Ifound that maternal SVL did not predict neonatalSVL or mass,but a larger 

sample may yield significant relationships,as all slopes were positive. Genotypic effects 

may also explain litter differences.The values ofsome morphological measures are 

heritable,as demonstrated by King(1997)for JL and TLin Storeria dekayi. 
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The sex and litter effects thatI found,md those ofKing et al.(1999)are not 

consistent with all studies ofneonatal morpholpgy in T.sirtalis. Arnold and Peterson 

(1989)reportno sexual size dintoiphism or,significant litter differences in body size,HL, 

HW,and eye diameter among neonatal T.sirtalis. The discrepancies among the studies 

may reflect geographic variation in neonatal morphology,but differences in sample sizes 

or maternal effects maybe a contributing factor.Thesample size ofArnold and Peterson 

(1989)waslow(n=65 individuals,9litters)in.comparison to mine(n=286individuals, 

33 litters), and King et al.'s(n=407individuals,27 litters). Regardless,litter differences 

in neonatal morphology may hayeimportant ecological and evolutionary implications. 

Further studies on the contributions ofmaternal,genetic,and early environmental 

influences on morphology and growth are needed(e.g..King et al.,in review). 

Dietandgrowth 

Laboratory reared garter snakes grew,si^ificantly in SVL and mass between 

birth and 240 days,but diet-indueed size differences were not detected until the snakes 

reached 240 days. The latter finding suggests thatfeeding on a mixed diet promotes 

rapid growth later iri life(160-240 days),in comparison to feeding on wormsor fish 

alone.The significant increase in body size in the mixed diet group that I found diffCTS 

firom the results ofprevious research on T.sirtalis(Burghardt&Krause, 1999;Lyman-

Henley&Burghardt,1995;Seudder-Davis&Burghardt, 1987).Burghardt and Krause 

(1999)report significantly greater increases in SVL at80days in snakes reared on worm 

or mixed diets over snakes feeding on fish alone.The neonates tested in that study were 

bom to mothers eollected at MeCafferty farm.Myfailure to replicate this fmdirig could 

be dueto several factors. 
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The cause ofthe discrepant findings between mystudy and Burghardtand 

Krause's(1999)is probably notdueto differences in laboratory conditions,as they were 

nearly identical in both studies.The discrepancy maybe due to the different species of 

fish used.In my study,Pimephalespromelas were used for theF group,whereas 

Burghardt&Krause(1999)used Gambusia affinis. Thus,the differences in theF group 

growth rates between the two studies may be explained by the dietary quality ofthe fish 

used.However,this is unlikely and alternative explanations may be more helpful. 

Proximate factors such as maternal diet(Ford& Seigel, 1989)and temperature(Arnold& 

Peterson,1989)can affect neonatal morphology andjuvenile growth respectively. Arnold 

and Peterson(1989)found thatjuvenile T.siHalis reared in warmer temperatures grew 

more rapidly than snakes reared in colder temperatures.The authors speculated that 

prenatal temperature could influence snake growth rates. Thus,with regard to my study 

and Burghardt and Krause's(1999),the matefnai diets ofthe mothers used in the two 

studies may have differed prior to capture,possibly dueto differences in prey abundance 

between thetwo years(1996 vs. 1998). Arnold and Peterson's(1989)suggestion that 

prenatal temperature affects postnatal growth rates also may explain the discrepancy 

between the two studies. 

Sex did not have a significant effect on growth rate,but has been shown to be a 

factor in previous reports ofT.sirtalis growth(Crews,at al., 1985). The discrepancy 

between the findings ofCrews et al. and the present study may be dueto methodological 

differences,or because ofinherent differences between the populations sampled.Another 

possible explanation is the relatively smallsample size used in the present study. 

Significant effects offood size and feeding frequency on head size have been reported for 
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European adders, Vipera bents(Forsman& Lindell, 1991),though head size variation 

may refleet mieroevolutionary change rather than phenotypic plasticity(Forsman, 

1996a).The non-significant effect ofdiet on relative head sizes found in my study may 

be related to the prey species used,or to thefeeding regimen.The snakes werefed an 

equal number oftimes.Increasing thefrequency offeeding through the first 8 months 

may have resulted in a significant effect ofdiet on relative head size(e.g.,Queral-Regil 

&King, 1998).In addition,the prey species used may not have differed substantially 

enough in morphology(e.g.,size,hardness)to produce such change.Data on captive 

American alligators has shown that captive rearing can resultin reduced length ofthe 

rostrum and snout strength(Meers,in prep.).A similar explanation could accountfor the 

non-signifieant differences in head sizes among the diet groupsin my study. 

Bone structures can be modified in size and shape by environmental factors such 

as nutrition and use,and the degree to which reihodeling occurs Varies with the amountof 

mechanical strain placed upon bones(Lariyon&Rubin,1985).The bone morphology of 

the head can vary due to differences injaw muscle activity associated with diet 

(Robinson& Wilson,1995;Quefal-Regil&King,1998;Walls,Belanger,&Blaustein, 

1993).Theleg bones ofAnolislizards(Anolis sagrei) can undergo changesin size that 

facilitate efficient movementon different types ofsubstrate(Losos et al.,2000). 

However,the degree to which the bone size can beremodeled due to muscular activity 

and strain maybe constrained by mieroevolutionary factors,which may explain why diet-

did not affect the head sizes ofneonates reared on different diets in mystudy,and the 

lack ofsite differences in JL and HLin adultsfrom thetwo sites(see also Forsman, 

.1996a). 
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CHAPTERS 

EXPERIENTIALMODIFICATION OFCHEMICALLY 

MEDIATEDRESPONSES 

? V Introduction 

Thdmnophissirtdlis attacks and showsincreased tongue-flick rates toward a wide 

variety ofprey chemicals prior to feeding experience(Burghardt,1969).However, 

feeding experience interacts with the genetic control ofgarter snake chemosensory 

responses(Burghardt, 1993;Burghardt et al.,2000).For example,Fuchs and Burghardt 

(1971)found that genetically controlled chemical preferences for prey could be modified 

with feeding experiencein very young garter snakes.Similarly,Lyman-Henley and 

Burghardt(1995)reared neonatal Thamnophis butleri,a worm specialist,and T.sirtalis 

on either fish or worm diets for 157 days and tested their chemical prey preferences to 

surface extracts ofboth stimuli prior to and following this period. Thamnophis butleri 

responded strongly to worm extract,but the group reared on fish responded equally to 

worm and fish extracts. Thamnophissirtalis showed a modestincrease in their 

chemosensory responses to familiar prey extracts. However,as Lyman-Henley and 

Burghardt(1995)pointed out,their propensity to attack both fish and worm extracts is 

consistent with their generalist nature.\ 

Exposure to prey chemical stimuli in the absence offeeding in neonatal snakes 

influences chemosensory responses and prey choicein the opposite fashion.For example, 

Burghardt(1992)exposed neonatal T. sirtalis to constant,ambient vomodorsofeither 

live fish or wormsfor several days,and subsequently measured the snakes'tongue-flick 

rates and attack latencies to surface extracts ofboth stimuli.The snakesin both 
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experimental groupsshowed preferences for the prey chemicals that they had not 

previously experienced.Furthermore,this chemical experience significantly affected prey 

choice;in simultaneous prey choice tests the snakes were less likely to eat the prey 

associated with the odor presented. Overall,however,the snakes were more likely to eat 

worms,which is typical ofneonatal and adult T.sirtalis in the wild(Burghardt, 1992). 

Long-term developmental studies ofsnake chemosensory responses have revealed 

importantfindings. Mushinsky and Lotz(1980)found that water snakes(Nerodia 

eiythrogaster)shifted their chemosensory responses from one prey type to another,not 

because offeeding experience,but when body sizes increased to levels that would 

accommodatelarge bodied prey. Genetically controlled ontogenetic shifts in prey 

chemical preferences,like those found in Nerodia erythrogaster and Regina alleni(see 

Waters,2000),are notlikely to occurin T.sirtalis, as neonates ofthe latter species attack 

prey chemicals ofboth large and small-bodied prey.Howeyer,prey chemical preference 

shifts have been reported in T.sirtalis when diet was modified.Fuchs and Burghardt 

(1971)found this for very young laboratory bom T.sirtalis. Greenwell et al.(1984) 

reported worm chemical preferences by neonatal T.sirtalis bom to mothers from High 

Island(Charlevoix County,MI),which is a partofthe Beaver Archipelago.Howeyer,no 

selective preferences for fish,amphibian,and worm extracts wereshown for adults 

collected at High Island. Although the relative contributions ofmaturation and experience 

were not determined by Greenwell et al., their study demonstrates plasticity of 

chemosensory responses in T.sirtalis. 

In my experiment,chemosensory responses to fish and worm extracts were tested 

intermittently until the snakesreached 242days.Myprimary interest wasin determining 
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how initial diet and diet switching affect the snakes'chemosensory responsesthrough 

their first 8 months.Fuchs and Burghardt(1971)found that very young garter snakes 

responded more strongly to extracts ofprey thatthey had recently eaten than to prey they 

had not eaten recently,or at all.This mayhave adaptive significance for neonatal garter 

snakesin the wild as they acquire foraging skills.Increased sensitivity to familiar prey 

mayfacilitate the process oflocating food,which maybe especially important to neonatal 

garter snakes thatforagein relatively restricted habitats.I tested whether garter snakes 

show elevated responses to receiitly ingested prey at a later age.However,based on the 

findings ofAmold(1978)and Burghardt,Konigsberg,and Layne(20000),elevated 

responses should only occur toward fish extract following experience with feeding on 

fish.Feeding on worms or amphibians,which are staple prey itemsin garter snake diets, 

is less likely resultin increased chemosensoryresponses to these prey items.Thus,garter 

snakes reared initially on fish or thatswitch to bating fish following an initial dietof 

wormsshould show increased responses to fish extracts.I also soughtto determine how 

site,sex,and litter affectthe snakes'chemosensory responses prior to and following 

feeding experience.Ifsex-based food resource partitioning occurs in garter snakes,the 

sex differencesin chemosensory responses could be expected.Also,litter variation in 

common garter snake chemosensory responses has been reported(Burghardt,1975; 

Burghardt, 1993;Lyman-Henley&Burghardt,1995)and I tested this possibility in my 

study. 
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Method 

Subjects and maintenance 

Subjects were78 neonatal T.sirtalis(42 males,36females)from 17 litters(M 

litter size=4.6,range=1-13)bom to females collected at Miller's marsh(n=8litters) 

and McCaffertyfarm(n=9litters)in 1998(see Appendix I for specific litters tested). 

Housing conditions werethe same as those described for neonates in Chapter 2.These 

snakes were also used for prey handling tests(see Chapter4,Experiment I). 

Procedure 

Atbirth,the snakes were divided into three feeding groups.Fish(F group,n= 

22),Worm(W group,n=29),and Mixed(FW group,n=27). Diet designations were 

balanced as well as possible across sex,litter, and site. There werefour testing periods, 

Cheml(17-19 daysofage)which was done prior to the snakes'first feeding,Chem2(80-

82days),Chem3(160-162 days),and Chem4(240-242 days).Thetesting and feeding 

schedules for each diet group are summarized in Table 3.1.Ateach testing period,the 

snakes'responses to three mildly diluted extracts each offish(Pimephalespromelas), 

worm(Lumbricus rubellus),md to distilled water(control)were recorded(see 

Burghardt,1969for extract preparation methods).Each stimulus presentation was 

separated by a 15 to 20minute interval, with the snakes tested on either fish or worm 

extract. After 1 hour,the tests were repeated,with each snake exposed to the opposite 

stimulus ofthat used in the first set oftrials. Water was always presented first,followed 

by increasing concentrations(1/3,2/3,and full strength)ofprey extract,for a total of 

eight stimulus presentations per day for each snake.The order ofprey stimulus 

presentation wasrandomized,with an equal number ofsnakes first exposed to fish,and 
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Table 3.1: Chemical extract testing schedule for the three diet groups. 

TestPeriod *Age(days) 

Cheml 17&19 

Chem2 80&82 

Chem3 160&162 

Chem4 240&242 

Fish(F) 

Diet preceding 
test 

Naive 

(n=16) 

Fish 

(n=ll) 

Fish 

(n=13) 

Worm 

(n=10) 

Diet group 
Worm(W) 

Diet preceding 
test 

Naive 

(n=20) 

Worm 

(n=15) 

Worm 

(n= 16) 

Fish 

(n=15) 

Mixed(FW) 

Diet 

preceding 
test 

Naive 

(n=18) 

Fish&Worm 

(n=8) 

Fish&Worm 

(n= 15) 

Fish&Worm 

(n=ll) 

each other.A total ofeight stimulus presentations occurred at each block:2 
presentations ofthe control stiniuius and 3 presentations,ofeach prey extract(fish 
and worm). 
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an equal number first exposed to worm at each testing period. A second block oftrials 

was conducted two days later using the same method described above,but with the order 

, ofprey stimulus presentations reversed.Room temperature waskept at around 23°Cand 

humidity at55%.Fifty-four ofthe 78 snakes were tested for responses to prey extracts at 

Cheml(F^oup,n= 16;W group,n=20;FW group,n= 18).Theremaining 24snakes 

served as controls for another study,and were added to the sample used in this 

experiment at a later time(see below for explanation).These24snakes were tested using 

the same method described above,but with distilled water used as the stimulus for each 

trial. Following Cheml(20daysofage), all 78 snakes were offered their first meal 

corresponding to their designated diet group. The first mealfor theFW group was 

randomly determined,with an equal number ofsnakes receiving fish or worm first,and 

the opposite prey item was offered two days afterward.These initial feedings were 

videotaped as a part ofthe prey handling experiment(see Chapter4,Experiment I). The 

snakes werethen fed once weekly untilthe nexttesting period. To minimize hunger 

effects,feeding wasstopped 4-7 days prior to each chemical extract testing period. 

Chemical extract tests 1,2 and 3 were conducted to test for long term effects ofdieton 

chemosensory responses. Following Chem3(160-162 days),diets for theF and W 

groups were reversed,and Chem4 was completed at242daysto determine whetherfood 

switching affected chemosensory responses at a relatively late age.Dueto subject 

mortality,the sample size diminished from 54snakes to 21 snakes between Cheml and 

Chem3. Therefore,23ofthe 24littermates that served as controls at Cheml were added 

to the samplefor Chem3and Chem4. 
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Statisticalanalyses 

Tongue-flick/attack scores(TFAS)were calculated for responses to each stimulus 

at each testing period. The scoring method,adopted from Cooperand Burghardt(1990), 

used the formula TFAS(R)=TF^ax+(TL -latency),whereRspecifies that the formula 

accounts for repeated testing ofindividual snakes.TFmax is the maximiun numberof 

tongue-flicks recorded toward a single stimulus within a repeated series oftests by the 

individual snakes.TLis the length ofthe trial in seconds(always30s in this case),and 

latencyi is the attack latency(in seconds)at each trial. Comparisons ofTFASsbetween 

testing periods(Cheml - Chem4)were done using the averaged values ofthe first and 

second blocks oftrials within each test period(see Table 3.1). 

Responsesto fish,worm,and control stimuli were compared at each testing 

period using repeated measures ANOVA.Then,aMANOVA wasused to test for the 

effects ofdiet,litter,sex,and site oii the snakes'TFASs to fished worm extracts. Litter 

was treated as arandom factor and was nested within site. Stimulus concentration effects 

were tested using separate repeated measures ANOVAsat each test period.To determine 

whether diet had a significant effecton TFASs across testing periods,two separate 

MANOVAfor repeated measures tests(O'Brien&Kaiser,1985)were performed.The 

first tested for differe:nces in responses to fish and worm extract between Cheml and 

Chemland the second tested for differences to both stimuli between Chem3 and Chem4. 

The first MANOVA determined whether initial diet affects chemosensory responses to 

either prey stimulus.The second MANOVA tested for the effects ofdiet switching on 

chemosensory responses to either stimulus.The differences in TFASsto each stimulus 

were calculated,separately(Cheml-Cheml,and Chem4-Chem3)and were treated as 
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dependent variables.Therepeated measures MANOVAswere computed separately 

because subjects were added at Chem3to compensatefor mortality. 

Another technique for analyzing this type ofdata set is to test for changesin 

relative preference scores across testing periods(see Burghardt et al.,2000).First, 

relative preference scores were obtained by subtracting worm scores from fish scores at 

each test period.Then,changesin relative preference scores were obtained by subtracting 

the relative preference scores atCheml from the relative preference scores at Cheni2. 

These calculations were also used,to compare changesin relative preference scores 

between Chem3 and Chem4.Twp separate univariate F-tests were used to compare 

changesin relative preference scores between Cheml and Chem2,and between Chem3 

and Chem4. 

All data were normalized using natural log(+1)transformations.Repeatabilities 

within each test period and across all test periods were calculated separately for each 

stimulus using intraclass correlation coefficients. Coefficients ranged from 0.19to 0.83, 

and all were significant(see Table 3.2). . 

Results 

Stimulus concentration did not have any effect on the chemical sensoryresponses 

to either fish or worm at any ofthe test periods.Thus,the TFASsfor the three 

concentrations within each testing period were averaged(6 presentations/stimulus)for 

each prey item. 

Chemosensory responsesprior tofeeding 

AtCheml,the snakes showed higher responses to fish and worm extracts 

compared to the control stimulus(F=32.10,df=2,106,p <0.001),and there was a 
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Table 3.2: Repeatability ofchemosensory responses to distilled water,fish,and worm 
extracts within and across all test periods. Significant p-values are boldfaced. 

Cheml Chem2 Chem3 Chem4 Total 

Stimulus Rjp Rp R»p R)p Rp 

Control 021A 0.476 0.20 0.431 0.188 

<0.001 <0.001 0.001 <0.001 <0.001 

Fish 0.597 0.808 0.58 0.688 0.416 

<0.001 <0.001 <0.001 <0.001 <0.001 

Worm 0.575 0.52 0.585 0.828 0.282 

<0.001 <0.001 <0.001 <0.001 <0.001 

Note:R=intraclass correlation coefficient. 
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slight but significant overall preference for fish over worm extract for all snakes 

combined (t = 2.15, df = 53, p = 0.036, Figure 3.1). At Cheml, there was no overall 

effect for diet group (X = 0.752, F = 1.98, df= 2,12, p = 0.181), indicating that none of 

the three diet groups showed significant preferences for either prey extract prior to 

feeding. No overall effects were found for sex at Cheml (X = 0.899, F = 0.68, df = 2, 12, 

p = 0.527), or for site (A, = 0.892, F ^ 0.73, df= 2,12, p = 0.503). A marginally 

significant overall effect was found for litter at Cheml (A, = 0.20, F = 1.75, df= 26, 36, p 

= 0.06). Univariate F-tests revealed significant litter effects for responses to both fish and 

worm stimuli, but no effects for sex, site, or diet (Figure 3.2A-F) in response to fish or 

worm stimuli (Table 3.3). ^ ^ 

Chemosensory responses afterfeeding experience 

Significant stimulus effects were found at Cheni2 (F = 35.53, df= 2, 62, p < 

0.001), indicating that responses to prey extracts were greater than responses to the 

control stimulus (Figure 3.2A-F). Sex arid site effects were not significant and were 

removed fi-om the MANOVA. Diet had a marginally significant overall effect on the 

development of chemosensory responses to prey stimuli (A, = 0.317, F = 2.72, df =4,14, 

p = 0.073). However, a significant effect was found for responses to fish extract, but not 

to worm extract (Table 3.4). The diet effect was primarily due to the FW group's greater 

(p = 0.044) relative increase in response strength to fish over the W group. Litter did not 

have a significant effect on changes in chemosensory responses between Cheml and 

Chem2. 
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Figure 3.1: Initial(Cheml)chemosensory responses to fish,worm,and 
control stimuli by54neonatal garter snakes.*=p<0.05 significant 
difference in TFASsto fish and worm extracts. 
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Figure 3.2: Responses to fish(left panel)and worm(right panel)extracts at Cheml-
Chem4by sniakes in the F,W,andFW groups during.Diets were switched for theF and 
W groups following ChemS.Control=open bars,Fish=dark bars,Worm=shaded bars. 



87 

Table 3.3; Results from the MANOVA testing for site, sex,diet,and litter effects on 
neonatal chemosensory responses to fish and worm extracts prior to feeding experience 
(Cheml). 

Source DV df Hypothesis MS Error MS F P 

Site Worm 1, 13 0.527 1.76 0.30 0.593 

Fish 1,13 1.27 1.25 1.02 0.331 

Sex Worm 1,13 1.56 1.76 0.89 0.364 

Fish 1, 13 0.29 1.25 0.23 0.640 

Diet Worm 1, 13 0.014 1.76 0.01 0.931 

Fish 1,13 0.976 1.25 0.78 0.393 

Litter Worm 13,19 1.76 0.54 3.24 0.01 

within Fish 13,19 1.25 0.52 2.41 0.04 

Site 
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Table 3.4: Results ofrepeated measures MANOVA testing for diet and litter effects on 
chemosensory responses to fish and worm extracts after feeding experience(Cheml -
Chem2)by garter snakes reared on three different diets. 

Source DV df MS F P 

Diet Worm 2,8 1.25 2.07, 0.188 

Fish 2,8 4.12 6.18 0.024 

Litter Worm 14,8 0.97 1.62 0.251 

Fish. 14,8 0.49 0.74 0.703 

Diet*Litter Worm 9,8 1.24 2.06 0.161 

Fish 9,8 1.18 1.77 0.217 

Error Worm 8 0.60 

Fish 8 0.67 



. My analysesfor changesin relative preference scores resulted in the same general 

findings reported above.A significant effectfor diet wasfound(F=5.59,df=2,31,p= 

0.008),indicating thatfeeding experience influenced the snakes'responses to prey 

extracts. As with the repeated measures MANOVAreported above,multiple comparisons 

showed a significantly(p=0.006)greater increasein response to fish extract bytheFW 

group overthe W group between Cheml and Chem2,butno difference between theF 

and W groups. 

Effects ofdietswitching 

Overall,the snakesresponded more to prey stimuli than to the control stimulus at 

ChemB(F=30.85,df=2,80,p<0.001),and at Chem4(F=42.36,df=2,62,p < 

0.001).Due to subject mortality,litter sizes diminished between Chem3and Chem4. 

Thus,litter wasremoved from the MANOVA testing for effects ofdiet switching.With 

litter, site,and sex removed,diet wasthe only factor used in the MANOVA.In this test, 

diet did not have a significant overall effect on chemosensory responses to prey stimuli(X, 

=0.798,F= 1.73,df=4,58,p=0.155,Table 3.5).Thus,diet switching at 160days does 

notresultin additional chemosensory response changes by 240 days ofage.Removing, 

theFW group from the analysis did not change these results. 

Analyses on relative preference scores did notchange the results for the diet-

switching phase ofthis experiment.No significant effect wasfound for diet(F=0.65,df 

=2,30,p=0.530)and noneofthe diet groups differed significantly from one another. 



�  

90 

Table 3.5: Results ofrepeated measures MANOVA testing for diet effects on 
chemosensory responses to fish and worm extracts after diet switching(Chem3- Chem4) 
by garter snakes reared on three different diets. 

Source DV df • MS F P 

Diet Worm 2 2.21 2.70 0.084 
Fish 2 1.38 2.00 0.152 

Error Worm 30 0.82 

Fish 30 0.69 
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Discussion 

Chemosensoiy responses to prey extracts and the control stimulus were 
.§ 

repeatable,demonstrating that chembsensory responses to each prey type are robust 

through the first242days. Overall,response levels to all stimuli,including controls 

generally increased between 17.and 242days.Theincreased levels ofresponsivity to 

stimuli may be based on the physical maturation ofthe snakes,or due to feeding 

, experience.In addition,conditioning(e.g.,sensitization)to the swab test procedure may 

have occurred.However,the MANOVA for repeated measures that I used analyzed 

linear changesin responses Xoeach prey stimulus acrosstWo pairs oftest periods(Cheml 

vs.Chem2,and ChemS vs.Chem4).Thus,ifsensitization effects explain the diet effect 

thatI found for theFW group,then significant effects should have appeared for both fish 

and worm stimuli. 

Prey dependentchangesin chemosensory responses 

Snakesfeeding on the mixed dietincreased their chemosensory responses to fish 

extract after feeding experience.However,the chemosensoiy responses oftheF and W 

groups were not significantly affected by diet. The increased response to fish extract by 

theFW group mayindicate a prey preference that could not be expressed bytheF orW 

groups because oftheir dietary restrictions.The results from my tests on the effects of 

diet on chemosensory responses differfrom previously reported data fi-om Beaver Island 

T.sirtalis(Burghardt et al.,2000).Burghardt et al.found that neonatal T.sirtalisfrom 

BeaverIsland significantly increased their chemosensory responses to fish following 12 

meals consisting exclusively offish.Arnold(1978)also found thatfeeding experience 

with fish resulted in increased response levels to fish extract by T.sirtalis. The snakes 
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reared exclusively on fish diets in my dissertation increased their responses to fish extract 

with feeding experience butthe change was not significant. 

Prior to feeding experience,the snakesin theF group responded more strongly to 

fish extract than the W andFW groups.The slight,initial bias by the snakestoward fish 

extract suggests a genetically controlled preference and may explain whytheF group's 

mean response to fish extract did not significantly increase. This result is peculiar due to 

the fact that neonatal T.sirtalis primarily feed on worms,and fish seem to befed upon 

more opportunistically than other prey classes,such as amphibians(Gregory&Nelson, 

. I 

1991;Nelson& Gregory,2000).Individuals and litters ofT.sirtalis are known to have 

stable chemoreceptive response biases toward particular prey classes(Burghardt, 1975; 

Lyman-Henley&Burghardt, 1995). Also,prior to feeding experience,1 found litter 

effects for responses to both fish and worm extracts.The fish bias wastaken fi-om the 

averaged TFASsof17 litters bom to females cbllected during the 1998 field season. 

Burghardt et al.(2000)report no significant preference for fish or wormsby neonates 

bom to 17females collected at Jordan River,a site adjacent to McCaffertyfarm where 

the snakes primarily consume wonns.Ideally,in future studies ofthis type,initial 

chemosensory response profiles could be examined prior to determining the snakes' 

initial diets,and diet assignments could be madesuch thatthe average responses to each 

stimulus are balanced between diet groups.However,this would probably compromise 

controls for sex,litter, and population(see Burghardt&Schwartz,1999for discussion on 

methodological issues). 

One similarity between the studies ofAmold(1978),Burghardtet al.(2000),and 

mine is the increase in chemosensory responses to fish extract by T.sirtalis with fish in 
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their diets. Arnold(1978)also reared garter snakes on frogs and worms,but their 

chemosensory responses to these two prey species were not affected by feeding 

experience.Burghardt et al.found that a change in relative preference for fish extract,but 

not worrn extract,was heritable. Responses to fish extractby garter snakes may be more 

modifiable with feeding experience;the aquaticforaging abilities ofT.sirtalis are fairly 

unspecialized.Across its entire geographic range, T.sirtalis appears to be more likely to 

feed on amphibians and wormsthan on fish. Increased sensitivity toward atypical prey 

mayfacilitate the invasion ofnew feeding niches.Further work could explore whetl;ier 

the chemosensory responses to other less frequently ingested prey increase with feeding 

experience on these prey. 

Age differencesin diet-induced chemosensory response changes 

Diet-induced modifica.tions ofchemosensory responses may have advantages, 

such as the formation of"search irhages",as pr^oposed by Fuchs and Burghardt(1971). 

However,ifsearch images develop,as they appear to forsome snakes(see also 

Burghardt,1990),theymay be subjectto extensive modification as snakes age or 

encounter other prey types.Also,search images are known to be shortlived(see 

Tinbergen,1960,cited in Shettleworth, 1998).Repeated extract testing immediately 

following initial feedings or diet switching maybe needed to detect search images,as in 

Fuchs and Burghardt(1971). 

Overall,the results from studies ofdiet effects on garter snake chemosensory 

responses are somewhat mixed.One explanation may be geographic variation in garter 

snake chemosensory responses(see Arnold, 1992;Burghardt «& Schwartz,1999). 

Another explanation mayinvolve methodological differences among studies.For 
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example,Arnold(1978)and Fuchs and Burghardt(1971)studied the effects ofdiet on 

very young garter snakes(10-53 days,and 6-41 days,respectively). Using a single diet 

design to examine quantitative genetics ofchemosensory responses,Burghardt et al. 

(2000)studied garter snakes from seven through 70days ofage.Lyman-Henley and 

Burghardt(1995)tracked diet effects on chemosensory responses in garter snakes 

through 159 days.I tested mysnakes from 17 through 242 daysofage.Thus,in addition 

to geographic variation,differences in age may accountfor differences in results, 

especially in studies thatincluded a diet-switching phase(e.g., present study;Fuchs& 

Burghardt, 1971). Additional research could address this issue using a very large number 

oflitters from a single population,and manipulating the timing when diet switches are 

imposed,with littermates spread equally across treatments. Apparently,diet-switching' 

affects the chemosensory responses ofvery young snakes(e.g.,Fuchs&Burghardt, 

1971),butthe effects were not apparent at 240 days in my study.Neonatal garter snakes 

may develop increased chemical sensitivity to prey that are in their immediate 

environment because the types ofhabitats they foragein,and their wandering ranges,are 

quite limited in comparison to older snakes(Lind&Welsh,1994).When garter snakes 

become more proficient foragers,their chemosensory responses may be less likely to 

change as a result offeeding experience because they are less constrained by prey size, 

limited use ofhabitat,and relatively short wandering ranges. 
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CHAPTER4 

THEONTOGENYOFFEEDINGSKILLS 

Introduction 

Thetypes ofenvironmentsin which animals forage,and the variability ofprey 

abundance across both spatial and temporal scales,are known to influence the degree to 

which foraging efficiency increases with feeding experience(Day and McPhail,1996; 

Ehlinger, 1989;Krebs and Inman,1994).Thecommon garter snake(Thamnophis 

sirtalis),the most geographically widespread species ofsnake in North America,feeds on 

a diversity ofprey species that varyin spatial and temporal abundance(see Rossman, 

Ford,and Seigel, 1996).The progeny ofpredatory and habitat generalists,such as 

neonatal T.sirtalis,may be bom.into higUyfluctuating environments wherelearning is 

vital to foraging success;their survival may depend upon their abilities to detect,capture, 

and consume prey.Empirical studies have demonstrated a close relationship between 

juvenile survival,reproductive success,and foraging proficiency(Sih,1993).For 

example,birds that are slow to acquire foraging skills are known to delay breeding, 

starve,or suffer increased predation risk(see Yoerg,1994).Even highly precocial species 

mayrequire feeding experience in order to forage efficiently(Burghardt&Krause,1999; 

Croy&Hughes,1991a,b;Day&McPhail,1996;Mori,1996;Savitsky&Burghardt, , 

2000). 

Nevertheless,although plasticity,especially learning,maybe beneficial,there are 

costs to relying on experience for developing foraging skills. Theseinclude increases in 

both predation risk and time and energy devoted to finding and consuming prey.These 
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costs may be most evident during early development,and have been reported in studies 

comparing specialist and generalist snake species. For example,neonates ofgeneralist 

species are often inferior in foraging proficiency Compared to morphologically and 

behaviorally specialized snakes(e.g.,Dmmmond,1983;Halloy&Burghardt, 1990; 

Mori,1994, 1996).However,with experience predatory generalists can become nearly as 

proficient at consuming prey as specialist species.For example,Mori(1996)compared 

rodent handling in hatchling,yearling,andjuvenileElaphe clirriacophora,arodent 

specialist,withE.quadrivirgata,a dietary generalist. With feeding experience,E. 

quadrivirgata were nearly equal in rodent handling ability to E.climacqphora,whereas 

younger snakes were much less adeptthanE.climdcophora at handling rodents. 

Efficiently detecting,capturing,and consuming prey may minimize predation 

risks for garter snakes that forage in open fields,along water banks,and under water, 

where they themselves maybe highly vulnerable to predators.Theforaging repertoire of 

the common garter snake(Thamnophissirtalis)showsa high degree ofplasticity 

(Burghardt, 1993;Burghardt&Krause,1999;Halloy&Burghardt, 1990). T.sirtalis is 

capable ofdetecting,subduing,and consuming a wide variety ofprey species including 

annelids,fish,amphibians,manunals and birds.Therapid acquisition of.feeding skills by 

T.sirtalis would aid in reducing the costs ofbeing relatively unspecialized.Behavioral 

plasticity would facilitate the acquisition offeeding on both novel and species-typical 

prey.For example,T.sirtalis in mostpopulations feed on earthworms and a variety of 

amphibian species,but will feed on fish opportunistically in the field and readily in 

captivity(Arnold,1992;Carpenter,1952;Gregoiy&Nelson,1991;Nelson& Gregory, 

2000).However,neonatal T.sirtalis are not very adept at handling fish in comparison to 
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Thamnophis melanogaster,an aquatic prey specialist(Halloy&Burghardt,1990): With 

feeding experience, T.sirtalis is capable ofconsuming fish about as proficiently as T. 

melanogaster,thus benefiting from behavioral plasticity. 

The degree to which learning contributes to the developmentoffeeding skills may 

be condition dependent.Thatis,diet may determine how efficiently an individual will be 

in detecting,capturing,handling,and swallowing prey.For example,feeding on a mixed 

prey diet mayimpede predators from learning the most efficient techniques(Burghardt& 

Krause, 1999;Cunningham&Hughes,1984).Thus,there are potential costs to feeding 

on a mixture ofprey species.The costs,however,may notoutweigh the benefits of 

feeding on several prey species.Furthermore,feeding on onetype ofprey may facilitate 

switching to another type,butinterference effects can impedea predator's ability to 

undergo dietary shifts(Yeager,Burghardt,&Lyman-Henley,1996).Interference effects 

can occur when a predator switches from a relatively easy prey to feed on,to a more 

difficult one. Retaining feeding skills maybe critical as well,as costs may accrue ifan 

individual forgets how to locate,capture,and consume prey(Hughes&Blight, 1999; 

Krebs&Inman,1994;Shettleworth, 1998). 

Previously,Burghardt and Krause(1999)tested three groupsofneonatal T. 

sirtalis on their abilities to feed on fish,worms,or a mixed diet. Initially, all prey items 

took equally long to consume.However,after the three diet groups had 11 to 12feedings 

on their respective diets,fish consumption times decreased significantly,and worm 

consumption times decreased for snakes feeding exclusively on worms.Also,the phases 

ofpredation were differentially affected byfeeding experience.Fish and worm detection, 

as measured by prey approach times,decreased significantly after fbeding experience by 
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snakes reared onpure diets,but notfor snakes reared on mixed diets. Feeding on a mixed 

diet also appeared to interfere with the developmentofapproaching,capturing,handling, 

and swallowing worms. 

The findings reported in Burghardtand Krause(1999)lead to further questions 

aboutthe ontogeny and plasticity ofneonatal garter snakeforaging behavior.This chapter 

ofmy dissertation extends the study ofBurghardtand Krause(1999)in several directions 

by 1)including animals fi-om two different,but nearby,sites where the animals live in 

different habitats and forage on different prey,and 2)observing foraging by adults 

freshly captured from each site.I conducted tfeee experiments to address several 

questions on the ontogeny offoraging skills.The first question concerns the age at which 

young snakesreach asymptotic levels ofprey consumption efficiency.Thesecond 

qliestion concerns the effects ofswitching from difficult to relatively easy to consume 

prey,and the reverse. It appears thatfeeding on fish,a prey item that is relatively difficult 

to consume,mayfacilitate switching to worms,which are easier to consume.Conversely, 

feeding on wormsmay interfere with switching to fish(Yeager et al., 1996). Willfeeding 

on a mixed diet confer anyforaging efficiency advantage over snakes reared on a.single 

diet? The third question concerns the ability ofgarter snakes to retain acquired foraging 

skills after a period ofhaving to depend on other prey,as may occur when snakes are 

corifi-onted with periodic and extended fluctuationsin prey abundance.Thus,the 

retention offeeding skills by garter snakes needs to be assessed.Forgetting how to handle 

prey has been reported in stickleback,Spinachia spinachia(Croy&Hughes,1991a; 

Mackney&Hughes,1995)and this possibility wastested for garter snakesin Experiment 

1. A fourth question concerns whether snakesfrom thetwo populations with different 
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food resources would either differ at birth in foraging proficiency on earthworms or fish, 

orin the plasticity oftheir learning.ExperimentII examined whetherfeeding skills 

obtained after a lesser amountoffeeding experience than in ExperimentI are retained 

following diet switching. 

Whetherlaboratory studies ofneonatal gartersnake foraging behavior(e.g., 

Burghardt&Kriause, 1999;Halloy&Burghardt,1990)apply to natural situations was 

tested in Experiment III. Adults captured from thetwo ecologically dissimilar sites were 

tested on their abilities to prey upon fish,frogs,and worms.Because their feeding 

experiences are restricted to worms,the adult garter snakesfrom McCaffertyfarm should 

have greater difficulty feeding uponlarge amphibians than snakesfrom Miller's marsh. 

Fish have notbeen recorded in the stomach samplesfrom snakes at either site. I included 

fish preyin ExperimentIII to test whether snakes fi-om Miller's marsh,owing to their 

more diverse diets, would show superior feeding skills on novel prey compared to snakes 

from McCaffertyfarm.Finally,I predicted equal worm consumption abilities by snakes 

from both sites. 

ExperimentI:Dietary Effects on Feeding Skills in Young Garter Snakes 

In this experiment,I manipulated the diets and feeding schedules ofyoung garter 

snakes such that the effects ofinitial feeding experience,prey switching,and retention of 

feeding skills could be assessed using a within-subjects design. One diet group wasfed 

fish initially,and then had their diets switched to worms.A second diet group wasfed 

wormsinitially,and had their diets switched to fish.Following the diet-switching phase, 

both groups were re-tested for feeding skills on their initial prey type.A third group was 

fed a mixed diet throughoutthe duration ofthe study to compare with the single diet 
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groups.In addition to examining the ontogeny offeeding skills in these three groups, 

when possible I tested for the effects ofsex,site,and litter on feeding behavior. 

Although the adult diets ofthe snakes from McCafferty faim and Miller's marsh 

differ,neonatal diets are notknown.Itis assumed that most young garter snakes begin 

life feeding on earthworais and later shift to other prey(Carpenter, 1952;Fitch,1965; 

Greenwell,Hall,& Sexton^ 1984).However,to test whether snakesfrom the two sites 

differed at birth in either initial foraging ability,or ability to profitby feeding experience, 

I tested neonates bom to mothers from both sites. 

Method 

Subjectsand maintenance 

Subjects were 106 neonatal garter snakes(54males,52females)from 16 litters 

(M litter size=6.6,range= 1-15)bom in the fall of1998 to mothers collected at 

McCafferty farm(n=9litters)and Miller's marsh(n=7litters). These snakes were the 

same as those used in the growth study described in Chapter2(See Appendix 1for 

specific litters tested). 

Procedure 

Atbirth,neonates were assigned to diets ofeither fathead minnows,Pimephales 

promelas,(F group,n=35 snakes),leafworms,Lumbricus rubellus,(W group,n=41 

snakes),or a combination ofthe two(FW group,n=30snakes).These prey species were 

chosen because they are a partofwild garter snake diets and they are readily available 

through commercial sources.A split litter and sex design was used,with individuals from 

each litter and sex randomly assigned as equally as possible across each diet group.At 14 
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• and 17 days ofage,prior to the feeding tests, all snakes were tested for responses to prey 

extracts(see Chapter 3). 

The snakes were given six feeding tests(FTl-FT6).Thetesting schedule for 

ExperimentI is summarized in Table 4.1.At20daysofage,each snake was offered its 

first live prey(FTl).During each feeding test,theFW group was tested on both prey 

types,presented in random order,with three days separating the two trials.FT2was 

completed 80-85 days after FTl,with the snakes receiving 11 or 12 weekly meals in 

between testing sessions.FT3 was completed after another 80-85 days,with the snakes 

still feeding on their initial diets during this interval. Following FT3,the diets ofthe F 

and W groups were reversed.FT4,representing the first time these snakes encountered a 

new prey item,was conducted on theF and W groups only,three days following FT3. 

FT5 was completed 45 days following FT4,with the snakes receiving 11 or 12 meals in 

between testing sessions.To meetincreasing dietary needs,all snakes were fed twice 

weekly between FT4and FT5.To assess the snakes'retention for the original dietary 

experience,prey items were then reversed again back to each snake's original diet at FT6, 

which was completed within3days after FT5. 

Testing took place indoors at an air temperature ofapproximately 25° C.Live 

prey items weighing 10-15% ofeach snake's body weight,were placed in petri dishes in 

the center ofeach snake's home cage for each one-hour test. Water and a shallow layer of 

dirt were placed in each dish for fish and worms,respectively. Tests were either 

videotaped with a Hi-8 camcorder(Sony CRD-VX3)orrecorded on cheek sheets through 

live observation.The dependent measuresrecorded at each test are described in Table 

4.2.In addition to these measures,descriptive measures including prey capture locations 
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Table 4.1:ExperimentI prey feeding skills testing scheduleforthe three diet groups. 

Diet group 

Fish(F) Worm(W) Mixed(FW) 

Test nrev Test nrevFeeding testfFT) Age tdavs) Testnrev 

Fish Worm Fish&WormFTl 20 

Worm Fish&WormFT2 98-103 Fish 

Worm Fish&WormFT3 178-183 Fish 

-FishFT4 , 181-186 Worm 

Fish 

Worm 

FT5 226-231 Worm 

-FT6 .229-232 Fish 
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Table 4.2; Dependent measures used for eaeh feeding test. 

Measure 

, Approaeh 
lateney 

Capturetime 

Handling time 

Swallowing time 

Total 

eonsumption 
time 

Definition 

Number ofseeonds from start oftrial to time snake's 
head crossed rim ofdish. 

Numberofseconds from end ofapproach lateney to 
when prey is seized in the snake'sjaws. 

Numberofseeonds from prey seizure to when prey is 
maneuvered into place such that it can be swallowed. 

Number ofseconds from time snake begins side to 
.sidejaw movements(jaw walking),which pushes 
prey into the throat,until first post-ingestive tongue 
flick. 

Number ofseeonds from onsetofcapture to first 
postingCstive tongue flick. 

Note:These measures were also used in Experiments II and III. 
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(head,mid-body,or tail), prey orientation during swallowing(head,mid-body,or tail-

first),and the number oftimes prey were dropped were recorded.Preyitems were 

removed ifsnakes had not eaten by the end ofeach one-hour test,and additional tests of 

thesame prey species were mn every second or third day until the snakes ate. 

Statisticalanalyses 

Ejffeets ofsex,litter, and site on total consumption time and each feeding phase 

were tested atFTl using a MANQVA.Sex.and site were specified as fixed factors, with 

Litter treated as arandom factor nested in site. Wilk's Lambda(A,)wasused to test for 

multivariate effects ofeach ofthe three factors. Separate univariate F-tests were used to 

examine the effects ofsex,site,and litter on each feeding phase and total consumption 

times. 

Changesin overall consumption times between FTl,FT2,.and FT3 were tested 

using repeated measures ANOVA,TheF and W groups were compared with diet treated 

as the grouping variable,and the interaction testing for relationships between diet and test 

(FT1-FT3).Changesin latencies to complete each feeding phase at FTl,FT2,and FT3 

were tested using repeated measures ANOVA.TheFW group was also tested with 

repeated measures ANOVA,comparing FTl -FT3for its consumption times and 

latencies to complete each feeding phase on fishi and worm,separately.The effects ofdiet 

switching(FT4&FT5)on total consumption times and feeding phases were evaluated 

using Wilcoxon signed-ranks tests ifor theF and W groups separately.The final feeding 

test,FT6,was compared with FT3 using Wilcoxon signed-ranks tests to evaluate whether 

prey consumption times,or the phases comprising it,increased following diet reversals 

for theF and W.groups.All data were normalized using naturallog(+1)transformations. 
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Results 

Feeding recordsindicated thatthe snakes ate nearly equal proportions ofeach 

prey type between feeding tests(see Diet and Growth section,Chapter 2).No significant 

changes werefound in prey capture location orswallowing direction,orthe number of 

times prey were dropped between testing sessions.The results below first cover litter, 

sex,and site effects on each feeding phase and total consumption times,followed by 

analyses ofoverall changesin prey consumption times^d phases between FT1 and FT3, 

and the effects ofdiet on these chanjges.Following are results on diet switching(FT4and 

FT5)and tests for retention offeeding skills(FT3and FT6). 

Litter,sex,andsite effects 

AtFTl,there were no overall effects for litter(A,=0.354,F=356.4,df=5,10,p 

=0.10),site(X-0.755,F=0.65,df=5,10,p=0.668),or sex =0.939,F=0.13,df= 

5,10,p=0.982). Univariate F-tests revealed marginal litter effects for capture time and 

total consumption time atFTl(Table 4.3). All interactions between litter, site,and sex 

were not significant.A second MANOVA wasrun to determine whether the neonates 

from Miller's marsh and McCaffertyfarm differed in their abilities to consume fish or 

worms at their first feeding. Site and prey type(diet)were treated as fixed factors and 

litter was treated as arandom factor nested within site.Theinteraction between site and 

diet wasincluded to testfor geographic variation in fish or worm feeding skills. The 

results from this MANOVA revealed a non-significant interaction between site and diet 

(X=0.94,F=0.99,df=5,74,p=0.430).No significant results werefound for litter, 

sex,or site atFT2orFT3.Therefore,data for these three factors were pooled for all 

subsequenttests. Descriptive statistics comparing approach latencies and total 
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Table 4.3: Results from MANOVA testing for litter, site, and sex effects on each prey 
consumption phase and total consumption times by neonatal garter snakes at their first 
feedings(FTl).Significant p-values are boldfaced. 

Source DV df Hypothesis Error F P 
MS MS 

Litter Approach 14,78 1.94 1.78 1.09 0.377 
within Capture 14,78 4.75 2.55 1.86 0.044 
Site Handle 14,78 1.34 1.16 1.16 0.325 

Swallow 14,78 0.35 0.22 1.57 0.107 

total 14,78 2.20 1.21 1.82 0.051 

Site Approach 1,14 6.64 1.94 3.42 0.086 

Capture 1,14 0.05 4.75 0.01 0.923 

Handle 1,14 0.00 1.34 0.00 0.922 

Swallow 1,14 0.01 0.35 0.04 0.842 

total 1,14 0.09 2.20 0.04 0.844 

Sex Approach 1,14 1.08 1.94 0.55 0.469 
Capture 1,14 1.05 4.75 0.22 0.645 
Handle 1,14 0.13 1.34 0.10 0.762 

Swallow 1,14 0.10 0.35 0.28 0.602 

total 1,14 0.22 2.20 0.10 0.756 
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consumption times by the snakes from the two sites atFTl through FT3 areshown in 

Table 4.4. 

Initialfeeding experience 

Totalconsumption times.Predatory experience played a sigmficantrole in the 

developmentofthe snakes'feeding skills.The snakesin all three diet-groups showed 

improvementsin overall prey consumption abilities following feeding experience(Figure 

4.1). AppendixIV summarizes the results for total consumption times and each feeding 

phase for the three diet groups atFTl through FT3.Thesummary statistics in Appendix 

IV include only those snakes that ate at each,test period. Changesin latencies to complete 

the feeding phases and total consumption times are expressed as percentage differences 

between feeding tests.The percentages were obtained by dividing the difference in 

seconds between thetwo tests vmder comparison(e.g.,FTl minus FT2)bythe number of 

seconds taken to complete the first test(FTl).Thesn^esin theF and W groups 

significantly decreased their prey consumption tiines between the three tests(Table 4.5). 

TheF group reduced their fish consumption times by44.5%betweenFTl arid FT2,and 

by67.9% betweenFTl and FT3.TheW grou^ reduced wbrm cbnsumption timesby 

42.5% betweenFTl and FT2,and by71.3% between FTl and FT3.The degrees to which 

consumption times decreased were the samebetween theF and W groups,asshown by a 

non-significant interaction between test and diet(Table 4.5).Total consumption times 

decreased between FTl and FT2,butthe difference did hotreach significance(p=0.09). 

A significant decreasein total consumptiontime wasfoimd between FTl and FT3(p= 

0.003),and notbetweenFT2and FT3(p=0.967).The latter comparison(betweenFT2 

and FT3)indicates that prey were consumed as rapidly as possible by 183 days ofage 
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Figure 4.1:Mean(+ ISE)total consumption times for garter snakes m each ^let^oup at 
FTl FT2 and FT3.F=Fish group,W=Worm group,FW-F-Mixed group(fish),FW-
W=Mixed group(worm).*=p<0.05, =p <0.01 represent significant decreases in 
mean consumption times between FTl compared with FT2and FT3. 
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Table 4^5:Results from repeated measures ANOVAstesting for significant changesin 
total prey consumption times between the three test periods(FTl -FT3)by snakesin the
Fish(F),Worm(W),and Mixed,(FW-F,FW-W)diet groups. 

Diet group Source df MS 
tested 

2 7.25 6.42 . 0.003 

*F&W Test* Diet 2 3.71E-02 0.03 0.968 

Test 

groups 

Error 46 1-13 

Test 2 3.42 10.66 0.001 

Error 16 0.32 

**FW-W Test 2 2.28 1-62 0.223 

Error 20 1.41 , , . 

*TheF and W groups were grouped as diet, with the test* dietinteraction testing for 
differences in the relative decreases in total prey consumption timesbetween diet groups.
** Separate repeated measures ANOVAswererun forthe Mixed(FW)diet group s total 
consumption times on fish(FW-F)and worms(FW-W).No interaction is tested because 
the snakes comprise a single(FW)diet group. 



Snakesin theFW group also decreased their prey consumption times with feeding 

experience,but prey type affected the degreeto which this occurred.TheFW group 
consumed fish morerapidly afterfeeding experience,and the change wassignific^t(see 

Table 4.5).Painvise comparisons revealed significantreductions in fish consumption 

times betweenFTl and FT2(74.7%,p=0.01),and between FTi andFT3(71.7%,p=, 

0.033).Fish consumptiontimesbetweenFT2and FT3 were not significantly different(p 
= 1.0).Worm consumption timesfor theFW-W group did not decrease significantly 
overall(see Table 4.5),or between any ofthethree tests.However,worm consumption 

times bytheFW-W group wererelatively rapid at their initial feeding(see Figure 4.1). 
To determine whether changesin total consumptiontimes differed amongthe 

three diet groups,difference scores were calculated by subtracting the total seconds of 
FT2fi-om FTl.A one-way ANOVA onthese scores did notreveal a significant diet , 

effect(F=0.31,df=3,65,p=0.816).Difference scores comparingFTl andFT3 
revealed similar results(F=0.33,df=3,43,p=0.802). 

Comparisons byfeedingphase 

Approach latencies.Results from repeated measures ANOVAstesting forthe 

effects offeeding experience on changesin prey approach latencies are summanzed m 

Table 4.6.Mean approachlatencies to fish by theF group decreased betweenFTl and 

FT2(59.0%),and between FTl and FT3(63.3%),Approach latencies to worms barely 
decreased betweenFTl andFT2(0.5%),and decreased slightly between FTl and FT3 

(9.4%).The decreasesin approach latencies acrossfeeding tests were notsignificantfor 
theF andW groups,and the testby diet interaction wasnot significant(Table 4.6). 
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Table46" Results ofrepeated measures ANOVAstesting for significant changesin ^ 
.approach latencies,and capturing,handling,and swallowing times the first three 
test periods bysn^esin the Fish(F),Worm(W),and Mixed(FW-F,FW-W)diet groups. 

MS P,
Feeding Diet group Source df 

phase tested - . ^ 

0.379 
Test 1: ■L. 1.47 0.99 

Approach F&W 
0.7750.38 0.26

Groups , Test*Diet 2 

46 1.48Error 

0.1104.46 2.541 . FW-F Test 
1.76Error 16 

2.42 0.114 , 7.05 ..FW-W Test 2 
2.91Error -20 

2 18.59 : 7.42 . 0.002 
Capture F&W Test 

0.24 , 0.7910.59 ,groups Test*Diet 2 
2.51 ,Error 46 

<0.0012 - ■ 18.97 16.39
FW-F Test 

1.16Error 16 

■4.30 1.49 ' 0.250
Test ■ 2 ^ 

2.89 
FW-W 

Error 20 

1.92 0.158: 2.15 .,vHandle F&W Test ' .2.. . 
0.322 

groups Test*Diet , 1.30 : ' 116 ; 
1.12 . ■Error 46 

'i" ■ ■ . , 2.42 ' ■■ : 2.85 : 0.087 
FW-^F Test 

16 0.85.Error 

1.38 0.2741.78FW-W Test 2 
1.28Error 20 

0.8235.91E-02 o;2o, .
F&W Test 1Swallow 0.0091.56 , 5.16 : 
groups Test*Diet 2 

0.30Error 46 . 

3.18 , 0.0690.56FW-F Test i ■ 
0.17Error 16 

1.14 , 0.3400.272FW-W Test 
0.23Error 20, 
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Snakesin theFW group approached fish more rapidly between FT1 and FT2 

(72.4%),but approach latencies to fish were not as reduced between FTl and FT3 

(41.6%).Approach latencies to wormsby theFW group also decreased between FTl and 

FT2(31.7%),and FTl and FT3(78.2%),butthe changes were not significant overall(see 

Table 4.6).Pairwise comparisonsamong the three tests did notreveal any significant 

differences.Thethree diet groups did not significantly differ from each anotherin 

approach times atFT2(F=1.24,df=3,41,.p=0:307),orFT3(F=0.82,df=3,41,p= 

0.491) 

Prey capture.Snakesfeeding in single diets significantly reduced their prey 

capture times across the first three feeding tests(Table 4.6).Fish were captured more 

rapidly between FTl arid FT2(53.0%),and between.FTl and FT3(78.6%).Worm 

capture times decreased by42.5%between FTl and FT2,and by79.6%betweenFTl and 

FT3.Dietand testing period did notinteract(Table 4.6). Multiple comparisons revealed 

significant decreases in capture times between FTl and FT2(p=0.044)and FTl and FT3 

(p<0.001). Capture times betweenFT2and FT3 did not differ(p= 1.0). 

Fish capture times decreased significantly for theFW group(Table 4.6).Fish 

were captured morerapidly atFT2(90.1%,p=0.002)and FT3(94.3%,p=0.014) 

cornpared with FT1.Worm capture times for theFW-W group decreased betweenFT1 

and FT2(63.6%)andFTl and FT3(53.9%),butthe changes werenot significant(Table 

4.6). With the exception oftheFW-W group,the capture phase was affected by feeding 

experience more than any other phase. 

Prey handling.Prey handling times decreased slightly fortheF group between 

FTl and FT2,and increased betweenFTl and FT3.Wormshandling.times by theW 



group decreased between FTl and FT2,and between FTl arid FTS,butthe changes in 

handling times for both diet groups were not significant across test periods,and the test 
by diet interaction was not significant(see Table 4.6). 

For theFW group,fish handling times increased betweenFT1 and FT2,and 

between FTl and FT3,butthe changes were not significant overall(Table 4.6). Worm 

handling times decreased betweenFTl andFT2,and between FTl and FT3,butno 
significant changes werefound (Table 4.6). 

Preyswallowing.Swallpwing times increased across testing periodsfor theF 

group and decreased for the W group.Fish swallowing timesincreased between FTl and 

FT2(22.0%),and between FTl and FT3(58.0%).Snakesin theW group swallowed 

worms more rapidly atFT2than at FTl-(42.7%),and morerapidly atFT3than atFTl 

(30.5%).However,the changesin swallowing times were not significant(Table 4.6).The 

significant interaction between test.and diet(Table 4.6)is dueto F group's consistent 

increase in swallowing times,and the decreased swallowing timesfortheW group across 

testing periods. , 

For theFW group,fish swallowing times were ne^ly unchanged between FTl 

and FT2,and increased between FTl and FT3,butthe differences were not significant 

(Table 4.6).Worm swallowing times decreased between FTl and FT2 and between FTl 
and FT3,and these changes to were not significant(Table 4.6). 

The effectsofdiet reversal 

Totalconsumption times.Dueto snake mortality arid food refusal,the sample 

sizes oftheF and W groups diminished considerablybetween FT4(181-186 days)and 

FT5(226-231 days).The cause ofmortality for eachi snake was not determined,but high 



levels ofgarter snake mortality(>50%)in the first year has been reported(Jayne& 

.Bennett, 1990).Nonparametric tests(Wilcoxon signed ranks test)were used to compare 

total consumption times and the feeding phases atFT3and FT4,and atFT4and FT5; 

The snakes'initial diets influenced thdr abilities to successfully switch to new prey.At 

their firstfeeding on worms(FT4),the snakes in theF group consumed worms as rapidly 

as theW group snakes did atFT2(Figure 4.2),and consumed them as rapidly as they had 

fish atFT3(Z=2.67,p=0.79).However,the snakes in the W group were much less 

successful at making an immediate adjustmentto switching from wormsto fish(see 

Figure 4.2). Comparing the W group's worm consumption time atFT3 with their first fish 

test atFT4revealed a significantincrease in the numberofseconds taken to consumethe 

prey(Z=-2.34,p=0.019).However,they consumed fish more rapidly atFT4(39.4^) 

than the snakesin theF group at their firstfeeding test with fish(FTl,Figure 4.2).This 

suggests thatfeeding on wormsmayhaye.partially facilitated the sn^es'ability to switch 

to a new diet.However,this comparison is confounded by maturational factors(e.g., 

physical development).TheW group benefited froih fish feeding expenence,asshown 

bythe59.4% decreasein consurription time between FT4and FT5,_butthis difference 

was not significant.This may be dueto the fact thatthey were consuming fish as rapidly 

as possible given their body sizes and levels offeeding exp^ence. 
Comparisons byfeedingphase 

Descriptive statistics and statistical comparisons for each feeding phase are 

provided in Table 4.7. Snakesin theF group showed a slight decrease in worm approach 

time and the W group slightly increased their fish approach times by7.3%,butthe 
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Figure 4.2:Mean(+ 1SE)changesin total consumption times asafunction ofdiet(FTl-
FT3)and diet reversal(FT4-FT5),and retention for feeding on initial diet(FT3&FT6)in 
garter snakes.F=Fish prey,W=Worm prey.AtFT4 diets were switched until FT5. 
Diets then retumed to the initial one for FT6.*=p <0.01 significant decrease in total 
consumption times between FTl and FT3.+=p<0.05 significant increase in 
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Table4.7:Testsfor the effects ofdietrevei^al(FT4-,FT5)on each feeding phase andtotal consumption timesfor snakes in theF(Fish),and W(Wonn)groups. 

Feeding Diet n M,(SE) ,M(SE). %diff 
sec. atsec. atphase group 

FT4 FT5 
1 

-0.14 0.893682.4. ; ^ 657.6 -3.6,Approach . F , 5 

(303:59) (499.29) 
+7.3 -0.42 0.674582.0542.4 

(158.95) (204.53) : 
W 8 

-70.3 -1.21 0.225128.0 38.0Capture F 5 

(55.87) (21.97) 
240.6 -62.0^633.3 

(368.4) (93.05) 
W 8 

17.4 -18.721.4Handle F 5 
(6.55)(5.24) 
46.9 -58.0111.7 

(27.14) (11:2) 
W 7 

F 5 .. 67.0 104.0 V +52.2. 
Swallow 

(10.92) (30.86) 
7 ;-58.4.198.4. , 82.6 

(28.36) (12.1) 
W 

: -21.6 -L21 0.225 
F 5 , 216.4 = 169.6Total 

(46.86) . (27.34) 
-1.40 0.161370.9 -59.4 

(376.26) (87:0) 
W , 8 919.1 

FT5%Feeding test 5.FT4wasthe firstfeeding testfor the snakes on the reversed diet, 
and FT5 wasthe last test on the reversed diet,completed afterll or 12feedings 
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changes were not significant.Decreases in worm capture timesby theF group and fish 

capture times by the W group were not significant(Table 4.7).Worm handling times 

barely changed for theF group and the W group handled fish morerapidly atFT5 than at 

FT4,but neither change was statistically significant.Worm swallowing times actually 

increased for theF group,butthe change was not significant,and fish swallowing times 

decreased significantly(58.4%)for the W group(Table 4.7). 

Memoryfor initial diet 

Totalconsumption times.Reversing the diets oftheF and W groups did not 

appearto affect their abilities to detect and consume tlie prey on which they had initially 

fed.Totalprey consumption times between FT3 and FT6 did notsignificantly change for 

either diet group(see Figure 4.2,Table 4.8). Fish consumption times slightly decreased 

betweenFT3and FT6,and Worm consumption times increased slightly,butthe changes 

were riot significant. 

Comparisons byfeedingphase 

The snakes showed no deterioration ofability to detect their first experienced 

prey. Approach latencies betweenFT3 and FT6 decreased for theF and W groups,but 

the changes were not significant(Table 4.8). Capture times also remained relatively 

unchanged between FT3 and FT6for theF and W groups.Fish handling times increased 

for theF group,and worm handling time decreased,but neither change was significant. 

Swallowing times also did not significantly change between FT3 and FT6for theF and 

W groups. 
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Table 4.8: Tests for retention offeeding skills in snakes from theF(Fish),and W(Worm) 
groups.Tests comparefeeding phases and total consumption times atFT3 and FT6. 

Feeding Diet n Me^(SE) Meari(SE) %difF. Z P 

phase group sec,at" , sec. at 

Ff3 FT6 

-43.1 -1.26Approach F 8 505.3 287.4 , 0.208 

(168.42) (121.66) 
W 12 447.7 296.5 -33.8 -0.86 0.388 

(164.86) (108.38) 

-26.6 -.98 0.327Capture F 8 316.0 232.0 

(112.23) (185.44) 
w, 12 134,5 163.7 +21.7 -0.08 0.937 

(60.32) (80.8) 

F 8 52.8 79.4 +50.4, .-0.49 0.624Handle 
(19.26) (41.56) 

w . 12 31.6 17.1 -45.9 -1.49 0.136 

(10.09) (3.92) 

99.4 -7.9 -0.28 0.779Swallow F 8 107.9 

(24.63) (22.97) 
W 12 67.8 80.6. +18.9 -0.63 0.530 

(11.41) (18.2) 

0.575476.6 410.8 -13.8 -0.56Total F 8 

(120.81) (183.45) 
W 12 233.8, , 261.3 +11.8 0.00 1.0 

(65.78) (84.44) 

Note:Z=result from signed ranks test,p=p-value,FT3=Feeding test 3,FT6=Feeding 
test 6.FT3 wasthe last feeding test completed for snakes,feeding on their initial diet,and 
FT6was donefollowing the diet reversal period. 
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Discussion 

Experience played animportantrolein the developmentoffeeding abiUties in 

garter snakes through the first8 months,and the changes thattook place persisted.The 

importance offeeding experience was especially evident during the first40to 45 days,as 

evidenced hy marked decreases in prey consumption times betweenFTl and FT2. 

However,initial diet influenced the snakes'abilities to switch to new prey items.Feeding 

on fish,which can be relatively difficult for neonatalT.sirtalis to consume(Halloy& 

Burghardt,1990),may facilitate switching to prey such as worms.Feeding on worms 

may haveimpeded theW group's ability to switch to fish,as prey consumption times 

increased significantly between FT3and FT4for this group. After 11 to 12feedings on 

fish,theW group decreased its mean fish consumption time to alevel comparable to the 

F group atfeeding tests 1 and 2.Therefore,feeding experience played animportant role 

in the ontogeny offeeding skills beyond the first40to 45 days.This may be the case 

even in wild,adult T.sirtalis that encounter novel prey species. It is unlikely that 

morphological differences accounted for the facilitation and interference effects found in 

theF and W groups,respectively.The snakesin thetwo diet groups did not significantly 

differ in SVL,mass,or head dimensions when diet switching topk place(see Chapter2, 

Growth arid Morphology). 

This experiment extends the findings ofBurghardtand Krause(1999),where 

neonatal T.sirtalis were tested at birth and after 11 or 12feedings.It appears that. With 

the exception ofthe W group's firstfeeding on fish,prey consumption times reach their 

lowestlevels for yovmg garter snakes after only 11 or 12feedings.Also,similar to the 
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results reported by Burghardt and Krause(1999),prey consumption phases were 

differentially affected byfeeding experience. 

On average,prey approach latencies decreased across feeding tests,butthe 

changes were notsignificant.This result was unexpected,given the significant decreases 

in prey approach latencies for theF and W groups tested in Burghardt and Krause(1999). 

This difference between thetwo studies maybe due to thelowersample size used in the 

present study.Although there was a general trend toward decreasing prey approach 

latencies,the variability was much greater for approach latencies than in Burghardt and 

Krause(1999).Environmental conditions were nearly identical,and thesame observer 

recorded datain both studies,thus ruling outthe possibility ofdifferences due to room 

temperature,caging,orthe data recorder.One notable difference is that different species 

offish were used in the two studies.The fish used by Burghardtand Krause(1999)were 

mosquito fish(Gambusia affinis), which has a dark dorsum and a white/gray underside. 

Due to low availability ofGambusia atthetime ofthis study,we used fathead minnows 

(Pimephalespromelas)instead,which were a special strain thathad a light orange 

dorsum and a white/gray underside.Fish were size matched in proper proportions to 

snake body sizes,butthe differences in coloration mayhave had different effects on 

approachlatencies.However,this does not explain why approach latencies to worms did 

not decrease with feeding experiencein this study. Motivational factors are unlikely, 

since snakesin both studies were tested at the same ages. 

The snakesin the F,W,andFW-F group decreased their capture times 

significantly between FTl and FT3.Burghardtand Krause(1999)reportthe same result 

in their study.The amountoftime taken to capture prey exceeded thatofhandling and 
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swallowing prey.Decreased capture times accounted for the majority ofthe reductions in 

total consumption times between feeding tests for each diet group.Chemosensory 

detection ofprey,as well as Visual and tactile cues probably interact as prey capturing 

skills develop. T.sirtalis uses a fairly unspecialized tactic for capturing fish. When 

preying upon fish,aquatic specialist species such as T. melanogaster and T.cduchii rely 

heavily on visually guided and direct strikes toward prey,whereas T.sirtalis uses an 

"open-mouth search" tactic(Drummond,1983;Halloy&Burghardt, 1990).Theopen-

mouth search is characterized by lateral movementsofthe head with thejawsopen . 

(Drummond,1983;Savitsky&Burghardt,2000),and prey seizure is probably facilitated 

by tactile and visual cues.In contrast to T. melanogaster,fish capturing tactics by 

neonatal T.sirtalis appearrandom,as orientation toward prey is much less direct and 

precise.However,fish capture times decreased significantly in this study,and Halloy and 

Burghardt(1990)report superior fish capturing abilities by adult T.sirtalis in comparison 

to yearling and neonatal conspecifics. 

In mystudy,I did notrecord systematically record whether open-mouth searching 

occurred.However,I observed open-mouth searching quite frequently among the snakes 

in theF and FW-F groups at their firstfeeding trials. Open-mouth searching bythe 

neonates was prolonged on occasion and often resulted in the shakes withdrawing from 

the water dish,especially ifprey remained motionless and direct contact was riot made. 

With feeding experience,it appeared that open-mputh searching became more directed 

and fewer lateral head movements were made.Unfortunately I can not provide niuch 

detail pn this aspect ofprey capturing behavior,btit further work cpuld closely examine 

the ontogeny ofopen-mouth searching behaviorby T.sirtalis. 
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Worm swallowing times by the W andFW-W groups decreased in the present 

study,butnotsignificantly. Burghardt(1978)recorded worm-swallowing latencies by 13 

newborn T.sirtalis and found a consistent and rapid decline in swallowing times during 

each oftheir first8feedings.TheW group in Burghardt and Krause(1999)significantly 

reduced thetime it took to swallow wprms.However,the swallowing times reported in 

Burghardt and Krause(1999)were greater at their initial feedings(131.2s)than in my 

study(66.8 s). Comparisonsoffish swallowing times for theF groups ofboth studies^e 

complicated by the fact that differentfi?h species were used in Burghardt and Krause 

(1999)and in this experiment.Thefathead miiinows generally took longer to swallow, 

probably dueto different head sizes ofthetwo species. 

As hypothesized,the snakes showed no decrementin feeding skills for their initial 

prey following food switching.Comparisons between FT6and FT3for both diet groups 

yielded no significant changes in total consumption times or anyofthe feeding phases. 

Thus,it appears that experience plays along lasting role in the early ontogeny of 

predatory behaviorin T.sirtalis. This result also confirms that prey consumption times 

asymptote for snakes ofthis age.However,the amountoffeeding experience on the 

initial diet versus the reversed diet was unbalanced.The snakesin theF and W groups 

had twice asihuch experiencefeeding on their initial prey species,than they had with a 

new species.Including prey eaten during the feeding tests,the snakes in both groups had 

at least25 meals(1 prey item/meal)between FTl and FT3,and an average ofonly 13 

meals(1 prey item/meal)on the reversed,diet(FT4-FT5).The.results comparing FT3 

and FT6may have differed had the snakes eaten an equal numberofmeals on the 
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reversed diet.In ExperimentII,I balanced and reduced the number offeedings on each 

prey species prior to and during the diet-switching phase. 

ExperimentII: Role ofEarly Learning and Retention in Feeding Behavior 

ExperimentI revealed the importance ofexperience on the developmentofgarter 

snakefeeding behavior through the first8 monthsoflife. Predatory skills,as measured by 

latencies to complete each feeding phase,reached.a plateau byFT3for snakesfeeding at 

equal frequencies.Dietswitching did notseem to result in anylong-term decrementin 

feeding efficiency.However,snakesin the F and W groups fed on their initial prey for5 

months prior to having their diets reversed.Ifthe amountofinitial feeding experience on 

a single prey type werereduced it is possible that,in contrastto ExperimentI,the 

retention for feeding skills on the initial prey would bereduced.Onthe other hand,it is 

possible that even ifa prey type is only consumed infi"equently,garter snakes will retain 

their feeding skills for the prey indefinitely.To test this,the second experiment used only 

F and W groups that experienced dietary switches after fewerfeedings on their initial 

prey species. 

Method 

Subjectsand maintenance 

Subjects were 31 neonatal T.'sirtalis(14 males,17females)from six litters(M 

litter size=5.2,range=2-9)bom to females at Miller's marsh(n=4litters)and 

McCaffertyfarm(n=2litters)(see Appendix I). Housing conditions were the same as 

those described for neonatesin Chapter 2. 
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Procedure 

Atbirth,the snakes were divided into two diet groups,F(n= 13 snakes)and W(n 

= 18 snakes). Diet group assignment wasbalanced as evenly as possible across sexes and 

litters. At 15 days ofage,the snakes were tested attheir first meals(FTl)and werethen 

fed weekly on their designated diet. Five,feeding tests were completed(see Table 4.9). 

FTl and FT2were doneto testfor experiential effects on each prey type.FT3 and FT4 

were doneto test for the effects ofdiet switching and learning to handle novel prey,and 

FT5tested the snakes'retention for consuming the initial prey species. Six feedings were 

completed between FTl and FT2.Diets were switched atFT3(Completed 3days after 

FT2)and six feedings followed until FT4.FT5 was completed 3days after FT4.All tests 

were complete when the snakes reached 105 days.A single observer recorded all data 

live using the same dependent measures asin ExperimentI. 

Statistical analyses 

The small sample size used in Experiment II, and the high degree ofvariability 

and unequal variancesfound in the data set,limited the types ofanalyses that could be 

conducted with the data.1 used Wilcoxon signed-ranks tests to compare both diet groups 

separately.The variability in the capturing,handling,and swallowing times was high at 

each test. Also,similarly to ExperimentI,handling and swallowing times were relatively 

unaffected by feeding experience.Becauseofthis, analyses were conducted on approach 

latencies and total consumption times only. Wilcoxon signed-ranks tests were used to 

compare approach latencies and total consumption times atFT3 and FT4(reversal tests), 

and at FT2and FT5(retention tests). 
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Table4.9:ExperimentII prey feeding skills testing schedule for both diet groups. 

Diet 

Group 

Fish(F) Worm(W) 

Feeding test CFTI Agefdavsl Test nrev Test prev 

FTl 15 Fish Worm 

FT2 57 Fish Worm 

FT3 60 Worm Fish 

FT4 102 Worm Fish 

FT5 105 Fish Worm 
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Results 

Initialfeeding experience 

Totalconsumption times.The snakes in theF group sigmfieantly deereased 

(62.3%)their total fish eonsumption times after only six meals(Table 4.10). However, 

the snakesin the W group did notshow a significant decrease in total worm consumption 

times between FTl and FT2(Table 4.10,Figure 4.3A).Worm consumption times 

increased slightly(13.4%)between FTl and FT2.However,their total consumption times 

atFTl were already fairly low(399.1 s). This was considerably lower than the mean 

worm consumption timefound for the W group in ExperimentI(819.4 s). Thus,the lack 

ofany significant decreasein worm consumption times may be due to a ceiling effect 

already evidentin the snakes'feeding skills atFTl. 

Approach latencies. Mean approach latencies did not decrease significantly for 

theF group between FTl and FT2(Table4.10,Figure 4.3B).However,the snakesin the 

W group approached worms significantly faster atFT2than atFTl(Table 4.10,Figure 

4.3B). 

The effectsofdietreversal 

Totalconsumption times. Total eonsumption times between FT2and FT3 did 

not significantly differ for theF group(Z=-1.75,p=0.08).Thus,the snakesin theF 

group consumed their first worms atFT3 atthesame rate as they had consumed fish 

following feeding experience.Total worm consumption times were not significantly 

different between FT3 and FT4(Table 4.10,Figure 4.3A).Thus,the six worm feedings 

completed by theF group did notresult in any significant changein total worm 
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Table4.10: Results oftests for ehangesin approach latencies and total consumption times 
by snakes in.theF(Fish),and W(Worm)groups after initial feeding experience,during 
diet reversal,and when prey were switched back to initial diets. 

M(SE) M(SE) %diff ZFeeding Diet n P 

phase group sec. sec. 

FTl FT2 

286.3 68.2 -0.84 0.401Initial Approach F 8. 900.0 

FT1-FT2 (386.78) (102.76) 
W 16 436.8 120.3 72.5 -2.84 0.004 

(77.26) . (23.23) 

■FTl FT2 

Initial Total F 8 ' 783.9 , ^ 295.5 62.3 -2.24 0.025 

FT1-FT2 (233.61) (71.59) 
W 15: . 399.1 ^452;6 -ll4- -0.41 0.683 

(80.09) (126.78) 

FT3 FT4 
-91.4 0.225Reversal Approach F 5 135.6 259.6 -1.21 

FT3-FT4 (56.33) (122.18) 
97.6 64.2 34.2 -0.41 0.686W 5 

(43.23) (22.91) 

FT3 FT4 

Reversal Total F 5 830.4 381.6 54.0 -1.21 0.225 

FT3-FT4 (483:42) (281.48) 
W 5 1065.2 441.2 58.6 -0.67 0.50 

(539.62) (132.06) 

FT2 FT5 

Memory Approach F 6 269.8 472.7 -75.2 -0.11 0.917 

FT2-FT5 (125.81) ; (370.29) 
W 7 122,9 237.7 -93.4 -0.85 0.398 

(42.97) (133.12) 

FT2 , FT5 
-13.8 0.460Memory Total F 6 253.8 288.8 -1.99 

FT2-FT5 (85.9) (65.85) 
429.9 152.0 64.6 -1.18 0.237W 7 

(230.54) (31.83) 
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consumption time. Similarly,total consumption times between FT2and FT3 did not 

significantly differ for the W group(Z=-0.70,p=0.484).Thus,theinterference effect 

found in ExperimentI was not replicated here.However,comparisons between 

Experiments I and II are oflimited use,as the sample size in ExperimentII was very low. 

Total fish consumption times betweenFT3and FT4were not significantly differentfor 

the W group(Table 4.10,Figure4.3A). 

Approach latencies. Approach latencies between FT3 and FT4did not changefor 

either diet group(Table4.10,Figure 4.3B). 

Memoryforinitial diet 

Totalconsumption times.No significant differences in total consumption times 

between FT2and FT5 werefound for either theF orW groups(Table 4.10,Figure 4.3A). 

Thus,the six-week period offeeding on the opposite diet did notresultin a decrementin 

feeding skills for either group. 

Approach latencies.Prey detection ability was unchanged after diet switching. 

Approach latencies to fish and worms did not differ between FT2and FT5 for theF and 

W groups,respectively(Table 4.10,Figure 4.3A). 

Sample size andstatisticalpower 

The small sample size used in this study resulted in low statistical power.A 

significant decrease in total fish consumption time wasfound between FTl and FT2. 

However,the power ofthis test was calculated using the Sample?ower option available 

on SPSS version 10.0.Power was estimated at0.60for the sample size ofeight snakes.A 

sample size of20 would have increased power to 0.97 given the means atFTl and FT2 

and the standard error ofthe difference between the two tests. The diet reversal phase 
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showed high mean decreasesin total consumption times betweenFT3and FT4for both 

diet groups(Table4.10).However,the differences were notsignificant.For theF group, 

power was estimated at 0.13,and asample size of60would haveincreased power to 
- * -• 

0.96.For the W group,power was estimated at 0.11,and asample of80would have 

increased power to 0.96.The pmposeofthis study wasto testfor differences among 

samples,butthese were rarely detected because oflow sample size.Individual 

differences were substantial^d are described in thefollowing section. 

Individual variation infeeding abilities 

Ifound differences Within diet groups in total consumptiontimes and approach 

latencies. However,the non-significMt results mayhave been dueto the amountof 

variability,in the data,although means differed considerably.Forexample,capture times 

decreased markedly betweenFT3 and FT4for both diet groups,but neither difference 

was significant. Because rates oflearning can vaiy so much among individuals,and 

repeatability may be,low,it is importantto consider individual and litter differences 

, across all feeding tests. Thesmall sample size ofthis study may not have provided the 

resolution needed to detectrobust,group differences related to early feeding experience.: 

Oneimportant consideration is whetherindividual differences in prey consumption 

abilities are consistent across feeding tests and prey types.To test this,averages across all 

five feeding tests were computed for each snake,Within each diet group,the snakes whh 

the lowestand the highest averages wereidentified(Figure4.4A-B). 

The mean,total consumption times for the five feeding tests differed considerably 

between thetwo snakesin theF group,1729E(M total consumption time for FT1-FT5= 

1042.2s)and 1723F(M total= 178.6 s). Compared to 1729E,feeding experience 
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appeared to have little effect on i723F's ability to consume prey,as his consumptioh time 

wasbriefatFTl(248.0s)and FT5(296.0 s), with little variation among tests(Figure 

4.4A).Experience appeared to be more crucial to the developmentoffeeding in 1729E, 

or she had a bad day.Her consumption time atFTl wasrelatively long(1892.0 s),and 

decreased considerably byFT2(107.0.s).When 1729E's diet wasswitched to worms,her 

consumption time increased to levels comparable to FTl(2644.0 s),but again decreased 

to levels comparable to 1729F atFT4following feeding experience with worms.The 

differences between these two individuals maybe related to the novelty ofthe prey items. 

Chemical preferences appear to be unrelated to these differences,because both snakes 

had tongue-flick attack scores of0to both fish arid worm stimuli prior to FTl. 

Snake6891 had a very high mean.for the five tests(746.8 s)and 689F had a 

relatively low mean(329.2 s).Both snakes ate worms niore rapidly atFT2than atFTl 

(Figure 4.4B).However,6891took a relatively lorig time to consume the fish atFT3 

(2703.0 s),butbenefited considerably from fish feeding experience(FT4=511.0 s). 

689F rapidly consumed a fish at her firstfeeding atFT3(105.0 s.Figure4.4B).The 

differences between thesetwosn^esmaybe related to the novelty ofthe prey,which is 

similar to what wasfound forthetwo snakesin theF group.The differences between the 

two snakesin theW group atFTl were not as great asbetween the two snakesin theF 

group.This maybe dueto the fact that worms are a staple ofgarter snake diets. However, 

the great disparity between689F and 6891in consumption times atFT3may be dueto 

individual differences in response to a new type ofprey. 
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Discussion 

Feeding experience appeared to play a more crucial role in the developmentof 

predation on fish than on worms.The mean time to consume fish was considerably 

higher than the mean time to consume worms atFTl.In contrast,the snakes tested in 

ExperimentI consumed both prey species at similar rates at FTl,AtFT2,fish and worm 

consumption times were nearly equal. Approach latencies to both prey types decreased 

dramatically betweenFTl and FT2,with the W group showing the greatest degree of 

change.Diet reversals did not have a statistically significant effect on eating a new prey 

item.However,mean total consumption times increased betweenFT2and FT3for both 

diet groups,and decreased following the six feedings after FT3for both diet groups. 

Detection and consumption skills on initial prey items appeared to remain intact after 

diets were switched,as noneofthe measures increased atFT5 compared to FT2.This is 

consistent with the resultsfrom Experiment I, where diets were switched at a later age. 

Thus,it appears that very little experience is required before the response to a prey item 

is relatively "fixed" within the feeding repertoire ofT.sirtalis. 

Individual differences were considerable in this study,and appeared to be 

influenced by the type ofprey consumed.Feeding experience maybe more importantfor 

some snakes than others.Fish consumption times decreased significantly between FTl 

and FT2.However,as Figure4.4A shows,one subject consumed fish rapidly atFTl 

whereas another took considerably longer,but these differences were reduced by FT2. 

Thesame pattern was repeated between FT3 and FT4.A similar finding was apparentfor 

thetwo snakes in the W group(see Figure 4.4B),butonly applied when the snakes 

switched to fish at FT3.Substantial individual differences in the developmentofprey 
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feeding skills were described in Experiment II. Chemosensory responses(Burjghardt, 

1975),and antipredator behavior(Brodie&Russell,1999)are also known to vary greatly, 

among individual snakes.Somesnakes may require very little experience in order to 

efficiently detect,capture,handle,and swallow their prey.Sn^esthatrequire more 

feeding experience to acquire foraging skills maybe at a relative disadvantage,especially 

ifsnakes that are efficient foragers from birth are also successful at switching to novel 

prey.This wasthe case forthe individual snakes described in ExperimentII. Although T. 

sirtalis is a prey generalist,someindividuals maybe very slow to eatupon their first 

opportunity,or to incorporate novel prey into their diets. These differences could have 

considerableimportance in natural populations.They mayform the basis forfood 

resource partitioning,long tenh success in feeding,predator avoidance,and ultimately, 

survival and reproduction. Larger samples with a greater number oflitters could be used 

to determine the genetic basis for these differences,and laboratory and field studies could 

determine the consequences that individual variation in learning abilities havein nature 

(see below). 

ExperimentIII: Site Variation in AdultPredatory Skills 

With some exceptions,feeding experience resulted in significant decreasesin 

prey consumption times for the snakes tested in Experiments I and II,and these decreases 

were often related to the type ofprey consumed.Following the completion ofExperiment 

Iofthis chapter,I decided to devote the majority ofthe 1999field season to examining 

the feeding skills ofwild-caught adult snakes froni both sites on Beaver Island.Iffeeding 

experience has long term effects on adult predatory behavior,then differences in 

consuming prey should reflect differences in natural diets.Ifdifferences existin the 
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abilities ofthe adult snakesfrom thetwo sites to capture and consiune prey,these could 

he due to either genetic differences between the sites or to the feeding histories ofthe 

individual snakes(Burghardtand Schwartz,1999).Dueto the close proximity ofthetwo 

sites,I reasoned that any differences in prey feeding skills would he due to experience 

rather than to genotypic differences between sites. 

Method 

Subjectsand maintenance 

During May and June,1999,70 wild-caught adult garter snakes from both sites 

(Miller's marsh,n=41 snakes;McCaffertyfarm,n=29snakes)were captured by hand 

and broughtto the Biological Station.The snakes were sexed,weighed,measured(see 

Table 4.11)and scale clipped for later identification. All stomach contents wereremoved 

by gently palpating each snake's abdomen with thethumb.Ifingested prey were detected, 

stomach contents wereremoved by gently pushing the prey forward through the stomach 

and gullet.Snakes were group housed by site in glass aquaria(46x 91 cm),and water 

was available ad libitum.Temperature and lighting conditions were the same asthose 

described for wild-caught adults in Chapter2.Each snake was assigned to onefeeding 

condition:Fish,Worm,or Frog.This was donerandomly,with the constraint of 

balancing as best as possible across sex and site.Banded killifish{Fundulus diaphanus) 

were captured by seine along the north shore ofBeaverIsland,green frogs(Rana 

clamitans)were captured with dip nets from various ponds near the Biological Station, 

and earthworms{Lumbricus terrestris)were obtained from alocal bait supplier. 
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Table 4.11: Mean(±1SE)SVL,body weight,and total number offeeding tests 
completed for each prey item by males and females from Miller's marsh(MM)and 
McCaffertyfarm(MF). 

Prey 

Site SVL(mm) Weight(g) Fish Frog Worm 

MM Males(n=22) 441.6(10.2) 33.9(2.1) 9 2 11 
Females(n=22) 497.4(17.2) 58.7(6.3) 6 8 8 

MF Males(n=9) 481.7(12.8) 49.2(2.9) 4 0 5 
Females(n=20) 512.9(14.8) 68.8(5.0) 3 9 8 
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Procedure 

Snakes were allowed to acclimate to.captivity for three to five days prior to 

testing. This,along with stomach content removal,served to standardize hungerlevels as 

much as possible. One hour prior to testing,each snake was placed in a clear plastic cage 

(29 X41 X 16 cm)with a paper towel substrate.Data were collected live,using the same 

behavioral measures as for neonates in Experiments I and II(see Table 4.2).Prey were 

weighed to the nearest0.1 gram and placed into clear plastic bowls(150x65 mm)with 

an opaque paper strip surrounding the outside ofthe bowlto minimize visual cues. 

Thebanded killifish was the largest species offish that could be consistently 

captured by seine along the island shore.The fish offered wereon average 8.0%(SE= 

±0.01%)ofsnake body masses.Worm body weights were on average9.0%(SE= 

±0.01%)ofsnake body masses.The species offrog used for testing,and the body sizes of 

individual frogs,were chosen based on availability.The snake-prey body-size 

proportions ofthe frogs were notthe same as those for fish and worm prey.Frogs of 

comparable sizes to fish and worms were not consistently found at Miller's marsh or in 

ponds near the biological station. Adult green frogs were abundant enough during the 

study period to use for testing.Frog body weights were on average27.0%(SE=±0.02%) 

ofsnake body masses. 

Bowls holding fish or frog prey were filled to halfwith water,with a shallow 

layer ofgravel at the bottom.Worms were placed in a shallow layer ofdirt. To prevent 

the prey from escaping,lids were placed ontop ofthe bowls with an opening(80mm 

diameter)cutin the center so that the snakes could enter(and chemical cues could 
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escape).Ifprey were not captured within one hour,trials were terminated and repeated 

.the following day.Snakes that did not eat after three Ixials were released. 

Statisticalanalyses 

A MANCOVA was used to testfor the effects ofprey type(prey)on each feeding 

phase,and on total consumption times.Sex,site,and prey were treated as fixed factors. 

To control for the effects ofsnake and prey body sizes on all measures,SVL and prey 

weight were treated as covariates..No significant effect for sex was,found so this factor 

was dropped from the model.Pairwise comparisons were used to compare differences in 

each phase and total consumption times among prey types.Descriptive statistics ofnon-

transformed values revealed several outliers beyond 3standard deviations,and the 

assumption ofhomogeneityofvariances was not metfor several measures.Transforming 

the data using natural log(+1)transformations resulted in normalized data with equal 

variances. 

Results 

Overallprey,sex,andsite effects 

Descriptive data were gathered for each feeding phase as well as total 

consumption times for each prey type for snakes fi'om bofh sites(Table4.12).SVL was a 

significant covariate iX=0.67,F=5.16,df=5,52,p=0.001),as was prey mass {X = 

0.64,F=5.98,df=5,52,p < O.OQl).Snout-ventlength significantly covaried with 

capturing,swallowing and total consumption time.Prey weight significantly covaried 

with all phases exceptfor approach time.A marginally significant effect wasfound for 

site{X=0.83,F=2.11,df=5,52,p=0.078)and a significant effect wasfound for prey 

(A,=0.31,F=8.26,df= 10,104,p<0.001).The univariate tests on each phase and total 
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Table 4.12: Mean(± 1 SE)differences(in sec.)airiong each prey type for all feeding 
phases and total consumption times for wild-caught adult garter snakes from Miller's 
marsh(MM)and MeCaffertyfarm(MF). 

TotalApproach Capture Handle Swallow 

n M fSEl sec. MYSE)sec. M(SE")sec. MlSE)sec. MISE)sec. 

Fish, 

MM 

MF 

15 
7 

594.5(103.4),r 399.4(.108;0) 
231.4(75.9)* '',315.9(65.3)^ 

*53.3(12.2) 
64.6(38.1) 

88;l(16.2) 
130.0.(60.2) 

540.8(109.5) 
510.4(146.2) 

Mean 413(89.7) 357.7(8,6:7),, ,.59.0(25.2) . 109.1(38.2) 525.6(127.9) 

MM 19 711.6(145.3) 112.6(55.2) 13.7(3.3) 49.7(5.7) 170.3(53.5) 

Worm MF 13 264.7(60.5)* 77.5(41.3) 10.3(2.2) 90.2(15.8)* 178.0(41.9) 

Mean 488.2(102.9) 95.1(48.3) 12.0(2.75) 70.0(10.8) 174.2(47.7) 

MM 10 437.8(162.6) 376.0(146.6) 669.1(268.5) 1045.7(315.0) 1950.2(502.3) 

Frog MF 9 344.8(96.1) 1000.0(889.3) 603.8(143.7) 1209.3(169.8) 2496.2(1019.4) 

Mean 391.3(129.4) 688.0(518.0), 636.5(206.1) 1127.5(242.4) 2223.2(760.9) 

Note:'*=p<.05 difference between sites. 
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consumption times for each factor gave similar results(Table 4.13).The significant site 

effect is explained by differences in swallowing times. Snakes firom McCaffertyfarm 

took longer to swallow all three prey types.However,snakesfrom McCaffertyfarm 

approached prey more quickly than the snakes from Miller's marsh(Table 4.12). 

Pairwise comparisons were madeto determine which feeding phases differed 

among prey types(Table4.14).Mean latencies to capture,handle and completely 

consume fish were significantly longerthanfor worms,butapproach latencies and 

swallowing times did not differ. Frogs took significantly longer to handle,swallow,and 

completely consume than both fish and worms.Worm capture times were signifieantly 

faster than frog capture times.These results were notdue to differencesin relative head 

sizes,as head length was not a significant covariate. 

Site effects 

A second MANOVA compared all measures for each prey type separately,with 

site as a grouping variable. Sex was not a significantfactorfor any ofthese tests and was 

dropped from the model.SVL and prey weight were treated as covariates. 

Fish.Overall,SVL significantly covaried with the amountoftime taken to 

consume fish{X=0.28,F=7.29,df=5,14,p=0.001).All feeding phases were 

significantly affected bySVLexceptfor approach latency(Table 4.15).Prey weight was 

also a significant covariate(X=0.32,F=5.84,df=5,14,p=0.004),with swallowing 

and total consumption times significantly affected by prey weight(Table 4.15).A 

significant effect for site wasfound for fish prey(X == 0.30,F=6,52,df=5,14,p= 

0.002).However,although snakes from both sites captured,handled,and swallowed fish 

with equal proficiency(see Table 4.15),the snakes from McCaffertyfarm approached 
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Table 4.13: Results ofMANCOVA testing for sex,site,and prey effects on each feeding 
phase and total consumption times in wild-caught garter snakesfrom Miller's marsh(n= 
44)and McCafferty farm(n=29). 

Source DV df MS F P 

Covariate(SVL) Approach 1 2.48 2.29 ' 0.135 

Capture 1 5.06E-02 0.03 0.867 

Handle 1 1.73 1.61 0.209 

Swallow 1 0.62 1.60 0.211 

Total 1 9.78E-02 0.17 0.686 

.Sex. Approach 1 4.18E-02 0.04 0.845 

Capture 1 0.58 0.32 0.571 

Handle 1 2.16 2.01 0.161 

Swallow 1 0.50 1.31 0.257 

Total 1 1.05 1.78 0.188 

Site Approach 1 7.0 6.48 0.014 

Capture 1 8.33E-02 0.05 0.83 

Handle 1 0.44 0.41 0.524 

Swallow 1 2.83 7.35 0.009 

Total 0.57 0.96 0.332 

Prey Approach 2 0.11 0.10, 0.906 

Capture 2 25.63 14.25 <0.001 

Handle 2 39.44 36.70 0.001 

Swallow 2 26.16 68.0 0.001 

Total 2 26.94 45.4 0.001 

Error Approach 58 1.08 

Capture 58 1.80 

Handle 58 1.08 

Swallow 58 0.39 

Total 58 0.59 
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Table 4.14:Pairwise comparisons between each prey species for all feeding phases and 
total consumption times by wild-caught garter snakes from Miller's marsh and 
McCafferty farm.All significant/?-values are boldfaced. 

Worm Frog 

Feeding M diff(sec) p value M difF(sec)fish- p value 

phase fish-worm frog 

21.7 1.0Approach -75.2 1.0 
-330.3 1.0Capture 262.6 <0.001 
-577.5 <0.001Fish Handle 47.0 . <0.001 

-1018.4 <0.001Swallow 39.1 0.174 

<0.001 - -1697.6 <0.001Total 351.4 

worm-frog 

96.9 0.414Approach 
-592.9 0.011 

-Capture 
-624.5 <0.001Handle 
1057.5 <0.001-Swallow . ■-

-2049.0 <0.001 
--Total 
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Table 4.15:Results from MANOVAstesting for site effects on each feeding phase 
and total consumption times for each prey type. 

Prey Source DV Df MS, P 

Fish Covariate Approach 1 0.24 0.28 0.601 

(SVL) Capture 1 4.50 5.27 0.034 

Handle 1 5.38 4.65 0.045 

Swallow 1 5.38 28.28 <0.001 

Total . 4.53 10.99 0.004 

Covariate Approach 0.43 0.51 0.484 

(Prey weight) Capture 1 0.72 0.84 0.372 

Handle 1 1.60 1.38 0.255 

Swallow 6.50 34.16 <0.001 

Total 1 1.95 4.73 0.043 

Site Approach 1 5.36 6.42 0.021 

Capture 1 0.66 0.78 0.389 

Handle 1 0.27 0.23 0.636 

Swallow 1 0.64 3.35 0.084 

Total 1 0.25 0.61 0.446 

Error Approach 18 0.84 

Capture 18 0.85 

Handle 18 1.16 

Swallow 18 0.19 

Total 18 0.41 

Worm Covariate Approach 1 9.32 10.01 0.004 

(SVL) Capture 1 1.86 1.05 . 0.314 

Handle 1 3.44E-03 0.01 0.942 

Swallow 1 1.11 3.78 0.062 

Total 1 1.61 2.82 0.105 

Covariate Approach 1 3.30 3.55 0.070 

(Prey weight) Capture 1 0.57 0.32 0.574 

Handle 1 2.70E-04 0.01 0.984 

Swallow 1 5.94E-02 .020 0.656 

Total 0.28 0.50 0.488 
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Table 14.5 

(continued) 

Worm Site Approach 1 V7.33 7.87 0.009 

Cont. . 
, capture - "' ,A ̂  0.16 y ;;0.09 0.765 

Handle ' ''r" 0.44 0,68 , 0.417 

Swallow T - 1.50, -, 5.12 0.032 

Total '• 'r'- " 0.15 027 0.609 

Error Approach 27' 0.93 

Capture 27.' , 1.77 " 

Handle 27 0.64 

Swallow 27 0.29 

Total 27 0.57 

Frog Covariate Approach 1 ,0.14 0.08 0.780 

(SVL) Capture 1 0.74 0.21 0.664 

Handle 1 5.89 4.55 ,0.070 

Swallow 1 2.25E-02 0.16 0.704 

Total 1 9.29E-02 0.41 o;54o 

Covariate Approach 1 0:20 0.12 0.739 

(Prey weight) Capture 1 , 4.27 1.18 0.313 

Handle 1 1.17 0.90 0.373 

Swallow 1 0.39 2.72, 0.143 

Total 1 6.39 1.73 0.230 

Site Approach 1 4.67E-02 ,0.03 0.872 

Capture , 1 . 3.71E-03 0.01 0.975 

Handle 1 0.82 0.63' 0.452 

Swallow 1 0.22 1.54 0.254 

Total 1 7.41E-05 0.01 0.986 

Error Approach 7 1.66 

Capture 7 3.60 

Handle \ 7 1.29 

Swallow , 7 0.14 

Total . -7 , 0.22 
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fish morerapidly than did the snakes from Miller's marsh.Total fish consumption times 

did not differ between the two sites. 

Worm.Snout-ventlength covaried with the amountoftimetaken to consume 

worms(?i=0.49,F=4.73,df=5,23,p=0.004),butprey weight wasnot a significant 

covariate(A,=0.79,F= 1.19,df=5,23,p=0.345).A significant site effect wasfound 

for worm prey(A=0.36,F=2.85,df=5,25,p=0.036).The snakes from McCafferty 

farm approached worms more rapidlythan did the snakes froin Miller's marsh,butthe 

sn^es from Miller's marsh swallowed worms morerapidly(Table4.12).Total worm 

consumption times did not differ between thetwo sites(Table 4.15). 

Frog.Snout-ventlength did not covary with timestaken to consume frogs(A= 

0.34,F= 1.18,df=5,3,p=0.474).Prey weight was not a significant covariate either(A 

=0.40,F=0.90,df=5,3,p=0.574). Overall,site was not a significantfactor for frog 

prey(A=0.34,F=0.52,df=5, 5, p=0.755),and there were no differences for^yof 

the feeding phases or total frog consumption times between the two sites(Table 4.15). 

Discussion 

The limited worm diet ofthe adult snakes from McCaffertyfarm apparently has 

no effect on their abilities to handle large bodied and difficult to handle prey such as 

frogs,and novel prey such as fish.The quicker swallowing times,especially for worms, 

by snakes from Miller's marsh may be due to their normally feeding upon larger prey. 

Morphological differences are unlikely to accountfor the quicker swallowing times by 

the snakes from Miller's marsh,as head size variation between sites was minimal(see 

Chapter 2). Also,the species ofearthworm used in this experimentis not native to Beaver 
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Island and individuals are much larger than the native worms.Thus,the snakes from 

Miller's marsh may have had a slight advantage in worm swallowing performance over 

the snakes from McCaffertyfarm.Indeed,experience with more difficult prey(fish and 

frogs)may facilitate swallowing ofless difficult prey and swallowing time wasthe only 

overall site differencefound,with the snakes from Miller's Marsh swallowing all oftheir 

prey faster than the snakes from McCafferty Farm. 

The rationale and results,ofExperimentIII rest on the assumption thatthe natural 

diets ofthe snakes from thetwo sites differ. The results mustbe treated as tentative, as 

appropriate methods(e.g.,radio telemetry)have not been implemented to determine the 

full wandering range ofgarter snakes at McCafferty farm.It is possible that the snakes 

from McCaffertyfarm have migrated to and from sites where amphibians are available. 

However,given their smaller me^Ijody sizes(see Chapter2)and because gutcontents 

have consisted only ofwormsfrom several field seasons since 1991(Gillingham and 

Burghardt,unpubl.),it is a fairly safe assumption that these snakes consume primarily 

worms.Furthermore,Graves,Halpem,and Gillingham(1993)recorded homerange use 

by T.sirtalis at Jordan River,a site near McCaffertyfarm werethe snakes specialize on 

earthworms,and found that healthy adult snakesremained near their capture sites and 

moved an average ofonly40.4 m/day.Ifthe homerange usage bythe snakes from 

McCaffertyfarm is comparable to the Jordan RiVer snakes,they still would not encounter 

habitat similar to Miller's niarsh. Genetic studies are needed to establish the extent,ifany, 

ofgenetic differentiation between the sites. 

In light ofthe results from ExperimentI,thelong-term importance offeeding 

experience on prey capture and handling may notbe dependentupon the type ofprey 
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consumed.Adultsnakes from McCafferty farm were equally proficient at consuming 

frogs,presumably a novel prey type,as snakes from Miller's marsh.Thesame applied to 

feeding on worms,which are common to both sites,and fish,which are not present at 

either site. Based on ExperimentI,and on Burghardt and Krause(1999),the primary 

hypothesis thatI tested in ExperimentIII was that,based on their presumed feeding 

histories,snakes from Miller's marsh would handle frogs and fish more proficiently than 

snakes from McCaffertyfarm.Approach latencies to frogs were equal for snakes from 

both sites,suggesting that motivational factors were not a factorfor this prey species. 

However,the adults from McCaffertyfarm approached worms and fish more rapidly than 

did the snakes from Miller's marsh,but capture times were not,significantly different. 

Differences in reactivity could accountfor the slower approach times bythe snakes from 

Miller's marsh.Also,the snakes from McCafferty farm may have adjusted more rapidly 

to captivity than the snakes from Miller's marsh,which is possible because the snakes 

from McCafferty farm could have been repeatedly handled and measured during class 

projects. 

Feeding experience plays an importantrolein the ontogeny offeeding by young 

T.sirtalis(Burghardt&Krause,1999;Halloy «& Burghardt,1990;Experiments I and II 

ofmy study). However,when adult body size is,reached prey size may be a more 

important determinantofthe amountoftime taken to consume prey.Perhaps prey 

specific experience only manifests itselfin a narrow range ofrelative prey sizes.In 

addition,the anti-predator behavior ofprey may constrain the tactics that predators can 

use in capturing,handling,and swallowing their prey.The snakes from McCafferty farm 

consumed frogs with equal proficiency to the snakes from Miller's marsh,which suggests 
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that this may bethe case. All frogs wereswallowed rear end first,and no attempts at 

head-first ingestion were observed.Thelarge body sizes ofthe fi"ogs,and presumably 

their relatively high levels ofstrength,appear to require that the snakes subdue the 

posterior(leg)region ofthe frogs to prevent escape.Sn^es firom both sites did this on 

each trial in which fi-ogs were eaten.Iftested on dead(or smaller)frogs,the snakes fi-om 

Miller's marsh may have handled and swallowed their prey morerapidly than the snakes 

firom McCaffertyfarm.Captive r.-iirra/w willconsume dead prey(Arnold,1978)and 

mayscavenge in the field when provided the opportunity.However,consumption oflive 

prey by wild T.sirtalis is probably,much morefrequent,and the ecological validity of 

ExperimentIII was increased with the use oflive prey.Testing the snakesin laboratory 

conditions may have compromised the ecological validity ofExperiment III. Foraging in 

aquatic habitats such as Miller's marsh mayrequire skills that could notbe expressed in 

mylaboratory tests,such as detecting and subduing prey underwater. 

GeneralDiscussion 

Snakes and other reptiles have an often overlooked capacity to learn(see 

Burghardt, 1977).In ExperimentsI and II,neonatal garter snakesimproyed their foraging 

skills with feeding experience.There are manykinds oflearning though,and these can be 

understood in terms ofthe ecological and evolutionary histories ofthe organisms studied 

(Shettleworth, 1993, 1998).The studies reviewed by Burghardt(1977)primarily covered 

operant,associative,and mazelearning in many species ofreptiles. Spatial learning and 

memory have been systematically studied in several reptilian species(seeDay,Crews,& 

Wilczynski,1999;Holtzman et al., 1999,refs. therein).Ford and Burghardt(1993) 
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review ecologically relevantresearch examining several types oflearning in reptiles, 

including chemosensory identification ofprey and predator avoidance. . 

Learning to detect,capture and consume prey encompasses a variety,ofsensory 

and behavioral changes.Forexample,theimprovementsin prey capturing abilities bythe 

F,W,andFW groups in Experimerits I presumably required the integration ofchemical, 

visual,and tactile senses(although the predominant modality was not determined).The 

natural history T.sirtalis, with their broad geographical distribution and diverse diets, 

suggests that the benefits ofbeing a dietary generalist far outweigh the costs. Their 

propensity to attack a wide variety ofprey(Burghardt, 1969),and their abilities to rapidly 

acquire foraging skills on new prey,suggest that plasticity offoraging behaviorin T. 

sirtalis is a primary factorin their success as a species. 

Because live prey were used,the behavior ofthe fish and worms probably 

affected the results ofthe three experiments. Capture times niay have decreased across 

test periods in ExperimentI because the snakes were better able to detect prey 

movements with feeding experience.Burghardt and Denny(1983)found that prey 

movement,in addition to chemical cues,is an important factor that elicits predatory 

responses in T.sirtalis. Alternatively,the snakes mayhave been slow to approach their 

prey due to neophobia.However,this potential explanation probably would not apply to 

every snake,as neophobicresponses to species-typical prey would be highly 

maladaptive.Furthermore,ingestively naive snakes attack prey odors,which indicates a 

natural propensity to movetoward,rather than awayfrom,prey. 

Handling and swallowing times are almost certainly affected by whether prey are 
'k - ' s, > . • 

alive or dead.Decreases in handling and swallowing times maybe facilitated bythe 
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snakes'familiarity vdth how prey attemptto escape.Future work could compare the 

acquisition offeeding skills by snakes feeding on live or dead prey. Also,identifying 

changes and integration among sensory modalities(e.g.,chemical,visual,tactile)as 

feeding skills increase would provide further,and more detailed,explanation for the 

developmentofsuccessful foraging.Diets and test prey were randomly assigned without 

consideration ofindividual prey preferencesin my experiments.Feeding experience and 

exposure to prey chemicals are known to alter prey preferences in T.sirtalis(Burghardt, 

1992). Congenital and experience-based prey preferences were not tested in mystudy, 

but are important sources ofplasticity ofsnake foraging behavior. 

The retention offeedingskills 

Following diet switching,the snakes did notshow any decrementin feeding 

skills for prey comprising their initial diet. The concept ofa'memory window'has been 

developed by several investigators studying foraging behavior(e.g., Cuthill,et al., 1990; 

Hughes,et al., 1992;Valone,1992).The'memory window'refers to the "...duration of 

learned information or skills,for examplein relation to food caches,harvestrate,prey 

handling time,or recognition ofpotential predators"(Mackney&Hughes,1995,pp. 

1241).Memoryfor prey toxicity could be added to this list, and hasin fact been 

demonstrated in garter snakes(Burghardt,Wilcoxon,&Czaplicki,1973;Terrick, 

Mumme,&Biirghardt, 1995). 

The memory window for prey feeding skills by young T.sirtalis appears to be at 

least 10 weeks,as feedings atFT6 were done with the same proficiency as feedings on 

thesame prey atFT3(ExperimentI).The memory window for prey feeding skills is most 

likely much larger and warrants further study. Also,comparisons between generalist and 
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specialist snake species could be made.Memoiy windowsfor feeding on novel,atypical 

prey may be greater in T.sirtalis than in more specialized species such as T. 

. melanogaster,or T. butleri. 

Memory can be viewed from a functional,adaptive perspective.For example, 

Anderson and Schooler(1991)suggestthatthe probability ofretrieving encoded 

information should be equal to the probability ofthe information being needed again. 

Experimeiifs testing this hypothesis have largely been conducted with human subjects 

(e.g., Anderson,1991),butthe relationship between eventrecurrence and retrieval 

probabilities can be applied to nonhumarispecies(see Shettleworth, 1998).So far,the 

majority ofthe literature dealing with this relationship seems to beon memoryfor seed 

cache storage in birds(see Balda,Pepperberg,&Kamil,1998;Kamil&Roitblat, 1985). 

Herzog(1990)found that young garter snakes that were briefly exposed to a predator 

niodel on seven occasions showed greater tendencies to flee weeks afterward. Snakes, 

especially generalist species,may encounter seasonal fluctuations in prey availability, 

abundance,or dispersal patterns,and hibernation results in extensive periods without 

feeding experience. Snakes that are able to retain their abilities to detect,capture,and 

efficiently consume prey upon each encoimter may suffer less from predation,and may 

be better able to diversify their diets. 

Earlyfeeding experience andsurvival 

Although experience may not affectlong-term prey-specific foraging efficiency in 

these garter snakes,feeding experience appears to play a very important role in the. 

developmentofforaging skills in young garter snakes.Lind and Welsh(1994)report age-

related differences in diet and foraging behaviorin wild Thamnophis atratus,indicating 
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that an ontogenetic shiftin feeding behavior occurs during early adulthood.Therole of 

feeding experience and learning when undergoing such shifts is in need offurther 

research.In addition to feeding behaviors,snakes are known to undergo ontogenetic 

shifts in preferred habitat during foragiiig. Savitsky and Burghardt(2000)found that 

young water snakes{Nerodia rhombifer)foragein highly vegetated areas near shallow 

water,whereas adult water snakes frequently forage in the open water where predation 

risk maybe higher.Predator pressure may differentially affect habitat selection by snakes 

ofdifferent size classes.Neonatal survival rates mayincrease through the selection of 

foraging habitats where predation risks are minimized and byimproving foraging skills 

through learning. 

In comparison to snakes,the developmentofpredation in mammalsis 

characterized bylong periods ofexperience, where observationallearmng,play,social 

competition,and practice all may facilitate the ontogeny ofadult predatory skills(Caro, 

1980;Polsky,1975;Vargas&Anderson, 1998).Precocial species with no matranal care, 

such as T.sirtalis,rely on feeding experience and maturation by physical growth to 

facilitate the developmentoffora^ng skills. Neonatal T.sirtalis may often bebom into 

unpredictable and fluctuating environments.For a precocial predatory generalist,it may 

pay to be relatively unspecialized at birth,and yet have the capacity to.develop foraging 

capacities that are comparable to specialist species(e.g.,Mori,1996)after only a.limited 

amountoffeeding experience. 

The capacity to rapidly acquire feeding skills maybe especially beneficial to a 

species that is subjectto highlevels ofneonatal predation.Lawton and Hughes(1985) 

and Brown and Richardson(1987)found thatthe foraging behavior ofmuricid 
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gastropods and predatory crabs is greatly influenced by mortality risks,and thatforaging 

skills are rapidly acquired wiA feeding experience.Snake siuvival rates in the wild are 

difficult to quantify. Mortality seemsto be fairly high for wild neonatal T.sirtalis(Jayne 

&Bermett,1990).Snakes maybe especially vulnerableto predation while foraging in 

areas without cover,underwater,or along water banks.Young T.sirtalis moving into 

such areas maybe especially susceptible to predation.Leaming and remembering how to 

rapidly detect,capture,handle,and swallow'prey would be beneficial for a species with 

high neonatal andjuvenile mortality,due to predation,and would further facilitate the 

invasion ofnew habitats and feeding niches. 

Heritabilities for physiological,morphological,and behavioral traits associated 

with anti-predator and foraging behavior by T.sirtalis have been widely studied(Arnold, 

1981;Arnold&Bennett, 1984;Burghardt& Schwartz,1999;see Brodie& Garland, 

1993,for review). Measuring selection on these traits in the wild is extremely difficult. 

However,Jayne and Beimett(1990)assayed several important morphological and 

behavioral traits associated with predator encounters,and determined thatsomeofthese 

served as important predictors ofsurvival in the wild.Thus,there is probably strong 

selection acting on traits such as scalation patterns,locomotor abilities,striking,reversing 

direction oftravel,and fleeing. Similarly,ifthere is high predation on foraging T.sirtalis 

neonates,there may be selection for the rapid acquisition offeeding skills. Litter effects 

were found for capture and total consumption times atFTl ofExperimentI,and 

Burghardt and Krause(1999)found litter effects for various prey consumption latencies. 

Further work could examinethe relationship between the acquisition ofpredatory skills 

and survival in the wild by T.sirtalis. 



CHAPTERS 

SUMMARYANPCONCLUSION 

Theforaging behavioral repertoire ofT.sirtalis consists ofa wide array of 

responses to many prey species. Also,T.sirtalis utilizes diverse food sources(Fitch, 

1982;Kephart,1982;Gregory&Nelson,1991),which may,in part,explain its 

widespread geographic distribution.Lfound that learning to detect and consume prey 

occurs quickly in young T.sirtalis.Increasing foraging efficiency with feeding 

experience may be beneficial for a variety ofreasons,including reduced energy 

expenditure and predation risk(Hughes,1979).Therole oflearning in the development 

ofpredatory behavior is germane to theoretical and empirical studies offoraging 

behavior.For example,Hughes(1979)generalized energy maximization models to 

include variables such as prey recognition time and predatorlearmng.In an empirical 

study.Burrows and Hughes(1991)observed that the majority ofindividual variation in 

the foraging behavior ofdogwhelks(Nucella lapillus)was accounted forby prior feeding 

experience.When dogwhelks that normally fed upon barnacles were relocated to a region 

where mussels were available,these transplanted individuals continued eating the less 

profitable barnacles.Burrows and Hughes'(1991)findings demonstrate theimportance of 

considering ontogenetic and habitat-specific factors in studies offoraging behavior,as 

learning and early experience may either constrain or facilitate successful feeding. 

Ifocused on morphological and behavioral traits relevantto foraging in T.sirtalis, 

a species that inhabits a widerange ofhabitats and feeds on a diversity ofprey items.Due 

to the extreme abundance ofgarter snakes on BeaverIsland,and the diversity ofavailable 

habitats,the system thatI studied wasideal for examining morphological and behavioral 
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variation.My results indicated that geographic variation ofmorphological traits can occur 

among snakes separated by very little distance(see also Brown&Weatherhead, 1999). 

Results from my behavioral experiments revealed diet-induced changesin chemosensory 

responses and foraging behavior,butsome behaviors were unaffected by feeding 

experience.In this chapter,Ireview the hypotheses,thatI tested,attemptto relate the 

outcomes ofmy studies to some broader issues,and makesome additional comments 

aboutfuture directions for research on this system. 

Growth and morphology 

In myfield work,I found that differences in available diet are associated with 

significant differences in body sizes,but only among adultfemale garter snakes. 

Originally,I predicted that males from Miller's marsh would also be larger than males 

from McCafferty farm.The explanation for the lack ofdifference among males can not 

be determined with my data,but the site difference in degree ofsexual dimorphism raises 

someinteresting questions.Some testable hypotheses include food resource partitioning 

between males and females,with males from both sites having similar diets,or site 

differences in relative survival rates among sexes,or sampling error. 

Also,as predicted,females from both sites had greater relative head sizes than 

male snakes.Female biased head size dimorphism among adult T.sirtalis has been 

frequently reported(see King et al., 1999for review).In contrast,the presence ofhead 

size dimorphism in neonates has rarely been reported(see below).For adult snakes, 

relative head sizes were not substantially correlated with available diet,possibly due to 

the effects ofgeneflow between sites. Adult snakes from Miller's marsh had significantly 

greater inter-ocular distances than snakes from McCafferty farm.However,jaw or head 
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lengths are the dimensions that are mostoften measured in studies ofdiet-induced 

morphological variation(Forsman,1996a;Forsman&Lindell, 1991). 

In mylaboratory studies,I tested several hypotheses on postpartum morphology 

and the developmentofmorphological differences in snakes reared on different diets.I 

hypothesized that snakes with fish in their diets would grow more than snakes feeding 

exclusively on worms.However,diet only had a weak effect on the growth rates of 

laboratory bom neonatesthrough 240days.Thus,substantial size differences among 

adult snakes from Miller's marsh and McCafferty farm may notappear until after the first 

year.Dueto body size constraints,the diets ofyoung snakes from both sites maybe 

restricted to worms.Site differences in body sizes may appear when the snakes at Miller's 

marsh are large enough to consume adult amphibians.I predicted that neonatesbom to 

females collected at Miller's marsh would have greater SVLs arid body weights,butnot 

head sizes,than neonatesbom tofemales from McCafferty farm.However,neonatal SVL 

arid mass did not differ among sites, arid neonatesbom to mothers from Miller's marsh 

had greater JLs and lODsthan rieonatesbom to fehiales from McCafferty farm.With the 

exception ofTL,the neonates from Miller's marsh were slightly larger than the neonates 

bom to females from McCaffertyfarm(sexes combined)for all measurements.A 

matemal effect could accountfor the slightly larger sizes ofthe neonates bom to mothers 

from Miller's marsh overthe neonates bom to females from McCalfferty farm,as well as 

the greater JLs and lODs. ; , ' 

As discussed in Chapter 2;the significant head size differences among male and 

female snakes may be evolutionarily important.Sexual head size dimorphism in neonatal 

garter snakes has been reported by Shine and Crews(1988),King et al.(1999),and in my 
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dimorphism at birth have notbeen established for snakes,although some possibilities 

have been proposed(King et al.; Shine,1991,1994;see Chapter2).Head size 

dimorphism among the sexes probably has no relationship to courtship and mating in 

garter snakes,and may simply be a byproduct oif^owth inhibitory effects ofhigh 

androgen levels in males.Dataon the diets and feeding behaviors ofyoung garter snakes 

in the wild may help to explain the presence ofneonatal head size dinrtorphism,especially 

iffood resource partitioning or feeding capacity correlate with head size differences. 

Furthermore,itis likely thatsome populations ofgarter snakes will not have sexually 

dimorphichead sizes at birth(see Arnold&Peterson, 1989),and diet or feeding behavior 

among young snakesin these populations may not differ. 

To date,the work ofGrudzien et al.(1992)is the mostthorough examination of 

geographic variation in garter shake head sizes. These authorsfound that garter snakes 

inhabiting four ofthe main islands comprising the Beaver Archipelago(Beaver,Hog, 

High,and Garden Islands)differed in relative head sizes from mainland garter snakes 

(Waugoshance Point). Additionally,principal component analyses revealed some 

differences in head dimensions among island populations. Grudzien et al. did notreport 

descriptive results in their paper and did not control for body sizein their analyses,but it 

appears that snakes from the island populations have greater head sizes than mainland 

snakes.A related finding comes from King(1989),who reported greater body sizes in 

island populations ofT.sirtalis and water snakes(Nerodia sipedon)compared to 

mainland populations.Thefindings ofGrudzien et al. and King(1989)contrast with 

Case's(1978)claim that snakes from island populations are smaller than snakesfrom 



159 

mainland populations because ofreduced food availability.Due to reduced predation and 

intraspecific competition forfood,resource availability maybeenhanced in someisland 

populations,such as at Miller's marsh,in comparison to mainland sites. 

Variables such as predation,inter-specific competition,and other sources of 

mortality need to be accounted for as well as dietary differences. Size differences among 

island and mainland snakes could also be explained by differences in population age-

structure.Fecundity and predation pressure may vary between island and mainland 

populations ofsnakes,resulting in differences in population age structure.For example, 

there may be more adult snakeis or larger adult snakes in island populations,or neonatal 

survival maybe unequal between island and mainland populations.Forsman(1993) 

found that predation pressure did not have.a strong influence on the population age-

structure ofadders,although predation mayhave caused variation in annual survival 

rates.In a six-year study ofsurvival in a natural population ofadders,Forsman(1993) 

formd that survival oflarge adders waslowest during one year ofthe study,survival of 

smaller snakes waslowest during another,and snakes ofintermediate sizes had the 

highest survival rates during another year.No differences between size classes were 

found during two years ofthe study.Forsman(1993)suggests that fluctuationsin food 

availability werethe primary determinantsofdifferential surviyal rates between the 

different size classes.For example,food was scarce during the year that the snakes of 

intermediate size had higher survival ratesthan small and large snakes.Forsman(1993) 

argued that an intermediate size in snakes is optimal when resources are scarce because 

small snakes,despite requiring lessfood for maintenance,are less able to capture and 

consume prey than larger snakes.Furthermore,small snakes are more limited in the size 
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ofprey they can swallow because oftheir limited mouth-gape size. Large snakesthay 

suffer morethan intermediate-sized snakes during periods offood scarcity because, 

despite the fasting capabilities oflarger snakes,their,caloric needs are higher than 

intermediate-sized snakes(Forsmah,1993). 

The findings described for the adders may also apply to the garter snakes on 

Beaver Island.The age-structures ofthe two sites may differ owing to the differential 

effects offood scarcity onsumvaf For example,a dry climate may drastically reduce 

food availability at McCaffertyfarm,thereby reducing the numbers oflarge and small 

snakes.The snakes at Miller's marsh would experience the same dry climate,butfood 

supplies appearto be much greater at Miller's marsh than at McCafferty farm,even 

during dry periods.During both field seasons,rainfall wasrare and only one snake at 

McCaffertyfarm wasfound with stomach contents.In contrast,the snakes at Miller's 

marsh consumed many different species ofamphibians that were in constantsupply due 

to the availability ofa permanentbody ofwater.Thus,my conclusion that dietary 

differences accountfor body size variation between thetwo sites is tentative untjl 

alternative explanations,such as differences in population age-structures,are taken into 

account. 

Chemosensory responses to prey 

Correlated geographic variation ofchempreceptive responses to locally abundant 

prey have been reported for T.sirtalis,butin populations that are separated by 

considerable distances(Arnold,1992).In my study,site was not a significmtfactor in 

tests for neonatal cherrioreceptive responses to fish and worm extracts, which may be due 

to the effects ofgeneflow.The ecologiealValidity ofthese tests would have been 
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difficult given the large numbers needed for the long-term goals ofthe chemoreception, 

growth,and foraging behavior studies. 

Snake chemosensoryresponseprofiles generally correlate with natural diets 

(Amold,1992;Burghardt,1993)and someresponse tendencies may be retained 

following speciation.The latter possibility has been shown in the worm specialist, T. 

butleri, which attacks fish extracts and readilyconsumes fish in captivity,but notin the 

wild(Burghardt, 1969;Lyman-Henley&Burghardt, 1995). Similarly,captive neonatal T. 

sirtalis fromsource populations that do notconsume fish will attack fish extracts and 

consume fish in captivity(Amold,1992;Burghardt et al.,2000;this study). 

Developmentalchmgesin chemosensory responses dueto maturation orfeeding 

experience have been reported,and these response changes are often restricted to a single 

type ofprey(Burghardt, 1993;Lyman-Henley&Burghardt,1995;Mushinsky&Lotz, 

1980). Garter snakes reared on fish show enhanced chemoreceptive responses to fish 

extract,even ifthe snakes come from populations that do not eat fish.Further work is 

needed to determine whether chemosensoryresponse changes due to feeding experience 

relate to ecological differences among populations.Comparisons between fish-eating and 

non-fish-eating populations ofT.sirtalis are needed.Such comparisons could serve to 

determine whether enhanced chemoreceptive responses to fish facilitate the incorporation 

offish into the snakes'natural diets. 

In my work,Ifound some evidence for diet-induced changes in chemosensory 

responses to prey.However,in mysample,diet did not appear to havelong-term effects 

on the snakes'relative responses to fish or worms,although differences between neonatal 
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and adult chemosensory responses to prey have been reported for water snakes Nerodia 

sipedon(Gove&Burghardt, 1975)and garter snakes(Greenwell et al., 1984).If 

chemosensory responses to prey are over-enhanced as a result offeeding experience,then 

fluctuations in prey abundance could resultin decreased chances ofprey detection.If 

chemosensory responses are over-inhibited due to feeding experience,then prey detection 

could be hindered. Ideally,in addition to studying nebnates,the natural diets and 

chemosensory responses ofwild-caught adults could be studied. 

Ontogeny offeeding skills 

As hypothesized,the developmentofpredatory skills in neonates was affected by 

feeding experience,butfeeding skills by wild-caright adults appeared to be more affected 

by maturation,or prey type,than prior feeding experience,although individual feeding 

histories for wild-caught adults were not available. Thus,the potential for behavioral and 

morphological plasticity in T.sirtalis may be greater during early ontogeny than in 

adulthood.In ExperimentI,total prey consumption times decreased considerably after 

the snakes'first 11 or 12feedings.Myprediction thatfeeding skills would asymptote,as 

measured by latencies to consiime prey after 11 or 12additional feedings,was confirmed. 

Based on the results ofBurghardt and Krause(1999),I predicted thatfeeding on pure 

diets offish or worms would results in greater decreases in approach and consumption 

times in comparison to snakesfeared on rhixed diets.The snakes in the mixed diet group 

did not significantly decrease their total worm consumption times after feeding 

experience,which is consistent with Burghardt and Krause's(1999)findings.However, 

the mean worm consumption time bythe mixed diet group wasinitially lowerthan for 

the snakesin the pure diet group. 
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Additional dietary effects on earlyfeeding skills were evident during the diet-

switching phase ofExperiment1.Feeding strictly on wormsduring early development 

interfered with the snakes'abilities to switch to fish,whereas feeding on fish facilitated 

the snakes'abilities to feed on worms.Interference and facilitation effects may only be 

found in young garter snakes,as wild-caught,adult snakes fi:om McCaffertyfarm were as 
proficient atfeeding on fi"ogs and fish as adultsfrom Miller's marsh. 

I originally predicted thatthe adult snakes firom both sites would approach worms 

atthe same rate. However,the snakesfrom McCaffertyfarm approached worms(and 

fish)morerapidly than the snakesfrom Miller's marsh,possibly due to motivational 

effects(e.g.,hunger).I attempted to standardize himger levels as much as possible,but 

the dry weather may have resulted in a prolonged reduction ofworm availability for the 

snakes fi-om McCafferty farm.Thesnakes did not significantly differ in their total times 

to consume worms,fish,or frogs,which suggests thatfeeding experience does nothave 

long-term,prey-dependent effects on adult garter snake feeding skills.In Chapter4,1 

suggested the possibility that snake maturation(e.g.,increased body size)maybe a better 

determinant ofprey consumption abilities,than feeding experience(see Arnold,1993for 

. review).Thus,maturation may explain why adults fi-om McCaffertyfarm consumed 

frogs as proficiently as the snakesfrom Miller's marsh.Additionaily,the antipredator 

behavior or morphology ofcertain types ofprey(e.g., fi-ogs)maylimitthe degree to 

which feeding proficiency can increase with predator experience. It is also possible that 

the snakes'individual prey preferences,and not prey foraging abilities,influenced the 

outcome ofExperiment III. 
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Phenotypic plasticity and iearning 

Learning can be conceptualized as a suite ofphenotypes produced by a single 

genotype.Thus,learning is a type ofphenotypic plasticity. Conceptually,learning has not 

been fully integrated with the conceptofphenotypic plasticity,although progress in this 

endeavor is being made(reviewed in Pigliucci,in press).Population differences in the 

learning capacities ofseveral species have been identified,which indicates strong 

selection for the developmentofbehavioral flexibility in some populations,and notin 

others(Foster, 1999).Furthermore,the conceptual integration oflearmng and phenotypic 

plasticity requires a clear definition oflearning(see Domjan,1998),as behavioral 

plasticity maybe presentin the absence oflearning(Stirling&Roff,2000).One 

challenge is to.identify what distinguishes learning from other types ofplasticity. 

Behavioral plasticity is often regarded as a distinct t)q)e ofphenotypic plasticity, 

primarily because behavioral responses to the environment oflen take place immediately, 

and are rhore likely to be reversible than morphological traits(Cavalli-Sforza 1974;West-

Eberhard,1989).Thus,learning is generally regarded as areversible and flexible process, 

although constraints on learning are wellknown,and learning maybe adaptively 

specialized within a specific behavioralsystem,such as sexual behavior(Domjan& 

Hollis, 1988;Sevenster,1973).However,the capacity for revCTsibility does not clearly 

distinguish morphological plasticity and learning.Byers(1998)stated that"Phenotypic 

plasticity in systems that support strength and endurance is adaptive"(p.205),and 

primarily applied his statementto vertebrate rriuscular and skeletal plasticity. Byers' 

statement implies that morphological changesin response to environmental 

circumstances can be reversed,as strength and endurance levels can atrophy(see also 
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Dodson,,1989).Day and McPhail's(1996)study ofmorphological and behavioral 

plasticity in stickleback foraging behavior suggests thattheimmediacy ofthe changes 

that characterize learning,rather than its reversibility, distinguish behavioral plasticity 

from morphological plasticity. 

The need forimmediate,flexible responses to environmental changes may relate 

to the type(s)ofenvironmentsinhabitedvKomers(1997)stated that"The plasticity of 

behavior consists ofan array ofbehaviouralresponses to varying environmental 

conditions"(p. 161). Consistent with earlier predictions(e.g.,Bradshaw,1965;Morse, 

1980),Komers(1997)concluded that,generally,environmental and behavioral 

variability are positively correlated(see also Caitoll&Comeli,1999).In termsof 

selectionj animals that makeimmediate arid reversible behavioral responses to 

environmental changes maybe at a reproductive advantage over animals that do not 

makeimmediate,and reversible behavioral responses.Thus,selection favors behavioral 

flexibility in fluctuating environments(Komers,1997). 

Phenotypic plasticity is known to buffer the effects ofnatural selection 

(Schlichting&Pigliucci, 1998;Steams,1989),'thereby enabling species such as T. 

sirtalis to invade new habitats and survive environmentalfluctuations.Thompson(1991) 

maintained that plasticity ismorelikely to contribute to fitness in a heterogeneous 

environment when'physiological buffering'to poor conditions and improved responses to 

favorable conditions can both occur;'Behavioral buffering'could beincluded here too, 

because how organisms adjust to poor conditions mayinclude migration orfood 

switching.Physiological,neural,and behavioral plasticity may all contribute to survival 

when conditions becomefavorable or poor.In relation to my dissertation,an improved 
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evolution ofgeneralist strategies maybe more probable under fluctuating conditions 

(Thompson,1991).Teaming is one beshaviofal mechanism that may allow organisms to 

adjustto poor conditions and capitalize on favorable conditions. 

Studies ofgeographic variation in behavior have demonstrated population 

differences in learning capacity.For example,Huntingford,Wright,&Tiemey(1994) 

found that population differencesin anti-predator behavior ofthree-spine sticklebacks^, 

were based on learning.In addition to population differences,individual differences,in 

learning capacity are evolutionarily important(Gotceitas&Colgan,1988).Werner, 

Mittelbach,&Hall(1981)discovered that individual differences in leaming capacity 

facilitate changes in food habitat specializations in bluegilTsunfish(Te/'o/ww 

macrochirus).Individuals that are a()le to leam morerapidly than others maybe better 

able to invade novelfood sources or switch to.more profitable oheS'(see also Gotceitas& 

Colgan, 1988).Individual(or population)differencesin diet and foraging behaviorin 

wild garter snakes maybe related to variation in levels ofbehavioral plasticity. Genetic 

differences are known to accountfor population variation in garter snake morphology 

(Burghardt&Schwartz,1999),chemosensory responses(Amold,1981a,b,c;Burghardt& 

Schwartz, 1999),and prey handling behaviors(Dmmmond&Burjghardt, 1983;Garcia& 

Drummond,1990).In addition,leaming capabilities mayinfluence prey choice within 

populations,explain differences among populatioiis,and interact with diet,morphology, 

sex,and reproductive fitness(Burghardt et al.,2000;Ehlinger,1999;Gotceitas&Colgan, 

1988). 
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APPENDIX I 

Litters used for each experiment 

Chapter 2 2 3 4 4 

Experiment Post- Growth I II-

partum 

Litter I.D 

98MF408 X X X X -

"546 X X X X -

"565 X - - - -

"578 X X X X -

"579 X X X X -

"581 X X X - -

" "582 X X X X -

"583 X X X X -

"584 X X X X - . 

"585 X X X X -

"586 X X - - -

"587 - - - X _ 

99MF666 X - - _ X 

"667 X - - _ _ 

"668 X - - . _ 

"669 X - - «■ _ 

"689 X - - - X 
98MM1011 X X X X 

"1582 X X X X -

"1589 X X X X -

"1596 X X X X -

"1621 X X X X 
"1629 X - _ _ 

"1633 X X X X _ 

"1641 X X - - _ 

"1645 X - - - _ 

"1646 X X X X 
"1651 X X - _ -

99MM1666 X - ^ - - X 
"1723 X - - - X 
"1727 X - - _ -

"1729 X - - - X 
"1731 X - - _ _ 

"1753 X - - - X 

Note: X = litter used, = litter not used. 98 and 99 correspond to 
the year litters were bom. MF = McCafferty farm, MM = Miller's 
marsh. Litter numbers indicate codes given at the Reptile Ethology 
Laboratory, University ofTennessee. 
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