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ABSTRACT

Successful predatlon is a key component to the survival of snakes. Snakes that
encounter periodic ﬂuctuatlons in prey ava11ab111ty, or that move into novel feedlng
Iniches, must be behavic’)rally and morphologically equipped to adjust to new
environnaental'_conditions. Generalists, lii;e the connnon galfer snake (Thamnophis
sirtalis), thrive in a wide variety of environments. The wide geographic distribution and
" considerable ‘inter-populatjpn vnriability of T. sirtalis hig}ﬂight their adaptability as a
species. While nﬁcnoevolniionary change is known to conuibnte to the morphological
and behavioral Idiversi“fj“qf T. sirtalis, phenotypic plasticity is prevalent as well. In |
contrast to prey specialiefs, T. ‘.’sjftblis feedson a éreat diversity of prey species, each of
"+ which places different dernands on the ankes' sensory and behavioral capacities. In such
a generalist, relatively high levels of morphological and behavioral pilasti.city. can be
expected. The purpese of my study was to examine the relationship between diet and
morphological variation in gatter énékeé; and How diet influences the ontogeny of
chernosensdr'y responses-and i)iiedétel;y behavior,

I examined tﬁe—asépdiatibn'befweeﬁ diet and inorphological and behavioral
differences in T. sirtalis inhabiting two sitee on Beaver Island in Lake Michigan. Body
and head size vanatlon in 457 garter snakes from two ecologwally dissimilar habitats
were measured over the course of two ﬁeld seasons (1998- 1999) At one of the sites,
Miller's marsh, the snakes eat a wide diversity of amphibian species, as well as
earthworms. Snakes‘at the second site, McCafferty farm, consume earthworms.almost

exclusively. The dietary differences between the two sites are due to differences in prey -




availability among sites. Probably qwing to dietary differences among sites, adult sqakes
at Miller's marsh were larger than snakes at McCafferty farm. However, only adult
females si gxﬁﬁcahtly differed in body size between sites. There was a significant sex by
site interaction for body length, suggesting differences in the degrees of sexual
dimofphism between the two sites; Coritrolling for body size, relative head sizes differed
among the sites, but this was significant for only one of the four measurements, inter-
ocular distance. In addition to morphological meaéurements, 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, ilandle and
consume these prey items. | |

I conducted developmental 'studies of neonates born to mothers from both sites
during both years. Females from Miller's‘marsh had larger litters than females from
McCafferty farm; however, the regressions of maternal snout-vent length (SVL) on litter
size and neonatal length and mass were low and non-significant (n = 33 litters). I tested
for the effects of litter, sex, and sité on morphological and behavioral traits. Postpartum
morphological analys.es revealed signiﬁcaﬁt sex and litter differences in SVL, body
weight, and head size. Males had greater SVLs and tail lengths than females, but females
were heavier and had larger head;e,. Site did not influence neonatal SVL or weight.
However, neonates from Miller's marsh 'had significantly longer jéw lengths and inter-
ocular distances than neonates from McCafferty farm. Neonates were reared on diets of
fish, worms, or both, an& growth rates were measured at 80-day interv‘als until the snakes

reached 240 days. Diet had a significant effect on SVL and mass, but did not influence
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relative head sizes. Snakes reared on a mixture of fish and worms grew longer and were

heavier at 240 days than snakes feeding on single diets. Sex-based differences in head

| size pers1sted through 240 days. .

I also examined the influence of diet and diet switching on the development of
chemosensory Tesponses to prey. Neonatal snakes were divided into d1et groups
compnsmg live ﬁsh worms, or both: Tests for chemosensory responses to surface
extracts of fish and worms were done prior to feedlng experlence and at two 80 day
intervals following feeding experience. Snakes that had fish in their d1et s1gniﬁcant1y
increased their responses to thi-s prey after feeding experience -whereas snakes reared on .
worms did not reveal a b1as toward worm or fish extract ‘When the d1ets of the snakes 1n

the ﬁsh and worm groups were sw1tched at 160 days chemosensory responses to ﬁsh and

”worm st1mu11 were not s1gmﬁcantly dlfferent for e1ther group when re-tested at 240 days :

Three experiments examlned the role of learning and memory in the development
of predatory skllls In Experiment I, the snakes used in the growth study were tested for

the1r abilities to approach, capture handle and swallow prey at the1r ﬁrst feeding, and

~ were twice re-tested at 80 day intervals (11-12 feedings per interval). D1ets.were then

reyersed for the groups feeding‘exclusiv’ely on fish or worrns, and the same behavioral_
measures as above were recorded for the ﬁrst feeding on the new prey, and again after
11-12 feedlngs A ﬁnal trial tested the snakes retentlon for consummg the prey
compnsmg the1r initial diets. Snakes in all three d1et-groups decreased their overall
latencies to consume prey (€.g., capture, handle, and swallow) after feeding experience. .

However, snakes feeding initially on worms were slow when consuming fish after diet
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sw1tch1ng, whereas snakes that initially fed on ﬁsh rap1d1y consumed worms upon the1r
 first feedmg Snakes who had SW1tched to fish decreased their total consumption times
: after 11 12 feedings. Feedmg skills for initial prey were reta1ned follow1ng the. d1et-
sw1tch1ng phase. o

"In Expenment II, the amount of feedlng expenence prlor to diet sw1tch1ng and
after diet sw1tch1ng was reduced (6 feedlngs per group) Th1s was done to assess the
effects of shorter durations on each d1et No effect of diet sw1tch1ng or decrement in
) | feedmg skills was detected However the number of snakes completlng the study was
small and variation was very h1gh Ind1v1dual differences were 1mportant contrlbutors to
-this vanatlon and are descnbed in some detail. |

Experlment III ‘was conducted to determlne the long-term: effects of feeding
expenence on prey.consumptlon tlmes Snakes from McCafferty farm and Miller's marsh
- were tested on their abilities to approach capture handle, and swallow frogs, fish, and
worms. Although total consumpt1on tlmes for all three prey did not differ among the
adult snakes ﬁ'om both s1tes, there were. d1fferences among the-four predatory phases
measured Actual feedlng expenence may be less 1mportant for adults than for neonates.

Morpholog1ca1 and behav1oral plast1c1ty accounted for much of the variation that I
observed Results from the morphologlcal studles and four behav1oral expenments
| revealed phenotypically plastic responses to varying enwronments, although important
exceptions were found. Behavioral differences due to microevolutionary change were not
detected, probably due to either the close proximity of the two sites that I studled, or to

larger intra site variability. Plasticity is known to buffer the effects of natural selection




and allows organisms to adjust to ‘environmental variabiiity. 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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decreases between FT1 and FT2. =~ = . 129

Individual differences in total consumption times between FT1 and _
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CHAPTER 1
INTRODUCTION
| The early expenences that young' an1mals have w1th-prey, or prey related cues

.can have a cons1derable 1nﬂuence on adult predatory behavior. Kuo (1 930 193 8) found
that k1ttens w1th early predatory experlence or that had w1tnessed predatlon on rats by
conspeciﬁcs were more likely to become rat predators than kittens W1thout these
expenences One primary aim of Kuo' s early work:was to d1spute the concept of 1nst1nct
as formulated by early ethologists,(Kuo, 1967) and his work represents one of the earliest '

_ attempts to experimentally investigate the ontogeny of predatory behavior. Subsequent

work has exammed the d1vers1ty of tactics employed by predators in capturing prey, as -

- well as the roles played by sensory, behavioral; and ecolog1cal factors in the acqu1s1t1on -
of predatory skills (e.g., Caro, 1980; Curio, 1976; Leyhausen, 1973; Polsky, 1975, 1977).
Generalist predators consume on a variety of prey'types and experience is known to
underlie th.e acquisition of feeding skills.. Even precocial species such as snalces rely on

. postnatal e)tpenence for learning how to detect capture and consume prey For predatory

generallst species of snakes, high levels of behav1oral plast1c1ty facﬂltates the acqu1s1t1on

of feeding skills, often on novel prey types. The plasticity of predatory behaviorina
highly precocial and generalist species, the common garter snake (Thamnophzs szrtalzs),
is the topic of my dissertation. My primary 'objective was to determine how dietary
variation affects individual and,population differe'nces in morph010gical and behavioral
phenotypes assocwted with feeding |

Phenotypes vary across spat1al and temporal scales, and the amount of var1at10n

within a species is often directly proportional to env1ronmental varlation, either




seasonally or across its range (Komers, 1997). A’specialist strategy may be favored ina
constant environment, and a generalist strategy may be favorediwhen environmental
variability is high (Gilchrist, 1995). The common garter snake evinces a very level of

morphologlcal and behavioral variation (Burghardt & Schwartz, 1999 Gregory &

Larsen, 1993). Across its widespread geographlc range T. szrtahs exhibits a h1gh degree
of phenotypic variation i in body size and feeds on a diverse array of species 1nclud1ng
fishes, worms, leeches, adult and larval amphibians, mammals, and occasionally birds
(see Rossman, Ford, & Seigel, 1996). Diet is known to affect growth rates and adult body
sizes of snakes (Scudder-Davis & Burghardt, 1987, Queral-Regil & King, 1998) and is
one primary contributing factor to snake morphological variation. I examined diet-
induced morphological variation in laboratory born neonates and'i/n adult snakes
inhabiting two highly dlfferent feeding nlches Studies of geographlc var1at10n of
behavior or morphology often compare populatlons separated by re1at1ve1y great
distances (see chapters in Foster & Endler, 1999). I examined morphological and
behavioral} variation in snakes from two sites separated by _only 10 km. I reasoned that the
close proximity of the two sites minimized the chances that genetic divergence could
account for any morphological and behavioral differences obseryed. Thus, phenotypic
plasticity is hypothesized as the likely mechanism accounting for diet-induced behavioral
and morphological variation. I also examined the development of several behayioral traits

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

responses.




The Ontogeny of Behavnoral and Morphologlcal Plastlclty

Phenotypic plast1c1ty can be deﬁned as" the ab111ty ofa. smgle genotype to
produce more than one altemative,forrn of ,morphology, physiological state, and/or .
behavior in response to environmental Ac_onditions" (éigliucci, etal., 1996)..Deﬁnitions of
' phenotypic plastrcity can encompass leamed behaviors (hoster, 1999; Pigliucci, in press;
Wcislo., 1989). Learning allows animals to rapidly adjust to novel circumstances,‘ and.
learned behaviors are among the most highly plastic (Komers, 1997). Learning may bea
special type of phenotypic, plast1c1ty because 1t fac111tates extensive phenotyplc
modification with the potential of rever81b111ty, often throughout ontogeny
Morpholog1ca1 tra1ts may constrain or fac111tate the development and express1on of
behav1ora1 traits. For example, morphological traits assoc1ated W1th feedmg (e g, skull
size and shape, body size) can vary asa functlon of dletary experience in snakes
(Forsman, 1991, 1996a), as well as in many other ammals Robinson and Wllson (1995) |
report that morphologlcal variation in body, skull, ‘and fin size in Tr1n1dad1an gupples
(Poeczlta rettculata) was mﬂuenced by body orientation wh11e foragmg Walls, Belanger» :
and Blaustein (1 993) found d1et-1nduced changes in trophic morphology of larval
salamanders (Ambystoma macrodactylum) Larval salamanders ralsed on'a var1ed d1et
that included relatively large prey items as compared to groups reared on more size-
restricted diets, showed significant increases. of various head measurements in relation to
body size. Losos et at. (2000) found that Anolis lizards (.;4nolis. sagrei) inhabiting niches
with broad surfaces (perches) had Jong hindlimbs, yvhereas those inhabiting narrow
substrates had relatively short hindlimbs. In both cases, limb length fac111tated efficient

movement. Hatchling lizards reared in environments w1th broad substrates developed




<lo'ngerhindlimbs than those reared on narrow substrates. Thus, similar to behavior,

morphological traits such as skeletal size and shape undergo ehanges asa ﬁinction of
| env1ronmental input (Lanyon & Rubm .1985), particularly dunng growth phases of
development ‘ |

Morphologlcal Plasticlty in Snakes '

* Variations i in charactenstlcs of snakes such as body size, length and head shape
are often attnbutable to food quantity (Forsman, l996a b), diet (Lyman-Henley &
Burghardt 1995; Scudder-Davis & Burghardt 1987) and prey size (Queral- Regll &
Klng, 1998; Shine, 1991). However, sexual s1ze dimorphism is also widespread i in snakes
'-'and sex hcan be an important determ1nant of body and head sizes (Sh1ne 1990 1994

Sh1ne & Crews, 1988). Also studies of geographic vanatlon and dietary effects on snake' |
morphology have consistently demonstrated correlated head size variation in a‘few .
‘speeies' ‘of'sn"akes, inclUding.adders "(Forsman, 1996al, garter-snakes (Grudzien et al.,
1992), and water snakes (Queral-Regil & King, 1998). |
F orsman (199‘1) found phenotypic ,'_variation in head length among mainland and

island populations of Enropean adders (.Vipera bems). Adders inhabiting islands with
large voles (Mierotus agrestis) had-longer heads (felative to body size) than adder's 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 dne to plastic responses to dietary-differences; Ina labofatory
study, Forsman (1996a) reported signifieantly greater body sizes of snakes fed twice
weekly compared to snakes fed once weekly on the same species of prey. Therefore, local

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




found in natural popuiationé of adrlers. Similarly, Madsen and Shine (1993) report
phenotypic plas‘ticity‘of ‘oody size in European grass snakes (Natrix natrix) among
marnland and island populafions. Smaller body sizes‘were found among snakes inhabiting
an island with relatively small prey items. Larger snakes were able to consume larger
prey, and consumed prey more rapirily, than did smal]er snakes (Shine, 1991).
'-Differences in body and head size were explained as adaptive responses to food
availability, with variation attrlbuted to phenotyplc plasticity.
- The studles on morphological var1at10n summanzed above (e.g., Forsman 19964,

'Forsman & Lindell, 1993; Madsen & Shine 1993) were comparisons of snake
populatlons separated by cons1derab1e geographlc distances (e g., island versus
- mamland) However morphologlcal and behav1ora1 variation can occur between sites that
| are separated by very small distances. Recently, Brown and Weatherhead (1999) reported
geographlc vanatlon of fat reserves in male water snakes (Nerodza sipedon) separated by
| lo,nly 1km. Thus, population or site variation can occur at very small scales and when’
_ genetic differences are minimall or non-existent. I examined.hea(’i and body size variation
rn garter snakes inhabiting two sites on Beaver Island in Lake Michigan (Charlevoix
. County, MI), Miller's marsh, and McCafferty farm, which are ser)arated by a
comparatively cmall distance (lOkrrr). Beaver Island is located 18 miles from the lower
Michigan perrirrsula,“and 'was created after the last glacral period, roughly 9000 years ago.
- The island measures a maximom of 21 km long and 10.5 krn-wide, and is the largest of

- sev'eral islands in an archipelago that extends north to 'sooﬂr. |
Much of the work done on the Beaver Island T. sirtalis has taken place at or near

McCafferty farm (Burghardt, unpublished data; G1111ngharn Rowe & Welns, 1990),




where the snakes primarily feed on earthworms: Miller’s marsh hosts a much wider
variety of prey items, including several species of amphibians, 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 aﬁalyses of
Thamnophis sauritus (Gillingham, unpubl. data) at Miller's marsh. Due to their
amphibian-rich diet, the snakes from Miller's marsﬁ should have greater body lengths,
weights, and head sizes than the worm-feeding snakes inhabiting McCafferty farm. The
greater body sizes of ambhibians and fﬁe higher level of nutrients they provide in

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

Furthermore, the greater body sizes of amphibians, the presence of hard body parts, and .

the greater challenge they present in handling and swallowing (compared to worms)
should result in greater head sizes in the snakes from Miller's marsh. S.ex differences in
morphology are also expected. Sexual head and body size dimorphism in snakes is
widespread, and the degree to which the sexes vary depends on a variety of phylogenetic
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 masses in garter snakes
(Thamnop)zis marcianus) reared on high-energy diets (30% of snake body mass)
compared to snakes reared on low-energy diets (10% of snake i)ody m‘a‘s:s), Thus, garter

snakes born to females collected at Miller's marsh should have greater mean bogiy




Table 1.1: Potentlal prey species (including adults and larvae) of T. szrtalzs

inhabiting Beaver Island.

Frogs and toads

* American toad (Bufo americanus)

*Spring Peeper (Hyla
crucifer)

*Gréy tree frog (Hyla
versicolor)

*Wood frog (Rana sylvatica)

Green Frog (Rana clamitans)
Bullfrog (Rana catesbeiana)
Birds

Red-wing blackbird
(Agelaius phoeniceus)

Virginia rail (Rallus
limicola)

Salamanders ahd newts

*Red- spotted newt (Notophthalmus
vmdescens)

*Red-backed salamander (Plethodon |
cinereus) .

*Sbotted salamander (dmbystoma
maculatum)

| *Blue-spotted salamander (Ambystoma
-laterale)

Annelids .

Earthworms

Matmhals .

| Red-backed vole (Clethrtonomys

gapperz)
Snowshoe hare (Leﬁus americanus)

.Shrew (Blarina br"evicaualfa)“

Note: At least one instance of predation was recorded for each of these speeles and

were found in adult snakes.

* These are species that have also been found-in the stomachs of T) hamnophzs sauritus at
Mlller S marsh (Rowe & Gillingham, in prep.).




welghts and/or body lengths than snakes born to mothers from McCafferty farm Head
size d1fferences at birth are not expected to occur: among sites, because variation in head
size is often 1nduced by d1et (e g., Queral Reg11 & K1ng, 1998) Based on the ﬁndlngs of

King et al. (1999), neonatal females from both s1tes are expected to have greater body ‘

i‘welghts and head sizes than ‘males. Males are expected to have greater body and ta1l '

lengths The follow1ng hypotheses are tested in Chapter 2, "Growth and Morphology"
- 1) Adult garter snakes of both sexes from Mlller S marsh w1ll have greater SVLs,
body weights, and RHSs than snakes from McCafferty farm. "
2) Females from both sites w1ll bellarger andWill have greater RHSs than males.
' 3)‘ Neonatal garter snakes bom,to ‘rno'thers collected at Miller's marsh ﬂvyill'b’e_
longer, heavier, or both. : | .
" 4) Neonatal garter snakes born to mothers from‘both sites will not differ in
relative head size.
5)i Garter snakes-reared on fish diets, or a mixed diet consisting of fish and -
worms, will grow more rap1d1y than snakes reared on worms only.
Ontogeny and Plastrcrty of Garter Snake Chemosensory Responses
The dominant chemosensory channel for most snake species.is the vomerolfactory

system (Cooper & 'Burghar'dt; 1990), in’Whilch"the tongue gatherls“'chemical. cuesand

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

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

prey, predators, and conspecifics (see Burghardt, l970a; Ford & Burghardt, 1993;

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

methods of measuring and analyzing data on reptile chemosensory responses. The 'swab -




test', an indicator of chemosensoryiinvestlgation and dlscriminatlon, involves SOaking a
cotton—tlpped swab in prey extract or rubblng it along the surface of live or dead prey,
and presenting the swab tips to subJ ects Tongue-ﬂlck rates and. latencres to attack swabs
are measured and the data are converted 1nto tongue-ﬂ1ck/attack scores (Cooper &
Burghardt 1990). The swab test m1n1m1zes or 'e11m1nates visual and tactile cues, thereby -
restnct1ng stunulatlon to the vomeronasal system. The term "vomodor" (Burghardt &
Cooper, 1990; Cooper, 1998) refers to chemical cues exposed to snakes w1th the methods
described above.

Burghardt (l§6o' 1967, 1969)‘found that, prlor to feeding experience,,neonatal
- snakes of various specles will tongue ﬂ1ck toward and attack swabs d1pped in aqueous
solutions of different prey. Since these 1n1t1al studies, this method has been 1mplemented ‘ '
to address a variety of deyelopmental, ecological, and evolutlonary questions (Arnold,
1‘992; 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 natural’ d1ets of the snakes tested (Arnold, 1981a
Burghardt, 1967 1970b; Burghardt & Schwartz, 1999; Mushlnsky & Lotz, 1980)

Although the snake vomerolfactory system is functlonal at birth-and preferences
for certain prey types may be present at birth, response levels can be modlﬁed dunng
maturation and with different types of feeding experience (Arnold, 1978; Burghardt,
» 1993, Burghardt et al, 2000; Burghardt W11coxon & Czapl1ck1 1973; Fuchs &
Burghardt, 1971; Gove & Burghardt, 1975; Mush1nsky & Lotz 1980) For example
adult T sirtalis collected from the Beaver archipelago in northem Lake M1ch1gan

responded more strongly to amph1b1an and fish surface extracts than neonates bom to
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mothers in the same area, suggesting a long term effect of diet on 'chemosensory
responses (Greenwell Hall, & Sexton 1984) Even exposure to prey chemicals alone

prior to feeding experlence is known to affect chemosensory responses to prey

(Burghardt, 1992).

Diet effects on chemosensory resp’onses have been detected in very young snakes

(neonatal to 159 days: Amold 1978 Fuchs & Burghardt 1971 Lyman-Henley &

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

toward fish vomodors in comparison to snakes fed worm or amphlblan d1ets Fuchs and
Burghardt (1971) found that neonatat garter snakes respond more strongly toward
familiar prey (fish or worms) through the1r ﬁrst 42 days of age. Ti hamnophzs 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). Of 'additional interest is whether chemicai prey preferences are consistent through
longer developmental time oeriods, and whether switching to a new diet affects |
chemosensory responses at a later age than previousl;r reported V(Fuchs & Burghardt,
1971). | |

| The chemi.cal prey preferences of young garter snakes rnay change'with feeding

experience because effective detection of previously eaten prey may increase foraging

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

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

relatively long-term effects of diet and diet switching on chemosensory responses in 7.

. sirtalis. In my experiment, snakes were reared on diets of fish, worms, or both. Tests for

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




experlence) and at 80 and 160 days. At 160 days the d1ets of the ﬁsh and worm- fed

snakes were reversed and responses to surface extracts of both prey were re-tested at 240
da_ys. The experrment reported in Chapter 3, "Experiential Modification of Chemlcally '
Mediated Responses”, tested the following hypothesest :
| t) Neonatal garter snakes will not show any ‘response biases toward ﬁsh or )
worm extracts prior to feeding experience.

25 ‘Follovt'ing‘l feeding eiperience .a response- bias to fish extract will occur ‘
among snakes at 160 days that are fed excluswely on fish. The snakes
reared exclus1ve1y on worms are pred1cted to show no preference for
either stlmulus at 160 .days. The snakes feedlng on the mixed diet will
show a greater chemical preference for fish than for worrns.

3) "Snakes reared on worms through 160 days will show a response bras
toward fish after their diets are‘ switched to ﬁsh. The snahes reared on fish
‘initially will not show an increased preference for tvorrn extract after their
diets are switched to worms, and their response levels to fish eitract will

decrease after the diet switching phase. The snakes in the mixed-diet

group will still show a greater preference for fish extract over worm
extract. |
Ontogeny and Plasticity of Garter Snake Feeding -
Detecting, sﬁhduing, and consuming prey are vitala aspects of hehavior in animals
that for'aée actively, and (feeding experience often ptays an important role jn the ‘
. developrnent of foraging skills. The literatllre on the roIe of ontoéeny‘in the acquisition of

foraging skills encompasses a wide variety of species, including invertebrates (Kause,
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Haukioja, & Hanhimaki, 1999; Serra, Cheilazzi, & Castilla; 1997), fish (Croy & Hughes,
, 1991a,b; Day & McPhail, 1996), birds (Yoerg, 1994), and squarﬁate reptiles (Burghardt
&' Krause, 199‘9; Hallc;y & Burgharcﬂlxt, 1990; Mori, !996). Species that feed on multiple
prey types may have to learn several different feeding strategieé in order to consume
prey. Furtﬁermore, predators may also weigh the costs and benefits of feeding on
diffe_rent av'ailable prey'. The profitability of a prey. Sbec_:ies can be measured by the energy
yiéld it provides, and by the amount of time it takes a predator to detect, capture, and
_consume it relative to other prey species (Hughes, 1979; Stephens & Kfebs, 1986). For
example, shorecrabs (Carcinus maenas) switch to new préy species if net energy yields
increase and if handling times for the new prey are not significantly greater than handling
times for the prévious prey (Cunningham & Hughes, 1984). Reducing the amount of time
spent foraging ma& also rf:duqe preda}ipn risk (Milinski & Heller, 1978), and one way of
accomplishiﬂg this is to léarn h;)w to better dete;:t, capture, and consumé prey. Thus,
animals that evince high levels of plasticity in their foraging behavioral repeﬁdires can
acquire feeding skills on a variéty of prey species. |
For many species, feeding experience underlies the deveiopment of successful
foraging. However, the type of experience places limits on the degree to which feeding
skills (e.g., reduced time spent foraging or net energy sﬁent foréging) can improve. For
example, both successive switching between dissimilar prey items, and simultaneous,
mixed experience with multiple prey items, can inipede'the devell()pment of efficient
foraging behavior in shorecrabs, Carcinus maenas (Cunningham & Hughes, 1984). |
Burghardt & Krause (1999) found that newborn gérte_r snakes feeding on a mixed diet

(ﬁéh and worms) did not consume worms as quickly as snakes fed exclusively on worms.




" mixture of both, and assessed the deyelopment of feeding skills on-all three diet groups.

- cuticle. F eedlng on a mixed diet 1mpeded the development of feedmg skills relat1ve to the

orgamsm s 1n1t1a1 d1et cons1sted ofa prey type that was. relatlvely dlfﬁcult to consume

' ’riskls for garter snakes that forage in open fields, along water banks, and under water,

Memory'is an important factor to consider in determining the effects of diet on the

development of foraging skills. F or sttcklebacks (Spinac_hia spinachia L.), the retention .

of foraging sktlts can be impeded when diets are variable or if a substantial time interval
passes between feedings (Croy & Hughes, 1991a). |

. The morphology and behay'ior of prey can have a considerable influence on the .
development of predatory skills. Speciﬁcally, the type of prey consumed may tnﬂuence
the degree to which foraging times can be reduced followmg feedmg experlence F or
example, Croy and Hughes (1991a) reared ﬁfteen spmed stlckleback (Spmachza spinacha - -

L.)on pelaglc brine shrimp (4rtemia sp.), benthlc amph1pods (Gammarus locusta), ora

Feeding skills on Artemia, which is very slow moving and soﬁ-bodied, \yere aequired

more quickly than skills on Gammarus, which is t‘ast moving and covered yvith a hard

groups reared on single item d1ets However it is poss1b1e that effective foraglng ona

new prey type after feedlng experience ona d1fferent prey type may be facﬂltated if the
Efﬁelently detecting, capturlng, and consumlng prey may mlmmlze predatlon

where they themselves may be vulnerable tolpredators. The rapid acquisition of feeding
skills by T. sirtalis would aid in reducing the costs of not specializing on a limited
number of prey species. Behav1ora1 plastlclty would facilitate the acquisition of feedlng

on both novel and spe01es-typlca1 prey For example, T. szrtalts 1n most populatlons feed

.on earthworms and amphibians, but will feed on ﬁsh opportunlstlcally in the field and
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readily in capt1v1ty (Arnold 1992; Carpenter 1952 Dlx 1968 Gregory & Nelson,
1991). However, neonatal T sirtalis are not very adept at handhng live fish in

comparison to 7’ hamnophzs melanogaster an aquatlc prey spec1alist (Halloy &

‘Burg‘hardt 1990) With feeding expenence, T. sirtalis is capable of consurmng fish about

as proficiently as T melanogaster thus beneﬁting from behav1ora1 plasticity.
The feedmg ‘behavior in T. szrtalts shows a cons1derab1e level of plasticity in the '
first few months of life. Burghardt and Krause (1999) tested three groups of neonatal 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 1 l to l2 feedlngs on their respective diets,

both fish and worm consumption times decreased 51gn1ﬁcantly Also the subcomponents
of feeding were differentially affected by feedlng experience. F1sh and worm detectlon
as measured by prey approach times, decreased significantly-after feeding experience

with pure diets but not for snakes reared on mixed diets. Feeding on a mixed diet also

- appeared to interfere with the development of abilities to approach, capture, handle, and

swallow worms. -

The findings reported in Burghardt and Krause (1999) lead to further questions
abont the ontogeny ‘and plasticity of garter snake foraging behavior. The first question :
concerns the age at yyhich young snakes reach asymptotic levels of prey consumption -
efficiency. Second, the effects of food switching need to be further addressed. It appears

that feeding on fish, a prey item that is relatively difficult to consume, may facilitate 4

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

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

garter snakes may experience periodic fluctuations in prey abundance, which can result in




the absence of certain prey types for extended periods of time. 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. The following hypotheses were tested in Chapter 4, "The

Ontogeny of Feeding Skills":

Experiment 1.

1))

2)

3)

4

Latencies to approach and consume prey will decreage significantly after 11 -
tol2 feediﬂgs for snakes reared ;)n fish, worms, and-a mixed diet. Feediﬂg
si(ills will asymptote by this point and an additioﬁal 11to12 feedings will not
affect times to approé;‘cﬁ apd consymé prey (11 to 124 féedings were offered so
that results could be compared with Burghérdt and Krause (1999) and because
the effects of physical 'm‘:la‘turation are minimized by re-teéting tﬁék snélkes éfter
a relatively small numbe; of feedingé). |

Feeding on pure diets of fish or worms ﬁx;ill result in greater decreases in
approach and consumption times in compar‘ison‘to snakes reared on the rhi)ged
diet.

Snakes reared on worms for their first 22 t624 feedings will not feed
efficiently upon fish wﬁen théi; diet is switched (interference effect), and

snakes reared on fish their for theif first 22 t024 feedings will feed efficiently

on worms when their diet is switched'(faéilifation effect).

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

switched back to the original prey item.
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Experiment II.
1) Prey approach and consumi)ti;n times will decrease aﬁer oﬂy six feediﬁgé
(half o'f'the nu.mberl uséd in ‘Expeﬁmeht I).for snakes reared on fish and wqﬁn
diets. |
2) Inter%erencé and facilitation effects will occur when diets are reversed for the
worm and fish fed snakes réspécti\}ely. |
'3), Skill retention for éonsumiﬁg fish and worms will be'e;,vider.li aﬁe;r diets are
switched back to the original préy item.
, Expeﬁment IIL.
1) Adult snakes from Miller's marsh and McCafferty farm will detect and
consume worms at the same rate. | |
2) Adult sn.ake‘s from Miller's marsh will apprbach and consume frogs and fish -
. more rapidly than snakes) from MqCaffeﬁty_ farm. |
Morphoiogical and behavioral adaptations to different feeding niches are well
documented for many species of snakes (Drummond, 1983; Halloy & Burghardt, 1 990;
Waters, 2000). The high levels of piasticify "found‘in generalist species such as T. sirtalis
provide plausible explanations fo; their succesé in invading new food ni~ches. The dietary

differences in the snakes at the two sites studied here form the basis for several of the

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 of chemoreception and prey feeding skills .

assessed the effects of diet on the development of garter snake predatory behavior.
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CHAPTER 2 |
GROWTH AND MORPHOLOGY -
' | o introduction |
T hamnophis sirtah's from seyerai‘ mainland and island po'puiations of the Beaver
Archipelago differ tn relative head sizes, and this appears to correspond with differenees .
. in available diets (Grudzien et al., 1992). Garter snakes on island populations of 'the
Beaver Archipelago are known to consumebtrdswhereas those on the mainland do nét.
o Thus the diets of the snakes in the island populations may be rnore diverse than the diets
~ of the snakes in the mainland populatlons (Grud21en et al.,, 1992). The ﬁrst part of th1s
chapter exarnlnes morphologlcal var1at10n assocmted with diet dlfferences in snakes from
. Miller's marsh and McCafferty farm. Several authors have demonstrated that diet affects
the head and hody sizes of snake's (F orsman, 1996a; Madsen & ‘Shine, 1993; Queral-
Regil & King, 1998, see Chapter 1), and m‘orpholo‘gical pl'asticitﬂl is often evident. For .-
example, 77 hamnophts sirtalis and T. radzx feedlng on ﬁsh grew at a faster rate than
snakes feeding on worms (Scudder-Dav1s & Burghardt 1987). This was 11ke1y due to the
| higher levels of calcium and phosphorous available i in the fish d1ets as snakes feeding on
worms supplemented with these minerals grew even more rapldly than snakes feeding |
exclusively on fish (Burghardt, 1990; Lyman-Henley & Burghardt, 1995). Water snakes
(Nerodia sipedon) feeding on large fish had 'greater body and head sizes than snakes that |
ate an equal number of smaller fish (QueralfRegil & King,"1998). I tested yvhether dietary
differences are associated with head and body size differences between the two sites. .A
Furthermore, variables such as sex also influence hody and head size differenees 1n ‘

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

- many spééies. of natricine snakes, ihc}uding T. sirtalis, 'sho§v female biased sexual size
dimorphism (King et al., 1999; Shine, 1993, 1994). In this chapter I also tested for sex
-differencéé in body and head sizes of wild-caught snakes. " |
The majority of studies examining sexﬁal size’di‘m‘(')rphism in snake body and
* head sizes have used adult snak;,s. Several po;sii)l'é éxbla'nz.itionsi’for adult head size
dimorphism in snakes have been propose\d.i Crews e't‘al. (1985) and Shine and Crews
(1988) found that male T. sirtalis ha\;e smaller heads than females because the higher
androgen levels in males inhibit growth. This finding raises the possibility that sexual
seigction accounts for sexual sizé dimbrphism in garter snake head sizes. However,
- sexual selection is an unlikely explanation f"of ilead siée dimorphism, as male garter
snakes are not noticeably aggressi\}e toward one another during their attempts to mate
with females. If female mate choice exists ambng garter snakes, it appears to have little to
do with male head size. An altemativevhypothesis is .tliat sexually dimorphic snake
species utilize different food niches. Some suppon for thi; hypothesis comes from Shine
(1986). Altematively, sex differences in garter snake head size may be an incidental
effect of androgen levels and there ma}; be n§ adaptive explanati(;n. This is unlikely as
‘males of many species of sna;kés have largéf heads than females, z'm(i tﬁgre are
populatidns of T. sirtalis where head sizes dQ not differ am;)ng sexes (Shine & Créws,
1988). Recently, King et al. (1 999) reportgd sexual size diinorphism of body and head
sizes in neonatal 7. sirtalis from Ohio (Ottawa County). In this chapter, I tested whether
sexual size dimorphism of body and head siées occurs in neonatal T. sirtclzlis born to

mothers collected at Beaver Island.
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At birth, body lengths of Thamnophzs elegans d1ffer among litters, and relatlve
size dlfferences among 1nd1V1dua1s at birth persist through the first year of growth
(Gregory & Prelypchan, 1994) Thus in th1s chapter I also tested for 11tter and site |
" vanatlon in neonatal body we1ght SVL, and relative head size. I also reared 1aboratory :
bom snakes on diets of fish, worms, or both to determine the degree to wh1ch d1et and
sex 1nﬂuence increases in body weight, SVL and head size durlng the first 240 days of
age Due to high mortahty through the first 240 days of age, 11tter effects on growth could
"not be tested | o L | ‘

Below | I have reported head and body size data on w11d-caught snakes from the
two sites, and tested for sex, reproduct1ve cond1t10n and site effects on morphologlcal
variation. I then examined sex, site, and litter effects on neonatal morphology us1ng |

, snakes born in capt1V1ty to females from both sites. Finally, I tested sex, site, 11tter, and

K <d1et effects on growth in neonates reared on d1fferent d1ets The speclflc hypotheses that I.

. tested are listed in Chapter 1.
| ” Method: Field Data
Subjects and mafntenande : | | |

. Field data were gathered at M111ers marsh and McCafferty farm between May and

* July in 1998 and 1999 I captured snakes by hand and brought them to the Central

‘ Mlchlgan Umvers1ty, Beaver Island Blologlcal Station for ‘measurements. | captured and -

measured a total of 457 snakes durmg both ﬁeld seasons Due to their greater abundance
and/or ease of capture a somewhat larger sample was obtalned from McCafferty farm
‘ (n—246 68 males, 17 8 females) than from M111er s marsh (n=211; 68 males, 143

" females). Snakes at M111er s marsh were captured around the perimeter of the marsh and
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along adjacent roads. Grass and bracken fern covered berms atengside the unpayect roads |
created highly suitable ghrtet snake habitat. Snakes were captureci at Miller's marsh at
least 6 days/week and 3 days/week at McCafferty farm 'McCafferty‘ farm consists of a
privately owned, 2‘ha grass field with scattered boards that the shakes use as refuge and
to thermoregulate. Nearly all snakes at McCafferty farm were captured from beneath
these boards. At' the Biological Station, snakes were group-housed by site. Temperature
was kept at 20-25° C and the snakes were housed near windotzvs to heep them as elese to
their natural lightldark cycles as possible. | |
Procedure

The followih_g' 'merphological measurements were‘ taken on the snakes captured
during the 1 998 field seeson (n =289): Mass, shout—vent-length (SVL), tail length (TL);
head length (HL, distance between snout and posterior margm of the parietal scales), jaw
length (JL, d1stance between the snout and the posterior margm of the postenor-most
upper labial scale on the left side of the head), head width (HW, widest anterior point to
posterior margin of parietal scales); and interaeeulat distunee (I0D, dtstarice between
junction point of supraocular scate, parietel scale, and eyes). Body mass was measured in
0.01g witha digital scale. SVL and TL were measuted in mm with a meter stick and
head tneesurements '(in 0.01mm) wefe made with a hand;held digital 'eaiip'erf Sex was

g determined by cloacal probing. Figures showing the locatton of each head scale can be
found in Conant and Collins (1991) Baséd on ﬁndlngs in 1998 HL, but not JL HW, and
IOD, was measured on snakes captured during the 1999 ﬁeld season (n=168) so more

effort could be devoted to behav1ora1 testing.




| | | 2
The repeatab111ty of measurements on SVL HL JL, HW, and IOD was assessed
on ﬁfteen adult snakes captured in 1998 at McCafferty farm follow1ng the procedure of .
Forsman (1 994). All fifteen snakes were scale- clipped and placed into an aquarium. The
first measurements were then taken, and each snake was vplaced into a second aquarium.
After all fifteen snakes were first measured the measurements were repeated twice using
the same procedure for a total of three measurements on all vanables for each snake F or
‘ each repet1t10n there was no reference to earlier measurements. All repeatab111ty values
‘were calculated using the intra-class correlation coefﬁ01ent and were extremelyv high
(0.96 - 0.99, Table 2.1). | |
Dietary differences' at the two sites Werevexamined by non-destructive analysis of
" stomach contents from all snakes captured during the 1998 and 1999 field seasons. The
: prelsence of stomach contents was determined by palpating each snake's stomach. If
: ingested prey were detected, stomach contents were removed b)r gently pushing the prey'
forward through the stomach and gullet. This method of stomach content removal ‘
descnbed by F 1tch (1987), does not cause 1nJury Stomach contents were 1dent1ﬁed
" welghed and then frozen. Snakes were then scale clipped for identification purposes and

. released at their capture site, typically w1thin 24 hours (see Chapter 4, Experiment III, for

some exceptions)

Statistical analyses

Sex and site variation.in SVL was tested using ANOYA.' Body masses were | .

compared among sexes and sites using a factorial ANOV A, with SVL as a covariate.


https://0.96-0.99
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Table 2.1: Repeatability of measurements for snout-vent length (SVL), head length (HL),
jaw length (JL), head width (HW), and inter-ocular distance (IOD) for fifteen wild-caught

garter snakes.

SVL . HL JL HW 10D
R 0.99 0.99 0.99 0.97 0.96
F-value 32104 592.7 1254.4 98.0 83.2

p-value _ <0.001 <0.001 <0.001 <0.001 <0.001
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Simple linear regressions were perfo‘rme'd‘ to compar;: the relationships between SVLs
and masses for both sexes a£1d sites. All,multivariate analyses of head size were
performed on:the 289 snakes captured in 1998. Phenotypic correlations between HL, JL,
HW, and IOD were calculated separately for both sexes and sites. The calculation of
these correlations is complicated by the fact that HL, JL, HW, and IOD increase with
increasing SVL. Partial correlations are the aﬁpropriate Stétistical.testé to control for this,
using SVL as the control variéble (Kihg, 1997).'Aii ANCOVA was uséd to test for sex
and site differences in head dimensions, with these two variables treated as fixed factoré,
and SVL treated as a covariate. Wilk's Lambda (A) was used to test for multivariate
effects of the following factors: SVL, site, sex, and the éex by site interaction. I used
univariate F-statisti;:s to test for the effects of each of these factors on HL, JL, HW, and

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

. covariate relationships.

'Results; Field Data

Due to a relatively small numbc;r of snakés 'with prey (3.9% of all snakes '
captured), stomach contents were examined in descriptive fashi(;n. Only one stomach
content sample, consisting of earthworms, was taken at McCafferty farfﬁ (Table 2.2). The
weather was dry during both ﬁéld seasons, possibly making earthquﬁs less available.
Worms are also digested more rapidly than vertebrate species (Scuddér-’Davis &
Burghardt, 1987). Additional data on stomach cdntent analyses of snakes from
McCafferty farm (Gillingham & Burghardt, unpubl.) have revealed only earthworms.
Several species of amphibians were found in the snakes at Miller’s marsh, as well as

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




- 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 McCafferty farm
(#stomachs) (#stomachs)

Red-backed salamander 1 () 0

(Plethodon cinereus)

Green Frog (Rana clamitans) ' 1 () 0

Gray tree frog (Hyla versicolor) - 6 (51, Im)* 0

Spring Peeper (Hyla crucifer) ‘ 1) 0

American toad (Bufo americanus) 1 () 0

Spotted salamander (4mbystoma 2 (1f, Im)* 0

maculatum) R '

Shrew (Blarina brevicauda) 1 (m)

Bird (nestling) o 1(f) ‘ 0 .-

Earthworms © 3(@f,1m) 1(9)

* One female had two Hyla versicolor in her stomach, and three Ambystoma
maculatum were found in another female's stomach.




Site and sex differences in body size

4
Descriptive results for all morphological measurements taken on all snakes

captured at both sites are shown in Table 2.3A. Comparisons of SVL and mass between
the two sites and sexes were restricted to adult sriakes (Table 2.33). Female and male
adult sizes were estirrrarted ilsing size-frequenc;r histograms (Figure 2. lA;Dj from SVL
data coilected at both sites, and comparee to pre\-/ious1(y published estimates of male and
female adult SVL in T. sirtalis. Based on the data presented in Flgure 2.1A- B, and King
(1989), the minimum adult male SVL was estlmated at 350. 0 mm. A total of 40 yearhng
and juvenile males were thus omitted from the analysis (M111er S marsh, n=16, M mass
SE=10.2g+0.95,M SVL £ SE=276.9 mm * 10.1; McCafferty farm, n = 24, M mass
+SE=9.2 g+0.96, M SVL £ SE =256.2 mm * 8.6). The smallest female from
McCafferty farm in which embryos could be detected was 392.0 mm, and the smallest
female with embryos‘ from Miller's marsh was ;122.0 mm. Based on this and the data in }
Figure 2.1C-D, rninirrlum female adult bedy size was roﬁnded to 400.0 mm (the next
smallest female with embryos at McCafferty farm was 420.0 mm) A total of 72 yearling
and juvenile females 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, Mmass+SE— 153 g+
1.29, M SVL + SE =300.5 mm * 9.5). Yearlmg and Juvenlle snakes of both sexes were
more commonly captured at McCafferty farm, wh1'ch may be due to their relative ease of
capture compared with‘ smaller snakes at Miller's ﬁiarsh, :o'r‘b'ecause younger snakes are

less common at Miller's marsh.
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Descriptive statistics of all morphological traits measured for adult males and

females from both sites ate reported in Table 2.2B. Sex and site effects on adult SVL
were tested using a univariate ANOVA Site had a signiﬁcant effect on SVL, t;vith snakes
at Miller's marsh having greater SVLs than snakes from McCafferty farm Sex also had a
significant effect on SVL, with adult females having greater SVLs than adult males
(Table 2.4). A significant interaction was detected between sex and site (Table 2. 4)
Adult males from both sites were not s1gn1ﬁcantly d1fferent in SVL (F=0. 336 df = 1
95, p= 0.563) whereas adult females from Miller's marsh were s1gn1ﬁcantly longer than
adult females from McCafferty farm (F 54.81, df = 1,247, p <0. 001).

The significant 1nteract1on between sex and s1te for SVLis also apoarent when an
Index of Sexual Size Dimorphism (ISSD) is used (Gibbons & Lovich, 1990; Shine,
1993). For snakes, the ISSD is calculated by dividing the mean"SVL of the larger sex by
the smaller sex, and subtracting this ratio from one. Generally, the IS SD‘measurement is
used to compare snal(es at maturity- (Shine; 1993). Overall, for‘t'ny study the ISSD for
adult males and females from the two sites combined was -0.19, which reﬂects a female
b1ased size d1morph1sm I also calculated separate SSD indices for the snakes from
Miller's marsh and McCafferty farm. The ISSD for the snakes from Miller's marsh was
-0. 24 and the 1SSD for the snakes from McCafferty farm was‘ -0. 14. The differences
between the two 1nd1ces reflect the significant sex by site 1nteract1on for SVL.

The mean body masses of all males from both s1tes were nearly identical (Table
2.3A, Figure 2.2A-B). Only adult males (SVL > 350 0 mm) at the two s1tes were
compared statistically for differences in mass. Adult males captured-at McCafferty farm

were only slightly heavier than adult males at Miller's marsh (McCafferty’s, M mass =




Table 2.4: Results of univariate ANOVA testing for site and sex effects on snout-vent
length (SVL) in 346 wild-caught adult garter snakes. '

Factor df . MS F P
Site 1 0.18 17.84 <0.001
Sex 1 2.17 211.76 0.001

Site*Sex 1 9.74E-02 9.51 0.002
4 .

Error 342 1.02E-02
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36.6g; Miller’s, M mass = 33.4g, Table 2.3B). However, with SVL treated as a covariate,

males from McCafferty farm were significantly ‘heavier than males from Miller's marsh
(Table 2.5). Twenty-ﬁye non-gravid adult females v‘;'ere captured at‘ Miller's marsh M
mass SE.= 66.6 g + 8.0) and 28 were captured at McCafferty farm (M mass £ SE =
522g+35 8). Body weights betr;veen these 'twoh greur)s were signiﬁcantly different

(Table 2.5, Figure 2.2C-D). Non-gravid females from Miller's marsh also had

vsighiﬁcantly longer SVLs (M SVL + SE=527.4 mm"i 13.23) than non-gravid females
‘from McCafferty farm (M SVL £ SE = 476.7 mm + 12.02, F=8.08,df=1, 51, p=

 0.006).

Grav1d females from Miller's marsh were heavier (M mass SE = 85. 1 g + 2 54)

than grav1d females from McCafferty farm (M + SE = 64.8 g £ 1.59), but the dlfference

'was not 51gn1ﬁcant (Table 2 5, Figure 2. 2E-F) However with SVL removed asa

covanate the body welghts of grav1d females d1ffered significantly among s1tes (F=

‘ 51 25, df=1, 194, p <0.001). Gravid females from Mlller s marsh were s1gn1ﬁcantly

~ longer (M SVL * SE = 546.0 mm * 5.01) than gravid fernales from McCafferty farm (M

'QVL +'SE.= 500.8 mm 3.9, F = 52.4, df = 1, 194, p < 0.001).

Snout-vent length and mass showed significant linear relationships for all males

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

regression coefficients and slopes of the data from the two sites did not differ, the data
were pooled. Using the pooled data, significant linear relationships' between SVL and

mass were again found for both males aﬁd»females (Table 2.6; Figures 2.3A-B).
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Table 2.5: Results of Urﬁvai'iate‘ANOVA‘s testiﬁg for site arid sex effects on mass, with
snout-vent length (SVL) as a covariate, in male, non-gravid female, and gravid female

garter snakes captured at Miller's marsh and McCafferty farm.

Sex . Factor df E - MS‘. ' - F 'I D
Males SVL 1 906 ¢ 5460 <0001
.- Site 1 - 0350 211~ <0.001
Error -~ . 94 - . 1.66E-02 ' -
Non-gravid  SVL U 609 20813 - <0001
females Site 1. 0142 4.85 C - 0.032
' Error 50 2.93E-02 - S
Gravid VL 191 - 48266 - '<0.001" 4
females Site i 5.94E-02 3.15 - 0.078

Error  193.  1.89E-02

Note: Miller's marsh males, n = 52,'McICafferty farm males, n = 45. Miller's marsh

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 of regression analyses of snout-vent length and mass in males and -
females from each site and in both sites combined.

Site T Sex r F df P
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

Note: MM = Miller's marsh, MF = McCafferty farm.
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Figuré 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 + 0.34Mass.
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Phenotypic correlations

Phenotypic correlations ainong the four head measureménts were computed
~ (controlling for SVL). Significant phenotypic correlations among'all four head-
measurements were found for females at both sites, and males from McCafferty fann' _
(Table 2.7). The males from Miller's marsh showed significant phenotypic correlations
between HL and ‘lL (p <’O 001), HL and 10D (p < 0.005), HW and 10D (p < 0.038), HW .‘
and JL (p <0.022), and JL and 10D (p <0. 017) However after adJustmg the test-wise
s1gn1ﬁcance level to 0.013 using Holm's sequentlally I‘C_]CCthe procedure (Aickin &
Gensler, 1996), the relationships between the last three comparisons were not significant.
Site and sex differences m head size and shape |
Descriptive statistics for raw. values of HL, J L, HW, and 10D for snakes of each -
sex at both sites are shown in Table 2.3A. The initial MANCOVA mcluding all snakes
measured during the 1998 field season revealed ho significant effect for site on relative
head size (A = 0.988, F = 0.90, df = 4, 288, p= 0. 464). An overall effect was found for
sex, with females having larger head sizes along length d1mens1ons (HL and JL) than

males (7» 0.792, F=18.92,df =4, 288, p<0. 001 see Table 2.8,-Figure 2. 4A- D). Sex

and s1te d1d not 1nteract (A =0.989, F = 0.810, df = 4, 288 p=0.519, see Table 2.8).
Snout-vent length covaried significantly with HL, JL HW and 10D (F = 1404.29, df 4,
288, p < 0.001). |

Age effects may have biased tests for differences in head sizes arnong sites. If
phenotypic plasticity were to account for the hypothesized head size variation, then

differences would probably not appear in very young snalces. Therefore, tests for site’




Table 2.7: Phenotypic correlations between four head measurements in 295 wild-caught,
adult garter snakes from Miller's marsh and McCafferty farm.

MM MF
Males Males
(n=32) (n=43)
JL HW 10D JL HW 10D
HL 0.754%** 0.381 0.487** HL 0.88**  0.696*%*  (0.642%*
JL 0.41 0.425 JL 0.738**  (.643**
HW 0.374 HW 0.679**
Females Females
(n=97) (n=123)
HL 0.923**  (0.682** (0499** HL 0.816** 0.631** (.488%%*
JL 0.715** 0.457* JL 0.682**  (.501**
HW 0.534** HW 0.613**

Note: MM=Miller's marsh, MF=McCafferty farm. All p values are two-tailed after
controlling for multiple comparisons.
** = p< 0.001
*=p<0.01
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Table 2.8: MANCOVA results testmg for s1te and sex dlfferences in head length (HL),
jaw length (JL), head width (HW), and inter-ocular dlstance (IOD) in 296 w1ld-caught
garter snakes. Significant p-values are boldfaced ' . :

Sourceof DV o MS T P
variation a AR ' ' -
Covariate (SVL)  HL o1 945 ' 442655  <0.001
L 1 12.17 5221.37 0.001
HW 1. " 6.05 1794.13 - 0.001
10D I 656 . . 216298 0.001
site  HL i 1.23E-04 006 ~© 0811 .
. L 1 .. 836E-04 . 036 0.550
HW 1 © 1.57E05. 001 0.945
10D 1 4.65E-03 153 0217
Sex HL’ 17 458B-02 - 2147 <0.001
‘ ~ L 1 0141 60.64 0.001
HW . 1 5.89E-02 1746 . 0001 .
‘ JOD' 1 1.48E-02 489 0028
l Site by Sex HL 1 1.93E-03 090 0343
| . . IL 1 5.89E-03 2.53 0.113
) - A - HW 1 4.35E-03 129 - 0257
10D 1 5.82E-04 0.19 . 0.662
Error CHL 291 2.14E-03
JL 291 233E-03
HW 201 - 3.37E-03

10D 291 3.03E-03 -

Note: Miller's marsh: males n= 32 females n= 97 McCafferty farm: males n= 43
females, n = 124. o ,
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(open circles, n=221) wild-caught garter snakes. : ' ' '
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effects were repeated using oniy aduit snakes (male SVL > 350.0 mm,; female SVL >
400.0 mm). Descriptive statistics for the adults tesféd in this second MANCOVA are
shown in Table 2.3B. With the sub-adult snak.es removed, site had'a significant effect on
head size (h=0.94, F = 321, df = 4, 200, p = 0.014, see Table 2.9), as did sex (A = 0.798,
F=12.68, df =4, 200,‘ p <0.001). Se?c,and site did -r;ot interact for adult snakes (A =
0.992,F = O..28, ‘df =4,200,p= 0.823). Snbutfveht length éovaﬁéd significantly with all
héqd measurements (A = 0.255, F = 146.14, df = 4,200, p < 0.001) and signiﬁcéant sex
differences were found for HL énd J L The sitel effect was primarily accounted for by
IOD (Table 2.9). | |
| | Metho&: Post‘pa‘rtulm Morphology

" Seventeen gravid females from M'illle'f'é‘ marsh and 16 gravid females from
McCafferty farm were captured and brought to the University of Tennessee following the -
1998 (n= 22‘1itt'ers) ghd 1999 (n - 1 1 litters) field seasons. The females were housed |
~ separately and fed either minnows (Pimephales prbmelas) or earthworms (Lumbricus
terrestris) once per week (depéndirig‘ on availability), and water was available ad libitum.
Room te?np?:rature wa; 25° G, relative humidity was 3.0%, and a 12:12 light:dark cycle
was maintained. ‘Neongtés. from 19 of 22 littéfs .bom during 1998 (n= 146)A were used to
study the effects of diet on growth‘ fates; (The litters used in both dnalyses are listed in the

Appendix I). After giving birth, adult females were returned to Beaver Island each Fall.




Table 2.9: MANCOVA results test

jaw length (JL), head width (HW),

MS

ing for site and sex differences‘iri head length (HL),
and inter-ocular distance (IOD) in 208 adult garter
snakes. Significant p-values are boldfaced.

Source of DV df- F P
variation. . :
Covariate (SVL)  HL. 1 0.91 413.08 <0.001
5 JL 1 118 . 53297 -0.001
HW 1 060 . 162.16 0.001
10D 1. 071 . 21616 -~ . 0.001
- Site HL 1 1.16E-03 ~  0.53 0.469
JL 1. 2.22E-05 7 0.01 0.920
HW 1 1.57E-04 0.04 0.837
10D 1 2.41E-02 7.38 0.007
Sex HL 1 9.93E-03 4.47 0.035
JL 1 5.38E-02 24.29 0.001
HW 1 1.10E-02 2.99 0.085.
10D 1 2.20E-04 . .0.07 0.795
Site by Sex HL 1 221E-03 - 0.00 0.996
L 1 222E-03 ° 0.03 0.854
HW .. 1 3.69E-03 0.03 0.867 -
10D - 1 3.27E-03 0.50 0.480
Error HL 203 2.21E-03 -
- JL .- 203 2.22E-03
HW . 203 3.69E-03
10D 203 3.27E-03 .

"Note: Miller's marsh: males, n = 20; females, n =79. McC'afferty farm: males, n = 20; -

~ females, n = 89.




Subjects and maintenance

From birth, the neonates were housed separately in clear plastic cages il 3.5x18.5
x 4.0 cm, or 12.0 x 17.0 x 9.0 cm), each including a cardboard substrate, shelter, and
water dish. Room temperature was kept constant (25° C), with 30% relative humidity,
énd a 12:12-hr light:dark cycle was fnaintained throughout the study period. Cages were
cleaned as needed and water was available ad libitum.
Procedure

Within 24 h of birth, méss, SVL, TL, HL, JL, HW, and IOD were measured on all
neonates using the same protocol as for adults. Body weights (to the nearest 0.01g) were
obtain‘ed 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 10D were not
measured on neonates during the 1999 season. Multivariate analyses on head morphology
are thus restricted to 156 of the neonates born in 1998.
Statistical aﬁalyses

| Sex, li.tte_r, and site differences in neonatal SVL, mass, and TL were tested with

ANOVA, with sex and site specified as fixed factors, and litter as a random factor nested
within site. Snout-vent length was treated as a covaﬁate for comparisons of mass and TL.
Head measurements were analyzed using MANCOVA (covariate = SVL) with sex and
~site treated as fixed factors, and litter nested in site as a random factor. Multivariate
significance for SVL, sex, site, and litter was tested using Wilk's Lambda, and effects for
each of these factors on all four head measurements were tested with univariate F-tests.

Phenotypic correlations between HL, JL, HW, and IOD were determined using partial




- regress1on All data were normahzed us1ng natural log (+1) transformations:

. statistics (M + ISE) on mass, SVL TL, HL JL HW and JOD at b1rth for snakes of each’
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correlat1on coefﬁclents w1th SVL and litter factored out. Relat1onsh1ps between maternal

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

Results Postpartum Morphology |
A total of 286 neonates was  born over the two years (Table 2.10). Comparisons

'by sex, site, and litter for SVL, ta11 and mass were made with all 286 snakes. Descnptlve

sex, and s1te are shown in Table 2 1 1. Descr1pt1ve statistics for a11 postpartum ’, L
measurements for each 11tter can be found in Append1x .
- Litter, sex, and site dtﬁ"erences in body size |

- Significant litter effects were found for neonatal mass, SVL and TL (Table 2. 12)
Males and females differed in all three measurements w1th males havmg greater SVLs
| 3 and TLs and females hav1ng greater body weights (Table 2. 12) At b1rth neonates born”
to mothers collected at Miller's marsh were s11ghtly heavier and had longer SVLs than
neonates from McCafferty farm but the d1fferences were not s1gn1ﬁcant and no s1te effect
. was found for TL Mass and SVL were s1gmﬁcantly correlated at b1rth for both males and
females. The 11near relat1onsh1p between snout-vent length andmass was s1gnrﬁcant‘for
:bo’th males-and females _(Figure 2.5j. - o
:. Maternal correlattons
" - Maternal SVL did not s1gn1ﬁcant1y pred1ct mean 11tter s1zes for the 33 11tters born

during the 1998 and 1999 seasons'(Figure 2.6). Maternal SVL also d1d not pred1ct

neonatal SVL (Figure 2:7A) and only a margmal relat1onsh1p was found between .

maternal SVL and mean neonatal body mass (F1gure 2. 7B) Nevertheless all of the
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Table 2.10: Litter sizes and frequencies of eaéh sex for snakes born to mdthers from

Miller's marsh and McCafferty farm during 1998 and 1999. These snakes were used in

analyses for litter, sex, and site differences in snout-vent length, tail length, and mass at
. birth. - : -

S‘ite n_ #litters ™ (SD) ’ Raﬁgc Maleé Females
) Litter size (n) 4(n)'
'MM 175 17 10.3(3.4) | 3-17 84  91
MF 111 16 6.9(2.8) -. 2-13“ 58 R 53
Totals ~ 286 33 87(33) a7 142 144

Note: MM = Miller's marsh, MF = McCafferty farm.
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Table 2.12: Results of univariate ANOVAs testing for sex and site effects on neonatal
snout-vent length (SVL), mass, and tail length (TL).

Measure Source df MS* F p
SVL :
Litter within Site 31, 251 2.38E-02 19.75 <0.001
1.21E-03
Sex 1,251 2.16E-02 17.86 0.001
1.21E-03 . ,
Site 1,32 1.34E-02 ° 0.70 0.408
1.90E-02
Mass Covariate (SVL) 1,250 ~0.46 180.23 <0.001
2.54E-03 '
Litter within Site 31, 250 4.78E-02 18.83 0.001
2.54E-03
Sex 1,250 1.16E-02 4.59 0.033
2.54E-03
Site 1,32 4.99E-02 1.33 0.258
3.76E-02
TL Covariate (SVL) 1,250. 0.18 64.99 <0.001
\ 2.81E-03
Litter within Site 31, 250 3.61E-02 12.85 0.001
2.81E-03
Sex 1,250 0.22 78.62 0.001
2.81E-03
Site 1,32 2.25E-02 0.79 0.382
2.86E-02

-* MS = Hypothesis Mean Squared Error above MS(error)
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Figure 2.5: Relationship between snout-vent length (SVL) and Mass in
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.




Figufe 2.6:/Relationship between litter size (n=33) and maternal snout-vent length (SVL)
in garter snakes from both sites. Regression equation is Litter size =-2.87 + 0.02SVL.
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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 a tendency to have more and

larger offspring.
Phenotypic correlatt;ons

Phenotypic correlations among the four head measurements were computed with
SVL and litter factored out. At birth, there were 81gn1ﬁcant posmve phenotyplc |
correlations between the four héad measurements (see Table 2. 13) A11 correlations were
significant at p < 0.001. Adjusting 81gn1ﬁcance 1evels for the six correlatlons usmg the -
Bonferroni procedure (0.05/6 = 0. 008) and Holm' 'S sequent1a11y rejective procedure did
not change the outcome of the tests. |
Head size‘variatiqn

Snout-vent length covaried signiﬁcantly Wit’h‘the four head measurements (A=
595, F= 19.21_, df = 4,113, p < 0.001). The overall effect for site on neonatal headlsize
was not significant (A = 0.58.;,9F, = 2.53, df = 4, i’4, p = 0.‘087),lbut snakes from Miller's

marsh had significantly greater JLs and IODs (see Table 2.11 and 2.14). There was a

.signiﬁcant overall effect for sex (?» = 0.422, F = 4.80, df = 4, 14, p = 0.012), with females

having greater JLs, HLs, HWs, and IODs than males (Table 2.14). The overall effect for
11tter was s1gn1ﬁcant (7» 0.283,F=2. 49 df 68, 464, p <O. 001), with all four head
measurements showmg 81gmﬁcant 11tter varlatlon (Table 2.14). The 11tter by sex and sex

by site interactions were not significant for any of the head measurements.




Table 2.13: Phénotypic correlations between four head measurements in155 neonatal
garter snakes.

54

Jaw length Head width Inter-ocular distance
Head length - 0.497** . 0.495%* 0.334**
Jaw length 0.446%* 0.365**
Head width L 0.556%*

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

10D

garter snakes.
Source of df  Hypothesis - Error MS F p
variation ‘MS : '
Covariate (SVL) HL 1 2.15E-02.  6.0E-04 35.69 - = <0.001
JL 1 4.76E-02 7.0E-04 67.63 0.001 -
HW 1 1.10E-02 5.7E-04 - 19.22 . 0.001
10D 1 1.12E-02 - 6.9E-04 16.26 0.001
116
Site - HL 1 1.83E-03 1.52E-03 121 0.287
JL 1 - 1.67E-02 2.25E-03 7.41 0.015
“HW 1 2.0E-03 1.17E-03 - 1.71 0.208
IOD 1 1.55E-02 2.97E-03 522 . 0.035
17 . : :
Sex HL 1 3.79E-03 6.0E-04 - 5.71 0.029
"JL 1  2.05E-02 7.0E-04 . 2223 0.001
HW 1 8.29E-03 5.7E-04 . 12.25 0.003
10D 1 3.20E-03 6.9E-04 .. 845 0.010
. 17 _ ‘
Litter within =~ HL 17 ~ 1.52E-03 . 6.0E-04 2.52 0.002
Site JL 17 2.25E-03 7.0E-04 3.20 0.001
HW - 17 1.17E-03  5.7E-04  2.05 0.013
Iob 17 297E-03  6.9E-04 - 4.30 0.001
: 116 ' . '
Litter by Sex HL 17 6.6E-04 6.0E-04 ~ 1.10 - 0.363
. A JL 17 9.2E-04  7.0E-04 1.31 0.198 .
HW 17 6.8E-04 5.7E-04 1.19 0.286
10D 17 3.8E-04 6.9E-04 - 0.55 0.922
116 ‘
. Sex by Site HL 1 2.2E-04 6.0E-04 0.36. 0.548 -
' JL. 1 5.0E-05 - .7.0E-04 - 0.07 0.785
HW 1 4.6E-04 5.7E-04 0.80 0.373
1 1.1E-4° . 6.9E-04 0.16. 0.160
1
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Method:' Diet and Growth -

Subjects and maintenance

Subjects were 1464neonates,bo_rn' to 19 gravid females (M litter size = 8.2, range =

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

= lO litters). These snakes were also included in the postparturn_morphological‘ studies
and their housing conditlons are the same as aboveﬁ - . |
Procedure

: i, ’l‘he snakes were assigned to o'ne of three feeding conditions: Fish (F group, n=
48), Worm (W group, n = 49), and Mixed (FW group, n =v48). ’l‘he fish (Piméphales ‘v
promelas) and the worms (Lumbrzcus rubellus) were purchased from commerclal
suppllers The fish ranged in size from 0 14 gto 0 38 g and the worms ranged from 0. 17 g
to 0.36 g. Diet as51gnments were balanced as well as poss1b1e across lltters, sexes (78"
males; 78 females), and sites (Miller's marsh = 97, McCafferty farm = 59). Color-coded
labels were placed on the outside of each snake's cage to designate its diet group

| Dur1ng feedlngs live fish were placed in each snake's water dlsh ‘Worms were

placed in shallow petr1 dishes layered w1th d1rt The snakes.were offered therr ﬂrst meal

at 20 days of age. SVL, mass and TL measurements were taken at birth, 80 days, 160

- days, and 240 days. Head measurements were taken at b1rth 160 days and 240 days. The -

snakes were fed once weekly on their respectrve d1ets between 20 and 160 days, and

~ twice weekly between 160 and 240 days (to meet 1ncreased d1etary needs) This study
" was s combined with another that 1nvest1gated the role of expenence and memory on prey

" handling abilities (see Chapter 4) The procedure requ1red switching the prey for the F

and W gr‘oups at 160 days of age. Thus the'data between 160 and 2_40 days represent




changes-in growth after diets ‘were switched for these two groups. The FW group

remained on the mixed diet for:the entire 240-day period. When the study was completed,

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

' Bea\_/er Island.

Statistical analyses

_To test for differences in growth (SVL and mass) across time and diet effects on

growth, data were analyzed using a MANOVA method for repeated measures (O'Brian &

Kaiser, 1985). Dependent variables were thus treated as the differences in the linear
dimensions between measurements, With>three degrees of freedom. Diet was treated as a
fixed factor, and a significant effect wotﬂd indicate an ir1'teraction between diet and'
growth across time. To determine which of .the‘ tltree groups differed, siéniﬁcant
interactions were subsequently analyzed wrth separate univariate F-tests. Separate
MANCOVAs for repeated measures we'rey run for SVL and mass. The effects of diet on V

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

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

| correSpondmg age was treated as a covariate. Because of high' subJect mortahty, litter was

not included as a factor at 160 and 240 days. All data were natt1ra1 log transformed.
‘V Results: Diet and Growth |
Feeding records indicated that similar proportions of fish and worms were eaten
by snakes in a11 diet groups The snakes in the F group consumed 88.2% of the fish

offered (M = 24.2 fish per snake) The W, group consumed 88. 6% (M 23.4) of the

worms. The FW group consumed 91.3% of fish (M = 11.3) and 87.2% of worms (M = .

13.7). The mean (+1SE) increases_of litter SVL and mass for each diet group are shown
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“in Figures 2.8A and 2.8B respectively (see Appendix III for descriptive statistics). Site

was not a mgmﬁcant factor for i increases in SVL (F 0. 64 df =3, 30, p=0.594) or mass
(F=0. 02, df =3, 30, p = 0.997) at any pomt of the study Data were combined by site for
analyses of SVL and mass. Snake mortahty greatly reduced the sample sizes within the
diet groups. Therefore tests for litter effects weére excluded Sample sizes used in the |
'repeated measures MANOVA were 10 snakes (F group) 13 snakes (W group), and 11-
snakes (FW group). . "
Diet éffects on snake body size |
At birth, SVL did not differ among the three diet groups (F = 0.30, df =2, 142, p
= (.742), indicating that there were no pre-existing size biases prior to feeding (Figure
2.8A). A repeated measures ANOVA showed that SVL increased significantly with age ‘
for all diet groups (F = 75.43, df =3, .29', p <0.001). The repeated measures MANOVA
testing for diet and sex effects on SVL at birth, 80, 160, and 240 days (Table 2.15) shows. |
that diet had a significant overall effect orr growth (A =0.584, F = 2.67, df = ‘6,~ 52,p=
- 0.025), and a marginally significant effect was found for sex (A =0.752, F =2.87, df = 3,
© 26, p = 0.056). | | -
Results from the separate F-tests comparing SVLs Between birth, 80, 160 and 240
days (Table 2.15) were not statistically different amdng the three diet groups at 80 or 160
days. Marginally significant increases in SVL due to diet occurred when the snakes
reached 240 days (0.055).VT1‘1is difference was due to the greater SVLs of the snakes in

the FW group compared to the W group (p = 0.05).
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Figure 2.8: Mean (4- SE) snout-vent length, SVL (A) and mass (B) increases
from birth to 240 days in garter snakes (n = 19 litters) on three diets.




Table 2.15: Results of repeated measures MANOVA testing for diet and sex effects on
snout-vent length (SVL) increases from birth through 80, 160, and 240 days.

60

Source DV df MS F p
Diet.  birth vs 80 2 4.22E-05 0.03 0.972
birth vs 160 2 3.49E-04 0.11 0.893
birth vs 240 2 1.99E-02 3.23 0.055
Sex-  birth vs 80 1 1.57E-04 0.11 0.745
birth vs 160 1 8.35E-03 2.72 0.111
birth vs 240 1 1.96E-02 3.17 0.086
Diet*Sex  birth vs 80 2 3.49E-04 0.24 0.789
- birth vs 160 2 5.43E-04 0.18 0.839
birth vs 240 2 6.36E-03 1.03 0.370
Error birth vs 80 28 1.46E-03
birth vs 160 28 3.08E-03
birth vs 240 28 6.17E-03
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Mass increased 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 snakes i in the three groups (A =0.694, F =1.75,df = 6 52 p=0. 131) Sex
‘also had no effect on relative mass increases (7» 0.850,F=1. 53 df 3,26,p= 0 231).
Marglnally s1gn1ﬁcant Sex differences between b1rth and 80 days (0. 053), and birth and
160 days (0.052) were found (Table 2. 16) Mass increases between birth and 240 days
were not significant. |

Diet effects on snake head size -

Snout-vent length covaried s1gn1ﬁcant1y with HL, JL, HW, and IOD at birth, 160

days and 240 days (see Table 2. 17A C).. Ne1ther d1et nor site’ had any effect on the
re1at1ve size of HL, JL, HW, or IOD at any pomt of the study The non- s1gn1ﬁcant site

 effect at birth (Table 2. 17A) contrasts with the s1gmﬁcant site effects found for JL and

L IOD reported in Table 2. 14 which 1nc1uded a larger sample of neonates. Sex had a

signiﬁ‘canteffect on all measurements at all times except for HW and IOD at 240 days,

T w1th females having s1gmﬁcant1y larger relatlve head sizes than males at all ages, from

* birth through 240 days (see Figure 2. 9A D) Sex and diet did not interact at any time and
| for any of the four dependent vanables. Sex did not have a s1gmﬁcant effect on head
growth rate (F = 1.48, df =3, 30,p= 0'.‘2"41)‘. "
| Discussion
Diet induced variation in body size is relatively widespread among snakes,
afthough genetic factors are known to account for geographrc variation of morphologlcal
' tra1ts in snakes as well as in other taxa (see Madsen & Shlne, 1993 refs therem)

. Phenotypic plast1c1ty of body and head s1zes has been found w1th1n many spec1es of
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Table 2.16: Results of repeated measures MANOVA testing for diet and sex effects on
mass 1ncreases from birth through 80, 160, and 240 days. :

Source ‘ DV ‘ df MS F p
Diet  Birth vs 80 2 3.16E-02 °~  2.94 0.069
Birth vs 160 2 4.82E-02 3.06 0.063
Birth vs 240 2 7.43E-02 135 0.276
‘ Sex °  Birth vs 80 1 4.38E-02 4.08 10,053
§ Birth vs 160 1 6.48E-02 4.11 '0.052
\ Birth vs 240 1 2.65E-02 0.48 0.494
Diet*Sex  Birth vs 80 2 5.92E-04 0.95 :0.946
| Birth vs 160 2 2.25E-03 0.87 .0.868
Birth vs 240 2 6.98E-02 0.30 0.297
Error Birth vs 80 28 1.07E-02
Birth vs 160 28 1.58E-02

Birth vs 240 28 5.51E-02




" Table 2.17: MANCOVA results for tests of diet, se
(HL), jaw length (JL), head width (HW), and inter-

160 days (B), and at 240 days (C).

x, and site effects onlhead length -
ocular distance (IOD) at birth (A), at

(A) At birth ‘
Source of DV df MS F p
variation

Covariate (SVL) HL -1 2.30E-02 32.92 <0.001
: JL 1 4.03E-02 50.08 - 0.001
HW 1 1.02E-02 18.98 0.001
IOD S ~3.13E-03. 4.16 - 0.043
Diet HL 2. - 1.36E-04 . 020 0.823
' L 2 5.61E-04 0:70 - 0.499
HW 2 1.23E-04 0.23 0.793
IOD 2 6.54E-05 0.09 0917
Sex HL 1 8.15E-03 11.67 0.001
L1 2.61E-02 32.51 <0.001
_HW 1 1.13E-02 21.13 '<0.001
10D 1 6.73E-03 8.95 0.003
Site ’ " HL 1 1.55E-03 222 0.139
- JL 1 2.16E-04 - 0.27 0.605
HW 1 1.99E-03 3.72 " 0.056
. 10D 1 4.19E-04 0.56 0.457

Error HL . 139 6.98E-04 32.92

' JL 139 - 8.04E-04 50.08

HW 139 5.35E-04 " 18.98

IOD 139 7.53E-04 4.16




Table 2.17 (continued)

(B) At 160 days

Source of DV df MS F p
- variation ‘ :
Covariate (SVL) HL 1 1.76E-02 21.27 <0.001
-~ JL 1 1.42E-02 21.57 <0.001
HW 1 7.35E-03 10.38 - :0.002
IOD 1. 1.44E-02 11.83 0.001
Diet HL 2 7.51E-04 0.91 0.408
JL 2 1.08E-04 0.16 0.850
HW 2 6.01E-04 0.85 0.432
IOD 2 7.18E-05 0.06 0.943
Sex HL 1 1.69E-02 20.43 <0.001
JL 1 1.25E-02 19.01 <0.001
HW 1 7.54E-03 10.65 0.002
IOD 1 1.63E-02 13.38 0.001
Site HL 1 7.91E-04 0.96 0.331
JL 1 2.17E-04 0.33 0.568
HW 1 2.09E-03 2.96 0.090
IOD 1 6.62E-04 0.54 0.464
Error HL 70 8.27E-04
JL 70 6.60E-04
HW 70 7.08E-04
1(0)D) 70 1.33E-03




Table 2.17 (continued)

(C) At 240 days
Source of DV df MS F p
variation
Covariate (SVL) HL ] 1.91E-02 28.07 <0.001
JL ] 1.17E-02 16.68 <0.001
HW 1 1.58E-02 14.20 <0.001
IOD 1 6.66E-03 5.51 0.023
Diet HL 2 6.09E-05 0.09 0.915
JL 2 3.16E-04 0.45 0.641
HW 2 5.75E-04 0.52 0.600
IOD 2 2.05E-03 1.69 0.194
Sex HL 1 1.00E-02 14.73 <0.001
JL ] 9.81E-03 13.98 <0.001
HW 1 6.62E-04 0.60 0.444
IOD ] 1.51E-03 1.25 0.270
Site HL 1 1.69E-04 0.25 0.620
JL 1 9.56E-05 0.14 0.714
. HW ] 1.09E-04 0.10 0.756
IOD 1 3.09E-05 0.03 0.874
Error HL 49
) 49
HW 49
IOD 49
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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, IOD (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 poss1b1y in response to, d1etary var1at10n (F orsman & Lindell, 1991 Madsen &

- Shine, 1993). The close prox1m1ty of the two sites that I studied renders it unlikely | that

genetic modlﬁcatlons account for any geographlc variation of body size. However, -

conﬁrmmg that phenotyplc plastlclty accounts for size varlatlon in the adult snakes

among sites is comphcated by certarn factors F or example one 11m1tat10n of my study

concer_ns surv1vorsh1p of the sn_akes at each site. Because the precise ages of the adult
snakes that I studied c.ould not be determined, it remains unknown whether differences in

survivorship among sexes and sites, rather than plasticity, accounts for the differences

'(that I found. This is-a limitation for many ﬁeld studies of this‘type especially those that

do not measure growth pattems throughout the 11fe span. The followmg d1scuss1on of my
ﬁeld work w111 assume surv1vorshlp to be equal among sexes and s1tes and hopefully

future work can address thlS potentlal b1as.‘

»' ‘ Sexual size dtmorphtsm in wrld-caught garter snakes

'Female w11d caught T szrtalzs that fed on amph1b1an-r1ch d1ets at Miller's marsh

: had s1gnlﬁcant1y greater SVLs than females that fed pr1mar11y on earthworms at

McCafferty farm Females from Mlller s marsh were also s1gmﬁcantly heav1er ‘

. Controlllng for SVL, the masses of grav1d females d1d not d1ffer among sites. Interpretlng

d1fferences in body mass of w11d-caught snakes is comphcated by several factors

1nctud1ng the amount of food poss1b1y consumed prior to measurement (although any
stomach c(')ntents were remoyed vbefore weighingl),stage of pregnancy, and the relatiyely
small sample of males and non-grav1d females compared in this study However SVL
serves as a better measure of growth plastlclty because it 1s less sens1t1ye to fluctuations -

due to recent feedlng hlstory thari body mass:
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There are at least two dietary correlates of head-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, IOD was the only measure in which the snakes at the
two sites differed significantly, with the snakes from Miller's marsh having greater iODs
than the snakes from McCafferty farm. It i is dlfﬁcult to determine whether or not s1te
dlfferences in IOD are due to d1etary d1fferences Researchers examining d1et-1nduced
morpholbgical plasticity typically measure HL and JL, but not IOD or HW (Forsman,
1996a; Forsman & Lindell 1991) One exceptlon isa laboratory study by Queral- Regil &
ng (1998).who included the IOD measure in their study of water snake (Nerodia

' sipedon) head size in re_lation to prey size and quantity. Queral-Regil and King (1998) -
found that water snaltes feeding on large prey had greater JLs than snakes feeding on
small prey, but IOD was not affet:ted by differences in prey size or arrlount.v Forsman and
Lindell (1991) found that adders (Vipera berus) that fed \frequeritly on large-bodied prey
had s1gn1ﬁcantly greater HLs than adders feeding less frequently on small-bodied prey,
but IOD was not reported in the1r study Thus, there are no studies to my knowledge that
" indicate that d1etary differences correlate with significant differences in I0D. Researchers

| looking at similar topics could measure I0D to determine whether this is a width

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

| ~ HLandJ L that I founc_l may be e)tplained'by the effects of gene flow, which may prevent

the dirergence of head size plasticity between sites, at least along length dimensions.

; Alternatively, the bedy sizes of the"a.mphibians consumed by the snakes at Miller's marsh

may.not be 1arée enough, in comparison to worms, to induce significant differences in

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

HL or JL.

The greater‘ relative hedd size of fernales yersus males has been previously :
reported for T. szrtalzs (Shine & Crews 1988) I found sex dlfferences in relative head
sizes 1n several analyses with females havmg larger relat1ve head sizes than males. My
comparlson using all _w1ld-caught garter snakesrevealed significant sex d1fferences in all
four of the head measurements taken. However' when I restricted my analyses to adult |
- snakes, only HL and JL d1ffered-among sexes The prox1mate cause of sexually
d1morph1c head sizes is most l1kely due to the growth 1nh1b1tory effects of androgens on
male garter snakes (Crews at al 1985 Sh1ne and Crews, 1988). Several ecolog1cal and
Aevolutlonary explanations for sexual‘ s1ze d1morph1sm of body and head sizes in snakes
have been proposed (Shine, 1993 1994) One explanat1on for body size d1fferences
concerns sexual selectlon Larger males are,expected when there is combat among males
competmg for mates. Th1s has been confirmed for some spec1es of'snakes (see Schuett &
Gillingham, 1989) but does not apply to garter snakes smce male-male combat doesnot .
occur. Fitch (1 981) proposed that female 'snakes are larger than males among viviparous
species, but not for oviparous spec1es. However, this hypothes1s was rejected by ina |
- review by Shine (1993) who did not find this trend. Food resource partitioning among the
sexes is”another possibility (Shine 1991). Female‘l’ 'sirtalis in-the wild are known to
consume larger prey than males (F1tch 1982 Wh1te & Kolb, 1974). In my study, the
; s1gn1ﬁcant s1te by sex 1nteract10n in SVL was, due to the equal SVLs of males from both
| s1tes, and the much greater SYLs of the females from Miller's marsh compared to females

from l\/lcCafferty farm. This finding could be explained by food resource partitioning -
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between sexes at Miller's marsh, if males at both sites primarily consumed worms: '

Houvever, amphibians were found 1n the stoma'chs of males at Miller's marsh (see Table
2.2). Further expioration‘includtng a larger sample size, data on nrey sizes, and w1th ‘
males from both sites of known ages, is needed.
Sexual size dimorphism and tittef dijj”erences in neonatal garter snake morphology

“Relatively few -authors have investi gated 'the ontogenetic ori éins and processes
that give rise to adult sexual size dimorphism (but see King, 1997; Shine &'Crews, 1988).
Sexual size dirnorphism of neonatal ~snakes is fairly widespread and has previously been
reportedvfor T. sirtalis (see King, et al., 1999; Shine, 199‘3;' but see Amold & Peterson
1989). King et al. noint outl'that the prenatal'origins ot‘ sex differences in body and head
s'ize indicate'that the fitness consequences of sexual'dimorphisrn may exist prior to
.adulthOod.' At birth, males in my study had greater SVLS than females, and, 1ess
surpr'isingly, greater TLs. Male biased sexual dimorphism of TL persists into adulthood, -
but adult female SVLs are t}lfpically greater than nrale SVLs. Female neonates w_ere
significantly heavier than males, which may be due toa greater maternal investment of
nutrients in female offsprlng Further research could examine whether there are sex
differences in survival among neonatal 7. szrtalts and whether any dlfferences relate to
birth weight. |

It rernains imclear u&hether ser{ual size ‘dimorphism of adult garter snake head :

sizes has fitness consequences or even that head size d1morph1sm correlates consistently
'with ecolog1ca1 factors (e.g., food resource pamtlonmg) The presence of sexual size
dimorphism among neOnatal T. sirtalis suggests that its ecological 51gnlﬁcance can be

found in early development. However, the statistical difference in neonatal head sizes
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- does not necessarily indicate a bioiogieally releva‘ntconse'quence (King et al., 1999). Sex
'd.ifferences in neodatal diets are difficult to determine at present gtven the paucity of field

: datz;1 available. Lind and Welsh (1994) compared the 'foraging behavior and diets of

neonatal and adult 7 itamnophts atratus. Juveniles and neonates in Lind and Welshs'

stddy foraged aiong’ stream margips and consumed smaller prey than adult snakes.

- foraging ina wider variety of ha‘bitats.' In nature, neonatal galtet snakes of both sexes

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

-~ © are constrained by their small heads At present field data on the diets of very young

snakes of both sexes are needed as well as deta11ed laboratory studles comparing
’ swallowing performance in male and. fettlsles snakes with head size dlmorphlsm.
| Litter effects :

King etal. (1 599) etnphasized the importance of includipé iitter as a factor in tests
for sex and site effects on neonatal morpholog'y' in snakes, and demonsttated that sex
effects would have gone undetected had family membership been ignored. The litter
effects found for all morphological measurements in my dissertation support the case
made by King et al. There ipay be‘ se\tetal sources explaining litter variatien, Whieh Were |
tlot determined in my study or by King et al. Maternal effects on neonatal morphology
(e g., scalation, growth) are known to be relatlvely great (King et al., 1n rev1ew)
However, I found that maternal SVL d1d not predict neonatal SVL or mass, but a larger
.sample may yield signiﬁcant'relations}ﬁps, as ail slopes were positive. Genotypic effects
may ‘alsol explain litter difterertces. The \talues of some ;horphological measures are

‘ ’.herita'lbl'e, as demonstrated by Kiﬁg ~(1997) for JL and 'TL in Storeria dekayi. | 3




- (1989) report no sexual size d1morph1sm or, s1gn1ﬁcant litter differences in body size, 'HL, -

}HW and eye diameter among neonatal T. s:rtalts The d1screpanc1es among the studies
or mate'mal effects may be a contributing factOr. The sample size of Amnold and Peterson

‘ (19_89) was low (n=65 indiylduals, 9 1itte‘rs) in.comparison to mine (n=286 individuals, ‘
* 33.litters), and King et al.'s (n = 40‘7‘ individuals, 27 litters). Regardless, litter differences

Further studies on the contributions of maternal, genetic, and early enyironrnental ‘

. 'Dfeg ahd.g'rowth" o

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

| reached 240 days. The latter finding suggests that feeding on a mit(ed diet promotes

The sex and litter effects that I found and those of King et al. (1999) are not

cons1stent with all stud1es of neonatal morphology in T s:rtalts Amold and Peterson
may reﬂect geograph1c variation in neonatal morphology, but differences in sample sizes
in ne‘onatal‘morphology may have important ecologieal and evolutionary implications. ;

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

Laboratory reared gar'ter' ‘,snal(es hgrew signiﬁcantly 'in SVL and mass between

: ‘Vra'pi‘d growth later'in life (166-240 days), in comparison to feeding on worms or ﬁsh |

~alone'. ‘The significant increase in body size in the mixed diet group that I found differs

from the results' of preyious research onT. sirtulis (Burghardt & Krause; 1999; Lyman-

Henley & Burghardt 1995; Scudder-Dav1s & Burghardt 1987). Burghardt and Krause ‘

o (1999) report s1gn1ﬁcantly greater increases in SVL at 80 days in snakes reared on worm .

or m1xed diets over snakes feed1ng on fish alone The neonates tested in that study were
born to mothers collected at McCafferty farm My failure to repl1cate this ﬁnd1ng could

be due to several factors. -
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The causeof tl:l'e disqrepant findings between my study and Burghardt and ‘

: Krause's (1999) is probably not dué fov differences in laboratory conditions, as they were
nearly identical in both studies. The discrepancy may be due to the different species of
fish used. In my study.,‘ Pimephales; éromelas were used for the F group, whereas
Burghardt & Krause (1999) used Gambusia affinis. Thus, the differences in the F group
growth rates between the two studies may be explained by the dietary quality of the fish
used. However, this is unlikely and alternative explanations may be more helpful.
Proximate factors such as rﬁatemal diet (Ford & Seigel, 1989) and temperature (Arnold &
Peterson, 1989) can affect neonatal morphology and juvenile growth respecti-vely. Amold
and Peterson (1989) found that juvenile T. sirtalis reared in warmer temperatures grew
more rapidly than snakes reared in colder temperatures. The authors spéculated that

* prenatal temperature could influence snake growth rates. Thus, with regard to my study
and Burghardt and Krause's (1999), the maternai diets of the mothers used in the two
studies may have differed prior to capture, possibly due to differences in prey abundance =
between the two years (i996 vs. 1998). Arnold and Petersqn's (1989) suggestion that
f)renatal teméerature affects postnatal growth rates also may exﬁlain the discrepancy
between the two studiés.

Sex did not have a significant effect on growth rate, but has been shown to be a
fac’t(‘)r in previous reports of T. sirtalis growth (Crews; at al., 1985). The discrep;cmcy
bet;;veen the ﬁndinéé of Crews et al. and the present study may be due to methodological
differences, or becausle‘ of inhéfeﬁt differences between the popuiations sampled. Another
possible explanation is the relatively small sample size uséd in the preseﬁt study.

Significant effects of food size and féeding frequency on head size have been reported for
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European adders, Vipera berus (F orsman & Lindell, 1991), though head size variation

may reflect microevolutionary change rather than phenotypic plasticity (Forsman,
l996a) The non-s1gn1ﬁcant effect of d1et on relat1ve head sizes found in my study may

. berelated to the prey species used or to the feeding regimen. The snakes were fed an
equal number of times. Increasing the frequency of feeding through the first 8 months
may have resulted in a significant effect of diet on relative head size (e.g., Queral Regil
& King, 1998) In addition, the prey spec1es used may not have differed substantially
enough in morphology (e.g., s1z_e,‘har,dness) ‘to produce such change. Data on captlve
Almerican alligatOrs has shown that'c‘aptive rearing can result in reduced length of the
 rostrum and snout strength (Meers, in prep.). A similar explanation could account for the
non-signiﬁcant differences 1n head sizes among the diet groups in my study.

Bone structures can be modi‘ﬁed in size and shape by environmental factors such
as nutrition and use, and the degree to which remodeling occurs varles with the amount of
mechanical strain placed upon bones (Lanyon & Rub1n 1985) The bone morphology of
the head can vary due to dlfferences in Jaw muscle act1v1ty assoc1ated with diet
| , (Robinson & Wilson, 1995; Que‘ral-Regil & King, 1998; Walls, Belanger, & Blaustein, ,
1993). The leg bones of Anolis lizards (Anolis sagrei) can undergo changes in size that
facilitate efﬁcient movement on different types of substrate (Losos et al., 2000). |
However the degree to which the bone size can be remodeled due to muscular activity
and strain may be constrained by m1croevolutionary factors, which may explain why diet
did not affect the head sizes of neonates reared on different diets in my study, and the
lack of site differences in JL and HL in adults from the two sites (see also Forsman,

.1996a)."
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CHAPTER 3 ‘
EXPERIENTIAL MODIFICATION Of CHEMICALLY
o I\;IEDIATED RESPONSES
LT ‘Ii,i'troc'luction
Thamnophis sirtalis attacks and shows incieased tongue-flick rates toward a wide
variety of prey chp}ﬂicals.ipyigr to t;eq;ljgg experience (Burghard‘t,v 1969). However,
feeding expen'eﬂce interacts with the génetic éontrol of garter énake chemosénsbry
responses (Burghardt, 1993; Burghar‘dt“e't al., 2000). For example, Fuchs and Burghardt
(1971) found that genetically ’contro‘ued chemical preferenc;es for prey could be modified
with feeding experience in very young gaﬂ& snakes. Similarly, Lyman-Henley and
Bméhardt ( 1995) reared neonatal T hamnophis butleri, a worm specialist, and 7. sirtalis
dn_ either fish or wonﬁ diets for 157 days and tested their chemical pﬁ;y preferences to
éﬁrfacé extracts of both stimuli prior to ;.nd folléwing this period. 7} hc.z/mnophis butléri
| responded strongly to wbrm extrac't,,t)'ﬁt? the group reared on fish responded equally to
woﬁn ;md fish extracts. Thamnophis §irtalis showed a modest increase in their
chemosensory responses to‘ farﬁiliar prey extracts. However, as Lyni:«.;n-Henley. and
'Burghafdt (1995) pointed out, their propeﬁsity, to attack both fish and worm extracts is
consistent with their generéili‘st nature. |
Exposure to préy chemical stifr%uli 1n the absence of feeding in neonatal snakes
influences chemosensory respoﬂses and"prey choice in the opposite fashion. For éxample,
' kll3urghardt (1992) exposed neonatal T. sirtalis to constant, ambientvvomodors of ‘t-aither ,
livé fish or worms fo; several dayé, and subsequently measured the snakes' tongue-flick

rates and attack latencies to surface extracts of both stimuli. The snakes in both
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experimental groups showed preferences for the prey chemicals that they had not

previously experienced. Furthermore, this chemical experience siéniﬁcantly affected prey
choice; in sir.nultaneousr prey choice tests the snakes were less likely to eat the prey
ass'ociated with the odor presented. Overall, however, the snakes were more likely to eat
worms, which is typical of neonatal and adult T. sirialis in the wild (l3urghardt, 1992).
- Long-term deyelopmental studies of snake chemosensory responses‘have r'evealed
important findings. Mushinsky and Lotz (1980) found that water snakes (Nerodia
rythrogaster) sh1ﬁed their chemosensory responses from one prey type to another not -
because of feeding experience, but when body sizes 1ncreased to levels that would
accommodate large bod1ed prey. Genet1cally controlled ontogenetlc shifts in prey
chem1cal preferences like those found in Nerodza erythrogaster and Regina alleni (see
Waters, 2000), are not l1kely to occur inT. srrtalzs, as neonates of the latter 'spec1es attack
prey chemicals of both large and small-bodied prey. However, prey chemical preference
shifts have been reported inT. szrtalzs when diet was mod1ﬁed Fuchs and Burghardt
(197 1) found this for very young laboratory born T sirtalis. Greenwell et al. (1984)
reported worm chemical preferences by neonatal T. sirtalis born to mothers from H1gh
Island (Charlevoix County,‘ MI), which is a part of the Beaver Archlpelago. However, no
selective preferences for fish, amph1b1an, and worm extracts were shown for adults
collected at ngh Island Although the relative contr1but10ns of maturat1on 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 snakes reached 242 days. My primary interest was in determining - -
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how initial diet and diet swit'vcllﬁng affect the snakes' chemosensory responses through
their first 8 months. Fuchs and Burghardt (1971) found that very young garter snakes
responded more strongly to extracts of prey that they had recently eaten than to prey they

had not eaten recently, or at all. ’I‘Iﬁs may have adaptive significance for neonatal garter

snakes in the w11d as they acquire foraglng skills. Increased sen51t1v1ty to familiar prey

may facrhtate the process of locatmg food which may be especially important to neonatal
garter snakes that forage in relatively restncted hab1tats I tested whether garter snakes
snow ele'vated responses to re_cently 1ngested prey at a‘later age. However, based on the -
ﬁ‘ndingsfof Arnold (1978) and Burghardt, -Konigsperg, 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 items in garter snake diets,

is less likely result in tncreased cherrlosenSory responses to these prey items. Thus, garter
snakes reared initially on fish or th»at switch to eating fish following an initial diet of
worms should show increased responses to fish extracts. I also sought to{ determine how
site, sex, and litter affect the snakesl chemosensory responses prior to and following

feeding experience. If sex—based food resource part1tlomng occurs in garter snakes, the

. sex differences in 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 were 78 neonatal 7. sir"tqlis (42 males, 36 females) from 17 litters ‘(M
litter size = 4.6, range = 1-13) born to females collected at Miller's marsh (n = 8 litters)
and McCafferty farm (n = 9 litters) in 1998 (see Appendix I for specific litters tested).
Housing conditions were_the same as those described for neonates in Chapter 2. These
snakes were also used for prey handiing tests (see Chapter 4, Experiment I). ‘
3 Prqcedure |

At birth, 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'r)ossihle:a‘cross sex,‘litter, and site. There were four testing periods,
Cheml (17-19 days of age) which was done prior to the snakes' first feeding, Chem?2 (80-
82 days), Chern3 (160-162 days), and Chemd (240-242 days). The testing‘and feeding
schedules for each diet group are summarized in Table 3.1. At each testing period, the
snakes' responses to three mildly d11uted extracts each of fish (Pimephales promelas),
'worm (Lumbrtcus rubellus) and to d1st111ed water (control) were recorded (see
Burghardt, 1969 for extract preparation methods). Each stimulus presentation was
separate(i by a .1 5.to 20 minute interi/aly; with the snakes tested on either fish or worm
extract. After 1 hour, the tests vi/ere repeated, with each snake exposed to the onposite
stimnins of that used in the first set of trials. Water was always presented ﬁrst, followed K
by increasing concentrations (1/3, 2/3, and full strength) of prey extract, for a total of
eight stimulus presentations per day for each snake The order of prey stimulus

'presentatlon was randomized, with an equal number of snakes first exposed to ﬁsh and




Table 3.1: Chemical extract testing schedule for the three diet groups.

* Diet group

~ Fish (F) “Worm (W) Mixed (FW)
Test Period *Age (days) Diet preceding Diet precéding . Diet -
4 ' : - test . test preceding
test
. Cheml 17&19 ~ Naive .. Naive ~  Naive

' “ (n=16) + (n=20) - (n=18)

Chem?2 80&82 Fish "Worm - - Fish & Worm
: m=11) (=15 (n=298)

Chem3 160&162 - Fish . Worm Fish & Worm

' (n=13) (n=16) (n=15)
Chen4 2408242 Wom  Fish  Fish& Womm

‘ - (n=10) (n=15) (n=11)

*Two blocks of trials were conducted at each test period, always within two days of
each other. A total of eight stimulus presentations occurred at each block: 2
presentations of the control stimulus'and 3 presentations of each prey extract (fish
and worm). - L e :
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an equal number first exposed to worm at each testirig period. A second block of trials

was conducted two days iater ﬁsing the s‘axﬁe method described abbve, but with the order
. of prey stimuli;s presentations re\‘%é;sed. Rborr_l terr.lpcr'ature was kept é.t around 2:‘5° C and
humidity at 55%. Fifty-four of the 78 snake; were'tesfed for responses ’to prey extracts at
Chem1 (F group, n = 16; W group, n= éO; FW. group, n= 18). The'remairﬁng 24 snakes
sefved as ;:oﬁt;olé for another study; aﬁd w&e added to the smnpie used in this

4 experirrient at a later time (see below for explanation); These 24 snakes Were tested ﬁéing
the same ;nethod described.above, but with distilled water used as the stimulus for each
trial. F olldwing Chem1 (20 days of age), all 78 snakes were offered their first meal -
correspohding to their designat't‘ad‘ dievt‘ group. The first meal for the FW group was
randomly determined, with an .eq;lal nﬁnbm of snakes receiving fish or worm first, and
the opposite prey item was offered two days afterward. These initial feedings were

: ;/ideotéped as a part of the prey handling expéri‘rrient I(see Chapter 4, Experiment I). The
shakes vx;eré then fed once ‘weeklylf until the‘ ne;(t testing period. To minimize hunger
effects, :feeding was stopped 4-7 days prior to each chemical extract testing period.
Chémical extract tests 1, 2 and 3 wefé cénducted’t6 test for long term effécts of diet on
- chemosensory responses. Following Chem3 (160- 1‘62 days), diets for the F and W
groups v;'ere reversed, and Chem4 was completed at 242 days to determine whether food
switching affected chemosensory ‘res'p‘onseSEat a relatively late age. Due to subj eét
mortalit’y, the sample size diminished from 54 snﬁkes to 21 snakes between Chem] and
Chémé. Therefore, 23 of the 24 littermates that served as pbntrbls at Chem1 were added |

to the sample for Chem3 and Chem4.
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Statistical analyses

Tongue-flick/attack scores (TFAS) were calculated for responses to each stimulus
at each testing period. The scoring method, adopted from Cooper and Burghardt (1 990),
used the formuia TFAS(R) = TFmax + (TL - latency), where R specifies that the formula
accounts for repeated testing of individual snakes. TFpax is 'the maximum number of
tongue-ﬂicks recorded toward a single stimulns within a repeated series of tests by the
 individual snakes. TL is the length of the trial in seconds (always 30 s in this case), and
latencyj is the attack latency (in seconds) at each trial. Comparisons of TFASs between
testing periods (Chemi - Chem4) were done nSing the' averaged’values of the first and
'second blocks of trials within each test period (seeﬂT'ahle 3.1).
Responses to ﬁsh worm and control stimuli were compared at each testing ‘

period using repeated measures ANOVA. Then, a MANOVA was used to test for the
. effects of diet, litter, sex, and site o1 the snakes TFASs to fish and worm extracts. Litter
‘was treated as a random factor and - was nested within site. Stimulus concentration effects
‘were tested using separate repeated measures ANOVAS at each test period. To determine
’whether diet had a significant effect on TFASs across testing periods, two separate
MANOVA for repeated measures tests (O'Brien & Kaiser, 1985) were performed. The
first tested for differences in responses to fish and worm extract between Chem1 .and
| Chem?2 and 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 of diet switching on
chemosensory responses to either stimulus The differences in TFASs to each stimulus

were calculated, separately (Chem2-Cheml, and Chem4 Chem3) and were treated as



‘ dependent variables. The repeated measures MANOVAs were computed separately
because subjects were added vat Chem3 to compensate for mortality.

Another techmque for analyzmg this type of data set is to test for changes in
relative preference Scores across test1ng penods (see Burghardt et al., 2000). First,
relative preference scores were obtained by subtracting worm scores from fish scores at
" each test period. Then changes 1n relati\}e preference scores were obtained by snbtracting
the relative preference scores at Cheml from the relative preference scores at Chem2
These calculat1ons were also used to compare changes in relative preference scores
between Chem3 and Chem4. Two separate univariate F-tests were used to compare
* - changes in relative preference scores between Cheml and Chem?2, and between Chem3
and Chem4. |

All data were normalized us1ng natural log (+l) transformatlons Repeatab111t1es
w1th1n each test penod and across all test penods were calculated separately for each
stlmulus usmg 1ntraclass correlat1on coefﬁ01ents Coefficients ranged from 0.19 to 0.83,
and all were s1gn1ﬁcant (see Table 3 2)

‘ Results

Stimulus concentration did not have any effect on the chemical sensory responses’
to either fish or worm at any of the test:periods. Thus, the TFASs for the three - |
concentrations within each testing' period were a\reraged © presentations/stimulus) for
each prey item. |
Chcmosensory responses prtor to feetlm g

At Cheml the snakes showed h1gher responses to fish and worm extracts

compared to the control stlmulus (F= 32, 10, df 2 106, p < 0.001), and there was a .



Table 3.2: Repeatability of chémose_nsory responses to distilled water, fish, and worm
extracts within and across all test periods. Significant p-values are boldfaced.
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ChemlI Chem?2 Chem3 Chem4 Total

Stimulus R, p ' R, p R, p R, p R, p
Control 0.274 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 ' 0416
<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 c\‘/erallfpreference‘for fish over worm extract for all snakes

cornbined (t=2.15,df =‘53 p= 0.036" -f"iglire‘3.l); At Cheml, there was no overall
effect for d1et group (A = O 752, F= l 98 df=2,12,p= - 0, 181) 1ndlcat1ng that none of
" the three diet groups showed s1gn1ﬁcant preferences for either prey extract prior to
,,feeding. No overall effects were found for sex at Cheml (7\, =(0.899, F =0.68, df =2, 12,
p=0. 527) or for s1te (7\, 0.892,F = 0.73, df 2, 12 p=0.503). A margmally
s1gn1ﬁcant overall effect was found for lltter at Cheml (7\, 0.20, F = 1.75, df = 26, 36, p
= 0.06). UnivariatevF-tests_revealed signiﬁcant litter effects for responses to both fish and
| \t'onn stirnuli, but no effects for sex, site, or diet (Figure 3.2A-F) in response to ﬁsh or
worm stimuli (Table 3.3). e R ,
Chemosensory responses after feedmg expertence

Slgnlﬁcant stlmulus effects were found at Chem2 (F 35.53, df 2,62,p<
0. 001), 1nd1cat1ng that responses’ to prey e;(tracts were greater than responses to the
- control stlmulus (Figure 3.2A- F) Sex and site effects were not As1gn1ﬁcant and were
removed from the MANOVA! Diet had a marginally significant overall effect on the
development of chemos,ensory‘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). ’fhe 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 sfgniﬁcant effect on changes in chemosensory responses between Cheml and

Chem?2. |
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Figure 3.1: Initial (Cheml) chemosensory résponses to ﬂsh, worm, and
control stimuli by 54 neonatal garter snakes. * = p < 0.05 significant
difference in TFASs to fish and worm extracts.



3.5 1

In TFAS (+1 SE)

3.0 4

2.5 4

2.0 1

In TFAS (+1 SE)
"

051

0.0 -

3.0 4

25

In TFAS (+1 SE)

(B) W Group

Fish Odor

(A) F Group

Cheml Chem2 Chem3 Chemd
Test Period

Chem] Chem2 Chem3 Chem4
Test Period

(C) FW Group

Cheml Chem2 Chem3 Chemd
Test Period '

w
=)

[
W

In TFAS (+1 SE)

g
n

o
o

In TFAS (+1 SE)

g
o

In TFAS (+1 SE)

n

—
o

Worm Odor

(D) F Group

2
77777
77—

\E \
\

86

3.0 5

2.5

3.0 -
2.5 1

2.0

204

Cheml Chem2 Chem3 Chemd
Test Period

-(E) W Group

§
N
§

A

7 —.

Cheml Chem2 Chem3 Chem4
Test Period

(F) FW Group

A —
22—
I —

N\

Cheml Chem2 Chem3 ~ Chemd

Test Period

Figure 3.2: Responses to fish (left panel) and worm (right panel) extracts at Chem1-
Chem4 by snakes in the F, W, and FW groups during. Diets were switched for the F and
W groups following Chem3. Control = open bars, Fish = dark bars, Worm = shaded bars.



Table 3.3: Results from the MANOV A testing for site, sex, diet, and litter effects on

neonatal chemosensory responses to fish and worm extracts prior to feeding experience

(Chem1l).

Source DV df Hypothesis MS  Error MS F p
Site Worm 1,13 0.527 1.76 0.30 0.593
Fish , 1.27 1.25 1.02 0.331
Sex Worm , 1.56 1.76 0.89 0.364
Fish , 0.29 1.25 0.23 0.640
Diet Worm , 0.014 1.76 0.01 0.931
| Fish , 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 0.52 241 0.04

Site
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Table 3;4: Results of repeated measures MANOVA testing for diet and litter effects on
chemosensory responses to fish and worm extracts after feeding experience (Cheml -
Chem?2) by garter snakes reared on three different diets.

Source DV df MS F p
Diet Worm 2,8 125 207 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
Fi18h 9,8 1.18 1.77 0'2;7
Error Worm 8 0.60
_ Fish 8 0.67
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.My analyses for changes in relative preference scores'resulted in the same general
findings reported abo1ve. A :signrﬁcant effect for diet was found (F =5.59,df=2,31,p=
0.008), indicating that feeding experienc'e influenced the snakes' responses to prey
extracts. As with the repeated measures MANOVA reported above, multiple compansons
showed a s1gn1ﬁcant1y (p=0. 006) greater 1ncrease in response to fish extract by the FW'

group over the W group between Chem] and Chem2 but no difference between the F

and W groups.

. Effects of diet switching

Overall, the snakes responded more-to prey st1mu11 than to the control st1mu1us at

" Chem3 (F = 3085, df=2,80, p<0001), andatChem4 (F 42.36,df=2, 62, p <

0.001). Due to subject mortahty, 11tter slzes dlmmlshed between Chem3 and Chem4.
Thus litter was removed from the MANOVA testmg for effects of d1et switching. With -
litter, site, and sex removed, d1et was the only factor used in the MANOVA In this test,
diet did not have a slgmﬁcant overall effect on chemosensory responses to prey stimuli (A
=0.798, F = 1.73, df=_4, Sé,lp - 0.155, rébl"e‘a.S). rhus, diet switching at 160 days does

not result in additional chemosensory response changes hy 240 days of age. Removing.

‘ 'the FW group from the analys1s did not change these results

Analyses on relat1ve preference scores did not change the results for the diet-

‘sw1tch1ng phase of th1s expenment No s1gn1ﬁcant effect was found for d1et (F O 65 df

' =2, 30, p 0. 530) and none of the d1et groups d1ffered s1gn1ﬁcantly from one another
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Table 3.5: Results of repeated 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 2 221 2.70 0.084

Fish ) 138 2.00 0.152
Error  © Worm 30 0.82

Fish’ 30 0.69
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Discussion

Chemoseﬁsory responées to prey-extracts and the wnﬁol stimulus were
;epeatable, demonstrating that ;:hemosensory r:sponses to each prey type are robust
. through the first 242 days: Ove‘rau., response leQéls to all stimuli, includipé controls
generally increased between 17<éu'1d 242 days; The increased levels of reésponsivity to
stimuli rriaylbe based on the physicaf ‘rivla‘turation of the snakes, or due td feeding
: exper'ienc;e.l Iﬁ addition, conditioning (e.g., sensitization) to the swab test procedure may
have occurred. However, the MANOVA for repeated measures that I used analyzed
linear changes in reéponses to,eaci'i prey -stimulus éc:oss two pairs on' test periods (Cheml
vs. Chem2, and Chem3 vs. Chem4).‘-T~'hu7s, if sensitization effectg 'ekplain thé diet effect
that I found for the FW grdup, thén siggiﬁcant _g:ffects sho‘uidhavc appeared for Both fish
and worm stimuli. | |
Pre;y dependent changes in chemqsensoty résﬁbnses

Snakes feeding on the mixed diet incrgg’sed. their chemosensory responses to fish
extract after feeding experience. Howéver, the chemoseﬁsory responses of the F and W
groups were not signiﬁcantly affected by diet. The ihcreased response to fish extract By
the FW group may indicate a prey preference that cpuld.not be expressed by the F or w
© groups because; of their dietary restrictions. The resﬁlts ‘from my tests on the effects of
diet on chemosensory responses differ from ,previouslyw reported data from Beaver Island
T. sirtalis (Burghardt et.al., 2000). Burghardt et al. found that ne;matal T. sirtalis from
Beaver Island significantly increased their chemosensory responses to fish following 12

mealé consisting exclusively of fish. Arnold (1978) also found that feeding 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 but the change was not significant.
Prior to feeding expe_,rience, the snakes ir; the F group responded more strongly to

fish ex&act thaq the W and FWI gr(;uﬁs. The slight, initial bias by the snakes toward fish
‘ extract suggests a genetically coﬂtrdlled preferenc_e and may explain why the F group's
mean response to ﬁsh extract did not signiﬁcémﬂy increase. This feéult is peculi‘af (iue to
" the fac':t that neonatalt T. sirtalis primarily féed on worms, and fish seem to be fed upon
more opportunisktigally tha'n‘ other’prey classes, 'suéh as amphibiaqs (Gregory & Nelson,
199 1; Nelson & Gregory, 2000). Individuals an‘d> litters of T. sirtalis are known to h;clve |
stable éhemoreceptive respon'se biases fowéfd pa;‘ticular prey classes (Burghardt, '1L9'75;
Lyman-Henley & Burghardt,-1§95). Also, vpri‘cSr to feeding expedénce,' I'I Ifof;nd litter
effects for responses to both fish and wo;rh extracts. The fish bias was taken from the
averaged TFASs of 17 litters borr:r to femalés collected .during the 1998 field seé.sdn.v
Burghardt et al. ‘(2000) report ndéiéniﬁcant p?efe;ence for fish or worms by ﬁebnates
borp to -1 7 females collected at Jordan ﬁiva, a éité adjacenf tp McCafferty farm Wherc ’
the snakes ;lirin«laﬁly‘consur'ne‘wo,rm's.‘ Ideally; in future studies of this type, i‘nitial'
chemosensory response profiles could be gkﬁiﬁned prior to determining the snakes'
- initial diets, and diet assignments could be made 'sﬁch thét the ;Qerage responses t;> each
stimulus are balanced betWeen diet gfoubs. However, this wouldAproba.bly qompromise
cdntfols for sex,'littér, and population (see Bl‘Jfghé.rdt & Séhwartz, 1999 for discussjén on-
methodological issués). C
| One similarity between 'tﬁe studies of Afnold (19785, Burghardt et al. (éOOQ), ;md

mine is the increase in chemosensory responses to fish extract by T. sirtalis with fish in
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‘the1r diets. Arnold (1978) also reared garter snakes on frogs and worms, but the1r

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 worm extract, was heritable. Responses to ﬁsli extract by garter snakes may be more
' rnodiﬁable with feeding experience; the aquatic foraging abilities of T. sirtalis are fairly
unspecialized. Across its entire geographic range, 7. sirtalis appears to be more likely to
feed on amphlblans and worms than on fish. Increased sensitivity toward atypical prey
may. fac111tate the invasion of new feeding niches. Further work could explore whether
(the‘ chemosensory responses to other less frequently 1ngested prey 1ncrease with feeding
experience on these prey. -
Age dijferences in diet-iniluced chemosenshoty‘ response changes

' Diet-induced modiﬁcations of chemosensory responses may have advantages,
s1‘1chas the formation of "searcii ir'nages", as pr'o'posed by Fuchs and i3urghardt (1971).
However, if search images develop, as they. appear to for some snakes (see also
Burghardt, 1990), they;may be subj ect to extensive‘modiﬁcation as snakes age or
encounter other. prey types. Also, search images are known to be short lived (see
Tinbergen, 1960, cited in Shettleworth, 1'998). Repeated extract testing immediately
foilowing initial feedings or diet switcning may be needed to detect search images, as in -
Fuchs and Burghardt (1971). | |

* Overall, the results from studies of diet effects on garter snake chemosensory
responses are somewhat mixed. One explanation may be geographic variation in garter
i snake chemosensoryl responses (see Arnold, 1992; ‘Burghardt & Schwartz, 1999).

Another explanation may involve methodological differences among studies. For
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example, Arnold (1978) and Fuchs and Burghardt (1971) studied the effects of diet on

very young garter snakes (10 - 53 days, and 6 - 41 days, respectivgly). Using a single diet
design to examine quantitative genetics of chemosensory responses, Burghardt et al.
(2000) studied garter snakes from seven through 70 days of age. Lyman-Henley and
Burghardt (1995) tracked diet effects on chemosensory responses in garter snakes
through 159 days. I tested my snakes from 17 through 242 days of age. Thus, in addition
to geographic variation, differences in age may account for differences in results, |
especially in studies that included a diet-switching phase (e.g., present study; Fuchs &
Burghardt, 1971). Additional research could address this issue using a very large number
of litters 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 of yéry young snakes.(e. g., Fuchs' & Burghardt,
1971), but the 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 of habitats they forage in, 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 of feeding experience because they are less constrained by prey size,

limited use of habitat, and relatively short wandering ranges.
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CHAPTER 4 5
THE ONTOGENY OF FEEDING SKILLS -
& Introduetionl » |

‘ The types of environments in which animals forage, and the variability of prey
abundance across both epetial and femporall scales, are krnown to inﬂuence the degree to
which foraging efﬁciency increases with feedfné eirperienee (Day and McPhail, 1996;
Ehlinger, 1989; Krebs and Inman, 1994). The corrrmon gar'rer snake (Thamnophis
sirtalis), the rrlost geographically widespread sb‘eeies of snake in North America, feeds on
a divereity of prey species that vary in ‘si)atial and femporal abundance (see Rossman,
Ford, _ahd Seigel, 1996). The proéeny of predatery‘and habitat generalists, such as
neonatal 7. sirtalis, may be born.into hig'hly ﬂuctuaﬁng environments where learning is
vital to foraging success; their survival-‘mayxdepehd upon their abilities to detect, capture,
and consume prey. Empirical studies have demonstrated a close relationship between
juvenile survival, repredueti;e success, and foraging proficiency (Sih, 1993). For
example, birds that are slew to acdliire foraging skills are knovs;n to delay breeding,
starve, or suffer increased predation riek (see Yoerg, 1994)|. Even higlrly precocial species
may require feeding experience‘in order to forage efﬁeierrtly (Burghardt & Krause, 1999;
Croy & Hughes, 1991a,b; Day & McPhaii, 1996; Mori, 19‘96; Sa{ritskyl & Burghardt,
2000). - |

Neveﬂh,eless; although plasticity, ‘especially learning, rrray be beneﬁcial, there are

coers to relying on experience for developing forarging skills. ’fhese include 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 éeneralist snake species. For example, neonates of generalist
~ species are often inferior in foraging proficiency ‘compared to morphologically and
behaviorally specialized snakes (e:g., Drummond, 1983; Halloy & Bilrghardt, 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
Aredenthandling in hatchling, yearling, and juveniie Elaphe climacophora, a re'dent
specialist, with E. quadrzvzrgata, a dietary generalist. With feedlng experlence E.
quadrivirgata were nearly equal in rodent handllng ab111ty to E. cltmacophora, whereas
‘younger snakes were much lessi,‘adept thap E climacophora at handlmg rodents.
Efﬁcientlyvcvletecti'rig, captul'ing, and consuming prey may minimize predation
Arisks for garter snakes that forage in open fields, along vyater banks, and under water,
" where they themselves may be highly vulnerablé to pre(iaters. The foraging repertoire of
. the common garter snake (Thamnophis sirtalis) shows a high ciegree of plasticity
(Burghardt, 1993; Burghardt & Krause, 1999; Halloy & Burghardt, 1990). T. sirtalis is
capable of detecting, subdumg, and consumlng a wide vanety of prey species including
annelids, fish, amphibians, mammals" and birds. The rapid accjuisition of feeding-skills by
T. sirtalis would aid in redueing tlie costs of being relatively unspecialized. Behavioral
' ‘plasticity would facilitate the acquisitiori of feeding on both novei and species-typical
prey. For example, 7. sirtalis in most_populations feed on eartliworms and a variety of
amphibian species, but will feed on fish opportunistically in the field and readily in
captivity (Arnold, 1992; Carpenter, 1952; Gregory & Nelson, 1991; Nelson & Gregory,

2000). However, neonatal T. sirtalis are not very adept at handling fish in comparison to
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, Thamnophzs melanogaster an aquatic prey spe01a11st (Halloy & Burghardt 1990) With

feeding exper1ence T sirtalis is capable of consuming ﬁsh about as proﬁclently as 7.
melanogaster thus benefiting from behavioral plast1c1ty

The degree to which 1eam1ng contrlbutes to the development of feedmg skills may
be condition dependent. That is, diet may determine how efficiently an individual will be
in detecting, capturing, handling,-and swalloW’ing prey. For example, .feeding‘on a mixed
prey diet may impede predators from learning the .most efficient techniques (Burghardt &
Krause, 1999; Cunmngham & Hughes, 1984). Thus, there are potentlal costs to feeding
on a mixture of prey specles The costs however, may not outwelgh the beneﬁts of
feedmg on several prey spec1es Furthermore, feed1ng on one type of prey may facilitate-
sw1tch1ng to another type but’ 1nterference effects can 1mpede a predator s ability to
undergo d1etary 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. Reta1n1ng feeding sk111s may be critical as well, as costs may accrue if an
individual forgets how to locate, capture, and consume prey (Hughes & Bllght 1999;
Krebs & Inman, 1994; Shettleworth, 1998). |

| ~ Previously, Burghardt and Krause (1999) tested three groups of neonatal 7.

sirtalis on their abilities to feed on ﬁsh worms, or-a m1xed diet. Imt1a11y, all prey items

took equally long to consume. However, after the three diet groups had 11 to 12 feedmgs ’

on their respective diets, fish consumption times decreased signiﬁcantly,yand worm

consnmption times decreased for snakes feeding ek‘clusively on worms. Also, the phases -

of predatlon were d1fferent1a11y affected by feedlng experlence Fish and worm detectlon,

as measured by prey approach t1mes decreased s1gn1ﬁcant1y aﬁer feedmg experlence by.
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' sna‘kes reared on pure diets, but not for snakes reared on mixed diets. Feeding on a‘'mixed

diet also appeared to interfere with the development of approaching, capturing, handling, .
and swallowing worms. -

’l;he findings reported in Burghardt and Krause (1999) lead to further questions
about the ontogeny and plasticity of neonatal garter snake foraging behavior. ThlS chapter
of my d1ssertat10n extends the study of Burghardt and Krause (1999) in several directions
by 1) ineluding animals from 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 three experiments to address several
)questions on the ontogeny of foraging skills. 'Ihe first question concerns the age at which |
young 'Snakes reach asymptotic levels of prey consumption efﬁciency. The second
question concerns the effects of switching from difficult to relatively easy to consume
prey, and the reverse. It appears that feeding ori fish, a prey item that is relatively difficult
to consume, may facilitate switching to worms, which are easier to consume. Conversely,
feeding on worms may interfere with switching to fish (Yeager et al., 1996). Will i‘eeding
ona mixed diet confer any foraglng efficiency advantage over snakes reared on a. s1ng1e
diet? The third question concerns the ability of garter snakes to retain acquired foraging
" SklllS after a perlod of hav1ng to depend on other prey, as may occur when snakes are

confronted w1th periodlc and extended ﬂuctuations in prey abundance. Thus, the

retentlon of feedlng skiils by garter snakes needs to be assessed Forgetting how to handle
- prey has been reported in stickleback, Spinachia spmachza (Croy & Hughes, 199la

Mackney & Hughes, 1995) and this possihility was tested for garter snakes in Experiment

1. A fourth qilestion concerns whether snakes from the two populations with different
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food resources would either differ at birth in foraging proficiency on earthworms or fish,

orin the blasticity of their learning. Experiment II examined whether feéding skills
obfained after a leésér arnoﬁnt of feeding experience than in Experiment I are retgined
following diet switching. |

Whether laboratory studies of neonatal garter snake fo;aging behavipr (e.g.,
Bu;gha;dt & Kr'a;use; 1999; Halloy & Burghardt, 1§90) apply to naturél situations was
tested in Exp.eriment III.A Adults éaptured from the two ecologicélly dissimilar sites Were
tested on t\}}ieir aBiliti’es to prey uﬁon fish, frogs, and worms. Because their feeding
expedeﬁces are restricted to worms, the adult garter snakes from McCafferty farm should
have greater difficulty feeding upon large _arnphibians than snai(es 4from ’Millgr's marsh.
Fish have not been ¥ecorded in the storr;aéh s'érpplés‘fron_l srllélll(es at cithé; site. I included
‘ﬁsh prey in Experiment III to tés; wﬁéﬁif_er Isri'akes‘ ﬁom Miller's ﬁmh, owiﬁg to their

. rﬂore diverse diets, Woﬁld sho‘W superlor ‘fceding sk111s on nqvcl ;;‘réyli.c;ompared to snakes
ﬁoﬁ McCafferty farm Finaliy, I predicted equal worm ‘consumption‘abilities by sﬂakes
from both sites. |

Experiment I: Diétary Effects on Feeding‘Skills in Youﬁg Garter Snakes.

In this experiment, I manipﬁlated tﬁe diets and feeding schedules ~of young garter
snakes such that the effe‘cts of initial ff;eding experience, prey switchiﬁg, and réte;ntion of
feedirig skills éould be assessed using Ja Within-subjeéfs design. One diet group was fed
fish initially, and then had their diefs switched to @orms. A second diet group was fed
worms-initially, and hadith'elir diets mswitc_hed to fish. Following the diet-sw.it'ching phasc;,
both grbups were re-tested for feeding skills on their initial prey type.l A third group was

fed a mixed diet throughout the'duratiofl of the study to'compare with the single diet .
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_ groups. In addition to examining the ontogeny of feeding skills in these three groups, =~

when possible I tested for the effects of sex, site, andllitter on feeding behavior.
Although the adult diets of the snakes from McCafferty farm and Miller;s marsh
vdrffer neonatal diets are not known It i is. assumed that most young garter snakes begin
11fe feeding on earthworms and later shift to other prey (Carpenter 1952; F1tch 1965
- Greenwell, Hall, & Sexton, 1984). However,_to test whether snakes from the two sites
.differed at birth in either initiat foragjng abrlityz or ahility to profit ‘by feetling experience,
I .tested neonates born to mothers from both sites7
Method
Subjéets and maintenance : - .
| Subjects were t'06'neonata1 garter snakes (54 males, 52 females).from 16 litters
(M litter size = 6.o, range = 1-1:5) born in the fall of 1998 to mothers collected at
' :McCafferty farm (n = 9 litters) and Miller's marsh (n=7 lrtters). These snakes were the |
same as those used in th‘e' grovt/th st‘ud'y'.described in Chapter 2 (See Appendix I for
specific litters tested). | |
| Procedﬁre |
At birth, neonates were assigned to diets o‘f either fathead minnows, Pimephales
promelas, (F group, n = 35 snakes), leafworms, Lumbrzcus rubellus, (W group, n = 41
snakes) or a combination of the two (F w group, n=30 snakes) These prey species were
chosen because they are a part of wild garter snake diets and they are readlly 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 of age, prior to the feeding tests, all snakes were tested for responses to prey

extracts (see Chapter 3).

The snakes were given six feeding tests (FT1 — FT6). The testing schedule for
Experiment I is summarized iﬁ Table 4.1. At 20 days of age, each snake was offered its
first live prey (FT1). During each feeding test, the FW group was tested on both prey
types, presented in random order, with three days separating the two trials. FT2 was
completed 80-85 days after FT1, with the snakes receiviﬁg 11 dr 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 of the F
and W groups were reversed. FT4, representing the ﬁ;st time these snakes encountered a
new prey item, was conducted on the F 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 meet increasing dietary ﬁeeds, all snakes were fed twice
weekly between FT4 and 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 within 3 days after FT5.

Testing took place indoors at an air temperature of approximately 25° C. Live
- prey items weighing 10-15% of each snake’s body weight, were placed in petri dishes in
the center of each 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) or recorded on check sheets through
live observation. The dependent measures recorded at each test are described in Tai)le

4.2. In addition to these measures, desériptive measures including prey capture locations
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Table 4.1: Experiment I prey feeding skills testing schedule for the three diet groups.

Feeding test (FT) = Age (days)

FTI
FT2
 FT3
FT4

FT5

FT6

Diet group
Fish (F) Worm (W) Mixed (FW)
Test prey Test prey Test prey
20 Fish Worm Fish & Worm
98-103 Fish Worm Fish & Worm
178-183 Fish Worm Fish & Worm
.181-186 Worm Fish -
226-231 Worm Fish -
229-232 Fish Worm -
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Table 4.2: Dependent measures used for each feeding test.

Measure Definition
. Approach " Number of seconds from start of trial to time snake's
latency head crossed rim of dish.
Capture time Number of seconds from end of approach latency to
when prey is seized in the snake's jaws.
Number of seconds from prey seizure to when prey is

Handling time
Swallowing time
Total

consumption
time

maneuvered into place such that it can be swallowed.

Number of seconds from time snake begins side to

_side jaw movements (jaw walking), which pushes

prey into the throat, until first post-ingestive tongue
flick.

Number of seconds from onset of capture to first

_postingestive tongue flick.

Note: These measures were also used in Experiments II and IIL
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(head, mid-body, or tail), prey orientation during swallowing (head, mid-body, or tail-

first), and the number of times prey were dropped were recorded. Prey itemsiwere ‘
” removed if snakes had not eaten by the end of each one-hour test and add1tiona1 tests of
the same prey species were run every second of thlrd day until the snakes ate.
Statistical analyses |
Effects of sex, litter, and s1te on total consumption time and edch feeding phase

were tested at FT1 us1ng a MANOVA Sex and site were spec1ﬁed as fixed factors, with
) L1tterr treated as a random factor nested in s1te Wilk's Lambda (A) was used fo test for
multivariate effects of each of the three factors. Separate univariate F-tests were used to
‘examine the effects of sex, site, and iitter on each feeding phase and total consumption
times. |

- Changes in overall consumption timeslhet'weeanTl, F'If2,: and FT3 were tested
using repeated measures ANOVA, The F and W groups were compared with diet treated
as the grouping i/ariable, and the interaction' testing for relationshjps between diet and test
(FT1-FT3). ‘Changes in latencies to completel leach- feeding phase' at FT1, FT2, and FT3
were tested using repeated measures ANO,IVA.. The FW group was also tested with
repeated measures ANOVA, compaﬁng FT1 - FT3 for its consumption times and
latencies to complete each feeding phase on ﬁsh and worm, separately. The effects'of diet
sw1tch1ng (FT4 & FT5) on total consumptlon times and feedmg phases were evaluated
us1ng Wilcoxon s1gned-ranks tests for the F and W groups separately The ﬁnal feedmg
test, FT6, was compared with FT3 using Wilcoxon s1gned7ranks tests to evaluate whether
prey consumption times, or the phases comprising it, increased following diet reversals

for the F and W groups. All data were normalized using natural log (+1) transformations.
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Results

‘Feeding records indicated that the snakes ate nearly equal proportions of each
prey type between feeding tests (see Diet and Growth section, Chapter 2). No significant
changes were found in prey capture location or swallow1ng direction, or the number of
times. prey were dropped between testing sessions. The results below first cover litter,

' sex, and site effects on each feeding plrase and total consumption times, followed by
analyses of overall changes in prey consumption times and phases between FT1 and FT3,
. and the effects of diet onltlie’Se chan'ges. F ollowing are results on diet switching (FT4 and
FT5) and tests for retention of -feeding'sl(ills (FT3 anleT6l). '

Lt'tter, se;x, and site eff_ects | o '

At FTl there were no overall effects ‘for litter‘(k =0.354,F - 356.4, df=5,10,p

- =0.10), site (A = 0755 F 0.65, df = 5 10,p= 0668) or sex (A =0.939,F = - 0.13, df =
5, 10, p = 0.982). Un1var1ate F-tests revealed marginal litter effects for capture t1me and
total consumpt1on time at FT1 (Table 4. 3) All 1nteractlons between litter, site, and sex
were not s1gn1ﬁcant. A seco_nd MANOVA was run to determine whether the neonates
4from Miller's marsh and Mccafferty. farm differed in their abilities to consumeﬁ‘sh or
worms at their first feeding Site and prey type (d1et) were treated as fixed factors and -
litter was treated as a random factor nested w1th1n site. The interaction between site and
diet was included to test for geographic vanation in fish or worm feeding skills. The s
results from this MANOVA reveale‘dv a non-signiﬁcant interaction between site and diet

(A=0.94,F=0.99, df 5,74,p=0. 430) No s1gn1ﬁcant results were found for litter,

sex, or site at FT2 or FT3 Therefore, data for these three factors were pooled for all

subsequent tests. Descriptive statistics comparing approach laten01es 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 (FT1). 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 1.94 342 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 .~ 1.05 475 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




consumption times by the snakes from the two sites at FT1 through FT3 are shown in
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‘ Table 4.4.4 e

- Initial feeding experience

Total cdnsumption times. Predatory‘experience played a‘signiﬁcant role in the

ldevelopment of the snakes' feedrng skills. The snakes in all three diet-groups showed '
_ 1mprovements in overall prey consumption abilities followmg feedlng expenence (Frgure

4 1). Appendix IV summarlzes the results for total consumptlon tlmes and each feedmg

phase for the three diet groups. at FT1 through FT3 The summary stat1strcs in Appendrx
1\Y mclude only those snakes that ate at each test penod Changes in latencres to complete«
the feeding phases and total consumptlon t1mes are expressed as percentage dlfferences

between feeding tests The percentages were obtalned by d1v1d1ng the d1fference in

: wseconds between the two tests: under companson (e g.,FT1 minus FT2) by the number of
seconds taken to complete the ﬁrst test (FTl) The snakes inthe F and w groups

‘srgnlﬁcantly decreased the1r prey consumptlon t1mes between the three tests (Table 4 5)."

The F group reduced their ﬁsh consumptlon t1mes by 44, 5% between FTl and FT2, and

‘ ,by 67.9% between FT1 and FT3 The W group reduced worm consumptron trmes by

.42 5% between FT1 and FT2 and by 71 3% between FT1 and FT3 The degrees to which

consumptlon times decreased were the same between the F and W groups, as shown by a~

non-srgnlﬁcant 1nteract10n between test and d1et (Table 4. 5) Total consumptlon times

‘ decreased between FTl and FT2, but the difference d1d not reach s1gn1ﬁcance (p 0. 09) :

A s1gn1ﬁcant decrease in total consumptlon trme was found between FTl and FT3 (p ="
0.003), and not between FT2 and FT3 (p= 0 967 ). The latter comparison (between FT2

and FT3) indicates that prey were consurned as rap1d1y as possrble by 183 d_ays of age
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Figure 4.1: Mean (+ 1SE) total consumption times for garter snakes in each diet group at
FT1,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 FT1 compared with FT2 and FT3.




© Table 4:5: Results from repeated méésures ANOVAS testing for significant éh‘éinges 1n
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total prey consumption times between the three test periods (FT1 - FT3) by snakes in the
Fish (F), Worm (W), and Mixed (FW-F, FW-W) diet groups. A

Diet group ~Source - df : MS B F P’
tested G R - ‘ ; ' ,
CCTest 2 725 o 6.42 ' '0'.003'
*F & W Test * Diet 2 371E02 003 0968
groups SO . , : :
Bror 46 113
**FW-F ,‘Tes‘t? 2 3.42' 1066 0.001
| Error 16 om; |
PEW-W  Test - 2 - 228 e 0223
Error 20 1.4'1: AT o

* The F.and W groups were grouped as diet, with the test * diet interaction testing for . -
differences in the relative decreases in total prey consumption times between diet groups.
** Separate repeated measures ANOVAs were run for the 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. -




‘Table 4. 5). Pairwise compansons revealed s1gn1ﬁcant reductlons in ﬁsh consumpt1on

times between FT1 and FT2 (74 7%, p 0 01) and between FTl and FT3 (71. 7%, p=

'overall (see Table 4 5), or between any of the three tests. However worm consumpt1on

Compdrisons by feeding phase

: effects of feeding experience on changes in prey approach latencies are summarized in

: L : a1
Snakes in the FW group also decreased the1r prey consumptlon times w1th feedmg

experience, but prey type affected the degree to whrch this occurred The FW group

consumed fish more rap1dly aﬂer feeding expenence and the change was S1gn1ﬁcant (see .

0.033). Fish consumptlon tlmes between FT2 and FT3 were not s1gn1ﬁcantly d1fferent (p r

= 1.0). Worm consumpt1on times for the FW-W. group d1d not decrease s1gn1ﬁcantly

times by the FW-W group were relat1vely rapid at the1r initial feedmg (see F1gure 4. 1)
To determine whether changes 1n total consumpt10n times d1ffered among the
three diet groups, d1fference scores were calculated by subtract1ng the total seconds of
FT2 from FT1. A one-way ANOVA on these scores d1d not reveal a srgmﬁcant d1et
effect (F 0.31,df=3, 65,p= O 816) D1fference scores comparmg FTl and FT3

revealed similar results F= 0333, df 3,43,p=0. 802)
Approach latertcies. Results from repeated measures ANQVAs testing for _the

Table 4.6. Mean approach latencies to ﬁsh by the F group decreased between FT1 and
FT2 (59. O%), and between FT1 and FT3 (63. 3%) Approach laténcies to worms barely
decreased between FT1 and FT2 (0.5%), and decreased sl1ghtly between FT1 and FT3 o

(9.4%). The decreases in approach latencies across feedlng tests were not s1gn1ﬁcant for )

the F and W groups, and the test by diet interaction was not S1gmﬁcant (Table 4.6). .
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Table 4.6: Results of repeated measures ANOVAs téstirig for sighiﬁcant changés in
-approach latencies, and capturing, handling, and swallowing times between the first three
test periods by snakes in the Fish (F), Worm (W),.and Mixed (FW-F, FW-W) diet groups.

' ~ Feeding | Diet group Source - af - MS. ‘. F P
. phase tested : : : N
Approach F&W  Test' 2 147 - 099 - 0379

Groups . Test*Diet 2 .. 038 ' 1 0.26 ~0.775
Error 46 © ... 148 :
_FW-F Test: L. 446 254 . 0110
Error - 16 1.76 '
FW-W . Test s 705 . 242 0114
Eror - 20 291 ,
Captire . F&W Test 2 18.59 (742 0,002
groups - Test*Diet © - 2 . 059, 0.24 . 0.791
: Error . 46 2.51 -
FW:F 0 Test Coae 1897 . 1639 <0001
o Error 16 s L16 " o .
"FW-W Test 2 430 149 0250
Error 20 289
‘Handle F&W Test . 2. - 205 . . .192. . 0158
' groups Test*Diet =~ =2 = - 130 . 116 - - 0322
: Error 46 1.12 e
FW-F Test s . o4p Y 285 1 0087
" - Error 16 0.85. L |
FW-W . Test 2, . 178 1380 0274
Error 20 128 .o e
Swallow F&W Test -~ 2 . -591E02° . 020.. " 0823
groups =~ Test*Diet " - 2 . 156 516 . 0.009
Error 46 . - 030" A
CPWE © Tet 2 0 - 0s6 318 . 0069 ‘
-+ Error 16 "0.17 '
FW-W . CTest . 2027 114 . 0340
‘ " - Emor - 20 - 023 o




Snakes in the FW group approached fish more rap1d1y between FT1 and FT2 ‘

" (72.4%), but approach 1atenc1es to ﬁsh were not as reduced between FT1 and FT3

(41.6%). Approach 1atencies to worms by the FW group also decreased between FT1 and
FT2 (31.7%), and FT1 and FT3 (78.2%), but the changes were not significant o-verall (see
Table 4.6). Pairwise comparisons among the three tests did not reveal any signiﬁcant
differences. The three diet groups did not stgniﬁcantly differ from each another in
approach trrnes at FT2 (F = 1.24, df =3,41,p = 0;3075; or FT3 (F _ 0.82,df=3,41,p=
0.491)

| Prey capture. Snakes feedmg in single diets s1gn1ﬁcant1y reduced their prey
capture tlmes across the first three feeding tests (Table 4.6). Fish were captured more
rapidly between FT1 and FT2 (53 0%), and between, FTl and FT3 (78. 6%). Worm
capture times decreased by 42.5% between FTl and FT2, and by 79.6% between FTl and
FT3. Diet and testing period did not 1nteract (Table 4.6). Multiple comparisons revealed
significant decreases in capture times between FT1 and FT2 (p = 0. 044) and FT1 and FT3
p< 0. 001). Capture times between FT2 and FT3 did not d1ﬂ‘er (p = 1 0).

Fish capture times decreased significantly for the FW group (Table 4.6). Fish
were captured more rapidly at FT2 (90. 1%, p = 0 602) and FT3 (94.3 %, p =0.014)
compared with FT1. Worm capture times for the FW—W group decreased between FT1
and FT2 (63.6%) and FT1 and FT3 (53.9%), but the changes were not significant (Table
4.6). With the exception of the FW-W group, the capture phase was affected by feeding
experience r’norethan any other phase. |

Prey handling. Prey handling times decreased slightly for the F group between

FT1 and FT2, and increased between FT1 and FT3. Worms handling times by the W




group decreased between FT1 and FT2, and between FTl and FT3 but the changes in 1\11‘4 :
, handhng times for both d1et groups were not s1gn1ﬁcant across test penods and the test .
by d1et 1nteract10n was not 51gmﬁcant (see Table 4. 6) ‘ |
" For the FW group, ﬁsh handllng tlmes 1ncreased between FTl and FT2 and’
between FT1 and FT3 but the changes were not 51gmﬁcant overall (Table 4, 6) Worm
" handhng tlmes decreased between FTl and FT2 and between FTl and FT3 butno -
51gn1ﬁcant changes were found (Table 4.6). | |
. Prey swallowmg Swallowmg times' 1ncreased across testing penods for the F
group and decreased for the W group Fish swallowmg times 1ncreased between FTl and . -
FT2 (22 0%) and between FT1 and FT3 (58 0%) Snakes in the W group swallowed |
| worms more rapidly at FT2 than at FTl (42 7%), and more rap1d1y at FT3 than at FTl
.’ (30 5%) However, the changes in swallow1ng times were not 51gn1ﬁcant (Table 4. 6) The
’ srgmﬁcant interaction between test.and d1et (Table 4 6) is due toF group 's consistent -
increase in swallowing times, and the decreased sWallowmg times for the W group across .
testing penods | W |
For the FW group, ﬁsh swallow1ng tlmes were nearly unchanged between FT1
and FT2, and increased between FT1 and FT3, but the dlfferences rwere not s1gn1ﬁcant
(Table 4.6). Worm swallowing times decreased between t“*Tl and FT2 and between FT1
and FT3, and these changes to ‘were not significant (Table ,4.6), | |
The effects of dtet reversal L I
Total consumptton ttmes Due to snake mortahty and food refusal, the sample
_sizes of the F and W groups drminished con51derably. b.etween FT4 (181-1 86 days) and

. _FTS‘ (226-231 days). The cause of mortality for e‘ach snake _was not deterrnined, but high




o levels of garter snake mortahty (>50%) in the first year has been reported (J ayne &
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L Bennett 1990). Nonparametnc tests (W11coxon s1gned ranks test) were used to compare

total consumption times and the feedlng phases at FT3 and FT4 and at FT4 and FTS

The-snakes' initial d1ets 1nﬂuenced the1r ab111t1es to successfully sw1tch to new prey At
the1r ﬁrst feedlng on worms (FT4), the snakes 1n the F group consumed worms as rap1d1y

as the W group snakes d1d at FT2 (Flgure 4, 2) and consumed them as rap1d1y as they had

g flsh at FT3 (Zz=2. 67 p=0.79). However the snakes in the W group were much less

: ' successful at maklng an 1mmed1ate adJustment to sw1tch1ng from worms to fish (see

Flgure 4 2) Comparlng the A\ group S worm consumptlon t1me at FT3 with their first fish

test at FT4 revealed a s1gn1ﬁcant 1ncrease in the number of seconds taken to consume the

7 prey (Z=-2.34, p 0 01 9) However they consumed fish more rap1d1y at FT4 (39 4%)

than the snakes in the F group at the1r ﬁrst feedlng test w1th ﬁsh (FTl Flgure 4. 2) This

suggests that feedmg on worms may have part1a11y fac111tated the snakes ab111ty to sw1tch

© toanew d1et However this. comparlson is confounded by maturatlonal factors (e g., "

| phys1ca1 development) The W group beneﬁted “from ﬁsh feedmg experlence, as shown

by the 59. 4% decrease in consumptlon t1me between FT4 and FTS _but this difference- -

was not s1gn1ﬁcant This may be due to the fact that they were consumlng ﬁsh as rap1d1y

- ds possible given their body sizes and levels of feedlng expenence

Compartsons by feedmg phase .

Descnptlve stat1st1cs and stat1stlca1 comparlsons for each feedlng phase are

prov1ded in Table 4.7. Snakes i in the F group showed a shght decrease in worm approach

time and the W group s11ght1y 1ncreased the1r ﬁsh approach times by 7. 3%, but the
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Figure 4.2: Mean (+ 1SE) changes in total' consumption times as a function of diet (FT1-
FT3) and diet reversal (FT4-FT5), and retention for feeding on initial diet (FT3 & FT6) in
garter snakes. F = Fish prey, W = Worm prey. At FT4 diets were switched until FTS.
Diets then returned to the initial one for FT6. * = p < 0.01 significant decrease in total
consumption times between FT1 and FT3. + = p < 0.05 significant increase in
consumption time between FT3 and FT4. '
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; Table 4.7: Tests for the effects of diet réversal (FT4 - FT5) on each feeding phase and
. total consumption times for snakes in the E_(Fi_sh), and W (Worm) groups. :

Fesdmg  Diet - 1 M(SB) MQE).  %diff Z . P
' - phase’ . group. o sec. at " -sec. at’ o

FT4 FT5 ~ -°

- Approach -~ F. 5 680.4. 6516 - . -36  -0.14 0.893

ST (303:59) (49929 ‘

W 8 5424 5820  +73 . -042 0674
. T (15895) 0453

Capture F 5 1280 - 380 703 -l121 © 0225
- C (5587). QL9 -7 A :
w8 6333 - 2406  -620 . --084. 0401

" (3684) (93.05) - -

.Handle F 5 21.4 174 -18.7 -0.55 0.581
R L (529 (6.55). - . |
W T 111.7 - 469 -58.0  -1.86 0.060
o QL4 Al . .

Swallow . F 5 . 670 . 1040 4522 - 094 0345
e (1092) (30.86) T
W 7 1984 -, 826 . :,-584 - 220 7 0.028
- : (2836) - (12.1) T e T R

el F 4 264 1696 -2L6 121 - 0225
- LT @686) . (134 -
w8 o191 3709 ° -594 _-l40 ' 0l6l "

(37626)  (81:0)

Note: 7, = tesult from Wilcoxon signed ranks tests, p = p-value, FT4 = Feeding test 4,
'FT5 = Feeding test 5. FT4 was the first feeding test for the snakes-on the reversed diet, -
~and FT5 was the last test on the reversed diet, completed afterll or 12 feedings "




- changes were not significant. Decreases in worm capture times by the F group and fish

capture times by the W group were not signiﬁcant (Table 4.7). Worm handling times -
‘ barely changed for the F group and the W group handled fish more rapidly at FT5 than at -
FT4, but ne1ther change was statlstlcally significant. Worm swallowmg times actually
increased for the F group, but the change was not s1gmﬁcant and fish swallowing times
| decreased signiﬁcantly (58.4%) for the W group (Table 4.7).
Memory for initial diet

Total consumptwn ttmes Reversing the diets of the F and W groups did not
appear to affect their abilities to detect and consume the prey on whlch they had 1n1t1a11y
fed. Total prey consumptlon times between FT3 and FT6 did not 51gn1ﬁcant1y change for
either diet group (see Figure 4.2, Table 4.8). Fish consumption times slightly decreased
between FT3 and FT6, and Worm consumption times incre'a.‘sed. inghtiy, but the changes -
were not significant. a |
Compartsons by feeding phase

~ The snakes showed no detenoratlon of ab111ty to detect their first experienced
prey. Approach latencies between FT3 and FT6 decreased for the F and W groups, but
the changes were not significant (Table 4, 8) Capture t1mes also remamed relatlvely
unchanged between FT3 and FT6 for the F and W groups. Fish handllng times increased
for the F group, and worm handling time decreased, but neither change was significant.
Swallowing times also did net signiﬁcantly change hetween FT3 and FT6 for the F 'and

W groups.
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Table 4.8: Tests for retention of feeding skills in snakes from the F (Fish), and W (Worm) .
. groups. Tests compare feeding pliases and total consumption times at FT3 and FT6.

Feeding Diet n Mean(SE). Mearn(SE) %diff ... Z p
.. phase group sec;at” . seccat - B '
: c . FT3 "FTé6
Approach F 8 -+ 5053 287.4 -43.1 . -1.26 -0.208
‘ (16842) - (12166) - .
w 12. 447.7 - .296.5 -33.8 -0.86 0.388
7 (16486)  (10838) |
- Capture F 8 316.0 232.0 -26.6 -.98 0.327
' o (112.23) * (185.44) S - -
W 12 1345 163.7 4+21.7 -0.08  0.937
| (6032)  (80.8) S T
Handle F 8 52.8 79.4 - +50.4, . -0.49 0.624
' (1926)  (4156)
w12 '~31.6 17.1. . -45.9 -1.49 0.136
o (10.09) .. "(3.92) : ' ‘
" Swallow F 8 107.9 994 -7.9 -0.28 0.779
| 24.63) - (22.97) o ‘
w . 12 67.8. 80.6. +18.9 - -0.63 0.530 .
‘ (1141) - -(182) ' -
Total F- 8 476.,6‘ E 410.8 -13.8 - -0.56 0.575
S (12081)  (183.45) T
w 12 233.8. . 2613 - +11.8 -0.00 1.0
(6578)  (84.44) . L

Note: Z = result from signed ranks tési, p = p-value, FT3 = Feeding test 3, FT6 = Feeding

test 6. FT3 was the last feeding test completed for snakes feeding on their initial
" FT6 was done following the diet reversal petiod. . , '

diet,and
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Discussion

Experience played an 1mportant role in the development of feeding ab111t1es in |
garter snakes through the f1rst 8 months, and the changes that took place pers1sted The
1mportance of feeding experience was especnally ev1dent durlng the ﬁrst 40 to 45 days, as
evidenced by marked decreases in prey consumptlon t1mes between FT1 and FT2
However, initial diet influenced the snakes? abilities to switch to new prey items. Feeding
on fish, which can be relatively difficult for neonatal»T . sirtalis to consume (Halloy & .
Burghardt, 1990), may facilitate switching to prey such as worrns.:l*;eeding on worms
may have impeded the W group's.‘ability to switch to fish, as prey consumption times
increased' significantly between F13-and FTfl for this group. After, 11 to 12 feedings on .
fish, the W group decreased its mean fish consumption time to a level comparable to the
F group at feed1ng tests 1 and 2. Therefore, feeding expenence played an 1mportant role
in the ontogeny of feeding SklllS beyond the ﬁrst 40 to 45 days. Th1s may be the case
even in wild, adult T. Strtalts that encounter novel prey species. It is unlikely that
rnorphological differences accounted for the facilitation and interference effects found in
the F and W groups, respectively. The sna.kes in the two diet groups did not significantly
d1ffer in SVL mass, or head dimensions when diet sw1tch1ng took place (see Chapter 2,

Growth and Morphology) | | |

| This experiment extends the ﬁndlngs of Burghardt and Krause (1999), where"
neonatal T. sirtalis were tested at birth and aﬁer 11 or12 feedings. It appears that, with
the excepti.on of the W group's first feeding on fish, prey consumption times reach their

lowest levels for young garter snakes after only 11 or 12 feedings. Also, similar to the
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results reported by Burghardt and Krause (1999), prey consumption phases were

differentially affected by feeding experience.
On average, prey approach latencies decreased across feeding tests; but the
changes were not significant. This result was unexpected, giveh the significant decreases
in prey approach laten'cies for .the F and W groups tested in Burghardt and Krause (1999).
| This difference between the two sfudies may be due to the lower sample size used in the
present study. Although there was a general trend toward decreasing prey ahproach
latlen01es the var1ab111ty was much greater for approach latencies than in Burghardt and
Krause (1 999). Ehvironmental conditions were nearly identical, and the same observer
‘rec'orded' data in both studies, thus ruling out the poeeibility of differences due to room
temperéture caging, or the data recorder. One hotable difference is that different species
of fish were used in the two studies. The fish used by Burghardt and Krause (1999) were
mosqulto ﬁsh (Gambus:a aﬂ‘ nis), Wthh has a dark dorsum and a white/gray underside.
Due to low ava11ab111ty of Gambusia at the time of this study, we used fathead minnows
(Ptmephales promelas) 1nstead whlch were a spe01a1 strain that had a light orange
: dorsum and a whlte/ gray unders1de Fish were size matched in proper propertlons to
snake body s1zes, but the dlfferences in coloration may have had different effects on
approach latencies. However, this does not explein why epproach latencies to worms did
not decrease with feeding experience in this study. Mo';ivatiehal factors are unlikely,
- since snakes in both studies were tested at the same ages.
| The snakes in the F, W, and FW-F group decreased their capture times
significantly between FT1 and FT3. Burg’harcit and Krause (1 999) report the same result

in their study. The amount of time taken to capture prey exceeded that of handling and
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swallowing prey Decreased capture t1mes accounted for the majority of the reductions in -

total consumption times between feedmg tests for each diet group Chemosensory
detection of prey, as well as visual and tact11e cues probably 1nteract as prey capturing
 skills develop. T. sirtalis uses a fairly unspeclahzed tact1c for capturing fish. When "

preying upon ﬁsh aduatic specialist species such as T. melanogaster and T. couchii rely

o heav11y on v1sua11y gulded and d1rect stnkes toward prey, whereas T. szrtalzs uses an’

"open-mouth search" tactic (Drummond '1983; Halloy & Burghardt 1990). The open-
mouth search is characterized by lat_e’ral:movements of the head with the jaws open , ,
(i)ruminond, 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 : isi'rtalis appear random, 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 ab111t1es by adult T szrtalzs in comparison
'~ to yearling and neonatal conspe01ﬁcs |
In my study, I did not record systematically record whether open-mouth se'arching

occurred. However, I obser\ied 0pen-mouth searching‘ quite frequently among the snakes
in the F and FW-F groups at their iirst feeding trials. Open-mouth searching by the -
neonates was prolo'nged'on occasion‘and oﬁen 'resulted in the snakes witlrdrawing frorn '
the water VdishA especially if prey remained motionless and direct‘ contact was ot made.

" With feeding experience, it appeared that Open-mouth searchlng became more d1rected .
. .and fewer lateral head movements were made Unfortunately I can not provide much
detail on thlS aspect of prey captur_ing behavior, but ”t“urther work could closely examine

the ontogeny of open-mouthsearching behavior by T. sirtalis. - ..
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Worm swallowing times’ by the W and FW-W groups decreased in the present

study, but not s1gn1ﬁcant1y Burghardt (1978) recorded worm-swallowing 1atenc1es by 13
newborn T sirtalis and found a consistent and rap1d decllne in swallow1ng times dunng
each of their first 8 feedlngs The W group in Burghardt and Krause (1999) 51gmﬁcant1y
reduced the time it took to swallow worms. However the swallow1ng times reported in
Burghardt and Krause (1999) were greater at their initial feedings (13 1.25) than in my
study (66.8 s). Comparlsons of fish swallowing times for the F groups of both stud1es are
complicated by the fact that dlfferent ﬁsh spe01es were used in Burghardt and Krause
(1999) and in this expenment' The fathead mmnows generally took longer to swallow,
probably due to different head sizes of the two spe01es |

As hypothes1zed the snakes showed no decrement in feeding skllls for their initial
prey followmg food switching. Comparisons between FT6 and FT3 for both diet groups
y1e1ded no srgmﬁcant changes in total consumption times or any  of the feeding phases.
Thus, it appears that experience plays a long lasting.role in the early ontogeny of |
predatory behavior in T. sirtalis. ThJS "resu‘lt also confirms that prey consumption‘times
asymptote for snakes of this age. }ioweyer, the amount of feeding experience on the
initial diet versus the reversed diet was unb-‘alanced. The snakes in the F.and W groups .
- had twice as much experienee feeding on their initial prey species.than they had witha -
new species. Including prey veatenf‘durin-g the feeding tests the snakes in both groups had ‘
at least 25 meals (1 prey 1tem/mea1) between FT1 and FT3 and an average of only 13 |
meals (1 prey 1tem/mea1) on the reversed d1et (FT4 - F T5) The results comparlng FT3

and FT6 may have differed had the snakes eaten an equal number of meals on the
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reversed diet. In Experiment II, I balanced and reduced the number of feedings on each

prey ei)ecies prior to and during the diet-switching phase.
Experiment II: Role of Eal"ly‘Learning and Retention in Feeding Behavior
Exberiment I revealed the importance of experience ort the development of garter
srtake feeding behavior through the first 8 months of life. Predatory_ skills, as measured by
latencies to complete each feeding phase, reached a plateau;bj FT3 for snakes feeding at
equal frequencies. Diet switching (tiid not seem to result in any long;terrn dec;ement in
feeding et‘ﬁc.iency. HeWever, s"naltes in the F and W grot:l;).s‘fed en (their initial prey for 5
months prior to having their diets reversed. If the amount of iﬁitiat t‘eedin'g experience on
a smgle prey type were reduced it is p0551b1e that, in contrast to Experlment I, the
retent10n for feedlng sk111s on the 1n1t1a1 prey would be reduced On thé other hand, it 1s
- possible ‘that even if a prey type is only‘_consumed, 1nfrequent1y, garter snakes will reta1n
" their feeding skills for thep.rey /in'deﬁ’ni,tely. To test this, the second experiment used onlyA K ‘
' F and W groups thet expen"encedv dietétry switchee after fewer feedings ‘on their initial
~ prey species. |
. Method
Subjects and mamtenance |
- Subjects were 31 neonatal T:sirtalis (14 males 17 females) from six litters (M
litter size = 5.2, range = 2- 9) born to females at M111er S ma:sh n=4 litters) and
McCafferty farm (n=2 11tters) (see Appendix I). Housmg condltlons were the same as

- those described for neonates in Chapter 2.
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Procedure

At birth, the snakes were divided into two diet groups, F (n = 13 snakes) and W (n
= 18 snakes). Diet group assignment vlvas balanced as evenly as possible across sexes and
litters. At 15 days of age, the snakes were jtested at their first meals (FTl) and were then
fed weekly on their designated diet. Five feedihg tests were completed (see Table 4.9).
FT1 and FT2 were done to test for experiential effects on ,eéch prey type. FT3 and FT4
were done to test for the effects of .gﬁe; switching and learning to handle novel prey, and
FTS te;c,lted the snakes' retention for consuming the initigl prey species. Six feedings were
completed between FT1 and FT2. Diets were swi-tched at FT3 (completed 3 days after
FT?2) and six feedings followed until FT4. FT5 was completed 3 days after FT4. All tests
were complete when the snakes reached 105 )dgys. A single observer recorded all data
live using the same dependént measures as in E%?erjment L
Statistical ami;l:v;smes:‘ = . A

The small sample size used in Experiment I, and the high degree of variability
and unequal variances found in the dafa set, limited the types of analysés that could be
conducted with the data. I 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'Expeﬁment I, handling and swallowing times were relatively
unaffected by feeding experience. Because of this, analyses were conducted on approach
latencies and total consumption times only. Wilcoxon signed-ranks tests were used to
coﬁpme apprbach latencies and fotal consumption times at FT3 and FT4 (reversal tests),

and at FT2 and FT5 (retention tests).



Table 4.9: Experiment II prey feeding skills testing schedule for both diet groups.

Feeding test (FT)

FT1
FT2
FT3
FT4
FT5

Age (days)

15
57
60
102
105

Diet
Group
Fish (F) Worm (W)
Test prey Test prey
Fish Worm
Fish Worm
Worm Fish
Worm Fish
Fish Worm
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Results

Initial feeding experience

Total consumption times. The snakes in the F group significantly decreased
(62.3%) their total fish consumption times aﬁer«dnly six meals (Table 4.10). However,
the snakes in the W group did not show a significant decrease in total worm consumption
times between FT1 and FT2 (Table 4.10, Figure 4.3A). Worm consumption times
increased slightly (13.4%) between FT1 and FT2. However, their total consumption times
at FT1 were already fairly low (399.1 s). This was considerably lower than the mean
worm consumption time found for the W grou;; in Experiment I (8\19.4 s). Thus, the léck
of any significant decrease in worm consumption times may-be due to a ceiling effect
already evident in the snakes' feeding skills at FT1.

Approach latencies. Mean approach latencies did not decrease significantly for
. the F group between FT1 and FT2 (Table 4.10, Figure 4.3B). However, the snakes in the
W group approached worms sigrii'ﬁcantly faster at FT2 than at FT1.(Table 4.10, Figure
4.3B). | |
The effects of diet reversal

Total consumption times. Total consumption times between F T2 énd FT3 did
not significantly differ for the F group (Z =-1.75, p = 0.08): Thus, the snakes in the F |
group consumed their first woﬁns at FT3 at tﬁe same rat;: as they had consumed fish
following feeding egperience. 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 the F group did not result in ‘any significant change in total worm
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Table 4. 10: Results of tests for changes in approach latencies and total consumptlon times
by snakes in the F (Fish), and W (Worm) groups after initial feeding experlence dunng
diet reversal, and when prey were sw1tched back to initial diets.

Feeding Diet n M(SE)‘. M(SE)’ %diff Z - p

phase group sec. " sec.
Initial  Approach  F 8. 9000 2863 68.2 -0.84 0.401
FT1-FT2 . ‘ - (386.78) (102.76) - '

W 16 4368 1203 725 -2.84 0.004
(7726) . (23.23)

il Total  F 8 7839 2955 623 224 0.025
FT1-FT2 S (336l) (71.59)

W 15T 399.1. . .4526 -15.47 -041 0.683
(80.09)  (126.78)

| | | FI3  FT4
Reversal Approach F 5 1356~ 2596 -914 -121 0.225
"~ FT3-FT4 (56.33) (122.18) ' .
' W 5 97.6 64.2 342 -0.41 0.686

' (43.23)  (22.91)

‘ FT3 FT4
Reversal Total = F =~ 5 8304 3816 540 -1.21 0.225
FT3-FT4 | (483.42) (281.48) -

W 5 10652 4412 586 -0.67 0.0
(539.62) ~(132.06)

FI2  FTS |
Memory ' Approach F 6 2698 4727  -752 -0.11 0917
FT2-FTS - : . (125.81) | (370.29) ‘

W 7 1229 | 2377 -934 -0.85 0.398
(42.97) (133.12) a

F 6 2538 2888 -13.8 -1.99 0.460
(85.9)  (65.85) | ,

W 7 4299 1520 646 -1.18 0237
(230.54)  (31.83)
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Figure 4.3: Mean (+SE) total consumption times (A) and approach latencies (B) for
garter snakes in both diet groups at FT1 through FTS. Open bars = initial prey, shaded
bars = switched prey. FT = feeding test. F = fish prey, W = worm prey. At FT3 diets were
switched until FT4. Diets returned to the initial ones at FT5. * = <0.05, ** = < (.01 mean
decreases between FT1 and FT2.
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consumption time. Similarly, total consumption times between FT2 and FT3 did not

significantly differ for the W group (Z =-0.70, p = 0:484). Thus, the interference effect
found in Experiment I was not replicated here. However, comparisons betwpen
Experiments I and II are of limited use, as the samp]e size in Experiment II was very low.
Total fish consumption times between FT3 anci FT4 were ﬁot sigﬁﬁcantly different for
the W group (Table 4.10, Figure 438y, | |
Approach latencies. Approach latéhcies bei)tween fT3 an& FT4 did not change for
either diet group (Table 4.10, Figure 4.3B). |
Memory for initial diet
Total consumption times. No significant differences in total consumption times
between FT2 and FT5 were found for either the F or W groups (Table 4.10, Figure 4.3A).
Thus, the six-week period of feeding on the opposite diet did not result in a decrement in
feeding skills for either group.
Approach late;tcies. Prey detection ability was unchanged after diet switching.
Approach latencies to fish and worms did not differ between FT2 and FT5 for the F and 1
W groups, resplectively (Table 4.10, Figure 4.3A). ,
Sample size and statistical power ‘
The small sample size used in this study resulted in low statistical power. A
significant decrease in total fish consumption time was found between FT1 and FT2.
However, the power of this test was calculated using the SamplePower option available
on SPSS version 10.0. Power was estimated at 0.60 for the sainple sfze of eight snakes. A
sample size of 20 wouldvhave increased power to 0.97 given the means at FT1 and FT2

and the standard error of the difference between the two tests. The diet reversal phase



showed high mean decreases in tota1 consumptlon times between FT3 and FT4 for bot}:31
diet groups (Table 4.10). However the dlfferences were not significant. For the F group,
power was est1mated at 0.13, and a sample size of 60 would have increased power to
0,96. I;or the W group, power Was estimated at 0.11, and a sample of 80 would have
increased powerto 096 'T'hje‘purpose of this study was to test for differences among
s‘arnp'les,‘ but these ‘were rarely detected because of low sample stze. Individual
differences were substantial and are described 1n the following section. ‘
| Il‘n‘divit_lua'l var{ation in feddt’ng dhlbilities
_ I>found differences wittun~diet groups in total consumption times and approach

latencies. However, the non{signiﬁcant results may have been duie to the amount of
‘variability in the data although' means differed considerably. For example, (capture times
decreased markedly between FT3 and FT4 for both diet groups, but neither d1fference
was si gnlﬁcant Because rates of learmng can vary so much among 1nd1v1dua1s, and

' repeatablhty may be. low it is important to cons1der individual and 11tter differences -

. across all feedlng tests The small sample size of this study may not have prov1ded the
- resolutlon needed’ to detect Irobust, group differences related to early feeding experience.
One 'irnpowrtant consideratilon"is" whethef ;individualdifferences in prey consumption

ab111t1es are cons1stent across feedmg tests and prey types To test th1s, averages across all

| ﬁve feedlng tests were computed for each snake W1th1n each diet group, ‘the snakes w1th ‘

the lowest and the h1ghest averages were identified’ (Flgure 4, 4A-B)
The mean. total consumptlon t1mes for'the ﬁve feeding tests d1ffered cons1derab1y
"between the two snakes in the F group, 1729E (M total consumptlon time for FT1-FTS =

1042. 2 s) and 1723F (M total = 178 6 s) Compared to 1729E feedlng expenence
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appeared to have little effect-on 1723F's ability to consume prey, as his consumption time

was brief at FT1 (548.0 s) and FTS ~(296.0 s), with little yariation among tests (Figure
4. 4A) Experlence appeared to be more ‘crucial to the development of feed1ng in 1729E,
- or she had a bad day. Her consumptlon time at FTl was relatively long (1892.0 s), and
decreased considerably by FT2 (107.0 s). When 1729E's diet was switched to worms, her
consumptlon time increased to levels comparable to FT1 (2644.0 s), but again decreased
~ to levels comparable to 1729F at FT4 following feeding experience with worms. The
dlfferenees between these two individuals may be related to the novelty~of the prey items.
Chemical preferences appear to be unrelated to these d1fferences, because ‘both snakes
had tongue-flick attack scores of 0to both ﬁsh and worm st1mu11 prior to FT1.
Snake 6891 had a very high mean for the ,ﬁve tests (746.8 s) and 689F hada -

g relat1ve1y low mean (329 2 s). Both snakes ate worms more rap1d1y at FT2 than at FT1
(Figure 4. 4B) However, 6891 took a relatively long t1me to consume the fish at FT3
~ (2703.0 5), but benefited considerably from fish feeding experience (~FT4 =511.05).
689F tapidly consumed a fish at her first feeding at FT3 (105.0 s, Figure 4.4B). The
differences between these two snakes may be related to the'novelty of the prey, which is ,
" similar to what was found for the two snakes in the F group The differences between the
two snakes in the A group at FTl were not as great as between the two snakes in the F
group. Th1s may be due to the fact that worms are a staple of garter snake diets. However
the great d1spar1ty between 689F and 6891 in consumptlon times at FT3 may be due to

1nd1v1dua1 dlfferences in response to a new type of prey.
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Discussion

Feeding experience appeared to play a more crucial role in the development of
predation on fish than on worms. The mean time to consume fish was considerably
higher than the mean time to consume worms at FT'1. In contrast, the snakes tested in
Experiment I consumed both prey species at similar rates at FT1. At FT2, fish and worm
consumption times were nearly equal. Approach latencies to both prey types decreased
dramatically between FT1 and FT2, with the W group showing the greatest degree of
change. Diet reversals did nbt have a statistically signiﬁcant effect 0;1 eating a new prey
item. However, mean total consumption times increased between FT2 and FT3 for both
diet groups, and decreased following the six feedings after FT3 for both diet groups.
Detection and consumption skills on initial prey items appeared to remain intact after
diets were switched, as none of the measures increased at FTS compared to FT2. This is
consistent with the results from 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 felgtively "fixed" within the feeding repertoire of T. sirtalis.

Individual differences were considerable in this study, and appeared to be
influenced by the type of prey consumed. Feeding exﬁerience may be more important for
some snakes than others. Fish consumption times decreased ’signiﬁcantly between FT1
and FT2. However, as Figure 4.4A shows, one subject consumed fish rapidly at FT1
whereas another took considerably longer, but these differences were reduced by FT2.
The same pattern was repeated between FT'3 and FT4. A similar finding was apparent for
the two snakes in the W group (see Figure 4.4B), but only applied when the snakes

switched to fish at FT3. Substantial individual differences in the development of prey
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feediné sk111s were de'scribed in Experiment II. ‘Chernosensorsl respon"s'es (Bur‘gharrit,
'1975), and antinredator behavior (Brodie & Russeli, 1999) are also known to vary greatly
- among individual snakes. Some snakes naay recinire very little experience in order to
efficiently detect, .captnre handle and swallow the1r prey Snakes that requ1re more
. feeding experlence to acquire foragrng sk111s may be'at'a relative d1sadvantage espe01a11y
' if snakes that are efﬁ01ent foragers from blrth are also successful at sw1tch1ng to novel
prey. This was the case for the 1nd1v1dua1 snakes descrlbed in Experiment II. Although T.
szrtalzs 1s a prey generahst, some 1nd1v1dua1s may be very s1cw to eat upon the1r first
' opportunity, or to incorporate novel pre}'l into their drets. These differences could have
considerable importance in natural populations. They may form the basis for food
resource partitio‘ning,' long terni success in feeding, predator avoi(iance, and 'nltimately,
survival and reproduction. Larger'sarnples with a greater number of litters could be used
to determine the genetic basi.s for these differenc’es,'and laboratcry and field studies could
detennrne the conSequences that 'individual variatron in learning abilities have in nature
(see below).
’Experiment III: Site lvariation in Adult Predatory Skills

With scrne exceptions, feeding experience resulted in significant decreases in
. prey consurnptlon times for the snakes tested in Experlments I and II, and these decreases
~ were often related to the type of prey consumed Following the comnletlon of Experlment
I of this chapter I decrded to devote the majority of the 1999 field season to exarmmng
| the feeding skills of w11d-caught adult snakes from both sites on Beaver Island. If feedlng
‘experlence has long term effects on adult predatory behavior, then' differences in

cdnsuming prey should reflect differences in natural diets. If differences exist in the

»
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“abilities of the adult snakes frorn the two sites to capture and consume prey, these cou1d3§<
he due to either genetic differences between the s1tes or to the feeding histories of the
| ‘1nd1v1dua1 snakes (Burghardt and Schwartz 1999) Due to the close proximity of the two
‘51tes, I reasoned that any differerices in prey feeding sk111s would be due to experlence |
‘ rather than to genotyplc dlfferences between sites.
Method

Sub_]ects‘and mamtenance

- During May and June, 1999 70 wild-caught adult garter snakes from both sites
(Miller's marsh, n = 41 snakes McCafferty farm, n = 29 snakes) were captured by hand
‘and brought to the Biological Station. The snakes were sexed, weighed, measured (see -
Table 4.11) and scale clipped for later identification. All stomach ‘contents rwere rernoved
by gently palpating each snahe’s abdomen with the thumb. If ingested prey were detected,
stomach contents were removed by gently pushin‘g the prey forward through the stomach
and gullet. Snakes were group housed by site in glass aquaria (46 x 91 cm), and water
was ava11ab1e ad libitum. Temperature and lighting conditions were the same as those
descrlbed for wild-caught adults in Chapter 2. Each snake was assigned to one feeding
condition: Fish, Worm, or Frog. This was done randomly, with the constraint_ of l'
balanciné as best as possible across sex.and site. Banded killifish ‘(F undulus dz"aphanus)
were captured by seine along the north shore of Beaver Island, green frogs (Rana
clamztans) were captured-with dip nets from various ponds near the Biological Station,

‘and earthworms (Lumbricus terrestris) were obtained from a local bait supplier.
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Table 4.11: Mean (+ 1SE) SVL, body weight, and total number of feeding tests
completed for each prey item by males and females from Miller's marsh (MM) and

McCafferty farm (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
tesﬁng. This, along with stomach coﬁtent removal, served to standardize hunger levels as
much as possiblel.. One hour prior to testing; each snake was placed in a cléar plastic cage
(29 x 41 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 nearest 0.1 gram aﬂd piace_d into clear plastic bowls (150 x 65 mm) with
an opaque paper strip surroundigg the outside of the bow] to minimize visual cues.

The banded killiﬁgh was the largest species of fish that could be consistently
captured by seine along fhe island shore. The fish offered were on average 8.0% (SE =
+0.01%) of snake body maéses. Worm body weights were on average 9.0% (SE =
+0.01%) of snake body ﬁasses. The 'species of frog used for testing, and the body sizes of
individual frogs, were chosen based on availability. The snake-prey body-size
proportions of the frogs were not the same as those for fish and worm prey. Frogs of
comparable sizes to fish and worms were not consistently found z;t 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 average 27.0% (SE = £0.02%)
of snake body masses.

Bowls holding fish or frog prey were filled to half with water, with a shallow
layer of gravel at the bottom. Worms were placed in a shallow layer of dirt. To prevent
fhe prey from escaping, lids were placed on top of the bowls with an opening (80mm

diameter) cut in the center so that the snakes could enter (and chemical cues could
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escape). If prey were not captured within one hour, trials were terminated and repeated _
‘ .the following day. Snakes that did not eat after three trials were released.
Statistical analyses | |
A MANCOVA was used to test for the effects of prey type (prey) on eachlfeeding
phase, and on total consumption times. Sex, site, and prey were treated as fixed factors.
To control for the effects of snake and prey body sizes on a11 measures, SVL and prey
weight were treated as covarlates .No s1gn1ﬁcant effect for SeX was. found so this factor
was dropped from the model. Parrw1se cornpansons were used to compare differences in
each phase and total consumptlon tlmes amoné prey types Descnptlve statistics of non-
transformed values revealed several outliers beyond 3 standard deviations, and the
assumption of homogeneity of varia'nces was not met for several measures. Transforming
the data using natural log (+1) transformations resulted in normalized data with equal
variances.
" Results
| _‘4 Overall prey, sex, and site ejfeéts
- Descripti\}e data were gathered for each feeding phase as well as total
consumption times for €ach prey type for‘.snakes from both sites (Table 4.12). SVL was a
signiﬁcant covariate (A=067,F= 5.16,df=35,52,p= 0.001), as was prey mass (A =
- 0.64, F=5.98,df=5,52,p <-0.0(,)1). Snout-vent length signiﬁcantly cor/aried with
capturing, swallowing and total consumpt1on time. Prey welght significantly covaried
with all phases except for approach time.” A marginally 81gn1ﬁcant effect was found for

site (7L =0.83,F=2.11,df=5,52,p= 0.078) and a significant effect was found 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). dlfferences (in sec. ) among each prey type for all feeding
phases and total consumption times for wild-caught adult garter. snakes from Miller's
‘ marsh (MM) and McCafferty farm (MF).

MM

Fish. MF

‘MM
MF
" Mean

‘Worm

MM
MF
- Mean

" . Frog

Mean

19
13

10 .

Total -

636.5(206.1)

1127.5(242.4)

..Approach Capture Handle ‘ Swallow

'M!SE)sec. MgSE[sec ‘ 'MgSE)sec MYQS'E)\se_c. . M(SE) sec.

| 594.5(103:4');; 1399, 4(108: 0) $33(122) ' 881(162)  540.8(109.5) |
231.4(75.9)* * 315.9(653) . 64.6(38.1)  130.0(60.2) - 510.4(146.2)
71389.7) 357.7867) .. 590(252) . 109.1(382)  525.6(127.9)
711.6(1453) 112.6(552) . 137(3.3)  497(5.7)  1703(53.5)
264.7(60.5) * 77.5413) . 103(22)  902(15.8)*  178.0(41.9)
AR A1029) 95.1(83) 120075 100(108) 174277
437.8(162.6) 376.0(146.6)  669.1(268.5) 10457(315.0) 19502(502.3)
344.8(96.1) ~ 1000.0(889.3) 603.8(143.7) 1209.3(169.8) 2496.2(1019.4)
391.3(129.4) 688,0(518.0) 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 from McCafferty farm
took longer to swallow all three prey types. However, snakes from McCafferty farm
approached prey more quickly than the snakes from Miller's marsh (Table 4.12).
| Pairwise comparisons were made to determine which feeding phases differed
: among prey types (;I'able 4.14). Mean latencies to capture, handle and‘completely
- _consume fish were significantly longer than for worms, but approach latencies and
, svuallowing times did not differ. Frogs took significantly longer to handle, swallow, and
completelyh consume than both fish and worms. Worm capture times were significantly
faster than frog capture times. These results were not due to differences in relative head
siaes, as head 'llength was not a significant covariate.
Site effects ' |
A second MANbVA compared all measures for each prey type separately, with
site asa grouping "variahle.‘ Ser( was not a significant factor for any of these tests and was
dropped from the model SVL and prey welght were treated as covanates
) Ftsh Overall SVL s1gmﬁcantly covaned with the amount of tlme taken to
consume fish (A= 0.28 F =17.29, df =5, 14, p = 0.001). All feedlng phases were
s1gn1ﬁcantly affected by SVL except for approach latency (Table 4.15). Prey weight was
also a s1gn1ﬁcant covariate (7» 0 32 F = 5.84, df = 5, 14, p = 0.004), with swallowing
and total consumption times si gniﬁcantly affected by prey weight (Table 4.15). A
significant effect for site was found for fish prey (7» 0.30, F =6.52, df 5, 14 p=
0. 002) However, although snakes from both sites captured handled and swallowed fish

: with equal proﬁc1ency (see Table 4.15), the snakes from McCafferty farm approached



142

Table 4.13: Results of MANCOVA testing for sex, site, and prey effects on each feeding
phase and total consumption times in wild-caught garter snakes from Miller's marsh (n =
44) and McCafferty farm (n = 29). ‘

Source DV df MS F p
Covariate (SVL) Approach 1 2.48 229 *  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 1 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 p-values are boldfaced.

Worm Frog
Feeding . M diff(sec) p value M diff(sec) fish-  p value
phase fish-worm frog
Approach -75.2 1.0 21T 1.0
Capture 262.6 <0.001 -330.3 1.0
Fish Handle 470 . <0.001 -571.5 <0.001
Swallow - 39.1 - 0.174 -1018.4 <0.001
Total 3514 - . <0.001 .-1697.6 <0.001
worm-frog
Approach - - 96.9 0414
Capture A - -592.9 0.011
Worm  Handle - - -624.5 <0.001
Swallow ' - - 1057.5 <0.001

Total =~ - - -2049.0 <0.001




Table 4.15: Results from MANOV As testing for s1te effects on each feeding phase
and total consumption times for each prey type.

F

Prey Source DV Df - MS. P
Fish Covariate  Approach I 0.24 0.28 0.601
(SVL) Capture 1 4.50 5.27 0.034
Handle 1 5.38 4.65 - 0.045
Swallow 1 538 28.28  <0.001
Total- 1 .~ 453 10.99 0.004
Covariate Approach 1. 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 = 1 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 Covarjate 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 1 0.28 0.50

0.488
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Table14.5 - -
(continued)

Worm - Site "
Cont.

Error.
. Frog Covariate

(SVL)

Covariate

(Prey weight)

Site

Error

. Handle '
_Swallow -
Total . -

Appfoaéfl

. Capture. ",
‘Handle " * "

~ Swallow: -
Total -~ ~

- Approach

-Capture
Handle
Swallow
Total

Approach
- Capture
" Handle
- Swallow
Total

, Appréach
Capture "~
.- - Handle

Swallow

... Total
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Capture
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‘Capture
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e e D e .

‘ ' R it

27
27. -
27

27
27
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. 0.22.

S
470,16

0,44
1.50

" 015

1.77

0.64

- 0.29

- 0.57

D004

074
5.89
2.25E-02

9.29E-02 -

020

4.27

7

0.39
039

4.67E-02

0.82
0.22

7.41E-05

1.66
3.60
1.29
0.14

187
{i‘-‘O;’O9 ;

068 ..
RERE-H Y
027

093

£ 0.08

0.21

. 455
' 0.16
0.41

©0.12

_ 0,03
. 371E-03 -

1.18
0.90

272,
1.73

0.01

063
~1.54
001

~0.009
w0765
- 0.417

10.032
. 0.609

0.780

0.664

10.070

0.704

- 0.540

0.739

0.313

.0.373
0.143 -

0.230

0872
-0.975
0.452

0.254
0.986
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' fish more rapidly than did the snakes from Miller's marsh. Total fish consumption times

did riot‘differ between the two sites.
| N Woﬁn. Snout-vent length éovaried with the amount‘ of time taken to consume
woﬁns A= 0.49; F =473, df = 5, 23,i) =0.004), Abut ﬁrey weight was not a significant
' covariafe- (7»Z=IO'.79,V F= 1.1'9, df=5,23,p=0.345). A sigpiﬁcant site effect was found
| for wom; prey (A = 0.36, F = 2.85, df = 5, 25, p = 0.036). The snakes from McCafferty
farm approached worms more rapidly than did thé snakes from Millef‘é marsh, but the
-sn,akés from Millef’s rharsh sWallowéd worms more rapidly (Table 4.12). Total worm
. consumption times did not differ between the two sivtes (Table 4.15).
A;F roé. Snout-vent length did not covary with timeé taken to consume frogs (A =
| "0.34,F= 1 18, df=35, 3; p = 0.474). Prey deht waé not a significant covariate either (A
=0.40, F = 0.90,df=5, 3, p=0.574). Overall site was not a significant factor for frog
| prey (A =0. 34 F=0.52,df=5,5,p=0. 755) and there were no differences for any of
the feedlng phases or total frog consumptlon times between the two sites (Table 4.15).

Discussion

The limited worm diet of the adult snakes from McCafferty farm apparently has
| 'no effect on their abilities to handle lé;ge'bodied and difficult to handle prey such as
frogs, and novel prey suéh'as fish. The QUicker swallowing times, especially for worms,
by snakes from Miller's marsh may be due to their norrﬁally feeding upon larger prey.
Morphological differénces are unlikely to account for 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 of earthworm used in this experiment is not native to Beaver
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Island and indivrduals are much larger'ﬂran the native svonns. Thus, the snakes from
Miller’s marsh may have had a slight advantage in worm swallowing performance over
the snakes from McCafferty farm. Indeed experience with more difficult prey (ﬁsh and
ﬁogs) may facilitate swallowmg of less difficult prey and swallowmg time was the only
oyerall site difference found, with the snakes ﬁom Miller's Marsh swallowing all of their

: prey faster than the snakes ﬁ‘ovacCafferty Farm., - -

The rationale and results of Expenment I1I rest on the assumption that the natural
diets of the snakes from the two sites differ. The results must be treated as tentatlve as
appropriate methods (e.g., rad1o telemetry) have not been implemented to deterrmne the
full wandering range of garter snakes.at McCafferty farm. It is poss1b1e that the snakes
from McCafferty farm have migrated to and from sites where amphibians are available.
However, given their smaller mean hody‘sizes (see Chapter 2)‘ and because gut contents

,' have.consisted only of worms from:'several field seasons since 1991 (Gillingham and
'Burghardt, unpubl.), it is a fairly safe assumption, that these snakes consume primarily
wonns. Furthermore, Graves, Halpem,.:and Giltinghmn' (1 993) recorded home range use
by T. sirtalis at Jordan River, a site near chCa‘fferty farm were the snakes specialize on
earthworms, and found that healthy adult snakes remained near their capture sites and
“moved an average of only 40 4 m/day If the home range usage by the snakes from |
_McCafferty farm is comparable to the Jordan River snakes they st111 would not encounter
habitat similar to Miller's marsh. Genetlc stud1es are needed to estabhsh the extent 1f any,
ﬁof genetlc dlfferentlatlon bettveen th‘e‘s1tes; “. o |
- In light of the results ﬁ'om:Eineriment I the lon'g-term imoortance of feeding

‘ experience on prey capture and handling may not be depe'ndent upon the type of prey
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consumed Adult snakes from McCafferty farm were equally proﬁc1ent at consumlng L

~ frogs, presumably anovel prey type as snakes from Miller's marsh The same app11ed to
) feedmg on worms, which are common to,both sites, and fish, which are not present at
- either site; Based on Exper-iment I and on Burghardt and Krause (1999), the primary
, hypothes1s that I tested in Experlment III was that based on the1r presumed feeding
h1stor1es snakes from Miller's marsh would handle frogs and ﬁsh more proﬁ01ent1y than
snakes from McCafferty farm. Approach latencles to ﬁogs were equal for snakes from
_ both sites, suggestmg that mot1vat10na1 factors were ot a factor for this prey species.
| However, the adults from McCafferty farm approached worms and fish more rapidly than
did the snakes from Miiler's marsh, but capture times were not significantly different.
.Differenc‘es in reactivity couid account for the slower approvach times by the snakes from
Miller's marsh. Also, the snakes from McCaffexty 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 important role in the ontogeny of feeding by young
T. sirtalis (Burghardt & Krause, 1999; Halloy & Burghardt, 1990; Experiments Tand II
of my study). However, when adult body size is reached prey size may be a more
important determinant of the amount of time taken to consume prey. Perhaps prey
speciﬁc experience only manifests itself in a narrow range of relative prey sizes. In
" addition, the anti-predator behavior of prey 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 be the case. All frogs were swallowed rear end first, and no attempts at -

head-first ingestion were observed. The large body sizes of the frogs, and presumably

their relatively high levels of strength, appear to require thet the snakes _subdue the

posterior (leg) region oftile frogs to prevent escape. Snakes from both sites dio this on

‘ each trial in which frogs were eaten. If tested on dead (or smaller) frogs, the snakes from
-Miller's marsil may haVe hgndle& and swallowed their prey more rapidly ‘tha‘n the snakes
from Mc(l;afferty farm. Captive T.n.s':‘irt'a'(i&‘\fvillfeoﬁ.s'mne deed prey (Arnold, 1978) and
may scavenge in the field Qhen provided the oiSporfunity. However,l consumption of live
orey by wild T. sirtalis is probably much more frequeﬁf, and the eeological validity of

' Experinienf Il was increased with the use of live prey. Testiné the snakes in laborétory
conditions may ha\;e compromised the ecological'validiAtyof Experiment III. Foraging in
‘aquatic habitats such as Miller's marsh may require skills that could not oe expressed in
my laboratory,tests?’ such as detecting and subduing brey underwater.

| | General Discussion~ |

Snakes and other reptiles have an often overlooked capac1ty to learn (see

skills with feeding experience. There are many k1nds of 1earmpg though, apd these can be
understood io terms of the ecologieal and evolutionary histories of the organisms sﬁdied
:(Shettlewortll, 1‘993, 1998). The etudies reviev;ze(-i by Burghardt '( 1977) primarily covered
operant, associative, anci mazenlleziming in many species of reptiles. §patial learning and
memory have been systematlieally studied in several reptilian Specieé ('sée Day, Crews, &

Wilczynski, 1999; Holtzman et al., 1999, refs. therein). Ford and Burghardt (1993)

Burghardt 1977). In Expenments I and II neonatal garter snakes 1mproved the1r foraglng ;



, L o 150
review ecologically relevant research examining several types of learning in reptiles,

including chemosensory identiﬁcation of prey and predator ayoidance. ‘

5
i -

Learmng to detect capture and consurne prey encompasses a varlety of sensory
and behavioral changes For ekarriple ‘the’ 1mprovements in prey captunng abilities by the ‘
F, W and FW groups in Expenrnents I presumably requlred the 1ntegrat10n of chem1ca1
v1sua1 and tactile senses (although the predomlnant modality was not deterrnlned) The
natural h1story T szrtalzs w1th the1r broad geographlcal d1str1but10n and d1verse d1ets
suggests that the benefits of be1ng a d1etary genera11st far outwelgh the costs. T-heir
’ propens1ty to attack a w1de variety of prey (Burghardt 1969), and their abilities to rap1dly
} acqulre foraglng sk111s on new prey, suggest that p1ast1c1ty of foraglng behav10r in7. i
szrtalzs is a primary factor i 1n thlr, success as a spec1es.~ ‘ R |
Because live prey were"used, the behavior of the fish andi worms probably
affected the results of the threelexperiments. Capture times may have decreased across h
test periods in Experiment I’:'hecause‘ the sn)akesf-we‘r‘e better ahle to detect prey
movements with ifeedi‘ng’ ;experienc,e:’ Burghardt and Denny (1983) found t.hat prey
' ‘”movem“ent, in addition to cherrrical cues, is an'“important factor that eli_cits predatory |
- responses in T . ~sirtali's.i Altematlvely, the \sn’akes rnay have been siow to‘appro'ach their
, prey due to neophobia. ‘Howe'ver, 'thi'spotential expianation probably would notapplyito
‘ every snake, as,neophobicresponses to speciesftypical prey yvould be highly
maladaptive Furtherrnore 1ngest1ve1y naijve snakes attack prey odors, wh1ch 1ndlcates a
- natural propens1ty to move toward rather than awayifrorri prey |
| Handllng and swallowmg t1mes are almost certalnly'affected by whether prey are

i alive or dead. Decreases in handling and swallowing times may be facilitated by the
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snakes' fa;nilia‘rity with how prey attempt to escape. Future work could compare the
acquisitibn of feéding,stills by snakes feeding on li\'ze.or dead prey. Also, identifyiné
changes and integration among sensory modalities (e.g., chemical, visual, tactilc;) as
' ‘ feeding si(ills-increase woulci provide further, and more detailed, explanation for the
development of successful foraging. Diets and test prey were randomly assigned without
consideration of individual pféy preferences in my experiments. Feeding experience and
exposure to prey chemicals are known to alter ﬁrey preferences in T. sirtalis (Burghardt,
1992). Congénital and experience-based prey preferences were not tested in my study,
but are important sources of plasticity of snake foraging behavior.
_ The reténtion of feeding skills
Foliowing diet switching, the snakes did not show any decremen;c in feeding

skills fér prey comprising their initial diet. The C(;ncept of a 'memory window' has been
developed by several investigators étudying foraging behavior (e. g, Cﬁthill, et al., 1990;
Hughes, et al., 1992;‘ Valone, 1992). The< 'memory window' refers to the "...duration of
lea.mecli‘informatiqn or skills, for example in relation to food caches, harvest rate, 'p;ey
handling fimé, or recognition of potential predators" (Mackney & Hughes, 1995, pp.
1241). Memory for prey toxicity could be added to this list, and has in fact been
demonstrated in garter snaicé; (Burghardt, Wilcoxdn, & Czaplicki, 1973; Terrick,
Mumme, & BUrghéfdt, 1995). | |

The memory window for prey feeding skills by young T. sirtalis appears to be at
least 10 weeks, as feedings atF T6 were done with the same proficiency as feedings on
the same prey at FT3 (Experiment I). The memory windov;' for prey feeding skills is most

likely much largér and warrants further study. Also, comparisons between generalist and




o prey may be greater in 7. _sirtrzlis than in ‘rnore specialized species such as T.
melanogaster, or T, butleri. |
: Memory can be viewed from a .functio‘nal, adaptive perspective.'For ekarnple,
“Anderson and Schooler (199'1)Asug‘gest that the probability of retrieving encoded
, 1nformat10n should be equal to the probability of the information belng needed again.
Experiments testing this hypothesis have largely been conducted w1th ‘human subjects
(e.g., Anderson, 1991), but the relationshlp betweenevent recurrence and retrieval
. probabilities can be applied to nonhuman species (see Shettleyvorth 1998). So far the
maJority of the 11terature dealing w1th th1s relatlonship seems to be on memory for seed
cache storage in b1rds (see Balda Pepperberg, & Kamil, 1998 Kam11 & Roitblat, 1985).
~'Herzog (1990) found that young garter snakes that were br1eﬂy exposed toa predator
, model on seven occasions showed greater tenden01es 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 eirperience. Snakes that are iablleu to retain their abilities to detect, capture, and
efﬁciently consume prey upon each encounter may suffer less from predation, and may
be better able to diyersify their difet,s.‘
- Early feéding Vexperiénce and survival
| Although experience may not .affect long terrn prey-speCIﬁc foraging efﬁ01ency in
 these garter snakes, feeding experience appears to play a very 1mportant role in the.
development of foraging skills in young garter snakes Lind and Welsh (1994) report age-

related differences in diet and foraging behavior i in w11d Thamnophis atratus, indicating
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specialist snake species could be made. Memory windows for feeding on novel, atypical
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that an ontogenetic shift in feeding behavior occurs during early adulthood. The role of

feeding experience and learning when undergoing such shifts is in need of further
research. In addition to feedlng behav1ors snakes are known to undergo ontogenetlc :
shifts in preferred habrtat during foraging Savitsky and Burghardt (2000) found that
young water snakes (Nerodta rhombtfer) forage in h1gh1y vegetated areas near shallow
water, whereas adult water snakes frequently forage in the open water where predation
risk may be higher. Predator pressure may d1fferent1a11y affect habltat selectlon by snakes
of different size classes. Neonatal surv1va1 rates may 1ncrease through the selection of
foraging habitats where predation risks are mimmlzed and by improving forag1ng skills
through leaming.
In comparison to snakes, Tth‘e deyelopment of predation in mammals is

' characterlzed by long perlods of experrence where observational learning, play, social
competition, and practlce a11 may fa0111tate the ontogeny of adult predatory skills (Caro,
1980; P'olsky, 1975; Vargas & Anderson, 1998). Precocial species with no maternal care,
such as T. szrtalts rely on feed1ng experrence . and maturation by physical growth to
facilitate the development of foraging skills. Neonatal T. SlrtallS may often be born into
unpredictable and fluctuating env1ronments. 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
amount of feeding exp’erience. | | |

“The capacity to rapidly'aequire feeding skills may be especially beneficial to a |
species that is subject to high levels of neonatai predation. Lawton and Hughes (1985)

and Brown and Richardson (1987) found that the foraging behavior of muricid
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gastropods and predatory crabs is greatly influenced by mortality risks, and that foraging

skills are rapidly acquired with feeding experience. Snake survival rates in the wild are

difficult to quantify. Mortality seems to be fairly high for wild neonatal T. sirtalis (Jayne

& Bennett, 1990). Snakes may be especially ‘V@ilnefabIIe to predation while 'foraging in
areas without cover, underwater, or along water banks. Young T. sirtalis moving into
such areas may be especially ’Suscéptiblé‘fo'pfédatioh. Learning and remembering h;)w to
rapidly detect, capture, handie, and s"v;aliow préy would be ‘t;enéﬁciafff)r a -spécies with
‘Thigh néonatal and juvenile rll:pﬁélity‘ due to predétié'r;, and would further faéilitate the
invasion of new habitaté and feeding niches.

Heritabilities for physiological, morphological, and behavioral traits associated
v‘vith anti:predator and foraging behavior by T. sirtalis have been widely studied (Arnold,
1981; Arnold & Bennett, 1984, Bufghardt & Schwartz, 1999, see Bro&ie & Garland,
1993, for re\{iew). Measurin’g selectiop on these traits in the wild is extremely difﬁcult;

‘Howevéf, Jayne and Bennett ( 1990)‘ assayed'severai important morphological and
behavioral traits associated with predator encounters, and determined that some of these

: se'r\‘/ed as important ‘predictors. of survival in thé wild. Thus, there is probably strong
selection acting on traits such as scalation patterns, locomotor abilities, striking; 'reversing
~ direction of travel, and fleeing. Sirﬁilarly, if there is high predation on fofaging T. sirtalis
neonates, there may be selection for the rapid acquisition of feeding skillsl. Litter effects

were found for capture and total consumption times at FT1 of Experiment I, and

Burghérdt and Krause (1999) found litter effects for various prey consumption latencies. |

Further work could examine the relationship between the acquisition of predatory skills

and survival in the wild by T. sirtalis. "
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CHAPTER 5
SUMMARY AND CONCLUSION

: The foraglng behav1ora1 repert01re of T, szrtalts cons1sts of a wide array of
| responses to many prey spec1es“ Also T szrtalts ut1llzes d1verse food sources (Fitch
, 1982 Kephart, 1982; Gregory & Nelson 1991), WhJCh may, in part exp1a1n its
w1despread geographlc d1str1but1on I found that learn1ng to detect and consume prey
occurs quickly i in young T sirtalis. Increas1ng foraglng efﬁc1ency w1th feeding
’ 'experrence may be beneficial for a vanety of reasons, 1nc1ud1ng reduced energy
expenditure and predation risk (Hughes 1979). The role of learning in the development '
of predatory behavior is germane to theoret1cal and emp1r1ca1 studies of foraging
behav1or For example, Hughes (1979) generallzed energy maximization models to
include variables.such as prey recognitlon time and predator learmng In an emp1r1cal
' study, Burrows and Hughes (1991) observed-that the majority of individual variation in
the foraging behavior of dogvyhelks (Nucelld Iaptllus) was accounted for by prior‘ feeding
experience. When dogwhelks that normally ted upon barnacles were relocated to a region
where mussels were available, t_hese trans’planted" individuals‘continued eating thel less
.proﬁtable barnacles. Burrows andHu(ghes' (1991) findings demonstrate the importance of
 considering ontogenetic and habitat-specific factors in studies of l‘oraging behavior, as
learning and early experience may either constrain or facilitate successful feeding.

I focused on rnorphological and behavioral traits relevant to foraging in T..sirtalis,
a speCies that inhabits a wide range of‘hahitats_and t‘eeds ona diversity of prey items. Due
to the extreme abundance of garter snakes on Beaver Island, and the diversity of available

habitats, the system that 1 studied was ideal for examining morphological and behavioral
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variation. My results indicated that geographic variation of morphological traits can occur

among snakes separated by very little distance (see also Brown & Weatherhead, 1999).
Results from my behavioral experiments revealedv diet-induced changes in chemosensory
‘responses and foraging behavior, but some behaviors were unaffected by feeding
" experience. In this chapter, I review the hypotheses,that I tested, attempt to relate the
outcomes of my studies to some broader issues, and make some additional comments
about future directions for research on this system.

Growth and morphology

In my field work, I found that differences in available diet are associated with
significant differences in bodsl sizes, but only among adult female 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 of difference among males can not
be determined with my data, but the site difference in degree of sexual dimorphism raises
some interesting questions. Som;a testable hypotheses include food resource partitioning
between males and females, with males from both sites having similar diets, or site
differences in relative survival rat;as among sexes, or sampling error.

Also, as predicted, females from both sites had greater relative head sizes than
male snakes. Female biased head size dimorphisrﬁ among adult T. sirtalis has been
frequeqtly reported (see King et al.,. 1999 for review). In contrast, the presence of head
size dimorphism in neonates has rarely been reported (see below). For adult snakes,
relativé head sizes were not substantially correlated with available diet, possibly due to
the effects of gene ﬂdw 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 most often measured in studies of diet-induced - . ‘ |

morphologrcal variation (Forsman, 1996a Forsman & Lindell, 1991)

In my laboratory studres I tested several hypotheses on postpartum morphology
and the development of morphologrcal differences in snakes reared on different diets. I
hypothesrzed that snakes w1th fish in the1r diets would grow more than snakes feeding .
exclusrvely on worms. However, diet only had a weak effect on the growth rates of
laboratory. born neonates through'240 days. Thus, substantial size differences among
adult snakes from Miller's marsh and MeCafferty farm may not appear until after the first
year. ljue toﬂhody size constraints, the diets of‘young snakes from hoth sites may be |
' 'restricted to worms. Site differences -in body sizes may appear when‘ the snakes at Miller's
‘marsh are large enough to eonshme adult amphibians. I predicted that neonates bornto
females" collected at Miller's marsh wonld have greater SVLs and body weights, but not
head sizes, than neonates born to 'females from McCafferty farm. However neonatal SVL
and mass d1d not d1ffer among s1tes and neonates boin to mothers from Miller's marsh
had greater JLs and IODs than neonates bom to females from McCafferty farm. With the
except1on of TL the neonates from Mrller $ marsh were slightly larger than the neonates
bom to females from McCafferty farm (sexes combrned) for all measurements A
matemal effect could account for the sli ghtly larger sizes of the neonates bom to mothers
from Miller's marsh over the neonates born to fernales from Mecafferty farm, as well as
the greater JLs and IODs. L o
'As drscussed in Chapter 2 ‘the s1gn1ﬁcant head size drfferences 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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dissertation. However, the ecological or evolutionary consequences of head size

‘ dimorphism at birth have not been establlshed for snakes although some poss'ibilities |
have been proposed (King et al Sh1ne 1991 1994 see Chapter 2). Head size
d1morph1sm among the sexes probably has no relat1onsh1p to courtshlp and mat1ng in
garter snakes, and may s1mply be a byproduct of growth 1nh1b1tory effects of h1gh |

androgen levels in males. Data on the d1ets and feedmg behav10rs of young garter snakes

in the wild may help to explam the presence of neonatal head size dlmorphlsm espec1a11y:

‘1f food resource partltlomng or feedlng capa01ty correlate w1th head size dlfferences
Furthermore it is llkely that some populations of garter snakes w1ll not have sexually
: d1morph1c head sizes at birth (see Arnold & Peterson, 1989), and d1et or feedmg behavior
.among young snakes in these populat1ons may not dlffer

To date the work of Grud21en et al. (1992) is the most thorough exarnrnatlon of
-geographlc variation in garter. snake head sizes. These authors found that garter snakes
inhabit1ng four of the main 1slands 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 .
dlfferences in head d1mens1ons among island populat1ons Grud21en et al: d1d not report
descnptlve results i in their paper and d1d not control for body size in their analyses but it
| appears that snakes from the island populations have greater head sizes than mainland
snakes. A related ﬁndmg comes from ng (1989) ‘who reported greater body sizes in
island populations of T. sirtalis and water snakes (Nerodta sipedon) compared to
mainland populatlons The ﬁndmgs of Grudzien et al. and King (1989) contrast with

Case's (1978) claim that snakes from island populat1ons are smaller than snakes from
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. mainland populations because of reduced food availability. Due to reduced predation and

intraspeciﬁc competition for food, resource availability may be enhanced in some island
populations, such as at Miller's marsh, in comparison to mainland~sites.

Variables such as predation, intér-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 expléined by differences in population ége—
structure. Fecundity and predation pressure’ may vary between island aﬁd mainland -
populations of snakes, resulting in differences in population agé structure. For example,
there may be more adult snakes or larger adult snakes in‘island I;O'p'ulations, or neonatal
survival may be unequal i)etween island and mainland populations. Forsman (1993)
found tﬁat predation pressure did not have a strong influence on the population aée-
structure of adders, althoﬁgh predation ‘inay have caused variation in mual survival
rates. In a six-ye:{1r st:udy of survival in a natural population of adders, Forsman (1993)
found that survival of largév adders was lowest during one year of the study, survival of
smaller snakes was lowest during another, and snakes of intermediate sizes had the
highest survival rates during another year. No differences betweén size classes were

found durihg two years of the study. Forsman (1993) suggests that fluctuations in food
availability were the primary determinants of differential su;'vival rates between the
different size classes. For example, food was scarce during the year that the snakes of
intermédiate size hﬁd higher survival rates than sma11 and large snakes. Forsman (1993)
. argued that an intermediate size in snakes is optimél when resoﬁrpes ;re scarce because’
small snakes;, despite requiring less food for maintenance, are less able to capture and

* consume prey than larger snakes. Furthermore, small snakes are more limitéd in the size



160

of prey they’ can swallow because of their limited mouth-gape size. Large snakes may
suffer more than. 1ntermed1ate-s1zed snakes durmg perlods of food scarc1ty because,
despite the fasting capabilities of larger snakes the1r calor1c needs are higher than
1ntermed1ate-81zed snakes (Forsman 1993) B o E

_The findings described for the adders may also apply to the garter snakes on
Beaver Island. The age-structures of the two sites may differ ow1ng to the differential
effects of food scarcity on surv1va1 For example a dry climate may drast1cally reduce
food availability at McCafferty farm, thereby reducing the numb‘ers of large and small
‘snakes."The snakes at Miller's marsh would experience the same. dry climate, but food .
supplies appear to be much greater at Miller's marsh thanat Mc(lafferty farm, even
during dry perlods During both ﬁeld seasons, ra1nfall was rare e and oonly one snake at
McCafferty fann was found w1th stomach contents In contrast, the snakes at Mlller S
marsh consumed many d1fferent species of amphibians that were in constant supply due
to the availability ofa permanent body of water. Thus, my conclusmn that dietary
differences account. for body size variation between the two sites is tentative until
alternative explanatlons, such as differences 1n. population age-structures are taken into
' account. ' | |

' ‘\Chemosensory‘résponses‘ to prey

Conelated geographic variafion of chemoreceptive responses to locally abundant
prey have been reported for T. sirtalis, but in populations that are separated by .
considerable distances-(Amold, 1992). In my stud’y, 51te .was not a 81gmﬁcant factor in
tests for neonatal chemoreceptive responses to ﬁsh and worm extracts which may be due

to the effects of gene flow. The ecological va11d1ty of these tests. ‘would have been
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1mproved had I used frog st1mu11 However, using frogs would have been logistically

difficult given the large numbers needed for the long-term goals of the chemoreception,
growth and foraging behav1or studies. = -
Snake chemosensory response proﬁles generally correlate with natural diets

| (Amnold, 1992; Burghardt, 1993) and some response tendencies may be retained

followmg spe01at10n The latter poss1b111ty has been shown in the worm specialist, T.

butlerz Wthh attacks fish extracts and read11y consumes fish in captivity, but not in the
wild (Burghardt, 1969; Lyman-Henley & Burghardt, 1995). Similarly, captive neonatal T.
sirtal'i's;fr’om‘ source populations that do not consume ﬁsh will attack fish extracts and

consume fish in captivity (Arnold, 1992; Burghardt et al., 2000; this study). |
Developmental changes in chemosensory responses due to maturationv or feeding
' experience have been reported, and these response changes are oﬁen restricted to a single
type of prey.(Burghardt, 1993;‘Lyman-Henley'& Burghardt, 1995; Mushinsky & Lotz,
1980). Garter snakes reared on fish show enhanced chemoreceptive responses to ﬁsh
extract, even if the snakes come from populations that do not eat fish. Further work is
needed to detelrnine whether chemosensory response changes due to feeding experience
relate to ecological differences.among populations. Comparisons between ﬁsh-eating and
non-ﬁsh-eating populations of 7. sirtalis are needed. Such comparisons could sewe to
determine whether enhanced chemoreceptive responses to fish facilitate the incorporation
of fish into the snakes' natural diets.

In my work, I found some evidence for diet—induced 'changes in chemosensory

responses to prey. However, in my sample, diet did not appear to have long-term effects

on the snakes' relative résponses to fish or worms, although differences between neonatal
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and adult chemosensory responsés to prey have been reported for water snakes Nerodia

sipedon (GO\‘IC & Burghardt, 1975)- and gartef snakes (Greenwell et al., 1984). If
' ch‘em‘os.ensory respoﬁs_es to prey are over-eﬁhéinced asa resuit of:feeding experience, then
fluctuations in prey abuﬁdange could result in decreased chances of prey detection. If
chemosensory respdnsés are 6Ver-inhibited due to ‘feeding experience, then prey detection
could be hindered. Ideally;, in addition to studyiﬂg neonates, 'the natural diets and
| chemosensory :resp(')ns»es of wild-caught adults could be studied.
| ‘Ontogeny of feeding skills ‘

As hypothesized, the developmént of bredatory skills in neonatés was affected by
feeding experience, but _feeding skills by wild-éau’ght adults appeared to bé more affected
by‘méfuration, or pre); t&pé, than prior feedingf experience, although individual feeding
histories for wild-.caug}‘1t adults were not available. Thus, the potent_ial for beha{/i.oral and
morphological plaétic’ity in T.,;irtalis méy be ‘gre"ater during early ontogeny than in
adulthood. In Experiment I, total ‘prc:y cdnsumption times decreased con’sideraf)ly after
the snakes' first 11 or 12 feedings. My .predictiOI; that feeding skills would asymptote, as
measured by latenciesat;) consume prey va'ﬁer 11 Yor')12 additional feedings, was éonﬁrmed.
Based on the results of Burghardt and Krause (1999), I predicted that feeding on pure
diets of fish or worms would results in grcater~decrease§ in approach and cdnsumption
times in comparison to snakes fgar_ed on mixed diets. The snakes in the mixed diet group
did not significantly decrease tfleir total worm consumbtion times after feeding
expérience, whiéh is (;onsisteﬁt with Burghardt and Krause;s (1999) findings. However,
the mean worm consumption time by the mixed diet group was initially lower than for

the snakes in the pure diet group.
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Add1t10nal d1etary effects on early feed1ng sk111s were ev1dent during the diet-

switching phase of Experiment I Feed1ng stnctly on worms dunng early development

‘ 1nterfered with the snakes' ab111t1es to S\lVltCh to ﬁsh whereas feed1ng on fish fac111tated
the snakes' abilities to feed on WOrms. Interference and fac111tat1on effects may only be
found in young garter snakes, as wild—caught, adult snakes from McCafferty farm were as

| proﬁclent at feeding on: frogs and fish as adults from Miller's marsh

I 0r1g1nally predicted that the adult snakes from both sites would approach worms

at the same rate. However the snakes from McCafferty farm approached worms (and

fish) more rapidly than the snakes from M1ller s marsh, possibly due to motivational

~ effects (e.g., hunger). I attempted to’standardize hunger levels as much as possible, but

the dry weather may have resulted in a prolonged reduction of worm availability for the

“ snakes from McCafferty farm. The snakes did not s1gmﬁcantly differ in their total times
to consume worms, ﬁsh or frogs “which suggests that feeding’ experrence does not have
long-term, prey-dependent effects on adult garter snake feeding skills. In Chapter 4,1
suggested the poss1b111ty that snake maturation (e. g 1ncreased body size) may be a better
determmant of prey consumptlon ab111t1es than feedmg experience (see. Arnold 1993 for

. rev1ew) Thus maturatlon may explam why adults from McCafferty farm consumed

frogs as proﬁclently as the snakes from M111er s marsh. Add1t10na11y, the ant1predator

. behavior or morphology of certain types of prey (e.g., frogs) may limit the degree to”

' which feed1ng proﬁc1ency can increase w1th predator experience. It is also possible that
the snakes individual prey preferences, and not prey foraglng abilities, influenced the

outcome of Experiment IIL
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Phenotypic plasticity and learning

Learning can be conceptualized as a suite of phenotypes produced by a single
genotype.= Thus, learning»is a type of phenotypic plasticity. Conceptually, learning has not
been fully integrated with the concept of phenotypic plasticity, although progress in this
endeavor is being made (reviewed in Pigliucci, in press). Population differences in the
learning capacities of several vspecies hai/e bé'én identiﬁed, which indicates strong
selection for the development of behai/ioral ﬂexibility in some populations, and not in
others (Foster, 1999). Furthermore the conceptual 1ntegrat10n of learnlng and phenotypic
plast1c1ty requires a clear deﬁnltlon of léarning (see Dom_]an 1998) as behav1ora1
plasticity may be present in the absence of learning (Stirling & Roft; 2000). One

" challenge is to, identify_ what disting'uishesjleanling from other types of plasticity.

Behavioral plasticity is"ofteii’re'garded as a distinct type of phenotypic plasticity,
primarily because behav1ora1 responses to the env1ronment oﬁen take place immediately,
and are more 11ke1y to be revers1b1e than morphologlcal traits (Cavalli -Sforza 1974, ‘West-
Eberhard, 1989). Thus, learning is generally regarded asa reversible'and ﬂexible process, '
although constraints on learning are welvl' l;novgn, and learning may be adaptively |
specialized within a specific behaVioral' system, such as sexual l')iehaviori(Domjan &
Hollis, l988; Sevenster, 1973). Houyiever, the‘capac:ity for reversibility does not clearly
distinguish morphological plasticity and learning. Byers (1998) stated that "Phenotypic
plasticity in systems that support strt:néth and endurance is adaptive"x(p. 205), and
primarily.applied his statement to vertebrate rriuscular and skeletal plasticity.‘Byers’
statement implies that r_norpholoéical changes in 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 of morphological and behavioral

plasticity in stickleback foraging behavior suggests that the immediacy of the changes
; .that characterlze learning, rather than its revers1b111ty, d1st1ngu1sh behav1oral plasticlty
from morphologlcal plasticity. | .
The need for 1mmed1ate, ﬂex1ble responses to env1ronmental changes may relate

'to the type(s) of env1ronments 1nhab1ted Komers (1997) stated that "The plast1c1ty of
behavior consists. of an array of behav10ural responses to varylng env1ronmental
cond1tlons" (p 161) Cons1stent with earl1er predlctlons (e.g., Bradshaw, 1965; Morse
1980), Komers (1997) concluded that generally, env1ronmental and behavioral l

var1ab111ty are pos1t1vely correlated (see also Carroll & Comell 1999) In terms of
electlon; animals that make 1mmed1ate and revers1ble behav1oral responses to . ‘
- _environmental changes may 'be ata reproduct1ve advantage over animals that do not
make immediate. and reversible behav10ral responses Thus selectlon favors behavioral
‘ , ﬂex1b111ty in ﬂuctuat1ng env1ronments (Komers 1997). |
Phenotyplc plasticity i is known to buffer the effects of natural selection
: (Schlichting &‘Pigliucci,' 1998; Stearns, 1.9'89),‘thereby enabling spec1es'such as T. '
sirtalis to invade new habitats and survive environrnental'ﬂuctuations. Thompson (1991)
ma1nta1ned that plast1c1ty is more 11ke1y to contr1bute to ﬁtness ina heterogeneous
env1ronment when physlological bufferrng to poor cond1tlons and improved responses to
favorable conditi_ons can both o.ccur_; ‘Behavioral buffering' could be 1ncluded here too,
. lbecause how organisrns ad_iust Ato‘ poor conditions'rnay include rnigration or food

switching. Phy-siological, neural, and behavioral plasticity r'nay all contribute to survival

" . when conditions become favorable or poor. In relation to my dissertation, an improved . |




response toa fav'orahle ‘cond‘ition may .i'ncl‘ude invading a new feeding niche. 'I‘he:
evolutiOn of generalist strategies may be more probable under ﬂuctuating conditions

‘ (Thompson 1991). Leammg is one behav1oral mechamsm that may allow orgamsms to .

adjust to poor conditions and cap1tal1ze on favorable cond1t1ons |

Studies of geographlc variation in behavior have demonstrated populat1on

differences in learning capac1ty For example Huntmgford anht & T1emey (1994)

found'that population differences in ant1-predator behav10r of three-spme sticklebacks,

were based on learnlng In addition to populat1on differences, individual d1fferences in
learning cap‘ac1ty are evolutlonanly 1mportant (Gotce1tas & Colgan, 1988) Werner, |

M1ttelbach & Hall (1981) d1scovered that 1nd1v1dual d1fferences in learmng capac1ty '

: fac1l1tate changes in food habitat spec1al1zat1ons in blueglll sunﬁsh (Lepomzs -

macrochzrus) Ind1v1duals that are able to’ learn more rap1d1y than others may be better

‘l able to- 1nvade novel food sources or syv1tch to more proﬁtable ones. (see also Gotceltas &

- Colgan, 1988) Individual (or populat1on) d1fferences in diet and forag1ng behav1or in
wild garter snakes may be related to var1at1on 1n levels of behav10ral plasticity. Genet1c
d1fferences are known to account for populat1on variation in garter snake morphology
(Burghardt & Schwartz, 1999), chemosensory responses (Arnold, 1981a b,c; Burghardt &

:Schwartz 1999), and prey handl1ng behav1ors (Drummond & Burghardt 1983; Garcia &
Drummond, 1990) In add1t1on learmng capab1l1t1es may influence prey choice within

populat1ons explain différences among, populat1ons and 1nteract with diet, morphology,

sex, and reproductive fitness (Burghardt et al., 2000; Ehllnger, 1999 Gotceitas & Colgan, ‘

1988).
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Litters used for each experiment -

APPENDIX I

Chapter

2

2

Experiment

Post-
partum

Growth

II

Litter IL.D
98MF408

"546
"565
"578
"579
"581
"582
"583
"584
"585
"586
"587

99MF666

"667
"668
"669
"689

98MM 1011

"1582
"1589
"1596
"1621
"1629
"1633
"1641
"1645
"1646
"1651

99MM 1666

"

"1723
"1727
"1729
"1731
"1753

el el e N I R T T rrrry.

ol e

PP A

XX X MM

>

XX R X X X M

oo ookl

1 x}

P X X X

e la ek Ra RS

1 x 1

P pd ey '

o

Note: X = litter used, "-" = litter not used. 98 and 99 correspond to
the year litters were born. MF = McCafferty farm, MM = Miller's
marsh. Litter numbers indicate codes given at the Reptile Ethology
Laboratory, University of Tennessee.
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