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Heterospecilic Prey and Trophic Polvphenism an Larval
Tiger Salamanders

Hovwars HOWHITEMAN, Juny B Spees, Eric B Jonissoe, Asss VANDEUSEN,

Raomm CamcGanly amn Tsos W Bacio

Palyphenisms {envirenmentally cued polymarphisms) are ubiguitoos, et the spe-
cific provimate mechanksms producing alternative sorphs are geaceally st well
knoven, We tested hypotleses For il rale of large heterospedfic prey in the cin
nikalistic polvpheniss wiihin larval dger salamansders, Awdyrston igrinms okl
wr determine whether heterospecifie proy divectly or ladivecely infleence the pro-
duion of cannilaal morphs. Field surveys suggested, and laboraiory experimenes
comfieneed, thai macroinverichraie proy indise cannihals da an increase in body
size variation within larval salamander popalations, Dictary data ancd Bsbaratery Do
aping experiments revealed thal cannibals prefernsd comspecifics even when their
CApdare Sueeess was Erealce an marainveriebrtes. Typial morphs, W contrast,
consumsed paly macroinverichrade and wiher prey and never susccessfully canmibal.
ized conspecifics. Dur rosilis support the indired ppothesis that cinnibals are
imdieed vin lnereased bady size variation within a pepulation of lasvee, a5 a resuld
of differeniial consumpticn aof lage beerspediiic prey, amd do nod rely an coon:
smption of heterospecific prey once they are cannibals. The cannibalisie poly-
phenism is sne example of pheastyple plasticity inwhich the Tunctivnal significance
amif the proximate mecthanisms producing the s morphs are beeoming cdearee,
allowing Turther stucy of the molecslar and plysiclogical basis of the aliernative

pheraivpes.

MIMERSTANDING the grosimane e
U mismms il ndduce plastic phenntypaes i
fundamenial we gaining insight meo e evolis
tion ol sueh plasticioy Csehlichring, P Scle-
wer, 190385 Schlichting and Prelioccs, 1993), Po-
Fphemism,  the preductionn ol alermidive
|-||:-.|J;||'|~. i varving enviroamenls, |r1|l'.i4Il."- @i
il sivmutzon s which e evalisine such L
s, becaise the efleces o chfferent ensaran-
mgEns can b wested against discrete rather than
COR LR WOLE E:-I'||=|'|r|:'.||-:'-= (sl 1995 Smath-
Ceill, TERAT, PProviomis Hhearerical snd 1'1I1'|:li:I'i1'iI]
pescarch has shown thae pobyphensn s presae
bem in enviconmcnis thar vary wemparally and
spatially, and Jor when rdeolts accur e the
fieness payedls to cach roor by (Bl 199060 Bmith
wiel Skibasomn, 406G Schilichaimg e Prighoco
PO0E. Ve, o wnderstanding ol the precise
mecianisms thar ingduce alvermative mcrpeis s
still poor Tor many polyplenic species [Whine-
pan, 1WA Bodd, 1EIG; S3mih aned Skalasoas,
L), This is undortunate, given the imporant
roole peobyplicnism is thaughn @ play in paepula-
tiasn divergpence. -=|:|-e'|'i.:|l:i.-|:-||. and asther e
cvnluticnary change  (Wes-Eberhard, 19586,
10 Y 200l .

Such is troe ol te canibaliste pelyplacnism
i e salamanders, Cannibalissic salamanedes
larvae (hercin “eannibals™1 bave l.'|||:l.|]1-_1--:i
heseds sl seanerine weth compared o the

mcerg: avpical Lievil maorprhology 5 tygeicils
Ponwers, 1907 Caodlins ol Chieek, PR3 As
thedr mame sgggrests, the large head amd weth
ol canmeilaals are wisedd 19 consime ciher sl
mznicker Birvae, whereas typicals often concen-
il el ||1'\.|_'|||_'||r'.|I:|' ||:’|"|. I:.ih-:"\- [{:II”EI“?« andd
Fleslesimpue ki, TS Hlolommeeks anc Caallins,
[ el 1||II"|FI'I'|"\. AT TRCEsl |'|I'-|"|.I||'I'|1 in
emnpEsrary pancds, wlhere they ain kuger sioes
thivn epicals angd s Tikely aocroe advantages
i rermis ol siee an and survival o meamorpie-
aim i Lanmon and Bachomann, 198E4; H,:_-ill:. e al.,
FERK2 T, The canmenifxal ||.|-::-|'|:-I1-:r|:||.g'.' rerelees it
sgrecifie commpetition evpeen maivaduals by ex-
||-'|||ili1l_!_l: i higher ||n'|:||15||' Timueel {npeen [REH T
that is wimttaimadsle o typacal morpdes (Hodo-
ikl wmwdd Ciollins, 1987 Slared ancd Collins.,
IR

A& pumnber o ||:'n'-.i|t|.'|||- crviresimentel e
tors hae been sl o indloenee the grodoe-
o ol canmilalistic ||'u|r'||!||-: andd similar |:|'-|:-||]|.i-:'
|:u'|l'|.'|:|l1|:'||i:-.||:|x i salimenelers, i|1l.'Il.|l:|.i||u11l.'|1r~|li:.'.
ko atrucbaie, ey Il\.l:u: I||I|'| ll.l.'ll'\-\.:lll.'.\. il EH:I|'|LI-
latiom sizeesirncmre (e, relerences herein prlus
Phenmig and Collins, 100 Wakaloara, 1505
Plenmig o1 ol 199, Flowever, the i|1|.|1||:|l:|1||.'l.'
ol heterospecilic paoey an tee paregocica ol can-
nihals has vl 1 lae |'||||:. 4_-'-.;p|ur|-ei. I ssmae [
vilarions, Lirge heteraspecific peey minke ugs the
mprity ol cannalal stoanach comtenns Clinmnasn
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sl Baiclanmomen, 194G Losebe e al., THSE; Maret
aned Colliss 1997, siggesting an imporrin fole
For tulln:-l'-::-.-:p-e'rili-:' prey i il ||r|:r||||'|:i.-|:-|| and S
oF amabntemance sl cani baliste morpeles, T oih-
er ||-::-|:|||I:||'bu||s, homweser,  Large |1|:'||=|1:u|1m'i|'||:'
prey represent only aosanall percentage of can-
ikl dlieds T Resse el Armienieood, T976; Collins
sndd Flodoemeeekn, 1504 Mavet aned Crellims, 1585 ]
Baserl on these observarions, wie sshed vwo re-
labedd queestions alwut the role ol heterospecili
prc an the cannibsalise pelyphenisn: 1 How
rler Teederosgaecific prey influenee cannibal pro-
ducticn? ., Are hetevospecilie proy ailized b
cannibuls onee they are procdweed?

W bterospeeilic proey allecy cantbal prodiee-
tiesin, they migh e sn |'|ir|‘1'l|:.'. with the |||-:5-|'||:|I1
prodweed when bugh densities ol sech prey are
aviilabde, perhaps becanse of the energetic ben-
adies canmibal morples weeroe by fongging on
Lavge Beteraspecilie prey, Alncroansely, heteros-
pecilic prey mighe indivectly bl o canmilals
viie increised Doy siee v, Uider s Ty
|:|||1]I-|':-|i:-|. L I'u-lq'ru:-.|:u=-e'i1'n' ey |'||rn'.i-ei|- Wi
ey dwoost o some Loovae, mercasing Hen
|:||||'|:. sieer wil thes sige varianion witleine thee sal-
amncler populigion. This, i feen leads ooese
|J|.1.li|ulil:a-|1 al smaller e Ty |;||'g1'| v wia
ecimrnibeelisem (sensn Mairen el Collins, 195945,
amn] e pessdueticas of e camoibal moagah,

Four tvpes o dan ses e baen used in pores
vicnmes slanlies doe explore e cannmibsdiste poly-
|:|I'|-:-||i:-.|'|| [ Tieled SHFVEYE, imclecrian -:':-.'||¢-|'i||'u.-|||::.
alietivry aomidyscs, amad  forang  exporimonis),
and the alsove hypotheses make specilic predie-
tiemes regarding each dag vpe. Bodh thae divect
ard andivect Typotloses predicn a posiive rela
ticarshiigs bistween Lrge hterospecific prey den-
sity sl camnilad Treguenoy in feld ol exger-
il ]:u||||||:||iu||-:, e ches mnclivesr mechoe
mistn predicis o positve correliomn beiween
cantilul fregquicney e Lirval bl siee variae-
tiee as well, Thae elivect bygaothesas wlso predicts
that, controlling For prev avallabiling, cannibal
aligers will primarily conain Lage eterospecific
proy, whereas the icirect baypothesis predicns
thin conspecifics showld make ap the majgociny
ol cunmibal divs, Finally, the divect bypotleses
|'.|'-;-r|i|'1:-. thain Lerge I'u-u':nm|:u=-e'i1iu' [y will he
preferred by canmilsals over conspecilios during
lerrimging cxperimen s, and s camiibals will be
e cllicient foragers than aypicals on heter
capecilic pres. b contiat, the et meclia-
it praclicns that comspcifics will be prelerred
T camnalunds onoer e heterospecilic peey, aned
thar canmibals will b e ellicient forigers
than eypacals an conspecilics,

W evalliened the role ol large I|4'1:-|'4|-:|5u-r ifi4
ey i the procddoetion of canmilbals in Asbyae
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weer dipvinenesn mebafosase (Flalbowelld Brome seasihe-
contval Calorado, using a combiation of fheld
strveys, stonch conren '-:||1|.|1Ii1|J_r.. serl lahin-
rles Y experime s, We interpren aor reauls in
ilwes it of o simpde cost-benchn model e
e vasle ol hetevospecilic prey i the cannibal-
isdie peabyphenism. Fioalby, swe otilize this andd
previons shwdlies to loroalide o coherent ceo-
Tngical mechanism o camnibal |;||'ur|||q'|,in|'|

Aarerians s Merions

ey egramisan aonied e —Nmbsafeang e ne
el Bs o western irer salamander subspecies
slhose ronge extends soutl froa western Cobo-
waichin el Uil e sestnrbi-cemnra ] Mew Mestico
conbial Areecry (Domamnd el Caallins,  TERET .
This subspecies s oswell koosas e exhilan cann-
Fralisair Larval |'||-n|'|'|h:i (ol s woed C ek, 1505
Plennay aosd Callins, T8,

W stidliced AL E aebafisea Buvac in catthewa-
tering ponicds in the Gomnison Basin region of
wonlb-central Coloosaclo during June=Sagus
PEas=t, Fach poorscd ssas surroneneeel by prasture,
Bl s sile sooel somied Boreosn, sl conained
bt cmergent vegetation. Moae ol the
prancls cxeceded 2 omerers i depahe alihoagh
rhere wiis varieiicsn i sise, :i|1:l|||.'. IL'I.'q'Ir'qu!_h-'-.'.
il elevation.

Frefd seuyps —Surveys were condocied on e
il ol 19 Is-unrli i the Caenmeison Basin area oo
i fulby anad Aoageose 1995, Densities of Leeval sl
somaneders, aclpokes, aod o rvoinertobses £
2hcml were estimated a1 cach poand using @
tlrogehox consisting of o wooden Inune andd
e reshe lemcbware choth, Tae Beses woere
vl oo slwilleny |H.:I'||’|".. wr sl o (RGBT X
DG = LT T (hemgth 0 wicdih 0 alepih) B
For cbeepeer cones, we nscd o 075 = 0,75 = 1.2%m
how, Faich ey wiis |':||':-I'||'|I:r anal r|ui:'L:_|:. I:m-i-
tioorned inn the ponad 1 oo ahesed of o researcher
o mimimnes the loss ol any arget organisns,
I'll'-u|'n weie nnghe :|,|nn|_-; a A=l ermenied

alomgy b widdest portion of the poodd. A Dene
whrs gl b sweep e cneloseed solumae ol widles
within the boss cned ol number ol orgaeisims
citptured wis recorcded, The simple was consid-
cred  cmply owhen three consecntive sweeges
vielded  wero nirEe -::l':_l-'-._||'|iu|'|~. (Loseks o1 ol
Pk . A micier stick wis usiecd v cstimare e
water depth an ewch deop e werest om.
Earls |.I-u|'n’| Wils -:.||:||'|I1-rl winle a1 least Dve rlmir.
{nean
demities of eacl Brgen organism were caloulal-
anel T aliviclings dlses szl woanbser of sminals i
tored Bae the aomal volome of water cocboserd Ty

0 e S=0). For each -:I|1:-|1. hi
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e e, annd the mean number of animals per
:I.|'::.|:| wis sl as ke TR wiriifale,

Aler e -rlr'n|:n-. W :11|1|||I|~|1'rl. o ks
pialler servaoss each of fhee poaeds to cagiare sal-
amarler hivae for messarement, The larvae
caplured i the sweeps were dentiled o
mnpde vsing characters desovibed Ty Poswers
) 1907 5 ama] Caollins el Cleeek 01985, anel were
x-:-rul',m'n:l I:-:;' |1:m|'|'|h Tik [HIEVE incliviruals fraom
cospsatiming euch aother, Fach |1|n|'|:||'| WA L
el amed @ snbsen of idivicuals wies measored fos
sptit=virant Jiemgrth (58 LG, todal lengabe UL ainad
wangee wickth Gl conawibals amad S omsamong al 20
baapfea by e hosea tgaicals per pongd), The fre-
s
|.lm||r| K18 rIil.i:Ii|||_r| thee rmonm bsr gl r:|||1|:|.|||:'|| Ol
riihils T the ol suamibeer oF e cagsiored,

Wi seinedd ten ol the tweloe pondds seveal
wieeks alter the inktial sample o determine i
thier fregguency ol canmibal e phes Tl chamged,
Il ciwses there was a0 liglher propostion of
|_;|_|1||||r;|_|'\-\. i1|- I_|||;' :H.:'I_EH'II:I 1.||I1|!||i|'|5_1 Ih'.‘i!}ll.\. el
war sl ke ||i|_-;l|:--.1 INUIRLITLER]! I:'rw!u:-l'n::c I wll
siibseggiaenn amilbses, Two poadls were ol e
saimpler] hecause few larvee Taed heen captured
during the first sumplingg paeriod. For cach
preerl, wee estiomaded ebevilion Erom LISEs bops-
prwphiic meps i ogder s les for elevanasn el-
Feets on ikl fregquensy,

fugney el ‘:."“'Iil'l.llll\. wiis estimvete dor e

.l:-u-.'m.-.- |rn'.l|||.l.1.;1.—1|'|'|.' :|.|'|:|.I:.'.-'|'-|! salamnincler ol
Fresim foanr of the sty poneds durdng lace July 6o
carly Aarnst PG, Larvil salimnienclers were coapr
tareel psing @ scine and held in Girge backels
fillesel wiith paoned water, We wsed aomaodilicod gas
ric-livaggee bechnigue o cliain stomach con-
peaets sl b ovorphe (ferka, RS Whitenmio e
all.. D4R}, ]5|||:|:|.' s eedsiTenvenes (YL aned
TLy e each Tarva werne masde wsing a measuring
boirel wned merric ruler, After processingg, o
were relensed inte the peoned frome which they
lFieed Tty ccilloectedl. Althewmagh wee diad o mae-
sure prey densities o the field, ggacals ansd -
prospecific prey were abomadaon e all Toog
[ELERIERES

Stonneacly conments were stoved b EEE FiCiH
aeied Ly s.-|'.:|r:||-e'rl intes thae Follovsdng tasonan-
ic cuegories osing o Ledcn olissectingg owicroe
scckpres Anibysiast fgeiaae Larviee, Pewdacons S
PP TraIT |.|r|'|:|nl-e':-.. castlelislly  (Limnephilidas ) Bire-
wvarr, clamsellly  (Cocmgricaicdae)  Gimaae,  coo-
plankton, elipgeran bovae, mullusca, or ather
dmestly vegetation, hemipleroes, colecplenns,
aor tervestmalsl. The volumee of cach prey mype
s eshiimted Tolbowing Humes (19500 and Cal-
lins aim] Haslesmuekd (19543,

Ty ' Belicaeiny .I'I\.IILH‘I".:M.'Ir.I'. — e |:|I|'..I|_r|i|'l|_r| [
preriment was tlesigned s ese e relative effects
ol piwor b el By st aan paey perelerenee and
||-||~||:LIi||-|I ellhcicm ) Wl ||I‘|1|'I'|I:|~|| |'|I'-|1L|I||-|’ lsir-

vater ool warwvingg SVLL s maorphelogy wiih e
prey typees: tger salwmander e (mean *
S = 34 &= 1 mm SV, climselly Torvaie {0 -
agrdo Feealieim andd Eaeallees cpaibizeraan; 20
2w tomal lenggls (TLY L aned cacldislly larvae
[J_.imm?'.-.';r'.l'.-.l-. A[nl 13 = 50y T, SI0 1 Terese ey
pypres were natunilly present inthe poads feom
which thwe proslicionrs were collecied, Saoes of all
parey tygees woere held consvan, and all prey were
cosllecied @ ,uppl'-u:-:inl'::llq'!l. he sarme v as the
prredivtn Barvse Al experiments ok plivce dur
i July el Avguse s

Predator lorvae were cellected Grom tiree
||-|.:|'||'|'\-i s elesepilaeel e, € A veer] s lnraneler
Barwawe were sorted T meorpluologne: sl By
aigis, sl were pansported back e the Hocky
Mompntinin Bacelogical Laalvominten v CRAIBLY foa
|_"~C|:||'|||'|I.-|'|II=\.

Presclavor Lirvae were scirved Tor 240 Baonirs singd

thaewn ot indivielmadly inio a0 ABL clewr, plastie
vectangular nk with ax pypreal B, ax k-
cisdly Barvae, =i damsellly L, and lares
Lu‘i;_;:-. [Hesr seructmral |'lu|'|||j||-|"\2i|".']. |:'I'-:':. were acled-
el i Few minnares. helore thae predaior wiss inne.
thecedd. The loraging bebavior of the predatonr
arvin was vevorched fo onge heor sler e fiese
.|11:-|'n|n:-r| e hg. il |'|r'|~:l:|1|.:|'. Tl i lser
af attempred el suecesshel capiores on each
prew ivpe was recodcleel, Prey densiny was kept
ISR FERHIR L ll‘lll:bll!.'._lll:blll. e waal |.lg.' Il.'|.lI.Il:'III;I.;_ HERLY
prrey it swere caten with s iedivigoal of the
s e I il predanor laeva Giled o em e
ther salimmsncber Larviee or o macroinverie bl
withiin cane Do Troan enbey nto e ppartus,
Ll L] crlal irial was erminated,

Thes sis ol prestlinnesr vpieals was Based wpon
thier sizer renge ol cienmibals e were used i the
cxprrimenl, Beoause cammbals vened ws b Birg-
cr Ui pvpieals {000l aod Hoboroeki, 108,
Shecin andd YWhinenwoe, 19N}, fow [!.|Li|;.||:-. W
collesonen] warhin the cannibel siec mnge. A ol
uf bwenty canenibsls (5L g AU=TE
were oo, winle llll.ljl' A vpcals froan tais
sheg wpngee (R = G505t were wsed i the
euperimaent. Fach hirvi wis retirned oo ies ol
presael wiathin b dhves adier itowies vsec i for
aging trial.

Predanioan artempes were used as o neasere ol
ey prelerenee, Because somae of the connilials
wrre sl alter consaming g sabimuoicler L,
wer caleuboecl the prodicion altempd e {paer
e ) wonl asalamander Larsa wis canghn, T
dereriming |'||"-|‘i|:|1;||tl :-I'fiq'i-:'m'f., wee elivieed e
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e ol CapITes Fo the ooansher af A nnpH-
a1l CHpres fowr enech |_||'.;-|:I._'||,|.|-_

Fricdaction expertmeat methocks, —In alee following
P R T S il-'.'-.'ts-e'rin.l-e'lllx 1ol 105, i i
pbpilate] varinlibes o assess thebr respective el
fects om groatly andd developanent of the canni-
bl maphetogy. Although cach experiment dil-
Fers sligho by, general metlododogy for each s de-
sornlied Tl

Al esperimenis weve cosduetecd an the RMEBL
in o weatherport (Weatherpoat, Inc, Deli,
0, am ouncloor clionber lined with P in-
sulation anal warmed with g pestable cleciric
feater, Tl water within the weatlergsor was
sl 1o Bhuicrisane Dt 15 s 322 1 bt
|;|,..|i|:. ST TR averseeel 220 O Thesse wean-
pemiires elo ot AT o st ool i e
sty st poaeds PWhitennon and Basclihas,
SO0 Whitenmin wapashl, daak.

I each experiment, recentlv-lanehed  sals-
mangders were caplored with o seine inoone o
[FIEEIEA |:|||:|11:«. e the BMBL. The 5V ::I|. [ 14 |'|
v wees mncasirecl aned idwigols werse soaend
intn Zoem e categories (egg, Hi-Damm, -
Fomm, e, Alier sorting. anbmals ol similare
sz were tansferred e experimencl Goks,
AMNCWA pevealed thar there wias oo signlicani
difference in initad SYVE berween ireatmenis
(e Bz oall &= S, all 8 2 0048 Exp. L all
e 0, all B o= T, Duoring the fiest wieek ol
each experiment a Few animals dicd aned were
replaced with indivicheds of dentical size.

[-'_:-:|1.:-|-i|1||_-|||-.1l Ginks consisied of 15.2-1ner
plastic storage boses filled with cight liers of
,'||_||'|I1I -:I,p|i_|1E wiler,  Danks swere stacked i Bloscks
ool i (Espr 1) o frooer (Expe 100 with each block
cogitaining one ok of carch treanmeni. £9n a
by brasis, Dlocks were rotaied witliin the weatls-
crgeort il within each Block from op o bt
toen o svaicd mcroclimane elfecis, Bloeks woere
seprarated by cardbesand pariinons avnidd any
vistl cmes between adjaecnn ginks, wnd o me
licks Bolockedl visil ces from alwyve o below,
Tanks were clsmed witly o siphoen every three
wr Fonr chavas foo il Tirsa 27 cays ol winch expaei-
wnenn, and ihereafier clened weskle, New wie
teer wans b el 1o replace the lost solume during
cleaning,

Salamamcler larviee were fed brine shimg (4
tewetiy ) lably, Each -e':-.'||-:'|'i||1l.'||1u| vank was al-
leseaned] LG g Dby wid ol hring shrinag s
per wndnsal, which were aiched iy, The re-
saliing nanpilii were rinsed and resuspended in
205 ml of aged spring water per Limvae Lo cach
fecding (Callins s Clicek, 1985 Cioellins pers.
CORITIIEL .

A e e el gach experiment, surviving sal

anmenler Lorvae were ipeasereel ol soared Lo
e caminibial meorplalogry by o person i wis
hlined 1 the treatment thar cach salamaner ex-
pericnced, Ao animal was considered o cannilal
whein it showed qualitatively agnilicant enlinge
prsent ol dlee b angl vonmerning ooth pach el
ative o wvpieal Lirvae, as described an Posvers
(1907 and Caollins and Check (1035,

Tadwrlian |'.l.'ll:l|'|l'|;?|‘-'|'h'l' I |'||'_|'-'-'|'|' l':'ll weatedwenyiieden reveed fead
e clensaty o civieibal praduerion—This expert-
el sivnulneounshy esiecd the cllocs of Cone-
sperilic and Pewadoceys frevads dpole densiy
aann cannbad proeduction inw 203 Eiatorial cle-
stgay, The experiment ntilieed twao salabmimder
densities (six wmed 12 larsee per ankd ancd three
Giclpobe densitics {eene, toe, amed i Gelpodes
per tankl, with 10 replicates of cach wepment,

e hling salammionder Torvae were capiured
oo G el 8 [l VERS i praeessael as deserabied
above, Tadpoles were collected using a dipie
o D% el 16 July, Tlee vadpoles were sorved by
sige ol Uhree viseal classes, bt noe oeessanre-
miens wers tiken. Tudpedes were s aclibed o
eaich dank in accordance wath the reatment
elemsaty, and care was taken o disirilote e sie-
s ol peles evenly seross eatments and rep-
licwtes Desel or caten tadpoles were replaced
aaily twongh 20 July, ar which point the re-
placerment gl pole sapply was depleted, Besicdes
o shocimape, s sddiional food was e o
the eeatme s conriningg tadpeoles becise aur
euproiation was that the tudpoles would fecd on
thie cleariins dlso aecwmolated i the tmks.

The mumlser of salamanders in cach ok wis
commte] claily sl sy clanges o marphalogy
and hehawior ol inddividuals were noted. Cn 14
Anggrasd {olay 20, the el ol the expermment) .
caeh salrmander wiss soorec for presence af e
cannibil mcapeldogy,

Fuddaction egiemwent W Sl af salomarder and
awsreraiiee feluadse r.rl'.ll.n'.l.l'_\ e ra sl I|.lrII-EI'|r-I T, ——
This experiment simulaneously sl e o
Fects of conspectle density and the presence of
peacreanverehiranes en ikl prodocton e a
2o facnerial design. The ceperimment agilied
e sslanmaneder dlensities (sisoancd 12 Eirvae [EH
vk 1 and twn maceninveriehoe densaties (rero
amel wigrhe insects per amkd, with MY replicanes
of eswch reatiment.

Hivehling salimander Lurvie were aollecned
can 206 el SR Jome THSIG ot o seiige sl e
cansgisgd s ebeseribsed abewee, Inacddition to larine
shrimp prey, mescroinveriebne eatments e
ceived fowr cickdisfly { L omoefdeifies s aned foar
alimse Ny | Covremgnren resofadim anad Knnalisgen
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evathigerwl larviee et were replenished s
peeerler] cliily,

The pumber of salamuenicers b eackh Gk was
camited daily amd any chianges n g plnlan
wnel Bebzvicr of andivichesils waas neded O day
20 aned GG (il ead of dlee expeimenty, cach
salamncler wis weigledd anel nveasared o SVEL
Al ks were seored for cannibals aler 25 doys
and s the comelusaon ol the experiment.

Sterivtivad cpeefpus,—For fiebd swrveys, we sl
simple wnel mnliiple regresson 1o amdlyae e
edleet ob estimmaed densites of salmsoder G-
vag, tadpeles, maeroinvertchrates, Borly the
mesan ainnd cocllicient of variagion [V} i typs-
cal morph SVEL and elevation on o cannibal
morph freguency, Polynomial regressions were
pevbormicsd po hener ondersiand selatanships
when they appesred curvilinear, Dieary same
prles woere amalveed withy MannWhitney LD Lests,
while the effects of Ty siee, msrph, and prey
TV Ok foranging Frelanvioer wos testedd usings sim-
ple regression, Sests ancd Kouskal-Wallis, Fioally,
1l effert of teatment on freguencies of can-
mikral gl G o indoction expermicnis wis
analyvzed with logelinear analysis and chisgoane
st We anabaed  differences o bosly stec
among rreanments using ANOVAL block effects
were removed eons e aialysis when they were
pesrsigilieant, When multiple tesis woere coi-
ducted on the sme sariable, we recloced o
sl o e pemer of tests pesformed (Rice,
PO AN statistics were condncied  using
Stah e, Super AN O el SYSTAL

RE=vms

Fasted swrnwss,—Fiell ohservuions. sevealed i
cannilal fregqueney was  positively correled
with macreinveriebrare density (Frg, LA P, =
TRk FF o= s, A7 = bl o= NSGE. A
errvilinear gt fie this relationshp bever
0F,, = A84, P = RN, &° = 8 ) A margine
ally significiont paositve relatinnship was Toond
Between canmibal fregquency and the CV ol np
ical larvee SWL (Fig. 1B CV: Fp, o= 85, Y =
L, 5 = 51, and this relationslhip was sig-
pificam usingg i 2ol gadler eouation (8, = 2008,
&y, o= s Mean oypacal SVL
vl i wenk el noasignifieans clect on
cannibal leeguemey (Fig, 105 F = S8, 07 = LU,
fE = M, andd podvnoamial regression did oo
Fead b sabstantiol improvemenn O, = L5170
CLEREE, N9 = ks, There was oo clear relation-
ship hevween canoibal Dreoueney and salinmn-
cher Tarval densioy, taedpole density, o clevation
iFigs, 11=F; wll /% = 005, # = .54 However,
cannibals were only found above a cenain

threshedil of salawmander lacvae densiny (= 7 per
m; Fig. 1E¥).

Rpgpavise reprrassion resulis conresponded e
those Toomad asing simple Tinear regression, A
mltiple regression mosdel of macrsinvernicheane
densivy, yprical OV, and wpical mean 5V exe
plabned the majoriy of varianee i cannilal fre-
quensy (Fnal B9 = 0BT, Macroinveriebre
densiny enpcved shae mode] Hirs, explianing (EH e
of the warience i cannibal Teegquency, The €Y
af tvpical SVL added aoother 3% of explans
oy peswer oo the regressaon, and yphcal mein
SWEL conabmred an acdivional TS o the Bl
Avaloe (hnal maordel: &, = 154, /= TR
Mo ciluer varmabsles were rebist cooasgh t eater
e el

Detry Aweefysis—Cannibals and eypacals clif-
feved subsantially in cher (g, 25 U|||:- Cliiii-
Tals compsanmarel ather A, L sebiefennm Lorvae, ol
o average salimander arvwe aade ap GRS 2
R Cmean £ SEY of cannibal o condents
I womeass, wvpical dicis were connposeed -
marily of molluses (444 + 0% mostly hi-
alvesy, diperans (28,1 £ QOGS0 and several
speecics of sodaplinkion (1705 = O, el all
three were consumed in greater proportion in
pvpicals thein in cannibals (Vann-Whaney £ all
= ey, Canmitsal and rypacal dices dbiel st
clitfer o thee presportisn of cadelisty Luevie (104
+ DG i cannibals ve S8 = GRS in v
calsl, -;L.m:-..._-lll:c Lirvae (G2 & D0A% v 357 *
0%, or miscellimcous cther prey (75 =
CLOEESE we Y &= 0% menstly weypetstion. b
miperans, coleoplenns, or weresrials),

Fowaygng fednior experiment. —Carmibals wond myp-
icaals Bl signaficantly higher predation anempas
per e on salamander v when come-
pired e cacdistly o dlamselily Bwvae (canmni-
lals: & = 195, F < (N, df = % typacals:
= G, P = UM dE = 2, Mann-Whitney £ used
i sepiately analves prov spesi. Predaiion -
vemps dlid noa dilfer between the lunter garey
tvpes for cither morph, There were very few sl
vemprs e e caddisfly larvse, ol oo sue-
cesslul captures of cadidisfly larvae were ol
sepvedd Fon cither morph, thos analysis of offi-
ciency wis reserved for salamander and dame
seltly poey, Canoibals dicl et differ in efliciency
B rwee e ey 1y, catcluing bstly sakamanders
ancl alwmeselilies agprosdmaeely M0 of the time
(f = 000, &= 0453, i = 25 'I':.]a-il.'.llﬁ (AT A
stcoessfully captwred o sabimander (0%, b
caprlureel damsclily prev 2% of the tine,
Freditinn attempts per manuee by cannibals
inercascd lighily with SVLEL For salimmivader ey,
bt ot einselfly Lo (Fig, 5% salamander
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Fig. 1. Elfecrs of enviconmental saiables on cannibal freguency in ficld preprialationye, Each ol vepareseils
a single study pepailation, (A Mean pssmsdmerichmne densiy; (B coefficient of variation [0V i omicl
I'|||||||| aignl=ene le Il'rtl]l TSWL D (00 neeam TR al =W (00w salamancer Larsee densiiy: (R mmeian |,“||:.||||_

iben=ity: (F) elvarion,

[LIEH R 1 L S N E ||."'_|"'.l_-||.||||'~||_'|l|:\.
ey Fe = LA = 0T, e (b m =
AELA). mmmily, cannibal efficiency nerensed
significamtly with V1L for salansinder, B pis
clanselily, prey (Fig, SRy salamamaders: F

207, P o, 1= 008 damselllies: F, |, =
g, §° fsd, = 0, For wepicals, Ty
s dlidd mor significantly affecs precdation an-
leanigels 4or elficienay an eithaer Jrey pype AN 8

Ak all Pl

Beinese there were sigmilicant effeeis of body
sioe o cinnibal Toersging o salamaneler ey,
wi conmipared belavaor among morphs for this
Py vpe by limiting the anabvsis o animals ol
e sae siee tge (3503 mm SYLE Becius
siee alid nen indluence performoimee in el
mwerply o dhomselily Tirvae, comparisons b
tweene morphs o this prey were mode witly all
inclividluals inclucked in thae analvsis, Prediation
attennps did nen dilfer between morphs for sal-
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O Cannibals @ Typkcals

B

Prey ltem

hl-': = Spivpneh condemis ol |,||'||'|i|u|| aml L!.'jlil:ill.
Ariem tiper slavslers, Shown are the e e
ons = 1 ALK Asterisks denote sgibcam bifler-
i HIE |em |'|.-||||x|:ris|:-||-=:l.

F""“

CIiCeE Gl 0

amander proev, bt wvpicals hisd a0 sarginally
|'|i;|.1|'u.-|' murbser ok allempls por TUTTNRTTEENE IR
eannibads o dlomselllv [LIERD (alale 10, -
Bale caprired ahout 2% ol the salimandes
prey they ik, while tvpieals never capiured
sitlumangde ey Thens, ciaely ebammseil 1'|‘|'=l.'in.‘l'u':-'
conlil  he  siatistcally compared Tebween
mnrphs, Typicials showerl o amgioally sigwifi-
cant dwcreased eflicicney one damesellly prey
conmprnedd Lo canmibals PE25 s 21 Yo Taksle 1,

Fadiecticn sperronend 2 Fffeer of salamerader o i
Jode ety o rewaileal foocdacton—Loglinear
wiialysis revealed oo signilicann imeraction be-
poeen the effect of stluansmder demsiy aind il
pobe densite on cannibal fregquency (00 = (L,
B, dl = 81, Salomander densiy signifi-
cantly inereased canmilsl frequency (60 = KB,
Fre 0, E = 1 Fige bh) while selpole densing
P s et (40 = DoBE 2= (L8, AdAf = 2.

Sefnatang sherimend W Bl of o et
we i pertetmte deisily on canaibal oducdion—

(118 [ . -

_E [ e et A

E s

= &

=z .

=9 0.4 - - e

E - t__,--'"'-_-l

£ o2 Y .

x — i oa
0.0 . ..

L3 —8r f a0l
3 45 40 45 50 55 &0 &5 FQ VS
Snout-vent Length (mm}

0.8, —— —
L] Bl el L
= Liaruir iy L= - B
= 05
E o oo
2 ops
2
b=
W oz ’
ﬂ.l]'i 13 T - - T
10 15 &0 45 50 55 &0 GBS TO Th
Snout-vent Length [mim)
Fig. 5 Effecis of spamt-ven lemgth on (A @-

|_|'||||_I||:'b:| e ETRTR e E W TRTITT Al {15 I.'”fll'il.'l'll.'!-' lin
coninihal larvae Frsging on silaosander and damselily
Lrvae parery, e el lon statiscies, Begression lines are
whomen onlv T silaimamler Tarae.

Lerg-linesr awmady=is pevenled na signailicant iter-
action between the effects ol salamander den-
sitv sl peaeresinverteheane density on canmilsal
lrequeney (= 00, FF < 1LARL i = 4y, Tirem-
menls conlainang macroinveriebnee prey e
Aot sigmificanthy more connibals han reat-
peents withoul this proey vpe (6= 555, 1P =
e, o = 1, Fig, Al Inoconirast, saliorandes
dlensite hal wo significant cllect on cannilbal i
chuction (6 = 045, # = A7, 4 = 1],

T iwvestigaate the mechanism behingd canni-
bl procduction in this experiment, we analbed
varniting i SV amel muss Thers were signih-

Tagle 1. Exremmesra, Cosnimsoss oF Forwrss Bassaom senwees Mareis, For predation anempls pee
i, i = (LT (o compiarsdmns] .

i!lil'l-l

Slogin =
Reqrane variabls "y Cansilel Ll i " il
Pl cimpe e min Sal 1T & DG 007 = dLnG .05 1h4H 14
{1k (i
[RATRTERR L0 = 0l R T R 1.5 i )
1210} LL
E T b iy sl Ikl = 017 0 dki — - —_
17 150
Tl w2 = 007 W42 2l [ 0wy {1l
(7 (]
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Eﬁﬂ.ﬂ- O LowBalemander [ High Selarsanise: E
S a0.0

s

- 10,0,

£ oo i I

il Zero High

Macroinvertebrate Density

Fig. 4. (Ad Blfcc of sadpsale andd salomandenr -
v dlemsity an cannibal frequeenoy in Inducion Ex
periment Lo 0BT Efet of macosivwer aehesie aned sil-
ainaiwcher v |1|'I'|-.ir:\.' o ranmilal Iraspuiemcy bk Ini-
chsticinn Experimsent 11 Soe test lor stalisins.

cant elTects of mucrednverielase ey oo neean
WL el arwss o iy 20 o the experimaent (Ta-
bl 21, I acdclivion, significann increases were
fomoel i ihee U8 ol B soel sriess oo imecronn-
wvertehrane tremimerits versis hese sithesan mac-

roinvertehomes. Flowever, silionzander densily

sl ehae mieroinveriehrvie =0 sehasimeder den-
sy ptermction T o eflect an the mean o
CO% anl” SWLL sined mnzass (all & <032, all P == 0L47,;
Taalalar 25, Cammpirracas ol anks porosdocing can-
mibkals versos haose awithonn them revealeod oo
dalterenees i U8 ol SV (8, = 12, Fre 2R,
b sigmificans dilferences an the OV of oeass
A e = AL M= D2 Compsarisons of Taaly siee
an e e el e |_-:-:|;u-|"|m|,-m; wierer Bagseed b
vicnse o the presence ol single cinnibals i
ik ks,

TS RECH T RS

Frevicsies :-.IIJl'“l_-!G ll..ll.l_' dl-uu.“ I|'|;|_| |'||_'I-|_-|'||'\1|:||_'\-
cilic prey can inchece cannibalistic morphs by
crcasing sl varkaton of o popalation {Adarc
] Elollins, THERE, 199G, Car claia sl ihis
iwdlavaset bz feae thiee vaole el Lugee haster-
RERTEES ifiia ey i the plmlu:li:m ol the canmi-
Inlistic poslvplenism. Field observidions re-
weriledl than camiibeal I'u-r||_|:-||q'!.- Wils ai”nil'u_;_arnlf.
correluecl with bhoale thae chensiiv oF nucrednver
tebirae prey and the GV inogypical SV Labso-
retory indocting experiments showed thar mac
veinverielrates inevemse the GV ol Towval SV
aned :-.I:I|'I-a-.|!'|'|1l.-|'-lll|:|.' imvcreases] e |wnrluu_'|imr| al
caneribeels, Thaese claia e comsistont witls bogk
the et gl dnddirecn ]I!.'|:||'|-|'|I|_1il_1i Foor caeilal
prisduction., in that inerewsed levels of Luge Tus
1'l'll*~|:ll.'=i1'll.' et e reclaved 1o anereased fre-
apuencies ol cannibals lowever, the incoreased
Boadly sbee warinioay foamndd b bocke Gebd andd Tals
stuclics supporis only the indivecr mechanism,

Chne elictary el forsging resulis are also con-
sistent with the indiveor hypothesis, Dieary dana
rovealedl et canmnilads poanmarily  comsaomed

Tank B Errecr oF M woisvERTERRATES /s SalaoiasDiER Dssiny o BSodey S Paeaserens (5VEL, Mass,
CASVL, s CVALass) Messunren prrisG Exevsiest 1L Shovn are means = 1 8E: sample size is 20 for each
mmean, Marsinverchmne X salamander densioy ineractions aee not showas See e for decails Asterisks denoe

sigilicant dillerenees a « =

CLANRGES {Toner comigririseans},

Mg iy oot i iy

T High ¥ "
SV el I | E T S | T [N |}
Bilies s = dLr sk = L IEy 124 LR LN
sV M= e 1941 + (11 T <IN
IR TS ANk = 4T [ETT S I 4l RURIE

Salmander densicy

L Hizh + IS
VL TG = LG SRA O IRk nA4E
Yiss il = d1L0G ILiGd & (LG L5 .5
ARV 154 = 10 l14 = 1.5 21 (il
LY T R R ] qrdi = Gl 150 (R
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conspecifies, and consimed hewrospecific prey
i liv I'r:,-:llu:l'u'i:'s. Carnnnilals |.h:r|.'|'1'| wid b Ll
o comsgeecilios ather than mascvobnveneheanes,
vl Uoweahy an sosmgs haorly sices their saipeeeas
ree nn tlese heterospecilic prey. was mueh
Bl (Fig, 8100, Tvpical larvas Tl muarginadly
higher prelerence for damsellly peey than did
camnilals, and svere manginally heter at cageoare
i clainselilies churing experiments, b did pe
diller froan cannibals o consumpion ol mac
resnvertebrnnes in the fielel, Alihoagh they pre-
ferveel to ek conspecifics during expseri-
mens, wpkeals were pever suecessil ot consam-
i thenn, Thiese it sapgeort the bdea dhae can-
pehads ado Aperi i#e o miscroinverie e
ey, especially whon Brges comegse s jire
avilabile. I canrast, simialacly sized tvpical e
var are g elfective ol consunang conspoecelics
and thus shonld choose the Lrgese heterospe
cilic pres which are svailable. This conelhasion is
supported T canr foraging expriment, b may
B kel B Besly iz elleos within ouwr dic-
vy adita, Thiot is, our Boraging daa conrolled
o size between morphs, whereas o the eld
|l.'|'|i-:','|l-: wers alvwsays sialler than cannibsals, B
civmae ol (e Barge siee vaciation that aceors in
||||-||.||'H. with cannibils, 1:-]:-i|:'.'||:i my e e

towr smal] bo aetively Fosige oi avse eoinverie-
fwanes, awhile the canmibale vy o fed on
micrcanver iebnes or other helerospeeific prey
carlier i i onogeny,

Hnwewer, in soane circomstanecs, pagticibaly
when conspecilic densities arg low relative
heneresperific prov densitics, camnibsls oy spe-
clialize on Luge hetevaspecilic prev, Because am-
philizn and inveriehrate popakioions olben e
tuezatis enmsiderlaly leoam veae s vear, partiealasly
within thee Lirval stiges (Pechmiommn g al., 19
Wissingrer, VS Whitcain and Wissanger, in
peressd Bl oas I|L|_-I:. i the beawedin of husterospse-
cifie prey chunges both spatmally angd wemporally,
ln e stucly peepubations,  macrainveriehae
dlemsities Bawve Theenised over Lthe prest e ade
(Wissigger, pers, comomcd Thos, insoome vears
Iterasgsecilie ey may b abaancdand relative 10
salammneler Tirvae, which wouled albow Lirge laea-
crosparcilie prey b provide resounoes to cini-
Taals that oy e mmwailable when iadpaeles or
s vk mveriehrates o less ahunelant than con-
speecilics, T sapgeart of this lypotlicss, Loel e
al. (19 dommnel thean commibsals conseneed more
o ey tham conspeecafics, including

P pospaes
Foedwcris tudpedes and acpeais secrs, Lnder
congdinons when acdpoles were on svenige sax
times meore dlense o salamander Tarvae in
[NETR LS q:,..;l:,- |_|||1|qu e vilues droan “Tkde 1,
Laosely e e, 1909 ramgee (R21-1 b, Al aned
Callins ¥ fownd than ine populidions with

Toww saalanmamder Gorvae densities, conmibals pri-
i |||.' |_||-|II-\.I|||'||-|'|'|. |‘I-c'i|'|'\uip-:'|'i|'i1' I.Hl."'.'. whitle in
priaprclsticans with highor sl desies, -
Tl |;.||||p.|:|i|:. ceanmumicd |l::||'|:-||'||'\-|'i|'||':-i. s
sticies illusarnte i the canilbel oo phaology
is mot simply an adagaation for cannibalism, an
ritheer T Bomging o the largest wsilshle pres
s also Retllby coal,, 18

mimerons stedies luvee shavsn thae aniemls
will chewse the most profiable prey wpe tha
masimges the benefineose caio (RS0 e, Shis
|'|h4'||'= am] Brebes, DS Tiger salionango lar-
ae of each |||||-||;|'| Tl thiis simne |_F||.'I'|l'l'.'l|.
rules The cannibal morphology provides o per
larmamee .|l:|.t'..1|||'.1m' i the handling of ORI
cile prey which vpical larvise Tick (Reilly ot al.,
P i peaaprerd. Thos, the cos Qin werms al
CACTEY [E], viene 1], B, oo seamee oot her ourren-
vl ol artaeking o conspecihc s kely aeeh oo
e Lo cameibale than Il.'|'|i-|':l'|\. Tleis cosst shiemaled
lerrease with incrensingg cannilal bocy siee, b
civnse we Fovmad caonibals made more anempr-
= CApHELTES a0 e'4|||.-:||-:'|'i|i-:"= ws ihwear SV n-
croezsec] {Figs S50, and Marer andd Casllins {14997
Fowiane] il thie g ol saliviancker Luryie
in cannilals ciets anereased sgoilicandy with
Iu_u;li:.- s, al leasn i soame |m|1h|.|:|.|icrl:.:-..'l'l!u' Taermie
clits ol elilFerene prov fypes are also wler. Lising
pabilishied claa on calories per groam dry miss
(Cmmwmins andl Woveheck, PETTF ol avensge
by pmass cstpmates COWhitcman e al, 19905
Whiteniwn ||||||'||.|'I:|I. flaead of salinmasncler Lowvae,
catlelislly Lavvae, chamse N Larvaas, and 2oogplank-
ween, wie Fonened thae althoaezh macroinveriebaes
prowvide Tive times the energy of cooplankion
[“I_II"I_:'bhl'“.Il:'I'I.' b8 ws 00 calories e prickivarl
sl presy comsimed ] sehnsmaler Larsise ol sm-
alar =i e I_h:nl_' ey |_-||i £l |'|!. |..¢'|III'|'I|'|:I'|'\1 |'|I'-|'|'.'I1||"
ol 200 imaes the energy of macroinveriebnes

Capgarcsmmately 3300 calovies), The henelits of
macroinveriehrnes  reloive o conspecifics
wight b further veduecd doe oo decressed di-
gestibilivy of their chitinous exoskeleins (Rick:
lebs el lilleer, 19505, Thias, thae CER o
al conspecilics by cannibxals and macroinverne
liratis h:. ll.]:-in::.'nl.-: it the B0 smadysas,
Heterompecilic prey thiis infleence e can-
nibalistic peolyphenisan by providing exoa ener
av Lo Else salansander larvae alsle oo consame
thens, Theses Lirvac |.-:-:|:||~|'i|.~|:u.'e' fisster growih
rates i Birvae anabde 1o access large hewer
ospecilic prev, increasing the size sirociore of
e |1||-'|:-||L||:i.-|'-|| {3 laret el Clanllines, 190945, This,
i oo,y sl the praduciicn of can-
nibals thar can exparience further increascs m
roawtly rane by cxploitng smaller conspecilics
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