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Summary:

1. Body size often varies among insular populations relative toinsoral
conspecifics — the “island rule” — and functional, contexdependent
morphologicaldifferencedend to trackhis body size variation on islands

2. Jkwe-hypotheses areften proposedas potential drivers oinsular population
differences in morphologyone relating to diet,and the otheiinvolving intra-
specific competition and aggressiolVe directly testedwhether differences in
morphology and maximurhite capacity wereexplainedby inter-island changes
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in hardness of both available as well as consumed prey, and IéJaardto-
lizardaggression among smadland populations.

3. Our studyincluded11 islands in the Greek Cycladasd made use o& gradient
in island area spanning five orders of magnitilfe focused on thevidespread
lizard Podarcis erhardii

4. 'We foundthat on smallerislands,P. erhardii body sizewas larger head height
was“larger relative to body size,and maximum bite capacitybecame
proportionallystronger

5. [This patternin morphology and performancgas not related to differences in
dietmbut was highly correlated with proxies of ing@ecific aggressior bite
scars ananissingtoes.

6. Our findings suggest thatitical functional traits such as body size and bite force
in_P. erhardii follow the predictions of the island rulend are changingin

responséo changs in the competitive landscape across islands of different sizes.

K ey-werds: Greece, Cyclade islandsland rulePodarcis erhardiipite force, intra

specifcaggression, diet

| ntr oduetion

Extreme lody size,shapeand performancdifferences among insular
populations relative to continenfabpulations of the same species have lieeumented
in anumber of cases pygmy pachyderms in the Mediterranean and gigantic Galapagos
tortoisesamong then{Case 1978; Lomolino 1985ondaar 198@&1ayes et al. 1988;
Jaffe,Slater; & Alfaro 2011Sagonas et al. 20L4However, whethethis ‘island vle
can begeneralizedicrosdaxa and conditions iery much in question (Lomolind005
Meirig'Cooper, & Purvi2008), particularly for reptilesNleiri, Dayan, & Simberloff
2006 Meirr2008 Itescuet al.2014).

Studies testing the island rulgically invoke a trophic explanation (energetics
and diet selection) as the basis for changes in body morphology followsjrerees’
arrival to an islangvan Valen 1965; Roughgarden 1972; Lister 1976; Case 1978;
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Lomolino 1985) The rationales that selection i favor convergence on a new optimal
phenotype for efficient resource acquisition in the nesular environmenfLomolino
1985) Thus, relative to mainland populatioofsthe same or closely related species
small to mediumsized vertebratepeciewill tend to become larger on islands to benefit
from metabolic efficiencies, while large vertebrapecieswill tend to become smaller to
capitalize on limited food resourcé3ase 1978; Lomolino 1985T his pattern has been
demonstrated, for exampl@nong species afonvolant mammals (Lomolino 1985),
shakes(Boback and Guyer 2003), and birds (Clegg and Owens 2002).

Yet, dternative, nortrophic explanations for the islamdle pattern have also
been advanced arge body sizeof someislandpopulatiors may reflect the island
colonizer’'smeed for robust morphologyreachthe islandn the first placglL.omolino
2005).0r, Insular populationsnayexperience a shift ithe nature of the interactions that
determine selection for different body morphologies, suchratease from predation or
a shift frompredominantlyinter-specific competitioron mainlandto intraspecific
pressur@nsisiands (Case 1978; Lomolino 1985molino et al. 2005Pafilis et al.

2009. However to our knowledgehese alternative trophic and ntvophic explanations
have never beesimultaneously teste@ur study examines the relative contribution of
these.two mechanisms to variability in morphology and performarnbe lizard
Podarcis erhardifWerner 1930, making use othe GreelCycladesas a natural
experimental laboratory

Archipelagogrovideunique setting$or natural experimen@imed atcomparing
the relativedimpacts of ecological contextsaospeciestraits. Biogeography theory
predicts that as islands get smaller, and more remotaespeersityand overall
biomasswill decrease (McArthu& Wilson 1967)Large vertebrates, partiarly
carnivoresarelostfirst as island area decreasktatArthur & Wilson 1967). The lack of
top predators on small islands is known to releassepredatorgBlumstein 2002}
includingiizards- enabling higher densities on small preddtee island{Perez
Mellado& Corti 1993;Buckley & Jetz2007;Pafilis et al. 2009 Agonistic behavior in
lizards is correlated with increased competition for food,ttekri mates, and other
resourcesliiego-Rasilla& PérezMellado 2000; Vervust et al. 20R9hus life on small

islands can drive high rates of irispecificaggressioriPalfilis et al. 2009; Brock et al.
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90 2014n), resultingin bite scargVitt & Cooper 1985¢Gillingham, Carmichael& Miller

91 1995 Jennings and Thompson 1998mputation of toe@/ervustet al.2009) tail

92  sheddingBrock et al. 2014), and even cannibalisrRé&filis et al. 2009CooperJr,

93 Dimopoulos& Pafilis 2014 Deem& Hedman 201)

94 Mediterranean islandsmanysmaller than 1 ki with very little foodor shelter

95 from the hot, dryandwindy summerscan beharsh environments for lizardé/ethen

96 expectthatiizards living in different island contexts would lwally adapted to

97  maximizetheir fithess in thosmnditions.Indeed, numerous studies have shown that

98 lizardsliving on islandslisplaya hostof morphologicalHuyghe, Vanhooydonck, &

99  Scheers 20Q05agonas et al. 2014), performarfervust, Grbac& Van Damme2007,
100  Pafilis, Foufgoulos, & Poulakaki2007 Pafilis et al. 2008 and behavioralCooper &
101 PerezMellado 2012 Cooper et al. 2014) differences relative to mainland populations,
102 and even populations on larger islands (Runemark et al. P@fi0s et al. 2011Brock
103 etal. 2014).
104 Body size differences between island populations are one of the neakistiind
105 effects‘enlizard morphology; &rger bodies among smddland lizards often enable
106  herbivery(Van Dammel999; Coopek Vitt 2002 Herrel et al2008), critically
107  broadeninghe niche othese insulaspeciesHead morphologys alsoknown to change
108 on small islands, ften geting largerwith body sizeand at timeshangingshape
109 altogether(Herrel, Vanhoydonck, & Van Damme 200#uyghe et al. 2009Moreover,
110  with headmerphology changesoncomitant changes in bite force afeenobserved
111  (Herrel'etsal. 1999, Huyghe et al. 2009
112 A lizard’s bite capacity iglirectlyrelated to its ability to acquire and protect
113  valuable resourcesfood, shelter, and matégerwaijen, Van Damme% Herrel 2002
114 Lailvaux.et.al. 2004Huyghe et al. 2005). Maximum bite force varies considerably
115  between lizard speci€Blerrelet al.2001; Herrel et al. 2009 but can also vary within a
116  speciegHuyghe et al. 2008Brecko et al. 2008 andin different ecological contexts
117  (Sagonas et al. 20L4This intraspecificvariation inbite force is often attributed eithter
118 dietary (trophic)or behaviora(nontrophic) differencesetween populations.
119  Proportionally stronger bite forces on small islands, for exammg,enable a more
120  herbivorous diefHerrel et al. 2004Herrel et al. 2008Herrel& DeVree 2009 or access
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to heavilydefendedhard body) prey itemike beetleswith strong elytraor snailswith
shells(Herrel et al. 1999; Herrelt al.2001;Verwaijen et al2002. Alternatively,
stronger bite forces on small islands may correspond to higin@ispecificaggression
and competitiorfLailvaux et al. 2004; Huyghe et al. 20Q&ilvaux & Irschick 2007)
We found thatP. erhardiibite force was stronger on small islands, and
investigatedvhether diet omtra-specific interactionexplainthis patten. If diet is an
important-driver of differences in bite force, lizards on snsdinds would ingest a
significantly*higher proportion of hard prey items or plant materiahti&-specific
interactions drive differences in bite force, then we would axpegies of aggression,
like bitessears, amputation of toes, and tail shedding, to iserearequencyn smaller
islands'Moreover, ve predicted thahebodysize ofP. erhardiiindividuals would be
inversely related to island size andividualsshouldhave larger heads, relative to body
size onthe smalkstislands. These larger heads should translate into proportionally

harder bites.

M atertalsand methods

Studysitesand species

We conducted our study dil islands in the Greek Cyclades rangingize from
0.004 knf to over 400 krfi(Fig. 1A). During the last glacial maximurthese islands
were connected in a large clustéCycladia’—and in the ensuing 10,000 years have
become isolatenh a knownfragmentatiorsequencealculated usingpathymetrydata
and historical setevel rise(Foufopoulosk Ives 1999)All islands in thestudyare
within 50 km of each other and experience very similar climate conditiarm, dry
summers andhild, wet wintersHuman land use has left an indeliblankon the large
islandsswitha widespread network of cistone walls and terracdeminating landscape
structureskFreeranging goats and sheafso significantly impact theharacteristic
Mediterranean phrygana/maquisgetation evergreen osummerdeciduous, dwarf,
spinose, serub withdalitionalaromatic forbsSmaller islands less frequently have built
structures, but often host small populations of goats left unattendedaddyandowners,
causingvegetation communities to resemble othea\ily-grazed areas on largstands
(Pafiliset al. 2013.
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Podarcis erhardiiFig. 1B) is a mediurrsized (snouto-vent length 4978 mm)
lizardthat is widely distributeth thesoutternBalkanPeninsulgValakos et al. 2008).
Podarcis erhardiis a generalist predator of arthropoogst often consumingrey
around 5 mm in length (Valakos 1986), but it is also known to eat sndilssattlarvae
(Adamopeulou, Valakost Pafilis 1999) Previous studies have suggestsdliet is
largely devoidof plant material Yalakos 1986Adamopoulou et al. 1999 contrast to
other MediterraneaRodarcisspeciesthough some frugivory hgseviously been
observed(Brock, Donihué&, Pafilis2014)

Morphological and performance analyses

During the summeof 2014 (20 May through 10 June), we captured at least 8
males and females from each of the study’s 11 isléifigs 1A, Table A). We measured
lizard mass, body size (snewtvent length- SVL), head lengtlisnout tip to back of
parietal scale)width (at widest point, including soft tissue), heigat back of parietal
scale) and{aw lengttibetween tip of the lower jaw to the point of articulation between
jaws). All length measures were taken using digital caligerankford Arsenal
Electronic Dial Glipers)and massneasurements withspring scaléPesola LightLine
509 x.0:50) Additionally, wecounted the number of bite scars on the body of the lizard,
the number of toesiissing and the condition of the tallhtra-specific bite scars are
easilydistinguishable from scars inflicted by predators due to their snaghsiz€Fig.
1B). Wercounted the number of bite scars on the entire body from hesilbated all four
legs, and.disregarded any scarring that was not obvicaskedy a conspecific
Aggressive encounters between lizardsaaoresult in toe amputatn (Vervust et al.
2009. We counted a toe as “missing” if any part of the digit fudg amputatedbut did
not count toes that werstact, albeitdamaged or scarred. Taileakswhile usually
studied.in relation to predatioRéfilis et al. 2009L.i et al. 2014 Brock et al. 2014), can
also oceurin skirmishes between lizards (Bateman and Fleming R86th& Hedman
2014, and,so, in tandem with bite scars and toe amputatios categive a sense of the
competitive landscape expeanieed by the lizardparticularly on predateiree islands
Because frequency of these physical scars carbalselated to ag@Brown & Ruby

1977), only adult & 50 mm SVI males and females were used.
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Using apurposebuilt bite force metecomposed of metalitng plates connected
to a Kister force transducer (type 9203, Kistler Inc., Switzerland),@wnoting over a
microcaliper fulcrum(seeHerrel et al1999 for full cescriptior) we recorded bite foroaf
each lizardn_three repeated trial§he metal bite plates were always placethe
lizards’ _meuthin-line with the lizard, visually standardizing the bite position aplate
Thus,the lizardconsistentlybit with the front ofits mouth as plate positioning can affect
bite ‘performance (Lappin and Jones 20T4e distance between the bite plates set
to 3.5 mm;"but this distance varied by as much as 0.2 mm followingieawassembly
of the apparatus or gécularly strong bitesBecause bite plate distancan significantly
affect the force the lizard can exert (Herrel et al. 1988Y),ecordedhis distancebefore
each trialand used thismeasuremerds a covariate in all bite force analyses.
Additionally ywithin three hours of captueach lizard’s stomach was flushed with water
througha balttipped syringauntil the contents of the stomach were regurgitéiteairel
et al. 2006) These stomach contents were saved in individual tubes of ethanol for

subsguentidentification and analysis.

Ecological @« mmunity measures
We conductedour line transectsnthe apex otach study islanioh cardinal directions to
estimatdizard population density. Each transect was 50 m long and was walked by the
same investigator (MB) to control for biases in sedwiag speed. All lizards within 3 m
of either'side ofhe transect line were counted, and in this wapmparabl@pproximag
measuresef‘densityithin a 1200 nf areawas calculatedOn our smallest island,
Panagiarepeated transeatiskeddoublecounting individualsand soonly three
transects werased Transect counts were performaidthe same time as lizard capture
within the regular morning lizard activity period (090000 hr) and during good weather
conditions (2729 °C, sunny and ndouds) with minimal wind (< 2 8aufort).
Additionally, on each island, eigpttfall and sticky insect trapairswere arrayed
within the .area we were capturing lizarBgfall traps were approximately 5 cm in
diameter and 10 cm deemd filled with2 cm ofantifreeze. Sticky traps were 7.6 cm by
12.7cmand were set on 30 cm stakes over the pitfall trélpsse traps were Iefior 48

hours to sample the insect commuratsailable to thdizards.All insects collected in
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sticky traps or pitfall traps were assigned a hardness iiinded, medium, sofccording
to Herrelet al.(1999;2006 see supplemental Tab¥ for assignating. Using the
hardnes@ndicesfor each trap we then calculatdek proportion of each pregategoryfor
each islandn order to control for anticipated differences in insect abundatagve to
island size,or to minor variations in weather conditidnsng trapping

The lizard stomach contents were identified with the aid of a disgec
microscopén October and November 20JBach bolus was searched, and every
component'was identified to insect order, invertebrate (tlyastropod, pseudoscorpion,
tick, etc.) or/plantstructure ¢tem, leaf, floweretc.;see supplementalableC1 for

complete list ofound stomach contents).

Statistical analyses

Because islandizevariedover five orders of magnitudesland area wanatural
log-transformed for all analysesirBct interisland comparisons of body siwere
calculated=hy regressing the island population’s nfeaavoid pseudoreplication)
againsthetransformedsland areaVariability in headmorphological traitend bite
forcewastested using generalized linear models. For each model, adl¢titers were
initially-tested and noisignificant terms were iteratively removed until the final model
contained only significant predictors of the response varidlidg¢ analyses were
conducted on summed hardness indexes calculated both for each indavidaaderaged
among@a populatioVe arcsin transformed thket proportion data beferanalyzing
them.The.same assignations, transformations, and analyses were gerfumrthe sticky
and pitfall trap data to calculate the availability of different gragdness types across
islandsof different sizeslndividual dant parts were sometimes difficult to distinguish
and counin.the lizard stomach contents and so we analyzed herbivory usistdogi
regression @n presence or absence of plant material in th&llgabalyses of aggssive
proxies.were calculated with simple lineagressions using island area or lizard dgnsit
asindependent variablesll andyses were conducted in JMP 10.0.0 (© 2012, SAS

Institute Inc.)

Results
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Morphology and performance across the Cyclades

We found a significant relationshijptweemmeanadult lizard body sizand
island areponaverage, lizards were larger on sregislands (Radj: 0.34, p=0.036
n=11, df=9). Whenwe analyzed thiselationshipfor each sexndependentl\Fig. 2), we
foundfemales were larger on small islan&s &dj: 0.40, p.022 n=11, df=9) while
males trendeih the same directiorRé adj: 0.25, p=0.067n=11, df=9).

This'patternin body sizevas mirroredoy head morphologyGeneralized linear
models(GLEMSs) incorporating sex and island area explained significant variatibrard
head length (Radj: 062, p<0.0001, n=345, df=2), head width (Radj: 054, p<0.0001,
n=345 df=342), head height (Radj: 050, p<0.0001, n=345, df=33}, and jaw length (R
adj: 048;p<0.0001, n=345, df=24 Table B). All head metrics were larger among
smalktislandpopulationsWe thenasked whether lizard head shape differed between
islands, that is, lizard head size standardizeshbgrporatingoody sizein theGLM. We
found thatonly head height varied proportionally with island aréaards had relatively
taller heads/on small island®{adj: 070, p<0.0001, n=345, df=3% TableB2).

Head shape significantly affected bite force in thesedszén GLMs
incorperatingheadmorphometri¢c sex, SVL, and bite plate distaned four head
measurementsgnificantlyinformedvariability in maximum bite forc€Table B3)
Furthermoremaximum bite capacity significantigcreased among smasiland
populationsevenaccounting for inteisland variability in SVL(R? adj: 0.723, p<0.0001,
n=339 df=331; Tablke 1). While bite plate distancdid notitself significanty inform
variabilitysinbite force, we did find bite force wasignificanty relatedthrough
interactions between SVL and bite plate distance and islandadgéte plate distance
(Table_).

Bite force and diet

Oneof ourhypothesized driverof bite force is dietAfter categorizing the flushed
contentsiof lizard stomachs from all islandg, foundlizards with a harder bite force
generally had consumedhigher proportion dfiard diet itemsg=0.0037 df=246 and
lower proportion okoft items (p=0.032, df=246However, bite force explained very

little of the variabilityin thesepreytypesbetween individual¢hard:R? adj: 0.029 soft:
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R? adj:0.015. Bite force was notalated to the percent of meditimrdnessliet items
(R%adj: 0.002, p=0.223df=246. We discovered a significanegativerelationship
between percent of mediuhardness prey items and SVL?(&j: 0.0135, p=0.0369
df=246); however, once again body sizeplained relatively little of the variation in diet
Percent.hard or soft prey items were not related to likany size(hard:R? ad;j-0.001,
p=0.41,df=24§ soft: R? adj:-0.0003, p=0.33, df=246

Comparing populations between islands,digzovered significant differences in
the averag@roportion of hardp<0.0001 df=9), medium(p=0.0003 df=9), and soft
(p<0.0001 df=9) prey items consumed by lizards on different islands and by the two
sexesThese differences were confirmed using Tukey's HSD test foipteult
comparisongTableC2). However, thespopulationspecific difference@ diet hardness
were not explained by island ariesa simple linear regressidf¥oHard Prey. R* adj: -
0.07, p=053, n=10, df=8; %MediumPrey R? adj: -0.08, p=060, n=10, df=8 % oft
Prey R?adj: -0.07, p=055, n=10, df=8 Fig. 3. Finally, wefound norelationship
betweensisland area alikielihood of plant materialn thelizards stomach content&R?
adj: -0.00044 p=0.34, n=248, df=246However in contrast to previous studies of this
species,welid find higher than expected incidence of herbivory; thereplast material
in the.stomachs of 40 (approximately 1686pur study lizards.

Diet availability between islands

Weralso tested whethtrere were any differencestime hardness of the available
prey between island$he relative hardness of insectdlecteddid not vary between
island$ of different sizefer eithersurveymethod- pitfall (%Hard Rey: R? adj: -0.11,
p=0.74 df=9, %Medium PreyR? adj: -0.09, p=0.61df=9; %Soft Prey:R? adj: 0.07,
p=0.23.df=9) or sticky trap(%Hard PreyR? adj: -0.03, p=0.42df=9; %Medium Prey:
R? adj:0.32,4¢=0.051df=9; %Soft PreyR? adj: -0.02, p=0.30df=9). Furthemore, there
was no.relationship between the proportion of items belonging to eedinelsa class in
the stomachsf the lizard and theaverageproportion of that hardness class found in
pitfall (%HardPrey R? adj: 0.07, p=0.23, df=248%6MediumPrey R? adj: -0.08, p=0.56
df=246 %SoftPrey R? adj: -0.09, p=0.65df=246 or sticky trapg%HardPrey R? adj:
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0.03, p=029, df=246 %MediumPrey R? adj: 0.06 p=023, df=2468 %SoftPrey R? adj:
0.04, p=0.28, df=246

Bite force and intrespecificinteractions

If.intra-specific aggression and competitimrre more intensén smaltisland
contexts, stronger bite forces wolldadvantagous We testedvhetherseveral proxies
of intra=specific aggressiowere more prevalemn smaller islands anghether any were
relatedtobite forcd-irst, we found a strong relationstptween lizard density and
island farea; lizard densities were highest on small isldfdad(: 0.39, p=003, df=8;

Fig. 4A): We also foundhat the average number of epecificbite scars per individual
was signifieantly higher on small islands?(@lj: 0.68, p=0.002df=8), and at high lizard
densities (Radj: 0.38, p=0.045 df=8; Fig. 4B). The percent olizards withmissing
digits on each island followed the same tremdrgnally higher rates on small islands
(R%adj»0.30, pH.058 df=8) and significantly higherateson denséy populatedslands
(R? adj#0:34) p=0.045df=8; Fig. 40). Finally, while rates of tallosswere not explained
by island area (Radj: -0.08 p=060, df=8), they showed atrongpositiverelationship
with'lizard density (Radj: 0.48, p=0.016df=8; Fig. 4D).

We found that bitéorce was significantly relatetd a suite of these proxies of
intra-specificaggressionThe number of bite scars on madividual waspositivelyrelated
to its Maximum biteapacity(R? adj: 0.251, p<0.0001, n=245, df=23Fable 2.
Similarly;the number of digits missing from a lizandreasedignificantlywith the
lizard’shiteforce (R adj: 0.101, p<0.0001, 245, df=240 Table 3. We did not
however find a relationship between bite force ahd rates of taibreaks (p=0.42
df=240). We found a strong quadratic relationship between maximum bite fodce a
lizard density. The maximum bite force of both malesfenthales peaked at very low
and very. high lizard densitieméles: R adj: 0.178, p<0.0001, n=138, df=1,36males:
R? adj: .0:04, p<0.0364, 07, df=105 though thesignificantrelationship for females
explained relatively little of the variability in biferce

Finally, we directly tested whether intraspecific bite scars, toe amputations, and
tail breaks increaseginong individualsvith high bite force on small islands

Specifically, in a GLM relatingsland area, bite force, bite plate distance, and sex, we
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found that both bite scars and missing toes increased with bite fatceareasing island
area (bite scar&? adj: 047, p<0.0001, n245, df=24Q missing toesR? adj: 015,
p<0.0001, n245, df=240; Table B4). Bite capacity, controlling for island areaefs,

did not however significantly inform taiireakqp=0.22 df=24Q Table B4).

Discussion

We tested whether a suite of morphological traitdanassociated performance
trait, bite forceyaried across islands of different sizes in the GfegladesWe found
that lizard body and head size were significantly larger among shaaitl populations
thanthey were among lizards living darge islands. Thesamaltisland lizards had
strongerbites, even after taking into account the digant differences in body size
between populations on different islands. We then investigatetypathesized drivers
of these.bite force differences. Contranptedictions ofa dietdriven hypothesiswe
found ne.relationship between island area and the proportion opteyrah the lizards’
diet. Insead, wefoundthat measuresfdntra-specific aggression dramatically increased
on smallislands,and closelyfollowed the observed pattern in bite fordénis has led us
to conclude that, while bite forames affect lizardliet, the interisland pattern in bite
forcesobserved i. erhardiiis more closely tied to the intense inpecific aggression

experienced on small Mediterranean islands.

Morphelogy:andbite force varies with island area

Examplesf body size differences among insular populations relative to
continental conspecifiarewell documentedLomolino 1985;Lomolino2009. In
accordance with theredictions of thesland rule, we found thain smaller islandghe
body sizesof. erhardiiwas largel(Fig. 2). Closely tracking the body size trends, we
found thatshead size also increasedsmallislands, and that head height, when
accounting for differences in bodizs, wasproportionately larger on smaller islanéts.
accordance,with a bite force study on thesely relatedPodarcis mésellensis(Huyghe
et al. 2009)we found that Bad height waa goodpredictor of bite force i?. erhardii
(Table B3). Overallbite forcewassignificantly strongeramong smatisland

populations, even after accounting for differences in body size.
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In our GLM analysis of bite for¢ceve foundtwo significant interaction effects
that warrant specific discussighable 1) The biteforce metemwasroutinely built and
disassemblebetween siteand so bite plate distansemetimewaried (3.5 = 0.2 mm).
Largeranimals can bite harder at lardwgte plate distancedue to their relatively lower
gape angleHerrel, Aerts & De Vree 1998Dumont& Herrel 2003)and so had slightly
harder bites when bite plate distance was laij&e. bite plate distance also significantly
varied 'withiisland area because it was disassembled betweenvisiégsmiend
reassembledn each samplinday. Thus the bitglate distancéy island area interaction

is actually a proxy foday-to-day changes in the tqotot an island area effgoer se

Diet changes do naxplaininter-island differences ibite force

The island rulevould suggest thahis trendtowardlarger bodie®n small islands
may be explained bhe documenterktleaseof P. erhardiifrom predation by the
primary.snake and mammal predators of the liaret al. 204; Brock et al. 2014) and
the subsequent capitalization on famlircefCase 1978; Lomolino 1985; Lomolino
2005;Pafilis’et al. 2000 Lending further credence to this hypothedifferences in
lizardheadsize and maximum bite forareoften associated with populations
capitalizing on harder food itemscludingplants,in small island system#lerrel et al.
2004; Herrel et al. 2008 errel& DeVree 200%

Our direct test of this hypothesis with investigation of the stbne@ntents of the
studylizardshoweverrevealed no differences in the hardness of digtstalong this
island size«gradier{Fig. 3). While we did find that lizard populations from different
islands had significantly different proportions of hard, soft, andrrgdiate prey items
(Table C2) these differences wermt explained byisland aregand did not track the
interislandirend in bite forceWe did find that lizards with harder bites tended to have
more hard.diet items in their stomachs, however this relatioishipak(R?adj =
0.0135)reflecting high variability between individualBur test of whethethe
availability,of different preyhardness classeariedbetween islandsf different sizes
alsorevealed no significargatternsfor sticky or pitfall insect trap$nterestingly, there
was very little relationship between the prdpor of ingested insectsf each hardness

class and the availability of insects sampled with either pitfalickystraps.This
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suggests that the lizards are foragsetectively(Lo Cascio& Capula 2011 )rather than
beingstrict generalistas often assumed

It is possible that because our diet analyses were conducted étetihveety
productive seasoof the yeara bottleneclof hard prey at another point in the season
coulddrive,these patterna bite force Wethink, however thatthis is notthe case. While
Valakos (1986) foundP. erhardiidietsdo changemonthto-month the proportion of the
hardesttaxagastropodandcoleopterag remained consistent throughout the lizards’
high-activity'months March through Julywhen nutritional quality is of most importance
for mate competition and eggowth (Valakos 1986Diego-Rasilla& PérezMellado
2000.

Intra-specific aggressiomcreases o small islandssomaximizing bite forces
advantageous

Instead, our data suggest that the observed differences in morphotbgy a
performance are due to the necessity for aggressively defendirgpheatesources on
small islandsWhile lizard bite force is often relatetd feeding ecologyHerrel et al.
1999;Herrekt al.2001;Verwaien et al. 200, it has also been linked to fighting ability
(Lailvaux'et al. 2004Huyghe et al. 2008;ailvaux & Irschick 2007. While fully
reciprocal fighting bouts to test aggression and dominance wefeasdtle for this
study,we used suite of proxies for the competitive environment sugdport thepattern
found elsewhere that lizard aggression increasaasularsystemgPafilis et al. 2009
Vervustetal. 2009; Cooper et al. 202We found that bite scars on the lizards inceelas
dramatically on small istedsand among lizards with stronger bifes both males and
femalesWe also found rates ebe amputationvere highest on these small islaahsl
among lizards with the strongest bite forcgerestingly, the relationship tveeen lizard
density and bite force was quadratic with highest bite fofeend among very lovand
high-density populationslhis trend may reflect the need at hjggpulationdensities to
protectresourcesind territoriesand & low densities to protect access to mates, though
more specific experiments will be needed to testghesliction Finally, ratesof broken
tailswere by far highest in higensity populationswvhich tend to be small islands,

accordance with previoyspublished data on the same trend (Brock et al. 8014
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Because¢hese small islands are lizapdedator free, Brock et al. (20d4ounda
significantlylower proportion of lizards shed their tails when standardiaext was
applied A stronger bitdorce would then be needed and advantageous for inflicting this
kind of boutending damagd-urthermore, the potential for cannibalizing the tail (Deem
& Hedmam014) of a competitor could provide a secondawyritionalbenefit to having
a bite strong enmh to remove the tail from a competitarhe relationship betwedail
breaksand“island area was not significahtg. 4b) largely because of an outlieB(68,
0.44). This‘island, Mando, was previously sampled by Brock et al. &@hd 80
percent othe lizards they sampled had broken tails. Their finditgice ourobserved
rate— wasimline with the trend predicted and observed across the other 10 igkadls
in this study

Using the occurrence tdil breaksas a metric opredationor competition
pressure has been debated (reviewed in Bat&raieming 2009. Thus, we
acknowledge that it is impossible to kmthe exactause of the tail breakpredator,
intra-specific aggressor, or otherwiddonetheless, because the small isladrdsng the
pattern‘downot hostnylizard predator¢Brock et al. 2014a)wve are confident thamost if
not all~ef.the broken tailarethe result ofntra-specific aggressionThe accumulation of
wounds and scars is also directly related to age of the indivifltaiv( & Ruby 1977.
It is possible then that this trend for higher scarring ratdaeso longesurvival in
predatosfreeisland environments. While skeletal chronold¢gatnaik& Behera 1981El
Moudenretial. 199%has not been conducted threse population® conclusively
determinestheir age structusmge haveno reason to suspect our random sample of

individuals from each populatioesulted in an ageias

Conclusions

While island ecologies consistently differ from continental sestimgpredictable
ways (MeArthur & Wilson 1967, this binary comparison is only part of the story; islands
are highly.variable in nutrients, productivity, and species coitiposArchipelagos
provide valuable opportunities to test hypotheses on the reilatpget different island
contexts have on their inhabitant®(nolino 2005). Because productivity and species

compositiorareconsistently related to island size (McArtt&Wilson 1967 Losos&
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Ricklefs 2009, we used this gradient as a proxy for the different island tondi
experienced b¥r. erhardiiand driving differences in an important functional trait,
maximum bite capacityl hese two drivers are not mutually exclusikeughand, likely,
there are mltiple benefits to stronger bites.

Our results suggest the intriguing possibility that the observed changas
functional trait senswiolle et al.2007 Schmitz et al2015 couldfeed back to
influencethe'dynamics of the system as a whollee® eceevolutionary feedback®ost
& Palkovac2009 Schoener 20))larelargely undiscussedh island rule literaturgbut
may play an important roli@ insular ecologiePrimeexampledor study with this lens
include thesfinch beaks in the Galapag@sant& Grant 1993; 1996andAnolislizards
in the CaribbeaKSpiller & Schoener 19945choene& Spiller 1999) We believe more
work along this line of inquiry will be productive in the future.
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Tablel

FACTORSAFFECTINGMAXIMUM BITE FORCEACROSSISLANDS

Estimate tRatio Prob>|t|
Intercept -13.753 -6.8 <0.0001
Sex[F] -2.283  -21.19 <0.0001
SVL 0.322 13.32 < 0.0001
Ln(Island Area) -0.069 2.25 0.0249
Bite Plate Distance 0.669 1.26 0.2082
Sex[F] x SVL -0.127 -5.96 <0.0001
Ln(lsland Area) x Bite Plate Distance  0.348 2.23 0.0266
SVL x Bite Plate Distance -0.149 -2.18 0.0299
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692

693 NoTE. — Maximum bite force irP. erhardiivaries with island area, even when taking
694  into account differences in body size between islands. We also fgmificsint

695 interactions between sex and body size, reflecting reldlifferences in the bite capacity
696  of the twessexes; island area and Ipitete distances that reflect differences in the meter
697  between sampling days (see discussion); and between body sizeegpldtbitdistance
698  reflectingthebite force advantagef largerbodied individuals. The total%f the model
699  was 0.723incorporating39 observationwith 331 degrees of freedom

700

701
Table 2
RELATIONSHIPSBETWEEN INTRA-SPECIFICCOMPETITION PROXIESAND L1ZARD BITE FORCE
Estimate tRatio Prob>[t| Model R N (df)
Bite Scars 0.251 245(236)

Intercept 52.8593 8.03 <0.0001

SexX[F] 3.1533 5.27 <0.0001

Bite Foree 0.8052 4.69 <0.0001

Bite Plate Distance -15.0161 -7.58 <0.0001

Sex[F]*Bite Force 0.3395 1.98 0.0491

Sex[F]*Bite Plate Distance -6.8195 -3.41 0.0008

Bite Force x Bite Plate

Distarg® -1.6905 -3.47 0.0006

SeX[F]'x'SVL -0.0318 -4.95 <0.0001

SVL 0.1204 18.71 <0.0001

Missing Digits 0.101 245(240)

Intercept 2.2516  2.56 0.011

Sex|[F] 0.1523 2.08 0.0387

Bite Force 0.0974 4.75 <0.0001

Bite Plate Distance -0.8045 -3.03 0.0027

Bite Force x Bite Plate -0.1409 -2.36 0.0193
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NoTE. — Boththe number of bite scars and the number of missing toes were sigthyfica
related to the bite force of those individuals; generally individwéls a stronger bite

force hadssuffered more scars and amputated toes.

Figure Captions:

Figure'd:(A) A map ofGreece (top right inset), the Greek Cyclades, and the small
Cyclade islands (bottom left inset), where this research wasicteat In all, 11 islands
weresampled Fidussa, Glaronissi, Gramvoussa, los, Irakleia, Kisiri, ddamNaxos,
Nikouria, Panagiaand SchoinousséB) A maleP. erhardiiwith a characteristic ventral
bite scameaused by intspecific aggressiof.his individual is also missing a toe on its

front right-feot.

Figure 2 The relationship between lizard body size and islana fareboth females (red)
and males.(blue). Each point represents a population average widharsta&rror bars.
Linesof'best fit added with 95% confidence shaded in same, emidradjusted R
displayed for each relationshigenerally, both males ariedmales are larger on small

islandsandsthe €émale relationship was significant at the p < 0.05 threshold, dehgpte

%)

Figure 3: The proportion of insects of each hardness class, asrsfonmed, and related
to island area with simple linear regs@on. Each point represents the average proportion
of dietiitems of that hardness class in the stomachs of "rddizStandard error bars

have beenradded. Bdgtlines were added and shaded regions reflect 95% confidence
intervals. Generally, we fourmb significant trends in the hardness of prey itemssacro
islands of different sizes. For more further analysis comgdh@ means for each island
and each hardness category sppendix C.
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Figure 4 A suite of linear regressions showing the relashps betweerfA) lizard
densityper 1200 rhand island area, (Bnean bite scamndlizard density (C) percent of
the population’ssmputatedoesandlizard density and(D) brokentails and lizard
density.Each point represents a population. Fofiglires, a line of best fit has been
included.with a 95% confidence interval shaded around it, and theetf¥stalue of
the relationship has been presented’ Aeflectssignificantrelationshipgp < 0.05. We
found thatlizard density is significiy higher on small island&urthermore, we found
that as'lizard density increased, thean number of bite scars and geecent of the toes

amputated anthils brokenalso increasedignificantly.
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