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1. Determine how traits in this complex system could be optimised.
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2. Test whether such optimality is present in nature.
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i) Coevolution between species.
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ii)

Coevolution between different classes of individual within a species.
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Coevolution betweemira-individual traits or components.
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Coevolution between genes, proteins, and/or regulatory regions.
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Coevolution of traits that are not genetibainherited.
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Coevolution Examples Typically References
between: antagonistic or
mutualistic
i. Specieg Predatorprey Antagonistic (Nair et al., 2019)
populations coevolution
Parasitehost Antagonistic (Paterson et al., 2010)
coevolution
Brood parasitehost Antagonistic (Spottiswoode & Stevens,
coevolution 2012)
Pollinatorplant Mutualistic (Anderson & Johnson, 200¢
coevolution
Hostsymbiont Either (Charlat et al., 2007; Smith
coevolution & Moran, 2020)
ii. Classes of Chaseaway sexual Antagonistic (Arngvist & Rowe, 2002;
individual within selection Holland & Rice, 1998)
a specieg Parentoffspring Antagonistic (Kilner & Hinde, 2012)
population coevolution
iii. Intra-individual Cancefimmune cell Antagonistic (Purroy & Wu, 2017)
traits or coevolution
components Signalling celteceptor Mutualistic (Park et al., 2002)
cellcoevolution




Coevolution within Mutualistic (De Juan Romero & Borrel
organsor organsystems 2015)
iv. Genes / Coevolution of gene Mutualistic (Barriere et al., 2012; Kuo ¢
proteins / regulation al., 2010; Landry et al.,
regulatory 2005)
regions Protein site coevolution Mutualistic (Fares & Travers, 2006)
Coevolution between Antagonistic (Agren & Wright, 2011;
selfish genetic elements Jaenike, 2001)
and suppressors
v. Culture/ gene Geneculture Either (BejaPereira et al., 2003)
culture coevolution
Culturalcoevolution Either (Kendal et al., 2006;
Spottiswoode & Wood, in
revision)
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Figure3.1: Two clutches of three host eggs and a parasitic egeach case the parasitic egg (on the

right in each clutch) has one more spot theachhost egg. It is harder twlentify the parasitic egg in

(a) than in (b), because the number of spotseachegg is higher ifa). The parasite therefore

benefits fromsituation (a), whereas the host benefits from situation ®)is is an illustration of
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magnitudes increase.
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a) Prediction 1

b) Prediction 2

Model Mimic Model Mimic Model Mimic Model Mimic
(] ® ) ®
® [ ] ® [ ] ® ® ] .. [ ] o [ ] ) ® (] L ..
L] L) L) (] o0 o0
o Stimulus o Stimulus
. o ) . . magnitude magnitude
_, Predicted direction of evolution of model, if it benefits
from being discriminable (deceptive mimicry) More discriminable Less discriminable
Predicted direction of evolution of model, if it benefits (not optimal for {optimal for mimic)
from not being discriminable (honest mimicry) mimic)
c) Prediction 3 d) Prediction 4
L o Mimic Mimic
Model Mimic Model Mimic phenotype A Model phenotype B
L) o
0y o4 e 050 °. oy oo
[ L T ) o L [ 1]
. Stimulus _ Stimulus
magnitude L 7 [ , ) " magnitude
This difference of one blotch This difference of one blotch
R . o More Less N.B. Assumes lower
is discriminable, and is not discriminable, and L o . )
discriminable discriminable stimulus magnitude

therefore this level of
imperfect mimicry is
selected against.

therefore this level of
imperfect mimicry is not
selected against.

(proportional (proportional

difference of ) difference of ;)

of the two is treated
as the baseline ina

comparison.

Strength of selection for mimetic fidelity

Figure3.3:2 S5 SN a

mimetic fidelity of mimicry systems, illustrated here using a hypothetical avian brood panasite

[F s 3ISYSNIrGSa F2dzNJ LINBRAOUAZ2Yy A
system whergeceivers discriminate between eggs based ondpettinessof their shellsb
Law states that for higher stimulus magnitudes (i.e., more spots on an egg) aabaante
difference will be more difficult to discriminat&ee main text for details and reasoning behind the

predictions.
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i. Receiver species should be studied independently
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a) First, it was necessary to deteime which traits are salient to hosts, such that | could test
whether these traits were categorically or continuously distributed. To do this, | conducted egg
rejection experiments to testvhich egg traits predict rejection in these four host species. &Vvhil
previous work has tested this for two of the spedisvny-flanked prinias and reéaced
cisticolas; Spottiswoode & Stevens, 2010, 2011; Stoddard et al.,,2@8d8ucteda new set of
experiments on these speci@scasehere have beerchanges in the traits predicting rejection
andto ensurethat the methods and time periogvere fully comparable withthe other species
studied

b) I used cluster analysis to test whether the traits salient to hosts vary continuously or occupy
discrete clustes.

c) Ithen used experimental data and simulated parasitism events to test the hypothesis that

categorical variation red@sthe frequency of Type | errors relative to continuous variatiims



hypothesis predicts that species with more categorical vanigiin egg traits would exhibit
lower frequencies of Type | errors than species with more continuous variation.

d) Finally, to observe the possible effects of host variation and rejection on Type Il érrors,
simulated two different potential parasitic didttitions. First] assumed that parasiteare
polymorphic andnimic the full array of host variation. Secomhdjmulateda monomorphic
L2 Lzt F GA2y 2F LI NIAAGAO S3T3ax gKSNB St OK LI NI &
usedthesesimulated paraitic distributions to avoid introducing the confounding effect that
different parasitic gentes are likely vary in their mimetic accuracy and phenotypic
distributions; thus, predicted rejection rates of real parasitic eggs cannot be compared across
hostspecies. Nevertheless, | also estimated rejection rates of real parasitic eggs from the two
species for which sufficient parasitic phenotypes were available, prinias and zitting cisticolas.
This allowed us to test whether host eggs were an appropriat&ypfor parasitic eggs in these
systems.

e) Finally, to test whether any properties inherent to categorical or continuous distributions could
drive differences in Type Il errors, | tested whether two datapoints each drawn from a
generated categorical distribisn had a different expected difference from: (i) two datapoints

each drawn from a generated continuous distribution, and (ii) two datapoints, one drawn from

a categorical distribution, the other from a continuous distribution.
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1. Quantifying complexity
(a) Traits
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(i) Variation in position (positional variance)
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(iv) Variation in orentation (orientational variance)
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(b) Combining traits into a measure of complexity
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(c) Inferring optimal weightings within the complexity metric
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4. Historical rejection data
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(a) dS (thecolour differencein JNDs).
(b) The difference in fkx Enaxis defined as the filter size with the highest energys thi
corresponds to predominant marking size.
(c) The difference in fp. Bropis defined ashe proportion of total pattern energy made up by
the predominant marking size, and is therefore a measure of variation in marking size.
(d) The difference in DispersioDispersion is a measure of the difference in pattern coverage
between the wide and narrow poles of the egg, and is calculated using adaptive
thresholding.
(e) NPM experimentahost distance. This is a distance metric based on hitgve features

and is calalated using NaturePatternMatch.
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6. Model selection
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Eggstitching method

We usedNaturePatternMatchHNPM;Stoddardet al.,2014)to identify regionswhich correspondon
overlappingmagesdespitetheseimagesheingtakenat different anglesandresolutions.As
describedn Stoddardet al. (2019) we maskedeggimagesto createa blackbackgroundWe
subsequentlhycroppedimagessuchthat there wasa 30 px boundaryoutsidethe eggimage.NPM
wasrun in MATLABMathworks)and usesscaleinvariantfeature transform (SIFTL.owe, 1999 to
detectW ¥ S | andaptureRigherleveldetailsin suitesof SIFeatures.SIF featurescanbe
matchedbetweendifferentimagesandtherefore canbe usedto identify regionsof overlap
betweenimageswhichin turn canbe usedto inform a stitchingprocessWe usedsuchmatched

featuresto adjustanarbitrary stitch accordingto the method detailed below:

Stepl: Tostitch grayscalémagestogether, we usedthe three overlappingregionsbetweenfour

consecutivémagesof eachegg(i.e.,the overlapsbhetweenimagea andimageb, imageb andimage

Han



¢,andimagec andimaged). Theseconsecutivdmageswere takenby rotating the eggthrice
through 90 degreesaroundthe long axis.Wefirst setanarbitrary stitch to start from the last1/4 of
the width of the first eggand end at the first 1/4 of the secondegg(FigureS1a)We experimented
with different thresholdsandfound that this arbitrary thresholdbestsuitsthe eggimageswe
capturedin mostsituations.In other words,evenif no featureswere matched,stitchingthe eggsat
this arbitrary positiongenerallyyieldeda visuallycompellingresult that the patternswould match
aroundthe stitch. Thiswasunsurprisingsinceeacheggwasrotated around90 degreedfor each
image,suchthat the overlapbetweenconsecutivamagesshouldbeginat the last1/4 of the width

of the first egg,andendat the first 1/4 of the secondegg.

Step2: Thisstitchwasthen adjustedbasedon the matchedfeatureswe found with NPMon the
consecutivémages(FigureS1b).In orderto createarealisticstitch, we only considerednatched
SIFTreatureslocatedwithin the last1/3 of the first eggandthe first 1/3 of the secondegg(i.e.,
featuresmatchedat the consecutivebordersof the eggs)In addition,we only consideredmatched
featuresfor whichhorizontalandverticaldifferencesin positionwere lower than 50 pixes. This
ensuredthat only the samefeature on differentimageswasusedin stitching,rather than non-
correspondingut similarfeaturesfrom different regionsof the eggthat were matchedby NPM.By

settingthesethresholds we were ableto removemostfalsepositivematches.

Step3: Fromthe matchedfeatures,we calculatedtheir regionof interest (ROI)definedhere asthe
mostintenselymatchedregionon the bordersof the eggimages(FigureS1c) TheROlwould
theoreticallycorrespondto identicalpattern markingsnearthe adjacentbordersof the eggsthat are
capturedin both images First,we calculatedone differencematrix for the x positionof matched
features,andonefor the y positionof matchedfeatures.Then,we filtered the differencematricesto
differencessmallerthan 50 pixelsand suchthat only the top three most closelymatchedpoints
wereretained,in orderto pinpointthe ROI.We calculatedthe x andy centroidsof thesematched
points, by averaginghe x andy values.Thedisplacemenof the imageisthusthe distancebetween
the x andy centroids.We movedthe imagesalongthe x andy axesgiventhe displacemenvaluesto

preparethem for the final stitch (FigureS1c).

Step4: Togeneratethe final stitchedimage,we joinedthe left half of imageW @ndthe right half of
image¥ awghgalphablending(FigureS1d) Alphablendingisthe processof overlayinga foreground
imagewith transparencyver a backgroundmage(Porter& Duff, 1984) We replacedthe left
borderof image ith image' Qixelsandthe right border of image'd With imageW @igels,such
that the weightof the imageW Ipigklsincreasegowardsthe left sideof the stitchedimage;in other

words,towardsthe sideof imageW | Siindbarly the weight of the imageW (ikelsincreasetsowards

HAp



the right sideof the stitchedimage.Suchgradientin imageblendingservego fade out the strong
bordersof the eggsand naturallymergesthe ROlidentified in Step3 (FigureS1d).Repeatinghis
processacrosghe three regionsof overlapresultsin 2-dimensionaktitchedimagesconnectedby
the bestmatchedpatternsalongeggborders,while the eggbordersare removedand
blended.Stitchingdifferentimagesof the sameeggtogetherensuresthat all possiblematching
featurescanbe matchedtogether,whichwould not be the caseif the entire pattern of the eggwas

not analysed.

All codefor stitchingimagesis freely availableat https://github.convsakuraky1412/eqge¢

stitching/tree/master.
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Displacement
on the x axis

d) Step 4
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Trait Coefficient

First principal component of colour traits 20%

Second principal component of colour traits -18%

Marking Size -3%

Variation in marking size -19%

Pattern contrast 10%

Total pattern coverage 4%

Extent to whiclpattern is dispersed between blunt and narrow poles of egg -22%

First principal component of traits extracted from NPM -6%

Second principal component of traits extracted from NPM 18%

1 Euler -36%

1(P/A) 50%
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