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Abstract.—Host responses toward brood parasitism have been shown to differ among populations depending on the
duration of sympatry between host and parasite, although populations not currently parasitized show rejection behavior
against parasitic eggs. The persistence of rejection behavior in unparasitized host populations and rapid increases of
rejection rate in parasitized ones have sometimes been explained as the result of gene flow of rejecter genes from
sympatry to allopatry (rejecter-gene flow hypothesis). We present data on the rejection behavior of magpies (Pica
pica), the main European host of the great spotted cuckoo (Clamator glandarius), in 15 populations (nine sympatric,
six allopatric) across their distribution range in Europe. Rejection rates of mimetic and nonmimetic model eggs were
significantly higher in sympatric than in allopatric magpie populations, although differences in rejection rate of both
mimetic and nonmimetic model eggs between magpie populations were significantly correlated even after controlling
for phylogenetic effects, with differences between sympatric and allopatric magpie populations being larger for mimetic
than for nonmimetic model eggs. Differences in rejection of mimetic model eggs were related to both genetic and
geographic distances between populations, but differences in rejection rate of nonmimetic model eggs were unrelated
to these distances. However, when comparing only sympatric populations, differences in rejection rate of both mimetic
and nonmimetic model eggs were related to geographic distances. A multiple autocorrelation analysis revealed that
differences among populations in rejection rates of mimetic model eggs had a strong geographic component, whereas
the main component of rejection rate of nonmimetic model eggs was genetic rather than geographic. These results
support the rejecter-gene flow hypothesis. We discuss differences in rejection rates of mimetic and nonmimetic model
eggs that suggest the egg-recognition ability of the host is genetically based, but is affected by a learning process for

fine tuning of recognition.
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The extent of gene flow among populations is considered
an important factor for explaining evolutionary processes in
general (Slatkin and Barton 1989; Avise 1994; Dybdahl and
Lively 1996). For example, in a host-parasite system, high
parasite gene flow will tend to counteract local host adap-
tation (Slatkin 1987), expose parasites to a mosaic of selec-
tion (Thomson 1994), and restore variation that is lost by
recurrent extinction of local populations in a metapopulation
(Frank 1991, 1993). Because mainly rejecters reproduce suc-
cessfully in parasitized populations and, therefore, are able
to disperse to other populations, extensive gene flow between
host populations may result in the establishment of defense
genes against the parasite in a host population before it be-
comes parasitized (Soler and Mgller 1990; Briskie et al. 1992;
Lotem and Rothstein 1995). However, low migration by both
parasite and host should lead to high degrees of local ad-
aptation and perhaps host-race formation by the parasite
(Dybdahl and Lively 1996; Gibbs et al. 1996, 1997).

Avian brood parasites lay their eggs in nests of other spe-
cies (hosts), which incubate and raise the parasitic offspring.
Moreover, brood parasites provoke a major reduction in the
breeding success of their hosts, being nil in some cases (Roth-
stein 1990). In this scenario, host defense against brood par-
asitism is of selective advantage and hosts that recognize and
reject parasitic eggs from their nests have genes that quickly
spread in the host population (Rothstein 1975). However, the
evolution of counter-defenses by brood parasites, such as egg
mimicry, counteracts host defense, thereby increasing the re-
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productive success of parasites (Rothstein 1990). The evo-
lution of host defenses, especially the recognition and rejec-
tion of parasitic eggs, has been intensely studied in recent
years using experimental and theoretical approaches (Kelly
1987; Soler and Mgller 1990; Briskie et al. 1992; Takasu et
al. 1993). These studies emphasize several aspects of the
host-parasite relationship that are important for understand-
ing the evolution of host defenses and parasite counter-de-
fenses: duration of sympatry, effect of parasitism on host
reproductive success, host and parasite population density,
and parasitism rate. A few experimental studies have shown
that responses against parasitism differ among populations
of the same host species depending on the duration of sym-
patry between host and parasite (Soler and Mgller 1990; Bris-
kie et al. 1992) and that populations not currently parasitized
show rejection behavior against parasitic eggs (Davies and
Brooke 1989; Briskie et al. 1992). The persistence of rejec-
tion behavior in unparasitized host populations, and the rapid
increase of rejection rate in parasitized populations have
sometimes been explained as the result of gene flow of re-
jecter genes from sympatric to allopatric populations. Thus,
recently parasitized host populations may hold rejecter genes
before brood parasites start to exploit this population (re-
jecter-gene flow hypothesis; Soler and Mgller 1990; Briskie
et al. 1992; Lotem and Rothstein 1995).

The level of host defense (egg recognition and rejection)
in sympatry with a brood parasite is higher than the level of
host defense in allopatry. Davies and Brooke (1989) pointed
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out that meadow pipits (Anthus pratensis) and white wagtails
(Motacilla alba) in Iceland, where they are geographically
isolated from European cuckoos (Cuculus canorus), show
much less rejection of dissimilar eggs than do the parasitized
populations of these species in Britain. Soler and Mgller
(1990) showed that a magpie (Pica pica) population in ancient
sympatry with its brood parasite, the great spotted cuckoo
(Clamator glandarius), had a higher egg recognition and re-
jection rate than in a magpie population recently colonized
by the great spotted cuckoo, and that both sympatric magpie
populations showed a higher level of defense than an allo-
patric population. Finally, Briskie et al. (1992) reported that
populations of American robins (Turdus migratorius) and yel-
low warblers (Dendroica petechia) in sympatry with brown-
headed cowbirds (Molothrus ater) presented higher levels of
defense than populations of these species in allopatry. Davies
and Brooke (1989) and Briskie et al. (1992) found host de-
fense in areas of allopatry with a brood parasite that could
be explained by gene flow between host populations. Al-
though Soler and Mgller (1990) did not detect any rejection
behavior in the very distant allopatric Uppsala magpie pop-
ulation, it appeared in a recently parasitized magpie popu-
lation; instead these experimental results were suggested to
arise from gene flow between host populations.

However, although gene flow between host populations of
a brood parasite has been invoked to explain host rejection
behavior and its rapid increase, when host populations are in
sympatry with the brood parasite (see above), no tests of the
rejecter-gene flow hypothesis have been made until now. Us-
ing a wide range of host populations, both in sympatry and
allopatry with a brood parasite, we assess host rejection be-
havior to test predictions from the hypothesis that gene flow
is responsible for the occurrence of egg rejection in host
populations in allopatry (rejecter-gene flow hypothesis, hy-
pothesis 1). If gene flow occurs, as is the case for magpie
populations in this study (Martinez et al. 1999), we should
expect that genetically and geographically nearby magpie
populations would show a more similar rejection rate than
genetically and geographically separated magpie populations.

The ability of hosts to recognize and reject cuckoo eggs
is generally accepted to have a genetic basis (Rothstein 1990),
and all models of host-brood parasite coevolution are based
in this assumption (e.g., Kelly 1987; Takasu et al. 1993;
Haraguchi and Seno 1995). However, recent studies have
revealed variability in rejection behavior of the same indi-
vidual host due to age (Lotem et al. 1992, 1995; Lotem 1993)
or ecological factors (Alvarez 1996), thereby suggesting a
sort of imprinting process during the first breeding attempt
or adjustment of the response to experimental cuckoo eggs
to ecological factors such as the presence of cuckoos in the
area (Alvarez 1996). However, a continuous learning process
(i.e., not only during the first breeding attempt) has been
suggested to explain the rapid increase in rejection rate in a
host population of the great spotted cuckoo (Soler et al. 1994)
and in two European cuckoo hosts, the azure-winged magpie
(Cyanopica cyanea; Nakamura 1990) and the reed warbler
(Acrocephalus scirpaceus; Brooke et al. 1998). If learning
occurs, recognition ability will increase between years in-
dependently of the generation time of the host species. If the
ability to recognize foreign eggs and rejection of such eggs
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by the host are genetically determined, that is, not based on
learning of the appearance of the host’s own eggs (hypothesis
2), we expect that only genetic distance would explain dif-
ferences in rejection rate between different host populations,
whereas geographic distances would not explain additional
variance.

If a learning process is needed to recognize and reject
foreign eggs by the host (hypothesis 3), we should expect
that only hosts in sympatry with brood parasites would be
able to recognize and reject model cuckoo eggs. However,
migration of adult hosts from sympatric to allopatric areas
would change the prediction to an expected positive rela-
tionship between differences in rejection rate and geographic
distance of host populations, after controlling for genetic dis-
tances.

We tested these hypotheses and predictions by studying
the rejection behavior of mimetic and nonmimetic model eggs
in relation to genetic and geographic distances in 15 European
magpie populations (Fig. 1), the main host of the great spotted
cuckoo in Europe. Nine of the studied magpie populations
were sympatric with the cuckoo and six were allopatric. We
also discuss the hypothesis that in addition to a genetic basis
a learning process is necessary for the recognition of mimetic
eggs, thereby explaining previously found differences in re-
jection rates of mimetic and nonmimetic model eggs (e.g.,
Davies and Brooke 1989; Soler and Mgller 1990; Soler 1990;
Soler et al. 1994; Soler et al. 1998a).

MATERIALS AND METHODS

The study was conducted during 1992-1995 in 15 popu-
lations throughout the range of the magpie in Europe. The
experimental recognition tests were made in approximately
30 magpie nests, but predation before recording the response
of the magpie decreased the number of experimental nests
in some areas (see Table 1 for number of experimental magpie
nests in each study area). To perform genetic analyses of
magpie populations, in every successful nest a drop of blood
was taken from only the heaviest chick and kept in ethanol
until molecular analysis.

Recognition Tests

For the recognition experiments we used two kinds of mod-
el eggs, mimetic and nonmimetic. Mimetic eggs were made
by filling molds of great spotted cuckoo eggs with plaster of
Paris. Once dry, the model egg was painted with a color
similar to the background color of great spotted cuckoo eggs.
Subsequently, we added brown spots with distribution and
size resembling those of real cuckoo eggs. Finally, the modei
egg was covered with a thin layer of lacquer, which simulates
the sheen of real cuckoo eggs. Also, the mass of model eggs
was similar to the mass of real cuckoo eggs (see Soler and
Mgller 1990). For nonmimetic eggs we used quail (Coturnix
coturnix) eggs painted using acrylic red paint, differing from
the magpie and great spotted cuckoo eggs in size (mean vol-
ume of magpie eggs = 3.16 cm® = 0.02 [SE], n = 201; mean
volume of mimetic model eggs = 2.94 cm?® = 0.06, n = 14;
mean volume of quail egg = 4.22 cm?® = 0.11, n = 16; data
from Les Camargues), background color, and spot size and
distribution. Each model egg was used only once. The results
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FiG. 1. Magpie populations included in this study: Dofiana (1), Santa Fe (2), Guadix (3), Laujar (4), Badajoz (5), Calahorra (6), Torres
del Segre (7), Les Camargues (8), Freneusse (9), Bern (10), Milano (11), Sheffield (12), Trondheim (13), Jyviskyld (14), and Eljovo
(15). The gray area corresponds to the distribution range of the magpie, and the dotted area to the distribution range of the great spotted

cuckoo.

of one experiment carried out in a magpie population in
southern Spain indicated that magpies responded identically
to nonmimetic model eggs made of plaster and quail eggs,
both painted red (eggs made with plaster, rejection rate =
91.7%, n = 12; red quail egg, rejection rate 90.0%, n = 10;
Fisher exact test, P = 1; Soler et al. 1998b).

We introduced the model eggs in the host nests during the
egg-laying period of the magpie. Between four and seven
days later (which is sufficient to detect the response of mag-
pies to cuckoo eggs; Soler and Mgller 1990) we revisited
experimental magpie nests and scored the magpies as “‘ac-
ceptors”’ if the experimental model egg was still in the nest,
“ejecters” if the model egg was no longer present, or ‘‘de-
serters” if the eggs were abandoned in the nest. Although
both ejection and abandoning a cuckoo egg in the nest are
supposed to be related to cuckoo-egg recognition by the host,

and are thus defined as egg rejection behavior (e.g., see Johns-
gard 1997), nest desertion could also be related to selection
pressures other than that imposed by brood parasites. Perhaps
magpies were more likely to abandon the eggs if disturbed
during the study and more likely to eject the cuckoo model
egg if undisturbed. If this was the case, nest predation and
nest parasitism would be confounded. However, predation
rate was not significantly related to abandoning rate in ex-
periments with nonmimetic model eggs (r = 0.17, ¢ = 0.63,
n = 15 populations, P = 0.54) or experiments with mimetic
model eggs (r = 0.38, 7= 1.49,n = 15, P = 0.16). Moreover,
the frequency of nest desertion was very low (3.1%, n =
483) and was not significantly related to rejection rate of
mimetic model eggs (r = —0.22,¢t = 0.82,n = 15, P = 0.43)
or to that of nonmimetic model eggs (r = —0.29, ¢t = 1.11,
n = 15, P = 0.29). Thus, because we investigated variation



AL.
ET

, ER

N JOSE SOL

JuA

950

u-
t host popn_
ifferen The co
by di iduals. were
Joaorter individ instead
foreign serter lyses i i
ognize r and de'f the ana nmagpie
ec jecto di ee es.
ility to r d eje ange betw lys
ity e ch itism ana 1
in abil lump have sitis the ral,
1n we ot ara d . ene
o . n n 1
22 1at19ns’s would I rates. ific n§St1p confou birds 1n'§d with
~ N lusion ejectlo_ traspec ential y are in’ studi oller,
AAQSS § B ¢ sed on esinin uld pot itism is r'eS being (A.PM ula-
~ —< . .
SIFINE i SR g baDiffefeng also CQﬁC pafas;;ird speclded casesagpie Popnest
—~ o N V] ion Cl T ific
282098 seeses L latio o of 165 iy of two m ci
NG oov‘“mol\l\. - pu intra of 16 any f two aspe
Al\lno SASA) Ne) ) =) o 0 po er, 1 3% ng dy o intr
8583 SIS =228 °%lz3 ev n havi stu of
. S SS S L2 S 3 S How tha iques in a ase
g 2153 == SSSs =2 ith less iqu in oc
o £l = o *® S o g3 th chn ver, in), n
v/ g1 q—'”oowoo g 2 wi lar te reo ain), 95).
Q & mi\oo.oooo —~ ,gm lecu MO lnSp t19
= 5| o0~ = N IS mo ished). and arro
3 |E|en e 982283 |2 5 blis land d (P es ions
z 2 e lys tion.
9 Z xoaS g RSy unpubk Eng cord ic Analy ula
g ! 580580 S 9'99;: =5 tions (1.nm was re Genetic A host Pog Wayng
= < A{:l\oo. oSS 2RRR gs asitis tion een d an i 2, an
& S Qc\oo S oS <r‘\l\‘\-o° S = ar ula betw for i?2,
Z 2|28 ) RE2ORE EE p Pop ces (Bru /1, Pp ere
< 5 |5 >SS S ooﬁ'oow. S =g istan Is . L4, S W
P 2ls o qxx S S ic di ke Pp ce
g =gl Seaa ~ tic ar loci, uen nd
5 5 AN S P o o enetic s m e seq 16, a
< *® oo polanion S-g d g 1 a Thre imer 1 .
2 5132 SRS 0= y! k=R late ite loc 6). rim e 11, sity
= 3 Ss e S SAE= 8 calcu ellite 199 ies and p 1 hav Zygo
RR=x A= ES We icrosat da 1€ loc tero
= AAQ—'OWONVV o = 1Cro! Lago agp ese dhe
= Aﬁ-omm.movv 2% 28 : m nd m m Th rve O-
3 AGW\OO. Qae el 5 sing ne a d fro 999). bse d pr
=@ O A PGB <122 u . Jar te 1. 1 no dar
5 °°—('_' o Nl\m o Rl 93’ isola t al. ea an ere
Q S daial °ss <9 = 19 e is . e dam 72. . st ies w
g . zog Ka v SE . er nez n 0. ng 1es wei
= 2 v oy azd Oom =Rlp) et 3w rti ively. a nd lowi p ils
< =233 ~ n o S3S 00 \O <3 Ppl (Ma vely, 5, a follo mag deta
g L3 50S S8 52 ioned ecti 0.85, d 173 re .
S 222 | 2032S gg sign esp 80, bloo of mo for
= ool 08 MEREY de les, f 0. om tal For )- In
3 §52(2% IR alle ion o d fr A to ion). 1998). ity
i $5 8 2920 ~l2z 14 lati acte 92). ulati L ( gosit
5 @ no S\ = & opu extr 19 op et a 1rozZy i-
s e =)} = < €1 p as al. ch P inez hete qu
9 NN ° s p Aw d et ea artin nd het erg e
= 23aq « o E DN for 2 from e M les, a einberg rium
3 8y S22 a £ (Brufo to 2 es se falle dy-W uilib f
8, ER A mveq G E cols (six edur ber o in Hardy equLs so
£ §o8 g So9lE to ped roc um ¢in B s from e ation
= Sz = SIS =l 573 nOty lng p . €S, n i wer iation bin . for
% £ S EEEE 59 e typ siz ci via com tion
2 = g = 2.2.8.2 g = g 3% 2= gn gen%g samplle 1. All lci)ﬁcant %65) for allse populaﬁciency
g U.B.E'EHENQ‘ ° 9 T3 ion ble ign 0. us de d
8 SEEBE 228 °SES2 = ati in Ta n-s > ene ote on
= 0.—‘5—1u “QQ‘O 2% S o mall n la no P Fr g m
s EEEEE g8 S % °3 en ing st, the rozy Ray d
= g -~~~““m“a°~~ Z ; is giv ow t te for hete nd tan
| ouu«s“‘m g :~<< ) is sh in exac t t t a set ar
o S|EE QD«a g << S ibrium, 0 exac Xcep ifican usse Rous ionif-
15 s =¥ g A 2 libri chai Cci, e igni ; Ro st 1gnit-
& = C‘-'E g RN g kov dlo dsig 03; isher test, ons
— IXOY an we = 0. she i was n loci
9 eSS o kL (Ma el P = t (Fi o oo e
2, S oa 28T -9 NEE ulat hic st, t tes d loc sted nd
) o A ) =] op i 3. w U-te xac an o te. mo
o o266 sheie) -~ S5 P . Ppl > ey bal e tions als (Ray 1
= . T == O 2% loci hitn glo ula We ’s test for a
—_ \D,_‘Nv N -,_‘l\.—4 2 -W I, a op 34) 'S (S -
S /\’-\ﬁ' o= ~ Qe = — ) ann ever, all p = 0‘ ishe nkag uc
3 823es — o0 Lag 58 M How for P a Fi fli t str
b gla=s X% LTS S5 95). 995) = 82, ing idence of ifican ignifi-
2 2| © - ol o6 05 5 5 19 d1 df = ¢ us ide igni signill-
60 5] s} 'mm\om = on 6.8, ilibrium o ev ds .ng i
by = E|un G < S~ °E Raym 2 = 86. ilibr dn foun bei 11 loc
S| 2|2 a8 SRSl =2 X isequ foun We lues er a 6
Sa SRk 253¥s8c S = icant di and 05). -valt dov 0.07
° I AAO\,_‘ NN S =} 1C . kage 95) > (. . FST an = 0.
£z | € 088838y N lin 1995) a (P ith loci Fst ted
g3 z Faa oo —o ~o S e for sset loci ions, w hree i 2, Fg etec
o 2a303% o o dwS| s Rou of lation he t Ppi od n
g g i~ se=2 N AR “1£8 nd ions pula for t 6 for als twee
'Eo © W/,\(ﬂ\./ S .\Dl\mln 2 . a inati e po ro 05 i). We : be
e 2 g | gse 2o ey Tg mb agpi ze = 0. loci). We tion ntly
E3 2% ST XI=S Zg co r m from Fsr all lo entiatiq ifica
g THEES £3 Z © ror Mmagpls A ooy beine st 58,
g ) 202 3828 TAH| =S = tur diffe Pp 075 ic di ng = 0. .
2 & v g S o33 v > 1 for = 0. neti be s 1€
Sz 2 Z|*= £52833e 2§ canty 0088 o 5 ]Valuesrztel tion ca (1999)
AM o N O == . an e, _ ST Ma 'On 9 .
=B AAQ“‘M&V oo °s (Fst 3, istanc 1 e ( at1 (1
g SRR 22333 2% Ppi dis = tance ( form tal. ied
2 A@om@" ssssS Ex S for Py by ired Fr/ distanc d inforn ez e carr
02 - a=ino Q noQ SS @S isolation air ith aile rtin re d
3 & < @@;5 SSdss 223 lsola1ations (?related) WMOre detnd in MZ tests W;mond %I:;e
£ a gs RN~ %38 opul ly co 001). e fou ies an 1,Ra 5).
Eg E P zEB8 ¢ o5 gosi“g—yP < O'ture can l;requencé\e,ersi‘m 3(',11’det 19t~90ns us-
o B g oo ® ZE 8 = 105, truc lele oP 2, G ulati 7,
o o g mm e > 9 n= ion s alle EPOP 1.2, op 96
o E & 22 m | =~ % % ) c;\?‘ S 2Es populatl?ations Ofram GEI? (version pairs oprdwardsI_iYLIP
S5 BEE ;l\:No -a S Icu rog TA een d P i
=0 ) B 3 N oA ¢ en - SN 3 = Ca the p d FS betw Za an IST netic
°E: EREE oRBS: T E8¢g sing ) an ces i-Sfor ENDIS al ge 1
° 5 o e, D SR} == ° ut u 1995 ic distan alli m G dition ode
2 gIRSr a0 Z123 2 0 et tic (Cav gra tra les m: i
5 gy I3e) Z. £ =2 uss ne ce pro her llele ic drift
0 o S % ZZ7 <+ 2528 Ro dge istan ter dot ite a ic
-2 3 ZZZ7 LA T imate d dis mpu is an infini net -
o5 ZZ7 pefeng! Sl e - stim. or co This n tge fre
== ZZ: ;oo(\,ooolm BB e e ch ith the 93). the tha type
'UO ZZ‘ ‘ooomoo N("\o &0 = . th wit . 19 dOn ume_ eno 'ga
P z~ 0o~ NN g mﬁ.\o S&= mng ed tein se ass neg win
] o ZZ7 Noomvo ool £=5 lat ns e ba nd es i follo
-5 ZZ72 SHERS RARS-RN ERC lcu else are 3)a ng e fo new
e 9 | 2 mRSR: 299 083 ca e,F es 197 cha olv nd
0 0 = °°.—U“o oo(\lvv >“= kag’ sur . ra for ight ev ) a
=g 5 |S == gt g ac ea u ible 95),
£5 g IC GERE 53 : gistance hl?a and Klizsponslbtellites néllitkin 1
g o = o [3) s O tor icrosa .
Zz £33 (1AM, Ohta ane o process (SMM:
27 EEE is the m Howey proces
5 2 % < B 3 g3 uencies. utation
o8 55 $o 23 =0 wise m
g5 Z g 330%“ <53 step
S .2 83 8 5(:>;«:= * L=
=0 © e, 2E 2 > o & &
23 : N*:wswwmh
2 g 5 o 5289 = ] B2
=2 5 g‘“%‘a;ﬁﬁ‘é%%m“
) 3 < S8 S5 < < ==
37 128 SIS
— ~ O < O —
moo QA wn
— <
m (5]
< s
=



REJECTION BEHAVIOR AND GENE FLOW IN EUROPEAN MAGPIES

statistics have been developed specifically to meet these as-
sumptions (Goldstein et al. 1995; Shriver et al. 1995). Al-
though the exact nature of the mutation process is still not
clear (Deka et al. 1995), whatever mutation model is appro-
priate for microsatellites, IAM-based statistics such as Cav-
alli-Sforza and Edwards’ (1967) chord distance or Nei’s dis-
tance (Nei 1972) can be used in cases where the time scale
of interest is sufficiently short for mutation to play a minor
role (Slatkin 1995). Actually, Paetkau et al. (1997) have
shown empirically that IAM-based genetic distances outper-
form statistics specifically designed for microsatellites such
as Goldstein’s (o)? (Goldstein et al. 1995), when applied
to studies of fine-scale population structure. Several other
population surveys in different species have shown a high
efficiency of microsatellites in estimating population differ-
entiation and genetic distances using IAM-based approaches
(Bowcock et al. 1994; Estoup et al. 1996; Perez-Lezaun et
al. 1997).

Statistical Analyses

We calculated rejection rates of mimetic and nonmimetic
model eggs for each magpie population. Distances between
populations were measured in kilometers on a map. We con-
structed a genetic distance matrix, a geographic distance ma-
trix, and a matrix of differences in rejection rates of mimetic
and nonmimetic model eggs between populations. To control
for phylogenetic effects, we used autocorrelation analysis
(Foster and Cameron 1996; for further information on the
use of autocorrelation analysis to remove phylogenetic effects
at the species level, see also Gittleman and Luh 1992; Ed-
wards and Kot 1995, and references therein), because the use
of population phylogenies is not recommended when gene
flow between populations is high (Foster and Cameron 1996),
as in our case (Martinez et al. 1999), and the Mantel test
corrects for the nonindependence among elements in a pair-
wise matrix. To perform autocorrelation analysis we used the
computer program ‘‘Le progiciel R (Legendre and Vaudor
1991). Using the import-export section, we transformed the
distance matrix into binary files (which are required by the
computer program) and performed a multiple autoregression
analysis using the Mantel section of the computer program.
We chose the methodology of Smouse et al. (1986), which
is the only methodology allowing calculation of partial cor-
relation coefficients (Legendre and Vaudor 1991). This cal-
culation is performed making a matrix with residuals (A") of
the relationship between the dependent matrices (A) and one
of the independents (B), and another matrix with the residuals
(B'") of both independent variables (B and C). Later, the pro-
gram ran a Mantel test between these two residual matrices
(A’ and B’), with the resulting » being the partial correlation
coefficient between A and B controlling for the effect of
matrix C. Here we report the Mantel statistic R, which is the
correlation coefficient, and (ii) the standardization of R pro-
posed by Hubert (1985), which varies between +1 and —1
and consists of a real value of R produced by the extreme
values (maximum and minimum) obtained from the permu-
tations (Legendre and Vaudor 1991). Probabilities of the cor-
relation coefficients were calculated using 1000 permuta-
tions. By using partial autocorrelation coefficients, we were
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Fic. 2. Rejection rates of mimetic and nonmimetic model eggs in
sympatric (white columns) and allopatric (black columns) magpie
populations. Values are means, bars represent standard errors.

able to distinguish between genetic and geographic effects
on differences in rejection rates of magpie populations.

RESULTS

Parasitism rates, rejection rates of mimetic and nonmimetic
model eggs, and geographic locations of magpie populations
are reported in Table 1, as well as information on whether
magpie populations are in sympatry or allopatry with the
great spotted cuckoo. Only three magpie populations located
in southeastern Spain (Granada and Almeria provinces) ex-
perienced high levels of parasitism from the great spotted
cuckoo; except for these and the Dofiana magpie population,
all other sympatric populations had few parasitized nests (Ta-
ble 1).

The rejection rates of mimetic model eggs were signifi-
cantly higher in sympatric than in allopatric magpie popu-
lations when based on estimates of magpie population as
datapoints (Fig. 2; Eljovo as sympatric magpie population:
populations in sympatry, mean = 37.8, n = 9; populations
in allopatry, mean = 19.8, n = 6, t = 2.34, df = 13, P =
0.04; Eljovo as allopatric magpie population: t = 3.49, df =
13, P = 0.004). A similar result was found when calculations
were based on the rejection behavior of individual magpies
(Eljovo as sympatric magpie population: sympatric magpies,
rejection rate = 42.9%, n = 147, allopatric magpies, rejection
rate = 27.2%, n = 103; x2 = 6.43, df = 1, P = 0.01; Eljovo
as allopatric magpie population: sympatric magpies, rejection
rate = 44.9%, n = 138; allopatric magpies, rejection rate =
25.9%, n = 112, x*> = 9.68, df = 1, P = 0.002). Rejection
rates of nonmimetic model eggs were higher in sympatric
than allopatric populations, but not significantly so (Fig. 2;
Eljovo as sympatric magpie population: populations in sym-
patry, mean = 71.9, SE = 7.5, n = 9; populations in allopatry,
mean = 68.6, SE =89, n=6;¢t=0.30,df = 13, P = 0.77;
Eljovo as allopatric magpie population: t = 1.55, df = 13,
P = 0.14). When analyzing individual magpie rejection be-
havior as independent datapoints, we found significant dif-
ferences (Eljovo as sympatric magpie population: sympatric
magpies, rejection rate = 79.6%, n = 132; allopatric magpies,
rejection rate = 65.4%, n = 101; x2 = 590, df = 1, P =
0.015; Eljovo as allopatric magpie population: sympatric
magpies, rejection rate = 81.25%, n = 128; allopatric mag-
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TABLE 2. Comparison between rejection rates of mimetic and nonmimetic model eggs of magpies from populations suffering a high,
low, and no parasitism rate (see text for the magpie populations included in these three groups) from the great spotted cuckoo. We report
results including or excluding the Eljovo population from the sympatric magpie group. Values reported are percentage of rejecter magpie
nests; (1) and (2) refer to different magpie populations in the comparisons.

Rejection rates (%) (N)

) @) xi P
Mimetic model eggs
High (1) versus low (2) parasitism rate populations 51.8 (85) 37.2 (78) 3.50 0.06
(Eljovo as allopatric population) 51.8 (85) 40.6 (69) 1.91 0.17
High (1) versus no (2) parasitism rate populations 51.8 (85) 20.7 (87) 18.0 0.00002
(Eljovo as allopatric population) 51.8 (85) 19.8 (96) 20.3 0.00001
Low (1) versus no (2) parasitism rate populations 37.2 (78) 20.7 (87) 5.50 0.019
(Eljovo as allopatric population) 40.6 (69) 19.8 (96) 8.52 0.004
Nonmimetic model eggs
High (1) versus low (2) parasitism rate populations 88.3 (77) 67.7 (68) 9.17 0.0025
(Eljovo as allopatric population) 88.3 (77) 70.3 (64) 7.11 0.008
High (1) versus no (2) parasitism rate populations 88.3 (77) 64.8 (88) 12.4 0.0004
(Eljovo as allopatric population) 88.3 (77) 63.3 (79) 13.2 0.0003
Low (1) versus no (2) parasitism rate populations 67.7 (68) 64.8 (88) 0.14 0.71
(Eljovo as allopatric population) 70.3 (64) 63.3 (79) 0.78 0.38

pies, rejection rate = 63.81%, n = 105, x2 = 8.98, df = 1,
P = 0.003).

When magpie populations were classified as (1) suffering
from a high parasitism rate (Dofiana, Santa Fe, Guadix, and
Laujar); (2) a low parasitism rate (Badajoz, Calahorra, Torres
del Segre, Les Camargues, and Eljovo); and (3) no parasitism
(Milano, Bern, Freneusse, Sheffield, Jyviéskyld, and Trond-
heim), comparisons revealed no significant differences in re-
jection rates of mimetic model eggs between frequently and
rarely parasitized magpie populations (Table 2). Magpie pop-
ulations in high and low parasitism areas (which were all
sympatric with the great spotted cuckoo) rejected mimetic
eggs significantly more frequently from their nests than mag-
pies in areas with no parasitism (which were all allopatric
with the great spotted cuckoo; Table 2). Magpies from pop-
ulations suffering from a high parasitism rate rejected non-
mimetic eggs more frequently than those from populations
suffering a low parasitism rate or no parasitism (Table 2).
No significant differences appeared when comparing magpies
from rarely parasitized and unparasitized populations (Table

TABLE 3.

2). These results were independent of whether the Eljovo
population was classified as a rarely parasitized population
or an allopatric population (Table 2).

Differences in rejection rate of mimetic and nonmimetic
eggs were significantly related among magpie populations
(Mantel test, r = 0.33, ryq = 0.93, P = 0.003), even when
controlling for phylogenetic effects (relationships between
matrix of differences in rejection behavior of mimetic and
nonmimetic model eggs controlled for genetic distances;
Mantel’s test, partial correlation coefficient r = 0.30, ryq =
0.73, P = 0.007). Therefore, although magpie rejection be-
havior appeared to be different for mimetic and nonmimetic
eggs, the ability of magpies to recognize mimetic and non-
mimetic model eggs covaried among areas.

The analysis of matrices of genetic and geographic dis-
tances (Table 3) in relation to the matrix of differences in
rejection rates of mimetic and nonmimetic model eggs
showed that differences in rejection of mimetic model eggs
were significantly related to both genetic and geographic dis-
tances between populations (Mantel test, » = 0.25, ryq =

Matrix of genetic and geographical distances between magpie populations. The values above the diagonal are geographic

distances (km) and the values below the diagonal are genetic distances.

Populations

9] (2) 3) C)] () (6) @) (8) © Qo an ad2 a3 314 1s
Dofiana (1) — 225 300 300 225 700 800 1200 1600 1575 1450 1850 2900 3550 3150
Santa Fe (2) .138 — 60 75 310 580 615 1000 1450 1400 1400 1750 2600 3400 3000
Guadix (3) .050 .117 — 25 385 560 575 950 1400 1375 1350 1750 2550 3350 3000
Laujar (4) .083 .164 .081 — 415 585 590 975 1400 1400 1375 1775 2550 3375 3025
Badajoz (5) .038 .117 .039 .071 — 565 700 1100 1500 1450 1325 1650 2850 3350 2900
Calahorra (6) 057 .148 072 .091 .046 — 225 550 950 900 775 1200 2325 2825 2400
Torres del Segre (7) .107 .168 .099 .106 .079 .094 — 375 875 800 775 1250 2150 2775 2450
Les Camargues (8) .063 .131 .073 .148 .071 .082 .101 — 400 450 625 1100 1750 2425 2175
Milano (9) 152 126 136 .163 125 .110 .173 .112 — 200 650 1125 1425 2100 1950
Bern (10) 183 137  .119 .170 .135 .110 .140 .117 .078 — 450 900 1575 2025 1800
Freneusse (11) .190 209 .156 .181 .160 .128 .134 .151 .159 .090 — 625 2025 2050 1650
Sheffield (12) 200 227 174 243 217 178 211 165 174 161 .161 — 2350 1825 1375
Eljovo (13) 162 204 .128 215  .143 126 .148 .131 .116 .098 .132 .139 — 2175 2500
Jyviskyld (14) 195 210 178 222 168 112 .144 156 .152 .119 .143 151 .108 — 800
Trondheim (15) 193 145 157 202 142 154 124 145 175 139 159 189 .187 .150 —
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0.64, P = 0.016; and r = 0.35, rgq = 0.998, P = 0.002,
respectively), but differences in rejection rate of nonmimetic
model eggs were not significantly related to genetic and geo-
graphic distances, in accordance with hypothesis 1 (genetic
distances matrix: Mantel test, r = 0.17, rgqq = 045, P =
0.077; geographic distances matrix: r = —0.04, rgq = —0.11,
P = 0.36, respectively). However, genetic and geographic
distances covaried (Mantel test, r = 0.47, rgq = 1, P = 0.001),
and a multiple autocorrelation analysis allowed us to distin-
guish between the effects of genetic and geographic distances
on the difference in rejection behavior of magpie populations.
Differences in rejection rates of mimetic model eggs de-
pended significantly on geographic distance, but not on ge-
netic distance, in accordance with hypothesis 3 (Mantel test,
partial correlation coefficient of genetic distances r = 0.11,
rqa = 0.33, P = 0.18; partial correlation coefficient of geo-
graphic distances r = 0.27, ryq = 0.91, P = 0.007). Opposite
results were obtained for differences in rejection rates of
nonmimetic model eggs in accordance with hypothesis 2
(Mantel test, partial correlation coefficient of genetic dis-
tances r = 0.21, ryq = 0.54, P = 0.043; partial correlation
coefficient of geographic distances r = —0.13, r,q = —0.35,
P = 0.38). In conclusion, rejection rates of mimetic model
eggs had a strong geographic component, whereas the main
component of rejection rates of nonmimetic model eggs was
genetic.

Genetics, geography and ecology could be confounded in
the analyses of matrices of genetic and geographic distances
in relation to matrices of differences in rejection rates. Distant
populations are likely to include sympatric and allopatric
comparisons, as well as to be genetically the most distinct.
Trying to solve this potential problem, we reanalyzed the
data by only including sympatric populations (n = 9). In
accordance with previous results, differences in rejection
rates of mimetic model eggs were significantly related to
geographic distances (Mantel test, r = 0.61, ryq = 0.87, P
= 0.008), but not to genetic distances (Mantel test, r = —0.13,
rqqa = —0.47, P = 0.25). Moreover, when only using sym-
patric populations, differences in rejection rate of nonmimetic
model eggs became significantly related to geographic dis-
tances (Mantel test, r = 0.77, rgq = 0.96, P = 0.016), but
not to genetic distances (Mantel test, r = 0.03, ryq = 0.07,
P = 0.35). Because gene flow is greater in sympatric than
in allopatric populations (Martinez et al. 1999), in these an-
alyses genetic variation is greatly reduced compared to geo-
graphic variation. Therefore, we did not find a significant
relationship between genetic and geographic distances (Man-
tel test, r = —0.12, rgqy = —0.69, P = 0.26).

DiscussioN

Magpie populations from areas of allopatry with the great
spotted cuckoo rejected models of brood parasite eggs placed
in their nests. This host defense in the absence of selection
pressures from brood parasites has been proposed to be re-
lated to gene flow from host populations in sympatry with
the brood parasite to allopatric host populations (Davies and
Brooke 1989; Soler and Mgller 1990; Briskie et al. 1992).
Using the magpie populations in the present study, Martinez
et al. (1999) showed that nearby populations are genetically
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more similar than magpie populations far from each other,
but that the amount of gene flow between populations is high.

Magpie populations suffering strongly from parasitism
showed higher rejection rates than populations with low par-
asitism, and rarely parasitized magpie populations rejected
experimental model eggs more frequently than allopatric
magpie populations. This finding is in agreement with the
previous results by Soler and Mgller (1990). However, where-
as in the present study we detected rejection behavior in
magpie populations in allopatry with the great spotted cuck-
00, Soler and Mgller (1990) did not find rejection behavior
in a Swedish allopatric population, although the 95% con-
fidence intervals range from 0% to 29.1% (data from Soler
and Mgller 1990; see Sokal and Rohlf 1981, p. 158). The
difference with our present results were more apparent for
nonmimetic eggs.

One possibile explanation for the resulting rejection rate
of model eggs in allopatric populations is that the great spot-
ted cuckoo may have had a more extensive distribution in
the recent past, and host populations considered allopatric in
the present study once may have been sympatric with the
great spotted cuckoo. However, it is known that during the
middle Pleistocene the great spotted cuckoo was distributed
in Israel and Judea, but was not recorded in Spain during the
entire Holocene period (Tyrberg 1998). Control information
for the European cuckoo showed that during the Pleistocene
this species was distributed widely in Europe (Germany, Cze-
choslovakia, France, Austria, Hungary, Italy, and Spain; Tyr-
berg 1998). Therefore, the current distribution of the great
spotted cuckoo in the Palearctic is almost certainly more
extensive than in the past. Moreover, it is known that the
great spotted cuckoo recently has extended its range north-
ward in France, Italy, and Bulgaria (Cramp 1985), indicating
that the distribution of the parasite is currently increasing.
Thus, the rejection rate of model cuckoo eggs in currently
allopatric populations does not seem to be related to a more
extensive distribution of the parasite in the recent past.

In accordance with the rejecter-gene flow hypothesis (hy-
pothesis 1), which predicts that population differences in re-
jection rate could be explained by genetic and/or geographic
distances, we found that population differences in rejection
rate of mimetic model eggs were mainly explained by geo-
graphic distance among populations, whereas differences for
nonmimetic eggs were significantly related to genetic dis-
tances but not geographic distances. Moreover, because ge-
netics, geography, and ecology are potentially confounded in
the previous analyses relating to sympatry/allopatry, we re-
stricted the analyses to sympatric populations. In this case,
geographic distances explained differences in rejection rate
of both mimetic and nonmimetic model eggs. However, when
only using sympatric populations, genetic variation is dif-
ferentially reduced in relation to geographic variation because
gene flow is greater among sympatric as compared to allo-
patric host populations (Martinez et al. 1999). Therefore, be-
cause sympatric magpie populations are genetically more ho-
mogeneous than allopatric populations, analyses of sympatric
populations partially control for genetic effects and only geo-
graphic effects thus appear to explain differences in rejection
rates.

Although statistical tests including sympatric and allopat-
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ric populations are potentially confounded because distant
populations are likely to include sympatric and allopatric
comparisons, as well as to be genetically the most distinct,
itis difficult to imagine how allopatry can differentially affect
the relative importance of genetic and geographic distances.
In a multiple autocorrelation analysis genetic, distances main-
ly explained differences in rejection rates of nonmimetic
model eggs, whereas geographic distances mainly explained
differences in rejection of mimetic eggs. These differences
are likely to be related to differences in gene flow between
allopatric and sympatric populations. The different influence
of geography and genetics on rejection of mimetic and non-
mimetic eggs could be related to different processes involved
in recognition of these two kinds of model eggs. Previous
studies have shown that host rejection behavior depends on
the appearance of eggs, with nonmimetic eggs more fre-
quently being rejected than mimetic ones (Fig. 2).

Two different nonexclusive processes have been proposed
for egg recognition of hosts: (1) a genetic process (Rothstein
1990) for which mutations allow egg recognition to appear
and quickly spread in a host population; and (2) a learning
process (defined as learning the appearance of the host’s own
eggs, in relation to those of the cuckoo), that is, explains the
rapid increase in rejection rate in recently parasitized host
populations (Nakamura 1990; Soler et al. 1994; Brooke et
al. 1998). However, another possibility is that the egg rec-
ognition ability of hosts is genetically based, but requires a
learning process for the development of a fine tuned recog-
nition ability.

In accordance with the first possibility, significant differ-
ences in rejection rates of nonmimetic model eggs as a func-
tion of genetic distances among populations (after controlling
for geographical distances) suggests that only a genetic com-
ponent can explain the results; thus, no other process would
be involved in the recognition ability of nonmimetic eggs
(hypothesis 2). However, differences in rejection rates of mi-
metic model eggs were significantly related to geographic
distances (after controlling for genetic distances), as pre-
dicted by hypothesis 3. Although geographic and genetic dis-
tances were significantly correlated, the fact that geographic
distances better explained rejection rates of mimetic model
eggs suggests that a fine tuned recognition ability by hosts
would require an additional process depending on geographic
distance (e.g., learning). _

If a learning process is required for foreign egg recognition
by hosts, even with gene flow, it would be difficult to explain
host recognition in areas not suffering from brood parasitism
because magpies are unable to encounter cuckoo eggs in al-
lopatry. One possibility is that adult hosts with the ability of
learning the appearance of their own eggs in relation to those
of the cuckoo migrate to areas of allopatry. Although magpies
are remarkably sedentary, long-distance movements some-
times occur in response to adverse environmental conditions
(e.g., cold weather, Birkhead 1991) as in other bird species
(Berthold 1993). In magpies, both breeding and natal dis-
persal occurs, with dispersal distances of juveniles (mean =
7.9 km, SD = 18.2 km; Paradis et al. 1998) being larger than
those of adults (mean = 2.1 km, SD = 7.5 km; Paradis et
al. 1998). Brood parasitism, which greatly reduces the re-
productive success of magpies in southeastern Spain (Soler
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et al. 1996), where the highest rejection rates are found, could
give rise to increasing adult magpie dispersal to areas with
superior conditions (allopatric areas). However, the high re-
jection rate of nonmimetic model eggs found in the present
study, even in areas of allopatry, is difficult to explain only
on the basis of dispersal.

The third possibility is that recognition ability of foreign
eggs is genetically based, but perfection of recognition re-
quires a learning process; that is, all hosts with recognizer
genes will be able to recognize foreign eggs clearly different
from their own, but only those with learning experience will
be able to detect and reject mimetic eggs. That could explain
the difference in rejection rate of mimetic and nonmimetic
eggs in this and others studies (Davies and Brooke 1989;
Soler 1990; Soler and Mgller 1990; Soler et al. 1994, 1998a).

If a learning process is needed for host recognition of mi-
metic eggs, this is more likely to occur in sympatric magpie
populations. Thus, dispersal by adult magpies would account
for the current results because immigration of recognizer
magpies to allopatric areas is more likely to occur close to
sympatric areas. Costs of recognition of foreign eggs include
accidental rejection of a pair’s own eggs (Davies and Brooke
1988; Marchetti 1992). Therefore, in allopatric areas without
brood parasitism this recognition ability will disappear (Cruz
and Wiley 1989). Likewise, if recognition of mimetic eggs
is based on a learning process, the ability to recognize mi-
metic eggs will quickly disappear in allopatry and for the
most part dispersal of rejecters individuals from other areas
will maintain rejection of mimetic model eggs. Moreover, the
rejecter genotypes, if they require a learning process to reject
mimetic model eggs, would become effectively nonrejectors
in allopatric populations and, therefore, would not pay the
cost of rejecting own eggs. As a result, rejecter genotypes
would disappear less quickly in allopatry if associated with
a learning ‘‘switch’ because such genotypes would not be
selected against.

An alternative hypothesis explaining differences in rejec-
tion rates of mimetic and nonmimetic model eggs is that
recognition ability is only genetically determined, but more
than one gene is involved in the process. An individual host
with all recognizer alleles is able to recognize mimetic eggs
and the recognition ability is related to the number of rec-
ognizer alleles. Due to the differential cost of rejecting mi-
metic and nonmimetic eggs (see above), selection pressures
will favor loss of some recognizer alleles in allopatry to a
point where recognition of nonmimetic eggs is uncostly and
only dispersal of young rejecters from other areas maintains
rejection. However, in this case genetic distance should be a
better predictor of differences in rejection rates among mag-
pie populations and an additional mechanism mainly related
to geographic distance, such as immigration, is needed.
Therefore, our results suggest that a learning process is in-
volved in the recognition ability of mimetic eggs in different
magpie populations.

In conclusion, our findings support the recognizer-gene
flow hypothesis because differences in rejection of mimetic
model eggs were related to both genetic and geographic dis-
tances between magpie populations. Furthermore, they sug-
gest that a learning process is necessary for a fine-tuned
recognition ability of the eggs of the great spotted cuckoo
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by the magpie because differences in rejection rate of mimetic
model eggs between populations have a strong geographic
component, whereas the main component of rejection rate of
nonmimetic model eggs is genetic.
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