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Feeding innovations and parasitism in birds
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The rate of behavioural innovation, such as opportunistic feeding innovation, may facilitate adaptation to novel envi-
ronments. Because parasites may affect how their hosts adopt novel means of resource acquisition, or because oppor-
tunistic behaviours may involve the risk of being exposed to a large parasite fauna, we hypothesize an evolutionary
link between the rate of feeding innovations and parasitism. We investigated the phylogenetic relationship between
relative frequency of feeding innovations (adjusted for research effort and population size) and relative size of
immune defense organs (as a relative measure of parasite-mediated selection) and the prevalence of blood parasites
in birds. Using generalized least squares models, we found that species with relatively large bursa of Fabricius, thy-
mus, and spleen had higher rates of feeding innovations than species with small immune defense organs. Similarly,
there was a positive interspecific association between feeding innovation and haematozoa prevalence. These rela-
tionships were not confounded by migration, relative brain size, geographical distribution, and male plumage bright-
ness. Analyses of causality relying on evolutionary modelling of discrete variables and path analysis suggest that
increasing rate of feeding innovation may place species under intense selection due to parasitism. Therefore, behav-
ioural adaptation by feeding innovation seems to have consequences for the coevolutionary arm race between par-
asites and hosts. © 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441—
455.
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INTRODUCTION the introduction of birds to a non-native location (Sol
dine i . 1 imal loit dif et al., 2005a; Sol & Lefebvre, 2000; Sol, Timmermans
Feeding innovations may allow animals to exploit dif- & Lefebvre, 2002). Feeding innovations predict

ferent kinds of resources, or exploit resources in a

R . intraspecific diversification as reflected by the relative
novel way. Hence, the frequency of feeding innovation

abundance of subspecies and species richness in avian

(or a cor.“rel.a t.e thereof) mgy not only pr'omote the suc- clades (Nicolakakis, Sol & Lefebvre, 2003; Sol, 2003).
cess of individuals reaching novel environments, but The ability to perform novel behaviours relies on

also the ability of individuals to survive in changing complex learning and cognitive processes, which may
environments. The frequency of feeding innovations is be facilitated by the absence of parasites and disease.
determined by cognitive abilities as shown by its asso- A large amount of the available literature on mam-
ciation with tool use and learning and with forebrain mals, including humans, has shown that discrimina-
size in birds and 'prlmate.s (NICOI?kakIS & Lefebvre, tion learning and spatial and nonspatial cognition are
2000; Lefebvre, Nlcolakakls & erez 2002; Lefebvre, all impaired by different kinds of parasitemias (Jukes
Reader & Sol, 2004). Feeding innovations have ecolog- ;. .7 "9009; Stolzfus et al., 2001; Kavaliers, Colwell &
ical implications because they predict the success of Gal ee,x, 1995’; Sahti et al., 1’999; Al Serouri e, t al., 2000;
Fiore et al., 2002). Generally, because the brain that
governs cognition (Lefebvre et al., 2004; Shettleworth,
*Corresponding author. E-mail: laszlo.garamszegi@ua.ac.be 2001; Roth & Dicke, 2005), the detrimental effect of
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parasites on cognition should also affect the brain.
Hence, species evolving larger brains should also
evolve more efficient immune defenses, which,
appears to be the case in birds (Mgller, Erritzge &
Garamszegi, 2005). Given the positive interspecific
relationship between brain size and feeding innova-
tion (Lefebvre et al., 2004), and between brain size and
immune defense (Mgller et al., 2005), it is possible
that feeding innovation evolves simultaneously with
brain size, leading to a relationship between immune
defence and innovation.

Long dispersal distances and habitat specialization
may have evolved in situations where local parasite
impact on host reproductive success is severe (Mgller
& Erritzge, 2001; Mgller, Martin-Vivaldi & Soler,
2004; Snoeijs et al., 2004). Several examples exist of
hosts moving out of the range of parasites, resulting in
a decrease of parasite impact on host fitness, as
described for reindeer, Rangifer tarandus L, and man-
gabey, Cercocebus albigena Gray (Freeland, 1980; Fol-
stad et al., 1991). However, migration is not the only
means by which hosts can temporarily avoid or reduce
the effects of parasites. Other possible defences
include feeding innovations that involve different
ways of finding, treating or exploiting food, which may
result in the exploitation of novel niches. Such inno-
vations could reduce the efficiency of transmission of
parasites and thereby reduce the impact of parasites
on host fitness. In addition, foraging innovations may
allow hosts to encounter substances that have benefi-
cial effects on the ability of hosts to rid themselves of
parasites. For example, self-medication or other
aspects of food-derived antiparasite defences may
have arisen as a foraging innovation. Consumption of
soil by ungulates or elephants as a way of reducing
intestinal helminth infections (Holdo, Dudley &
McDowell, 2002; Knezevich, 1998), or consumption of
plant leaves with anthelminthic properties by pri-
mates (Lozano, 1998), must initially have been based
on feeding innovations.

On the other hand, increased parasitism may not
only be the cause, but also it may be the consequence
of increased frequency of feeding innovations. Animals
exploiting novel ecological strategies (e.g. by including
new food types in their diet, may encounter a more
diverse parasite fauna). When opportunistic species
innovate feeding or other behaviour, they are con-
fronted with new environmental factors that poten-
tially involve parasite species not encountered before
the innovation event occurred. This is likely to be even
more frequent in the case of invading species, whose
colonization success is partly affected by innovation
rate (Sol & Lefebvre, 2000; Sol et al., 2002, 2005a).
Hence, an opportunistic species with a broad spectrum
of feeding habits is also exposed to a broad spectrum of
diseases and infections. Analogically, migrating bird

species that exploit two different habitats during their
annual cycle, and have to cope with two different par-
asite faunas, evolve larger immune defence organs
than resident species (Mgller & Erritzge, 1998).

The present study aimed to investigate the evolu-
tionary link between feeding innovation and the
impact of parasites as reflected by relative investment
in immune defence, and the prevalence of blood para-
sites. We expected two patterns to occur. First, if par-
asite-mediated natural selection impairs learning, or
if behaviourally flexible species are able to reduce par-
asite pressure by successfully adapting novel environ-
ments by behavioural means, we predicted the
frequency of feeding innovations to be negatively
related to estimates of parasitism. Second, if high par-
asite pressure selects for alternative feeding styles
that provide hosts with novel parasite defence mech-
anisms, or if feeding innovation leads to extended
parasitism, we predicted a positive interspecific
relationship between feeding innovation frequencies
and measures of parasitism. We investigated the
underlying causal mechanism further by applying
evolutionary modelling based on discrete variables
(Pagel, 1994) and path analysis (Li, 1975). which
allowed us to characterize the temporal order of evo-
lutionary changes in feeding innovation and parasite
pressure.

MATERIAL AND METHODS

Feeding innovations can be quantified from the orni-
thological literature, using descriptions of novel kinds
of feeding behaviour (Lefebvre et al., 1997). Louis
Lefebvre kindly provided us with a list of reported evi-
dence for feeding innovation in birds. This data set
was collated from an exhaustive survey of 30 years
(1970-2000) of the short note sections of 65 generalist
ornithology journals covering six geographical areas of
the world (Lefebvre etal., 2004). For a detailed
description of the systematic data collection, see Lefe-
bvre etal. (2001, 1997), Nicolakakis & Lefebvre
(2000), Nicolakakis et al. (2003), and Sol et al. (2002).
For each continent, we calculated the frequency of
opportunistic feeding innovations, as the number of
reported cases of novel feeding habits (food type or
feeding technique described by an observer as novel
for the species). We only considered species for which
at least one report was available because the meaning
of an innovation frequency of zero is obscure (Nico-
lakakis et al., 2003). Species in the European conti-
nent are ranked similarly to those in North American
continent based on feeding innovation frequencies of
common species for both continents (Kendall 1 =0.474,
N =41, P<0.001). Hence, feeding innovations mea-
sured in different continents appear to be species-
specific attributes. We used data for European birds
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because information on size of immune defence organs
and parasitism were mainly available for these birds.

The probability of finding a feeding innovation in
different species may depend on several factors, and
absolute counts of innovation events should thus be
corrected (Lefebvre et al., 1997; Sol et al., 2002). First,
there may be more reports available for intensely
studied species. We estimated research effort by using
the number of studies published since 1972 on each
species as cited in the ISI Web of Science (http:/
www.isiknowledge.com/). Second, we assessed the
importance of population size that may affect the
probability of detection of feeding innovations. We
used the minimum breeding population size (in num-
ber of pairs) given in Tucker & Heath (1994), which
rounds population size to the nearest million, if more
than a million pairs were found for a species. Third, we
also assessed the potential confounding effect of body
mass on feeding innovations because larger birds may
be more likely to be observed when feeding. We used
our own data for body mass (see below).

To estimate relative feeding innovation that is inde-
pendent of research effort, population size and body
mass, we used the following approach. First, to obtain
a normal distribution for feeding innovation, we cal-
culated ranks of this variable. Then, these ranks were
used in a multiple regression model as dependent
variable with log,,-transformed research effort, popu-
lation size, and body mass as independent variables.
This model was highly significant, indicating strong
effects of research effort and population size on feed-
ing innovation rate (overall model: Fj;4; =8.454,
P <0.001; effect for research effort: F;,p; =12.147,
P <0.001; effect for population size: F;,o; =4.815,
P=0.030; effect for body mass: F;0;=0.458,
P =0.500). From this regression line, after the exclu-
sion of body mass, we calculated residuals that were
subsequently used as measures of relative feeding
innovation. Positive residuals thus indicate that the
reported numbers of feeding innovations are larger
than expected from research intensity and abundance.

Selection pressures arising from parasitism can be
reflected by the investment of the host in immune
defence that can be reflected by the relative size of
immune organs (Mgller & Erritzge, 1996, 1998; Mgller
et al., 1998a, Mgller, Sorci & Erritzoe, 1998b). The
bursa of Fabricius synthesizes antibody, and is respon-
sible for differentiation of the repertoire of B-cell in
juvenile birds (Glick, 1983, 1994; Toivanen & Toiv-
anen, 1987). The spleen is a part of peripheral lym-
phoid system, which is the main site of lymphocyte
differentiation (B cells) and proliferation (B and T
cells), producing cells involved in the production of
humoral and cell-mediated immune responses (Rose,
1981; John, 1994, 1995). The thymus is the organ
where stem cells differentiate into the three main pop-

ulations of lymphocytes during the embryonic devel-
opment (Rose, Payne & Freeman, 1981). Interspecific
studies revealed a positive association between nem-
atode species richness and relative spleen mass in
birds (John, 1995; Morand & Poulin, 2000). Addition-
ally, bird species with relatively large spleens appear
to suffer more from parasite-induced mortality (Mgller
& Erritzge, 2002).

Relying on postmortem examinations of dead birds,
the size of immune organs (spleen, bursa of Fabricius
and thymus) and body mass were measured by a taxi-
dermist (J.E.) on a balance to the nearest 0.001 g,
blindly with respect to the hypotheses under test. The
detailed description of the standardized preparation
procedure is available at: http:/www.birdresearch.
dk/. Because birds were frozen when received until
examination, we assumed that any effects of storage
on measurements should only cause noise in the data
set. Although the size of these immune organs may be
the subject to annual fluctuations, our interspecific
data are not confounded by consistent seasonal effects,
and the mass of immune organs is significantly
repeatable within species (spleen: R = 0.881; bursa of
Fabricius: R = 0.783, thymus: R = 0.605) (Mgller et al.,
2005). In the present study, we used data for feeding
innovation and relative size of immune defence organs
for 108 species, with information on spleen size for 97
species, on bursa size for 77 species, and on thymus
size for 48 species. We controlled for allometric effects
by using residuals from the phylogenetically-corrected
linear regression of log,-transformed organ sizes on
logo-transformed body size (see below). These residu-
als are subsequently termed relative organ sizes.
When we used alternative approaches (e.g. partial cor-
relation) to control for body size, the results and con-
clusions were identical to findings based on residuals.

Because the use of the relative size of immune
defence organs to infer the effectiveness of the
immune system may reserve some limitations (Smith
& Hunt, 2004), we also tested our predictions by using
real parasite load data (i.e. haematoza prevalence
from the literature) as an alternative measure of par-
asitism. The prevalence of blood parasites varies con-
sistently among bird species, and this variation may
arise from various selection forces, such as sexual
selection, offspring development, disease resistance,
and vector abundance (Scheuerlein & Ricklefs, 2004;
and references therein). Although, the immunological
mechanisms involved in resistance to these pathogens
are poorly understood (Buckling & Read, 2001), it has
been proposed that haematozoan prevalence may pri-
marily reflect immunocompetence because it is closely
linked to the immunological capacity of the host that
ultimately determines parasite resistance (Hamilton
& Zuk, 1982; Atkinson & van Riper, 1991; Ricklefs,
1992; Tella et al., 1999). We used the square-root-
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arcsine transformed proportion of individuals infected
with haematozoa (Plasmodium, Haemoproteus, Leuco-
cytozoon, and Trypanosoma combined) in 45 passerine
species from Scheuerlein & Ricklefs (2004).

Migratory habit has been shown to be associated
with immune defence (Mgller & Erritzge, 1998) and
feeding innovation (Sol, Lefebvre & Rodriguez-
Teijeiro, 2005b). Therefore, migration should be con-
trolled in our comparative study. Migration was
scored on a three point scale as: (1) resident (a score of
1); (2) partial migrant (species having resident and
migratory populations; a score of 2); or (3) migrant (a
score of 3). Information on migration originated from
handbooks and field guides (Heinzel, Fitter &
Parslow, 1997; Cramp & Perrins, 1985-94), and was
treated as a continuous variable in the comparative
analyses because intermediate states are biologically
meaningful.

Similarly, relative brain size can be a potential con-
founding factor because it correlates interspecifically
with both immune defence and feeding innovation
(Lefebvre et al., 1997; Mgller et al., 2005); thus, an
apparent relationship between them may mediated by
relative brain size. Therefore, we also used infor-
mation on brain size that was available from our
post-mortem measurement. The reliability and
repeatability of this trait are given in detail elsewhere
(Garamszegi, Mgller & Erritzge, 2002; Garamszegi,
Eens, Erritzge & Mpgller, 2005; Mpgller et al., 2005).
Brain mass was logj,-transformed, and was adjusted
for allometry, as described previously.

Because male plumage brightness and geographical
distribution are phylogentically associated with hae-
matozoa prevalence (Scheuerlein & Ricklefs, 2004), we
also assessed the importance of these traits. Data on
plumage brightness and geographical distribution
(first detrended correspondence analysis axis) were
available from Scheuerlein & Ricklefs (2004). The full
dataset, without information on feeding innovation is
given in the Appendix. Data on feeding innovation can
be obtained from L. Lefebvre.

Because species are not statistically independent
observations, a phylogenetic control is required to
eliminate the confounding effects of common ancestry.
We constructed a composite phylogenetic hypothesis
at the family level mainly based on information avail-
able in Sibley & Ahlquist (1990), which was obtained
from extensive studies of DNA-DNA hybridization.
This phylogeny was supplemented at the subfamily
level with information from Arnaiz-Villena et al.
(1998), Blondel, Catzeflis & Perret (1996), Cibois &
Pasquet (1999), Grapputo et al. (2001), and Thomas,
Wills & Székely (2004). We applied branch lengths
from the tapestry tree of Sibley & Ahlquist (1990) for
higher taxonomic levels. Within families, the distance
between different genera was set to 3.4 AT;,H units,

and between species within genera to 1.1 AT50H units
(Sibley & Ahlquist, 1990; Bennett & Owens, 2002).
The phylogenetic tree we used in our comparative
analyses is given in Figure 1.

We applied the general method of comparative anal-
ysis for correlated evolution of traits based on gener-
alized least squares (GLS) models implemented in the
software Continuous (Pagel, 1997, 1999). Hypothesis
testing in this program relies on likelihood ratio (LR)
test statistic that compares the log-likelihood of the
model corresponding to a null hypothesis (H,) over the
model for an alternative hypothesis (H;). First, we
assessed the contribution of different branch lengths
and the importance of phylogenetic relationships by
adjusting the appropriate scaling parameters. Second,
we tested the correlation between pairs of traits. We
present the phylogenetically corrected correlation
coefficients (r,n,1) and the corresponding LR statistics.
To control for allometric effects, we calculated the phy-
logenetically corrected regression of organ size on
body mass, using Continuous. Based on this phyloge-
netic equation, residuals were obtained for the raw
species (Purvis & Rambaut, 1995). When we con-
trolled for the potentially confounding effects arising
from migratory habit, relative brain size, male plum-
age brightness, and geographical distribution, we
entered these variables together with the variables of
interest in the model, and tested for correlated trait
evolution. We then calculated the partial phylogenetic
correlation for the relationship between the relative
innovation rate and organ size.

We also analysed the data by using used Pagel’s
discrete variable method available in the software
‘Discrete’ (Pagel, 1994). This method applies a contin-
uous-time Markov model to characterize evolutionary
changes along each branch of a phylogenetic tree. The
LR statistic for the discrete model (omnibus test)
compares models H, and H;, with a Monte Carlo sim-
ulation procedure being used to derive the null
hypothesis distribution of significance. The advantage
of the discrete model is that it not only tests for cor-
related trait evolution, but also it examines whether
changes in one variable make changes in another
more or less likely than would be expected from ran-
dom. We used the discrete variables method to test
the temporal ordering and direction of evolutionary
change of feeding innovation and parasitism. The
method allows various tests of whether specified
character transitions are significantly different from
zero or from each other. Transition rate parameters,
g, denote the rate of change from state i to state j.
The subscripts refer to the beginning and end charac-
ter states for each particular transition, where
1=0,0,2=0,1,3=1,0, and 4 =1,1. We tested models
of evolution in which certain types of transitions are
excluded a priori, by forcing the relevant parameters
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Figure 1. Phylogenetic hypotheses of birds used to investigate the interspecific relationship between feeding innovation
and parasitism. The sources are provided in the Material and Methods section. Scales are shown at the bottom left of the
figure.
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(@) to zero. The fit of the reduced model, in which one
parameter is constrained, was then compared to the
full model of eight parameters. We chose relative
spleen size and relative haematozoa prevalence
(adjusted for geographical distribution and male
plumage brightness) for this evolutionary modelling.
For the discrete approach, we categorized each vari-
able as being larger or smaller than predicted (posi-
tive or negative residuals). However, collapsing
continuous variables into two-state categories might
reduce the power of the analysis, due to loss of
information.

To investigate the causal relationship between mea-
sures of parasitism and feeding innovations, relying
on the phylogenetic correlation coefficients from Pro-
gram Continuous, we also used path analysis (Li,
1975). We implemented previous findings in this mod-
elling, and predicted that feeding innovation is deter-
mined by brain size (Nicolakakis et al., 2003; Sol et al.,
2005a), We created three different evolutionary mod-
els. The first model predicted that, arising from the
same selection pressures, parasitism and relative
brain size mutually influence each other and both
affect the evolution of the relative innovation rate
(Mgller et al., 2005). According to the second model, a
relatively larger brain evolves to allow a high innova-
tion rate that has a secondary impact on parasite lev-
els. The third model predicted that parasitism
primarily has an evolutionary effect on brain size that
subsequently favours higher rates of innovation. We
identified the statistical model that explained the
most variance in the relationship between the relative
innovation rate, parasitism, and brain size. As differ-
ent estimates of the impact of parasites, we used both
relative spleen size and haematozoa prevalence in our
evolutionary path modelling.

RESULTS

The GLS modelling of continuous variables revealed
that relative feeding innovation was significantly and
positively related to the relative size of the spleen
and the bursa of Fabricius (relative spleen size:
ronyt = 0.354, P < 0.001, N =98, Fig. 2A; relative size of
the bursa of Fabricius: ry,, = 0.417, P < 0.001, N =77,
Fig. 2B) However, a very similar tendency was found
for the relative size of the thymus, but this was non-
significant, probably due to the lower sample size
(rpny1 = 0.262, P = 0.064, N = 48, Fig. 2C). These results
appear to be independent of the potentially confound-
ing effect of migration and brain size because we found
similar patterns when we calculated the partial phy-
logenetic correlations between the relative innovation
rate and measures of immune defence (relative spleen
size, partial ry,,=0.227, P=0.036, N = 88; relative
size of the bursa of Fabricius, partial ry, = 0.225,

P=0.087, N=61; relative thymus
oyt = 0.444, P = 0.003, N = 44).

We also found a positive phylogenetic association
between the prevalence of blood parasites and relative
feeding innovation in passerines (r,,=0.424,
P=0.003, N=45, Fig.2D). Again, this pattern
appeared to be independent of potentially confounding
factors, such as male plumage brightness and geo-
graphical distributions (partial r,,, = 0.410, P = 0.006,
N =45) or migration and relative brain size (partial
oyt = 0.337, P = 0.041, N = 39).

We investigated the casual relationship between
parasitism and relative rate of feeding innovation,
using the phylogenetic method developed for discrete
variables. We found significant evidence for correlated
evolution of relative spleen size and the relative inno-
vation rate (LR = 7.69, P < 0.01 after 100 simulations).
However, the categorization decreased the significance
of the evolutionary correlation between the relative
innovation rate and the relative prevalence of blood
parasites (LR = 2.14, P = 0.18, after 100 simulations).
Hence, we proceeded with hypothesis testing corre-
sponding to the temporal order of changes by using the
discrete model for relative spleen size.

First, we estimated ancestral states for the vari-
ables. When using continuous variables in the pro-
gram Continuous, we found that the estimated
ancestral state for the relative rate of feeding innova-
tion was —16.48 (SE = 10.08), whereas it was —0.239
(SE =0.07) for relative spleen size. Therefore, the
most likely evolutionary scenario for the ancestral
state is that species had a low innovation rate and rel-
atively small spleens at the root of the phylogenetic
tree. We characterized the most likely route of evolu-
tion from this probable ancestral state. Table 1 shows

size, partial

Table 1. Comparisons of likelihood values for alternative
discrete models of evolution, in which one transition is
excluded, vs. an eight-parameter model of dependent evo-
lution of feeding innovation and relative spleen size reflect-
ing investment in immune defense

Alternative models L(D;) LR P
q12=0 -118.57 0.00 NS
q13=0 -121.58 6.02 <0.05
q21=0 -121.68 6.40 <0.01
q24=0 -122.12 7.10 <0.01
q51=0 -118.59 0.06 NS
qs.=0 -122.85 8.56 <0.01
qi2=0 -125.77 14.40 <0.001
qi3=0 -123.50 9.86 <0.01

The log-likelihood of the full, eight-parameter model was
-118.57.
NS, not significant.
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Figure 2. Interspecific relationship between relative frequencies of feeding innovation in European species (corrected for
research effort and population size) and the relative size of immune defense organs (A, spleen; B, bursa of Fabricius; C,
thymus; all are corrected for body size). D, prevalence of blood parasites (square-root-arcsine transformed). Data are raw

species data and their associated linear regression lines.

the log-likelihood values for the alternative models.
The coupled evolution of feeding innovation and rela-
tive spleen size can be summarized by the following
major events (Fig. 3). First, innovation rate increased
without the evolutionary enlargement of spleen size
(transition rate gq;3). Second, relative spleen size

increased (transition rate qs,). In a third stage, both
relative spleen size and the rate of feeding innovation
varied independently of each other (transition rates
Q42 Qu3, and qay).

Path analysis revealed that the second evolutionary
model, which assumes a causal mechanism with feed-
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State 1

Low rate of feeding innovation

State 2

Low rate of feeding innovation.

-
Small spleen 4y, < 0.01 Large spleen
q,;<0.05 q,,<0.01 q,, <0.001
qy,<0.01
High rate of feeding innovation | ———> | High rate of feeding innovation
Small spleen —— Large spleen
q,3<0.01

State 3

State 4

Figure 3. Flow diagram tracing the most likely evolutionary scenario for the coupled evolution of feeding innovation and
relative spleen size in birds. State 1 corresponds to the most probable ancestral state. Only significant pathways are shown.
The g;s are the transition rate parameters, with subscripts referring to the beginning and end character states for each
particular transition (1 =0,0; 2=0,1; 3=1,0; and 4 = 1,1); see also Table 1.

ing innovation affecting relative spleen size, has the
largest explanatory power (r? = 25.27%, Fig. 4). How-
ever, this model explained only 1.34% more of the vari-
ance than the third model predicting the reverse
causal chains of evolutionary events. The first model,
which involved independent effects for parasitism and
brain size, had the smallest explanatory power
(r*=19.39%). When we used haematozoa prevalence
instead of relative spleen size to reflect parasitism, we
also found that the second model explained the most
of the variance (model 1: r*=21.30%, model 2:
r? = 24.76%, model 3: r* = 11.35%).

DISCUSSION

The main finding of the present was that bird species
with relatively larger immune defence organs and
higher prevalence of blood parasites had higher rates
of feeding innovations than species with small
immune defence organs or lower parasite prevalence.
We interpret these findings as implying, for the first
time, that the evolution of feeding innovations has
implications for parasite-mediated natural selection.
We briefly discuss each of these findings below.

The relative size of both bursa of Fabricius and
spleen, after adjusting for body size, predicted the
relative frequency of feeding innovations in birds
(Fig. 2). In a smaller sample, a similar tendency was
found for the relative size of the thymus. Because rel-
atively large immune defence organs imply that a host
species suffers severely from parasite-mediated natu-
ral selection (Mgller & Erritzge, 2002), we can specu-
late that species with a higher rate of feeding
innovations have a greater parasite-induced mortality.
Although caution is warranted when using the size of
immune defence organs to infer the general impact of
parasites (Smith & Hunt, 2004), our findings were

very similar when our analyses were based on para-
site prevalence. This suggests that differences in rates
of feeding innovations have generally given rise to
parasite-mediated selection.

Three evolutionary scenarios can mediate a link
between feeding innovations and parasitism (see
Introduction). First, parasite-mediated selection may
depress the rate of foraging innovations because the
presence of parasites may depress learning ability.
This mechanism was not supported by our data
because it would predict a negative association
between estimates of parasitism and innovation rate,
which was not the case. Second, feeding innovations
may provide means by which infected hosts change
their ecological niche and escape or reduce the nega-
tive impact of parasitism on host fitness. This scenario
predicts both positive and negative relationships
between parasitism and innovation. If parasites drive
behavioural responses, a causal link could be that
strong parasite pressure facilitates feeding innova-
tion, which should result in their positive association.
However, the same driving force, but with opposite
causal links, may mediate behaviourally flexible spe-
cies to invest less in immune defence because they are
able to reduce the pressure of parasites throughout
behavioural adjustments to different ecological niches.
This mechanism, predicting a negative relationship
between traits, is unlikely because we observed posi-
tive associations. In addition, we not only found evi-
dence for the efficiency of the immune system, but also
for parasite prevalence. Hence, innovative species
apparently do not decrease their parasite loads. Third,
feeding innovation being correlated with other oppor-
tunistic behaviours (Nicolakakis & Lefebvre, 2000;
Lefebvre et al., 2002) may involve the risk of exposure
to a wide range of parasites, thereby resulting in an
increased parasite load in innovative species. This

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455



INNOVATION AND PARASITISM 449

(1)

Parasitism 0.236
0.309 Innovation rate
y N
Brain size 0.306
Residual
2= 0.806
(2)
Brain size 0.379 » Innovation rate 0.331 Parasitism
Predicted r = 0.125 <> Observed r = 0.309
r’=0.747
(3)
Parasitism 0.309 »  Brain size 0.379 , Innovation rate

Predicted r=0.117 <> Observed r = 0.331

r2=0.761

Figure 4. Path analysis of relative innovation rate, measures of parasitism, and relative brain size, when relative spleen
mass is used to reflect parasitism. Values are path coefficients calculated from the pairwise phylogenetic correlation among
the three traits. The three models correspond to the causal mechanisms in which (1) parasitism and relative brain size
mutually influence each other and both affect the evolution of feeding innovation; (2) relative brain size evolves first to
allow high rate of innovation that has a secondary consequences for parasitism; and (3) parasites have an evolutionary
effect on relative brain size that subsequently favours higher rates of innovation. Correlation coefficients between indirectly
related traits as predicted by different evolutionary models (predicted r) are compared with observed phylogenetic
correlations (observed r). Residual variance is the amount of variance that is not explained by the model, the explained
variance can be calculated as 1 —r% Explanatory power of the models that rely on haematozoa prevalence instead of

relative spleen size is given in the main text.

hypothetical mechanism predicts a positive relation-
ship between feeding innovation and measures of par-
asitism. In summary, our correlative findings appear
to be consistent with the hypotheses that: (1) innova-
tive species are evolutionarily more successful under
high parasite pressure and (2) feeding innovation and
other opportunistic behaviours result in higher para-
site pressure.

However, our detailed evolutionary modelling indi-
cates that the latter mechanism is more likely because
the evolutionary changes in innovation rate precede
evolutionary changes in parasitism (Figs 3, 4). The
phylogenetic analyses of causality based on discrete
variables revealed that, from an ancestral state with
low innovation rate and small immune defence organs

(state 1), only one evolutionary route (g5 and qs4) can
lead to the correlative evolution of traits. In this route,
innovation rate increases first (state 3), which is fol-
lowed by an increased investment in immune defense
(state 4). Additionally, subsequent evolutionary
changes from high innovation rates and large immune
organs (state 4) towards low innovation rates and
small immune organs (state 1) along g4 and q5; may
also result in a correlative evolution. This evolutionary
route also predicts that evolutionary steps in innova-
tion rate occur before evolutionary steps in immune
defence. Moreover, the path analyses have similar
implications for the temporal order of changes. Most of
the variance was explained by the evolutionary models
that predicted that relative brain size and innovation
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rate evolve first, and these evolutionary changes have
secondary impact for parasitism. Although the explan-
atory power of these models was only 1.3-3.5% higher
compared with the other models, such differences may
be evolutionary important (Mgller & Jennions, 2002).
Therefore, the interspecific relationship between feed-
ing innovation and parasitism is more likely to be
explained by the hypothesis that enhanced innovation
puts species under higher parasite pressure.

It remains unresolved whether it is the increasing
feeding innovation rate or a correlate thereof that
affects parasite level on an evolutionary scale. Oppor-
tunistic feeding behaviour by exploiting novel food
sources and/or acquiring novel feeding styles may per
se increase the risk of parasitism. However, variation
in feeding innovation may predict variation in other
cognitive tasks, and behavioural flexibility, opportun-
ism, and social learning may evolve simultaneously
(Nicolakakis & Lefebvre, 2000; Lefebvre et al., 2002;
Reader & Laland, 2002). Therefore, feeding innovation
reflecting complex cognitive functions may correlate
with parasitism, because opportunistic behaviours
ameliorating the occupation of new niches in general
may have consequences for host—parasite interactions.
Moreover, behavioural flexibility and opportunism
may be associated with environmental variability,
width of the ecological niche, social structure, morpho-
logical variability, and population density (Lefebvre &
Bolhuis, 2003), which may all involve increased para-
sitism pressures. Clearly, further analyses are
required to distinguish whether feeding innovation
alone or its cognitive or ecological correlates enhance
the risk of parasitism.

Ifinnovative species having higher success in coping
with the environment or a superior ability to colonize
novel habitats suffer from high parasite pressure,
such species would pay fitness costs for their superior
capacity. The evolutionary costs of being innovative
can be well-expected. For example, feeding innovation
should positively correlate with the length of the nest-
ling period and metabolic rate (Lefebvre et al., 2004).
These relationships would arise because development
and maintenance of brain functions corresponding
with enhanced cognition are traded against other self-
maintenance mechanisms.

A higher rate of feeding innovation may facilitate
successful establishment in a novel environment (Sol
& Lefebvre, 2000; Sol et al., 2002; Sol et al., 2005a).
However, parasite-mediated selection may also be
involved in successful invasion. Introduced popula-
tions of animals had a considerably reduced parasite
fauna compared with the populations of origin, imply-
ing that invasion success is a direct function of the
ability to leave parasites behind (Torchin et al., 2003).
The loss of parasites should be particularly important
in host species with a high degree of parasite-induced

mortality (Mgller & Cassey, 2004). Hence, immune
function, especially antibody-mediated immunity,
should be of much greater importance in such success-
ful invaders than in unsuccessful ones (Lee & Klasing,
2004). Therefore, the results of the present suggest
that feeding invasion and parasitism may mediate
invasion success act along the same axis.

ACKNOWLEDGEMENTS

We thank L. Lefebvre for his useful comments on a
previous version of the manuscript and for providing
data on feeding innovations. L.Z.G. was supported
by a postdoctoral grant from the FWO-Flanders
(Belgium).

REFERENCES

Al Serouri AW, Grantham-McGregor SM, Greenwood B,
Costello A. 2000. Impact of asymptomatic malaria parasi-
taemia on cognitive function and school achievement of
schoolchildren in the Yemen Republic. Parasitology 121:
337-345.

Arnaiz-Villena A, Alvarez-Tejado M, Ruiz-del-Valle V,
Garcia-de-la-Torre C, Varela P, Recio MdJ, Ferre S,
Martinez-Laso J. 1998. Phylogeny and rapid Northern and
Southern Hemisphere speciation of goldfinches during the
Miocene and Pliocene Epochs. Cellular and Molecular Life
Sciences 54: 1031-1041.

Atkinson CT, van Riper C. 1991. Pathogenicity and epizooti-
ology of avian haematozoa: Plasmodium, Leucocytozoon, and
Haemoproteus. In: Loye JE, Zuk M, eds. Bird-parasite inter-
actions. Oxford: Oxford University Press, 19—48.

Bennett PM, Owens IPF. 2002. Evolutionary ecology of
birds. Oxford: Oxford University Press.

Blondel J, Catzeflis F, Perret P. 1996. Molecular phylogeny
and the historical biogeography of the warblers of the genus
Sylvia (Aves). Journal of Evolutionary Biology 9: 871-891.

Buckling A, Read AF. 2001. The effect of partial host immu-
nity on the transmission of malaria parasites. Proceedings of
the Royal Society of London Series B, Biological Sciences 268:
2325-2330.

Cibois A, Pasquet E. 1999. Molecular analysis of the phylog-
eny of 11 genera of the Corvidea. Ibis 141: 297-306.

Cramp S, Perrins CM, eds. 1985-94. The birds of the Western
Palearctic. Oxford: Oxford University Press.

Fiore L, Carere C, Moroni R, Aloe L. 2002. Passive avoid-
ance response in mice infected with Schistosoma mansoni.
Physiology and Behavior 75: 449-454.

Folstad I, Nilssen A, Halvorsen A, Andersen J. 1991.
Parasite-avoidance: the cause of post-calving migration in
Rangifer? Canadian Journal of Zoology 69: 2423—-2429.

Freeland WdJ. 1980. Mangabey (Cercocebus albigena) move-
ment patterns in relation to food availability and fecal con-
tamination. Ecology 61: 1297-1303.

Garamszegi LZ, Eens M, Erritzge J, Mgller AP. 2005.
Sperm competition and sexually size dimorphic brains in

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455



INNOVATION AND PARASITISM 451

birds. Proceedings of the Royal Society of London Series B,
Biological Sciences 272: 159-166.

Garamszegi LZ, Mgller AP, Erritzge J. 2002. Coevolving
avian eye size and brain size in relation to prey capture and
nocturnality. Proceedings of the Royal Society of London
Series B, Biological Sciences 269: 961-967.

Glick B. 1983. Bursa of Fabricius. In: Farner DS, King JR, eds.
Avian biology. New York, NY: Academic Press, 443-500.

Glick B. 1994. The bursa of Fabricius: the evolution of a dis-
covery. Poultry Science 73: 979-983.

Grapputo A, Pilastro A, Baker AJ, Martin G. 2001. Molec-
ular evidence for phylogenetic relationships among buntings
and American sparrows (Emberizidae). Journal of Avian
Biology 32: 95-101.

Hamilton WD, Zuk M. 1982. Heritable true fitness and bright
birds: a role for parasites. Science 218: 384-387.

Heinzel H, Fitter R, Parslow J. 1997. Birds of Britain and
Europe. London: Harper Collins Publishers.

Holdo RM, Dudley JP, McDowell LR. 2002. Geophagy in
the African elephant in relation to dietary sodium. Journal of
Mammalogy 83: 652—664.

John J. 1994. The avian spleen: a neglected organ. Quarterly
Review of Biology 69: 327-351.

John JL. 1995. Parasites and the avian spleen — helminths.
Biological Journal of the Linnean Society 54: 87-106.

Jukes MCH, Nokes NA, Alcock KJ, Lambo JK, Kihamia
C, Ngorosho N, Mlise A, Lorri W, Yona E, Mwanri L,
Baddeley AD, Hall A, Bundy DAP. 2002. Heavy schisto-
somiasis associated with poor short-term memory and
slower reaction times in Tanzanian schoolchildren. Tropical
Medicine and International Health 7: 104-117.

Kavaliers M, Colwell DD, Galea LAM. 1995. Parasitic infec-
tion impairs spatial learning in mice. Animal Behaviour 50:
223-229.

Knezevich M. 1998. Geophagy as a therapeutic mediator of
endoparasitism in a free-ranging group of rhesus macaques
(Macaca mulatta). American Journal of Primatology 44: 71—
82.

Lee KA, Klasing KC. 2004. A role for immunology in invasion
biology. Trends in Ecology and Evolution 19: 523-529.

Lefebvre L, Bolhuis JdJ. 2003. Positive and negative corre-
lates of feeding innovations in birds: evidence for limited
modularity. In: Reader SM, Laland KN, eds. Animal inno-
vation. Oxford: Oxford University Press.

Lefebvre L, Juretic N, Nicolakakis N, Timmermans S.
2001. Is the link between forebrain size and feeding innova-
tions caused by confounding variables? A study of Australian
and North American birds. Animal Cognition 4: 91-97.

Lefebvre L, Nicolakakis N, Boire D. 2002. Tools and brains
in birds. Behaviour 139: 939-973.

Lefebvre L, Reader SM, Sol D. 2004. Brains, innovations
and evolution in birds and primates. Brain Behavior and
Evolution 63: 233-246.

Lefebvre L, Whittle P, Lascaris E, Finklestein A. 1997.
Feeding innovations and forebrain size in birds. Animal
Behaviour 53: 549-560.

Li CC. 1975. Path analysis —a primer. Pacific Grove, CA: Box-
wood Press.

Lozano GA. 1998. Parasitic stress and self-medication in
wild animals. Advances in the Study of Behavior 27: 291—
317.

Mpgller AP, Cassey P. 2004. On the relationship between T-
cell mediated immunity in bird species and the establish-
ment success of introduced populations. Journal of Animal
Ecology 73: 1035-1042.

Mpogller AP, Christe P, Erritzge J, Maravez J. 1998a. Con-
dition, disease and immune defence. Oikos 83: 301-306.

Mgller AP, Erritzge J. 1996. Parasite virulence and host
immune defense: host immune response is related to nest
reuse in birds. Evolution 50: 2066—2072.

Mogller AP, Erritzge J. 1998. Host immune defence and
migration in birds. Evolutionary Ecology 12: 945-953.

Mgller AP, Erritzge J. 2001. Dispersal, vaccination and
regression of immune defence organs. Ecology Letters 4: 484—
490.

Mogller AP, Erritzge J. 2002. Coevolution of host immune
defence and parasite-induced mortality: relative spleen size
and mortality in altricial birds. Oikos 99: 95-100.

Mpgller AP, Erritzge J, Garamszegi LZ. 2005. Covariation
between brain size and immunity in birds: implications for
brain size evolution. Journal of Evolutionary Biology 18:
223-237.

Mpogller AP, Jennions MD. 2002. How much variance can be
explained by ecologists and evolutionary biologists. Oecolo-
gia 132: 492-500.

Mgller AP, Martin-Vivaldi M, Soler JJ. 2004. Parasitism,
host immune defence and dispersal. Journal of Evolutionary
Biology 17: 603-612.

Mgller AP, Sorci G, Erritzge J. 1998b. Sexual dimorphism
in immune defense. The American Naturalist 152: 605-619.

Morand S, Poulin R. 2000. Nematode parasite species rich-
ness and the evolution of spleen size in birds. Canadian
Journal of Zoology 78: 1356-1360.

Nicolakakis N, Lefebvre L. 2000. Forebrain size and inno-
vation rate in European birds: feeding, nesting and con-
founding variables. Behaviour 137: 1415-1429.

Nicolakakis N, Sol D, Lefebvre L. 2003. Behavioural flexi-
bility predicts species richness in birds, but not extinction
risk. Animal Behaviour 65: 445-452.

Pagel M. 1994. Detecting correlated evolution on phylogenies:
A general method for the comparative analysis of discrete
characters. Proceedings of the Royal Society of London Series
B, Biological Sciences 255: 37-45.

Pagel M. 1997. Inferring evolutionary processes from phylog-
enies. Zoologica Scripta 26: 331-348.

Pagel M. 1999. Inferring the historical patterns of biological
evolution. Nature 401: 877-884.

Purvis A, Rambaut A. 1995. Comparative analysis by inde-
pendent contrasts (CAIC): an Apple Macintosh application
for analysing comparative data. Computer Applied Bio-
sciences 11: 247-251.

Reader SM, Laland KN. 2002. Social intelligence, innova-
tion, and enhanced brain size in primates. Proceedings of the
National Academy of Sciences of the United States of America
99: 4436-4441.

Ricklefs RE. 1992. Embryonic-development period and the

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455



452 L. Z. GARAMSZEGI ET AL.

prevalence of avian blood parasites. Proceedings of the
National Academy of Sciences of the United States of America
89: 4722-4725.

Rose ME. 1981. Lymphatic system. In: King AS, McLelland J,
eds. Form and function in birds. London: Academic Press,
341-384.

Rose ME, Payne LN, Freeman BM, eds. 1981. Avian immu-
nology. Edinburgh: British Poultry Science.

Roth G, Dicke U. 2005. Evolution of the brain and intelli-
gence. Trends in Cognitive Sciences 9: 250-257.

Sahti H, Nokes C, Hertanto WS, Hendratno S, Hall A,
Bundy DAP, Satoto. 1999. Evidence for an association
between hookworm infection and cognitive function in Indo-
nesian school children. Tropical Medicine and International
Health 4: 322-334.

Scheuerlein A, Ricklefs RE. 2004. Prevalence of blood par-
asites in European passeriform birds. Proceedings of the
Royal Society of London Series B, Biological Sciences 271:
1363-1370.

Shettleworth SJ. 2001. Animal cognition and animal behav-
iour. Animal Behaviour 61: 277-286.

Sibley CG, Ahlquist JE. 1990. Phylogeny and classification
of birds: a study in molecular evolution. New Haven, CT: Yale
University Press.

Smith KG, Hunt JL. 2004. On the use of spleen mass as a
measure of avian immune system strength. Oecologia 138:
28-31.

Snoeijs T, Van de Casteele T, Adriaensen F, Matthysen E,
Eens M. 2004. A strong association between immune
responsiveness and natal dispersal in a songbird. Proceed-
ings of the Royal Society of London, Biology Letters 271:
S5199-S201.

Sol D. 2003. Behavioural innovation: a neglected issue in the
ecological and evolutionary literature? In: Reader SM,
Laland KN, eds. Animal innovation. Oxford: Oxford Univer-
sity Press, 63-82.

Sol D, Duncan RP, Blackburn TM, Cassey P, Lefebvre L.
2005a. Big brains, enhanced cognition, and response of birds
to novel environments. Proceedings of the National Academy
of Sciences of the United States of America 102: 5460-5465.

Sol D, Lefebvre L. 2000. Behavioural flexibility predicts inva-
sion success in birds introduced to New Zealand. Oikos 90:
599-605.

Sol D, Lefebvre L, Rodriguez-Teijeiro JD. 2005b. Brain
size, innovative propensity and migratory behaviour in tem-
perate Palaearctic birds. Proceedings of the Royal Society of
London Series B, Biological Sciences 272: 1433-1441.

Sol D, Timmermans S, Lefebvre L. 2002. Behavioural flex-
ibility and invasion success in birds. Animal Behaviour 63:
495-502.

Stolzfus RJ, Kvalsvig JD, Chwaya HM, Montresor A,
Albonico M, Tielsch JM, Savioli L, Pollitt C. 2001. Effect
of iron supplementation and anthelmintic treatment on
motor and language development of preschool children in
Zanzibar: double blind, placebo controlled study. British
Medical Journal 323: 1389-1393.

Tella JL, Blanco G, Forero MG, Gajon A, Donazar JA,
Hiraldo F. 1999. Habitat, world geographic range, and
embryonic development of hosts explain the prevalence of
avian hematozoa at small spatial and phylogenetic scales.
Proceedings of the National Academy of Sciences of the
United States of America 96: 1785—-1789.

Thomas GH, Wills MA, Székely T. 2004. A supertree
approach to shorebird phylogeny. BioMed Central Evolution-
ary Biology 4: 28-45.

Toivanen P, Toivanen A. 1987. Avian immunology: basis
and practice. Boca Raton, FL: CRC Press.

Torchin ME, Lafferty KD, Dobson AP, McKenzie Vd,
Kuris AM. 2003. Introduced species and their missing par-
asites. Nature 421: 628-630.

Tucker GM, Heath M. 1994. Birds in Europe: their conserva-
tion status. Cambridge: BirdLife International.

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455



INNOVATION AND PARASITISM 453

G'T ¥0°G8T G8'0 T I6¥°ST GI8'T LOC'T G'GeET 000 08¢ 80T XD.LOI SNALOT)

14 ¥3659°G GST°0 670°0 7L0°0 0gs 000 000 T 1574 snquinynd DQuingo))

¥ 499'¢0g Gqq'0 G 699°'T ¢0'0 650°0 9L0°0 L'SS 000 0¢6 9 $9JSND.LYJ0I209 SIISNV.LYI0II0)

14 LST'G 88T°0 LGE0 GI8 000 0LE LG s1ppwaky vNSuv])

G LI9G'T : €0°0 LG9 000 OTT €01 SNJOULD SNJOULT)

g 1091 687’1 [44°%S 000 02T ve DIU0I10 DIUOILT)

g LS0°0 Q€L 000 LS 1€ L2311 SDIUOPITY))

g ¥68°0 8000 €'6¢ 000 OTT 6 SNIgNp SN1IPOIDY)

G'T 1893l T0 T 190 9100 96 000 000 T L€ S1DIIUWDS DIYL)

¢ GI'T9 LT°0 14 €LG0 ¥10°0 €100 611 000 000 T 149 snuids s17anp.n))

G’  LLVOT 900 G 6€G°0 8T0°0 G000 S8'IT 000000 T 8¢ DIWWD]Y S1]oNPID))

g€ GO0'T1Sc 8€°0 G 88°0 800°0 7600 8600 99¢ 000000 T 9L S1L07YD S1]onpan;)

¥ 496'68¢ LT°0 G G09°0 9000 ¥'GI 000 000 T ST S1]oNpP.LDI S1]oNPLD)

€ I8'L¥G 60°0 14 £€99°0 G70°0 €00 98I 000000 T 13 PUIGDUUDI S1]ONPLD])

G T90°0 6500 G0L 000 9¢ (14 PWIILIDUL STLPIID])

g ST 690°0 991 000 OT 441 SMINUDI SLLPLD])

G T98°0 T00°0 8100 G'LE 000 068 8GT u1d]0 S1UPLDY

G 696°L w10 €99°0 6890 €69L 000 0¥ L GLT 091nq oaing

g 1709 70 ovE T 00T T 891 D]o1UL2qG DIUDLLT

14 GOT'T G000 700 ge0'0 ¥'€9 000 OST g SNINLDS D]1LQUIOG

g G010 61T 000 Lg L9 sa.d.Lojul DIIDULLY

14 960°'8 €99°1 60L°0 000 ¢ 000 O€T 06 Da.Lou1d DOpPLY

g ¥89°0 G100 6600 144 000000 T 14 sndp sndy

GT G6°L9T 600 G €70°0 6°63 000 08¢ LG py1270Uds SNYJUY

G 98°G T0°0 99¢2°0 ¥L'0 G¥eC1 000000 T €6cT soyouky.£yoyd souy

T oL'T €210 G660 L9T°0 G0T¥ 000000 T LL DfN.L $110799]Y

T 4 (] (474 000 ¥¢ 9% DIIDLS $140302]Y

14 LTI80 ¥00°0 9700 T€0°0 L'8E 000 9% 71 SIYIv Opad]y

GT EV¥8I 600 14 LG6°0 900°0 GO0 8600 0OV 000000 T 701 S1SU20UD DPND]Y

G 9€6'G LTO0 G910 6710 9902 000 0Lg 791 sns1u 4231d100y

T L69°L ¢€0°0 GEE0 L2880 9088 000 0ST TST s1717ud8 4271d190Y

ssemyyduq  IVOQA oous[eadad uwonjeadiy (S) ssewr (3) ssewr  (S) ssewr  (8) ssewr  (3) ssewr EVA 1101J0 soradg
agewn|d BOZO)RWORH urelg  SnwAyg, esing uee[dg Apog uorendod yoaeesay

S[eIN

spaiq ueadoany Jo sseujysLIq

o8ewn|d ofew pue ‘(YD IS1Y) uonnquisip eorgderdoss ‘(eozojewery]) sojisered poo[q jo sous[eAdld ‘UorjRISIW ‘UrRI( 9} JO SSBW ‘SNWAY) oY) Jo ssewr ‘(3)
snIoLIqe] JO BSINg oY) Jo ssew pue ‘(3) uea[ds ayj Jo ssew (3) ssewr Apoq ‘(sared Surpeaaq Jo requnu) oz1s uorjendod ‘(paysiqnd sieded Jo Jequinu) 110JJ0 YoIeasey]

XIANHddV

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455



454 L.Z. GARAMSZEGI ET AL.

G GL9Tg 9¢°0 T 9090 L3600 €100 60T 000000 T €LC SNaINL02 SNIDJ

GG LV'cee LT°0 G 9000 q'6 000 000 T 69 L2]D SNUDJ

e €60°0 8'6¢ 000 16 oy D0Y.L09713] DULOLPOUDII()

G 12S°0 GLLO ¢0c'T 908 000 02T 18 pyonbav sniudwnN

14 8’9 G100 9€2'0 8'€6l 000 0ST Gl §27903D20£4DD DIDLJIONN

Gg'¢ CI'vIl 97°0 € 797°0 8T10°0 €200 LVI 000 000 T Gl 01438 DADISNPY]

G'e PILET LT°0 g 9670 6600 TII0°0 9L 000 000 T (44 pavy/ D]]10010p]

G'¢ €0'68T 650 14 G95°0 G000 7600 6€0°0 9°0% 000 000 T 9¢ DQ]o DODIOW

G G000 €460°0 LS 000 8¢ T SN14D]1]0S DJOITTUO

T 8¢S'T €200 6700 9%V 000 0¥8 8¢ D.4750.410419 DIXOT

G ¥368°G ¥1G9°0 SI¥'0 L'0¥C 000 000 T 144t SNpuUnNqIplL SN0y

G L0'% 7€°0 EI¥V'0 99LE 000 0¢¥ 184 SNUDI SNIDT

14 G100 G980 6080 GEO T 000 006 98% SNIDJUISAD SNUD]

€ 96'6LT 960 14 87’1 ¥70°0 70'0 969 000 0€€ 08 £071QMIX2 STMIUD]

Gy  TL0S¢ 19°0 € G100 760’0 ¢G'8¢ 000000 T 144 OLIM]]00 SNIUDTT

€ ¢S8°0 9¢0'0 98¢ 000 0S¢ < ny71nb.L0g XULP

G'€  89'8€¢ L0°0 € T9¢°0 T10°0 G€0°0 6600 991 000 000 T L8Y% Do13SNL OPUNILE

G 0¥ 690 G'1€S 000 00¢ 128 SNFD.41S0 SNAOJOWIDE]

g 9°G 80L°0 4t 000 19 1¢ DID]]a7s DVIADY)

g €1 GG8 ¢ 000 02T II DI1794D DIDY)

14 G'6la 66°0 T 1€6°C G0°0 8¢°0 €8T°0 €991 000000 T 1874 SNIDPUD]S SNINLIDEY

G L00°C SYT0 9€€'0 €°'66¢ 000 06L €9 sndo.0]yd> vynuILY

14 T0¥'T 90°0 6900 9CIIT 000000 T (14 05pu10s 050ULIIDY

G €1¢'¢ TI8'0 €'8T9 000 000 T 9L DD DI

i4 0 €9°0 g ¥EL0 T00°0 9¢0°0 4 000 000 T 149 ppSuLL1uow VSULLY

v vyLcl 70 14 GGL0 600°0 9600 6600 T7¢ 000000 T LST §Q27209 D]J1SULL]

G'¢ GL69 €€°0 € 970 GI0°0 G'€l 000000 T 079 Don2jodLy DINPaIY

g T00 T'3al 000 0¥¢ (114! §171091Q]D DINPaOT]

14 8¢8'¢ 890°0 G920 G800 906I 000 062 9L¢ SN]NOUNUUL] 0]

G'¢ €9091 €10 G 99’0 G000 L300 8¢0°0 8T 000 000 T TLT DINo2qNL SNIVYILL

¢ 6LG6 0 14 8690 6600 G0% 000000 T 9¢ SNO1U0YIS DZ1LIQUIF

€ €0°L3s 910 g 7600 €8T 000 000 T 16 021941 UOYI1]o(]

G €66°G1 vGL'C 008 TT 000 67 60T 2070 SNUSK))

g LIV'T 890°0 T€0°0 ¥'80T 000000 T €8T SNLOUDI SNJNIN)

G'T 6091g €0°0 14 GoL'y 650°0 6€T°0 T0Ig 000000 T €9 pnpauow snaLoy)

GT LOLLT 710 G ¥v6°L 98T°0 79L°0 6€'0 9°€gS 000 000 T 66 snFap15n.Lf sna.Loy

GT ¢800¢ 8¢°0 T VLG8 Y150 9690 8860 L'GcS 000 000 T 80T 9U0.109 sN1.LO7)

ssouy3LIq voa oousreraad uonjeidipy (S) ssewr  (S) ssewr  (3) ssewr  (8) ssewr  (8) ssew ozZIS 110]J0 seradg
aSewnd B0Z0)JBWORH urelqg — SNWAY], esang uoerdg Apog uorjendod yoaeesoy

9B

ponunuoy XIANHdAV

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455



INNOVATION AND PARASITISM 455

‘sIsATeue 9ouepuodsa.LIod papuatlep ‘YOI

N

o

4

Gg'c
v

98'80T
GL'8EC
Y1'6¥¢

L8°ECT
GL991
¥€'99¢

6'6€T

G¢6'8L

GE'6TT
STVv1

T€'L8T
LT°L8

Ly’ L6T
G1°0€8

L8'€¢8

L6°€0T
99'7¢c

€70
€0
60°0

80°0
61°0
1€°0

¢0°0

60°0

80°0
80°0

67°0
8T°0
¥1°0

0

¥0

6€°0
99°0

A AN A AN ANNANOANMNN AT ANNOANNNANANNOAN NN AANNMMNmNMANNANMNAN

60T°G
€9LV
v67'T

LL'T
709°0
1440

8L¥°0
8290

90
¢c08'T
cSq'l

916°L
€V0'T
867'C

L9€°0
GLG'T
T98°0
G990

969°€

gev
1483
Geeo
60€°0
gg'o

LG0v
78L'6

€LLO
L88°0
790

¢S8°0

€€0°0

1600

LS00

€000

L0070

600°0
L300

T00°0

GL0°0

T00°0

700°0
€100

790°0
¢80°0

¢00°0

692°0

T10°0
910°0
700°0

¢00°0

g91’0
LVE0
€410
LET0
870°0
VG0
L0Z°0
620°0
9100
¥v0°0
8TT°0

€G0°0

€00
€81°0
G100

¢00°0
90T°0
610°0
G700
€400
a0l
8€0°0
L6T°0

Lv'0
600°0
T10°0

90T°0
LST0
GO¥'T

8200
€¥0°0

9000
€0°0
6300

99T°0

990
¢al0
1920
610°0
160°0

GE00
¥60°0
9€0°0
660°0
gv0°0
6600
€0L°0
6360°0
I8T°0
¢10'0
120°0

100
G60°0
Ggeo'o
610°0

LLG O

L9T°0
cee0
€000
L00°0
900°0

7950
98€'T
8680
1€0°0
7500
900°0

L300
LT0°0

€'L1¢C
G666
8'69
G'86
g6
481
VLT
€73l
€71
981
G'6L
9°G81
OTT
1'81¢ ¢
T've
6°0€€
4"
€6
LS
G'8TT
6'GS
L0g
6°LL
7186
¢y
LvLT
¢'91¢
g0t

81
8€T
16861
G166 T
8GL

G'¢s
G'8¢

1T
¢ ot
9'LT
60T

000 000 T
000 000 T
000 000 T
000 000 T
000 000 T
000 00€
000 T9
000 000 T
000 000 T
000 000 T
000 000 T
000 000 T
000 0€¥
000 0L
000 000 T
000 000 T
000 000 T
000 O¥7T
000 000 T
000 OTT
000 000 T
000 000 T
000 29
000 0%€
000 069
000 0S¢
000 000 T
000 000 T
000 000 T
000 000 T
000 000 T
000 000 T
000 07T
000 OTT
000 000 T
000 000 T
000 000 T
000 000 T
000 000 T
000 000 T

6€T
60¢
0§
9€¢
0T
LOT
6

L
8¢
671
9701
v
8¢
(494
78
8T
6L
8¢
9¢€

L2
GST

Ly
LG

€1¢
91T
149
[44
69
053
861
66
8¢
08¢
g8
G8T
6€0T
8¢

snJjouNa SNJIPUDA
a5)on D1i))
sojowoj1yd snpang,
DJNIDUL SNPAN],
$27£p0750.47 $214p0)S0.4],
SNUDI0] DSULL],
D1IDINQIU DSULL],
DONLIND DIV
STUNWUWO0D BIA[AG
n771dDo1430 D10]LS
SuUDSINa snuan)g
0700m22p D1j2d0o3do.3Q
Dans1poInd DU
DWISS1]]OUL D1LIJOULOS
nando.ana v1s
070012874 X0d0]00S
D1und14 D1UDAIY
snunynpuad z1uay
snnsaa snynsay
snoynnbo snjpoy
npnyaild D)nyLilg
S1IDINPOU. DJJPUNLT
pUDzL0d DUDZLOJ
sMY038140 Sd201POJ
s1paru xouaydo.a1oa)q
s1pri1a snold

no1d Do1g

snp1yoo.g sndoosojlyg
0219£7700 sndooso])y g
S0UNUYIO0 SNUNIIUIOY ]
xousnd snyopwojyg
$N01Y2]00 SNUDISDYJ
0QUDI XDL0IOLIVIDYJ
snuoa1do s1uLdJ
SNUDIUOWL LISSDT
SNO1YSIULOP LISSDJ
s1upsnynd snung
SnUDIUOWL SNUDJ
J£0low snaog

SNIDIS1LD SNUDJ

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 90, 441-455





