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Abstract

Parasites are known to be a key driving force in mate choice and are important for the expression and evolution of ornaments and behavioral
traits being used. However, there is little experimental evidence on how the parasite’s burden of the choosing individual is integrated into the
mate-choice process and how it affects decision-making, especially in relation to parasite infestation of potential mates. Thus, the aim of our
study was to determine whether female house sparrows Passer domesticus adjust their mate preference according to their own as well as the
parasite load of prospective partners. To do this, we experimentally manipulated female parasite load and determined their mate preferences
prior to and after parasite treatment. WWe manipulated the chronic coccidian parasite burden of females either by initiating the acute infection
phase via re-infecting them with coccidian or by temporally reducing the parasite load of coccidia. VWWe then measured the effect of this manipu-
lation on mate preference by presenting females with a choice of four stimuli: three males with similar ornaments, but unmanipulated, naturally
varying chronic coccidiosis levels, and an unmanipulated control female. Additionally, we recorded some males’ behavior in relation to their
infection status pointing toward an increased or reduced interest in mating. We found that females preferred highly infested males prior to
manipulation, regardless of their own infestation level. However, after manipulation, infested females avoided highly infested males probably in
response to the deterioration of their health condition by parasites. Our study suggests that mate-choice decisions are more complex when they

are mediated by parasites. The implications of parasites for evolutionary theories of sexual signaling and mate choice are discussed.
Key words: coccidiosis, female decision, mate choice, parasites, Passer domesticus, Isospora spp.

Parasites are an important driving force for ornament evolu-
tion (Lozano 1994; Brawner et al. 2000; Fitze and Richner
2002; Horak et al. 2004; Mougeot et al. 2009a). Therefore,
one might assume that ornaments reflect parasite infestation,
although this is not necessarily the case. Whether precise
information about parasites can be reflected by an orna-
ment depends on the importance of different biotic and abi-
otic factors (Martin et al. 2001; Nuismer and Otto 2004;
Penczykowski et al. 2016). Thus, the appearance of an orna-
ment is more likely to be the result of a composite effect of
several influential factors, so the importance of parasites may
also depend on the type of ornament. For example, behav-
ioral traits like male bird song may be affected by parasites
in a different way to olfaction- or plumage-based ornaments
(Garamszegi et al. 2003; Spencer et al. 2005).

Behavioral traits are probably more dynamic signals than
ornaments, and the changes in signaling content, for example,
infestation status, become instantaneously evident to conspe-
cifics (Hallal-Calleros et al. 2013). In fact, changes in behav-
ioral parameters can be detected at an earlier stage compared
to clinical detection. In contrast, plumage signals reflect the
individual status during the development of those feathers

that constitute the ornament and last static until a new molt-
ing period. Carotenoid-based ornaments may, for example,
reflect carotenoid uptake influenced by parasites over the
whole molting period (Mougeot et al. 2009b; Pap et al. 2009).
Nevertheless, birds can use specific plumage characteristics to
gather information about factors such as parasite infestation.
In this context, Griggio et al. (2010) showed that birds use
plumage UV reflectance as an indicator of their current state
of health. Using multiple ornaments can additionally increase
the precision of the information provided when sampling dif-
ferent ornaments, if different ornaments convey different indi-
vidual characteristics. Although there are still knowledge gaps
on how different ornaments may signal host parasitization
status, parasites play an important role in sexual selection, in
particular, mate choice (Lozano 1994; Brawner et al. 2000;
Horak et al. 2004; Mougeot et al. 2007, 2009a). Parasites
induce the allocation of resources into immune defense, reduce
growth rate, and restrain reproductive success (Sheldon and
Verhulst 1996; Zuk and Stoehr 2002; Sorci and Cézilly 2008;
Wisenden et al. 2009; Cantarero et al. 2013; Lopez-Arrabé et
al. 2015). Current thinking emphasizes that both sexes may
be equally choosy’ however, a fact rarely considered is that
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parasites may influence the mating decisions of both players,
namely the mate being chosen (usually the male) but also the
choosing individual (usually the female), as well as the mutual
interaction between the two players, depending on their indi-
vidual specific parasite burdens. Relatively little work has
been done on how parasites influence the mating decisions
of the choosing sex, that is, how the intrinsic quality of the
choosing individual is integrated into their decision-making
processes regarding mate choice and preferences (Beltran-
Bech and Richard 2014).

In that regard, there are at least two possible pathways.
First, the cost of infections can reduce the choosiness of
females resulting in random mating (Poulin 1994; Lopez
1999; Pfennig and Tinsley 2002). Alternatively, energetic
stress may activate an “emergency program” and individu-
als may fully invest in reproduction (Fisher et al. 2013). In
support of the latter, some studies have found an increase in
mate sampling and a greater sexual motivation because of
parasite infestation (Simmons 1994; Buchholz 2004). In line
with this, Griggio and Hoi (2010) demonstrated that mate
choice in female house sparrows Passer domesticus is condi-
tion dependent, with females in poor condition being more
choosy than females in good condition. Therefore, poor-qual-
ity females may increase their fitness outcomes by selecting
the best males.

In this study, we simultaneously evaluated the importance
of parasites to both players for female mate-choice decisions.
To evaluate the importance and to disentangle whether a
change in mate preference is the result of behavioral plas-
ticity of the potential mates or is caused by the parasite inten-
sity of the choosy individual, we experimentally manipulated
the parasite infestation rate of both sexes using one specific
parasite. As the model system, we used house sparrows and
an intestinal parasite, which can quickly affect the condition
of the host (see below). Coccidia (Isospora spp.) is a com-
mon intestinal parasite of passerines (Brawner et al. 2000;
Horak et al. 2004; Schrenzel et al. 2005; Dolnik 2006; Pap
et al. 2009; Sepp et al. 2012; Surmacki and Hill 2014). The
sporozoites disrupt the uptake of various food compounds
via the epithelium of the small intestine (Horak et al. 2004),
which should increase the susceptibility to other diseases and
also bring about a deterioration in health. Isospora infection
starts with a short acute phase that is marked by an increase
in food intake and a decrease in body mass by the host
(Dolnik 2002), and subsequently develops into a chronic
infection. Coccidia oocysts are typically spread by fecal-oral
transmission (Dolnik et al. 2009). Although direct host-to-
host transmission within a flock is likely to be low, the gre-
garious nature of the house sparrow makes it an easy target
for infection at the foraging sites of flock foragers (Dolnik
et al. 2010). For infection, excreted oocysts need time for
sporulation, so the exposure to live sporulated oocysts will
depend on the frequency of feeding habitat use (Anna et al.
2011). As house sparrow pairs generally forage together the
risk of transmission from bird to bird by ingestion of infected
droppings, contaminated food or water is high. Chronic
infection levels differ between individuals (Milde 1979), but
under controlled experimental conditions, infection intensity
remains constant so that after an acute phase caused by re-in-
fection, infestation loads return to the original level. Dolnik
and Hoi (2010) demonstrated that acute infection leads to
loss of body mass and changes in the dominance hierarchy of
a social group of males.
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In male house sparrows, a prominent plumage ornament
is the melanin-based black breast patch (Figure 1), which
is molted in autumn and, therefore, should not be altered
by coccidia manipulation in spring. However, Dolnik and
Hoi (2010) were able to demonstrate experimentally that,
although the melanin-based breast patch did not change,
coccidia infestation influenced male-male interactions and
male dominance rank: Males with larger patches could tol-
erate higher infestation levels under stress conditions. In fact,
female house sparrows chose mates on the basis of male
badges (Moller 1988). Although badge status signals may be
adaptive to reduce confrontation and concomitant costs of
fights, dominant males are usually challenged in nature by
subordinate or younger males. This suggests that male patch
size is not a reliable signal of coccidia infestation and as such
is challenged by other males. Thus, the behavior rather than
the ornaments of infested males is more likely to reveal their
current condition (Dolnik and Hoi 2010).

To carry out the mate-choice experiments in the proposed
way, we tried to control for the plumage ornament of the sex
to be chosen by grouping them into three groups according
to their coccidia infestation levels (low, medium, and high).
In addition, we produced three female groups by manipulat-
ing their status of parasite infection by (1) maintaining their
natural coccidiosis (control group), (2) re-infecting them with
coccidian and thereby activating the acute infection stage,
and (3) by pausing the coccidian infection with medicine. We
cannot cure coccidiosis in passerines (only Eimeria in poul-
try) because these parasites have blood stages (Schrenzel et
al. 2005). Therefore, we can only put the infection “on ice,”
so that it does not develop. Thus, although oocysts stopped
appearing in the feces of birds and infestation level is reduced,
the birds are not cured and oocyst production resumes again
within several days and the infection load increases (Brawner
et al. 2000). To evaluate the effect of this conditional manip-
ulation on female mate preference, we measured preferences
before and after the manipulation. For the experiment,
females could choose between three males with similar orna-
ments, but different levels of coccidiosis and an untreated
female as control to test whether focal females were sexually
motivated and did not move randomly among compartments.
In this way, we aimed to clarify (1) whether females discrimi-
nate between males according to differences in parasite levels
independent of ornament expression, and (2) whether female
infestation level influences their decision-making processes,

Figure 1. Male house sparrow showing the black bib (photo credit: Rafael
Palomo Santana).
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for example, mate choice. As a determinant of female pref-
erence, we measured the time a female spent in front of a
male’s compartment. Additionally, a subsample of stimulus
males was selected to test their sexual motivation based on
their level of infection. We recorded some behaviors pointing
toward an increased or reduced interest in mating (for details,
see experimental design).

The outcome of our manipulation may depend on infor-
mation females gather by visually inspecting the male, for
example, the behavior of the stimulus bird. Theoretically, if
the trait information suggests “no parasites,” females should
always choose the male signaling “no parasites” independent
of their own parasite status. However, immunity does not pre-
vent re-infection with Isospora spp. and frequent re-infections
(including self-re-infection) are possible (Dolnik 2002). Also,
due to the general high infection intensity in house sparrows
(e.g. 86% of the individuals in our population are infested),
parasite-free males are rare, and hence, it is unlikely that a
female will meet one (Milde 1979). Things become more
complicated when the signal additionally reflects male qual-
ity, especially when females also rely on paternal investment.
The immunocompetence handicap hypothesis (Kurtz and
Sauer 1999) is based on the assumption that the immune
system competes for resources with sexually selected orna-
ments; variation in ornaments might reflect genetic variation
for immunocompetence and fight against parasites that may
detract individual condition. In line with this, we predicted
that (1) infested females will be more selective in favor of less
parasitized or parasite-free males (prediction 1). However,
this would only be true for high-pathogenic parasites. Since
we work with low-pathogenic parasites and their selection
pressure is constant, other predictions are also possible. We
can imagine two scenarios for chronic and acute infections,
for example, males who can tolerate a higher parasite burden
may also be of better quality and thus this could be seen as
an example of the handicap principle (Zahavi 1975). Under
these circumstances, we might even predict that (2) females
would prefer males with higher parasite loads (prediction 2).
In contrast, an acute infection might indeed not be attractive
for females, as the risk of infection and related costs may be
too high.

Material and Methods

Subjects and housing

A total of 48 focal (choosing) females and 101 stimulus indi-
viduals (89 males and 12 females) were housed in 17 outdoor
aviaries at the Konrad-Lorenz Institute for Ethology. All birds
were older than 1 year. The house sparrow aviaries measured
3.5 m x 3.5 m x 3 m and each one housed about 15 indi-
viduals, randomly assigned to the aviaries. Each aviary was
equipped in the same way with vegetation and several perches
(about 7 per aviary). Commercial food for granivorous pas-
serines (mixture of millet, canary seed, wheat and sunflower
seeds, apple slices, and millet sprays) and water were pro-
vided ad libitum.

All birds were naturally infected with at least 2 Isospora
spp. prior to the experiment (Milde 1979). In March 2008
(see Figure 2 for a detailed chronogram of the experimen-
tal setup), feces of all the birds were individually collected
3 times every second day and checked for coccidia oocysts
(see below). Birds were placed in the dark inside a wooden
box with an aluminum foil on the base and every 15 min,
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we checked for droppings. For chronic stable infections, this
number of examinations is sufficient to describe the inten-
sity and species composition of infection (Dolnik 2006). The
birds selected for the experiment were those with a double
infection (Isospora michaelbakeri [Grulet et al. 1986] were
the dominant species, making up over 95% of the oocysts,
plus Isospora mikei), who also presented a stable infection
intensity. As an oocyst donor for artificial re-infection, we
used 1 bird that was especially highly infected with I. michael-
bakeri + 1. mikei and was kept in a separate cage. Each bird
was marked with a metal identification ring. The light/dark
photoperiod was equal to the natural situation. The initiation
of breeding immediately after the experimental manipulation
suggests that the housing conditions and the experiment were
appropriate and had no negative effect on the birds’ health
or condition.

Experiment scheme

We selected 3 groups of 12 males with low (0-10 oocysts),
medium (20-200 oocysts), and high (350-40,000 oocysts)
infestation levels. To do that, males were ranked based on
their natural parasite burden, and 3 groups of equal sample
size were created. The range of oocysts was established based
on the incidence that each group had. Parasite burden was
not manipulated in these birds or the control female offered
(see below). Infestation level was expected to be stable dur-
ing the course of the experiment since the infection does not
change if conditions are maintained (Schroder 2019). Before
the first set of mate-preference experiments (see below),
females were assigned to a treatment based on their natural
oocyst loads. We established 3 female groups: highly para-
sitized females (350-40,000 oocysts), low parasitized females
(0-10 oocysts), and a group of control females with a var-
iable range of oocysts (0-800 oocysts). After the first set of
mate-preference experiments, control females (hereafter, CF;
n = 15) remained sham manipulated (water, orally), highly
parasitized females were medicated with Sulfadimidin (orally
0.0025 g perbird; medicated females, hereafter, MF; n = 16),
and low parasitized females were artificially re-infected with I.
michaelbakeri from the donor bird (orally 10,000 sporulated
oocysts per bird; infected females, hereafter, IF; n = 17). By
re-infecting birds, we superimposed infection of the same type
that females presented naturally. Oocysts were suspended in
40 pL of water and applied with a micropipette directly into
the bill (Dolnik 2002).

We collected each bird’s feces from their individual cages
3-5 h before darkness. This is the peak time of oocyst pro-
duction for Isospora parasites in passerine birds (Grulet
et al. 1986; Dolnik 1999a, 1999b). One fecal sample per
bird was placed individually in 2.5% water solution of
potassium dichromate (K,Cr,0.) and kept at room temper-
ature to allow sporulation. Only the samples taken within
the first 2 post-infection days (to check the sporulation
stages of excreted oocysts) were examined immediately
after sampling. All the samples were examined for Isospora
spp. oocysts using flotation centrifugation in concentrated
NaCl solution. The relative intensity of infection was esti-
mated by counting the oocysts in smears (x100) and the
results are shown as oocysts per defecation (opd), which
was demonstrated to provide repeatable and compara-
ble results (Dolnik 2006). The Isospora spp. were distin-
guished under a microscope (x1000) using immersion oil
(Grulet et al. 1982).



562

1t mate

preference test

} <

Current Zoology, 2023, Vol. 69, No. 5

2"d mate
preference test

— |

10days

Females choosing:

*  Highly parasitized
*  Low parasitized

*  Control

Females choosing:

*  Medicated
*  Re-infected
*  Control

?F—
| r

!

: 7/
1 I

detf:r’::ii:\lai:ion trcec;(r:li:::t Breeding
l 1
|
J |—/F : : | ! 7/

Individuals presented:
Low infection

Medium infection
High infection
Control female

March

Individuals presented:
Low infection
Medium infection
High infection
Control female

April/May

Figure 2. Experimental chronogram of the experiment. Coccidia infection of all birds was determined at the beginning of the experiment. Each focal
female performed 2 preference trials separated 10 days; 1 before and 1 after the manipulation of its parasite infection status. Birds initiated the breeding

immediately after the experiment.

Mate-preference experiments

In April and May 2008, we conducted a female mate-pref-
erence test using an indoor 4-choice apparatus (2 m x 2 m
x 0.5 m). It consisted of 4 choice chambers, separated by
opaque dividers at the 4 sides of the central choice chamber.
An opaque divider was also set up in the middle of the central
chamber to avoid visual interaction between the 4 stimulus
individuals. The central divider also prevented the choosing
females from simultaneously observing 2 or more stimuli. In
1 corner of the 4 dividers, an opening (14 cm x 14 c¢m) cov-
ered by a metal web allowed the female to observe the stim-
ulus in the side chamber. During the experiment, the females
could see the stimulus through these holes, but they could not
physically interact. A perch was positioned in front of each
of the 4 chambers. Perches had a line traced, which marked
the closest distance from which a female could observe the
stimulus in the nearby compartment (see Figure 3 in Griggio
et al. [2011] for a schematic overview of the experimental
apparatus). “Choice time” was defined as the time the focal
female was present in front of the opening of each of the four
perches, whereas “no-choice time” was the time a female was
not present in the focus area. In accordance with the objec-
tives of the study, females had a choice between 3 males either
with low (LM), medium (MM), or high (HM) infestation
levels (for group separation, see earlier). We measured the
dimension of the black breast patch (“badge of dominance”)
of each male with digital calipers to the nearest 0.01 mm. The
badge size was estimated in mm?: badge length (mm) x badge
width (mm). As a control, the fourth chamber contained a

female (control group females, CGF group, 7z = 12). To con-
trol for potential position effects, chambers were randomly
assigned to the stimulus individuals. To reduce bird stress
during the trial, the position of the stimulus individuals was
maintained during the test, preventing us to control for posi-
tion effects within the trial. Nevertheless, the accumulated
time of the females in each chamber showed that there was
no side bias toward a specific compartment (ANOVA #-test
for all females F, 155 = 0.149, P > 0.93). All birds were unfa-
miliar with each other because they originated from different
visually separated housing aviaries. The stimulus individuals
were presented to 3 experimental groups of females: control
females (CF), medicated females (MF), and infected females
(IF). Moreover, we selected a random subsample of stimu-
lus males (12 per infection status) to test whether parasite
infection impairs male motivation. Thus, we measured the
number of (i) male approaches toward the focal female, (ii)
coordinated movements with the female, and additionally,
other behaviors pointing toward a reduced interest in mating,
such as preening, drinking, or eating. The experiment con-
sisted of 48 mate-preference trials, each with a different focal
female as the subject. At the beginning of a trial, the choos-
ing female and the stimulus individuals were placed in their
experimental chambers and allowed to acclimate for at least
30 min before the trial began. After this period, the opaque
separators that covered the mesh windows were removed and
the position of the female was recorded every second for 1 h
(all trials were video recorded and then analyzed by students,
blind with respect to the infection status of the individuals).
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We measured the time a female spent on the perch in front
of each male compartment and the female compartment.
Preferences were then expressed as the total time spent in the
choice area of each stimulus. All mate-preference experiments
were performed from 07:30 to 11:00.

Each focal female performed a new mate-preference trial
10 days after the manipulation of its parasite infection status.
The identity and the position of stimulus individuals changed
between trials to avoid potential habituation effects. In any
trial, we ensured that the stimulus males did not differ in body
condition using size-corrected body mass and black breast
patch reflecting a badge of status (ANOVA #-test: for all F, .
< 0.54, P > 0.58). Due to the lack of appropriate stimulus
males, a complete randomization of the different combina-
tions of male traits and parasite infestation was not possible.
Therefore, some males participated in several mate-preference
experiments (mean 5.52 = SD 2.63 trials), with the rule that
they did not undergo more than 1 trial on the same day.

Statistical analyses

To assess the effectiveness of the experimental treatment,
we compared the oocyst loads of the 3 experimental female
groups before and after the manipulation. Oocyst loads did
not follow a normal distribution; therefore, nonparametric
tests (Wilcoxon matched-pairs test) were used.

The time the focal female spent near each stimulus male
and their behavior during the presence of the focal female
were both normally distributed (Shapiro-Wilk tests, P >
0.05). Therefore, ANOVA tests (SAS v9.4 software) were used
to analyze differences in the time focal females invested in
the choice area between stimuli and/or the experimental treat-
ment. The alpha level for these multiple post hoc comparisons
was determined using the Siddk—Bonferroni correction pro-
cedure (Abdi 2007). Differences in male behavior depending
on their infection load were analyzed with generalized linear
models (GLMs) with the different behaviors as response var-
iables and infection status as a fixed factor.

Generalized mixed models (proc mixed, SAS v9.) were
used to compare female preferences. The time a focal female
spent near each stimulus male before or after treatment was
the dependent variable and female infestation level (control,
medicated, or infected), stimulus group (low-, medium-, and
high-infestation level) and its interaction with female infes-
tation level were introduced in the model as fixed factors.
Trial, stimulus individual’s identity, and female identity were
random factors. Degrees of freedom (df) were estimated with
Satterwaite approximation, thus avoiding possible pseu-
doreplication. All results are presented as the mean = SE.
Random terms were always nonsignificant (P > 0.15) and
their removal did not affect the results.

Results

Depending on the manipulation, the average coccidia infesta-
tion level of each female group was differently affected, while
it did not change in control females (Table 1). After experi-
mental manipulation, oocyst loads decreased in the medicated
group, but increased in the infected group (Table 1).
Furthermore, we found that female presence influenced
male behavior toward females depending on their own infes-
tation level. Males with high infestation levels spent more
time interacting with the focal female (e.g. male approaches
toward the female: F, . = 3.731, P = 0.035), whereas other
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Table 1. Differences (means + SD) in the number of oocysts per
defecation between the 3 experimental groups of females (Wilcoxon
matched-pairs test).

Oocyst Before Oocyst After V4 P

Control 150.81 =£227.23 181.93 = 258.44 0.783 0.460
females
(CF)
Medicated
females
(MF)
Infected
females (IF)

13,806.13 = 25,968.70 29.43 = 59.07 3.296  <0.001

0.24 = 0.56 3,269.35 + 8373.63  3.261 <0.001

P-values below 0.005 are shown in bold.
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g g
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Control Females Medicated Females Infected Females

Figure 3. Female choice depending on her coccidian infection status in
relation to total time (s) females spent in the choice area of the three
stimulus males, before (black column) and after (white column) the
experimental treatment. Given are averages (+SE). * indicates significant
difference (P < 0.05).

male behaviors related to self-maintenance like preening,
drinking, or eating were not significantly affected by the infes-
tation level (for all P > 0.26).

Female investment in gathering information about mates
was clearly affected by the experimental manipulation. While
control or medicated females showed no difference in the
total time spent in the choice area of stimulus males (CF: ¢,
= 1.178, P = 0.249; MF: ¢, = 0.701, P = 0.489; Figure 3),
infected females significantly reduced the time invested in
mate-choice activities (IF: ¢, ,, = 2.733, P = 0.010; Figure 3).

In the first mate preference tests when using naturally
infected females, females preferred parasitized males regard-
less of their own natural oocyst loads (female group: F, .
= 0.67, P = 0.415; stimulus group: F, .. = 3.59, P = 0.015;
female group x stimulus group: F, .. =1.74, P = 0.161; Figure
4A). Thus, the choosing females spent less time in the choice
area of the control female regardless of their natural oocyst
load and showed a clear preference for highly infected males
(Table S1, see ESM). This confirmed that the selected parame-
ter adequately reflected sexual motivation (see also Table S2—
S4 for results of pairwise comparisons within female groups).

After parasite manipulation, female preference was signif-
icantly affected by her own as well as the infestation level
of the stimulus males (Figure 4B). There was also an inter-
action between female and male infestation levels (female
group: F, ., = 5.01, P = 0.026; stimulus group: F, . = 5.82,
P < 0.001; female group x stimulus group: F, . = 2.81, P
= 0.040). This could be mainly explained by experimentally
highly infected females avoiding highly infected males (Table
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2). Furthermore, female mate selection patterns revealed that
the offered female (stimulus female) was less frequently vis-
ited than the highly infected male regardless of her experimen-
tal manipulation (Figure 4B; stimulus female versus pooled
stimulus males, ¢, , = -3.423, P < 0.001; low + intermediate
infected males versus highly infected males, ¢ -2.483, P

= 0.014).

1142 =

Discussion

Our results revealed that female preference is affected by
infestation levels of both herself and the stimulus males.
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Figure 4. Time (s) focal females spent in the choice area of the 4
different choice stimuli before (A, chronic infection) and after (B, acute
infection) the experimental parasite manipulation (black columns: control
females; gray columns, medicated females; white columns: infected
females). The 4 different choice stimuli consisted of a control female and
3 males with an either low (LM), medium (MM), or high (HM) infestation
level.
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During an acute infection phase, females decrease the time
they invest in mate-choice activities and avoid males with
high chronic infections. Interestingly, unmanipulated females
spent more time in the choice area of highly infested males,
which suggests that females prefer males with a high chronic
infestation rate. If males can cope with high parasite loads,
that is, all males within a trial were of similar size and had
similar-sized badges, one may assume that they are of better
quality indicating good genes and dominance (Howard and
Lively 2004). Dominant males are known to be less caring
“fathers” (Forsgren 1997), and this has also been suggested
for house sparrows (Viclav and Hoi 2002). Depending on the
female quality and environmental conditions during repro-
duction, paternal contribution or choice of “good genes”
might be more important, and such a trade-off in relation to
male quality has been found in house sparrows (Griggio and
Hoi 2010). In line with this, our results show that during an
acute infection, females avoided highly parasitized mates, who
in our experiment were those with the highest dominance, a
common trait that females use to assess the quality of their
mate as a provider for offspring (Meller 1988). Furthermore,
we found male behavior was influenced by coccidian infesta-
tion, which seems to have important consequences for mate
choice as well, something, which is ignored in mate-choice
studies.

In detail, we found support for our first prediction, namely
that the level of parasite infestation of a female influences
her mating behavior and her investment in mate choice, with
experimentally infected females reducing the time invested in
mate-choice activities (Figure 3). During their natural infec-
tion status (mate-choice trial I), there seems to be no differ-
ence in the overall time females spent in the choice area, that
is, female mating behavior is not sensitive to their own coc-
cidian infestation intensity. One reason for this could be that,
to stay in the choice area per se, is probably no costlier than
staying elsewhere.

In contrast, female investment in mating behavior is
affected when infection in females was experimentally
manipulated. In this context, a negative impact of parasites
on the female condition has been specifically demonstrated
for acute coccidian infections (Dolnik 2002; Knight et al.
2018). Coccidia is a common intestinal parasite, whose
sporozoites impair antiparasitic defenses (Brawner et al.

Table 2. Average time (+SE) and results of paired t-tests for the time (s) females spent in the choice area of each choice stimulus, before and after the

experimental treatment

Female Low infected male Medium infected male High infected male
Control  Before 20091879  t,,=0.142  895.7+583.9 t,,=0.310 751.5 £366.6 t,,=1.992 1025.9+368.6 ¢, =0.002
female treatment P =0.888 P =0.759 P =0.056 P =0.998
After 187.9 £329.0 831.7 +544.8 461.4 = 428.7 1025.5 = 689.5
treatment
Medicated  Before 47877302 t,=0.351 47224288  t,=-0.168 616.6=525.0 t,=0.393 78205965 ¢, =0.802
female treatment P=0.728 P=0.867 P =0.697 P =0.429
After 404.8 = 418.1 499.2 + 480.8 544.7 + 509.2 617.9 = 560.1
treatment
Infected  Before 40004336 t,=0.521 48665524 1, =0621 671.2x660.2 1, =1262 997.4x5825 ¢t =2.185
female treatment P =0.606 P =0.539 P=0.216 P=0.036
After treatment  334.8 +278.7 368.1+560.3 434.2 = 404.8 6274 +384.9

Note: Based on the conservative Siddk-Bonferroni correction for multiple comparisons (a = 0.041). P-values below 0.041 are shown in bold.
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2000; Horak et al. 2004; Dolnik 2006; Sepp et al. 2012).
This can result in damage to the immune system and lead
to an increase in susceptibility to infectious diseases that
will be reflected phenotypically and behaviorally. The fact
that only acutely infected females showed a decrease in the
time invested in mate-choice activities (Figure 3) suggests
that these individuals suffered a deterioration in health con-
dition, a widely known effect of avian coccidiosis (Dolnik
2002; Horak et al. 2004; Knight et al. 2018). Thus, one may
predict variation in mate sampling behavior because of coc-
cidian infection. Searching for mates is costly and females
seem to set a threshold regarding time and energy costs
dependent on their condition. This consequently determines
the number of males sampled (Burley and Foster 2006). In
that regard, food deprivation has been shown to result in
gonadal regression and a decrease in the excretion of sex
hormones, which may in turn influence a host’s sexual
motivation (Klingerman et al. 2011). Our findings are also
consistent with results obtained from guppies Poecilia retic-
ulata, where experimentally infected females were less active
in mate-choice activities than healthy ones (Lopez 1999).

We found that under natural parasite burdens females
preferred to mate with highly infected males (Figure 4A).
According to the “parasite-mediated sexual selection” hypoth-
esis (Hamilton and Zuk 1982), females should avoid para-
site infestation by discriminating in favor of males bearing
genotypes encoding resistance to parasites (Borgia and Collis
1989; Figuerola et al. 1999; Brawner et al. 2000; Worden et
al. 2000; Horak et al. 2001; Beltran-Bech and Richard 2014).
In this context, secondary sexual characteristics could act as
indicators of such resistance (Potti and Merino 1996; Badas
et al. 2018). In fact, it has been demonstrated that infection
can have a negative impact on phenotypic traits and conse-
quently, females should avoid less ornamented males as they
may suffer a higher parasite burden (Clayton 1990; Milinski
and Bakker 1990; Potti and Merino 1996; Worden et al.
2000; Aguilar et al. 2008; Beltran-Bech and Richard 2014).
Although several studies have demonstrated a female prefer-
ence for healthy or less-infected males (reviewed in Beltran-
Bech and Richard 2014), differences in parasite pathogenicity
(high or low) may be an important factor influencing mating
decisions. In low-pathogenic parasites, 100% of the popula-
tion can be infected, and we can speak of a chronic infection.
Under such circumstances, a high infection intensity may be
an indicator of high quality and a sign of strength. Thus, one
explanation could be that females using ornament informa-
tion are being deceived or that ornaments signal individual
quality and individuals carrying high loads are able to cope
with them (handicap principle; Zahavi 1975). Immunity and
parasites do play a fundamental role in many biological sign-
aling systems, but traits reflecting viability are not necessarily
reflecting parasite loads (Getty 2002). For instance, from a
female point of view, highly infested males might be better
able to cope with infections and demonstrate improved par-
asite tolerance as they were able to develop similar or bet-
ter secondary sexual ornaments than their competitors. In
line with this, Ressel and Schall (1989) and Megia-Palma et
al. (2016) found a positive correlation between color, orna-
ment size, and parasite load in lizard species. Producing and
maintaining such ornaments while bearing parasites may be
physiologically costly and only high-quality individuals will
be able to afford it (Folstad and Karter 1992; McGraw and
Hill 2000).
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Another possible explanation could be that female house
sparrows are manipulated by the behavior of highly infected
males. The fact that infected males spent more time interact-
ing with focal females suggests that these males increased
their mating investment toward the choosing female, which
may in turn influence the female’s choice. Thus, when orna-
ments do not reflect infections, male behavior such as the
number of approaches to the female could be an important
factor in mate-choice decisions of female house sparrows, and
this could imply that they are selecting highly infected males.
In fact, it has been suggested that parasitized males may
increase their behavioral display intensity to compensate for
a potential loss in attractiveness (Reynolds 1993) or to secure
the current reproduction (Polak and Starmer 1998; Candolin
2000). Females may get an advantage to pair with those males
if they are resistant or tolerant to infection (Zahavi 1975).
Namely, males with high parasite loads are of higher quality
and are dominant but are not as good at feeding nestlings
(Howard and Lively 2004). Accordingly, females with acute
infection may need more energy and resources for themselves
and also more assistance with offspring care. Thus, females
should prefer subdominant individuals with medium-chron-
ic-level infestation and better paternal skills (Forsgren 1997).

The experimental results also support our second pre-
diction; medicated females did not avoid parasitized mates,
but infected females did (Figure 4B). This means that female
house sparrows seem to be able to discriminate between
males according to their infection status based on their behav-
ior and independent of their ornament expression. Based on
this, females can adopt preference strategies specific to their
own parasite status. Their ability to recognize male parasite
status is likely given that males seem to be able to recognize
the parasite status of conspecifics (see Dolnik and Hoi 2010).
Males with high parasite loads are of higher quality and are
dominant but are not as good at feeding nestlings (Howard
and Lively 2004). Accordingly, females with an acute infec-
tion may need more energy and resources for themselves and
also more assistance with offspring care. Thus, females should
prefer subdominant individuals with a medium-chronic-level
infestation and better paternal skills (Forsgren 1997). Since
ornament size is controlled for in this study, it is very likely that
behavioral signals play a role in determining parasite infesta-
tion and influencing female mate choice. We were also able
to show that males adjust their behavior in response to their
own chronic coccidia infection levels. Thus, in both studies,
evidence for parasite discrimination has been found based on
experimental manipulation of infection (either cured or addi-
tionally infected). However, the rather extreme experimen-
tal change in parasite loads may mean that we cannot draw
conclusions about behavior under natural circumstances. It
remains to be investigated how important male behavior is
to gather relevant information about parasite intensity under
chronic infection conditions.

Highly infected females may not benefit from mating with
a highly infested male, because mating with such a male
may increase the risk of infection with additional coccidia
species. Alternatively, as we have already mentioned, exper-
imentally infected females, in particular, may suffer from ele-
vated coccidian loads resulting in a reduced health condition
and motivation to invest in mate choice. Early exposure to
coccidian species might be beneficial for the developing off-
spring. The chances of surviving an infection might be higher
when offspring are still being fed by the parents (nestling
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period) compared to the first time of independence (early
fledgling period), when their own feeding skills are still poor.
Furthermore, one may predict that the developing immune
system may better cope and adapt to challenges when
resources are not constrained (food provided by the parents).
These early immune system adaptations may further increase
the likelihood of an appropriate immune response when chal-
lenged later on. Therefore, females should not necessarily try
to protect their offspring from infections; rather they should
try to facilitate early infections with diverse coccidian species.

Further studies are necessary to address the importance of
behavior in signaling parasite infection and how accurately
parasite infestation might be reflected. Furthermore, it is
important to understand in more detail, how infestation rate
and parasite species diversity may influence the risk of novel
infections or re-infection.
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