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Abstract

In some populations of host of brood parasites, more than two parasite eggs may be laid in a single nest. This
phenomenon is known as multiple parasitism, representing a cost to both host and parasite. In this study, we
analysed a long-term dataset (2007-2021) focusing on multiple parasitism of the common cuckoo (Cuculus
canorus) parasitizing the great reed warbler (Acrocephalus arundinaceus). Annual parasitism rate was on
average 54.3% and varied between 5.8% and 92.2%, depending on the year. From 720 parasitized nests, double
parasitism was recorded in 172 (23.9%) nests, triple in 51 (7.1%) nests, quadruple in 10 (1.3%) nests and,
exceptionally, in the years of heavy parasitism (about 90%), quintuple parasitism was recorded in three (0.4%)
nests. The rate of multiple parasitism ranged from 0% to 63% inter-annually and strongly correlated with
parasitism rate and total number of parasite eggs found. Furthermore, the number of cuckoo eggs laid per one
nest increased with decreasing daily availability of host nests that were at a suitable breeding stage for
parasitism. Both genetic and egg phenotype analyses revealed that no cuckoo female laid more than one egg in
the same host nest. Using data on long-term parasite—host interactions and from continuous video-recording,
as well as progressive methods to assign parasite offspring thus helped us better understand various aspects of

multiple parasitism in hosts heavily parasitized by an evictor brood parasite.

Keywords: brood parasitism, common cuckoo, coevolution, egg phenotype, great reed warbler
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Significance statement Laying more parasite eggs in one host nest (i.e. multiple parasitism) is common in the
brood parasites whose nestlings share the nest with nest mates. In the species where the parasite nestling kills
its nest mates, multiple parasitism should be rare because it is costly for the parasite. However, in host
populations with high parasitism rates, multiple parasitism occurs more often than predicted. Using long-term
and video-recording data, we quantified multiple parasitism in the common cuckoo across years and host egg-
laying sequence. We found that the rate of multiple parasitism is positively related to parasitism rate and that

the lower the number of nests suitable for parasitism, the higher the number of parasite eggs in one nest.



83 Based on genetic and egg phenotype analyses, we also showed that individual parasitic females avoid laying in
84 the nests they had already parasitized.
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Introduction

Most birds reproduce by laying eggs in their own nests, yet, about 1% of species are exceptions. These, called
interspecific brood parasites, such as many cuckoos (Cuculidae) and cowbirds (Icteridae), lay eggs in the nests
of other species (hosts), which then care for the parasite offspring (Davies 2000). To lay their eggs successfully,
adult brood parasites have evolved a number of adaptations, namely nest searching behaviour (Kattan 1997;
Honza et al. 2002), egg laying mode (Moksnes et al. 2000; Jelinek et al. 2021), and synchronization with host
reproduction (Moskat et al. 2006; Geltsch et al. 2016; Honza et al. 2020). Though it might seem that these
attributes are well suited to a parasitic lifestyle, not all studies support this. For example, utilization of cavity-
nesting species whose nest design prevents young parasites from fledging, or host species that feed their
young with diet unsuitable for the parasite (Moksnes and Rgskaft 1995; Yang et al. 2013; Liu et al. 2019) could
be considered as errors in choosing the appropriate host. Even in the case of correct host selection, laying in
abandoned or already incubated nests may decrease the fitness of the parasite (Geltsch et al. 2016; Honza et
al. 2020). Another fitness cost for the parasite may arise when one host nest contains several parasite eggs, a
phenomenon known as multiple parasitism or multiparasitism.

Rothstein (1990) supposed that multiple parasitism only occurs regularly in parasite—host systems in
which the parasite nestling does not actively kill host eggs or young but shares the nest with them at least for a
certain period of time (so called non-evictor parasites). Accordingly, multiple parasitism is typical of the brown-
headed cowbird, Molothrus ater (Trine 2000; Hoover 2003; McLaren et al. 2003), the shiny cowbird, M.
bonariensis (Lea and Kattan 1998; Tuero et al. 2007; de la Colina et al. 2020), the bronzed cowbird, M. aeneus
(Ellison et al. 2006) and the screaming cowbird, M. rufoaxillaris (De Marsico et al. 2013; De Marsico and
Reboreda 2014), as well as of the great spotted cuckoo, Clamator glandarius (Soler et al. 1994; Martinez et al.
1998a). Yet, systematic research over the last two decades has shown that in some areas multiple parasitism is
frequent even in parasites whose young remove all eggs and/or nest mates shortly after hatching (so called
evictor parasites; Moskat and Honza 2002; Spottiswoode 2013; Gloag et al. 2014a; Zélei et al. 2015).

To determine whether multiple parasitism represents a loss or gain for the parasite is not yet known
as the results published so far are inconsistent. In non-evictor parasites, multiple parasitism can result in severe
competition among parasite nestlings and thus is generally assumed to be costly. In this vein, Goguen et al.

(2011) reported that multiple parasitism in the brown-headed cowbird led to lower parasite fledging success
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compared to single parasitism. On the other hand, Martinez et al. (1998b) argued that multiple parasitism is
not costly for the great spotted cuckoo because its magpie (Pica pica) hosts are able to successfully rear several
parasite nestlings (see also Soler et al. 1998). In this system, multiple parasitism may even be beneficial for the
parasite nestlings once they leave the nest because they join together and are attended by groups of hosts
(Soler et al. 2015). Compared to the non-evictor parasites, the cost of multiple parasitism in evictor parasites
may be greater because only one parasite nestling can fledge from the multiply parasitized nest. While it seems
that this should strongly reduce the fitness of the parasitic females, paradoxically, in some areas the reverse is
true. For instance, in areas of heavy parasitism by the common cuckoo (Cuculus canorus; hereafter cuckoo),
multiple parasitism of the great reed warbler (Acrocephalus arundinaceus) nests resulted in decreased
rejection of cuckoo eggs, leading to higher cuckoo fledging success (Moskat et al. 2009; Manna et al. 2019).

The cuckoo is an obligate brood parasite widespread over the Palearctic where it regularly parasitizes
more than 100 passerine species (Moksnes and Rgskaft 1995). Normally, only one cuckoo egg appears in most
parasitized nests (Moksnes and Rgskaft 1995). However, in areas of high parasitism rate and lack of suitable
host nests, the competition among individual cuckoo females is severe and, thus, the incidence of multiple
parasitism is also high (Moskat and Honza 2002). This is recently the case in some central European localities,
such as the Hungarian Great Plain, where the great reed warblers experience unusually high levels of parasitism
(64%). Such parasitism rates can lead to frequent occurrence of multiple parasitism, with 36% of the parasitized
nests containing more than one cuckoo egg (Moskat and Honza 2002). In an extreme case, even up to five
cuckoo eggs have been found in one nest (Marton 2021).

It has long been supposed that multiple parasitism in the cuckoo is a result of several females
parasitizing the same host nests, because if it originated from the same females, it would be maladaptive
(Chance 1940; Wyllie 1981; Brooker and Brooker 1990). This suggestion was based on the fact that cuckoo
females form host-specific races with characteristic egg appearance (Gibbs et al. 2000; Sulc et al. 2021) and
that individual females lay eggs of different appearance (Moksnes et al. 2008). However, the appearance of
cuckoo eggs was assessed by humans and only recently it was shown that this method is far from being reliable
(Sulc et al. 2021). Therefore, with no genetic support, it is difficult to determine the origin of parasite eggs in
multiply parasitized nests.

In this study, we explored multiple parasitism in another great reed warbler population that is under

heavy cuckoo parasitism (>50%) in the last decade. Our long-term dataset (15 years) of parasite—host
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interactions allowed us to explore the temporal patterns of multiple parasitism as well as to test the main
factors affecting the incidence of this phenomenon. Moreover, we made use of the data collected for the
studies of Kolecek et al. (2021) and Sulc et al. (2021) and applied the objective methods of egg assignment to
explore how many cuckoo females are involved in multiple parasitism. This allowed us to test the hypothesis

that individual cuckoo females do not lay more than one egg per host nest.

Methods

Fieldwork and data collection

The study was carried out in the fishponds near Muténice (48°54'N, 17°02'E) and Hodonin (48°51'N, 17°07'E) in
the Czech Republic from May to July 2007-2021 on a colour-ringed great reed warbler population consisting of
40-120 breeding pairs (depending on year). Upon arrival of great reed warbler males, we mapped their
territories nearly on a daily basis and thus we found annually almost all nests including the replacement ones.
Most nests were found during building or early egg-laying and only a minority at later stages. To record the
laying date of cuckoo eggs, we checked the nests almost every day until host clutch completion. Afterwards,
the parasitized nests were visited daily for five days to infer host reaction; then it was less often (typically every
3-4 days) until the end of the breeding attempt. The non-parasitized nests were also checked less frequently
(for details on nest checks see Honza et al. 2020).

In 2016 and 2018-2020 we continuously filmed the majority of great reed warbler nests during the
pre- and egg-laying stages to record all parasitism events. The recording set-ups comprised either a rear-view
camera connected to a miniature digital video-recorder (both placed in a water-resistant box), or a custom HD
camera with an inbuilt recorder. Both set-up types were powered by gel batteries. The batteries were placed
far from nests (on the bank) and the boxes with the video-recorders were hung on reeds 2—5 m from the nests
and were masked by cloths. Cameras were placed on thin aluminium poles camouflaged by cut reed stems and
leaves. The distance between the camera and the nest varied from 0.2 to 2 m, depending on reed density. The
set-up was mostly installed a day before the first great reed warbler egg was laid. The filmed nests were visited
daily to check the nest content and download the data (for technical details about video-recording see Jelinek

et al. 2021). The final dataset of filmed nests comprised 242 parasitism events at 151 great reed warbler nests.
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In 220 filmed events, we knew the exact dates of parasitism (i.e. laying dates of cuckoo eggs) as well as the
phase of the host egg laying cycle when the nest was parasitized.

In 2016 and 2017, we collected the data for egg-phenotype and genetic analyses. When a cuckoo egg
was found, we measured its background colour spectrophotometrically (taking nine measurements from three
egg parts). At the same time, we took a digital photograph of each egg. The photos were taken in RAW format,
under diffuse sunlight conditions, at the same angle and from the same distance and were referred to a grey
standard (for technical details about egg-phenotype measurement see Sulc et al. 2021).

DNA samples of cuckoo offspring in these two years were collected as follows: since only one cuckoo
nestling usually survives in parasitized nests, we removed the newly laid (second and following) cuckoo eggs
from multiply parasitized nests shortly after laying (i.e. we left only the first laid cuckoo egg). As DNA from the
freshly laid eggs could not be effectively sampled, we transferred the removed eggs to an incubator (HEKA-
Kongo; HEKA-Brutgerate, Rietberg, Germany) and incubated them artificially until hatching. Fresh hatchlings
were then moved to suitable host nests for other studies. When the nestling achieved the age of about 10
days, we took a blood sample (approx. 25 ul) from its ulnar or medial tarsometatarsal vein. In the case of
unhatched or dead nestlings, we used tissue samples instead. In 2016 and 2017, we also mist-netted 19 adult
cuckoo females and collected their blood samples (as in nestlings). All DNA samples were stored in 96% ethanol

until later genetic analyses.

Assignment of cuckoo mothers — genetic determination

DNA was extracted from blood or tissue samples using Tissue Genomic DNA mini kit (Geneaid Biotech Ltd, New
Taipei, Taiwan). To infer the identity of cuckoo mothers, we used single nucleotide polymorphism (SNP)
markers and mitochondrial DNA (see also Kolecek et al. 2021; Sulc et al. 2021).

Firstly, we genotyped all samples collected in 2016 and 2017 with the ddRAD (double digest
restriction-site associated DNA) technique (Peterson et al. 2012) following the protocol of Pidlek et al. (2019) to
acquire the SNP dataset and determine individual identity. The sample libraries were sequenced on an lllumina
HiSeq4000 system (2 lanes, 150 cycles P/E) in the European Molecular Biology Laboratory Genomic Core
Facility, Heidelberg, Germany. The obtained RAD-tags were processed in Stacks v2.4 (Catchen et al. 2011;
Rochette et al. 2019) and mapped on the cuckoo genome GCA000709325.1 (https://www.ncbi.nlm.nih.gov)

with Bowtie2 assembler v2.2.4 (Langmead and Salzberg 2012). Only loci with 95% or higher presence of
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individuals were scored. The obtained loci were further filtered in PLINK v1.9 (Purcell et al. 2007) so that only
the loci in Hardy—Weinberg equilibrium that do not show evidence of linkage disequilibrium and with alleles
with a minimum frequency of 0.4 were used (—hwe 0.01 ‘midp’ —indep 100 10 1.2 —-maf 0.4) which resulted in a
dataset with 1620 variants.

Secondly, for the mitochondrial haplotype analysis, we sequenced a 411-bp portion of the left-hand
hypervariable control region (Fossgy et al. 2011, 2012; Gibbs et al. 2000). Mitochondrial sequence data were
assembled and manually checked in Geneious v10.2.6 (Kearse et al. 2012) and haplotypes were estimated
based on a distance matrix with up to 1% tolerance (approx. 4 mutations) for genotyping errors.

Finally, we determined the identity of cuckoo mothers for individual offspring using the program
Colony (Jones and Wang 2010). Colony enables identification of individual offspring and determines their half-
and full-sibling relationships using a full-pedigree likelihood approach and also allows the inclusion of additional
information about known relationships among the offspring to increase the probability of correct assignment
(i.e. based on mtDNA in our case).

Parentage was estimated based on >1000 nuclear SNPs supplemented with mitochondrial DNA
haplotypes enabling to exclude highly implausible maternal (or maternal-sibling) relationships in the inferred
genealogy. None of the eggs assigned to a cuckoo female were laid on the same or subsequent day, which
agrees with cuckoo laying intervals of around 48 hours (Seel 1973; Wyllie 1975; Nakamura et al. 2005).

Using genetic methods, we assigned offspring to individual cuckoo mothers in 27 multiply parasitized
nests. In additional 29 multiply parasitized nests, however, we assigned no or only one offspring due to
predation or egg ejection by the hosts. For a subset of these 29 nests, we thus used assignment based on egg

phenotype (see below).

Assignment of cuckoo mothers — egg phenotype determination

Recent studies showed that maternal identity can be encoded in egg phenotype (Gémez et al. 2021; Sulc et al.
2021; Johnson and McRae 2022). Therefore, we expanded our dataset of genetically assigned offspring from
2016 and 2017 by eggs whose phenotypes were measured but could not be genetically assigned to cuckoo
females because no DNA was sampled due to early host ejection or predation. For this purpose, we employed
an automatic analytical approach predicting the identity of cuckoo females based on the appearance of their

eggs. We evaluated the visual similarities of particular cuckoo eggs in their colour, pattern and egg dimensions
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from calibrated photographs and spectrophotometry (for details see Sulc et al. 2019). Spectral data of egg
background colour were obtained using spectrophotometry measurements and the R package pavo (Maia et al.
2019). Egg dimension data were obtained from the photographs and included the length, maximum width,
volume, ellipse deviation and surface area. Pattern data used custom scripts to calculate pattern energies and
skew metrics that gave measures of how patterned the eggs are and what is the spatial distribution of the
patterns. Finally, luminance data were analysed using the photographs, including both the spots and
background areas of the eggs. All data from digital photographs were obtained by using the Mica Toolbox
(Troscianko and Stevens 2015; van den Berg et al. 2020). In the next step, we trained a random forest model to
automatically assign eggs of the unknown origin to the eggs with known cuckoo mothers. This method showed
97.5% accuracy and assignments did not violate our non-phenotypic criteria, such as (i) two cuckoo eggs of one
female could not be laid on the same or subsequent days and (ii) the cuckoo female had to be the same colour
morph (rufous or grey; data from video-recordings). For more information about the assignment of cuckoo
mothers by egg phenotypes see Sulc et al. (2021). Using this method, we assigned cuckoo offspring in

additional 9 multiply parasitized nests.

Number of cuckoo mothers assigned

In total, we assigned 134 cuckoo eggs to 17 females (12 and 13 in 2016 and 2017, respectively; 8 females were
the same in both years). Out of these 134 eggs, 104 were assigned by using genetic methods and 30 by using
egg phenotype. Assigned cuckoo eggs were laid in 85 great reed warbler nests (41 and 44 in 2016 and 2017,

respectively). Out of these 85 nests, 49 contained one assigned egg and 36 were multiply parasitized.

Data analysis

For each day a cuckoo egg was laid, we calculated the number of host nests available for parasitism. The nest
was available for parasitism from the host clutch initiation date to day 4 of the host egg laying period (or to an
earlier day in case of deserted or predated nests). After day 4, host incubation starts and the probability of
early cuckoo hatching decreases (Geltsch et al. 2016). Host nest availability for a given cuckoo egg-laying date
was then expressed as the sum of the nests available for parasitism on that day (Jelinek et al. 2013). As the
total number of cuckoo eggs found each year in great reed warbler nests may indicate the number of cuckoo

females in the study area, we used this variable as an estimate of cuckoo density.

10
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Using the data from continuous video-recording, we tested the effect of daily availability of great reed
warbler nests, cuckoo egg laying date and study year (explanatory variables) on the number of cuckoo eggs
present in one nest (response variable) using linear mixed-effects models with the R package ‘Ime4’ (Bates et
al. 2015). To explore whether the effect of daily availability of great reed warbler nests varied with the egg
laying date, we added a two-way interaction between the daily availability of great reed warbler nests and
cuckoo egg laying date. The random effects structure contained the great reed warbler nest identity to account
for the nests containing multiple cuckoo eggs. To obtain comparable model parameter estimates (Schielzeth
2010), we standardized the explanatory variables using the ‘scale’ function, so that the mean was zero and the
standard deviation 1. Model residuals did not indicate any violation of model assumptions.

To test whether cuckoo females lay preferentially in different nests, we used a randomization test
(Manly 1997). Here we used the dataset of cuckoo eggs with known cuckoo mothers (based on the genetics
and egg-phenotype) that were found in multiply parasitized nests (at least two in every nest) and simulated the
situation when cuckoo females lay their eggs in the nests randomly. During the procedure, we randomly
assigned the respective number of cuckoo eggs (from two to four) to these nests (N = 36, see results) and
summed cases when eggs in the same nest were laid by the same cuckoo female(s). This procedure was
repeated 9999 times and all 9999 sums were sorted by their values. The number of nests which were naturally
parasitized by the same female in our dataset was also included. Finally, we calculated the proportion of all
simulated sums that were lower than the number of observed nests parasitized by the same cuckoo female
which represents the significance level of the randomization (Manly 1997). All statistical analyses were
conducted in R 3.4.1 (R Development Core Team 2017). To minimize observer bias, blinded methods were used

when the behavioural data were analyzed.

Results

Multiple parasitism across years

In the course of 15 years, cuckoo parasitism rate varied inter-annually from 5.8% (in 2008) to 92.2% (in 2017;
Fig. 1A), reaching the average of 54.3%. The annual rate of multiple parasitism ranged from 0 to 63%, and
strongly correlated with annual parasitism rate (Pearson’s correlation coefficient r = 0.88, P < 0.001; Fig. 2A)

and total number of cuckoo eggs found each year (r = 0.86, P < 0.001; Fig. 2B). From a total of 720 parasitized

11
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nests, double parasitism was recorded in 172 (23.9%) nests, triple in 51 (7.1%) nests, and quadruple in 10
(1.3%) nests. In the years of extremely high parasitism rates (2017 and 2018), quintuple parasitism was

recorded in three (0.4%) nests (Fig. 1B).

Multiple parasitism during host egg-laying sequence

In years 2016 and 2018-2020, we video-recorded 220 parasitism events in which we were able to determine
exact cuckoo egg laying date and egg order. The median laying date of the first cuckoo egg (N = 123) was the
same as the host clutch initiation date, the median laying dates of the second (N = 70) and third cuckoo eggs (N
= 24) were the day after host clutch initiation, and the median date when the fourth cuckoo egg (N = 3) was laid
was one day later. Interestingly, 15 (21.4%) of 70 multiply parasitized nests were at least double parasitized

prior to the initiation of host egg laying (Fig. 3).

Main factors affecting multiple parasitism

The number of cuckoo eggs in one nest increased with decreasing daily availability of host nests suitable for
parasitism (estimate = -0.136, SE = 0.049, x*>= 7.58, P = 0.006) and this relationship did not change with the
laying date of a cuckoo egg (interaction term: estimate = 0.001, SE = 0.069, x? < 0.01, P = 0.986), determined
from the video-recordings. Simultaneously, the number of cuckoo eggs in host nests did not differ with the
laying date (estimate = -0.006, SE = 0.049, x> < 0.02, P = 0.902) and study year (estimate = -0.025, SE = 0.049, x*

=0.25, P =0.618).

How many cuckoo females are involved in multiple parasitism?

Out of the nests sampled in 2016 and 2017 for egg assignment to individual cuckoo mothers, 36 were multiply
parasitized (24 with two cuckoo eggs, 11 with three cuckoo eggs and 1 with four cuckoo eggs). These 36 nests
were used by 15 cuckoo females and no cuckoo female laid more than one egg in the same nest. A
randomization test showed that this observation significantly differed from chance (P < 0.001). The same result
was obtained when we used a reduced dataset consisting only of genetically assigned cuckoo eggs (N = 57 eggs

laid in 27 nests by 14 cuckoo females, P = 0.008).

Discussion
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Patterns of multiple parasitism

The main assumption for the presence of multiple parasitism in a host population is that cuckoo females are
not strictly territorial and their laying ranges overlap to a large extent (Nakamura and Miyazawa 1997; Kolecek
et al. 2021). Likewise, the studies on great spotted cuckoos and brown-headed cowbirds indicate that multiple
parasitism may be a consequence of the non-territorial behaviour of parasitic females (Martinez et al. 1998b;
de la Colina et al. 2016). We found that in our cuckoo—great reed warbler system, the rate of multiple
parasitism strongly correlates with the parasitism rate of host nests and, most probably, depends on two main
population parameters: parasite and host densities. Similarly, Yang et al. (2014) reported that the rates of
multiple parasitism were positively correlated with local cuckoo parasitism rate in the Oriental reed warbler
(Acrocephalus orientalis). This scenario might apply also to central Hungary where the great reed warbler hosts
are under relatively high cuckoo parasitism (about 64%) and similarly intensive multiple parasitism (Moskat and
Honza 2002; Z6lei et al. 2015) as we found. Interestingly, in 2017 and 2018 when the parasitism rate at our
study site reached about 90%, we found three host nests parasitized with five cuckoo eggs. A similar but single
case of a quintuple parasitism of a great reed warbler nest was recently recorded in central Hungary (Marton et
al. 2021). On the other hand, the host populations exhibiting low levels of parasitism (up to 30%) typically do
not have their nests multiply parasitized or only very rarely (Moksnes et al. 1993; Rutila et al. 2002; Antonov et
al. 2006; our unpublished data on a sympatric Eurasian reed warbler, Acrocephalus scirpaceus, population).
This also seems to be the case of our data, as in 2008 the parasitism rate dropped to 6% and that year was the
only year in which we have not recorded any case of multiple parasitism over a 15-year study period.

Our results further demonstrated that multiple parasitism increases with decreasing number of
available host nests that are at a suitable breeding stage for parasitism. In addition, though we do not have
exact information on the number of cuckoo females operating in our study area, as a proxy of this we used
total number of cuckoo eggs found each year and showed that the latter strongly correlates with the
prevalence of multiple parasitism. It is therefore possible that the locally high density of cuckoo females
contributes to the extraordinarily (at least in some years) high proportion of multiple parasitism. Moreover,
individual parasitic females may eavesdrop on alarm or mobbing calls of their hosts (Marton et al. 2019) or on
behaviour of other parasitic females (Gloag et al. 2013) and, thus, multiple females may parasitize the same

host nests. It is known that the great reed warbler is one of the most aggressive cuckoo hosts (e.g. Trnka and

13



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

Prokop 2012; Pozgayova et al. 2013); however, as it has recently been shown, its aggressiveness does not
protect it from parasitism (Jelinek et al. 2021). On the contrary, the high host aggressiveness may serve as a cue
for the parasitic female and thus contribute to the high incidence of multiple parasitism.

Finally, our results revealed that the majority of multiple parasitism events occurred during host egg
laying. Interestingly, a considerable proportion of cuckoo females (21%) made a mistake and laid their eggs
prior to the initiation of host clutch, which is five times more often compared to single parasitism (Honza et al.
2020). This finding supports the previous assumption that the lack of suitable host nests and high cuckoo

density lead to high rate of multiple parasitism and also to a high rate of laying errors.

How do the females avoid multiple parasitism of the same nests?

Previous studies based on human assessment of cuckoo eggs suggested that the eggs in multiply parasitized
nests belonged to different parasitic females (Moksnes et al. 2008). Our study supported this assumption
genetically and by using objective egg assessment methods. The reproductive strategy of avoiding multiple
parasitism of the same nests by single females has also been reported in the bronzed cowbird (Ellison et al.
2006) and screaming cowbird (Ursino et al. 2020). In the brown-headed and shiny cowbirds, however, there is a
mix of two multiple parasitism strategies. In some populations, individual parasitic females avoid parasitizing
the nests they have already parasitized (see Ellison et al. 2006; Gloag et al. 2014b for the two species,
respectively), while in others about one half of the multiply parasitized nests contained eggs laid by the same
females (McLaren et al. 2003; de la Colina et al. 2016, respectively). It has been suggested that the ability to
remember the nests that a female has already parasitized is facilitated by a larger hippocampus and smaller
home ranges in females compared to males (Reboreda et al. 1996). The lack of information on the
hippocampus size in cuckoos (Reboreda et al. 1996) therefore makes the question about its importance in
avoiding multiple parasitism by the same female even more interesting. Honza et al. (2014) showed that
cuckoo females select certain host nests based on egg appearance to increase the mimicry of their eggs, but
cannot recognize the egg of another cuckoo female, or at least do not preferentially dispose of it (Sulc et al.
2016). This is an indication that the cognitive abilities of cuckoos to recognize already parasitized nests can be

at a lower level.

Factors contributing to annual variation in multiple parasitism
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We are convinced that several conditions must be met for multiple parasitism to occur in a host population.
Our results indicate that multiple parasitism is most probably a consequence of a large concentration of
parasites and perhaps the associated decrease in the size of host population which we have observed in our
study plot in last years (Fig. 1A). One could expect that multiple parasitism is more costly for evicting brood
parasites (cuckoos) than for the parasites whose young develop together with those of their hosts (cowbirds).
In cuckoos, from the perspective of an individual, multiple parasitism is clearly costly, because only one cuckoo
nestling can fledge from the nest with multiple cuckoo eggs (Wyllie 1981). To reduce such a fitness loss,
individual females may then adopt “make the best of a bad job” strategy and lay in nests of an alternative host.
This is, however, unlikely in cuckoos because individual parasitic females are almost exclusively host-specific, as
was shown at our study site (Honza et al. 2002; Kolecek et al. 2021). On the contrary, from the perspective of a
parasite population, multiple parasitism may not have so serious impact. Moskat et al. (2009) showed that
multiple parasitism caused significant reduction of rejection rates of parasite eggs in the great reed warbler. It
was because the hosts were more prone to make recognition errors both when they had a greater proportion
of parasite eggs in their clutch and/or when these eggs were more variable in appearance (Manna et al. 2019).
The increased host tolerance towards multiple cuckoo eggs might thus result in more than doubled cuckoo
reproductive output found in multiply parasitized nests compared to singly parasitized nests (Moskat et al.
2009). The authors of this study explained this by the fact that having more than one cuckoo egg per host
clutch increased the chance that a cuckoo egg would be accepted and eventually hatch. Thus, a greater
proportion of multiply parasitized nests contained a cuckoo hatchling than did singly parasitized nests (Moskat
et al. 2009). In another host—parasite system, multiple parasitism is even assumed to be responsible for the
evolution of parasite nestling recognition by hosts instead of parasite egg recognition (Sato et al. 2010). One
way or another, in agreement with Moskat et al. (2009), we assume that another factor involved in the
maintenance of multiple parasitism is the equilibrium between the above-mentioned costs and benefits of
cuckoo reproduction.

To conclude, our study contributes to the understanding of parasite—host interactions. We quantified
some of the factors potentially influencing the incidence of multiple parasitism in a cuckoo host. Moreover, we
showed that individual cuckoo females avoid laying again in the nests they had already parasitized. Exciting

areas for future research would be to study the cognitive abilities of individual parasitic females associated
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with the location of host nests in space and time, and to explore the role of eavesdropping by the second-to-

parasitize females.
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Figure captions

Fig. 1 Inter-annual variation in (A) the number of host nests (grey bars) and parasitism rate (black line) and (B)
in the number of cuckoo eggs found per one host nest. Data are based on daily nest checks prior to and during

host egg laying in 2007-2021 and on continual video-recording in 2016, 2018-2020

Fig. 2 Relationship between the annual rate of multiple parasitism and (A) annual parasitism rate and (B) the
total number of cuckoo eggs found each year. Data are based on daily nest checks prior to and during host egg

laying in 2007-2021 and on continual video-recording in 2016, 2018-2020

Fig. 3 Number of cuckoo eggs (N = 220) found in host nests (N = 135) relative to host laying sequence (day 1 =

host clutch initiation). Negative days represent cuckoo eggs laid before host clutch initiation. Data are based on

continual video-recording in 2016, 2018—-2020
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