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a  b  s  t  r  a  c  t

Cuckoos  Cuculus  canorus  produce  calls  that  consist  of  a repeated  but  variable  number  of  syllables  that
has  given  name  to the  species  and  the  family.  Here  we  tested  the  hypothesis  that  cuckoo  calls  are  reli-
able  indicators  of  environmental  and  individual  quality  by determining  the number  of  repeated  ‘cuckoo’
syllables  in  calls  in relation  to habitat  and  soil,  ionizing  radiation,  presence  of  a female  cuckoo  and  local
density  of male  cuckoos  at  Chernobyl,  Ukraine.  Males  were  consistent  in their production  of  syllables,
producing  more  syllables  per  call when  a  female  or another  male  arrived.  This  increase  in the number  of
syllables  was  larger  in  males  that  already  produced  many  syllables  in  the  absence  of  conspecifics,  imply-
ing that  males  of superior  quality  were  still  able  to increase  the  number  of syllables.  Males  produced  more
syllables  per  call  in  habitats  with  black  soil  and  in  forests.  Furthermore,  they  produced  fewer  and  more
abitat quality
adioactivity
pecies richness

aberrant  syllables  in  radioactively  contaminated  areas  of  Chernobyl  providing  evidence  of  an  effect  of
environmental  perturbation  on  the number  of syllables.  These  findings  are  consistent  with  the  hypoth-
esis  that  the  number  of syllables  is a condition-dependent  signal  used  for  attracting  mates,  repelling
competitors,  providing  information  about  local  environmental  conditions  for other  cuckoos,  but  also  for
humans  and  thus  can  be  used  by  humans  to  infer  habitat  quality.
. Introduction

Parasitic cuckoos are highly vocal with their calls having given
ise to their name across numerous languages (Davies, 2015). Yet
here are hardly any studies of the function of their cuckoo calls.

hy  should cuckoos produce so many and such loud calls, and what
o these calls signal to conspecifics and heterospecifics including
umans? Cuckoos are renowned for their obligate parasitic behav-

or, relying on hosts for rearing their offspring (Wyllie, 1981; Davies,
000, 2015; Payne, 2005). Cuckoos have recently been shown to
e reliable indicators of biodiversity because their presence mir-
ors the species richness of their hosts and hence the overall bird
ommunity (Morelli et al., 2015; Tryjanowski and Morelli, 2015).

Given that the Web  of Knowledge had no less than 2181 pub-

ications on cuckoos on 31 July 2015 there is a surprising lack of
ublished information on the calls that have given name to the
pecies and this bird family. Cuckoos are non-passerines that do not
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learn calls, but presumably have calls that are affected by inherent
genetic factors (Marler and Slabbekoorn, 2004). Hence, the expres-
sion of calls should be affected by mutations. Three studies have
investigated variation in spectral and temporal properties of cuckoo
calls. Fuisz and de Kort (2007) showed that call structures dif-
fered significantly among male cuckoos occupying different types
of habitats. This observation combined with habitat imprinting
could provide a mechanism for maintenance of host specific cuckoo
races. Furthermore, Jung et al. (2014) showed that male cuckoos dif-
fered individually in the structure of their calls. Finally, Wei  et al.
(2015) showed that the structure of the different components of
the cuckoo call differed geographically and among subspecies.

The function of cuckoo calls is only poorly known. Cramp and
Perrins (1986) termed the repeated cu-cooo syllable of this vocal-
ization an advertisement call. Typically, a cuckoo call consists of
a sequence of repeated cu-coo sounds (each considered a sylla-
ble here) ending with a pause of a few seconds, the equivalent of

more than the duration of one syllable, which separates two  dif-
ferent series of syllables. Up to 300 syllables have been reported
in a sequence. More rapid calls are given when a male is excited
with a maximum of 26 syllables per 30 s (Bögershausen, 1976)

dx.doi.org/10.1016/j.ecolind.2016.02.037
http://www.sciencedirect.com/science/journal/1470160X
http://www.elsevier.com/locate/ecolind
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2016.02.037&domain=pdf
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elivered from a perch or rarely in flight. Calls are given during
ay, but also at night (Löhrl, 1950). Calls are produced through-
ut the breeding season, but at the beginning and the end calls are
oarse. Wyllie (1981) reported variation in the seasonal frequency
f calling although no details were reported. Calls are given much
ess frequently in cold and thundery weather than when it is sunny
Groebbels, 1957; Melde, 1982).

Given the time and the effort used by cuckoos to produce
undreds of calls daily, and given that calls can be heard at a dis-
ance of 2–3 km in calm weather depending on the habitat, this
uggests that cuckoo calls have an important signaling function. The
umber of syllables produced by individual males in the hoopoe
pupa epops (Martín-Vivaldi et al., 1998) and several passerines

Catchpole and Slater, 2008) are also consistent over time, suggest-
ng a signaling function of call length. Previous studies have shown
hat this call attribute predicts mating and reproductive success in
erms of extra-pair offspring in these species (Martín-Vivaldi et al.,
999, 2002; Catchpole and Slater, 2008). This raises the possibility
hat similar mechanisms may  be involved in vocal communication
n cuckoos as in other species of birds.

Cuckoos are unlikely to be distributed randomly because indi-
idual condition (and therefore call length) will be linked to habitat
uality and thus soil type. Soil may  in turn affect plant cover
nd hence availability of insect food such as the abundance of
aterpillar larvae that constitute the main source of nutrition for
uckoos. Since larvae are located near the top of the soil, where
ost radionuclides are located, we might expect fewer caterpillars

nd hence fewer butterflies in areas with higher background radi-
tion level (Møller and Mousseau, 2009). Thus, there should be a
eduction in food abundance in more contaminated areas. These
rguments suggest why the number of syllables in a cuckoo call is

 reliable indicator of environmental conditions.
The objectives of this study were to assess the use of cuckoo calls

s indicators of environmental conditions. Specifically, we tested
1) whether the number of syllables was repeatable among calls of
n individual cuckoo; (2) whether more syllables were produced in
he presence of more conspecific males and females, and whether
his increase in the number of syllables with the appearance of a
onspecific male or female was larger for males that initially had
any syllables. Such an increase in the number of syllables in males
ith initially many syllables is predicted by the handicap principle

nd condition-dependent signaling. According to that hypothesis
ignallers with an initially high level of signaling are also those that
re differentially able to signal at a higher level when challenged by

 conspecific male or female (Zahavi, 1975; Johnstone, 1995); and
3) whether the number of syllables was a reliable indicator of envi-
onmental conditions as reflected by soil (clay, sand or black soil),
abitat (forest or agricultural habitats) and radioactive contami-
ation. We  hypothesize that higher quality soils and more diverse
abitats would hold more caterpillars that are the preferred diet
f the cuckoo (Cramp and Perrins, 1986) and therefore would hold
uckoos in better condition. We  test explicitly whether the abun-
ance of butterflies varies among soil types differing in abundance
f cuckoos.

. Methods

.1. Study sites

APM studied cuckoos in Ukraine in forested areas of a total of
000 km2 in the Chernobyl Exclusion Zone and outside this area

anging from Bobor, Dytiatki and Pisky to Ivankov with a small
ontrol area around Voronkov. This study lasted 27 May  – 10 June
015 and was part of an extensive bird census program consisting
f point counts covering a total of 250 census points each lasting
cators 66 (2016) 592–597 593

5 min  (see Møller et al. (2015) for further details). APM and TAM
also recorded cuckoos with aberrant call that deviated from ordi-
nary cuckoo syllables during extensive fieldwork in the Chernobyl
Exclusion Zone 1991–2014.

2.2. Recording the number of syllables

We recorded the number of syllables (each syllable being a sin-
gle cu-coo) that a cuckoo male produced in a single call by waiting
for a call to be finished in order to avoid inclusion of calls that were
initiated before arrival of the observer. Once the male started to sing
again, we recorded the number of syllables in the next two calls, if
possible (some males left before a second call was  initiated). This
allowed for repeatability analysis of the number of syllables per call
based on the second and the third call. A call was considered to be
finished when at least a period of time similar to that of a syllable
had passed without a new syllable being produced.

If a female arrived, as judged from the typical female call (Cramp
and Perrins, 1986), or a female with the typical brown morph, we
recorded the number of syllables in the presence of the female and
the number in the previous call in the absence of a female. This
allowed us to record the effect of female presence on the number
of syllables. We  also recorded the number of males present at the
same time as the focal male was investigated for the number of
syllables. This allowed us to estimate how the number of syllables
depended on the number of male competitors present at a single
site.

When the number of syllables was recorded, we also noted date,
time of day, temperature (measured with a thermometer to the
nearest ◦C), wind (on the Beaufort scale from 0 to 12), cloud cover
(estimated in eighths of the sky covered with clouds), and pre-
cipitation (either rain or no rain). There were no clear effects of
weather conditions, and these variables were thus excluded from
subsequent analyses. Finally, we recorded whether the cuckoo was
located in agricultural habitats (meadows) or forest. Furthermore,
we recorded whether the soil was  sand or black soil. We  took great
care not to include the same male more than once, moving at least
a distance of 500 m before making a subsequent record of the num-
ber of syllables in a call. This distance is consistent with distances
between neighboring male cuckoos as recorded in studies based on
radio-telemetry (Wyllie, 1981).

2.3. Cuckoo hosts

In Ukraine common cuckoo hosts include the great reed war-
bler Acrocephalus arundinaceus (89 out of 390 cuckoo eggs) and the
marsh warbler Acrocephalus palustris (65 out of 390 eggs), white
wagtail Motacilla alba (35 out of 390 eggs), red-backed shrike Lanius
collurio (31 out of 390 eggs) and robin Erithacus rubecula (20 out of
390 eggs; APM unpublished records).

2.4. Background radiation

Breeding birds generally remain within their territory during the
breeding season (Cramp and Perrins, 1988–1994), and this implies
that all individual birds remain at the site once chosen for repro-
duction with little heterogeneity in background radiation during
the breeding season. We  measured radiation levels in the field at
all the survey points, and the radiation level at the actual census
point provides information about the radiation level experienced
by any individuals during breeding due to the sedentary habits
of breeding birds. We  measured ˛,  ̌ and � radiation at ground

level at each survey point after having conducted the survey (thus
making the survey blindly with respect to radiation level) using
a hand-held dosimeter (Model: Inspector, SE International, Inc.,
Summertown, TN, USA). We  measured levels several (2–3) times



5 al Indicators 66 (2016) 592–597

a
m
d
e
s
a
d
C
r
a
c
n
�
(
l
t
s
c
2

2

5
o
t
r

2

e
c

a
i
s
a
fi
p
w
p
t
A
a
m
i
l

b
w
p
u
c
i

3

3

c
S
s

Fig. 1. Frequency distribution of the number of syllables per call in 129 cuckoos.
The  red line shows the lognormal distribution. The box plot shows mean, median,
quartiles, 5- and 95-percentiles and extreme values. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this  article.)

Table 1
Generalized linear model of the number of syllables per call in relation to habitat,
soil, radiation, time of day, female cuckoo present and number of male cuckoos
present. The syllable variable was treated as count data with a Poisson distribution
and  a log link function. The model had the statistics �2 = 878.58, df = 6, P < 0.0001
based on a sample size of 129. Only significant variables are shown in the table.

Term Estimate SE �2 P

Intercept 2.287 0.229 97.85 <0.0001
Habitat [Forest] −0.143 0.036 15.60 <0.0001
Soil  [Sand] 0.197 0.040 26.04 <0.0001
Radiation −0.241 0.028 77.65 <0.0001
Time −0.120 0.019 38.21 <0.0001
Female cuckoo present 0.400 0.096 15.90 <0.0001
94 A.P. Møller et al. / Ecologic

t each site one measurement right after another and averaged the
easurements. Our data were validated with correlation against

ata from the governmental measurements (Shestopalov, 1996),
stimated as the mid-point of the ranges published, with analyses
howing a high degree of consistency between methods (Møller
nd Mousseau, 2007). Radiation levels vary greatly at a local scale
ue to heterogeneity in deposition of radioactive material after the
hernobyl accident (1986). Our measurements at the survey points
anged from 0.01 to 218.73 �Sv/h, which amounts to a difference of

 factor 38,000. Background radiation levels are strongly positively
orrelated with internal dose levels for individual birds in Cher-
obyl (Gaschak et al., 2008). Here, radiation levels are reported as
Sv/h as these are the default units provided by most dosimeters

including the ones we use). These units are approximately equiva-
ent to �Gy/h, which is the more proper unit when reporting doses
o non-human biota. A recent analysis of doses to Fukushima birds
uggested that ambient radiation measurements are likely to be
onservative estimates of individuals doses (Garnier-Laplace et al.,
015).

.5. Abundance of butterflies

We  recorded the abundance of butterflies during standardized
-min point counts separated by a distance of 100 m within and just
utside the Chernobyl Exclusion Zone. We  have previously reported
he methods and the reductions in abundance of butterflies in more
adioactively contaminated sites (Møller and Mousseau, 2009).

.6. Statistical analyses

We  estimated repeatability of the number of syllables in differ-
nt calls produced by the same male by means of the intraclass
orrelation (Falconer and Mackay, 1996).

Mixed effects models refer to a variety of models, which have as
 key feature both fixed and random effects. In this study, General-
zed Linear Models were used to study variation in the number of
yllables in common cuckoo call in relation to environmental vari-
bles (habitat and soil type) modeled as fixed effects. Models were
tted by maximum likelihood (Laplace approximations), using the
ackage ‘lme4’ (Bates et al., 2014) in R, and the minimal models
ere chosen using only terms showing a significant effect on the
redictor values at a >5% rejection probability. Akaike’s informa-
ion criterion (AIC) was used for model selection (Burnham and
nderson, 2002). The confidence intervals for the significant vari-
bles selected in the best model were calculated by the “Wald”
ethod (Bates et al., 2014). Wald approximates the confidence

ntervals (of fixed-effect parameters only) based on the estimated
ocal curvature of the likelihood surface.

In a first analysis we studied variation in the number of sylla-
les in the C. canorus call (modeled as a Poisson response variable
ith a log link function) in relation to habitat type, type of soil, and
resence of female and male cuckoos. Finally, a GLM procedure was
sed to study variation in the number of syllables in the C. canorus
all (modeled as a Poisson response) in relation to radiation level
n sampling sites in Ukraine.

. Results

.1. Summary statistics
There was considerable variation in the number of syllables per
all per male cuckoo (Fig. 1). This ranged from 3 to 79, mean 15,
E = 1.05, N = 129 males. The frequency distribution did not deviate
ignificantly from lognormal (D = 0.066, P = 0.15).
No.  male cuckoos 0.851 0.039 480.37 <0.0001

3.2. Repeatability of number of syllables

Males were significantly repeatable in the number of syllables
included in two subsequent calls (F = 4.109, df = 78, 79, r2 = 0.80,
P < 0.001) with the repeatability estimate being 0.61 (SE = 0.10).

3.3. Number of syllables per call and effect of conspecific females
and males

The number of syllables increased when a female arrived com-
pared to the number of syllables by the same male in the absence
of a female (Table 1; Fig. 2A; paired t-test, t = 2.74, df = 9, P = 0.023).
Males that initially produced many syllables in the absence of
conspecifics produced disproportionately more syllables in the
presence of a female (F = 23.20, df = 1, 10, r2 = 0.67, P = 0.007, esti-
mate (SE) = 0.77 (0.16)). The number of syllables also increased
linearly with the number of conspecific males present from 9.3
[95% CI = 7.75, 11.16] to 13.6 syllables [11.41, 16.29] (Fig. 2B;
Table 1). Likewise, males that initially produced many syllables
in the absence of conspecifics still produced more syllables in the

presence of a male (F = 12.60, df = 1, 38, r2 = 0.51, P = 0.0010, estimate
(SE) = 0.44 (0.12)).
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Fig. 2. The number of syllables in cuckoos from Chernobyl in relation to (A) presence or absence of a female (N = 116 and 13, respectively), (B) number of males present other
than  the focal individual (N = 76, 47 and 6, respectively), (C) soil type (N = 25, 64 and 40, respectively), (D) habitat (N = 96 for forest and 33 for meadows, respectively), (E)
t  plots
s onfide
i

3

C
1
T
d
[
t

ime  of day (N = 129), and (F) background radiation (�Sv/h; N = 129). A–D show box
how  individual observations. The line in (E) is the linear regression line and 95% c
ntervals.

.4. Habitat and number of syllables

There were significantly more syllables on black soil (21.4 [95%
I = 19.47, 23.62]) than on sand (12.9 syllables [95% CI = 11.97,
3.93]) or on clay (11.2 syllables [95% CI = 9.87, 12.68]) (Fig. 2C;

able 1). There were more butterflies on black soil (�2 = 76.23,
f = 2, P < 0.0001, 1.60 [95% CI = 1.25, 1.94]) than on sand (0.47
95% CI = 0.40, 0.53]) and clay (0.21 [95% CI = 0.05, 0.38]). Likewise,
here were 11.2 syllables [95% CI = 9.87, 12.68] in forests, which are
 with medians, quartiles, 5- and 95-percentiles and extreme values, while E and F
nce intervals, while the line in (F) is the regression line Y = 1/X and 95% confidence

more than 8.6 syllables in meadows [95% CI = 7.27, 10.28] (Fig. 2D;
Table 1). Finally, the number of syllables decreased during the day
from a maximum of 19 [95% CI = 15.75, 23.37] at 4 a.m. to a mini-
mum  of 6 syllables at 4 p.m. [95% CI = 5.25, 7.80] (Fig. 2E; Table 1).
3.5. Background radiation, habitats and number of syllables

The number of syllables decreased with increasing background
radiation level in Chernobyl (Fig. 2F; Table 1). The predicted number
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f syllables ranged from 16.28 [95% CI = 13.37, 19.84] at a radiation
evel of 0.01 �Sv/h (e.g. typical background radiation level) to less
han half of that at 7.59 syllables [95% CI = 6.44, 8.94] at a radiation
evel of 100 �Sv/h according to the statistical model in Table 1.

APM and TAM recorded a total of six individual cuckoos singing
learly aberrant calls in areas with high levels of radiation:

. 1 June 2015, Red Forest: cuck-cuoo-cuoo 18 syllables produced
in a single call;

. 4 June 2015, Chernobyl: cou-cooo-cou 5 syllables;

. 31 May  2015, Red Forest: cou-cooo emphasis on second part of
syllable, 8 syllables;

. 30 May  2013, Red Forest: cou-cooo emphasis on second part of
syllable, 3 syllables;

. 28 May  2009, Red Forest: cou-cooo emphasis on second part of
syllable, 5 syllables; and

. 25 May  2006, Red Forest: cou-cooo emphasis on second part of
syllable, 10 syllables.

All six cuckoos with aberrant calls were recorded in contami-
ated areas, which differed significantly from random expectation
likelihood ratio = 20.73, P < 0.0001). The mean number of syllables
roduced by males with aberrant call (SE) was 8.17 (2.21), N = 6,
iffering significantly from the overall mean number of syllables of
6 (one-sample t-test, t = −3.09, df = 5, P = 0.027).

. Discussion

Male cuckoos were consistent in the number of syllables in their
alls. There were fewer syllables and more aberrant syllables in
adioactively contaminated areas of Chernobyl compared to control
reas. In addition, the number of syllables differed among habitats
nd soil types, showing that at least three components of environ-
ental variation were linked to the production of more syllables.

uckoos used their calls in a sexual context because males produced
alls with more syllables especially when a female, but also when
nother male was present. The increase in number of syllables in
he presence compared to the absence of a conspecific depended on
he initial number of syllables. Males that initially sang many sylla-
les increased the number of syllables in the presence of a female
uckoo or another male cuckoo. These findings are consistent with
ur hypothesis that the number of syllables is a reliable indica-
or of environmental condition as reflected by the correlations
ith habitat, soil type and radioactivity. Likewise, it is consistent
ith our hypothesis that the number of syllables is an indicator of

ndividual condition as reflected by males with many syllables in
heir calls being able to disproportionately increase the number of
he syllables in their calls in the presence of a female or another

ale.
If a signal reliably transmits information on condition or phe-

otypic quality, we should expect that it is significantly repeatable
Searcy and Nowicki, 2005). Here we recorded the number of syl-
ables in two successive calls of a number of male cuckoos and

e showed a significant repeatability of 0.61, which is high for a
ehavioral character (Bell et al., 2009). That was the case despite the
act that the number of syllables produced by any given male also
hanged in response to the number of males and females present
n the immediate neighborhood. Such consistency in the number
f syllables in two subsequent songs implies that inherent quality
f males is reliably reflected in calls. Otherwise males that produce
alls with many syllables would not be able to increase the number

f syllables in the presence of conspecifics.

Syllables of cuckoo calls appear to be associated with sexual
election. Bird calls have in general evolved in the context of female
hoice and male-male competition (Marler and Slabbekoorn, 2004;
cators 66 (2016) 592–597

Catchpole and Slater, 2008). Our observations showed an effect of
female presence on the number of syllables in calls, suggesting
that the number of syllables may  affect mate choice. There was
also a significant relationship between number of syllables and the
number of competitor males in a given area. Importantly, males
differentially increased the number of syllables in the presence of
a female or a conspecific male when they initially produced many
syllables in their absence. This finding is consistent with predic-
tions from the handicap principle (Zahavi, 1975; Johnstone, 1995)
according to which only signallers in prime condition are able to
display at the highest level. It differs from the alternative hypothe-
sis that motivation accounts for the increase in number of syllables
in the presence of a female or a conspecific male because this
hypothesis would not predict a differential increase in number of
syllables in males that already sing at a high rate. This suggests
that both female choice and male-male competition may  affect the
number of syllables in cuckoo calls, and that the handicap princi-
ple may  account for the difference in number of syllables among
males.

If the number of syllables is a reliable indicator of condition, we
should expect that environmental factors affect the expression of
the signal. Here we have shown that ionizing radiation at Cher-
nobyl affects the frequency of individuals with aberrant calls, but
also the number of syllables, which increased from an average of 8
syllables in the most contaminated areas to 16 syllables in the least
contaminated areas. Even in the sample of cuckoos with aberrant
call was  there a reduction in the number of syllables compared to
expectation for Chernobyl. This implies that different aspects of the
call were affected by ionizing radiation. While ionizing radiation is
an uncommon environmental factor, studies of natural radiation
hotspots have shown a diversity of negative phenotypic effects in
both plants and animals including humans (Møller and Mousseau,
2013). We  hypothesize that the number of syllables and their struc-
ture may  depend on mutations and/or on oxidative stress caused
by radiation. The effect of environmental conditions on the number
of syllables produced by cuckoos was  also supported by the num-
ber of syllables differing among habitats and soil types, potentially
mediated by abundance and availability of food. Higher soil quality
increases primary productivity (Begon et al., 2005), which in turn
affects the abundance of herbivores such as butterflies (Begon et al.,
2005) whose caterpillars constitute the main component of the diet
of cuckoos (Cramp and Perrins, 1986). We  found evidence consis-
tent with this interpretation because the abundance of butterflies
was indeed higher in sites with black soil compared to clay and
sand. The association between soil type and abundance of cuckoo
calls may  arise from more intense competition for sites with high
abundance of food, high abundance of hosts for the brood para-
sitic cuckoo, or both. Our data do not readily allow discrimination
between these hypotheses.

Previous studies have shown that the presence of cuckoos is a
reliable indicator of the density of cuckoo hosts and hence of avian
species richness (Morelli et al., 2015; Tryjanowski and Morelli,
2015). Given that calls with more syllables would reflect supe-
rior phenotypic quality of singing males, as shown in the present
study, this suggests that the number of syllables in the calls of
cuckoos is a reliable indicator of condition and environmental
conditions.
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