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Birds present a variety of antipredator responses, including the use of acoustic signals that may be

directed to other individuals or to the predator. We tested competing hypotheses regarding antipredator
responses by analysing patterns of variation in the use of distress calls in campo flicker, Colaptes cam-
pestris campestris, nestlings. More specifically, we tested whether immune response and social context
(presence or absence of other individuals of the social group) were associated with variation in use of
acoustic signals in response to human handling. Individuals with higher immunocompetence used
proportionally more harsh, low-pitched calls (‘scream’ notes) than individuals with lower immuno-
competence, while the latter used mostly tonal, high-pitched calls (‘week’ notes); in both cases there was
no influence of the social context on call type. Individuals responded to the social context by giving fewer
scream notes and week notes in the presence of adults of the social group than when the adults were
absent. Although playbacks are necessary to determine the function of the calls, our results indicate that
campo flicker nestling antipredator calls could be used to attract other individuals of the group to help
defend the nestling. Also, the use of proportionally more scream notes by healthier individuals suggests
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The use of acoustic signals is a versatile form of communication,
with some species of birds having a diverse range of calls in their
repertoire (reviewed in Marler, 2004). This diversity in call types is
thought to be shaped by selective pressures acting upon both sig-
nallers and receivers, as both parties may benefit from the infor-
mation exchange when there is consistency between the signal and
the context in which it is presented (Bradbury & Vehrencamp, 2011;
Font & Carazo, 2010; Maynard Smith & Harper, 1995, 2003). Infor-
mation encoded in signals may be related to the environmental or
social context perceived by an individual, its physiological condi-
tion or motivation, or a combination of these (Bradbury &
Vehrencamp, 2011; Carazo & Font, 2010; Font & Carazo, 2010;
Marler, 2004).

One of the contexts wherein signal emission is commonly
observed is in the presence of predators. In birds, acoustic anti-
predator responses are mainly characterized by alarm and distress
calls (or fear screams). Alarm calls are vocalizations given in a
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context of danger, such as in the presence of a predator (Brémond &
Aubin, 1990; Marler, 2004). Although distress calls can be consid-
ered a type of alarm call, they present certain distinctions such as
being given when the signaller and the predator are in close
proximity, including when the signaller has been captured
(Hogstedt, 1983; Inglis, Fletcher, Feare, Greig-Smith, & Land, 1982).
Distress calls are also extremely loud and harsh, usually with long
and broadband notes, while other alarm calls usually have nar-
rower frequency bands and a higher pitch (Hogstedt, 1983; Inglis
et al,, 1982; reviewed in Marler, 2004). These characteristics pro-
vide obvious means to identify these calls for most species. The
information contained in these signals and the selective pressures
involved in their evolution, however, are unclear.

One of the many possible functions of antipredator calls is to
warn the predator that it has been detected, discouraging it from
pursuing the prey (Bergstrom & Lachmann, 2001). Another sug-
gested role is to warn kin of the presence of a predator, so they can
seek cover (Sherman, 1977). These calls may function to attract
other individuals to the site, including the parents of juveniles
(Perrone, 1980), predators other than the one causing distress
(Hogstedt, 1983; Koenig, Stanback, Hooge, & Mumme, 1991;
Perrone, 1980), and heterospecifics (Aubin, 1991; Chu, 2001;
Greig-Smith, 1984), thus generating confusion or distraction and
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allowing the prey to escape its predator. Furthermore, distress calls
could function as an honest signal of quality of the potential prey,
indicating to the predator its condition and ability to flee (Laiolo,
Tella, Carrete, Serrano, & Lopez, 2004; Laiolo et al., 2007). Finally,
distress calls could startle the predator, causing it to release the
prey (Conover, 1994).

The use of alarm and distress calls is widespread among birds
(Hogstedt, 1983; Marler, 2004), although there is considerable
variation in the use and acoustic structure of the calls. In some
species, alarm and distress calls vary in note composition, pitch or
rate of production according to the type or distance of a predator
(e.g. Branch & Freeberg, 2012; Ficken, 1990; Leavesley & Magrath,
2005; Stone & Trost, 1991; Suzuki, 2012; Zachau & Freeberg,
2012), consequently carrying additional information to conspe-
cifics about the degree of risk (Ficken, 1990). This flexibility in fine-
tuning signals has great potential for adaptive evolution, since
inappropriate signalling in this context can be extremely costly for
an individual’s fitness (Caro, 1995).

Nestlings of many bird species utter distress calls when handled
by humans (e.g. Perrone, 1980). In our study species, the campo
flicker, Colaptes campestris campestris, nestlings being handled by
humans use antipredator calls that present notes that typically
characterize distress calls (loud and harsh ‘screams’) and notes that
sound very similar to a ‘week’ call (tonal, harmonically structured,
and with slightly modulated fundamental frequency) presented by
adults of the species (Goedert 2010) and by other congeneric spe-
cies (Short, 1972). Such flexibility provides an ideal opportunity to
test the adaptive significance of these calls, as the study of plasticity
in behaviours is important to understand and predict their evolu-
tion (Mazer & Damuth, 2001). Although most of the studies on
antipredator strategies are focused on adults, nestlings are partic-
ularly vulnerable to predators. In tropical areas, nest predation is
the overall main cause of nest failure, whereas adults have high
survival rates (reviewed in Stutchbury & Morton, 2001).

In this study, we investigated how acoustic signals are used as
antipredator responses by campo flicker nestlings. We focused on
two questions. First, is the use of differently structured calls a
condition-dependent response? Previous studies have suggested
that the harshness of distress calls can be an honest signal of the
signaller’s condition (e.g. Laiolo et al., 2004; Laiolo et al., 2007). If
this is the case for campo flicker nestlings, we expected individuals
in better condition to use more scream notes (harsh, broadband
notes) relative to week notes (tonal notes) in their calls.

Second, is calling rate dependent on the social context? If calls
are directed to conspecifics, we would expect nestlings to adjust the
rate of calling in relation to the presence of adults from their social
group. If calls are directed to other receivers, possibly the predator
or other predators in the vicinity, then we would not expect a dif-
ference in calling rates when adults from the social group were
nearby and when they were not.

Considering the high degree of sociality of campo flickers (Dias,
Webster, Goedert, & Macedo, 2013) and the high degree of relat-
edness among individuals of a social group (Dias, Macedo, Goedert,
& Webster, 2013), there are at least two possible interpretations for
the function of the calls if these are directed to other individuals of
the social group: (1) to signal the presence of predators so that the
genetically related individuals can seek cover (warn kin hypothesis;
Inglis et al., 1982; Sherman, 1977); and (2) to attract other in-
dividuals that could mob the predator (cry for help hypothesis;
Hogstedt, 1983; Perrone, 1980; Rohwer, Fretwell, & Tuckfield, 1976).
As these two possible interpretations generate competing pre-
dictions for calling rates depending on the presence of conspecifics
(as proposed by Branch & Freeberg, 2012), the suggested functions
can be tested: if calls function to warn kin of the presence of
predators, nestlings should show higher calling rates when adults

Table 1

Characterization of campo flickers in this study, indicating number and sex of nes-
tlings per social group, number of adults in the social groups and the age at which
nestlings were recorded

Social group Number Number of offspring Age (days) of

of adults Males Femnales Total nestlings when
recorded

1 3 2 3 5%t 23

2 2 1 1 2% 23

3 3 1 1 2 24

4 2 1 2 31 24

5 2 1 0 1 24

6 2 3 1 4% 25

7 2-3 1 3 4 24

8 2 1 2 3 24

9 3 0 1 1 24

10 4 1 1 2 24

11 2 1 2 3 24
Total 13 17 30

* Audio recording was missing for one offspring in the group and the individual
was excluded from the analyses.

 Phytohaemagglutinin (PHA) data were missing for two offspring and both in-
dividuals were excluded from the first analysis.

¥ PHA data were missing for one offspring and the individual was excluded from
the first analysis.

of the social group are nearby; however, if calls function to attract
other individuals to the nest, we would expect nestlings to present
lower calling rates when adults of the social group are nearby.

METHODS
Study Species and Field Site

The campo flicker is a terrestrial Neotropical woodpecker
endemic to South America (Short, 1975, 1982; Sick, 1997), recog-
nized as the subspecies campestris at the northeastern portion of its
distribution (northeast Brazil to central Paraguay; Short, 1972). The
campo flicker is a facultative cooperative breeder, with a highly
complex social structure (Dias, Macedo, et al., 2013). Social groups
range from two to five individuals during the breeding season, with
all individuals engaging in reproductive activities and defence of
group territories, which range in size from approximately 20 to
80 ha (Dias, Webster, et al., 2013).

We conducted this study during the breeding season (June to
December) of 2009 at Fazenda Agua Limpa (15°57’S, 47°56'W) in
central Brazil, a site composed of a variety of typical cerrado (Bra-
zilian savannah) vegetation types. The study population had been
monitored for 2 years prior to this study, during which time we
mist-netted and marked individuals with unique combinations of
colour bands and identified social groups and territories (see Dias,
Webster, et al., 2013 for details). A social group was considered as
two or more individuals inhabiting a territory and showing terri-
torial defence behaviours such as group displays.

Fieldwork

During the breeding season, we searched territories for active
nests. Campo flickers are cavity nesters, nesting preferentially in
termite mounds, but using tree cavities in territories lacking these
structures (Dias, Webster, et al., 2013). We monitored nests every
2—3 days to check for the presence of eggs, and daily when eggs
were close to hatching. Nestlings were captured and handled 23—
25 days after the first chick hatched (nestling period lasts 29 days
on average; Dias, Webster, et al., 2013). We measured the cell-
mediated immunocompetence response of each nestling as an es-
timate of individual condition, evaluated based on skin swelling in
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response to an injection of phytohaemagglutinin (PHA) solution
(Smits, Bortolotti, & Tella, 1999). The PHA-test has been shown to
correlate not only with individual health and condition (e.g.
Alonso-Alvarez & Tella, 2001; Gleeson, Blows, & Owens, 2005; Tella,
Bortolotti, Forero, & Dawson, 2000), but also with survival (Tella,
Bortolotti, Dawson, & Forero, 2000) and life-history traits (Tella,
Scheuerlein, & Ricklefs, 2002). Birds were injected in the pata-
gium of the left wing with a solution of 0.2 mg of PHA (Sigma-
Aldrich) dissolved in 0.04 ml of sterile phosphate-buffered saline
and marked with one coloured band for identification. We
measured patagium thickness to the nearest 0.01 mm with a
pressure-sensitive micrometre (Vonder®) at the point of injection
immediately before and 24 h after application, following Smits et al.
(1999). On both the day of PHA application and the day after, we
took four consecutive measures of patagium thickness to calculate
the repeatability of these measurements.

Acoustic recording of nestlings took place on the second day of
manipulation (24 h after PHA injection) and before processing,
with the exception of nestlings of group 1 (Table 1), which were
recorded during banding on the first day. We removed all nestlings
from the nest at the same time and kept them in cloth bags, because
they usually attempted to flee when their nestmates were taken
from the cavity. One person (R.I.D.) then removed a single nestling
from the bag and held it with a ‘bander’s grip’ (The North American
Banding Council, 2001, p. 9), while a second person (D.G. or a field
assistant) recorded calls uttered by the nestlings for a total of 70 s
(10 s for adjustments of the microphone and 60 s for data collec-
tion), at a distance of approximately 1 m. We recorded the calls
using a digital recorder (Marantz PMD660) equipped with a uni-
directional microphone (Sennheiser ME66/K6), at 16 bits and
441 kHz, and saved them in wav format. Immediately after the
recording, we marked nestlings with two additional colour bands
and one metallic band, providing a unique colour combination, and
returned them to the nest.

We recorded presence or absence of members of the social
group during the recording of vocal calls of each nestling. We
considered adults to be present if there were visual and/or auditory
cues, including mobbing behaviour, alarm and mobbing calls, or
territorial calls within 20 m of the nest during the recording. Nes-
tlings had no obvious cue relative to the presence of members of
the social group before being removed from the nest, since adults
were not calling or mobbing upon our arrival at the nest site, and
only older nestlings (28 days) were ever observed looking out of the
cavity (D. Goedert, personal observation). We did not quantify
variation in behaviour of adults of the social group, but they
generally mobbed and called intensively almost immediately upon
the start of our recordings (whether they were present before or
flew in as a response to the nestlings’ calls). On only one occasion
did adults leave the vicinity of the nest while we were still handling
the nestlings.

Thirty nestlings from 11 different groups were included in the
analyses (Table 1). We repeated the analyses excluding group 1,
since these nestlings were recorded differently, but there were no
changes in results (results not shown).

Sound Analyses

We measured acoustic properties of calls using Raven Pro 1.4
(Cornell Lab of Ornithology, Ithaca, NY, U.S.A.). Spectrograms were
visualized in Hann window (DFT: 1024 Hz, 512 window size, with
80.1% overlap for the time axis of the matrix and a hop size of 102).
We eliminated the first 10 s of the recording to account for possible
variation in calling rate and call type while nestlings were being
released from the bag and while they were being held by the
researcher, and also allowing for adjustments in the gain of the

microphone for the recordings. We considered notes as individual
elements isolated by at least 60 ms (Brown, Farabaugh, & Veltman,
1988). In a preliminary inspection, we selected every visual
element in the spectrogram using the ‘selection’ tool in Raven Pro
as precisely as possible. We calculated the time between notes as
the difference between the end time of one element and the
beginning time of the next element. For any two elements sepa-
rated by less than 60 ms, we adjusted the selection boundaries in a
waveform. We then recalculated the time between elements and
considered as single notes any apparent individual elements that
did not extrapolate the 60 ms threshold. Notes that started during
the first 10 s of the recording were not measured, even when the
note exceeded this time limit. Notes that started during the 70 s of
recording were counted even if they exceeded the 70 s limit.

All recordings were visually and acoustically inspected and each
note was classified as a ‘scream’ or ‘week’ note based on its acoustic
structure. We considered a note to be a week if it was narrow-
banded and harmonically structured, with a slightly modulated
fundamental frequency, and had a central frequency that ranged
from approximately 1.5 to 3 kHz, as described for week calls of
adults (Goedert, 2010; Supplementary Audio S1). Adults have been
observed to utter week calls when they are approached by an
observer or a potential predator, as well as when they are caught in
a mist net (Goedert, 2010). Alternatively, we considered a note to be
a scream if it had characteristics commonly described for distress
calls of several species of birds, such as those having a broad fre-
quency band and a harsh component (frequency modulation; e.g.
Marler, 2004; Mathevon, Aubin, & Brémond, 1997; Supplementary
Audio S2). In contrast, adults rarely produce scream notes, and on
the few occasions in which it has been observed, they produced
scream notes only when captured in a mist nest (D. Goedert, per-
sonal observation). Only notes that presented acoustic structures
that could be assigned to one of these two descriptions were
counted.

Finally, we inspected calls for distortions and clipping, selecting
the ones without these issues for structural characterization of the
notes (N =512 notes, from 15 individuals). For each note, we
measured the peak (or dominant) frequency, the average entropy
(distribution of energy between the upper and lower frequency
bounds, averaged over time), the total energy and the duration of
the note considering boundaries containing 90% of the total energy
of the call (duration 90%). The latter was chosen because the usual
method of measuring duration relies on visual determination of the
boundaries and is therefore bound to reflect subjective variation
among researchers. Duration 90% is a more robust measure, as
small alterations in the delimitations of a selection will not affect its
value (Charif, Waack, & Strickman, 2010). Average entropy indicates
the pattern of distribution of energy along the frequency domain
within a note, with high values indicating a greater distribution of
energy along the frequency domain, while a value of zero indicates
a sound where all energy is concentrated in a single frequency bin
(Charif et al., 2010). For statistical comparison of acoustic charac-
teristics of the notes, we included in analyses only calls of in-
dividuals that contained both alarm and distress notes (N = 199
notes from 6 individuals).

Statistical Analyses

We used the statistical software R (R Development Core Team,
2013) for all statistical analyses. We calculated the mean and
standard deviation for each acoustic variable of the notes, and used
mixed effects models with each of the acoustic variables as the
response variable and the type of note as the fixed effects, including
individual identity as a random effect. Duration 90%, peak fre-
quency and total energy were log transformed to meet assumptions
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of the models. We used a Bonferroni correction to account for
multiple comparisons between the two types of call, considering
P =0.0125 as the significance level (Cabin & Mitchell, 2000). In
addition, we calculated effect sizes (d) for each of the variables,
following Nakagawa and Cuthill (2007). We obtained confidence
intervals (CI) for each of the effect sizes through a bootstrapping
procedure modified from R codes provided at www.bio.bris.ac.uk/
research/behavior/effectsize.htm (see Nakagawa & Cuthill, 2007).
In summary, for each acoustic variable, we added the fitted values
to resampled residuals of the mixed model, obtaining new response
variables. We then used each new response variable in a model
with the same structure as the original models. We repeated this
process 10 000 times for each acoustic variable, obtaining a distri-
bution of 10 000 values of effect size, from which the region within
the 2.5% quantile to the 97.5% quantile represented the 95% CI.

In addition, we performed a discriminant function analysis
(DFA) to assess whether scream and week call notes could be
discriminated based on their acoustic structure. Since DFA requires
data to be balanced, we removed one individual that had a single
scream note in its call, and used three randomly selected notes of
each type per individual. Because the number of parameters in the
analysis should not exceed one less than the sample size in the
smallest unit, we only included two of the acoustic variables
measured in the analyses. We chose to include peak frequency and
average entropy as our variables of interest, as pitch and harshness
of calls are known to affect propagation and ease of source location
(reviewed in Marler, 2004). Moreover, peak frequency signals
predation risk in Mexican chickadees, Parus sclateri (Ficken, 1990)
and white-browed scrubwrens, Sericornis frontalis (Leavesley &
Magrath, 2005), for example, as well as influences the identifica-
tion of heterospecific alarm calls in the superb fairy-wren, Malurus
cyaneus (Fallow, Pitcher, & Magrath, 2013). Therefore, peak fre-
quency seems to be an important acoustic property in the
discrimination of calls. Because the selected notes could have a
significant impact on the results, we repeated the random selection
of notes and the DFA 1000 times (Mundry & Sommer, 2007). Peak
frequency was log transformed to meet the assumptions of
normality, and prior probabilities were set as equal for each of the
note types. For each of the DFA, then, we used the leftover notes
(N =150) to cross-validate our discriminant functions (hold-out-
sample cross-validation), obtaining a distribution of proportion of
correctly classified notes from the original data.

Finally, because of the nonindependence of multiple notes
belonging to the same individual, we also performed a permuted
DFA (pDFA), following Mundry and Sommer (2007). The pDFA
differs from the regular DFA because notes of each individual are
randomized between the two types of notes before the DFA is run.
We also repeated this 1000 times, and used the left-over notes for
cross-validation, obtaining a distribution of the proportion of
correctly classified notes from the permuted data. We then used
this distribution of permuted values to calculate the 95% upper
quantile, which corresponds to the proportion of correctly classi-
fied notes expected with a probability of 5% or lower.

We estimated the repeatability of the patagium thickness
measurements from the intraclass correlation coefficient (ICC) of a
one-way ANOVA, using the package irr (Gamer, Lemon, & Singh,
2012). Because of the high repeatability of the measures (pre-
exposure: ICC=0.807, F,gg7 =177, P<0.001; postexposure:
ICC = 0.747, Fogg7 = 12.8, P < 0.001), we considered the difference
between pre- and postexposure mean thickness as a measure of the
cell-mediated immunocompetence response of each individual
(Smits et al., 1999).

The use of a week note or a scream note are mutually exclusive
for any given note, resulting in a negative correlation between the
relative use of different note types since the recording time was

kept constant. Thus, we performed a principal component analysis
on the correlation matrix for the number of notes given for each of
the calls, after log transforming the number of week call notes. This
resulted in a first principal component (PC1) containing 77.86% of
the variance in the data that was positively correlated with the
number of week call notes (eigenvalue =0.71). Therefore, we
considered this PC1 to be a measure of the vocal call used, with
positive loadings denoting individuals that presented relatively
more week call notes and negative loadings denoting individuals
that used relatively more scream call notes. We avoided using the
proportion to represent call type use because it generated a trun-
cated distribution of residuals.

To investigate whether the behavioural response of campo
flicker nestlings was condition dependent, we conducted a mixed
effects model analysis with call type use (PC1) as the response
variable. As fixed predictive effects, we included response to PHA
(log transformed to meet model assumptions of normality) and
social context (presence/absence of group members, as a binary
variable). Social context was included in this model since, if the use
of scream call notes over week call notes is a condition-dependent
strategy, we expected call type use to be independent of the social
context. As siblings could hear each other calling, and the presence
of parents during the handling of each sibling was nonindependent,
we included social group and the order in which nestlings were
recorded as random effects. We then constructed a second model to
investigate whether individuals’ call rates differed based on social
context. Since total duration of the recording was the same for all
nestlings (i.e. 60 s), the total number of notes produced represents
the calling rate of notes per minute. Social context and PC1, as well
as their interaction, were included as fixed effects.

For both models, sex was initially included as a covariate, but
was not significant. Therefore, it was removed from subsequent
analyses to avoid overparameterization of analyses. Similarly, we
compared the complete models with those that did not include the
order of recording as a random factor, all fitted with restricted
maximum likelihood (REML), using likelihood ratio tests (LRTs), to
select the best structure of random factors for the data (Bates, 2010;
Pinheiro & Bates, 2000; Zuur, Ieno, Walker, Saveliev, & Smith, 2009).
Significance level when testing for random effects was considered
at 0.10, as this comparison using LRT is known to be conservative
(Bates, 2010; Pinheiro & Bates, 2000). We removed the effect due to
order in which individuals were recorded if it did not significantly
improve model fit. Social group was always maintained in the
model to account for nonindependence.

For each model, we visually inspected the normal probability
plots of the residuals, the plots of the standardized within-group
residuals by the within-group fitted values, and the normal prob-
ability plots for each of the levels of the random effects to verify
whether the assumptions of normality of the within-group errors,
homogeneity of variance and normality of random effects, respec-
tively, were met, and for the presence of outliers (Pinheiro & Bates,
2000). We also checked for patterns of nonlinearity by plotting
residuals against the explanatory variables (Pinheiro & Bates,
2000). Because of the unbalanced design, we obtained confidence
intervals and P values for the estimates of fixed effects with
Markov-chain Monte Carlo (MCMC) simulations (N = 1000 000)
using the package languageR (Baayen, 2011). Finally, we calculated
Cook’s distance to verify whether extreme observations repre-
sented influential points using the package influence.ME
(Nieuwenhuis, te Grotenhuis, & Pelzer, 2012).

Ethical Note

This study was conducted in accordance with the current laws in
Brazil (permits 14368 and 2056, from Instituto Brasileiro de
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Recursos Renovaveis, IBAMA). We attempted to minimize distur-
bance by keeping handling of the nestlings to a minimum, and
leaving the nearby area immediately once procedures were
finished. Nestlings were removed from and returned to the nest all
together, and kept in cloth bags until they were processed. Keeping
nestlings in bags during their siblings’ handling seemed to result in
less adverse impacts than removing and returning nestlings one at
a time, as previous experience with returning one nestling while
still handling its siblings resulted in one case of premature fledging
(D. Goedert, personal observation). At age 28 days, we checked
nests for the presence of nestlings and conducted observations on
parental activity as part of a different study (Dias, Webster, et al.,
2013). All nestlings used in this study survived until fledging, and
none of the nests were abandoned by the adults.

RESULTS
Differences Between Call Types

Campo flicker nestlings gave week notes that were narrow-
banded compared to scream notes and that showed frequency
modulation, with the frequency decreasing from the beginning to
the end of the note, forming a ladder shape (Fig. 1a). The notes
(N = 202 notes, 11 individuals) were harmonically structured with a
mean + SD peak frequency of 3.48 +0.43 kHz (range 2.41—
5.86 kHz) and an average entropy of 4.89 4+ 0.33. Scream notes

(a) 20

1540

Frequency (kHz)

(N =309 notes, 10 individuals), in turn, were broadbanded, with
peak frequency ranging from 1.16 to 6.76 kHz (mean +SD:
3.01 £0.69 kHz; Fig. 1b) and an average entropy of 5.67 + 0.49.
Week notes had a higher peak frequency (Pwvicmc= 0.001;
d = 0.477; 95% CI: 0.234, 0.894; N = 198 notes, 6 individuals) and a
lower average entropy (Pycmc < 0.001; d =-1.562; 95% CI: -1.759,
-1.379; N = 199 notes, 6 individuals) than scream notes.

Moreover, week notes ranged in duration 90% from 0.01 to
0.10 ms (mean + SD: 0.07 + 0.01 ms) and were shorter than scream
notes (Pycmce < 0.001; d =-3.387; 95% CI: -3.968, -3.020; N = 198
notes, 6 individuals), which ranged from 0.05 to 1.28 ms
(0.33 £ 0.15 ms). Total energy of week and scream notes were
126.40 + 3.34 and 126.79 + 5.13, respectively, and did not differ
(Pmemc = 0.34; d = 0.142; 95% CI: -0.122, 0.344; N = 198 notes, 6
individuals).

DFA indicated that scream and week notes could be distin-
guished based on their peak frequency and average entropy, with a
cross-classification indicating an average of 88.96% calls correctly
classified (range 84.11-93.38%; Fig. 1c). This classification average
was significantly greater than that expected by chance (pDFA, 95%
quantile: 69.53%, range 23.18—75.50%; Fig. 1c).

Variation in Use of Call Types

Vocal call type used by nestlings was significantly associated with
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Figure 1. Examples of (a) a week note and (b) a scream note of a campo flicker nestling (also see Supplementary Audio S1 and S2, respectively). (c) Notes can be distinguished based
on structural characteristics, as shown by the distributions of the proportion of correctly classified notes for the original and permuted data obtained from hold-out-sample cross-
classification from a DFA and a pDFA, respectively. The dashed line in (c) indicates the limit of the 95% quantile for the distribution of the permuted data.
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-1.2908 + 0.3158; 95% CI: -1.992, -0.3231; Pyicvmc = 0.0084) and un-
related to the social context (estimate + SE: -1.2334 + 0.6290; 95%
Cl: -1.145, 1.0647; Pycvic = 0.9764). Individuals in better condition
used relatively more scream notes (Fig. 2). Removing social context
from the model did not affect the relationship between call usage
and cell-mediated immunocompetence response (estimate + SE:
-1.1745 4+ 0.3521; 95% CI: -1.978, -0.3504; Pyicvc = 0.0072).

We found significant effects of call type used (estimate +SE:
-11.264 + 3.339; 95% CI: -18.04, -4.111; Pycmc = 0.0031) and social
context (estimate +SE: -24.628 &+ 7.790; 95% Cl: -41.47, -7.302;
Pyricvic = 0.0084) on total number of calls uttered per minute. In-
dividuals that predominantly used scream call notes had higher
calling rates than individuals that predominantly used week call
notes, and all individuals called at a higher rate when adults were not
present (Fig. 3). Total number of calls uttered by nestlings was not
affected by the interaction between call type used and social context
(Pmcmc > 0.05), so the interaction was removed from the final model.

One observation presented a distinctly low value for the immu-
nocompetence response variable (0.04 mm), and this same obser-
vation had a large Cook’s distance (1.16), indicating it had a large
effect on the slope of the regression. Also, including this observation
resulted in residuals that suggested a pattern of nonlinearity when
plotted against the fitted values, a pattern not seen when the
observation was removed. Therefore, we considered it an outlier and
removed it from the first analysis (Fig. 2). The results were qualita-
tively identical for the models with and without this observation. In
the second analysis, one observation presented a large Cook’s dis-
tance value (0.94, more than twice that of the next most influential
observation), and was removed from the analysis (Fig. 3). Including
this influential point in the analysis did not qualitatively change the
effect of social context, but the effect of PC1 became nonsignificant
(Pmcmc = 0.10). Recording order was removed from both models, as
it did not significantly improve the fit (LRT, P > 0.1). Variance for
social group identity was estimated as 1.496 in the first model, which
represented 50.7% of the total variance. The final model for calling
rates, on the other hand, accounted for less than 1% of the total
variance associated with social group identity.

DISCUSSION

Our findings support the hypothesis that the use of scream notes
over week notes is a condition-dependent response. Individuals

Call type
[ ]
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-3 -2 -1 0

Response to PHA (log)

Figure 2. Type of call produced by nestlings in relation to cell-mediated immuno-
competence response (response to phytohaemagglutinin, PHA, injection) in the pres-
ence (triangles) or absence (circles) of adults, with the estimate represented by a solid
line and the 95% confidence interval indicated by the dotted lines. The arrow indicates
an influential outlier that was removed from the analyses.
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Figure 3. Call rates (notes per min) by type of call produced under two social contexts:
when adults of the social group were present (triangle; dotted line) or absent (circle;
solid line); with 95% confidence intervals indicated by the shaded areas. The arrow
indicates an influential outlier that was removed from the analyses.

with stronger cell-mediated immune responses gave more scream
notes than individuals with lower immune responses, and the
latter were more likely to use week notes. Individuals that used
more scream notes, in addition, had higher calling rates than in-
dividuals that gave more week notes, with calling rates of both
scream and week calls being dependent upon the external context
faced by the caller: individuals had lower calling rates when adults
were present. Both calls, therefore, seem to be directed to the adults
of the social group, possibly acting as a ‘call-for-help’ signal. Addi-
tionally, the use of more scream notes than week notes possibly acts
as an honest signal of the nestlings’ health status to the social group
and/or to the predator.

Honesty of distress calls could be evolutionarily maintained
through its association with the individual’s quality, as a ‘perfor-
mance’ signal (Bradbury & Vehrencamp, 2011; Maynard Smith &
Harper, 1995, 2003) if predators respond to distress calls by mov-
ing on to more vulnerable prey that may yield a higher capture
success (Bradbury & Vehrencamp, 2011; Cresswell & Quinn, 2004;
Pole, Gordon, & Gorman, 2003). Although this hypothesis may
explain the use of distress calls in other species of birds or in sit-
uations where the predator has not yet captured the bird, we argue
that it is unlikely that campo flicker nestlings, once captured, could
elicit a release response from the predator. Snakes, which are a
common nest predator, have sound vibration sensitivity at very low
frequencies (e.g. 80—160 Hz; Christensen, Christensen-Dalsgaard,
Brandt, & Madsen, 2012). Based on reports of Mustelidae (e.g.
Fargallo, Blanco, Potti, & Vifiuela, 2001) and Felidae (e.g.
Altamirano, Hernandez, de la Maza, & Bonacic, 2013) preying on
cavity nests, other possible predators of campo flicker nestlings
found in the Cerrado are medium-sized mammals, such as the
tayra, Eira barbara, and the jaguarundi, Puma yagouaroundi
(Marinho-Filho, Rodrigues, & Juarez, 2002). Therefore, captured
nestlings are most likely always vulnerable to such predators,
which should not be selected to choose among the nestlings on the
basis of performance signals.

Honesty could also be maintained by a high cost in the produc-
tion of this signal, such that individuals in poorer condition are un-
able to meet this cost (handicap signals; Bradbury & Vehrencamp,
2011; Maynard Smith & Harper, 1995, 2003; Zahavi, 1975). One
possibility is that vocal activities, including singing, are activities
with high energetic demands. Evidence of this, however, is still
equivocal (Chappell, Zuk, Kwan, & Johnsen, 1995; Eberhardt, 1994;
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Thomas, 2002; Ward, 2004; Ward, Speakman, & Slater, 2003; see
also Gaunt, Bucher, Gaunt, & Baptista, 1996). In starlings (Sturnus
vulgaris), an increase in 16 dB in song intensity results in a 16% in-
crease in oxygen consumption (Oberweger & Goller, 2001), indi-
cating that sounds containing more energy could be more
energetically costly. In campo flickers, we found no difference in total
energy between scream notes and week notes. Although total energy
may not be the only important variable representing costs (e.g. see
Gil & Gahr, 2002), we have no evidence that scream notes are more
energetically costly to produce than week notes.

Alternatively, physiological constraints could be acting to impair
an individual’s ability to produce scream calls. In mammals, in-
dividuals with higher glucocorticoid levels have been shown to
produce more tonal (i.e. less harsh) alarm calls in the context of fear
reactions (Blumstein & Chi, 2012). In addition to tonality, the pitch
of the calls seems to be under physiological constraint. Higher-
pitched begging calls have been associated with body condition
in nestlings of Wilson’s storm-petrels, Oceanites oceanicus
(Gladbach, Buesser, Mundry, & Quillfeldt, 2009) and barn swallows,
Hirundo rustica (Sacchi, Saino, & Galeotti, 2002), for example. Also,
yellow-legged gull, Larus michahellis, embryos developing in eggs
that had been injected with a glucocorticoid produced higher-
pitched embryonic vocalizations compared with those in the con-
trol treatment (Rubolini et al., 2005). Glucocorticoid levels have
been found to increase in birds subjected to poor environmental
conditions such as food deprivation (Breuner, Patterson, & Hahn,
2008; Kitaysky, Kitaiskaia, Wingfield, & Piatt, 2001; Saino,
Suffritti, Martinelli, Rubolini, & Mpgller, 2003; Wingfield &
Kitaysky, 2002), and also to suppress immune function (e.g.
reviewed in Aapanius, 1998; Martin, Gilliam, Han, Lee, & Wikelski,
2005; Rubolini et al., 2005; Saino et al., 2003). Therefore, stress
levels may mediate the relationship between individual condition
and the use of distress calls, such that individuals in worse immune
condition cannot produce harsh, low-pitched calls. Our results are
consistent with this proximate mechanism, and further studies
could test the hypothesis that stress constrains production of harsh
vocal calls by experimentally manipulating the physiological con-
dition of nestlings.

The association between calling rate and social context indicates
that these calls are motivational signals directed to other in-
dividuals of the social group. More specifically, the decrease in
signalling rates in the presence of adults supports the hypothesis
that both call types function to attract the group to the nest and,
consequently, could stimulate adults to mob the predator. In this
species, we observed both parents as well as other individuals from
the social group actively mobbing opportunistic predators (e.g. toco
toucan, Ramphastos toco, southern crested caracara, Caracara
plancus) and other cavity-nesting birds near the nest. Considering
the high degree of relatedness among group individuals (Dias,
Macedo, et al., 2013), the benefit to receivers of responding to
these signals and rescuing nestlings would include gains through
indirect fitness (Hamilton, 1964a, 1964b). Moreover, evolution
should favour parents that adjust investment according to nestling
quality (reviewed in Montgomerie & Weatherhead, 1988), and
future studies should focus on the response of adults to variation in
nestlings’ use of calls to test this hypothesis.

Finally, we cannot reject the secondary predator attraction hy-
pothesis (Hogstedt, 1983; Koenig et al., 1991; Perrone, 1980).
Distress calls of other woodpeckers have been shown to attract
predators (Koenig et al., 1991), and we observed birds of prey flying
over the area when nestlings gave scream calls on two occasions,
providing anecdotal evidence that predator attraction is one
possible function of campo flickers’ distress calls. Playback exper-
iments are necessary to test whether secondary predation attrac-
tion is a function of these calls.

We speculate, however, that a predation attraction function
would most likely be associated with scream calls and not week calls,
based on differences in the acoustic structural properties of these
two call types. Structural characteristics of the campo flicker scream
notes include a broad frequency spectrum, sudden breaks and
repetitiveness, which possibly result in long-distance signal propa-
gation, and a relatively easy identification of the source location
(Hogstedt, 1983; reviewed in Marler, 2004). In contrast, week notes
have a narrower frequency band and a higher peak frequency, which
possibly results in decreased propagation distance and increased
difficulty in source location (reviewed in Marler, 2004). Considering
the stable social structure presented by the campo flicker, it is
reasonable to expect that parents and other individuals of the social
group will be closer to the nest more often than potential predators.
Given that group members know the nest location, they can rely on
cues derived from the acoustic properties of calls when deciding
whether to attend the nest, even when the acoustic structure does
not allow the source to be easily located. For example, a call structure
that results in fast attenuation may provide individuals with a cue
that the source is nearby, indicating that the signal is coming from
the group’s territory. Therefore, both scream and week calls could
function to attract the social group, while only scream calls would
possibly attract secondary predators, which do not have previous
knowledge of the nest location. The use of scream calls, then, could
be advantageous over the use of week calls by increasing the number
of receivers that can respond. This suggests that week calls may
represent ‘the best-of-a-bad-job’ response, and that the flexibility in
antipredator responses may be adaptive (see Conover, 1994;
Pigliucci, 2005) if individuals that use week calls have higher sur-
vival rates than individuals that show no antipredator response.

In conclusion, our results demonstrate that the use of different
acoustic antipredator responses in campo flicker nestlings is related
to both the internal and external condition of the signaller.
Therefore, although the receiver’s behaviour in response to these
calls still needs to be evaluated, our results shed light on possible
functions of the calls from the sender’s perspective (see
Vehrencamp, Hall, Bohman, Depeine, & Dalziell, 2007). Moreover,
we show that communication between individuals of a social group
in an antipredatory context can be complex, in agreement with the
idea that sociality and communication complexity coevolve
(reviewed in Freeberg, Dunbar, & Ord, 2012). Finally, our results
suggest that the flexibility in use of calls could be adaptive,
providing a starting point for future studies on the function of these
calls and the evolutionary causes of variation in antipredator
behaviour in campo flickers and other species with alternative
antipredator strategies.
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