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Signals of dominance and fighting ability (i.e. status signals) are found in a

wide range of taxa and are used to settle disputes between competitive

rivals. Most previous research has considered status-signal phenotype as

an attribute of the individual; however, it is more likely that signal expres-

sion is an emergent property that also incorporates aspects of the social

environment. Furthermore, because an individual’s signal phenotype is

likely to influence its social interactions, the relationships between status

signals, social environment and individual quality are probably much more

complex than previously appreciated. Here, we explore the dynamic relation-

ship between social interactions and signal expression in a previously

undescribed status signal, the frontal shield of the pukeko (Porphyrio porphyrio
melanotus: Aves). We demonstrate that frontal shield size is a strong pre-

dictor of dominance status within social groups, even after controlling

for potentially confounding variables. Then, we evaluate the relationship

between social interactions and signal expression by testing whether mani-

pulating apparent shield size influences (i) dominance interactions and

(ii) future signal expression. By showing that decreasing apparent shield size

causes both an increase in the amount of aggression received and a decrease

in an individual’s true shield size, we provide the first evidence of dyna-

mic feedback between signal expression and social interactions. Our study

provides important insight into the role of receiver-dependent (i.e. social)

costs in maintaining signal honesty and demonstrates a unique approach

to studying status signalling applicable to future studies on dynamic

morphological signals.
1. Introduction
Signals of dominance and fighting ability are used to settle disputes over mates

and other resources, and are found in a wide range of taxa [1]. In some species,

signals used in a competitive context are inherently related to some aspect of

biological quality (e.g. mammalian acoustical formant frequency is intrinsically

tied to body size [2,3]), and thus the production of reliable signals is enforced.

However, many animals use convention-based signals of quality (i.e. ‘arbitrary

signals’) that are not obviously physically tied to any aspect of quality. Under-

standing the factors that maintain a correlation between these signal traits

and the unobservable qualities that they reveal has been a major focus of

behavioural biology for the last 40 years [4–9].

A prevailing view in animal communication research is that conventional

signals are honest because their production is differentially costly to indivi-

duals of different quality (the handicap principle [4,5]). Under this model,

signal phenotypes are determined by the intrinsic quality of the individual,

and signal reliability is maintained by receiver-independent costs. Receivers

are selected to attend to these signal traits because they provide reliable infor-

mation that can be incorporated into deciding whether to engage in a physical

contest with a rival. However, this model is problematic for two reasons: first,

there is considerable evidence that conventional signal expression is influenced

by social interactions [10–15]. For example, previous studies have demonstrated

http://crossmark.crossref.org/dialog/?doi=10.1098/rspb.2013.2680&domain=pdf&date_stamp=2013-11-27
mailto:deycj@mcmaster.ca
http://dx.doi.org/10.1098/rspb.2013.2680
http://dx.doi.org/10.1098/rspb.2013.2680
http://rspb.royalsocietypublishing.org
http://rspb.royalsocietypublishing.org


rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20132680

2
that changes in dominance rank per se can cause corresponding

changes in status-signal phenotypes [12–14], and also that

population density can influence signal honesty [15]. Second,

the aspects of quality that status signals are purported to

correlate with (e.g. health status, androgen levels) are highly

dynamic and themselves respond to various social factors

[16,17]. Thus, signal expression in many species is probably

an emergent property that incorporates both aspects of an

individual’s intrinsic quality and also the individual’s social

environment. As a result, the simplistic model in which status

signals influence social interactions in a unidirectional manner

is probably unrealistic, and the relationships between signal

expression, social interactions and individual quality are

likely to be much more complex than is widely appreciated.

Perhaps the best method of investigating the relationship

between signals and social interactions is through cosmetic

signal manipulation. While many studies have examined

the effect of signal manipulation on receiver behaviour [7],

we know much less about the feedback effects of signal

manipulation on the signaller themselves (but see [18,19]).

Because cosmetic signal manipulation does not have a

direct effect on the receiver-independent costs of signal pro-

duction, any observed differences in the cost of bearing

signals is likely to be owing to changes in social interactions

(i.e. the receiver-dependent costs). If signal expression is influ-

enced by receiver-dependent costs, then manipulation of signal

phenotype should cause changes in the social interactions

experienced by the signaller. Furthermore, because the social

environment can have a strong influence on animal pheno-

types [10–15], it is also possible that changes in apparent

signal phenotype may provide feedback on the same processes

that control true signal expression. While such a feedback

mechanism of signal expression is yet to be demonstrated,

recent evidence suggests that the relationship between signal

expression and individual quality is more dynamic than

previously appreciated [20]. In a study on North American

barn swallows (Hirundo rustica erythrogaster), Safran et al. [19]

found that experimentally enhancing male chest plumage

reverses a seasonal decline in androgens, likely owing to

changes in social interactions experienced by the manipulated

individuals. Because androgens have been widely implicated

in the regulation of status signals, it seems likely that signal

expression could be influenced by the very social interactions

that are the outcome of the signal itself.

In this study, we explore putative feedback effects between

social interactions and signal expression in a hitherto unde-

scribed badge of status, the frontal shield of the pukeko

(Porphyrio porphyrio melanotus). This cooperatively breeding

bird lives in permanent, mixed-sex social groups [21,22].

Within each group, individuals have frequent agonistic inter-

actions over access to resources [23,24]. Both male and female

pukeko have conspicuous frontal shield ornaments that

extend from the bill upwards to cover the front of the crown.

These ornaments, which are found in several species in the

family Rallidae, are testosterone-dependent and have the

ability to change size over short time periods [25,26]. Pukeko

prominently display their frontal shields during aggressive

interactions [23], and population differences in shield

dimorphism are thought to be owing to variation in the

intensity of intrasexual competition [27].

To explore the relationship between dominance and fron-

tal shields, we first investigated the relationship between

frontal shield size and dominance status, while controlling
for other traits that could be important in determining

social rank. As pukeko prominently display frontal shields

in aggressive interactions, we predicted that frontal shield

size would be correlated with dominance status. We then

explored whether there is a dynamic relationship between

signal phenotype and social interactions by testing two key

predictions of the model outlined above: (i) that changes in

signal expression influence social interactions and (ii) that

changes in signal expression cause feedback effects that

alter future signal expression. In order to test these predic-

tions, we reduced the apparent size of the frontal shield in

two separate experiments, and assessed whether the manipu-

lation caused changes in dominance interactions and true

shield size, respectively.
2. Material and methods
(a) Behavioural observations
This study was conducted at the Tawharanui Open Sanctuary,

New Zealand (368220 S, 1748490 E). In 2010 and 2012, pukeko

were banded as part of a larger study on social behaviour. Upon

capture, a suite of morphological measurements were taken

including measures of body size (mass) and frontal shield size.

Birds were also sexed by measurement according to Craig et al.
[28]. Shield area (as determined using digital photography) is

highly correlated with field-measured maximum shield width

(R2 ¼ 0.87, n ¼ 50), thus we use maximum shield width as our

measure of shield size throughout, as it is straightforward and

highly repeatable (standard error of measurement ¼ 0.13 mm,

mean adult shield size ¼ 24.8 mm). Previous research has demon-

strated that frontal shield colour does not correlate with

dominance status, and thus we do not consider shield colour in

this study (C. J. Dey 2012, unpublished data).

In 2012, we performed detailed behavioural observations on 11

social groups in which all group members were banded. Obser-

vations were conducted during January and February 2012,

which is outside of the peak breeding season for pukeko at this

site (breeding typically occurs between August and November at

this site). Each group was observed for 30 min per day between

06.30 and 10.00, for 10 days. Approximately 50 g of dried maize

was placed in a small pile on the territory of the focal group

immediately prior to each observation period to increase the fre-

quency of interaction between group members [24]. Pukeko were

accustomed to human presence at this site and quickly resumed

normal behaviours following this disturbance. Observers were

concealed in a camouflaged hide and recorded all dominance

interactions during the observation period.

(b) Frontal shield manipulations I: effects
on dominance behaviour

From April 2013 to June 2013, we performed a shield reduction

experiment to test the prediction that changes in signal phenotype

would influence dominance interactions involving the focal indi-

vidual. We randomly selected one adult male out of the banded

males in each of 22 social groups (on average 68% of the birds

were banded in these groups). Next, we performed a series of

five baseline behavioural observations (duration: 30 min each) on

each of the focal males (one per day for 5 days). These observations

were similar to the group behavioural observations described

above, except that the observer followed a single individual (i.e.

the focal individual) and recorded the observation period with a

video camera (Sony HDR-PJ260, Tokyo, Japan). Following these

baseline observations, the focal individual was trapped (n ¼ 6

individuals could not be trapped and were therefore excluded),



Table 1. Linear mixed-effect model of factors predicting social dominance
in pukeko. The model allows for a random intercept for each social group
and includes data from 82 individuals in 11 groups. Significant p-values are
shown in italic.

fixed effect estimate
95% CI
estimate p-value

model 1

shield width 0.19 0.15, 0.24 ,0.0001

model 2

shield width 0.09 0.03, 0.16 0.008

mass 0.005 0.002, 0.007 0.0002

sex 0.001 20.27, 0.27 0.99

shield width �
sex

0.05 20.01, 0.11 0.10

mass � sex 0.001 20.002, 0.003 0.62
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and alternately assigned to a shield reduction (n ¼ 8) or a control

treatment (n ¼ 8). The shield reduction treatment was conducted

by applying a small amount of black paint (Spraypack Quick

Dry, Dulux, Lower Hutt, New Zealand) to the perimeter of the

shield using a small brush, such that the paint made a 6 mm

border surrounding the shield. As the plumage surrounding the

shield is also black, this treatment caused the shield of the manipu-

lated individuals to appear smaller. Individuals assigned to the

control group had red paint applied in a similar fashion. This treat-

ment did not change the apparent shield size in the control

individuals. A pilot study demonstrated that such treatments last

for 4–6 days and that the paint used closely matches the reflectance

of the plumage (black) and shield (red), respectively (see the elec-

tronic supplementary material). The paint was allowed to dry

for 5 min before birds were released back onto their territory. To

determine whether manipulation of apparent signal phenotype

influenced aggressive interactions, we then conducted a further

five behavioural observations (duration: 30 min each) on each

focal individual, beginning 2 days after the manipulation. Videos

collected from this experiment were reviewed by two individuals

who were blind to the treatments and the study objectives. They

observed the videos in a randomized order and recorded all dom-

inance interactions that occurred between the focal individual and

other group members.

(c) Frontal shield manipulations II: effects on shield size
During March and April 2012, we manipulated frontal shield size

to test the prediction that changes in apparent shield size would

cause changes in true shield size. In 25 social groups, we captured

a single male pukeko per group. The first male to enter the trap in

each social group was used. Morphometric measurements were

taken as described above. Captured individuals were then ran-

domly assigned to a shield reduction treatment (n ¼ 13) or a

control treatment (n ¼ 12) by coin-flip, which was identical to

the procedure described above. Approximately one week after

the treatment (mean ¼ 6.1 days, range ¼ 6–9 days), we recaptured

as many manipulated and control individuals as possible (n ¼ 9

control, n ¼ 7 treatment). Upon capture, individuals were sub-

jected to the same set of morphological measurements as were

performed prior to the treatment. In most birds, the treatment

had worn off by the time of recapture and the measurements

were performed blind to the treatment. However, in four birds

the treatment was visible during this recapture event, and thus

analyses were performed both with and without these birds.

(d) Analysis
All analysis was conducted using R v. 3.0.1 [29]. First, we exam-

ined the relationship between social status (David’s dominance

score [30]) and frontal shield size. Typically, studies of status sig-

nalling test for a correlation between signal phenotype and some

measure (or proxy measure) of dominance to suggest that the

focal signal is informative. We followed these methods, but

importantly we also tested to see whether social dominance is

predicted by shield size after controlling for confounds. We

used two linear mixed-effect models to evaluate the relationship

between social dominance and shield size, using normalized

David’s score as our response variable (see the electronic sup-

plementary material). In our first model, we used shield width

as the sole fixed effect to estimate the potential information

content of frontal shield status signals. In our second model,

we included shield width, mass, sex and two-way interactions

between shield width and sex, and mass and sex. These inter-

actions were included because the relationship between badge

size and dominance, and mass and dominance, could vary

between the sexes owing to differential selective pressure on

competitive traits [31,32]. If shield width is a significant predictor

of dominance even after controlling for these covariates, it would
suggest a strong relationship between signal phenotype and

dominance that is independent of body size and sex.

We used a general linear model to test for treatment effects

on true shield size. In this analysis, the shield width at recapture

was modelled as a function of treatment (reduction/control)

and the individual’s pretreatment shield width. Additionally, we

used three Poisson family generalized linear mixed models

(GLMMs) to analyse how our shield reduction treatment affected

the dominance interactions directed at our focal individuals.

In each of these models, we included two fixed effects: time

(before/after treatment) and treatment (reduction/control), as

well as the interaction between these effects. Thus, a significant

interaction term would support our prediction that manipulating

frontal shield size should cause changes in dominance interactions.

The response variables considered in these models were: (i) the

number of aggressive challenges received (‘upright aggressive’

displays [23]), (ii) the number of attacks received (‘kicks’, the pri-

mary form of physical aggression [23]) and (iii) the number of

‘wings up’ displays received (an aggressive display used towards

non-group members [23]). Further details on model fitting are

described in the electronic supplementary material. Data are avail-

able from the Dryad Digital Repository [33]. All figures were

created using the ggplot2 package in R [34].
3. Results
(a) Behavioural observations
Dominance rank was highly correlated with frontal shield

size (model 1, table 1; figure 1; partial R2 ¼ 0.51), and this

finding was conserved even after controlling for body size

and sex (model 2, table 1).
(b) Frontal shield manipulations I: effects
on dominance behaviour

Overall, focal individuals received less aggression in the

post-treatment behavioural observations than during the pre-

treatment behavioural observations (significant effect of time;

models 1 and 2, table 2; figure 2). However, the shield

reduction group received relatively more aggressive displays

and physical attacks in the post-treatment period than did

the control group (significant interaction between treatment
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Figure 1. The relationship between shield width and David’s score (an index of social dominance) is shown for 82 individuals in 11 pukeko social groups (one per
panel). Higher David’s scores indicate more dominant individuals. The bottom left panel shows all individuals across all social groups combined. See text for details
of statistical analysis.

Table 2. Poisson family GLMMs showing the effect of shield size reductions on dominance behaviours directed towards the focal individual. Models include data
from 10 behavioural observations for each of 16 focal individuals. Individual ID is included in each model as a random intercept. Significant p-values are shown
in italic.

response variable fixed effect estimate 95% CI estimate p-value

challenges treatment 0.20 21.19, 1.61 0.77

time 20.79 21.56, 20.02 0.04

treatment � time 1.77 0.24, 3.30 0.02

attacks treatment 20.93 23.00, 1.15 0.38

time 21.60 22.87, 20.34 0.01

treatment � time 2.23 0.66, 3.80 0.005

wings up displays treatment 21.62 23.78, 0.54 0.14

time 20.34 20.85, 0.17 0.19

treatment � time 20.12 21.15, 0.90 0.81
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and time; models 1 and 2, table 2; figure 2). This change in

dominance interactions was probably not due to a disruption

of individual recognition mechanisms, as there was no signifi-

cant interaction between time and treatment on the number of

wings up displays (table 2). Furthermore, no manipulated

individuals were evicted from their group in this study.
(c) Frontal shield manipulations II: effects on shield size
Prior to treatment, birds assigned to the reduction and con-

trol treatments did not differ in shield size (mean shield
width+ s.e., reduction: 27.9 mm+0.53, control: 27.6 mm+
0.43, p¼ 0.40). However, after treatment, birds in the shield

reduction group had smaller apparent shield size than those

in the control group (reduction: 13.6+0.44 mm, control: as

above, p , 0.0001). True shield size at the time of recapture was

significantly predicted by pre-treatment shield size (GLMM:

estimate¼ 0.90, 95% CI¼ (0.77, 1.04), p , 0.0001) and was also

influenced by treatment, with birds that received the shield

reduction treatment having significantly smaller shields than

those with the control treatment (estimate¼ 20.78, 95%

CI¼ (21.23, 20.32), p¼ 0.003; figure 3). Qualitatively similar
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results were found when only birds who were measured blind to

the treatment were included (n ¼ 4 individuals removed).
4. Discussion
In this study, we found that frontal shield size is strongly cor-

related with dominance status in pukeko. Furthermore, the

relationship between shield size and dominance remained

even after controlling for important confounds that could

explain the relationship between ornament size and status.

These results, in combination with the fact that frontal shields

are prominently displayed during aggressive interactions

[23], are highly suggestive that the pukeko’s frontal shield

acts as a status signal. We also found strong evidence for a

dynamic relationship between signal expression and social

interactions. Pukeko that had the apparent size of their frontal

shield decreased received more aggression and also decreased

their true shield relative to individuals who did not have their

apparent shield size altered. As our manipulation did not

directly affect the receiver-independent costs of signalling,

these changes in true shield size must have been mediated by

changes in social interactions (see also [19]).

Our results are not surprising, given that previous studies

have shown that changes in the social environment can lead

to changes in signal expression [10–15], and also that changes

in apparent signal expression can cause feedback effects on

individual physiology [19]. Proximate control of many

avian status signals relies on androgen hormones [7], and

androgens are sensitive to social factors [17,19]. It is possible

that the increase in aggression received by manipulated indi-

viduals leads to a decrease in circulating androgen levels,

which could have decreased shield size. While this sugges-

tion is speculative, endocrine physiology can influence both

behavioural and morphological traits, and thus is likely to

be important to understanding the complex relationships

between signals and social environments [20].
There is growing evidence that the social environment has

an important influence on status signal expression, and that

receiver-dependent costs are important in the enforcement

of signal honesty in many species [7,9]. A possible mechan-

ism by which receiver-dependent costs could influence

signal expression is through the recognition and punishment

of incongruent signals [35–38]. This hypothesis predicts that

receivers are sensitive to other cues of quality in addition to

badges (e.g. behaviour, body size, individual recognition)

and when the various cues to fighting ability are inconsistent,

they should challenge signallers to ascertain their true qual-

ity. Recognition and punishment of incongruent signalling

has been convincingly demonstrated in paper wasps (Polistes
dominulus). In this species, individuals who had either their

facial markings or behaviour experimentally enhanced (i.e.

made more dominant) had increased fight costs in paired

interactions with unfamiliar individuals [36,38], whereas

individuals who had both their facial markings and behav-

iour enhanced (and thus displayed congruent signals) did

not incur these increased costs [38]. The data presented in

the present study are also consistent with recognition and pun-

ishment of incongruent signals. Pukeko whose frontal shields

were made more subordinate (and thus incongruent with

the other signals it was producing) received more aggressive

challenges. However, it is also possible that manipulated indi-

viduals were simply perceived as subordinates, and were

therefore challenged and attacked when they did not yield

to other group members. This study cannot discriminate

between these two mechanisms, and further studies aimed at

understanding how receivers integrate signal phenotypes with

other dominance cues will be useful in understanding how

receiver-dependent costs contribute to signal honesty.

While status signalling has been demonstrated in a wide

variety of taxa (e.g. reptiles [39], insects [36], birds [7], fish

[13] and mammals [3]), the correlation between signal traits

and the qualities that they signal is likely to vary among

species and with the signal modality involved. Signals that
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are relatively inflexible could become less informative in

environments with high temporal heterogeneity because

individual condition may change between the time when

the signal was produced and when the signal is used. For

example, avian plumage badges are a classic example of a

conventional signal of dominance. However, the relation-

ship between plumage badge size or colour and social

dominance is often weak, especially after controlling for

other confounding variables, such as body size, sex and age

[7,40–42]. Feather growth typically occurs during discrete

life-history stages and is constrained by energetic and physio-

logical limitations. Thus, plumage traits will typically be

representative of the condition of the individual at some

past time-point when the feathers were grown (although

see [43,44] for examples of the dynamic properties of plu-

mage ornaments). However, birds can also signal quality

with non-plumage traits (e.g. shields, legs, eye rings, bills

and wattles), which are typically vascularized and are there-

fore able to respond rapidly to changes in individual

condition [11,45,46]. While non-plumage traits have a well-

established signalling role in mate choice [45–47], their role

in a competitive context has been underappreciated (but see

[11,48–51]) despite their potential to be more informative to

rivals than plumage badges. We suggest that future studies

on dynamic status signals (e.g. avian bare-parts) will help

in understanding the complex relationships between individ-

ual quality, social interactions and signal expression because

of the increased opportunity to investigate the direct and

indirect factors that mediate signal expression.

Social dominance is important in the lives of many animals,

and signals of dominance and fighting ability will often be

under strong selection because of their role in determining

access to mates and other resources. Social factors are ultimately
crucial to understanding honest signalling, not only because

the behaviour of signal receivers will determine the benefits

of producing a certain signal, but also because there may be

receiver-dependent costs that make dishonest signalling

unprofitable in a range of species. In this study, we identified

a hitherto undescribed status signal (the pukeko’s frontal

shield) that strongly predicts dominance rank, even after con-

trolling for body size and sex. This strong correlation between

signal size and dominance status may be due in part to the abil-

ity of bare-part ornaments to dynamically respond to short-

term changes in individual condition or the social environment.

Furthermore, we show that changes in signal phenotype can

influence an individual’s social interactions, and also provide

feedback on future signal expression. As a result, this study

adds to the growing evidence for a dynamic and bidirectional

relationship between social interactions and signal phenotype.

This study also demonstrates a unique approach to measuring

the receiver-dependent costs of signals that could be widely

applicable to future studies of dynamic signals.
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