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ABSTRACT 

Increasingly, individual variation is being recognized as an important influence on behavioral 

evolution. Sources of variation are therefore an important target for research into the 

development, evolution, and function of behavior. By providing information about the timescale 

on which individuals are responsive to their environment, patterns of within-individual variation 

can shed light on function of behavioral variation. Here, I wanted to understand the function of 

behavioral variation and the genetic and environmental sources of variation in behavior. First, I 

test the hypotheses that variation in begging signals nestling hunger, need, or quality. Hunger is a 

short-term response to food deprivation, while need and quality give long-term information 

about fitness benefits of gaining more food and fitness potential, respectively. Second, I test the 

hypotheses that variation in begging is due to genetic, permanent environment, common 

environmental, and maternal effects. I test these hypotheses in the begging behavior of western 

bluebirds (Sialia mexicana), making repeated measurements across the nestling period. I show 

that begging behavior is consistent across the nestling period, and that nestling begging intensity 

increases with food deprivation. Nestlings fed during a given parental visit beg at higher 

intensity than nestmates, and on average wait longer since their last meal compared to 

individuals who were not fed in the same visit. These results support the hypothesis that variation 

in nestling begging signals hunger. I also show that responsiveness to food deprivation is 

negatively related to condition, but this effect is not consistent across the nestling period. Finally, 

variation in begging is produced by a common environmental effect that is correlated through 

time, suggesting that begging is strongly influenced by the nest environment. Together, these 

results indicate that variation in begging signals short-term changes in hunger and that 

environmental effects dominate the production of variation in begging. 
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INTRODUCTION 

Understanding the sources and function of behavioral variation is a fundamental goal in the study 

of behavioral evolution. While behavior has historically been considered one of the most flexible 

traits, recent evidence suggests that individuals can be remarkably consistent (for reviews, see 

Dall et al. 2004, Bell et al. 2009, Stamps and Groothuis 2010). These consistent individual 

differences in behavior can have important implications for behavioral evolution in general 

(Smith and Blumstein 2007). When studies test hypotheses about the function of behavioral 

variation without examining patterns of within-individual variation, they possibly overlook key 

additional information that can shed light on the sources of behavioral variation. Therefore, I 

wanted to examine here 1. what is the function of behavioral variation, and 2. what are the 

sources of variation in behavior. 

 First, this thesis examines the function of behavioral variation in the begging behavior of 

western bluebirds (Sialia mexicana) to demonstrate the importance of understanding patterns of 

within-individual variation. Three major hypotheses have dominated the study of begging 

behavior—that nestlings alternatively signal need, quality, or hunger through the begging signal 

(reviewed in Mock 2011). Testing between hypotheses has generated vigorous debate about the 

function of begging, in part due to the fact that researchers frequently only examine individual 

means, possibly leading to reports of conflicting results (cf. Harper 1986, Stamps et al. 1989, 

Godfray 1991 and 1995, Neuenschwander et al. 2003, Dickens et al. 2008, Grodzinski and 

Lotem 2007; for discussion see Mock et al. 2011 and associated commentaries). 

 Originally, Godfray (1991 and 1995) hypothesized that begging behavior functioned to 

signal offspring need to parents. Need may be operationally defined as the marginal fitness 

benefits gained by gaining extra food, and thus integrates long-term individual condition with 
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short-term changes caused by food deprivation. Nestling in worse condition are thus predicted to 

be more responsive to food deprivation. Alternative models to this one suggested that begging 

signaled quality (information about an individuals’ fitness potential) and predicted that nestlings 

in better condition should be more responsive to food deprivation (Mock et al. 2011). Finally, it 

has also been suggested that begging behavior signals nestling hunger, or short-term changes 

caused by food deprivation. This last hypothesis makes only the short-term prediction that 

nestling begging intensity should increase with food deprivation (Mock et al 2011). 

 By examining within-individual patterns, nestling begging behavior is shown to be 

remarkably consistent across the nestling period, and begging is shown to signal short-term 

variation in nestling hunger caused by food deprivation (Appendix A). These results have two 

major implications for the study of begging behavior: first, previous models have made the 

unwarranted assumption that behavior is infinitely flexible (e.g. Godfray 1991, 1995), and 

second the relevant timescale on which individuals adjust their begging intensity occurs between 

minutes and hours (Appendix A). 

 I next test four hypotheses about the environmental and genetic sources of this variation 

in begging. Using quantitative genetic models, total phenotypic variation is partitioned into 

genetic, permanent environmental, common environmental, and maternal effects using an animal 

model (Kruuk 2004). These effects are distinguished by implementing a cross-fostering 

experiment: half-clutches were swapped between nests as eggs were laid in a population with a 

molecularly-determined pedigree (Lynch and Walsh 1998, Duckworth 2006). Based on the 

finding that the function of variation in begging was to signal flexible, short-term changes in 

hunger, I predicted significant environmental influence on begging due either to maternal or 

common environmental effects. Consistent individual differences were predicted to arise from 
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correlations in variance components across the nestling period. Variation in begging is found to 

arise from a permanent environmental effect and common environmental effect—the latter is 

correlated across the nestling period (Appendix B). I did not detect significant genetic or 

maternal effects on begging behavior. (Appendix B). These results suggest that individual 

begging is actually flexible, and that nestmates converge on a similar begging intensity. 

 Finally, I test the hypotheses that sibling environment, parental behavior, or ambient 

temperature influences the mean brood begging behavior. Neither brood size, nor parental 

feeding rate, nor ambient temperature is significantly related to mean brood begging intensity. 

However, female feeding rate, but not male feeding rate, shows greater variation between broods 

than among nestlings within a brood (Appendix B). These results indicate a possible role for 

consistency in maternal behavior, or maternal style, in producing consistency in offspring 

behavior (Fairbanks 1996). 

 This thesis demonstrates the additional insight gained by examining patterns of within-

individual variation and sheds light on sources of variation in behavior during early ontogeny. In 

the future, researchers should examine within-individual variation when asking questions about 

the function of behavioral variation. This data is routinely collected when studying behaviors 

(Bennett 1987), and this message is therefore an encouraging one. More studies will be needed to 

understand precisely what features of the nest environment cause individuals to converge in their 

begging intensity, but begging was clearly shown to signal short-term changes to hunger and 

variation in begging was shown to arise from the nest environment possibly from consistent 

maternal behavior. 
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Abstract 

Many studies test hypotheses about the function of behavioral variation by correlating means of 

the behavior of individuals with environmental contexts. However, since behavior’s 

responsiveness to environmental context is often key to understanding function, within-

individual variation about the mean can provide important additional information. To 

demonstrate this point, we examine within-individual variation of begging behavior as a case 

study. We test the hypotheses that variation in begging functions to signal hunger (short-term 

changes caused by food deprivation), need (the marginal fitness benefits gained by gaining more 

food), or quality (information about nestlings’ fitness potential). If begging signals hunger, we 

predict that begging intensity will increase with food deprivation. If begging signals need, we 

predict that begging intensity and responsiveness to food deprivation will negatively correlate 

with condition, whereas if begging signals quality, we predict that begging intensity and 

responsiveness to food deprivation will correlate positively with condition. To test these 

hypotheses, we made repeated measurements on individuals within a day on multiple days across 

the nestling period. Begging is strongly repeatable on each day, and mean intensity differs 

between the youngest ages. Begging intensity increases with food deprivation at all ages, but 

only at the earliest age are individuals in poor condition more responsive to food deprivation. 

Finally, individuals that are fed during a given parental visit begged at higher intensity than 

nestmates, and on average wait longer since their last feeding compared to individuals who are 

not fed in the same visit. Therefore, these results support the hypothesis that variation in begging 

behavior functions as a signal of short-term changes in hunger. We suggest that knowledge of 

within-individual variation is crucial to testing hypotheses about the function of behavioral 

variation and can illuminate sources of variation. 
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1. INTRODUCTION 

Understanding the function of behavioral variation is a central problem in behavioral ecology 

that requires insight into the circumstances under which a behavior is expressed and into how 

organisms match behavior to context (Duckworth 2006). Because individuals often adjust their 

behavior over time to environmental changes, examining individual responsiveness and 

influences on responsiveness may help to clarify the function of behavioral variation. However, 

individual responsiveness is often ignored (Dingemanse and Wolf 2013, Dingemanse and 

Docheterman 2013). Instead, the function of behavioral variation is studied by correlating 

individual means to environmental variation at the population level and then drawing 

conclusions from these patterns of between-individual variation (e.g. Tautz et al. 2003, Ross et 

al. 2010, Lukas et al. 2003, Guenther and Trillmich 2012). While often informative, this 

approach ignores much valuable information on individual responsiveness to distinct 

environmental contexts that can provide novel insight into the function of behavioral variation. 

By summarizing an individual’s response into a single mean information is lost on how 

individuals respond when either internal state or environmental context change and whether there 

are limitations to flexibility. In the worst case, looking only at means can produce misleading 

patterns about how a trait responds to environmental variation. 

 By observing how individuals actively adjust their behavior, we also gain insight into the 

timescale on which individuals are able to respond. Moreover, repeated measures of behavior 

can be important for understanding whether variation among individuals is due to consistent 

individual differences versus behavioral flexibility (Bennett 1987). This distinction between 

consistency and flexibility is important in itself, and also can be suggestive of what influences 

are producing variation in behavior. For example, Figure 1 shows four ways in which analysis of 
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the mean expression of a behavior would lead one to believe that the behavior is positively 

correlated across contexts (regression of mean values represented as dotted line). However, of all 

these scenarios, only in Fig. 1a does the response of individuals (solid lines) match the 

population-level regression. In the other cases, individual response is context-independent, 

opposite the pattern detected by the means, or context-dependent (Fig. 1b, c, and d, respectively). 

When there is structure in the way that individuals respond to environmental contexts (e.g. if 

individuals are more responsive in certain contexts), individual responsiveness to context can 

provide key additional information for understanding the sources of within- vs. between-

individual variation. 

 In a landmark paper, Bennett (1987) brought to attention this problem of “the tyranny of 

the Golden Mean.” He argued that within-individual variation was in itself an important target 

for future research and that this variation could help to demonstrate functional or mechanistic 

connections between variables. This second proposition has yet to receive substantial attention in 

behavioral ecology (Williams 2008, Geiler-Samerotte et al. 2013), despite a surge of interest in 

the causes of individual differences (e.g. Ball and Balthazart 2008, Duckworth and Sockman 

2012, Dingemanse and Wolf 2013). Given current interest in animal personality (Bell et al. 

2009), in which collecting repeated measures of behavior is now becoming standard practice, the 

relevant data to link within-individual variation to function is often already being collected 

(Bennett 1987 also noted that repeated measures of individuals would be required to understand 

within-individual variation). Further, understanding the degree to which individuals are flexible 

is crucial when trying to understand function of biological systems, since this will provide the 

timescale on which changes (physiological or behavioral) can be made. This information can 

then be used to illuminate sources of variation in behavior (e.g. genetic change occurs across 
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generations while environmental change can occur very rapidly, Lynch and Walsh 1998). 

We extend this tradition of examining variation around the mean and propose that 

patterns of within-individual variation in behavior can provide key additional information about 

the function of behavioral variation. This level of investigation is better equipped to clarify 

underlying mechanisms, as without it (i.e. when analyzing averages) multiple mechanisms may 

remain equally likely to explain observed patterns of within-variation (e.g. Mock et al. 2011a). 

By examining the degree to which individuals actively adjust their behavior to multiple 

environmental cues, we may understand under what circumstances behavior is responsive to 

context. 

2. CONSPICUOUS BEGGING BEHAVIOR: A CASE STUDY 

Begging behavior provides an excellent opportunity to understand the function of behavior 

through the lens of individual variation. Although begging has most commonly been interpreted 

as a signal of need, two alternatives to this hypothesis exist: that begging signals immediate 

hunger or that begging signals the quality of offspring. Studies of begging have demonstrated 

that begging is correlated with many different contexts (e.g. sex, Ruuskanen and Laaskonen 

2013, intensity of sibling competition, Neuenschwander et al. 2003, predation, Briskie et al. 

1999, ectoparasite infestation, Christe et al. 1996, relatedness, Briskie et al. 1994, parental 

feeding rate, Stamps et al. 1989). But while such research has clearly demonstrated that begging 

behavior varies between contexts, empirical studies often report conflicting responses to the 

same environmental variables, making inference into the function of variation in begging quite 

difficult. These treatments do not account for within-individual variation in begging, which is 

obscured by using mean expression of begging intensity, and may be one cause of conflicting 

results (Kölliker 2011). One way to resolve controversy about the function of begging signals is 
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to examine patterns of individual variation to determine when and under what circumstances 

individual begging response changes. The alternative hypotheses are thoroughly reviewed and 

critiqued by Mock et al. (2011a) and commentaries on this review (Johnston and Kilner 2011, 

Kölliker 2011, Wright 2011, Grodzinski et al. 2011, and Hinde and Godfray 2011), therefore we 

provide only a brief overview here. 

The hypothesis that begging behavior functions to signal need was formalized 

mathematically by Godfray (1991 and 1995), and demonstrates how begging may evolve as an 

honest signal of a nestling’s need for food (operationally defined as the marginal fitness benefit 

gained by gaining more food). Under this hypothesis, begging integrates information about short-

term changes in nestlings’ hunger caused by food deprivation with long-term changes in 

nestlings’ condition, and therefore assumes sufficient flexibility in begging behavior to respond 

to changes in condition. If begging is a signal of need, then nestling begging intensity should 

increase with need, irrespective of a nestling’s short-term hunger. Therefore, the signal of need 

hypothesis predicts that nestling begging intensity is negatively correlated with nestling 

condition. Furthermore, over the course of days, we predict that changes in condition should 

correlate negatively with changes in mean begging intensity such that when condition declines, 

begging intensity should increase. Finally, if the short-term need of nestlings in poorer condition 

changes more rapidly due to lower energy reserves, then nestling responsiveness to food 

deprivation should be higher for nestlings in poorer condition. 

The signal of hunger hypothesis, on the other hand, posits that begging signals short-term  

changes in offspring hunger caused by food deprivation (Mock et al. 2011a). Specifically, as 

nestling hunger increases (which occurs in both high and low condition nestlings), so too should 

the intensity of begging to signal to parents how hungry the nestling is. The major prediction of 
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this hypothesis is that begging intensity should increase with increasing time since an individual 

was last fed. The signal of hunger hypothesis, also assumes that nestling begging is sufficiently 

flexible to change rapidly in response to changes in immediate hunger state. The signal of hunger 

hypothesis also predicts that nestlings who are fed at a lower rate should be more responsive to 

the time since their last feeding, since those nestlings will become hungry more quickly 

(Grodzinski and Lotem 2007). 

Finally, the signal of quality hypothesis states that offspring convey information about 

their fitness potential to parents through the begging response (Grafen 1990, Mock et al. 2011b). 

Higher quality nestlings should thus beg more intensely (i.e. begging intensity is positively 

correlated with condition). This hypothesis also suggests consistent individual differences (i.e. 

significant repeatability) of begging signals that are maintained as long as quality differences 

between nestlings are maintained. We predicted that both nestling begging intensity and rank 

order of begging intensity would be repeatable 

These hypotheses can be separated by the timescale on which they make predictions (Fig. 

2). The signal of hunger hypothesis posits a mechanism that operates rapidly (on the scale of 

minutes to hours), while the signal of need hypothesis integrates short-term changes with long-

term condition (but see Appendix in Mock et al. 2011a). The signal of quality suggests long-term 

stability of begging (i.e. consistent individual differences). One way that an understanding of 

patterns of within-individual variation can contribute to the study of the function of variation 

begging, therefore, is to establish on what timescale nestlings adjust their behavior. Since the 

fitness consequences of variation in begging behavior are likely dependent on the effects of 

feeding (e.g. on growth, Mainwaring and Hartley 2012), we therefore also wanted to understand 

the effect of variation in begging on variation in patterns of feeding. 
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To understand these functional outcomes of variation in begging, we compare begging of 

individuals that are fed during a parental visit to begging of individuals that are not fed after 

accounting for individual differences. If the function of variation in begging is to signal hunger, 

we predict the nestling fed during a given parental visit will wait longer than nestlings not fed 

during a given visit. If the function of variation in begging is to signal need, we predict that 

individual feeding rate will correlate negatively with condition, and that nestlings in better 

condition will wait longer on average between feedings. If the function of variation in begging is 

to signal quality, we predict that individual feeding rate will correlate positively with condition, 

and that nestlings in worse condition will wait longer on average between feedings. 

Finally, to the extent that individual differences affect parental decisions in responding to 

begging intensity, we predict that distribution of food will be even among nestlings (i.e. feeding 

rates repeatable among nestmates), and that offspring fed during a given visit will have waited 

longer than offspring that were not. On the other hand, the intensity of the begging signal itself 

influences parental behavior, irrespective of individual differences, we expect begging intensity 

and the rank of begging intensity to be higher on trips when an individual is fed as compared to 

trips when that individual is not. 

3. METHODS 

(a) Study population 

Western bluebirds provide a unique opportunity to explore the function of begging behavior. 

This species readily uses artificial nest boxes and may be removed from nestmates for isolated 

observation with minimal disturbance to parents. All individuals that we examine here are from 

populations in Western Montana that have been the focus of intensive research for 14 years (see 

Duckworth 2006 for full description of the study site). Data was collected from active nests 
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during the breeding seasons in 2012 (N=13) and 2013 (N=36). 

To investigate patterns of within-individual variation in begging behavior, we collected 

data on nestling western bluebirds. We collected data on begging behavior on day 5 (N= 15 

nests, 45 nestlings) and day 7 after hatching (N=49 nests, 202 nestlings) and again, once 

between days 10 and 12 after hatching (N=16 nests, 66 nestlings). Observations of nestlings 

between days 10 to 12 were only made during the 2013 field season. In order to assess 

condition, we collected data on nestling body mass and tarsus length as part of routine 

observations of nests. Condition is calculated here as the residuals from the regression of body 

mass on mean tarsus length, separated by day of measurement. 

(b) Assessment of nestling begging behavior on days 5 and 7 

To measure begging intensity on days 5 and 7, we removed single nestlings from their 

brood. Recordings of nestling behavior were made between 0700 and 1700. After feeding 

each nestling with mealworms to satiation, we placed the individual in a trial box that was 

outfitted with a Sony HDR-CX220 video camera to record begging responses. To maintain a 

constant temperature during the course of the begging trial, nestlings were placed on a 

HeatMax HotHands hand warmer placed in a sand-filled pouch to prevent direct contact 

with nestlings. We elicited a begging response from nestlings using recordings of parental 

feeding calls. The nestling was not disturbed for 20 minutes and then was stimulated to beg 

once every 10 minutes up to one hour for a total of five stimuli. Nestling begging intensity 

was coded from videos into four levels: 0, no response, 1, nestling was gaping, 2, nestling 

was gaping and extending neck, 3, nestling was gaping, extending neck, and standing on 

tarsi. These criteria follow Kilner (1995). 

(c) Assessment of nestling begging behavior between days 10 and 12 
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Between days 10 to 12, we fitted active nests with a camera (Spy On A Bird IP207W 

camera) to make observations of individual begging intensity. We made recordings in the 

natural setting (instead of as described above) since, beginning on day 8 after hatching, 

western bluebirds’ eyes open and they are no longer responsive to parental contact calls (C. 

Gurguis, pers. obs.). We marked nestlings with unique symbols using white-out so that data 

on individual patterns of begging response could be later gleaned from videos as described 

above. Upon the parent entering the nest, the brood begins to beg, allowing for many 

repeated observations of an individual’s begging intensity. We also recorded the rate at 

which individual nestlings were fed during these observations (calculated by dividing the 

number of times an individual was fed by the length of the video recording), the position of 

the nestling in relation to the nest cavity entrance, and the rank of an individual’s begging 

intensity during a given visit (as compared with the begging intensity of broodmates during 

the same visit). 

(d) Quantification of within-individual variation in begging 

All statistical procedures were implemented in SAS 9.3 (SAS Institute 2011). To understand the 

extent to which individual variation accounts for variation in begging behavior, we assessed 

repeatability of the begging response within and across observation days. We calculated 

repeatability of begging within each day using ANOVA following Lessells and Boag (1987). For 

observations made between days 10 to 12, we also examined the repeatability of rank of 

individual begging intensity as compared with nestmates and repeatability of parental feeding 

rate to individuals within a nest. We also compared individual variation in mean begging 

intensity across days using a mixed model with nestling identity and nest-of-rearing as random 

effects. 
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(e) Examination of influences on begging intensity 

In order to understand influences on nestling mean begging intensity we used separate mixed 

models for each observation day. To determine how nestling mean begging intensity was 

influenced by condition, we used mixed models with nestling condition as a fixed effect and 

nest-of-rearing as random effects. We explored fixed effects of condition for all observation 

days. For observations made on day 7, we also found a significant fixed effect of time of day and 

brood number and these were included as covariates in the mixed model (Table 4). Additionally, 

on day 10-12, we determined the influence of parental feeding rate on nestling begging intensity 

(included as a covariate in the model examining condition). We found a significant nest-of-

rearing effect on all observation days and this was included as a random effect in each mixed 

model. 

 We calculated the responsiveness of individuals to food deprivation for each day 

separately. We defined responsiveness as the standardized regression coefficients of the 

regression of individual begging intensity on time since an individual was last fed (nested within 

individual identity). We obtained the standardized regression coefficients using the glmselect 

procedure (Quinn and Keough 2002, SAS Institute 2011). To assess changes in nestling 

responsiveness, we compared the standardized regression coefficients across days using a linear 

mixed model with nest-of-rearing as a random effect. Next, we examined the influence of 

condition on individual responsiveness to time since an individual was last fed. We first looked 

for nest-of-rearing effects on the degree of individual responsiveness, but finding none, we 

present results of general linear models. 

(f) Quantification of functional outcomes of individual variation in begging behavior 

To understand the effect of mean begging intensity on individual feeding rate, we used a mixed 
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model with begging intensity as a fixed effect and nest-of-rearing as a random effect. To 

understand influences of parental behavior on nestling condition, we used a mixed model with 

individual feeding rate and mean time between feedings as fixed effects, and nest-of-rearing as a 

random effect. There was no significant nest-of-rearing effect on condition in this model (unpl. 

data) and so results of a GLM are presented below. 

(g) Quantification of parental response to individual differences in begging behavior 

Finally, to examine the functional outcomes of variation in begging response we compared the 

begging intensity and rank of begging intensity between visits when they were fed and when 

they were not fed using separate repeated measures implemented in the mixed model procedure 

(SAS Institute 2011). Post-hoc comparisons of least square means (visit when fed vs. visit when 

not fed) were made with a Tukey-Kramer adjustment. To understand parental responses to 

individual differences in begging, we assessed the evenness with which parents distributed food 

to nestlings by calculating repeatability of individual feeding rates within a nest following 

Lessells and Boag (1987). We also compared the time since an individual was last fed between 

visits when they were fed and when they were not fed using mixed model with nest-of-rearing 

and individual identity as random effects We again made a post-hoc comparison of least square 

means (visits when fed vs. visits when not fed) with a Tukey-Kramer adjustment. 

4. RESULTS 

(a) To what extent do individual differences account for variation in begging behavior? 

Nestling begging intensity is strongly repeatable on each day of measurements (Table 1). 

Repeatability is highest on day 7 and lowest between days 10-12. Pearson correlations revealed 

that mean begging intensity is correlated between day 5 and days 10-12 and between day 7 and 

day 10-12, but is not correlated between day 5 and day 7 (Table 2). Mixed models revealed that 
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individual begging intensity differs significantly between days 5 and 7 (estimate + S.E. = 0.31 

(0.097) t-value = 3.18, adjusted p-value = 0.0042), but not between day 5 and day 10-12 

(estimate + S.E. = 0.21 (0.17), t-value = 1.19, adjusted p-value = 0.46) or between day 7 and day 

10-12 (estimate + S.E. = -0.10 (0.15), t-value = -0.66, adjusted p-value = 0.79). Additionally, the 

rank order of begging intensity is strongly repeatable between days 10-12 (Table 1). 

(b) What influences individual begging behavior? 

Results of mixed models examining the influence of time since last feeding on repeated measures 

of individual begging intensity are reported in Table 3. Begging intensity significantly increases 

with increasing food deprivation on all days. Results of mixed models examining the influence 

of condition on mean begging intensity are reported in Table 4. Mean begging intensity is not 

related to condition on days 5 or 7, but nestlings in poorer condition begged at higher intensity 

between days 10-12. Changes in mean begging intensity between days are also not related to 

changes in condition (F = 0.05, p-value = 0.83, N = 81). 

(c) What influences individual nestling responsiveness to food deprivation? 

We compared the slopes of individual response to food deprivation between days using a mixed 

model, and found that individual responsiveness is highest on day 5 and lowest between days 10-

12 (Fig. 3a). Responsiveness differs significantly between day 5 and day 7 (estimate + S.E. = 

0.10 (0.011), t-value = 9.08, adjusted p-value < 0.0001), between day 5 and day 12 (estimate + 

S.E. = 0.12 (0.013), t-value = 8.70, adjusted p-value < 0.0001), but not between day 7 and day 

10-12 (estimate + S.E. = 0.016 (0.010), t-value = 1.59, adjusted p-value = 0.26). Results of 

GLMs reveal no relationship between responsiveness and condition (Fig. 3c—d. Day 7: F = 

0.17, p = 0.68, N = 195; Day 10-12: F = 0.31, p = 0.58, N = 55) except on day 5 (Fig. 3b. F = 

4.20, p = 0.047, N = 43) when individuals in poorer condition are marginally more responsive to 
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food deprivation (Fig 3b—d). 

(d) What is the functional outcome of individual variation? 

Using mixed models to compare means of visits when an individual received food with means of 

visits when that individual did not, we found that individuals are begging at higher intensity 

(estimate + S.E. = 0.71 (0.058), t-value = 12.22, adjusted p-value < 0.0001) and at a higher rank 

intensity (estimate + S.E. = 0.58 (0.046), t-value = 12.31, adjusted p-value < 0.0001), compared 

with individuals that are not fed (Fig. 4a and b). A mixed model reveals a significant nest-of-

rearing effect on mean begging intensity between days 10-12, and mean begging intensity is 

significantly related to individual feeding rate—individuals that begged at higher intensity 

received more feeds per hour (Table 4). Condition is not related to time between feedings (F = 

0.42, p = 0.52, N = 55), but is related to individual feeding rate (F = 6.48, p = 0.014, N = 55)—

individuals in poorer condition also received fewer feeds per hour (Fig. 4d). 

(e) Do parents account for individual differences in begging intensity when deciding who to 

feed? 

Parental feeding rate to individuals in a nest is strongly repeatable, i.e. variation in feeding rates 

to individual nestlings is greater between nests than between individuals within a nest (Table 1). 

A mixed model reveals that nestlings fed during a given visit had waited longer on average since 

their last feeding than nestlings who were not fed during the same visit (Fig. 4c. estimate + S.E. 

= 188.1, t-value = 96.7, adjusted p-value = 0.017). 

5. DISCUSSION 

We tested hypotheses about the function of variation behavior in light of patterns of within-

individual patterns of variation. By examining the responsiveness of individuals to multiple 

contexts through time, we revealed the timescale relevant to variation in a behavior closely 
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linked to fitness. Rapid changes in expression of behavior (on the order of minutes) suggested an 

environmental source of within-individual variation. By contrast, we did not find evidence for 

long-term influences on variation in behavior in spite of strong repeatability on each observation 

day and correlations in expression through time. Together, our results demonstrate the additional 

insight into the function of behavioral variation gained by understanding patterns of within-

individual variation. Namely, by examining within-individual patterns of variation we shed light 

on the limits to flexibility of behavior, reveal the timescale on which individuals can make 

adjustments, and suggest sources of variation. 

We reexamined the hypotheses that variation in conspicuous begging is alternatively a 

signal of hunger, need, or quality (reviewed in Mock et al. 2011), and tested hypotheses about 

the functional outcomes of variation in begging behavior. Our findings suggest that variation in 

begging stems from limited flexibility of individuals to adjust their signal, that what adjustments 

are made occur in the short-term, and that the functional outcomes of begging reflect these short-

term adjustments. Strong signatures of repeatability of begging on each day of observations 

indicate that variation in begging behavior between individuals is larger than variation within 

individuals. Individuals that begged at high intensity, consistently did so, and individuals that 

begged at higher rank intensity than nestmates also consistently did so (Table 1). Furthermore, 

begging behavior is correlated across the nestling period, though we should interpret this pattern 

with caution given our low sample size of individuals measured across all days and the absence 

of a correlation between days 5 and day 7. 

 We found an effect of food deprivation on begging intensity for all observation days. 

Nestling begging intensity and parental feeding rate are significantly correlated such that 

nestlings that beg at higher intensity receive more feedings per hour, even after accounting for 
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effects of nest-of-rearing. These results support the signal of hunger hypotheses. We only found 

an effect of condition on begging behavior of day 10-12 nestlings—nestlings in poorer condition 

have higher begging intensity. We also only found an effect of condition on responsiveness of 

begging intensity to food deprivation on day 5—nestlings in poorer condition are more 

responsive to food deprivation. We did not find a significant effect of changes in condition on 

changes in mean begging intensity. These results do not consistently support a role for begging 

as a signal of need. The effect of food deprivation on begging intensity, however, clearly 

supports the hypothesis that variation in begging signals short-term changes in hunger. 

Our findings about the functional outcomes of begging behavior also clearly support the 

signal of hunger hypothesis. Repeated measures revealed that nestlings fed during a given 

parental had waited longer and on average beg at higher intensity than those that are not fed. 

Nestlings also beg at higher intensity rank (i.e. beg at higher intensity than nestmates) during 

visits when they are fed. These results suggest a functional connection between parental feeding 

behavior and variation in nestling begging that also supports the hypothesis that nestling begging 

is a signal of hunger. 

 Finally, we suggest that individual differences are important to parental decisions about 

feeding nestlings (i.e. parents account for nestling consistency when making decisions about 

which individual to feed). Parental feeding rate is strongly repeatable, suggesting that parents 

distribute food evenly to individuals within a nest, in spite of the fact that some nestlings 

consistently beg at a higher intensity. Parents do not completely ignore changes to individual 

begging intensity, however, as nestling begging intensity and the rank of begging intensity are 

both higher on visits when a focal nestling is fed. 



29 

 

 By examining individual variation in begging behavior over the course of multiple days, 

we can draw the following conclusions about the function of variation in begging. First, the 

responsiveness of nestling begging to food deprivation differed significantly across the nestling 

period, and nestlings in poor condition on day 5 were more responsive. This result is intriguing, 

because it possibly suggests that the way in which nestlings respond to food deprivation changed 

as nestlings aged. Other studies have shown that the physiological systems that influence 

begging are reorganized around the time that nestlings’ eyes open (Raevskii 2002) suggesting 

that perhaps nestlings’ sibling environment has a different type of influence on older nestlings. 

An intriguing possibility is that the context of the begging signal is dependent on this shift with 

early begging purely signaling hunger and later begging signals incorporating information on 

sibling competition. Alternatively, since nestlings were measured in isolation on day 5 and day 7, 

but within the nest on day 10-12 the later changes could be reflective of our design rather than 

changes to begging itself. Either scenario could indicate a role for the social environment in the 

production of variation in begging. 

 Second, variation in the begging response is related to functional outcomes in feeding, 

but in spite of consistent individual differences in begging, parents distribute food evenly among 

nestmates (i.e. parental feeding rate is repeatable within a nest). We established that there are 

strong signatures of individual differences in the begging response on each day and individuals 

are somewhat consistent through time. We also found that a nestling’s begging intensity and rank 

of begging intensity is higher on parental visits when it was fed, and that the nestling that was 

fed had waited longer than nestlings that were not. Thus, even though nestlings’ begging 

behavior is consistent, and nestlings begging at high rank intensity do so consistently, parental 

feeding rates to nestmates are also consistent. 
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 Interestingly, despite limits to flexibility in nestling begging, even between days, the 

timescale relevant to the function of begging seems to be minutes to hours. In other words, 

nestlings are adjusting their begging and parents are responding to short-term changes in nestling 

hunger, but not to long-term changes in need or quality. Additionally, nestling responsiveness 

decreases in older nestlings, and this decreased responsiveness might be suggestive of nestlings 

learning and adjusting to parental behavior (Kedar et al. 2000, Haff and Magrath 2012). If indeed 

nestlings are adjusting their begging to parental behavior, this could also help to explain the fact 

that repeatability was also lowest in older nestlings. 

 Limited flexibility has strong implications for future studies of begging behavior. First, 

models of the evolution of begging have made the assumption that begging behavior is flexible 

(e.g. Godfray 1991, 1995). We show that this assumption is not merited, and call for efforts to 

model the evolution of begging to incorporate limits to behavioral flexibility. Second, the fact 

that begging behavior has such a strong signature of consistency would suggest that the signal of 

need and signal of quality hypotheses may not apply in this species (though we are cautious 

about extending this conclusion broadly). When trying to understand the function of begging 

behavior, we have demonstrated the importance of the timescale on which parents and offspring 

negotiate the distribution of food within a nest. Given that short-term changes were most relevant 

here, and parental behavior was consistent within a nest, we suggest that environmental 

influences are likely to be most influential on begging in this species.  

Finally, we did not find that changes in mean begging intensity were related to changes in 

condition, but did find that nestling begging intensity was significantly related to food 

deprivation, and differed significantly between visits when nestlings were or were not fed above 

and beyond individual differences. Based on our results, future studies on the evolution of 
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begging behavior should consider focusing on this short-term response, rather than focusing 

exclusively on long-term changes in need or quality. More broadly, examining within-individual 

patterns of variation in behavior is an important target for research as information gleaned from 

individual responsiveness can clarify patterns in the mean that could be confounding (Fig. 1). 

6. CONCLUSIONS 

Our work demonstrates the utility of understanding individual variation to clarify the function of 

behavioral variation. We have shown that although individual differences can contribute 

significantly to observed variation in behavior, they are not necessarily related to functional 

outcomes. We have also demonstrated how understanding the timescale of flexibility in behavior 

can provide key additional information to understand function, specifically into the sources of 

variation. The timescale is relevant insofar as function of behavioral variation is related to the 

ability of individuals to flexibly adjust their behavior to environmental conditions. Regarding the 

evolution of begging behavior, we have shown that there are functional consequences to short-

term changes in begging, but that more long-term changes in begging are not related to 

differences in feeding. These results suggest a strong role for short-term hypotheses about the 

function of begging. 
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Trials Pearson Correlation p N

Day 5 vs. Day 7 0.32 0.074 32

Day 5 vs. Day 10-12 0.63 0.020 13

Day 7 vs. Day 10-12 0.48 <0.0001 58

Table 2. Repeatability of mean begging intensity through time. Nestling 

mean begging intensity was correlated between day 5 and day 10-12 

observation and between day 7 and day 10-12 observations, but not 

between day 5 and day 7. Significant values in bold italics.

Behavior Trial Repeatability F p N

Begging Intensity Day 5 0.41 4.30 <0.0001 45

Begging Intensity Day 7 0.62 9.11 <0.0001 202

Begging Intensity Day 10-12 0.15 8.05 <0.0001 68

Table 1. Repeatability of begging behavior (all values significant). Nestling begging 

intensity was strongly repeatable on all observation days. This repeatability was 

smallest when measured between day 10-12.
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Trial N Fixed Effect F d.f. Estimate (SE) p Random effect Z p

Day 5 46 Time since last feeding 34.94 1, 170 0.19 (0.033) <0.0001 Nest-of-rearing 1.67 0.0958

Nestling 2.60 0.0093

Day 7 202 Time since last feeding 118.17 1, 790 0.16 (0.015) <0.0001 Nest-of-rearing 2.99 0.0028

Nestling 7.59 <0.0001

Day 10-12 66 Time since last feeding 8.73 1, 1790 0.000058 (0.00002) 0.0032 Nest-of-rearing 2.81 0.0060

Nestling 1.17 0.041

Table 3. Statistics from mixed models of influence of time between feedings on repeated measures of begging each day (significant effects in bold italics). Begging intensity 

increases with time since last feeding on day 5 and day 7, but not on day 10-12. There are effects of individual nestling on day 5 and day 7, but not on day 10-12 and nest-

of-rearing effects on day 7 and day 10-12, but not on day 5.

 

Trial N Fixed Effect F d.f. Estimate (SE) p Random effect Z p

Day 5 43 Condition 1.93 1, 36.4 0.16 (0.11) 0.17 Nest-of-origin 1.57 0.058

Day 7 203 Condition 0.00 1, 183 -0.0016 (0.057) 0.79 Nest-of-rearimg 2.86 0.0042

Day 10-12 60 Condition 7.54 1, 45.9 -0.042 (0.015) 0.0086 Nest-of-rearimg 2.11 0.035

Individual Feeding Rate 6.51 1, 51.4 0.14 (0.056) 0.014

Note: Time of day (F= 15.01, p=0.0002) and brood number (F=13.73, p=0.0007) were significant covariates on day 7. They are included in 

the model, but not shown in the table above. 

Table 4. Statistics from mixed models of influences on mean begging intensity (significant effects in bold italics). Mean begging intensity is not significantly related to 

condition on day 5 or on day 7, but is negatively related to condition on day 10-12. Individual feeding rate is positively related to mean begging intensity on day 10-12.
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Fig. 1—All roads lead to the mean. Here we illustrate conceptually how the individual mean of a 

behavior relates to different contexts, and yet is produced by vastly different patterns of 

individual variation. In each panel (A-D) the means of six individuals are given at exactly the 

same points, producing the same positive relationship between mean expression of behavior and 

environmental context. By comparing within-individual responses, we reveal new information. 

(A) Mechanisms producing within-individual and population-level patterns may be similar. (B) 

While at the population-level behavioral expression is related to context, individuals are 

completely unresponsive. (C) Within-individual patterns are completely opposite the population 

pattern, perhaps revealing a tradeoff within-individuals. (D) Different contexts produce different 

within-individual patterns of response. 
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Fig. 2—Conceptual representation of the different time scales on which the classical hypotheses 

about the function of begging operate. Hunger is a short term response operating over periods of 

seconds to hours. Under this hypothesis nestlings would show the most flexibility over the 

course of hours. Under the need hypothesis nestlings integrate information about their own 

condition over the course of hours to days and show the most flexibility between days. Finally, 

the signal of quality hypothesis makes predictions over the course of seconds to days. The 

quality of a nestling should be stable over the course of days, and although this need not mean 

that nestling begging is inflexible, we predict that flexibility is limited. 
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Fig. 3—A. Responsiveness of nestlings to hunger was lower on day 7 as compared to day 5 and 

on day 10-12 as compared to day 5. Responsiveness on day 7 and day 10-12 did not differ. B—

C. Nestlings in poorer condition were more responsive to hunger on day 5, but not on day 7 or 

day 10-12. 
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Fig. 4—A. Focal nestling begging intensity was higher on parental visits when the focal nestling 

was fed. B. Focal nestling begging intensity was higher relative to nestmates (lower number is 

higher intensity) on parental visits when the focal nestling was fed. C. Focal nestlings that were 

fed had waited significantly longer than nestlings that were not fed during a given parental 

feeding visit. D. Nestlings that were fed at a lower rate were also in worse condition. 
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ABSTRACT 

Behavior is often considered one of the most flexible traits, yet recent research has revealed that 

individuals can be remarkably consistent in their behavior. The causes of this consistency are not 

yet clear. Genetic and early permanent environmental factors have been posited as sources of 

behavioral consistency, but common environmental effects and persistent maternal effects may 

also produce apparent consistency. Thus, to understand whether a behavior is truly consistent or 

flexible yet showing consistency due to environmental influences, we must first understand the 

sources of behavioral variation. Here, we determine the relative influence of genetic, maternal, 

and environmental factors in the early ontogeny of begging behavior in western bluebirds (Sialia 

mexicana). We made observations of begging intensity across the nestling period. Then, by 

cross-fostering and capitalizing on a detailed pedigree, we partitioned variance of begging into 

genetic, maternal, permanent environmental, and common environmental components using an 

animal model. We found significant common environmental and permanent environmental 

effects on begging as well as a strong common environmental correlation across ages. These 

results demonstrate that nestling begging is actually flexible, and that individuals converge on 

similar intensities within a nest. We therefore test whether this common environmental effect is 

caused by differences in parental feeding behavior, brood size, or ambient temperature. Mean 

begging intensity of the brood is not related to brood-level feeding rate. However, variation in 

individual feeding rate is greater between broods than within broods, suggesting that parents feed 

nestlings within a brood at similar rates. This effect is limited to female parents. Neither brood 

size nor temperature appear to contribute significantly to the common environmental effect. 

Variation and consistency in begging is the result of permanent environmental and persistent 

common environmental effects, and may be influenced by parental behavior. 



45 

 

1. INTRODUCTION 

Behavior is often considered one of the most flexible traits (Roff 1994). Recent evidence from 

the study of animal personalities, however, suggests that individuals can be remarkably 

consistent (Stamps and Groothuis 2010). Such consistency can have important implications for 

the evolution of behavior, depending on the mechanisms that limit flexibility. Additionally, 

knowing the mechanism that produces consistency can help to target searches for the proximate 

causes of trait variation. Here, we ask: (1) what produces variation in behavior during early 

ontogeny? and (2) what produces consistency in behavior through time? 

 Quantitative genetics provides a powerful tool for detecting the influences on trait 

variation (Falconer and Mackay 1996, Lynch and Walsh 1998). Traditionally, integration 

between different traits can be examined by looking for correlations between their variance 

components. By examining expression of the same trait at different ages as distinct traits and 

calculating the correlations between them, we can understand how the trait is integrated through 

time (e.g. Cheverud et al. 1983, Riska et al. 1984, Wasike et al. 2007). Conceptually, 

understanding what produces consistency in behavior over time is similar to understanding how 

two (distinct) traits are integrated with each other. 

 Four mechanisms may integrate traits: the persistent action of genes, maternal effects (or 

more broadly, parental effects), common environmental (nest) effects, or permanent 

environmental effects. Each of these mechanisms has distinct consequences for the evolution of 

consistency, and thus, distinguishing between them is an important step to understanding trait 

variation (Lynch and Walsh 1998). For example, genetic correlations between the expression of 

a trait at two different ages has the potential to constrain independent trait evolution at different 
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ages (Lande and Arnold 1983). If maternal effects are responsible for consistency, on the other 

hand, then parental behavior might be the target of selection in the evolution of a behavior. 

 Understanding how the expression of behavior changes through time is itself important 

since this reveals the true extent of flexibility in a behavior (Dingemanse and Dochtermann 

2013). Quantitative genetic models are a useful for explaining the nature of phenotypic variation. 

With careful study design, they are able to partition total variation into genetic and 

environmental influences. By doing so, we are able to understand whether individuals are 

actually able to respond flexibly to the environment (i.e. if there is a significant environmental 

influence on the trait) and whether the trait can respond to selection (i.e. if there is a significant 

genetic component of trait variation). If a common environmental effect, for example, is 

responsible for producing consistency in behavior over time, then we should expect consistency 

in behavior to depend on consistency in the environment. However, such a trait would be unable 

to respond to selection unless there was also genetic (heritable) variation (Darwin 1859, Fisher 

1958). 

 Sources of variation may act upon traits in concert with one another. Thus, rather than 

true, logical alternatives, we are asking about the relative contribution of each of these 

hypothesized mechanisms to the production of variation and consistency in behavior. In other 

words, we ask how variation and the sources of variation change over ontogeny and to what 

extent variation produced at one time is correlated with variation produced later. How can the 

four proposed influences produce consistency in behavior? 

1. Genetic correlations—Genetic correlations (defined as the Pearson correlation between 

the genetic variances of two traits) are thought to arise from linkage disequilibrium or 

pleiotropy (Falconer and Mackay 1996, Lynch and Walsh 1998). They potentially impact 
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the rate or direction of trait evolution by determining the major axes of multivariate 

variation in a trait, and thereby limiting the available phenotypic space in which selection 

can move trait variation (Walsh and Blows 2009). Thus, the flexibility and independent 

evolution of a trait at different ages may be quite constrained if genetic influences are 

correlated through time. 

2. Maternal effects—mothers of many species are uniquely positioned to influence the 

development of phenotypic variation in offspring via a number of mechanisms 

(Mousseau and Fox 1998). If these effects persist, then they can produce consistency in 

behavior over time. For example, avian mothers can alter the behavioral development of 

their offspring by varying hormone concentrations in egg yolk (Schwabl 1993). The 

maternal environment can influence an offspring’s phenotype during short periods of 

time in response to variation in parental care, as well as over long periods if they 

influence the organization of systems (e.g. nervous or endocrine) that modulate behavior 

(Moore 1991, Arnold 2009).  

3. Common (or shared) environmental effects—when siblings occupy the same 

environment, it is possible to parse out the effect of the common environment by cross-

fostering experiments (Lynch and Walsh 1998). These common environmental effects 

can potentially explain large amounts of phenotypic variation, and if this variation is 

correlated through time, has the potential to create consistency in behavior. The common 

environment can be produced by any environmental variation that is shared by siblings 

(e.g. parasite infestations Christe et al. 1995). 

4. Permanent environmental effects—refer to that portion of phenotypic variation which is 

due to an environmental effect that acts uniquely on an individual (Lynch and Walsh 
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1998). These effects influence each measurement of a trait in an individual in the same 

way. When the effect is correlated through time, it can result in consistency in behavior. 

 We test these hypotheses in the begging behavior of a population of nestling western 

bluebirds (Sialia mexicana). The systems that modulate the expression of begging behavior 

undergo developmental reorganization in passerine birds during the nestling period (Raevskii 

2002). Just after nestlings hatch, they are stimulated to beg by parental feeding calls, given as a 

parent enters the nest. This response to an auditory cue persists until nestlings open their eyes, at 

which time, nestlings begin to respond to visual cues of parental arrival (e.g. the light intensity 

drop as parents enter the nestling cavity). The shift in use of two very different sensory systems 

may have important implications for the biology of begging behavior. For example, the influence 

of the sibling environment may become more important after nestlings’ eyes have opened if 

individuals are thereby able to better assess the intensity of nestmate signals (Ronald et al. 2012). 

Such a pattern would suggest that the relative contributions of the four hypothesized effects (see 

above) are likely to change across the nestling period. 

 Our previous work, on the other hand, suggests that variation among or between these 

effects should be correlated—begging is highly consistent during the nestling period and shows 

strong effects of individual identity and nest-of-rearing (cf. Appendix A). We therefore want to 

know what mechanism are contributing to variation in begging and how this variation shifts over 

time. In order to understand the nature of consistency in begging, we made repeated measures of 

begging on two days, early and late during the nestling period. Repeated measures are necessary 

for understanding consistency and the contribution of individual differences to variation in 

behavior (Bennett 1987). Conspicuous begging of avian nestlings affords an excellent 

opportunity to study consistency as individuals are readily measured multiple times over the 
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course of the nestling period with minimal disturbance to fledging success (C. Gurguis, pers. 

obs.). 

 In order to distinguish common environmental from genetic effects, a cross-fostering 

design is necessary (Lynch and Walsh 1998). Cavity nesting birds are usually reared in with 

multiple siblings and eggs are easily cross-fostered between nests, allowing us to distinguish 

these effects. While other studies have cross-fostered nestlings to partition variance (e.g. Kölliker 

2000, Helfenstein et al. 2007, Hinde et al. 2009), we decided to cross-foster eggs, thereby 

allowing us to distinguish genetic from common environmental effects. This design means, 

however, that we are unable to distinguish common environmental from maternal effects that 

occur during incubation or post-hatching. 

 We also previously demonstrated a clear role for variation in begging as a proximate 

signal of hunger (cf. Appendix A). Nestling begging is flexible insofar as individuals increase 

begging intensity with increasing food deprivation, however, this flexibility is limited. Nestling 

begging behavior is highly repeatable within individuals, and is correlated at different ages 

across the nestling period (cf. Appendix A). Together, these results suggest that within-

individual variation in begging behavior is functionally linked to short-term changes in hunger. 

For this reason, we have a priori reason to suspect that patterns of individual feeding should 

have a key role in producing variation in nestling begging (Kölliker 2000). 

 Of particular importance to the development of begging behavior may be the nest 

environment itself (Harper 1986, Briskie et al. 1994, Christe et al. 1995, Dreiss et al. 2013). 

Nestmates experience very similar environmental conditions (e.g. parental care behaviors, 

temperature, food availability, brood size, etc.), and nestling western bluebirds (Sialia mexicana) 

remain in the nest for up to 25 days (Guinan et al. 2008). During this time, siblings compete with 
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each other for food delivered by parents through a number of behaviors and begging signals. We 

have shown that there were large effects of individual identity and rearing nest on begging 

intensity (cf. Appendix A). These preliminary results suggest that siblings that share the same 

nest environment beg similarly, but it is unclear whether this occurs because of their shared 

genes, parents, or environment. 

Finally, we also wanted to understand what might be influencing the nest-of rearing 

effect that we discovered previously (cf. Appendix A). Specifically, we test the hypotheses that 

the sibling environment, parental behavior, and/or ambient temperature were influential on 

nestling begging. First, siblings can contribute to nest effects in a number of ways by altering the 

competitive environment of a brood or the parental distribution of food among nestmates 

(Neueschwander et al. 2003, Madden et al. 2009, Dreiss et al. 2013). Next, the relationship 

between parents and offspring has the potential to influence the development of variation of 

begging of entire broods (Harper 1986, Royle at al. 2006). Additionally, we test the hypothesis 

that consistent offspring behavior arises from consistent parental behavior, also called parental 

style (Fairbanks 1996, Pittet et al. 2013). Finally, ambient temperature can potentially influence 

the developmental trajectory of nestling growth or metabolic flux of nestlings, especially prior to 

the development of thermoregulation (Choi and Bakken 1990, Mainwaring and Hartley 2012, 

Burness et al. 2013). Since this environmental feature is shared within a brood, it is possibly 

responsible for a nest-of-rearing effect. If sibling environment was responsible for the nest-of-

rearing effect, we predicted that brood size and nestling intensity would be positively correlated. 

If consistent parental behavior was responsible for the nest-of-rearing effect, we predicted that 

parental feeding behavior would be repeatable within nests and related to the mean brood 

begging intensity 
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3. METHODS 

(a) Study population 

We examined begging behavior in a population of western bluebirds in western Montana that has 

been the target of extensive monitoring since 2001 (Duckworth 2006). This population readily 

uses nestboxes, which facilitates banding and resighting individuals across years. This 

population also has a molecularly-verified, seven-generation pedigree, which is crucial for 

quantitative genetic analysis in wild populations (Kruuk 2004). Greater details about this 

population can be found elsewhere (Duckworth 2006). 

(b) Cross-fostering 

To partition maternal effects prior to incubation, transferred eggs between nests on the day they 

were laid, before the female began incubating. For fourteen nests, we transferred half clutches. 

For odd-numbered clutches, we transferred (N-1)/2 eggs. This protocol, while allowing us to 

separate genetic versus maternal effects on nestling begging, cannot allow the separation of 

common environmental effects and maternal effects that occur after cross-fostering (Lynch and 

Walsh 1998). For our design, this means that we were able to separate common environmental 

effects from additive genetic effects (Lynch and Walsh 1998). 

(c) Observations of begging behavior 

Observations of begging behavior were made during the breeding season of 2012 and 2013. For 

detailed explanation of the protocol used to monitor nestling begging, see Appendix A. Briefly, 

we made observations of nestling begging on day 7 and once between days 10-12 after hatching. 

For day 7 observations (before nestlings have opened their eyes), we removed nestlings from 

their broodmates and made observations in isolation. This protocol allowed us to satiate 
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individuals and observe nestling response to food deprivation over the course of one hour. By 

controlling the observation arena, we are also able to standardize observation conditions between 

nestlings, nests, and to some extent across the breeding season. 

Day 10-12 observations, however, were made in the nest using an infrared camera 

(IP207W, Spy-On-A-Bird LLC) attached to the nest box lid. By this time, nestlings had opened 

their eyes and were no longer responsive to playback of parental calls and therefore, isolated 

measures of begging were no longer possible (C. Gurguis pers. obs.). During day 10-12 

observations, we marked individuals with unique patterns using White Out ® in order to 

distinguish between nestlings (Romano et al 2011). This allowed us to extract detailed 

information about patterns of individual begging intensity and feeding rates from videos. In total, 

we made observations of begging behavior for 152 individuals from 39 nests on day 7, and for a 

subset of these (60 individuals from 14 nests) we also made observations between days 10-12. 

We conducted a total of 152 observation hours on day 7 and 212.61 observation hours between 

days 10-12. On average, we made 4.8 (+ 0.03) repeated observations of begging intensity per 

individual on day 7 and 31.7 (+ 16) repeated observations per individual between days 10-12. 

 (d) Pedigree construction 

We constructed a pedigree that spanned seven generations with 1855 individuals, including 171 

sires and 204 dams. The pedigree was constructed from microsatellite data obtained from blood 

samples, allowing us to detect and include information about extra-pair paternity. We used five 

microsatellites (primers: Smex1, Smex6, Smex8, Smex10, and Smex14, obtained from 5Prime, 

Inc.). When paternity was unknown (e.g. if no blood sample was obtained), we assumed that the 

social father was the genetic father of the nest. We included the social mother as the genetic 

mother in the pedigree even if molecular data was missing since only one case of egg-dumping 
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has been observed over fourteen years (R. Duckworth pers. obs.). In cases when offspring 

genotype did not match the social father’s genotype, we assigned paternity to another male if the 

microsatellite data matched completely with only one other male in the population in the same 

year. 

(e) Statistical analyses 

To understand the nature of variation in begging behavior, we partitioned phenotypic variance 

into genetic, maternal, permanent environmental, and common environmental effects. All 

quantitative genetic parameters were estimated by implementing the animal model in ASReml 3 

(Kruuk 2004, Gilmour et al. 2009). 

 We partitioned phenotypic variance in two ways. First, we assumed that all 

measurements of begging were the same across ages. We began with a simple model by 

combining all observations together, and included time since last feeding visit as a fixed effect 

(cf. Appendix A) and individual ID as a random effect. Given the pedigree, this model partitions 

total phenotypic variance into genetic and residual components. We then added other random 

effects sequentially, and used a likelihood ratio test to determine the significance of variance 

components (Pinheiro and Bates 2000). 

 Next, we assumed that the measurements of traits at different ages represented different 

traits. There may be a priori reason to do so since begging was measured with two different 

protocols at early vs. late ages (cf. Appendix A). This model allowed us to determine how 

variance components changed across different ages, and thus to understand what produces 

consistency in begging across the ontogeny of nestling bluebirds. We report the results of these 

two models because of the different manner in which they treat traits: the first model assumes the 
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trait is the same across the measurement period and simply asks what are the sources of 

variation. The second model, on the other hand, does not make assumptions about whether the 

trait is the same over time and can enlighten patterns of integration and flexibility through time. 

 To test our hypotheses about the production of common environmental effects, we used a 

multivariate general linear model. We tested fixed effects of parental feeding rate, brood size, 

and ambient temperature on the mean begging behavior of the brood on days 10-12. We also 

calculated repeatability of parental feeding rate of nestmates following Lessells and Boag (1987). 

This test allowed us to determine whether variation in parental feeding was greater within or 

between nests, and thus provides a measure of consistency of parental feeding rate among 

nestmates. 

4. RESULTS 

(a) Model I 

We found significant common environmental effects on begging behavior (Table 1). We also 

found a non-zero permanent environmental effect, though this effect was not significant. We 

found no significant genetic variance or maternal effects on begging. The statistics from Models 

I and II are summarized in Table 1. 

(b) Model II 

In our second model, only a common environmental effect produced a significant, positive 

correlation across ages (Fig. 1). Nestlings that begged at high intensity on day 7 also begged at 

high intensity between days 10-12. Begging behavior was also positively phenotypically 

correlated across days. We failed to detect significant genetic, maternal, or permanent 

environmental correlations across days. 
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(c) Production of common environmental effects 

The rate at which parents fed broods differed significantly between females and males with 

females feeding at a higher rate correcting for brood size (difference = 0.85 + 0.71 feeds per hour 

per nestlings. t = 3.15, p = 0.005). We therefore analyzed the effects of parental feeding rate on 

begging intensity separately for males and females. We failed to detect an effect of male (F = 

0.39, p = 0.55, N = 14) or female feeding rate (F = 0.05, p = 0.84, N = 14), brood size (F = 1.46, 

p = 0.26, N = 14), or ambient temperature (F = 0.30, p = 0.60, N = 14) on mean brood begging 

intensity. We found that female feeding rate was significantly repeatable (repeatability = 0.38, F 

= 5.71, p < 0.0001, N = 14), but male feeding rate was not (F = 1.65, p = 0.10, N = 14), meaning 

that variation in female feeding rate among nestmates was greater between than within nests. 

5. DISCUSSION 

We tested the hypotheses that variation in behavior may result from genetic, maternal, common 

environmental, or permanent environmental effects. We found significant common 

environmental and permanent environmental effects on begging behavior. In conjunction with 

the lack of significant genetic variation and our cross-fostering protocol, these findings suggest 

that individuals match their begging to their rearing environment. In this population, we found no 

evidence that phenotypic variation is due to genetic effects. Rather, variation in begging behavior 

is entirely produced by environmental variation. This environmental variation can be attributed 

to the permanent environment of individuals and to the nest environment. 

 We also found a significant environmental correlation between days, suggesting that 

nestling begging is actually flexible, and nestmates converge on similar begging intensities. 

Mean brood begging intensity was not related to male or female feeding rates, brood size, or 



56 

 

ambient temperature. We therefore did not support the hypotheses that feeding rate, brood size, 

or ambient temperature produced the common environmental effect. Female feeding rates to 

nestmates, but not male feeding rates, were repeatable, meaning that variation in female feeding 

rate is greater between nests than within a nest. The significant common environmental 

correlation in conjunction with the consistency of female feeding rate suggests a role for 

maternal behavior in producing consistency of begging (Pittet et al. 2013). The hypothesis that 

the parent-offspring relationship is of key importance to begging behavior has found much 

support in both evolutionary models (Godfray 1991, 1995) and empirical investigations of 

begging (e.g. Kilner 1995). These results highlight the relationship between parent and offspring 

behavior in the evolution of begging signals (Kölliker and Richner 2001, Estramil et al. 2013). In 

the future, other environmental factors should be considered that are shared by nestmates (e.g. 

nest parasite load, Christe et al. 1996; variation in food quality, Johnston 1993; territory quality, 

Svensson and Nilsson 1995) to better understand how variation in begging arises from the 

common nest environment. 

 We did not detect significant additive genetic variation for begging behavior. This result 

could indicate that genetic variation in begging has been eroded by natural selection, and that 

individuals do not vary in genes that influence begging and thus, the population would not be 

able to respond to selection. Strong selection is expected to deplete additive genetic variation 

(Fisher 1958) and our finding is thus consistent with the hypothesis that variation in begging is 

strongly tied to variation in fitness. Genetic variation may exist for plasticity itself (Via and 

Lande 1985, Pigliucci 2005). If so, this would suggest that the way that individuals respond to 

environmental variation is itself still able to evolve. It is important to note here that while we did 

not find additive genetic variance, that there may be dominance or epistatic sources of genetic 
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variation influencing begging (Bulmer 1971). Importantly, although these sources of variation 

are of genetic origin, they are not open to selection, and so our conclusion above holds regardless 

whether these effects exist (Lynch and Walsh 1998). 

 We also failed to detect a significant early maternal effect on begging behavior. Later 

maternal effects are confounded with the common environment since we cross-fostered eggs (see 

below and in Methods). This result is surprising given previous findings about the importance of 

maternal effects on behavior in this system (Duckworth 2009). Specifically, variation in dispersal 

and aggression is known to be mediated via maternal effects of hormones allocated to eggs. If 

indeed maternal effects on the egg are not producing variation in begging, the hypothesis that 

yolk hormones can modulate variation in begging through organizational effects should be 

reconsidered (but see Groothuis and Ros 2005). Further work is necessary to clarify the origin of 

the relationship between yolk hormones and begging behavior. 

 We found a permanent environmental effect on begging, though this effect was not 

significant. The fact that this effect influenced begging in Model I, but did not produce a 

correlation across ages in Model II would suggest that the permanent environment is able to 

change over time. Recent theoretical work on permanent environmental effects has challenged 

the assumption that only one permanent environmental effect can be at work (Schaeffer 2011). 

One possibility is that consistent individual differences are maintained by more than one 

physiological system at different ages. For example, Raevskii (2002) found that nestlings 

begging is elicited by auditory stimuli early during the nestling period, but is elicited by visual 

stimuli after nestlings open their eyes. Research suggesting that animal personality may be 

related to metabolism (Biro and Stamps 2010) would support the hypothesis that the permanent 
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environment can change over time if individual metabolism also changes. More work is needed 

to understand how consistency can arise from labile physiological systems. 

 Our measurement protocol differed between early and late ages, and thus provides an 

alternative explanation for the finding that the permanent environment was not correlated 

through time. Importantly, we measured individuals in isolation on day 7, but within a nest 

between days 10-12. The isolated begging trials may have allowed us to see a permanent 

environmental effect that is masked when nestlings are among siblings. This could explain how 

we were able to detect significant permanent environmental and common environmental effects 

when we grouped all observations together, but only detected a common environmental effect 

when we separated ages. This could also suggest a role for the social environment in the 

production of variation in begging. One way to interpret our results is that we measured distinct 

traits—on day 7, we measured the begging response without the influence of siblings, parental 

feeding regimes, or temperature, but on day 10-12 we measured the begging response in the 

context of variation between nests. The common nest environment might override variation in 

begging that is due to the individual alone. 

 Finally, our discovery of a strong common environmental correlation, produced by the 

nest environment and possibly mediated by maternal behavior, has several important 

implications for the evolution of begging. Our findings suggest that consistency in begging is 

highly context-dependent, and, consistent with previous findings (cf. Appendix A), that begging 

functions to signal short-term changes in the immediate environment (i.e. nestling hunger). A 

crucial future experimental test would be to measure begging, cross-foster nestlings, and then 

measure begging a second time to see whether consistency remains. If nestlings match the 

parental care of the new nest, this would confirm the hypothesis that parental behavior is 
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responsible for variation and consistency in begging. We did not find support for the hypotheses 

that the sibling environment contributed to variation in begging (though some other feature than 

brood size may have had an impact), nor that ambient temperature had an effect. 

6. CONCLUSION 

We have demonstrated permanent environment and common environments in the development 

of behavioral consistency in begging behavior, though the former effect was not significant. We 

found no maternal effect on begging. We found no significant genetic variation, which may 

indicate a history of strong selections on the behavior. We have also suggested that consistent 

parental feeding behavior may be important for producing consistency in offspring begging, but 

this relationship is not due to a correlation between parental feeding rates and brood-level 

begging intensity. 
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FIGURES

N Fixed Effect F d.f. p Source of variance Variance explained p

Model I 2805 Age 2.81 2, 1607.8 0.062 h
2

0.54 x 10
-7

 +  0.00 <0.0001

Time since last feeding 2.82 1, 1726.1 0.096 ce
2

0.19 +  0.05 0.0024 

Age*Time since last feeding 23.89 2, 1736.0 <0.001 pe
2

0.10 + 0.03 0.84 

me
2

0.44 x 10
-6

 +  0.00  <0.0001

N Fixed Effect F d.f. p Age ce
2

p

Model II 2611 Time since last feeding 27.77 2, 2148.0 <0.001 Day 7 0.032 +  0.06 <0.0001 

Day 10-12 0.14 +  0.06 <0.0001 

Table 5. Summarized here are the statistics from both animal models implemented in ASReml. In model I, we incorporate fixed effects based on our findings (cf. Appendix A). Neither 

age nor time since last feeding has a significant effect in the animal model, but the interaction between the two does. Genetic, common environmental, and maternal effects are all 

significant. The permanent environmental effect is not significant. In model II, only time since last feeding was incorporated since begging behavior was separated between ages (see 

above). We only detected a significant common environmental effect on begging, and a correlation between early and later measurements (cf. also Fig. 1).



61 

 

 

Fig. 1—Model II treated early and late begging behavior as separate traits. Represented on the 

lines are the values for the common environmental effects on early and late expression of 

begging and the values of correlations and residuals. Bold lines indicate a significant effects at 

the α = 0.05 level. Only common environmental effects were significant in this model. While the 

phenotypic correlation between early and late begging behavior was weak, the correlation 

between the common environmental components was very strong, meaning that the common 

environmental variance was persistent over the nestling period. 
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