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Abstract 

Early-life food conditions can have profound impact on adult behavioural performance. In 

song birds, early-life food conditions affect adult physiology and cognitive performance 

such as song learning and spatial learning. However, effects on other reproductive 

behaviour than song and on pair formation and reproduction, which are important 

determinants of fitness, received hardly any attention. In this study, rock pigeons 

(Columba livia) were raised either in a food ad libitum or a food restricted condition, in 

which the latter was applied for either 26 or 8 days after hatching and in slightly different 

severity. Their growth and reproductive behaviour in adulthood was analysed under semi-

natural conditions. Food-restriction negatively affected body mass, pair-bonding 

behaviours, courtship (males) and being courted (females), and induced incomplete 

compensatory growth, with some of these more so in the more severe condition. Further 

analyses suggest that the effects of early food restriction could result from the strong 

effects of food restriction on body mass, and perhaps also from detrimental effects of 

compensatory growth. These results provide evidence that early-life food restriction can 

severely impact reproductive success, that will very likely lead to a lower life-time fitness. 

The detrimental effects on male courtship indicate that food restriction can affect sexual 

displays via other pathways than by impaired cognition as has been suggested for bird 

song, since courtship in the pigeons is not learned.  

 

Keywords: 

Columba livia, Compensatory growth, Courtship, Early-life food restriction, Reproductive 

behaviour  
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Introduction 

Because many crucial developmental processes are still ongoing after birth, conditions at 

the early postnatal stage can have important effects on the phenotype even into 

adulthood, influencing fitness (Linström 1999; Monaghan 2008; Boersma et al. 2014). The 

effects of early-life conditions, however, do not simply dominate the variation of life-

history related traits. Instead, the effects can strongly depend on the adult environment. 

This is relevant regarding the question to what extent later environmental factors can 

reverse early detrimental effect. Several theoretical predictions regarding the interaction 

have been discussed (reviewed in Monaghan 2008; Groothuis and Taborsky 2015). 

Among all crucial factors of early-life conditions, food is undoubtedly a critical element. 

For a developing young animal, food provides the essential nutrients that it relies on for 

development and growth. To date, studies that investigated the effects of early-life food 

conditions have suggested profound effects in various traits later in life, including adult 

body mass and size (e.g. de Kogel 1997; Tschirren et al. 2009), metabolism (Verhulst et al. 

2006; Schmidt et al. 2012), immune function (Verhulst et al. 2005; de Coster et al. 2011), 

stress response (Pravosudov and Kitaysky 2006), timing of reproduction (Alonso-Alvarez et 

al. 2006; Blount et al. 2006), senescence (Boonekamp et al. 2014) and cognition (e.g. song 

learning in songbirds, Nowicki et al. 2002; Spencer et al. 2003; Farrell et al. 2012; Schmidt 

et al. 2013, size of some brain nuclei and spatial learning, Pravosudov et al. 2005). These 

studies applied diverse methodologies and many of them manipulated post-hatching 

brood size, in which the nestlings in an enlarged brood usually face tougher sibling 

competition and thus comparably lower food availability than nestlings from a reduced 

brood. Despite the relevance of brood-size manipulation, such an experiment manipulates 

multiple factors simultaneously (e.g. food availability, social environment and competition, 

parental efforts, etc.), and the separate role of each factor is hard to be teased apart 

(Monaghan 2008). Studies that applied food restriction in the nestling phase thus would 

provide the most direct evidence on how early food conditions influence adult phenotype. 

Such studies have mostly focused on later cognitive performance or compensatory growth 

and related consequences. In several song bird species, food restriction (65%-70% of ad 

libitum) in the nestling phase significantly reduced the brain area of song control (HVC and 

RA) and song production (Nowicki et al. 2002; Buchanan et al. 2004; MacDonald et al. 

2006; Farrell et al. 2012; Schmidt et al. 2013). In western scrub-jays (Aphelocoma 

californica), the similar scheme of food restriction also led to reduced hippocampal 

volume and number of neurons in hippocampus (Pravosudov et al. 2005), and decreased 

performance of spatial memory (Pravosudov et al. 2005). Studies on compensatory 

growth have found that early food manipulation can lead to a higher growth rate after 
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food restriction (e.g. Krause and Naguib 2011; Killpack et al. 2014). Such compensatory 

growth comes at costs, which can affect life span, locomotory activity, metabolism, 

oxidative resistance, exploratory behaviour and cognitive performance, and aspects of 

reproduction (e.g. Fisher et al. 2006; Alonso-Alvarez et al. 2007; Criscuolo et al. 2008, 2011; 

Krause and Naguib 2011; reviewed in Metcalfe and Monaghan 2001; Monaghan 2008).  

Although such a wide range of traits can be “programmed” by early-life growth conditions, 

whether and how reproductive behaviour such as courtship, pair formation, mate choice, 

intra-sexual aggression and egg production is affected is still underexplored, despite being 

important determinants of fitness. In this study, rock pigeon (Columba livia) squabs were 

raised either under a food-restricted or ad libitum condition since hatching. We aim to test 

whether the early-life food restriction would lead to post-fledging compensatory growth, 

and influence body mass and reproductive behaviour in adulthood. In one experiment (in 

2012), the food-restriction treatment lasted for 26 days, while in the other (in 2013) only 

until day 8 after hatching. Because the nutritional stress in early life may have delayed 

their development or set up a constraint for proper reproduction, or have made them 

prioritize survival and self-maintenance over current reproductive effort, we expected 

that the birds experiencing food restriction early in life would show lower levels of 

reproductive behaviour. Furthermore, we expect a stronger magnitude of this 

reproduction-depressing effect for food-restricted birds from 2012 because of the 

endured period of food restriction. Finally we were interested to what extent effects in 

adulthood on body mass and compensatory growth would explain the variation in 

reproductive performance. 

 

Materials and Methods 

Study species and housing condition 

In this study, the experimental pigeons (Columba livia) were from two previous 

experiments that aimed to investigate the differential effects of maternal testosterone 

under different post-hatching food conditions (Müller 2013; Hsu et al. Chapter 3, this 

thesis). All pigeons included in previous experiments and this study were descendants of 

out-bred wildly-caught individuals from our pigeon colony. All birds showed the same 

wild-type “blue bar” plumage pattern (Johnston and Janiga 1995) and white rump feathers. 

Morphologically, they are visibly distinct from domestic racing pigeons because of their 

smaller body size and operculum. 

In the previous experiments, pigeon eggs were collected and injected with either 50 µl 

testosterone solution or vehicle only (50 µl sesame oil) as control and raised by foster 
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parents (Müller 2013; Hsu et al. in press, Chapter 2 and Chapter 4 in this thesis). After 

chicks hatched, they were randomly assigned to two post-hatching food treatments (non-

restriction versus restriction, for details see Food treatment) and their growth was tracked 

until fledging and independence. In this study, only those birds from the “vehicle” group 

were included (43 in 2012 experiment and 64 in 2013). After fledging and independence, 

the pigeons included in this study were housed in a large outdoor aviary (45m long × 9.6m 

wide × 3.75m high) in the animal facility of Centre for Life Sciences, University of 

Groningen, together with experimental birds of another study (Hsu et al. in press) and also 

non-experimental pairs. Ad libitum food (seed mixture for Streptopelia species, KASPER
TM

 

6721, + seed mixture for Columba species, KASPER
TM

 6712 + pellets for pigeons, KASPER
TM

 

P40, for nutrition details, see Table S5.1), grit, and water was provided. 

In this study, we analysed the long-term survival of the experimental birds (from birth to 

the start of behavioural observation in 2014) and the reproductive behaviour of those 

birds that survived into adulthood (n=55, for the composition of their age and sex, see 

Table 5.1). Overall, pigeons from the food-restricted groups had a relatively high early 

mortality (see Results), which is reflected in their lower sample size relative to those from 

non-restricted groups (Table 5.1). A potential survivor bias of good quality birds in the 

poor food treatment is thus inevitable. Nevertheless, any detrimental effect of the food 

restriction on the survivors would still indicate long-lasting effects of early food stress. 

Before the behavioural observations, all pigeons were caught to check their leg bands and 

to measure their body mass as described in Hsu et al. (in press). After processing, all birds 

were released back to the aviary and provided with a 10-day period of acclimatization 

before the observation started. Our capture procedure did not show any indication of 

Table 5.1 The number of pigeons used in this study.  

 2012  2013   

Food non-restricted restricted non-restricted restricted Total 

Female
 

8 3 7 6 24 

Male
 

16 3 9 3 31 

Total 24 6 16 9 55 

Pigeons were derived from two previous experiments involving the interaction between 

maternal yolk testosterone and early post-hatching food conditions. Only pigeons hatched from 

vehicle-injected eggs (no testosterone manipulation) were included. In 2012, the parental 

pigeons in the food-restricted group received 33 g seed mixture per pair per day from two days 

before the hatching of chicks until day 26 post-hatching, in which the chicks grew in a heavily 

food-restricted condition. In 2013, 33g seed mixture was also provided to each pair of breeding 

pigeons in the food-restricted group. But as chicks hatched, they received 5g additional food per 

chick per day. This food treatment lasted until day 8 post-hatching. 
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overt stress or death. The procedure of food restriction, recapture and observation were 

all approved by the Animal Welfare Committee of University of Groningen (DEC No. 

5635E). 

 

Food treatment 

In 2012 and 2013, two different food treatments were applied on the parental pigeons 

while they were raising chicks. In both years the food treatment started 1-2 days before 

the chicks hatched, and ended at day 26 post-hatching in 2012, and at day 8 post-hatching 

in 2013. In 2012 the food-restricted groups received 33 g seed mixture per pair per day. In 

2013, 5g additional food per chick per day was provided to each pair of parental pigeons 

in order to reduce chick mortality that had been observed in 2012. In both years the non-

restricted group received ad libitum food, supplemented with vitamin powder Supralith
TM

. 

The macronutrient composition of the food is summarised in Table S1. After the food 

treatment, all pigeons, including parents and fledglings, were fed with the normal ad 

libitum food again.  

 

Behavioural observations and classification 

From April 10 to May 16, 2014, we used a group scanning protocol for behavioural 

observation and recorded behaviour from an observation corridor next to the aviary. All 

pigeons were individually recognizable by unique colour ring combinations. The birds 

included in this study were observed together with the birds involved in another 

simultaneously-conducted study (Hsu et al. in press). In brief, the observers scanned the 

whole group of pigeons from one end of the aviary to the other and registered the 

behaviour of each pigeon (Table 5.2), within 24 days during 6 weeks, with 2 to 4 

observation bouts each day. The direction (from left to right or vice versa) of each 

observation bout was randomly determined every day and then alternated during that day. 

The observers were pre-trained but kept blind from knowledge of the experimental 

treatments.  

During the behavioural observations, we focussed on courtship, pair-bonding and 

aggressive behaviour, which were pre-defined according to literature (Johnston and Janiga 

1995) and our own experience (Table 5.2). Some behaviour could be performed by an 

individual pigeon at the same time, for example, tail-dragging and bowing, or tail-dragging 

and driving, and in such cases both were recorded. Before data analysis, tail-dragging, 

bowing, and the male driving the female were grouped as “Courtship”. Attacking and 

fighting were merged into “Aggression”. For females, being driven and being courted were 
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grouped as “Being Courted”. Female-specific courtship (see Hsu et al. in press) and female 

aggression were not considered for analysis because they were only very rarely performed. 

Copulation, courtship feeding and reciprocal preening are usually seen in both sexes 

among established pairs and thus were grouped as “Pair-bonding”. In the aviary, 78 nest-

boxes were provided for the whole group of pigeons but were not opened until the middle 

of the behavioural observation. We made additional observations to identify those 

pigeons that occupied a nest-box or a nesting site on the ground.  

 

Statistical analysis 

All statistical analyses were conducted with R 3.0.2 (R core team 2013). We used the 

package OIsurv (Diez 2013) for the survival analysis. Due to the very low sample size when 

Table 5.2 The definitions of pigeon behaviour, based on our own experience and those given by 

Johnston and Janiga (1995).  

Behaviour Definition
 

Courtship-related:  

Tail-dragging (TD) A pigeon spreads his tail and drags it on the ground. 

Bowing (BW) A pigeon puffs out his neck feathers, lowers his head and turns 

around in circles, producing a cooing sound. 

Driving (D) One pigeon runs closely behind another. 

Copulation (CP) A pigeon stands on top of another pigeon, with their cloacae 

touching. 

Courtship feeding (CF) A pigeon puts her beak inside the beak of the other. 

Reciprocal preening (RP) Two pigeons stand/sit closely and preen each other. 

Being courted (C0) Another pigeon is doing TD, BW towards the targeted pigeon. 

Being driven (D0) Another pigeon is driving the targeted pigeon. 

Aggression-related:  

Attacking (A1) Active agonistic behaviour by a pigeon against another one, i.e. 

pecking, chasing, beating with wings, or kicking. 

Fighting (F) Two pigeons actively engage fighting with each other. 

Other behaviour:  

Nest-building (NB) A pigeon brings nest materials to its nest-site or tries to make a 

nest. 

Inactive (I) Standing, sitting, and any other inactive behaviour 

Other (O) Any other behaviour that is not defined above, e.g. self-preening, 

eating, walking. 

Some categories were further grouped before data analysis: TD+BW+D = Courtship; CP+CF+RP = 

Pair-bonding; C0+D0 = Being courted; A1+F = Active aggression. 
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higher-order interaction are considered, we did not include sex in this analysis in order to 

get more robust results concerning the effects of food restriction, the severity of food 

treatment, and year difference. Significance tests were conducted by Gehan-Wilcoxon test 

with rho=0. 

All other analyses were conducted by general or generalized linear models (GLM). Food 

treatment (restricted or not restricted) and experiment (severity of treatment) were 

included as independent variables in all models. Sex was also included in those models in 

which the data of both sexes were included (body mass, nest occupation, pair-bonding 

behaviour).  

The factor “experiment” is potentially confounded by the age of the birds, as we 

performed the observations of all birds in spring 2014, when the birds from the first 

experiment (2012, the more severe treatment) were two years old and the birds of the 

second experiment (2013, the less severe manipulation) one year. However, in both 

experiments we used age matched control birds. The effect of the severity of the 

treatment can therefore be analysed by testing the interaction between food treatment 

and experiment, without age as a confounding variable. Therefore we included this 

interaction in all models. In models where sex was included because of known sex 

differences in behaviour for this species, we also tested the interaction between food 

treatment and sex.  

The data of body mass, the total frequencies of male courtship and females being courted 

were analysed with GLMs, where Gaussian error distribution was assumed. Model 

diagnostics did not detect significant deviation of residual distribution from normality 

(Shapiro-Wilk tests, all P values>0.09). The total frequency of male aggression was not 

normally-distributed and thus was first square-root-transformed to ensure a normal-

distributed residual distribution (Shapiro-Wilk test on model residuals, P=0.44). The data 

of pair-bonding were zero-inflated, and thus were re-coded as 1/0 (pair-bonding 

behaviour was observed or not) and analysed by binomial GLMs. The data of nest-box 

occupation and egg laying were similarly treated. 

For the model of body mass, we additionally included the mass of the eggs from which the 

birds originally hatched. This was because egg mass often relates to chick body mass (Krist 

2011) and in the extremely cold spring of 2013 egg mass and body mass was lower than in 

2012, even among non-restricted pigeons (egg mass: mean±SD: 2012, 17.33±1.47 g; 2013, 

16.56±0.87g, t test, t48.207=-2.4179, P=0.019; for body mass see Results), suggesting 

substantial year difference.  
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In order to test whether compensatory growth occurred, we used the data of body mass 

at day 8 (the end point of food restriction in 2013) and day 26 (the end point of food 

restriction in 2012 and also the approximate fledging age for non-restricted squabs) from 

our previous studies together with the body mass measured in 2014 to calculate the body 

mass gain between 1) day 8 and day 26 and 2) day 26 and 2014. The first one was for 

testing the potential immediate compensatory growth after food restriction in 2013 chicks. 

The second one was for testing the post-fledging compensatory growth. We used GLMs 

including only food treatment, the factor experiment, and their interaction. 

As food treatment significantly influenced body mass (see Results), which may influence 

behaviour, and compensatory growth may incur costs in terms of behaviour, too, we 

additionally applied GLMs to test the predictability of body mass and compensatory 

growth on reproductive behaviour. The post-fledging body mass gain (between day 26 and 

2014) was used as an index of compensatory growth and entered in the model together 

with body mass in 2014. No clear violation against model assumptions was detected.  

In all models, multi-collinearity was checked and all variance inflation factors were <2. 

 

Figure 5.1 Long-term survival curve of pigeons from the food-restriction experiments in 2012 

and 2013. Solid line: non-restricted pigeons; dashed line: food-restricted pigeons. 
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Results 

Long-term survival 

The food treatment significantly led to a much higher mortality in the food-restricted birds 

(χ
2
=29, P<0.001). This effect remained significant when we separately analysed the data 

within each year (2012, χ
2
=16.4, P<0.001; 2013, χ

2
=10.2, P=0.001; Fig. 5.1). In addition, 

there was also a significant year difference, indicating that pigeons born in 2013 had a 

significantly lower survival rate (χ
2
=14.1, P<0.001, Fig. 5.1). We further tested the survival 

curve for both years, but separately for the food deprived and control groups  and found 

that in both groups birds in 2013 always had a lower survival than in 2012  (non-restricted, 

χ
2
=7.4, P=0.006; restricted, χ

2
=4.6, P=0.032). 

 

Body mass  

On average, adult body mass (early April 2014) was 283.68±25.68 g for non-restricted 

pigeons and 252.36±21.18 g for restricted pigeons (mean±SD). Food restriction at the 

post-hatching stage significantly reduced body mass in adulthood (P=0.003, Fig. 5.2, Table 

5.3). Males were significantly heavier than females (P=0.0030, Table 5.3), but there was no 

sex-specific effect of food restriction (P=0.792). The factor experiment (severity of the 

treatment, 2012 versus 2013, see Food treatment) did not show a significant effect on 

adult body mass (P=0.400), but the interaction between experiment and food treatment 

was approaching significance (P=0.063, Fig. 5.2). Tukey HSD post-hoc comparisons 

indicated a highly significant lower adult body mass in the food-restricted compared to the 

non-restricted pigeons from the 2012 experiment (P<0.001) but not among the pigeons 

from the less severe manipulation in 2013 (P=0.200). In addition, non-restricted birds in 

the less severe condition in 2013 had a lower adult body mass than in the year before 

(P=0.041), but such difference among food-restricted birds was not significant (P=0.930). 

Table 5.3 Results of the general linear model on pigeon body mass.  

Variables Estimates SE t P
 

Experiment (2012)
 

5.377 6.333 0.849 0.400 

Food (restricted) -22.438 7.051 -3.182 0.003 

Sex (male)
 

19.054 6.151 3.098 0.003 

Original egg mass 6.386 2.498 2.556 0.014 

Food × Sex -5.850 13.866 -0.422 0.675 

Food × Experiment -25.895 13.616 -1.902 0.063 

All P values for main factors were derived from the model without any interaction term (N=54, 

one missing values in body mass was removed). 
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Compensatory growth 

In the less severe experiment of 2013, the body mass gain of chicks between day 8 and 

day 26 did not show a significant difference between control and food restricted birds, 

despite the fact that the food restriction had ended after day 8 (Fig. 5.3A). This suggests 

lack of compensatory growth during the first few weeks after the food restriction in the 

2013 experiment. During the same nestling stage in 2012, the chicks were still under the 

food treatment, leading to a much lower body mass gain until fledging for food-restricted 

chicks than non-restricted chicks (Fig. 5.3A).  

Between day 26, after the food restriction had ended for all groups, and the 2014 

breeding season, we observed an overall significant difference of body mass gain between 

the controls and food restricted birds: pigeons from the food-restricted group gained 

 

Figure 5.2 Mean±SE of pigeon body mass. The y axis represents the residuals (g) from the model 

controlled for sex and the mass of the original eggs from which they hatched. Filled circles 

depict food restricted pigeons whereas open circles non-restricted pigeons. Pigeons that had 

post-hatching food restriction showed strongly reduced body mass (P<0.001). The tendency that 

the less severe food restriction in 2013 had a less strong effect was not significant. 
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much more weight than pigeons from the non-restricted group (Fig. 5.3B). This 

compensatory growth was much stronger in the 2012 birds (the more severe treatment), 

as indicated by the highly significant interaction effect between food treatment and 

experiment (Table 5.4). Indeed, post hoc analyses showed that the group difference was 

only significant in 2012 (Fig 5.3B). 

 

Nest-box occupation, pair-bonding, and egg-laying 

Among the 55 pigeons of this study, 41 of them successfully occupied a nest-box or a nest-

site on the ground, and the remaining 14 did not. The binomial GLM showed that post-

hatching food restriction did not affect the odds of nest occupation (P=0.262, Table S5.2). 

Sex and experiment also did not have significant effects (P=0.445 and 0.360, respectively). 

Moreover, the interaction of food restriction by sex and food restriction by experiment 

were both non-significant (P >0.4, for model details see Table S5.2). 

Among these birds, for 5 females and 9 males, we did not observe that they had formed a 

stable pair with another bird. The odds of pair formation did not show significant 

difference between food treatments (P=0.281), experiments (P=0.375), or sexes (P=0.459), 

nor did the interaction of food restriction by sex or food restriction by experiment (P>0.3, 

Table S5.2). 

      

Figure 5.3 Mean ±SE of body mass gain between (A) day 8 and day 26, when the chicks in 2012 

were still under food restriction, in contrast to those of 2013; and (B) day 26 and 2014 breeding 

season across the two experiments when none of the chicks were food restricted anymore. 

Filled circles: food-restricted pigeons; open circles: non-restricted pigeons. Post-hoc 

comparisons: Tukey HSD test, ***: P<0.001; ns: P>0.05. 
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Over the course of the observation, 14 out of the 24 females laid eggs while the other 10 

did not (Table 5.5). The binomial regression suggested an almost significant trend that 

food-restricted females were less likely to lay eggs compared to non-restricted females 

(proportion of females laying eggs: non-restricted 73.33%; food-restricted 33.33%, 

P=0.053, for model details, see Table S5.2). The factor “experiment” and the interaction 

between food restriction and experiment did not show significant effects (P>0.4, Table 

S5.2). However, sample sizes are low and the data in Table 5.5 suggests a clear effect in 

the more severe treatment. 

 

Table 5.4 Results of general linear models on body mass gain between day 8 and day 26, and 

between day 26 and 2014 breeding season. Residuals of both models conformed normal 

distributions (Shapiro-Wilk test, P>0.1). The interactions of interest were tested simultaneously 

but the results of all main effects were derived from the models leaving out all two-way 

interactions.  

Variables Estimates SE t P
 

Body mass gain between day 8 and day 26 (n=54)
a
 

Experiment (2013)
 

8.033 9.151 0.878 0.384 

Food (restricted) -32.860 10.190 -3.225 0.002 

Sex (male) 15.422 9.151 1.685 0.098 

Food × Experiment 92.208 16.017 5.757 <0.001 

Food × Sex 9.376 16.017 0.585 0.561 

Body mass gain between day 26 and the 2014 breeding season (n=53)
a,b

 

Experiment (2013)
 

-12.301 7.064 -1.741 0.088 

Food (restricted) 40.484 7.928 5.107 <0.001 

Sex (male) 2.774 7.004 0.396 0.694 

Food × Experiment -70.576 13.069 -5.400 <0.001 

Food × Sex -5.362 12.758 -0.420 0.676 
a
 Among the 55 pigeons included in this study, one individual did not have body mass data at 

day 8 and day 26, and was therefore removed from this analysis. 
b
 One individual whose body mass data in 2014 was missing and was removed from this analysis. 

Table 5.5 Number of females that laid eggs or not during the period of this study. 

 From 2012 experiment From 2013 experiment 

 Laid eggs Did not lay eggs Laid eggs Did not lay eggs 

Non-restricted 6 2 5 2 

Restricted 0 3 3 3 
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Frequencies of reproductive behaviour 

On the total frequency of male courtship behaviour, the interaction between food 

restriction and experiment was significant (P=0.022). Post-hoc pairwise comparisons 

indicated that only among pigeons of the more severe experiment (in 2012), food-

restricted males showed a significantly lower level of courtship than non-restricted males 

(Fig. 5.4A, Tukey HSD test, P=0.020; for all other comparisons, P>0.29). The overall effect 

of food restriction and experiment were not significant (see Table 5.6). Food-restricted 

females were significantly less courted by males than non-restricted females (Fig. 5.4B, 

P=0.001, Table 5.6). The interaction between food restriction and experiment was almost 

significant (P=0.058), suggesting a stronger effects of a more severe treatment, as 

revealed by post-hoc comparisons (Fig. 5.4B, for 2012 experiment, P=0.003; for 2013 

experiment, P=0.327). For pair-bonding behaviour, which is typically seen in both sexes, 

the binomial GLM showed significantly lower odds for food-restricted pigeons to perform 

such behaviour (Fig. 5.4C, P=0.019). Sex and experiment were both non-significant, nor 

were the interactions between food restriction and experiment, and food restriction and 

sex (all P’s>0.35; Table 5.6). Male aggressive behaviour was non-significantly lower in 

food-restricted males (P=0.079, Table 5.6). Experiment and the interaction between food 

restriction and experiment did not significantly affect male aggression (P>0.17, Fig. 5.4D, 

Table 5.6).  

 

Relationships between behaviour, body mass and compensatory growth 

The models testing the predictability of body mass and post-fledging body mass gain on 

the performance of reproductive behaviour showed that body mass was a significant 

predictor for male courtship (P=0.010) and how often a female was courted (P=0.002), but 

not for pair-bonding behaviour (P=0.244) and male aggression (P=0.132, for model details 

see Table S5.3). This indicates that heavier males courted more often and heavier females 

were being courted more often. To analyse whether this relationship holds within groups, 

we further tested this association only among non-restricted birds as the sample size is 

larger, and body mass still significantly predicted male courtship (N=24, P=0.029) and how 

often a female being courted (N=15, P=0.007). As for the post-fledging body mass gain, 

interestingly, it consistently showed opposite association from body mass with all 

behaviours, although only approaching significance for male courtship (P=0.055) and pair-

bonding (P=0.088). 
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Figure 5.4 Boxplots of pigeon behavioural frequencies. Filled boxes depict food-restricted 

pigeons, and empty box non-restricted pigeons. The upper and lower borders of the box 

correspond to the first and third quartiles and the lines within boxes to the median. Dots refer 

to extreme values. The whiskers extend to the highest and lowest value that is within the inter-

quartile range. (A) Male courtship: food-restricted males showed a lower frequency of courtship 

behaviour among the birds from the severe food restriction treatment in 2012. (B) Food-

restricted females were significantly less courted by males. The interaction between food 

restriction and experiment was almost significant, but the post-hoc comparisons suggested a 

stronger effect in 2nd year females.  (C) Pair-bonding behaviour was significantly less performed 

by food-restricted pigeons (P=0.019), independent of experiment and sex. (D) Food-restricted 

males showed non-significantly lower aggressive behaviour. The interaction between food 

restriction and experiment was not significant. Post-hoc comparisons: Tukey HSD test, **: 

P<0.01; *: P<0.05; ns: P>0.05. For details see the text. 
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Discussion 

To the best of our knowledge this is the first report demonstrating that early food 

restriction not only reduced long-term survival and the body mass of the survivors in 

adulthood, but also postural male display, female attractiveness, pair-bonding behaviour 

and, almost significantly so, egg production. The results also indicate differential effects of 

the severity of the food treatment on different adult traits, although a year effect cannot 

be completely excluded.  

Food-restricted pigeons had significantly lighter body mass in adulthood than non-

restricted pigeons. This indicates that pigeons were unable to fully compensate for the 

depressed growth during the food-restricted period in their early life, despite the 

presence of ad libitum food later on. We did detect remarkable compensatory growth of 

Table 5.6. Results of generalized linear models on pigeon behaviour. Data of male courtship and 

female being courted confirmed normality and no data transformation was applied to them. The 

total frequencies of male aggression were square-root-transformed to ensure the normality of 

the model residuals. The “Pair-bonding” was coded as 1 or 0 and binomial error distribution 

with a logit link function was specified in the model; in this model z values instead of t values 

were presented. All P values for main factors were derived from the model without any 

interaction term. 

Variables Estimates SE t or z P
 

Total frequency of male courtship (n=31) 

Experiment (2012)
 

0.121 0.161 0.753 0.458 

Food (restricted) -0.368 0.198 -1.858 0.074 

Food × Experiment -0.887 0.366 -2.427 0.022 

Total frequency of being courted in females (n=24) 

Experiment (2012)
 

0.110 0.083 1.318 0.202 

Food (restricted) -0.314 0.086 -3.657 0.001 

Food × Experiment -0.329 0.164 -2.009 0.058 

Pair-bonding behaviour (n=71)
 
 

Experiment (2012)
 

-0.554 0.604 -0.918 0.359 

Food (restricted) -1.664 0.708 -2.349 0.019 

 Sex (male) -0.012 0.598 -0.021 0.983 

Food × Experiment -0.643 1.516 -0.424 0.671 

Food × Sex 1.005 1.419 0.708 0.479 

Total frequency of male aggression (n=31) 

Experiment (2012)
 

-0.012 0.080 -0.155 0.878 

Food (restricted) -0.180 0.099 -1.823 0.079 

Food × Experiment -0.269 0.195 -1.379 0.179 
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pigeons from the more severe 2012 experiment but at two years of age they were still 

significantly lighter than the non-restricted counterparts (Fig. 5.1). This is consistent with a 

recent meta-analysis that in spite of the ability to accelerate growth after food restriction, 

animals may not be able to fully “catch-up” (Hector and Nakagawa 2012). Mechanistically, 

this is probably due to the constraint of their smaller structural size since the growth of 

skeleton is known to stop soon after fledging, a couple of weeks after the end of our food 

restriction.  

Compared to the non-restricted birds, the birds that received post-hatching food 

restriction showed reduced levels in almost all behavioural parameters. Body mass was a 

strong positive predictor for male courtship and female attractiveness. This perhaps 

reflects the fact that in many species lighter males are being dominated by heavier males, 

explaining the negative effect of food restriction on aggression. Also, our data on females 

being courted indicate that low quality females are relatively unattractive. Since food 

deprivation had an almost significant negative effect on egg production, male preference 

for heavier females seems adaptive. Because pigeons tend to maintain a life-long pair-

bonding relationship unless the mate disappears (Johnston and Janiga 1995), this lower 

attractiveness of females will very likely lead to a reduced life-time reproductive success 

and fitness return, as will a lower male status in this colonial breeding species. This is in 

line with several field studies that have linked the quality of natal environment and life-

time reproductive success (Reid et al. 2003; van de Pol et al. 2006; Wilkin and Sheldon 

2009).  

Food restriction in early life also negatively affected pair-bonding and aggressive 

behaviour, but adult body mass did not correlate with these two behavioural parameters. 

This suggests that the impact of early-life food condition is not fully translated by the 

corresponding change in body mass, although the small sample size warrants some 

caution. When analysing the combined effect of body mass and compensatory growth on 

adult behaviour, compensatory growth was, as predicted, negatively related to 

behavioural parameters, but was only approaching significance for courtship behaviour. 

This suggests that final body mass is more influential than the potential costs of 

compensatory growth for adult behaviour.  

We found that even without food restriction, pigeons born in the 2013 experiment were 

significantly lighter than pigeons born in 2012 (Fig. 5.2). This could be due to age-related 

effects, for example, older birds (born in 2012) may be more dominant than younger ones 

(born in 2013). Alternatively, 2013 might be a special year as non-restricted pigeons born 

in 2013 were notably lighter than pigeons born in 2012 but also than those born in 2011 

(mean±SD: 2013, 272.75±26.11 g; 2012, 290.96±23.14 g; 2011, 287.69±28.49 g). Indeed, 
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the spring in 2013 was exceptionally cold and birds generally laid smaller eggs (see 

Statistical analysis). As a result, the chicks born in that season had very likely higher 

energy expenditure for thermoregulation. This would also explain the generally higher 

mortality observed in 2013 (Fig. 5.1). 

As far as behaviour is concerned, early-life food restriction in birds has mainly been 

analysed in terms of cognition-based behaviours, focussing on song development (Nowicki 

et al. 2002; Spencer et al. 2003; Farrell et al. 2012; Schmidt et al. 2013) and spatial 

foraging and memory (Pravosudov et al. 2005; Farrell et al. 2012; Kriengwatana et al. 

2015). Song has partly the same function as male courtship behaviour in the pigeons, but 

in contrast to songbirds, postural and vocal displays in sub-oscines are not learned 

(Groothuis 1993, Gahr 2000). This suggests another pathway than impaired cognition for 

food restriction affecting sexual displays. We could not record in detail the vocal displays 

in our large colony but a detailed analysis of the form of the postural and vocal displays 

after food restriction may be worthwhile for future work.  

A proximate mechanism underlying the reduced reproductive behaviour due to early-life 

food restriction is organizational changes of brain areas. Bird studies have shown evidence 

that brain areas related to song learning and spatial learning (e.g. the song control nuclei 

HVC and RA, and hippocampus, Nowicki et al. 2002; Buchanan et al. 2004; Pravosudov et 

al. 2005; MacDonald et al. 2006; Schmidt et al. 2013) can be affected by early-life food 

conditions. However, such areas have been attributed to learning whereas pigeon 

courtship is independent of at least imitation. Moreover, similar changes in brain areas 

relevant for the postural and vocal displays in the pigeons, or more generally, the areas 

controlling courtship in non-passerines, are less well known and we did not sacrifice birds 

for brain measurements. 

Reduced performance of reproductive behaviour in the food-restricted birds could also be 

a consequence of altered neuro-endocrine function. Several studies have found that early 

food restriction can increase circulating baseline corticosterone levels (Pravosudov and 

Kitaysky 2006, Kriengwatana et al. 2014, but see Schmidt et al. 2014), suggesting 

enhanced activity of the hypothalamus-pituitary-adrenal (HPA) axis. As reproductive 

behaviour is very much testosterone-dependent (Adkins-Regan 1995; Hau and Goymann 

2015), and the activation of HPA axis may inhibit the secretion of testosterone (Toufexis et 

al. 2014), the increased activity of HPA axis as a result of early-life food restriction might to 

some extent inhibit the performance of reproductive behaviour. Whether such effects will 

dampen over time, and how the interaction between HPA axis and HPG (hypothalamus-

pituitary-gonad) axis is modulated by early-life food conditions requires more studies. 
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In conclusion, the results are clearly in line with the silver spoon hypothesis, but now 

extending the long term effects to detrimental effects on not learned courtship, pair 

bonding and reproduction. In addition, we found negative effects of compensatory growth 

on later reproductive behaviour that, perhaps due to the small sample size, only 

approached significance. This warrants further research.  
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Supplementary materials 

Table S5.1. Macronutrient components of grain mixtures in food treatment. 

Grain mixture Tortelduivenvoer 

(KASPER
TM

 6721) 

Sierduivenvoer 

(KASPER
TM

 6712) 

Duivenkorrel
a 

(KASPER
TM

 P40) 

Gemengd graan 

met broken mais 

Protein 11.90% 13.30% 15.60% 10.10% 

Fat 5.20% 3.40% 2.80% 2.40% 

Cellulose 6% 4.40% 2.10% 2.80% 

Ash 2.40% 2.40% 4% 1.60% 

Standard food ad lib. ad lib.   

Good food
b
 ad lib. ad lib. ad lib.  

Poor food       33g /pair-day
c 

a
 also contains calcium 0.6%, potassium 0.6%, lysine 6g, sodium 0.1%, E 672 vitamin A 19000 lE/kg, 

vitamin E 100 lE/kg, E 671 vitamin D3 300 lE/kg, and copper 12mg/kg 
b 

also supplemented with Supralith 
TM

 supplementation powder every one or two days. Supralith 

contains vitamin A 9000 IE/kg, vitamin D3 3000 IE/kg, vitamin E1 8.5 mg/kg, Calcium 17%, linolz 

0.5% and raw ashes 80%. Supralith also contains potassium iodide, which provides iodide 1.5 

mg/100g. 
c
 In 2013, 5g additional food was provided per chick per day until the end of the food treatment.  
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Table S5.2. Results of the generalized linear models on the odds of successfully occupying a nest-box 

or a nest-site, pair formation, and egg-laying. Binomial error distribution was specified. For the 

model of egg-laying, only females were considered. All P values for main factors were derived from 

the model without any interaction term.  

Variables Estimates SE z P
 

Nest-box occupation (n=55) 

Experiment (2012)
 

-0.612 0.669 -0.915 0.360 

Food (restricted) -0.800 0.713 -1.121 0.262 

Sex (male)
 

-0.515 0.674 -0.764 0.445 

Food × Sex -1.134 1.485 0.763 0.480 

Food × Age -1.005 1.422 -0.707 0.445 

Pair formation (n=55) 

Experiment (2012)
 

-0.110 0.123 -0.896 0.375 

Food (restricted) -0.151 -0139 -1.091 0.281 

Sex (male)
 

-0.092 0.124 -0.746 0.459 

Food × Sex 0.189 0.281 0.674 0.503 

Food × Experiment -0.238 0.280 -0.851 0.399 

Egg-laying (n=24) 

Experiment (2012)
 

-0.771 0.975 -0.791 0.429 

Food (restricted) -1.918 0.992 -1.934 0.053 

Food × Experiment -17.748 2284.102 -0.008 0.994 
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Table S5.3. Results of the generalized linear models of the predictability of body mass and post-

fledging body mass gain on pigeon reproductive behaviour. Data of male courtship and female being 

courted conformed normality and no data transformation was applied to them. The total 

frequencies of male aggression were square-root-transformed to ensure the normality of the model 

residuals. The “Pair-bonding” was coded as 1 or 0 and binomial error distribution with a logit link 

function was specified in the model and therefore z values were presented. 

Variables Estimates SE t or z P
 

Total frequency of male courtship (n=30) 

Body mass 0.008 0.003 2.754 0.010 

Post-fledging body mass gain -0.005 0.002 -2.009 0.055 

Total frequency of being courted in females (n=24) 

Body mass 0.006 0.002 3.605 0.002 

Post-fledging body mass gain -0.002 0.001 -1.443 0.164 

Pair-bonding behaviour (n=71)
 
 

Body mass 0.003 0.003 1.178 0.244 

Post-fledging body mass gain -0.004 0.002 -1.743 0.088 

Total frequency of male aggression (n=31) 

Body mass 0.002 0.002 1.554 0.132 

Post-fledging body mass gain -0.001 0.001 -0.928 0.362 

 




