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these chapters. I do not include mate choice based on vocal characteristics in this 
dissertation because this is an ongoing project and I do not have enough results yet.   

In chapter 8 to 10, I treat topics related to the population consequence of the mate 
choice behavior. Chapter 8 describes dispersal pattern of the owls within Minami-daito 
Island. Because dispersal is a part of mate search behavior and a main cause of spatial 
distribution of individuals within a population, fundamental description of dispersal is 
necessary to extend our viewpoint on mate choice from individuals to a population. 
Chapter 9 describes fine-scale spatial genetic structure of the owls on Minami-daito Island, 
which is a consequence of the dispersal pattern in the Chapter 8. Chapter 10, as the 
consequences of the all processes treated in the previous chapters, describes population 
dynamics of the owls using a population dynamics model. This model estimates multiple 
aspects of demography, such as survival, reproduction, sex ratio and population size. 

Combining all results in the previous chapters, Chapter 11 discusses the ecology and 
evolution of mate choice in O. e. interpositus. As a study of mate choice on a bird or on 
an animal from a total view of various biological scales, significances of the results are 
discussed from general perspectives. 
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Figure 
 

 
Figure 1-1 
Relationships between mate choice and various aspects of hierarchical biological 
system. Dependency of ecological scales in the hierarchy is shown by arrows. Trade off 
with respect to mate choice behavior depends on all aspects of the hierarchy. Selection 
pressures derived from the mate choice exert on genes by individual processes to 
environmental processes. Examples of components involved in each aspect of the 
hierarchy are raised in the right half of this diagram. 
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Figure 1-2 
Relationships between mate choice and various ecological processes which I focused on 
in this dissertation. Numbers of chapters corresponding to each process are denoted. 
Individuals choose mate with respect to traits (a) and produce offspring (b). Each of 
territories on a wind shelter belt is held by a pair (c). A part of parents and offspring 
survive to the next year (c) and their dispersal and settlement patterns generate spatial 
genetic structure (c). Sometimes inbreeding occurs (c). These processes result in 
population dynamics (d). 
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Chapter 2  
 

Reversed sexual size dimorphism in the Ryukyu Scops 
Owl on Minami-daito Island 
 

Abstract 
One of the consequences of selections acting on body size is the difference in body 
size between the sexes or sexual size dimorphism. Although many hypotheses have 
been proposed for reversed sexual size dimorphism (RSD) in raptors, ornithologists 
have rarely paid attention to temporal aspects of RSD when testing their hypotheses. 
Because selection pressures can vary temporally, describing temporal variation in 
RSD is a first step towards understanding evolutionary mechanism which shape and 
maintain the dimorphism. Here, I describe RSD in the population of Ryukyu Scops 
Owls Otus elegans on Minami-daito Island using a dataset of the external 
measurements of 770 individuals obtained during a 17-year long-term population 
monitoring project. Females were larger than males in body mass, culmen length, bill 
depth, bill width, tail length and flattened wing length, whereas males were larger 
than females in tarsus and head lengthes. Among those traits, the degree and 
direction of RSD of body mass, tarsus length, bill depth and flattened wing length 
varied across years. There were neither increasing nor decreasing trend in RSD. This 
is a rare study which addressed temporal variation in RSD in a raptor species. 

 
Introduction  
Body size is an important factor in various aspect of ecology and evolutionary biology 
implying the existence of various selection pressures acting on body size. One 
consequence of such selection is the difference in body size between the sexes known as 
sexual size dimorphism (SSD). As Darwin (1874) noted, SSD might be shaped by both 
natural and sexual selection. For example, natural selection may favour the sexes having 
different body sizes in relation to sexual difference in diet, and sexual selection may 
favour males having larger bodies because of mate choice by females (Shine 1989). 
Furthermore, SSD is known to vary in degree and direction not only among species but 
also within species (Earhart and Johnson 1970; Shine and Fitzgerald 1995; Reimchen 
and Nosil 2004; Le Galliard et al. 2006). If such variations in SSD are shaped and 
maintained by several selection pressures, we may able to infer the underlying selection 
pressures from long-term changes in body size. Therefore, describing the temporal 
variation in SSD is a promising way of understanding the evolutionary mechanism of 
SSD.  

In raptorial birds, females are often larger than congeneric males (Krüger 2005). This 
phenomenon is specifically called reversed sexual size dimorphism (RSD). Detailed 
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intraspecific studies began to accumulate after 1990s (Hakkarainen and Korpimäki 
1991), whereas interspecific comparative analyses in RSD studies began much earlier 
(Earhart and Johnson 1970; Mueller 1986; Krüger 2005; Pérez-Camacho et al. 2018). 
However, very few studies have exploited intraspecific temporal variation in body size 
in the context of RSD (Tornberg et al. 1999; Warkentin et al. 2016). It is somewhat 
surprising that ornithologists have rarely focused on the temporal aspects of RSD, 
although major hypotheses for RSD based on foraging behaviour are related to selection 
pressure, such as food availability, which can vary temporally (reviewed in Mueller 
1986).  

Ryukyu Scops Owls Otus elegans is a well-studied owl in tropical to subtropical area 
(Severinghaus and Rothery 2001). It occurs from Batan Island and Calayan Island in the 
Philippine to Okinoshima Island in Japan (Ornithological Society of Japan 2012; Gill and 
Donsker 2019). Subspecies O. e. botelensis on the Lanyu Island has been studied since 
the 1980s (Severinghaus and Rothery 2001; Severinghaus 2007) and subspecies O. e. 
interpositus on the Miami-daito island has been studied since 2002 (Takagi et al. 2007a; 
Sawada et al. 2018a). Although SSD in some traits has been reported in the O. e. 
botelensis population (Lee and Severinghaus 2004), it has not yet been reported in detail 
for other populations of this species including O. e. interpositus. The availability of a 
large data set of morphometric data of O. e. interpositus offers a precious opportunity to 
test whether the degree of RSD varies among years. The aim of this study was first to 
describe fundamental aspect of RSD in O. e. interpositus and then to examine annual 
variation in RSD. 
 
Material and Methods 
Material  
Subspecies O. e. interpositus is endemic to Minami-daito Island, a small, isolated, oceanic 
island about 360 km east of Okinawa Island in the north-western Pacific (Ornithological 
Society of Japan 2012). We have been marking individuals and monitoring the breeding 
ecology of the population since 2002 (Takagi et al. 2007a; Sawada et al. 2018a; Takagi 
2020). There are ca. 200 monogamous pairs on the island (Takagi et al. 2007a; Takagi 
2020). Some individuals commence breeding in their first year (Akatani 2011). Females 
lay one to four eggs from mid-March to mid-May (Takagi et al. 2007a, Sawada & Iwasaki 
unpublished data), incubation lasts 26 to 30 days and chicks fledge at 28 to 32 days old 
(Takagi et al. 2007a, Sawada & Iwasaki unpublished data). Males feed their mates and 
chicks until the chicks are about 10 to 15 days old after which both parents share feeding 
duties (Akatani 2011, Sawada & Iwasaki unpublished data). Males and females both feed 
on insects and geckos and there are no apparent differences in the prey they deliver to 
nestlings (Murakami unpublished data). The diet of nestlings mainly consists of 
cockroaches, Orthoptera species and gecko species (Takagi and Akatani 2011).  
 
Body size measurement 
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divergence in trophic apparatus occurs not only under natural selection but also under 
sexual selection (Shine 1989). If the difference in bill structure is an adaptation to 
dietary difference between the sexes, then natural selection is responsible. However, if 
males prefer females with a large bill (i.e. male choice) and/or such females have some 
reproductive advantage, then sexual selection may also explain the difference in bill 
structure. Since we have no quantitative data on the prey taken by the adult owls and no 
data on mate preference based on body size at present, addressing these questions 
remains as one of the directions of our future work. 

In contrast to RSD in other traits, tarsus length and head length followed the ordinary 
SSD pattern in which males are larger than females. This means that males have longer 
legs and a larger head (anteroposteriorly) relative to their overall body size than 
females. Male O. e. botellensis also have longer tarsi, although other body parts are 
larger in females (Lee and Severinghaus 2004). It has been suggested that long tarsi in 
males may be an adaptation to improve hunting efficiency (Lee and Severinghaus 
2004). Although this selection pressure has been considered for adults, election during 
the growing period may also be responsible for this sexual difference (Badyaev 2002). 
During sibling competition, smaller nestlings need to reach as close as possible to the 
feeding parents. This pressure might explain long male tarsi that complement the 
disadvantage in sibling competition if male nestlings are smaller than female nestlings 
(Fargallo et al. 2007). To test this hypothesis, we need to know when the sexual 
difference in tarsus length is established in their ontogeny (Badyaev 2002). 

Having a relatively long head might also be associated with function. Male Great 
Horned Owls Bubo virginianus have wider heads than females, a difference that has 
been explained as a means of enlarging the distance between the ears and thus helping 
improve the ability to locate prey by sound (McGillivray 1985). It is worth measuring 
the head width in the Ryukyu Scops Owls in future. Since male Ryukyu Scops Owls 
contribute considerably to feeding duties during the breeding season, any selection 
pressure acting on feeding efficiency may act more strongly on males than females. 
Sexual differences in skull measurements found in this study contradict the previous 
morphological analysis by Sawada et al. (2018b) who reported an absence of sexual 
difference in skull size. However, that absence seems likely to have been due to the 
small sample size. 

The short tail length and short flattened wing length of males may have adaptive 
significance. An approximate measure of wing loading can be obtained by the formula 
(body mass) / (wing length)2 (Mueller 1986). Applying this formula to our body size 
estimates (Table 2-2) yields 0.0033 for males and 0.0037 for females during the 
breeding season, and 0.0034 for males and 0.0038 for females during the non-breeding 
season. Estimates are slightly smaller in males than females and male smallness might 
have adaptive significance facilitating improved flight performance in males despite 
their short wing length. Such flight performance is probably important for efficient 
feeding and male-male competition (Andersson and Norberg 1981). The absence of 
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sexual dimorphism in natural wing length seemed to result from a greater error in 
measuring the un-flattened wing than the flattened wing. 

It should be noted that sample size (700 to nearly 1000) of this study is exceptionally 
large compared with other studies of raptor RSD. Large sample size enables us to detect 
even small differences among noise and errors and give small P-values. Although P-
values were very small for most of the traits we measured, absolute sexual differences 
of estimates were also small (e.g. 0.20 mm for tarsus length and 0.09 mm for head 
length). Further study is needed to establish whether such small difference have 
biologically meaningful significance in the context of each trait discussed above. 
Because the direction of dimorphism in traits other than tarsus length and head length 
were the same as that of body mass, the sexual difference identified for these traits may 
be explained simply by allometric change and may not have adaptive significance. 

Finally, considering the annual variation in RSD, yearly selection pressures can act 
differentially on both sexes (Hakkarainen and Korpimäki 1991; Sergio et al. 2007; 
Pérez-Camacho et al. 2015; Warkentin et al. 2016). This pressure can lead to changes in 
body size distribution depending on sex, which in turn causes a change in the degree 
and direction of RSD (Tornberg et al. 1999). Our results, showing that traits intimately 
relate to feeding behaviour (bill depth and tarsus length) had annually varying RSD, 
might imply that there are selection pressures associated with diet or hunting efficiency 
behind their RSD. In addition, neither decreasing nor increasing trends in the degree of 
RSD were found throughout this 17-year study. This suggests that counter-balancing 
selection pressures exist (Ydenberg and Forbes 1991; Warkentin et al. 2016). However, 
there were no significant correlations between RSD in multiple traits. There were also 
no significant correlations between RSD and climate variables. These results require re-
evaluation in the future after more data accumulates during our ongoing long-term 
study, coupled with the documentation of prey availability and prey taken by adult owls 
on the island. 
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Figure 

 
 
Figure 2-1 
Distribution of measurement data (black dots: male, grey dots: female) and estimates of 
mean of adults (black lines: male, grey lines: female). Only for body mass, estimates in 
non-breeding season and breeding season are depicted in solid line and dashed line, 
respectively. (a) body mass, (b) tarsus length, (c) culmen length, (d) bill depth, (e) bill 
width, (f) head length, (g) tail length, (h) natural wing length, (i) flattened wing length. 
For the traits which had significant effect of Sex but had no significant effect of 
interaction between Sex and Year (e, f, g), estimates calculated from Modelsex are 
provided. For the traits which had statistically significant interaction between Sex and 
Year (a, b, d, i), estimates calculated from Modelyear*sex are provided. For the traits 
which had no significant effect of Sex (h), sex-independent estimates calculated from 
Modelbase are provided in grey line. 



Chapter 2: Sexual size dimorphism 

24 

 

 
 
Figure 2-2 
Annual variation of Dimorphism index of (a) body mass, (b) tarsus length, (c) bill depth 
and (d) flattened wing length. Only for body mass, estimates in non-breeding season 
and breeding season are depicted in solid line and dashed line, respectively. 
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Figure 2-3 
Scatter plots of multiple measurement data from same individuals across years. 
Measurement data are plotted against the previous measurement. Note that some 
individuals appear as more than one point because they are measured more than two 
years.  
 





Chapter 2: Sexual size dimorphism 

27 

Table 
 

Table 2-1 Sample size per month and per season             
 Month            Season    
Trait Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec.  Breed Non-breed  Total 
Body mass 9 18 99 197 325 226 75 16 0 2 1 1  922 47  969 
Tarsus length 9 18 96 189 316 219 74 15 0 1 1 1  894 45  939 
Culmen length 9 18 94 181 308 197 69 15 0 0 1 1  849 44  893 
Bill depth 9 18 94 185 312 205 71 15 0 2 1 1  867 46  913 
Bill width 9 18 93 181 304 196 69 15 0 0 1 1  843 44  887 
Head length 9 18 95 186 312 207 70 15 0 2 1 1  870 46  916 
Tail length 9 15 72 157 274 177 60 9 0 0 1 2  740 36  776 
Natural wing length 9 18 97 190 314 205 71 15 0 2 1 1  877 46  923 
Flattened wing length 9 18 92 168 286 170 69 15 0 0 1 1  785 44  829 

Breed: breeding season (February to July), Non-breed: non-breeding season (August to January)    
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Table 2-2 Body size estimates of long-term average of adult male and adult female  
Trait Nt Nm Nym Meanm SEm 2.5%m 97.5%m Nf Nyf Meanf SEf 2.5%f 97.5%f 
Body mass (Breed) (g) 922 606 240 85.93 0.44 85.06 86.79 316 84 96.18 0.49 95.22 97.15 
Body mass (Non-breed) (g) 47 36 9 87.25 1.06 85.17 89.33 11 2 97.51 1.13 95.30 99.71 
Tarsus length (mm) 939 622 252 29.79 0.04 29.72 29.86 317 85 29.59 0.05 29.49 29.69 
Culmen length (mm) 893 592 248 20.03 0.03 19.97 20.09 301 82 20.19 0.04 20.12 20.27 
Bill depth (mm) 913 603 251 9.55 0.02 9.50 9.59 310 84 9.78 0.03 9.72 9.83 
Bill width (mm) 887 587 247 5.57 0.02 5.52 5.61 300 82 5.66 0.03 5.61 5.72 
Head length (mm) 916 606 251 43.01 0.04 42.92 43.09 310 84 42.91 0.05 42.81 43.02 
Tail length (mm) 776 512 193 73.22 0.13 72.96 73.49 264 60 74.30 0.15 74.00 74.60 
Natural wing length (mm) 923 609 251 155.65 0.19 155.27 156.03 314 85 155.74 0.23 155.30 156.19 
Flattened wing length (mm) 829 552 231 160.17 0.20 159.77 160.57 277 73 160.85 0.23 160.39 161.31 
N: sample size, Ny: sample size of yearling, Mean: estimate of mean, SE: standard error, 2.5% and 97.5%: lower and upper boundary of 
95% confidence interval 
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Table 2-2 (continued)  
Trait Difference Dimorphism Index Ratio 
Body mass (Breed) (g) 10.26 11.27 1.12 
Body mass (Non-breed) (g) 10.26 11.10 1.12 
Tarsus length (mm) -0.20 -0.68 0.99 
Culmen length (mm) 0.16 0.82 1.01 
Bill depth (mm) 0.23 2.35 1.02 
Bill width (mm) 0.10 1.75 1.02 
Head length (mm) -0.09 -0.22 1.00 
Tail length (mm) 1.08 1.46 1.01 
Natural wing length (mm) 0.09 0.06 1.00 
Flattened wing length (mm) 0.68 0.43 1.00 

N: sample size, Ny: sample size of yearling, Mean: estimate of mean, SE: standard error, 
2.5% and 97.5%: lower and upper boundary of 95% confidence interval 
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Table 2-3 Regression coefficients of Modelbreed*sex+Year*sex for body mass 

Variable Estimate SE t 
Intercept 98.65 6.79 14.54 
Measurer (Iwasaki) 5.07 5.06 1.00 
Measurer (Matsuo) -2.72 1.99 -1.37 
Measurer (Nakanishi) 3.10 5.50 0.56 
Measurer (Nishi) 2.55 9.84 0.26 
Measurer (Sawada) 0.43 5.44 0.08 
Measurer (Takagi) 3.31 4.46 0.74 
Year (2003) -2.52 7.77 -0.32 
Year (2004) -7.63 7.63 -1.00 
Year (2005) -2.68 8.69 -0.31 
Year (2006) 13.52 7.89 1.71 
Year (2007) -6.24 7.06 -0.88 
Year (2008) -4.41 7.06 -0.62 
Year (2009) -8.58 7.12 -1.21 
Year (2011) -12.48 8.30 -1.50 
Year (2012) -12.28 8.67 -1.42 
Year (2013) -13.27 8.60 -1.54 
Year (2014) -2.42 8.61 -0.28 
Year (2015) -8.23 8.58 -0.96 
Year (2016) -6.47 8.73 -0.74 
Year (2017) -6.44 8.85 -0.73 
Year (2018) 1.77 8.74 0.20 
Year (2019) -1.58 8.68 -0.18 
Age (Y) -3.47 9.33 -0.37 
Breeding (Non-breeding) -5.39 3.33 -1.62 
Year (2003): Age (Y) 5.33 12.01 0.44 
Year (2004): Age (Y) 2.98 10.55 0.28 
Year (2005): Age(Y) 3.11 10.84 0.29 
Year (2006): Age (Y) 0.95 10.18 0.09 
Year (2007): Age(Y) 4.37 9.55 0.46 
Year (2008): Age (Y) 2.13 9.64 0.22 
Year (2009): Age (Y) 2.46 9.79 0.25 
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Table 2-3 (continued) 

Variable Estimate SE t 
Year (2011): Age (Y) -0.03 10.41 0.00 

Year (2012): Age (Y) 0.81 9.97 0.08 

Year (2013): Age (Y) 1.55 9.65 0.16 
Year (2014): Age (Y) -1.40 9.49 -0.15 
Year (2015): Age (Y) 0.89 9.46 0.09 
Year (2016): Age (Y) 4.80 9.44 0.51 
Year (2017): Age (Y) 3.03 9.42 0.32 
Year (2018): Age (Y) 0.74 9.39 0.08 
Year (2019): Age (Y) -1.13 9.39 -0.12 
Sex (M) -11.45 1.01 -11.39 
Sex (M): Breeding (Non-breeding) 7.19 3.66 1.97 
Sex (M): Year (2003) -3.40 5.09 -0.67 
Sex (M): Year (2004) -0.62 4.84 -0.13 
Sex (M): Year (2005) -0.91 4.77 -0.19 
Sex (M): Year (2006) -14.81 4.60 -3.22 
Sex (M): Year (2007) 5.78 2.33 2.48 
Sex (M): Year (2008) 2.94 2.24 1.31 
Sex (M): Year (2009) 3.33 2.92 1.14 
Sex (M): Year (2011) 2.99 2.59 1.15 
Sex (M): Year (2012) 8.38 2.55 3.28 
Sex (M): Year (2013) 7.22 2.07 3.49 
Sex (M): Year (2014) -0.69 2.28 -0.30 
Sex (M): Year (2015) 4.46 1.98 2.25 
Sex (M): Year (2016) 2.30 1.87 1.23 
Sex (M): Year (2017) 3.93 1.97 1.99 
Sex (M): Year (2018) -4.12 1.39 -2.97 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-4 Regression coefficients of Modelyear*sex for tarsus length 
Variable Estimate SE t 
Intercept 29.89 0.49 60.75 
Sex (M) 0.30 0.10 2.92 
Year (2003) -0.03 0.63 -0.04 
Year (2004) 0.22 0.59 0.36 
Year (2005) -1.10 0.67 -1.65 
Year (2006) -0.89 0.67 -1.34 
Year (2007) -0.58 0.53 -1.09 
Year (2008) -0.07 0.52 -0.14 
Year (2009) -0.50 0.57 -0.88 
Year (2011) 0.05 0.52 0.10 
Year (2012) -0.37 0.54 -0.68 
Year (2013) -0.55 0.52 -1.05 
Year (2014) -0.48 0.52 -0.91 
Year (2015) -0.87 0.51 -1.69 
Year (2016) -0.75 0.51 -1.48 
Year (2017) -0.21 0.52 -0.41 
Year (2018) -0.09 0.49 -0.19 
Year (2019) -0.12 0.49 -0.25 
Sex (M): Year (2003) -0.50 0.52 -0.96 
Sex (M): Year (2004) -1.23 0.48 -2.55 
Sex (M): Year (2005) -0.47 0.54 -0.88 
Sex (M): Year (2006) 0.71 0.52 1.36 
Sex (M): Year (2007) 0.53 0.25 2.13 
Sex (M): Year (2008) 0.04 0.23 0.18 
Sex (M): Year (2009) 0.20 0.36 0.56 
Sex (M): Year (2011) 0.06 0.26 0.25 
Sex (M): Year (2012) 0.17 0.29 0.61 
Sex (M): Year (2013) 0.27 0.24 1.13 
Sex (M): Year (2014) -0.20 0.23 -0.87 
Sex (M): Year (2015) 0.17 0.21 0.80 
Sex (M): Year (2016) -0.06 0.19 -0.34 
Sex (M): Year (2017) -0.27 0.20 -1.34 
Sex (M): Year (2018) -0.27 0.13 -2.15 
All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-5 Regression coefficients of Modelbase for culmen length 

Variable Estimate SE t 
Intercept 20.69 0.06 342.72 
Measurer (Iwasaki) -0.65 0.07 -9.47 
Measurer (Matsuo) -0.37 0.12 -3.14 
Measurer (Nakanishi) -0.24 0.19 -1.26 
Measurer (Sawada) -0.60 0.07 -9.23 
Measurer (Takagi) -0.13 0.09 -1.43 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-6 Regression coefficients of Modelyear*sex for bill depth  

Variable Estimate SE t 
Intercept 9.85 0.37 26.89 
Sex (M) -0.20 0.05 -3.76 
Year (2003) -0.48 0.42 -1.15 
Year (2004) 0.35 0.41 0.84 
Year (2005) -0.55 0.47 -1.17 
Year (2006) 0.08 0.43 0.19 
Year (2007) -0.01 0.38 -0.03 
Year (2008) 0.32 0.42 0.77 
Year (2009) 0.27 0.39 0.67 
Year (2011) -0.14 0.45 -0.32 
Year (2012) -0.36 0.47 -0.75 
Year (2013) -0.08 0.47 -0.18 
Year (2014) 0.25 0.47 0.54 
Year (2015) 0.10 0.47 0.22 
Year (2016) 0.11 0.47 0.23 
Year (2017) -0.29 0.48 -0.61 
Year (2018) -0.10 0.47 -0.21 
Year (2019) 0.00 0.47 0.01 
Measurer (Iwasaki) 0.11 0.28 0.39 
Measurer (Matsuo) -0.38 0.18 -2.09 
Measurer (Nakanishi) -0.24 0.30 -0.79 
Measurer (Nishi) -1.34 0.50 -2.68 
Measurer (Sawada) -0.02 0.29 -0.08 
Measurer (Takagi) -0.13 0.24 -0.53 
Age (Y) -0.56 0.50 -1.12 
Sex (M): Year (2003) 0.18 0.28 0.64 
Sex (M): Year (2004) -0.22 0.26 -0.84 
Sex (M): Year (2005) 0.21 0.26 0.80 
Sex (M): Year (2006) -0.14 0.25 -0.56 
Sex (M): Year (2007) 0.02 0.13 0.12 
Sex (M): Year (2008) -0.12 0.15 -0.84 
Sex (M): Year (2009) -0.27 0.18 -1.51 
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Table 2-6 (continued) 

Variable Estimate SE t 
Sex (M): Year (2011) -0.09 0.14 -0.61 
Sex (M): Year (2012) 0.27 0.15 1.78 
Sex (M): Year (2013) -0.02 0.12 -0.15 
Sex (M): Year (2014) -0.37 0.13 -2.77 
Sex (M): Year (2015) 0.14 0.11 1.31 
Sex (M): Year (2016) -0.14 0.10 -1.42 
Sex (M): Year (2017) 0.04 0.11 0.41 
Sex (M): Year (2018) 0.10 0.07 1.41 
Year (2003): Age (Y) 0.44 0.65 0.68 
Year (2004): Age (Y) 0.24 0.57 0.43 
Year (2005): Age (Y) 0.92 0.58 1.58 
Year (2006): Age (Y) 0.26 0.54 0.47 
Year (2007): Age (Y) 0.62 0.51 1.22 
Year (2008): Age (Y) 0.54 0.52 1.04 
Year (2009): Age (Y) 0.78 0.53 1.49 
Year (2011): Age (Y) 0.80 0.55 1.46 
Year (2012): Age (Y) 0.55 0.53 1.03 
Year (2013): Age (Y) 0.64 0.52 1.24 
Year (2014): Age (Y) 0.34 0.51 0.66 
Year (2015): Age (Y) 0.58 0.51 1.15 
Year (2016): Age (Y) 0.62 0.50 1.23 
Year (2017): Age (Y) 0.50 0.50 0.99 
Year (2018): Age (Y) 0.36 0.50 0.72 
Year (2019): Age (Y) 0.45 0.50 0.90 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-7 Regression coefficients of Modelsex for bill width  

Variable Estimate SE t 
Intercept 5.80 0.29 20.36 
Sex (M) -0.13 0.03 -4.44 
Year (2006) 0.16 0.29 0.56 
Year (2007) -0.55 0.29 -1.89 
Year (2008) -0.79 0.33 -2.39 
Year (2009) -0.93 0.30 -3.13 
Year (2011) -0.51 0.15 -3.36 
Year (2012) 0.14 0.21 0.65 
Year (2013) -0.24 0.20 -1.15 
Year (2014) -0.48 0.19 -2.52 
Year (2015) -0.04 0.20 -0.18 
Year (2016) -0.04 0.21 -0.17 
Year (2017) 0.27 0.22 1.20 
Year (2018) 0.19 0.22 0.86 
Year (2019) 0.03 0.22 0.14 
Measurer (Iwasaki) -0.77 0.32 -2.39 
Measurer (Matsuo) 0.40 0.19 2.11 
Measurer (Nakanishi) -1.09 0.35 -3.12 
Measurer (Sawada) -0.25 0.34 -0.73 
Measurer (Takagi) -0.08 0.29 -0.26 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-8 Regression coefficients of Modelsex for head length 

Variable Estimate SE t 
Intercept 43.52 0.49 88.55 
Sex (M) 0.13 0.06 2.22 
Year (2003) -0.64 0.51 -1.26 
Year (2004) 0.23 0.54 0.43 
Year (2005) -0.11 0.64 -0.17 
Year (2006) 0.28 0.54 0.52 
Year (2007) -0.30 0.50 -0.60 
Year (2008) 0.01 0.59 0.02 
Year (2009) -0.58 0.52 -1.13 
Year (2011) -0.34 0.68 -0.50 
Year (2012) -0.99 0.74 -1.33 
Year (2013) 0.32 0.74 0.43 
Year (2014) -0.37 0.72 -0.52 
Year (2015) -0.40 0.73 -0.54 
Year (2016) -0.26 0.74 -0.36 
Year (2017) -0.32 0.75 -0.43 
Year (2018) -0.06 0.75 -0.08 
Year (2019) 0.07 0.75 0.10 
Measurer (Iwasaki) -1.06 0.54 -1.97 
Measurer (Matsuo) -0.20 0.36 -0.56 
Measurer (Nakanishi) -3.19 0.60 -5.29 
Measurer (Nishi) -1.10 0.80 -1.38 
Measurer (Sawada) -0.54 0.57 -0.95 
Measurer (Takagi) -1.32 0.46 -2.89 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-9 Regression coefficients of Modelsex for tail length  

Variable Estimate SE t 
Intercept 73.79 0.35 211.13 
Sex (M) -1.03 0.17 -5.99 
Year (2008) -0.70 1.05 -0.66 
Year (2009) -0.81 0.58 -1.39 
Year (2011) 2.53 0.50 5.10 
Year (2012) -0.94 0.94 -1.00 
Year (2013) -1.14 0.90 -1.27 
Year (2014) -0.13 0.79 -0.16 
Year (2015) -0.06 0.89 -0.07 
Year (2016) 0.43 0.97 0.45 
Year (2017) 0.30 1.03 0.29 
Year (2018) 0.04 1.02 0.04 
Year (2019) 0.41 1.02 0.40 
Measurer (Iwasaki) 1.06 0.79 1.34 
Measurer (Matsuo) 0.99 1.10 0.90 
Measurer (Nakanishi) 1.38 1.05 1.32 
Measurer (Sawada) 0.25 0.96 0.26 
Age (Y) -1.71 0.16 -10.63 

All variables are categorical. Level of the variables are indicated in parentheses. 
 
  



Chapter 2: Sexual size dimorphism 

39 

Table 2-10 Regression coefficients of Modelbase for natural wing length 

Variable Estimate SE t 
Intercept 156.57 2.04 76.63 
Year (2003) 2.92 2.14 1.36 
Year (2004) 0.01 2.27 0.01 
Year (2005) 1.62 2.68 0.60 
Year (2006) 0.72 2.23 0.32 
Year (2007) -0.47 2.09 -0.23 
Year (2008) -0.51 2.44 -0.21 
Year (2009) -1.32 2.15 -0.62 
Year (2011) 1.71 2.82 0.61 
Year (2012) -0.66 3.07 -0.22 
Year (2013) -3.40 3.05 -1.12 
Year (2014) -3.68 2.99 -1.23 
Year (2015) -4.75 3.04 -1.56 
Year (2016) -3.06 3.08 -0.99 
Year (2017) -2.31 3.12 -0.74 
Year (2018) -2.54 3.11 -0.82 
Year (2019) -3.04 3.12 -0.97 
Measurer (Iwasaki) 1.59 2.23 0.71 
Measurer (Matsuo) -0.93 1.49 -0.63 
Measurer (Nakanishi) 3.56 2.45 1.45 
Measurer (Nishi) 7.65 3.37 2.27 
Measurer (Sawada) 1.78 2.35 0.76 
Measurer (Takagi) 0.99 1.88 0.53 
Age (Y) -2.25 0.21 -10.62 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-11 Regression coefficients of Modelyear*sex for flattened wing length 

Variable Estimate SE t 
Intercept 164.50 2.29 71.94 
Sex (M) -2.47 2.64 -0.94 
Year (2007) -3.39 2.46 -1.38 
Year (2011) -1.43 2.42 -0.59 
Year (2012) -4.71 2.60 -1.82 
Year (2013) -4.37 2.51 -1.74 
Year (2014) -0.39 2.53 -0.16 
Year (2015) -4.58 2.48 -1.84 
Year (2016) -4.55 2.37 -1.92 
Year (2017) -3.68 2.39 -1.54 
Year (2018) -3.96 2.31 -1.71 
Year (2019) -4.19 2.31 -1.81 
Measurer (Iwasaki) 2.85 0.73 3.88 
Measurer (Nakanishi) 3.03 1.43 2.12 
Age (Y) -2.16 0.23 -9.48 
Sex (M): Year (2007) 1.50 2.84 0.53 
Sex (M): Year (2011) 1.01 2.86 0.35 
Sex (M): Year (2012) 2.34 2.89 0.81 
Sex (M): Year (2013) 2.05 2.79 0.73 
Sex (M): Year (2014) -0.58 2.82 -0.21 
Sex (M): Year (2015) 0.49 2.75 0.18 
Sex (M): Year (2016) 1.10 2.73 0.40 
Sex (M): Year (2017) 2.22 2.75 0.81 
Sex (M): Year (2018) 2.57 2.68 0.96 
Sex (M): Year (2019) 2.60 2.68 0.97 

All variables are categorical. Level of the variables are indicated in parentheses. 
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Table 2-12 Pearson's correlation between yearly dimorphism index of traits 
  Body mass Tarsus length Bill depth Flattened wing length 
Body mass - 0.74 0.26 0.23 
Tarsus length 0.01 - 0.02 0.23 
Bill depth 0.43 0.95 - 0.40 
Flattened wing length 0.50 0.49 0.22 - 

Upper diagonal: Pearson's correlation coefficient. Lower diagonal: non-adjusted P-value. 
Critical P-value for significance level of 0.05 after Bonferroni correction is 0.0083. 
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of the differences between the curves at a given time point (e.g. difference between 
tarsus length of a-chick in 2004 at day 10 and tarsus length of b-chick in 2004 at day 
10) were decided based on whether the 95% CRI of the differences include zero or not. 
I did not discuss the significance of regression coefficients in each model (i.e. whether 
95% CRI of the coefficients include zero or not), because the inclusion of explanatory 
variables into models was already evaluated through the information theoretic approach.  

I obtained some biologically important statistics of the growth curve dependent on 
the effects of explanatory variables. Specifically, asymptotic size A, day of inflection 
point IPday and growth rate at the inflection point IPrate were calculated using formulas in 
Table 3-1 with setting variables to fixed values given in Table 3-2. Growth rates reach 
their maxima at the inflection point. Because these statistics can be calculated for each 
model, I took their weighted averages using the WAIC weight (Appendix). 
 
Results 
Determining the growth model 
The Gompertz model performed best for body mass and tarsus length, however, the 
Logistic model performed best for wing length (Table 3-3, Figure 3-1). Fitted models 
were: 

Body mass: Y = 89.116exp[-2.128exp(-0.148t)] 
Tarsus length: Y = 30.389exp[-1.175exp(-0.139t)] 

Wing length: Y = 123.968exp[1-11.996exp(-0.164t)]-1 
For each trait the contributions of explanatory variables were evaluated using model 
averaging based on WAIC (see below). 
 
Body mass 
For body mass, Sex, Year, Brood and Order were included in the best set of models 
with delta WAIC < 4 (Table 3-4, regression coefficients were given in Table 3-5). I 
describe below the results related to these four explanatory variables. 

From model averaging, all the explanatory variables had significant effects on growth 
curves (Figure 3-2, Table 3-6). Females had larger body mass than males and the 
difference was significant from day 4 to day 16 (Figure 3-2a). Estimated differences 
between males and females ranged from 0.235 g to 0.307 g during this period (Table 3-
7). Asymptotic size was slightly larger in females (89.340 g) than males (89.306 g), 
indicating a slight sign of reversed sexual size dimorphism (Table 3-6). Body mass also 
varied on an annual basis (Figure 3-2b). 

The smaller the brood size the heavier the chicks were on day 0 and day 1 (Figure 3-
2c). However, this relationship reversed from day 8 to day 13 and then reversed again 
from day 30 to day 32 (Figure 3-2c). Estimated differences on days 0 and 1 and from 
day 30 to day 32 between one-chick-broods and two-chick broods ranged from 0.514 g 
to 0.698 g, between two-chick-broods and three-chick broods ranged from 0.471 g to 
0.741 g, between three-chick-broods and one-chick broods ranged from -1.439 g to -
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For tarsus length, Sex, Year, Brood, Order and Older (presence of older male sibling) 
were included in the best set of models with delta WAIC < 4 (Table 3-12, regression 
coefficients were given in Table 3-13). I describe below the results related to these five 
effects. 

From model averaging, all the explanatory variables had significant effects on growth 
curves (Figure 3-4, Table 3-14). Females had larger tarsi than males from day 0 to day 
4; however, this relationship reversed from day 11 to day 17 (Figure 3-4a, Table 3-14). 
Estimated differences between males and females decreased from 0.394 mm to 0.131 
mm from day 0 to day 4, and ranged from -0.141 mm to -0.116 mm from day 11 to day 
17 (Table 3-15). Asymptotic size was slightly larger in females (30.608 mm) than males 
(30.530 mm) (Table 3-14). Tarsus length also varied on an annual basis (Figure 3-4b).  

The larger the brood size the larger tarsi the chicks had throughout the growth period 
(Figure 3-4c). Estimated differences during the growth period between one-chick 
broods and two-chick-broods ranged from -0.074 to -0.052 mm, between two-chick-
broods and three-chick-broods ranged from -0.078 to -0.052 mm, and between three-
chick broods and one-chick-broods ranged from 0.104 to 0.153 mm (Table 3-15). 
Asymptotic size also increased with brood size by about 0.07 mm per chick: 30.608 mm 
(one chick), 30.681 mm (two chicks), 30.755 mm (three chicks) (Table 3-14). Earlier 
hatched chicks were larger than later hatched chicks until about day 15 (Figure 3-4d). 
However, only last-hatched c-chicks were smaller than the others after day 21 (Figure 
3-4d). Estimated differences before day 15 between a-chicks and b-chicks ranged from 
0.144 to 0.446 mm, between b-chicks and c-chicks ranged from 0.123 to 0.570 mm, 
between c-chicks and a-chicks ranged from -0.952 to -0.293 mm (Table 3-15). 
Estimated differences after day 21 between a-chicks and b-chicks ranged from -0.218 to 
-0.214 mm (Table 3-15). Asymptotic size was smallest in c-chicks and largest in b-
chicks: 30.755 mm (a-chick), 31.068 mm (b-chick), 30.526 mm (c-chick) (Table 3-14).  

Chicks with an older brother had significantly longer tarsi than those without an older 
brother from day 0 to day 3 (Figure 3-4e). Although, the difference was non-significant 
from day 4 to day 10, the relationship reversed from day 11 to day 28 (Figure 3-4e). 
Estimated differences of chicks with an older brother from chicks without an older 
brother ranged from -0.495 to -0.267 mm from day 0 to day 3, and ranged from 0.242 to 
0.336 mm from day 11 to day 28 (Table 3-15). Asymptotic size was smaller in chicks 
with an older brother (30.794 mm) than those without (30.994 mm) (Table 3-14; and 
see Table 3-12 for more detailed numerical differences between growth curves in Figure 
3-4). 
 
Discussion 
In this study I aimed to describe the growth pattern of the Ryukyu Scops Owl Otus 
elegans nestlings. After determining which growth curve fitted each body size measure 
best, I investigated effects of sex of the nestlings, brood size, hatching order and having 
an older brother on the growth trajectories. Below I discuss our findings with possible 
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and begging intensity of nestlings (Groothuis and Schwabl 2008). If  male owl nestlings 
have more androgens and stronger aggressive behaviour than females (even though they 
are smaller than females), then their younger nest mates may suffer from reduced 
growth.  

Although sexual differences in testosterone levels have been investigated in many 
avian species (Ottinger et al. 2001; Verboven et al. 2003; Goymann et al. 2005; 
Goodship and Buchanan 2006; Fargallo et al. 2007), there have been few such studies 
of owl species. It may be adaptive for mothers to increase the baseline levels of 
testosterone in the smaller sex to better compete with the larger sex (Fargallo et al. 
2007). In addition to studying egg volume, I aim to measure the androgen levels of 
nestling owls in the near future. 
 
Conclusion 
Although the detected effects were often small, the effect of sex was consistently in the 
direction of sexual size dimorphism in adults across the multiple traits. This suggests 
that dimorphism begins to appear in nestlings. The effects of brood size and hatching 
order were also small and inconsistent across traits. However, the effect of having an 
older brother was relatively large. As the effect of having an older brother has been, so 
far, mostly studied in humans (Blanchard and Ellis 2001; Christiansen et al. 2004; 
Nielsen et al. 2008; Rickard 2008), we suggest that the effects of having an older 
brother in other species is worth investigating. 
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Figure 

 
Figure 3-1 
Growth curves of (a) body mass, (b) wing length, (c) tarsus length. Points: raw data, lines: 
estimates calculated from null model chosen by analyses in the step 1 fundamental model 
selection. 
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Figure 3-5 
Growth curves of the members of a hypothetical three-chick-brood drawn on the x-axis 
of (a) days from hatching date, and (b) days from the hatching date of the first-hatched 
chick within the brood. The three chicks are assumed to hatch on consecutive days. To 
obtain actual size differences in a brood at given time t, we should focus on D1 and D2 
in (b), not on d1 and d2 in (a). 
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Table 3-3 Results of model comparison for each trait 
  Model WAIC Delta 
Mass Gompertz 2439.44 0.00 

 Logistic 2482.99 43.55 
  von Bertalanffy 2444.15 4.70 
Tarsus Gompertz 1225.18 0.00 

 Logistic 1229.49 4.30 
  von Bertalanffy 1242.68 17.49 
Wing Gompertz 2113.04 51.07 

 Logistic 2189.48 127.51 
  von Bertalanffy 2061.97 0.00 
WAIC: Watanabe Akaike information criteria, Delta: 
difference from the minimum WAIC 
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Table 3-4 Results of model comparison for body mass 
ID Model WAIC Delta Weight CumWeight 
15 Intercept + Year + Brood 2390.082 0.000 0.353 0.353 
3 Intercept + Brood 2391.844 1.762 0.146 0.499 

16 Intercept + Sex + Year + Brood 2392.037 1.955 0.133 0.632 
19 Intercept + Year + Brood + Order 2393.032 2.951 0.081 0.712 
1 Intercept 2393.410 3.328 0.067 0.779 

11 Intercept + Year 2394.435 4.354 0.040 0.819 
4 Intercept + Sex + Brood 2394.566 4.484 0.037 0.857 

21 Intercept + Sex + Year + Brood + Order 2395.363 5.282 0.025 0.882 
2 Intercept + Sex 2395.702 5.621 0.021 0.903 
7 Intercept + Brood + Order 2396.002 5.921 0.018 0.921 
5 Intercept + Order 2396.399 6.318 0.015 0.936 

13 Intercept + Sex + Year 2396.627 6.545 0.013 0.950 
17 Intercept + Year + Order 2397.202 7.120 0.010 0.960 
23 Intercept + Year + Brood + Order + Older 2397.602 7.520 0.008 0.968 
9 Intercept + Sex + Brood + Order 2397.811 7.730 0.007 0.975 
6 Intercept + Sex + Order 2398.072 7.990 0.006 0.982 

18 Intercept + Sex + Year + Order 2398.079 7.997 0.006 0.988 
24 Intercept + Sex + Year + Brood + Order + Older 2398.725 8.643 0.005 0.993 
12 Intercept + Brood + Order + Older 2400.051 9.969 0.002 0.995 
20 Intercept + Year + Order + Older 2401.084 11.002 0.001 0.997 
8 Intercept + Order + Older 2401.453 11.372 0.001 0.998 

14 Intercept + Sex + Brood + Order + Older 2401.896 11.814 0.001 0.999 
22 Intercept + Sex + Year + Order + Older 2402.817 12.735 0.001 0.999 
10 Intercept + Sex + Order + Older 2402.957 12.875 0.001 1.000 
ID: model ID corresponding to model name in Table 3-5, WAIC: Watanabe Akaike information 
criteria, Delta: difference from the minimum WAIC, Weight: model weight based on WAIC value, 
CumWeight: cumulate value of Weight from the best model  
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Table 3-6 Statistics of growth curve of body mass depending on the effects of explanatory variables 

Variables Y0 Y10 Y20 Y30 A IPrate IPday 

Sex (female) 10.588 (10.289, 10.896) 54.910 (54.196, 55.630) 79.938 (79.298, 80.583) 87.097 (86.505, 87.700) 89.340 (88.740, 89.959) 5.128 (5.019, 5.240) 5.128 (5.019, 5.240) 

Sex (male) 10.464 (10.092, 10.849) 54.606 (53.865, 55.356) 79.759 (79.086, 80.438) 87.010 (86.342, 87.673) 89.306 (88.585, 90.038) 5.183 (5.067, 5.303) 5.183 (5.067, 5.303) 

Year (2004) 10.588 (10.289, 10.896) 54.910 (54.196, 55.630) 79.938 (79.298, 80.583) 87.097 (86.505, 87.700) 89.340 (88.740, 89.959) 5.128 (5.019, 5.240) 5.128 (5.019, 5.240) 

Year (2005) 12.594 (11.342, 13.923) 54.732 (53.699, 55.773) 79.840 (78.579, 81.143) 88.028 (86.430, 89.650) 91.168 (89.162, 93.290) 5.039 (4.827, 5.248) 5.039 (4.827, 5.248) 

Year (2006) 10.746 (9.076, 12.495) 55.221 (53.830, 56.659) 80.163 (78.763, 81.611) 87.340 (85.597, 89.116) 89.681 (87.523, 92.054) 5.102 (4.837, 5.372) 5.102 (4.837, 5.372) 

Year (2007) 11.856 (10.892, 12.907) 54.729 (53.707, 55.794) 79.891 (78.707, 81.090) 87.766 (86.379, 89.145) 90.589 (88.909, 92.269) 5.090 (4.900, 5.281) 5.090 (4.900, 5.281) 

Year (2008) 11.801 (10.983, 12.668) 52.978 (52.061, 53.916) 79.483 (78.524, 80.470) 88.840 (87.643, 90.072) 92.790 (91.153, 94.538) 5.569 (5.348, 5.804) 5.569 (5.348, 5.804) 

Brood (0) 10.588 (10.289, 10.896) 54.910 (54.196, 55.630) 79.938 (79.298, 80.583) 87.097 (86.505, 87.700) 89.340 (88.740, 89.959) 5.128 (5.019, 5.240) 5.128 (5.019, 5.240) 

Brood (1) 10.023 (9.582, 10.478) 55.471 (54.818, 56.121) 79.960 (79.271, 80.638) 86.475 (85.725, 87.228) 88.351 (87.528, 89.174) 5.043 (4.948, 5.136) 5.043 (4.948, 5.136) 

Brood (2) 9.506 (8.771, 10.277) 56.077 (55.186, 56.993) 79.897 (78.836, 80.964) 85.799 (84.538, 87.074) 87.385 (85.994, 88.795) 4.954 (4.826, 5.081) 4.954 (4.826, 5.081) 

Order (a-chick) 9.506 (8.771, 10.277) 56.077 (55.186, 56.993) 79.897 (78.836, 80.964) 85.799 (84.538, 87.074) 87.385 (85.994, 88.795) 4.954 (4.826, 5.081) 4.954 (4.826, 5.081) 

Order (b-chick) 9.363 (8.635, 10.130) 55.883 (54.993, 56.796) 79.733 (78.660, 80.803) 85.634 (84.364, 86.916) 87.217 (85.817, 88.635) 4.983 (4.855, 5.111) 4.983 (4.855, 5.111) 

Order (c-chick) 9.280 (8.550, 10.052) 55.507 (54.607, 56.421) 79.361 (78.295, 80.422) 85.292 (84.011, 86.576) 86.890 (85.475, 88.307) 5.011 (4.882, 5.141) 5.011 (4.882, 5.141) 

Y0, Y10, Y20, Y30: body mass (g) at day 0, 10, 20, 30, A: asymptotic size, IPrate: growth rate at inflection point (g/day), IPday: the day of inflection point. Parenthesis indicates 95% credible interval. See Table 3-2 for 
variables settings used to calculate these statistics 
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Table 3-7 Numerical differences of growth curves of body mass in Figure 3-2   

Figure legend Contrast Y0 Y1 Y2 Y3 Y4 Y5 

A female - male 0.124 (-0.116, 0.349) 0.159 (-0.083, 0.390) 0.194 (-0.043, 0.419) 0.225 (-0.003, 0.441) 0.252 (0.041, 0.455) 0.274 (0.075, 0.467) 

B 2004 - 2005 -2.006 (-3.342, -0.753) -1.974 (-3.296, -0.713) -1.848 (-3.114, -0.620) -1.644 (-2.841, -0.478) -1.385 (-2.494, -0.298) -1.094 (-2.127, -0.079) 

C 2004 - 2006 -0.159 (-1.923, 1.511) -0.162 (-1.928, 1.572) -0.174 (-1.883, 1.517) -0.194 (-1.799, 1.389) -0.219 (-1.683, 1.243) -0.246 (-1.599, 1.095) 

D 2004 - 2007 -1.268 (-2.320, -0.288) -1.248 (-2.296, -0.250) -1.163 (-2.186, -0.190) -1.026 (-2.016, -0.085) -0.851 (-1.793, 0.052) -0.656 (-1.562, 0.219) 

E 2004 - 2008 -1.213 (-2.095, -0.366) -0.987 (-1.881, -0.116) -0.667 (-1.557, 0.209) -0.282 (-1.158, 0.585) 0.137 (-0.732, 0.994) 0.559 (-0.305, 1.409) 

F 2005 - 2006 1.847 (-0.128, 3.772) 1.812 (-0.147, 3.753) 1.674 (-0.203, 3.547) 1.450 (-0.289, 3.191) 1.166 (-0.424, 2.752) 0.848 (-0.601, 2.299) 

G 2005 - 2007 0.738 (-0.469, 1.957) 0.726 (-0.476, 1.929) 0.685 (-0.479, 1.837) 0.618 (-0.473, 1.691) 0.534 (-0.474, 1.532) 0.438 (-0.500, 1.364) 

H 2005 - 2008 0.793 (-0.417, 2.057) 0.987 (-0.224, 2.236) 1.181 (0.007, 2.385) 1.362 (0.252, 2.490) 1.522 (0.478, 2.574) 1.652 (0.666, 2.642) 

I 2006 - 2007 -1.110 (-2.824, 0.664) -1.086 (-2.845, 0.678) -0.989 (-2.702, 0.702) -0.832 (-2.427, 0.749) -0.632 (-2.082, 0.826) -0.410 (-1.772, 0.949) 

J 2006 - 2008 -1.055 (-2.743, 0.734) -0.825 (-2.560, 0.959) -0.493 (-2.192, 1.222) -0.088 (-1.696, 1.512) 0.356 (-1.114, 1.819) 0.804 (-0.552, 2.154) 

K 2007 - 2008 0.055 (-0.850, 0.982) 0.261 (-0.651, 1.196) 0.496 (-0.399, 1.417) 0.744 (-0.127, 1.637) 0.989 (0.143, 1.856) 1.214 (0.377, 2.061) 

L 1 chick - 2 chicks 0.564 (0.156, 0.966) 0.514 (0.090, 0.933) 0.415 (-0.006, 0.835) 0.280 (-0.129, 0.691) 0.124 (-0.270, 0.521) -0.038 (-0.430, 0.354) 

M 2 chicks - 3 chicks 0.518 (0.144, 0.859) 0.471 (0.077, 0.839) 0.369 (-0.026, 0.745) 0.226 (-0.155, 0.598) 0.060 (-0.313, 0.426) -0.111 (-0.492, 0.268) 

N 3 chicks - 1 chick -1.082 (-1.826, -0.298) -0.984 (-1.771, -0.166) -0.784 (-1.584, 0.031) -0.506 (-1.287, 0.283) -0.184 (-0.945, 0.582) 0.148 (-0.616, 0.919) 

O a chick - b chick 0.142 (-0.008, 0.294) 0.168 (0.011, 0.325) 0.188 (0.033, 0.343) 0.203 (0.054, 0.350) 0.212 (0.072, 0.349) 0.215 (0.080, 0.350) 

P b chick - c chick 0.083 (-0.108, 0.275) 0.116 (-0.083, 0.315) 0.153 (-0.042, 0.347) 0.191 (0.008, 0.376) 0.230 (0.056, 0.401) 0.265 (0.096, 0.433) 

Q c chick - a chick -0.225 (-0.424, -0.029) -0.284 (-0.488, -0.081) -0.341 (-0.541, -0.142) -0.394 (-0.583, -0.206) -0.441 (-0.618, -0.264) -0.481 (-0.651, -0.308) 
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Table 3-7 (continued)   

Figure legend Contrast Y6 Y7 Y8 Y9 Y10 Y11 

A female - male 0.291 (0.097, 0.482) 0.301 (0.105, 0.498) 0.307 (0.102, 0.511) 0.307 (0.092, 0.521) 0.304 (0.079, 0.525) 0.297 (0.066, 0.524) 

B 2004 - 2005 -0.793 (-1.777, 0.170) -0.503 (-1.473, 0.439) -0.238 (-1.210, 0.709) -0.009 (-1.020, 0.970) 0.177 (-0.871, 1.194) 0.320 (-0.777, 1.384) 

C 2004 - 2006 -0.270 (-1.543, 0.992) -0.289 (-1.579, 0.973) -0.303 (-1.636, 1.008) -0.310 (-1.729, 1.062) -0.311 (-1.824, 1.142) -0.307 (-1.883, 1.196) 

D 2004 - 2007 -0.454 (-1.343, 0.415) -0.262 (-1.158, 0.607) -0.087 (-1.006, 0.818) 0.062 (-0.895, 1.013) 0.181 (-0.815, 1.174) 0.269 (-0.764, 1.302) 

E 2004 - 2008 0.954 (0.077, 1.817) 1.301 (0.409, 2.181) 1.585 (0.671, 2.483) 1.796 (0.847, 2.723) 1.931 (0.955, 2.884) 1.993 (0.994, 2.954) 

F 2005 - 2006 0.523 (-0.844, 1.901) 0.213 (-1.138, 1.575) -0.065 (-1.473, 1.328) -0.301 (-1.785, 1.147) -0.488 (-2.046, 1.026) -0.627 (-2.261, 0.950) 

G 2005 - 2007 0.339 (-0.558, 1.230) 0.241 (-0.651, 1.119) 0.151 (-0.764, 1.049) 0.071 (-0.883, 1.013) 0.003 (-0.992, 0.986) -0.051 (-1.090, 0.983) 

H 2005 - 2008 1.747 (0.790, 2.704) 1.804 (0.851, 2.747) 1.823 (0.862, 2.781) 1.805 (0.811, 2.790) 1.754 (0.726, 2.772) 1.673 (0.611, 2.726) 

I 2006 - 2007 -0.185 (-1.485, 1.117) 0.028 (-1.273, 1.353) 0.216 (-1.140, 1.616) 0.372 (-1.058, 1.855) 0.492 (-1.002, 2.051) 0.576 (-0.967, 2.190) 

J 2006 - 2008 1.224 (-0.087, 2.534) 1.591 (0.286, 2.906) 1.888 (0.526, 3.255) 2.106 (0.702, 3.563) 2.242 (0.773, 3.783) 2.300 (0.788, 3.896) 

K 2007 - 2008 1.408 (0.559, 2.273) 1.563 (0.681, 2.462) 1.672 (0.753, 2.610) 1.734 (0.778, 2.703) 1.751 (0.751, 2.752) 1.724 (0.694, 2.753) 

L 1 chick - 2 chicks -0.191 (-0.594, 0.203) -0.326 (-0.749, 0.089) -0.435 (-0.880, 0.008) -0.513 (-0.987, -0.039) -0.561 (-1.057, -0.067) -0.580 (-1.093, -0.065) 

M 2 chicks - 3 chicks -0.269 (-0.673, 0.127) -0.403 (-0.838, 0.023) -0.506 (-0.971, -0.045) -0.573 (-1.070, -0.083) -0.606 (-1.122, -0.097) -0.607 (-1.140, -0.085) 

N 3 chicks - 1 chick 0.461 (-0.327, 1.267) 0.730 (-0.109, 1.580) 0.941 (0.038, 1.849) 1.087 (0.124, 2.052) 1.167 (0.162, 2.175) 1.187 (0.151, 2.233) 

O a chick - b chick 0.215 (0.078, 0.351) 0.211 (0.069, 0.352) 0.206 (0.059, 0.353) 0.200 (0.049, 0.352) 0.194 (0.039, 0.349) 0.188 (0.034, 0.343) 

P b chick - c chick 0.297 (0.124, 0.468) 0.325 (0.144, 0.503) 0.347 (0.155, 0.536) 0.364 (0.165, 0.563) 0.376 (0.174, 0.580) 0.385 (0.181, 0.589) 

Q c chick - a chick -0.512 (-0.685, -0.339) -0.536 (-0.716, -0.356) -0.553 (-0.744, -0.363) -0.564 (-0.763, -0.367) -0.570 (-0.774, -0.368) -0.573 (-0.778, -0.368) 
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Table 3-7 (continued)   

Figure legend Contrast Y12 Y13 Y14 Y15 Y16 Y17 

A female - male 0.288 (0.054, 0.519) 0.276 (0.040, 0.511) 0.263 (0.028, 0.494) 0.250 (0.016, 0.480) 0.235 (0.005, 0.464) 0.221 (-0.010, 0.448) 

B 2004 - 2005 0.418 (-0.710, 1.521) 0.474 (-0.691, 1.618) 0.493 (-0.705, 1.663) 0.480 (-0.744, 1.671) 0.439 (-0.806, 1.647) 0.376 (-0.889, 1.604) 

C 2004 - 2006 -0.299 (-1.910, 1.240) -0.289 (-1.914, 1.269) -0.278 (-1.879, 1.287) -0.266 (-1.842, 1.293) -0.255 (-1.801, 1.286) -0.245 (-1.771, 1.270) 

D 2004 - 2007 0.326 (-0.747, 1.390) 0.355 (-0.748, 1.452) 0.359 (-0.766, 1.471) 0.341 (-0.807, 1.470) 0.305 (-0.861, 1.447) 0.255 (-0.922, 1.403) 

E 2004 - 2008 1.986 (0.970, 2.965) 1.917 (0.898, 2.912) 1.797 (0.776, 2.797) 1.632 (0.615, 2.634) 1.434 (0.420, 2.425) 1.210 (0.203, 2.199) 

F 2005 - 2006 -0.717 (-2.398, 0.908) -0.763 (-2.467, 0.884) -0.771 (-2.483, 0.882) -0.746 (-2.452, 0.899) -0.694 (-2.371, 0.939) -0.621 (-2.289, 1.005) 

G 2005 - 2007 -0.092 (-1.164, 0.989) -0.119 (-1.225, 0.996) -0.134 (-1.263, 0.999) -0.139 (-1.289, 1.018) -0.134 (-1.308, 1.043) -0.122 (-1.316, 1.070) 

H 2005 - 2008 1.568 (0.479, 2.652) 1.443 (0.326, 2.551) 1.303 (0.165, 2.426) 1.152 (0.004, 2.284) 0.995 (-0.161, 2.135) 0.833 (-0.322, 1.980) 

I 2006 - 2007 0.626 (-0.962, 2.276) 0.645 (-0.977, 2.316) 0.637 (-0.992, 2.294) 0.607 (-1.008, 2.240) 0.560 (-1.037, 2.166) 0.499 (-1.072, 2.067) 

J 2006 - 2008 2.285 (0.728, 3.897) 2.207 (0.637, 3.832) 2.074 (0.522, 3.681) 1.898 (0.361, 3.469) 1.689 (0.173, 3.230) 1.454 (-0.039, 2.970) 

K 2007 - 2008 1.660 (0.610, 2.702) 1.562 (0.490, 2.606) 1.437 (0.369, 2.494) 1.291 (0.217, 2.353) 1.129 (0.062, 2.188) 0.955 (-0.102, 2.010) 

L 1 chick - 2 chicks -0.572 (-1.103, -0.048) -0.542 (-1.081, -0.006) -0.494 (-1.037, 0.045) -0.431 (-0.975, 0.104) -0.357 (-0.900, 0.180) -0.277 (-0.818, 0.262) 

M 2 chicks - 3 chicks -0.581 (-1.124, -0.051) -0.532 (-1.074, -0.003) -0.466 (-1.007, 0.060) -0.387 (-0.927, 0.135) -0.301 (-0.834, 0.221) -0.210 (-0.744, 0.315) 

N 3 chicks - 1 chick 1.153 (0.098, 2.227) 1.074 (0.006, 2.154) 0.959 (-0.104, 2.041) 0.818 (-0.238, 1.901) 0.658 (-0.397, 1.735) 0.487 (-0.576, 1.554) 

O a chick - b chick 0.183 (0.031, 0.336) 0.178 (0.030, 0.329) 0.175 (0.029, 0.322) 0.172 (0.029, 0.316) 0.169 (0.027, 0.311) 0.167 (0.024, 0.308) 

P b chick - c chick 0.390 (0.188, 0.592) 0.392 (0.193, 0.589) 0.392 (0.197, 0.585) 0.391 (0.199, 0.579) 0.388 (0.199, 0.575) 0.384 (0.197, 0.572) 

Q c chick - a chick -0.573 (-0.777, -0.370) -0.570 (-0.771, -0.371) -0.567 (-0.762, -0.372) -0.562 (-0.753, -0.372) -0.557 (-0.744, -0.370) -0.552 (-0.738, -0.364) 
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Table 3-7 (continued)   

Figure legend Contrast Y18 Y19 Y20 Y21 Y22 Y23 

A female - male 0.207 (-0.025, 0.433) 0.193 (-0.041, 0.422) 0.180 (-0.058, 0.412) 0.167 (-0.077, 0.405) 0.155 (-0.096, 0.401) 0.144 (-0.116, 0.400) 

B 2004 - 2005 0.296 (-0.983, 1.545) 0.202 (-1.101, 1.465) 0.099 (-1.227, 1.384) -0.010 (-1.372, 1.300) -0.122 (-1.514, 1.209) -0.234 (-1.660, 1.129) 

C 2004 - 2006 -0.236 (-1.740, 1.250) -0.229 (-1.718, 1.231) -0.224 (-1.700, 1.224) -0.221 (-1.701, 1.237) -0.219 (-1.725, 1.245) -0.219 (-1.743, 1.272) 

D 2004 - 2007 0.193 (-0.989, 1.348) 0.123 (-1.069, 1.292) 0.048 (-1.149, 1.239) -0.031 (-1.244, 1.170) -0.110 (-1.338, 1.106) -0.190 (-1.432, 1.040) 

E 2004 - 2008 0.968 (-0.040, 1.949) 0.714 (-0.294, 1.693) 0.456 (-0.561, 1.442) 0.197 (-0.829, 1.191) -0.059 (-1.094, 0.942) -0.308 (-1.355, 0.710) 

F 2005 - 2006 -0.532 (-2.186, 1.095) -0.431 (-2.077, 1.186) -0.323 (-1.980, 1.302) -0.211 (-1.882, 1.430) -0.097 (-1.793, 1.564) 0.016 (-1.716, 1.715) 

G 2005 - 2007 -0.103 (-1.312, 1.110) -0.079 (-1.308, 1.150) -0.051 (-1.308, 1.199) -0.021 (-1.292, 1.258) 0.011 (-1.285, 1.315) 0.044 (-1.285, 1.378) 

H 2005 - 2008 0.672 (-0.489, 1.828) 0.512 (-0.656, 1.676) 0.357 (-0.823, 1.546) 0.207 (-0.992, 1.425) 0.063 (-1.170, 1.314) -0.074 (-1.339, 1.209) 

I 2006 - 2007 0.429 (-1.106, 1.981) 0.352 (-1.161, 1.892) 0.272 (-1.239, 1.815) 0.190 (-1.328, 1.742) 0.109 (-1.428, 1.677) 0.029 (-1.523, 1.616) 

J 2006 - 2008 1.204 (-0.259, 2.690) 0.944 (-0.509, 2.416) 0.680 (-0.759, 2.152) 0.417 (-1.025, 1.890) 0.160 (-1.309, 1.640) -0.090 (-1.579, 1.426) 

K 2007 - 2008 0.775 (-0.275, 1.827) 0.591 (-0.460, 1.648) 0.408 (-0.659, 1.472) 0.227 (-0.846, 1.303) 0.051 (-1.043, 1.147) -0.118 (-1.230, 1.003) 

L 1 chick - 2 chicks -0.193 (-0.732, 0.348) -0.107 (-0.649, 0.437) -0.022 (-0.571, 0.527) 0.062 (-0.487, 0.615) 0.142 (-0.417, 0.700) 0.218 (-0.348, 0.783) 

M 2 chicks - 3 chicks -0.118 (-0.654, 0.410) -0.026 (-0.568, 0.508) 0.063 (-0.484, 0.602) 0.148 (-0.410, 0.692) 0.228 (-0.338, 0.786) 0.303 (-0.274, 0.868) 

N 3 chicks - 1 chick 0.311 (-0.759, 1.383) 0.133 (-0.942, 1.215) -0.041 (-1.130, 1.050) -0.209 (-1.304, 0.897) -0.370 (-1.478, 0.753) -0.521 (-1.654, 0.621) 

O a chick - b chick 0.166 (0.019, 0.309) 0.165 (0.016, 0.313) 0.164 (0.010, 0.318) 0.164 (0.003, 0.326) 0.164 (-0.005, 0.334) 0.164 (-0.015, 0.342) 

P b chick - c chick 0.381 (0.190, 0.571) 0.376 (0.181, 0.572) 0.372 (0.169, 0.574) 0.368 (0.156, 0.580) 0.364 (0.142, 0.585) 0.360 (0.128, 0.592) 

Q c chick - a chick -0.546 (-0.737, -0.357) -0.541 (-0.737, -0.348) -0.537 (-0.738, -0.336) -0.532 (-0.741, -0.324) -0.528 (-0.748, -0.311) -0.524 (-0.755, -0.297) 
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Table 3-7 (continued)   

Figure legend Contrast Y24 Y25 Y26 Y27 Y28 Y29 

A female - male 0.134 (-0.135, 0.399) 0.124 (-0.153, 0.400) 0.116 (-0.172, 0.401) 0.108 (-0.190, 0.402) 0.100 (-0.205, 0.404) 0.093 (-0.220, 0.406) 

B 2004 - 2005 -0.346 (-1.800, 1.049) -0.455 (-1.935, 0.972) -0.560 (-2.077, 0.907) -0.660 (-2.214, 0.842) -0.756 (-2.345, 0.781) -0.846 (-2.466, 0.723) 

C 2004 - 2006 -0.220 (-1.768, 1.291) -0.222 (-1.818, 1.332) -0.225 (-1.867, 1.376) -0.229 (-1.915, 1.414) -0.233 (-1.959, 1.455) -0.238 (-2.009, 1.486) 

D 2004 - 2007 -0.268 (-1.528, 0.989) -0.344 (-1.622, 0.934) -0.416 (-1.718, 0.882) -0.485 (-1.807, 0.838) -0.551 (-1.896, 0.788) -0.612 (-1.987, 0.752) 

E 2004 - 2008 -0.549 (-1.618, 0.487) -0.779 (-1.879, 0.295) -0.997 (-2.126, 0.102) -1.203 (-2.359, -0.067) -1.396 (-2.583, -0.220) -1.576 (-2.795, -0.361) 

F 2005 - 2006 0.126 (-1.632, 1.871) 0.233 (-1.563, 2.007) 0.335 (-1.501, 2.163) 0.432 (-1.443, 2.308) 0.523 (-1.405, 2.443) 0.608 (-1.386, 2.585) 

G 2005 - 2007 0.078 (-1.284, 1.440) 0.111 (-1.285, 1.508) 0.143 (-1.282, 1.571) 0.175 (-1.275, 1.641) 0.205 (-1.278, 1.704) 0.234 (-1.285, 1.773) 

H 2005 - 2008 -0.203 (-1.501, 1.112) -0.324 (-1.664, 1.033) -0.437 (-1.823, 0.966) -0.542 (-1.970, 0.902) -0.640 (-2.116, 0.851) -0.730 (-2.248, 0.801) 

I 2006 - 2007 -0.048 (-1.632, 1.566) -0.122 (-1.749, 1.536) -0.191 (-1.857, 1.518) -0.257 (-1.966, 1.489) -0.318 (-2.061, 1.470) -0.374 (-2.161, 1.461) 

J 2006 - 2008 -0.329 (-1.861, 1.205) -0.557 (-2.128, 1.017) -0.772 (-2.389, 0.845) -0.974 (-2.637, 0.693) -1.163 (-2.877, 0.559) -1.338 (-3.103, 0.437) 

K 2007 - 2008 -0.281 (-1.422, 0.869) -0.435 (-1.607, 0.743) -0.581 (-1.786, 0.628) -0.717 (-1.958, 0.529) -0.845 (-2.124, 0.441) -0.964 (-2.278, 0.353) 

L 1 chick - 2 chicks 0.290 (-0.287, 0.865) 0.358 (-0.227, 0.944) 0.420 (-0.176, 1.011) 0.478 (-0.131, 1.073) 0.530 (-0.087, 1.136) 0.578 (-0.048, 1.197) 

M 2 chicks - 3 chicks 0.372 (-0.216, 0.945) 0.436 (-0.164, 1.019) 0.494 (-0.116, 1.089) 0.547 (-0.072, 1.152) 0.594 (-0.034, 1.206) 0.637 (-0.002, 1.259) 

N 3 chicks - 1 chick -0.662 (-1.815, 0.500) -0.793 (-1.952, 0.391) -0.914 (-2.090, 0.293) -1.024 (-2.225, 0.202) -1.125 (-2.348, 0.119) -1.216 (-2.452, 0.049) 

O a chick - b chick 0.164 (-0.021, 0.350) 0.164 (-0.028, 0.358) 0.164 (-0.036, 0.365) 0.164 (-0.043, 0.372) 0.165 (-0.050, 0.380) 0.165 (-0.056, 0.386) 

P b chick - c chick 0.357 (0.114, 0.600) 0.354 (0.101, 0.606) 0.351 (0.086, 0.612) 0.348 (0.073, 0.620) 0.346 (0.062, 0.627) 0.343 (0.052, 0.631) 

Q c chick - a chick -0.521 (-0.762, -0.284) -0.518 (-0.770, -0.270) -0.515 (-0.775, -0.258) -0.513 (-0.780, -0.248) -0.510 (-0.786, -0.238) -0.508 (-0.791, -0.229) 
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Table 3-7 (continued) 

Figure legend Contrast Y30 Y31 Y32 

A female - male 0.087 (-0.234, 0.409) 0.082 (-0.248, 0.410) 0.077 (-0.261, 0.413) 

B 2004 - 2005 -0.931 (-2.577, 0.674) -1.010 (-2.690, 0.626) -1.083 (-2.791, 0.584) 

C 2004 - 2006 -0.243 (-2.057, 1.530) -0.248 (-2.100, 1.554) -0.254 (-2.143, 1.582) 

D 2004 - 2007 -0.669 (-2.072, 0.720) -0.722 (-2.146, 0.691) -0.771 (-2.213, 0.659) 

E 2004 - 2008 -1.743 (-2.992, -0.492) -1.898 (-3.173, -0.614) -2.041 (-3.346, -0.729) 

F 2005 - 2006 0.688 (-1.367, 2.717) 0.761 (-1.350, 2.843) 0.829 (-1.337, 2.952) 

G 2005 - 2007 0.262 (-1.289, 1.837) 0.287 (-1.301, 1.904) 0.312 (-1.305, 1.953) 

H 2005 - 2008 -0.812 (-2.379, 0.762) -0.888 (-2.495, 0.723) -0.958 (-2.599, 0.693) 

I 2006 - 2007 -0.426 (-2.257, 1.455) -0.474 (-2.347, 1.447) -0.518 (-2.429, 1.441) 

J 2006 - 2008 -1.500 (-3.321, 0.325) -1.650 (-3.523, 0.229) -1.787 (-3.706, 0.146) 

K 2007 - 2008 -1.074 (-2.420, 0.277) -1.176 (-2.551, 0.201) -1.270 (-2.672, 0.128) 

L 1 chick - 2 chicks 0.622 (-0.013, 1.252) 0.662 (0.016, 1.297) 0.698 (0.042, 1.343) 

M 2 chicks - 3 chicks 0.676 (0.026, 1.306) 0.710 (0.054, 1.348) 0.741 (0.077, 1.384) 

N 3 chicks - 1 chick -1.298 (-2.551, -0.014) -1.372 (-2.645, -0.066) -1.439 (-2.726, -0.119) 

O a chick - b chick 0.165 (-0.061, 0.391) 0.165 (-0.065, 0.395) 0.166 (-0.069, 0.399) 

P b chick - c chick 0.342 (0.043, 0.636) 0.340 (0.034, 0.641) 0.338 (0.026, 0.646) 

Q c chick - a chick -0.507 (-0.795, -0.221) -0.505 (-0.800, -0.213) -0.504 (-0.805, -0.206) 
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Table 3-8 Results of model comparison for wing length 

ID Model WAIC Delta Weight CumWeight 

11 Intercept + Year 1982.197 0.000 0.504 0.504 

17 Intercept + Year + Order 1983.806 1.609 0.225 0.729 

13 Intercept + Sex + Year 1985.128 2.931 0.116 0.845 

15 Intercept + Year + brood 1986.062 3.865 0.073 0.918 

18 Intercept + Sex + Year + Order 1988.096 5.900 0.026 0.945 

19 Intercept + Year + brood + Order 1988.400 6.203 0.023 0.967 

20 Intercept + Year + Order + Older 1989.472 7.275 0.013 0.981 

16 Intercept + Sex + Year + brood 1989.841 7.644 0.011 0.992 

21 Intercept + Sex + Year + brood + Order 1992.281 10.084 0.003 0.995 

22 Intercept + Sex + Year + Order + Older 1992.823 10.626 0.002 0.997 

23 Intercept + Year + brood + Order + Older 1992.854 10.657 0.002 1.000 

24 Intercept + Sex + Year + brood + Order + Older 1997.585 15.388 0.000 1.000 

1 Intercept 2026.281 44.085 0.000 1.000 

3 Intercept + brood 2026.935 44.739 0.000 1.000 

5 Intercept + Order 2029.704 47.508 0.000 1.000 

7 Intercept + brood + Order 2029.738 47.541 0.000 1.000 

2 Intercept + Sex 2029.954 47.758 0.000 1.000 

4 Intercept + Sex + brood 2031.163 48.966 0.000 1.000 

8 Intercept + Order + Older 2032.525 50.328 0.000 1.000 

12 Intercept + brood + Order + Older 2032.714 50.517 0.000 1.000 

6 Intercept + Sex + Order 2033.220 51.024 0.000 1.000 

9 Intercept + Sex + brood + Order 2033.691 51.494 0.000 1.000 

10 Intercept + Sex + Order + Older 2036.504 54.308 0.000 1.000 

14 Intercept + Sex + brood + Order + Older 2037.251 55.054 0.000 1.000 

ID: model ID corresponding to model name in Table 3-9, WAIC: Watanabe Akaike information criteria, Delta: 
difference from the minimum WAIC, Weight: model weight based on WAIC value, CumWeight: cumulate 
value of Weight from the best model  
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Table 3-10 Statistics of growth curve of wing length depending on the effects of explanatory variables 

Variables Y0 Y10 Y20 Y30 A IPrate IPday 

Sex (female) 9.484 (9.337, 9.638) 37.054 (36.529, 37.591) 85.081 (84.057, 86.114) 113.705 (112.647, 114.769) 123.745 (122.620, 124.874) 0.494 (0.484, 0.504) 15.187 (15.041, 15.334) 

Sex (male) 9.431 (9.266, 9.600) 36.904 (36.374, 37.445) 84.791 (83.754, 85.829) 113.297 (112.196, 114.402) 123.276 (122.072, 124.486) 0.495 (0.484, 0.507) 15.185 (15.030, 15.340) 

Year (2004) 9.484 (9.337, 9.638) 37.054 (36.529, 37.591) 85.081 (84.057, 86.114) 113.705 (112.647, 114.769) 123.745 (122.620, 124.874) 0.494 (0.484, 0.504) 15.187 (15.041, 15.334) 

Year (2005) 10.696 (10.210, 11.201) 37.980 (37.275, 38.685) 84.183 (82.787, 85.585) 114.032 (111.797, 116.278) 126.389 (123.004, 130.003) 0.417 (0.392, 0.442) 15.503 (15.146, 15.882) 

Year (2006) 9.078 (8.329, 9.861) 37.170 (36.079, 38.258) 86.415 (84.603, 88.269) 114.268 (111.713, 116.867) 123.328 (119.682, 127.209) 0.537 (0.479, 0.604) 14.971 (14.576, 15.408) 

Year (2007) 9.442 (9.101, 9.789) 38.420 (37.801, 39.031) 87.120 (85.922, 88.297) 113.272 (111.639, 114.920) 121.415 (119.328, 123.567) 0.506 (0.483, 0.531) 14.524 (14.327, 14.727) 

Year (2008) 9.348 (8.895, 9.814) 36.064 (35.463, 36.668) 85.138 (84.154, 86.118) 117.322 (115.764, 118.936) 129.764 (127.146, 132.567) 0.517 (0.485, 0.552) 15.965 (15.682, 16.273) 

Brood (0) 9.484 (9.337, 9.638) 37.054 (36.529, 37.591) 85.081 (84.057, 86.114) 113.705 (112.647, 114.769) 123.745 (122.620, 124.874) 0.494 (0.484, 0.504) 15.187 (15.041, 15.334) 

Brood (1) 9.485 (9.334, 9.637) 37.088 (36.567, 37.622) 85.179 (84.159, 86.209) 113.812 (112.748, 114.886) 123.840 (122.708, 124.982) 0.494 (0.485, 0.504) 15.183 (15.037, 15.329) 

Brood (2) 9.486 (9.326, 9.646) 37.124 (36.594, 37.660) 85.279 (84.242, 86.321) 113.920 (112.830, 115.012) 123.938 (122.757, 125.118) 0.495 (0.485, 0.506) 15.178 (15.030, 15.327) 

Order (a-chick) 9.486 (9.326, 9.646) 37.124 (36.594, 37.660) 85.279 (84.242, 86.321) 113.920 (112.830, 115.012) 123.938 (122.757, 125.118) 0.495 (0.485, 0.506) 15.178 (15.030, 15.327) 

Order (b-chick) 9.293 (9.080, 9.511) 36.909 (36.355, 37.473) 85.074 (84.000, 86.150) 113.217 (112.023, 114.429) 122.805 (121.383, 124.262) 0.507 (0.492, 0.523) 15.096 (14.922, 15.269) 

Order (c-chick) 9.212 (8.982, 9.449) 36.842 (36.271, 37.417) 84.930 (83.821, 86.043) 112.702 (111.420, 114.015) 122.040 (120.514, 123.641) 0.512 (0.495, 0.531) 15.030 (14.850, 15.219) 

Y0, Y10, Y20, Y30: body mass (g) at day 0, 10, 20, 30, A: asymptotic size, IPrate: growth rate at inflection point (g/day), IPday: the day of inflection point. Parenthesis indicates 95% credible interval. See Table 3-2 for variables 
settings used to calculate these statistics 
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Table 3-11 Numerical differences of growth curves of wing length in Figure 3-2   

Figure legend Contrast Y0 Y1 Y2 Y3 Y4 Y5 

A female - male 0.053 (-0.024, 0.129) 0.060 (-0.022, 0.140) 0.068 (-0.018, 0.152) 0.076 (-0.014, 0.165) 0.085 (-0.008, 0.177) 0.094 (-0.001, 0.188) 

B 2004 - 2005 -1.212 (-1.739, -0.703) -1.276 (-1.828, -0.735) -1.330 (-1.905, -0.759) -1.368 (-1.966, -0.774) -1.389 (-2.010, -0.770) -1.387 (-2.029, -0.742) 

C 2004 - 2006 0.406 (-0.391, 1.178) 0.417 (-0.433, 1.244) 0.420 (-0.482, 1.304) 0.412 (-0.538, 1.351) 0.391 (-0.601, 1.384) 0.355 (-0.677, 1.390) 

D 2004 - 2007 0.042 (-0.333, 0.410) -0.013 (-0.417, 0.385) -0.083 (-0.517, 0.344) -0.173 (-0.636, 0.286) -0.283 (-0.776, 0.208) -0.415 (-0.942, 0.112) 

E 2004 - 2008 0.136 (-0.351, 0.609) 0.188 (-0.332, 0.691) 0.249 (-0.301, 0.784) 0.321 (-0.259, 0.887) 0.402 (-0.204, 1.000) 0.492 (-0.143, 1.114) 

F 2005 - 2006 1.618 (0.709, 2.521) 1.693 (0.727, 2.649) 1.749 (0.737, 2.760) 1.780 (0.719, 2.843) 1.780 (0.677, 2.890) 1.741 (0.601, 2.885) 

G 2005 - 2007 1.254 (0.672, 1.845) 1.264 (0.648, 1.887) 1.246 (0.601, 1.902) 1.195 (0.523, 1.877) 1.106 (0.406, 1.812) 0.971 (0.253, 1.698) 

H 2005 - 2008 1.349 (0.696, 2.011) 1.464 (0.777, 2.161) 1.579 (0.862, 2.306) 1.689 (0.946, 2.446) 1.791 (1.020, 2.572) 1.879 (1.081, 2.678) 

I 2006 - 2007 -0.364 (-1.184, 0.477) -0.429 (-1.307, 0.466) -0.503 (-1.432, 0.445) -0.585 (-1.567, 0.413) -0.674 (-1.701, 0.368) -0.770 (-1.837, 0.312) 

J 2006 - 2008 -0.270 (-1.145, 0.626) -0.229 (-1.169, 0.722) -0.170 (-1.165, 0.833) -0.091 (-1.142, 0.965) 0.011 (-1.087, 1.107) 0.137 (-0.987, 1.264) 

K 2007 - 2008 0.094 (-0.466, 0.643) 0.201 (-0.399, 0.785) 0.333 (-0.299, 0.955) 0.494 (-0.170, 1.148) 0.685 (-0.011, 1.366) 0.907 (0.185, 1.612) 

L 1 chick - 2 chicks 0.000 (-0.032, 0.030) -0.002 (-0.035, 0.031) -0.003 (-0.039, 0.032) -0.005 (-0.043, 0.032) -0.007 (-0.047, 0.032) -0.010 (-0.052, 0.031) 

M 2 chicks - 3 chicks -0.001 (-0.033, 0.029) -0.002 (-0.036, 0.030) -0.004 (-0.040, 0.030) -0.006 (-0.044, 0.030) -0.008 (-0.049, 0.030) -0.011 (-0.054, 0.029) 

N 3 chicks - 1 chick 0.002 (-0.059, 0.064) 0.004 (-0.061, 0.071) 0.007 (-0.062, 0.079) 0.011 (-0.062, 0.087) 0.016 (-0.061, 0.096) 0.022 (-0.059, 0.106) 

O a chick - b chick 0.193 (0.037, 0.341) 0.206 (0.040, 0.363) 0.218 (0.044, 0.384) 0.229 (0.047, 0.401) 0.237 (0.047, 0.415) 0.242 (0.049, 0.424) 

P b chick - c chick 0.081 (-0.122, 0.284) 0.085 (-0.130, 0.301) 0.089 (-0.137, 0.315) 0.091 (-0.143, 0.328) 0.092 (-0.148, 0.336) 0.092 (-0.154, 0.340) 

Q c chick - a chick -0.274 (-0.451, -0.088) -0.291 (-0.481, -0.095) -0.307 (-0.507, -0.100) -0.320 (-0.529, -0.105) -0.329 (-0.548, -0.107) -0.334 (-0.560, -0.106) 
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Table 3-11 (continued)   

Figure legend Contrast Y6 Y7 Y8 Y9 Y10 Y11 

A female - male 0.104 (0.007, 0.201) 0.115 (0.017, 0.214) 0.126 (0.026, 0.227) 0.138 (0.036, 0.241) 0.150 (0.045, 0.257) 0.163 (0.052, 0.275) 

B 2004 - 2005 -1.358 (-2.030, -0.681) -1.299 (-2.002, -0.590) -1.208 (-1.951, -0.450) -1.083 (-1.875, -0.268) -0.926 (-1.785, -0.043) -0.740 (-1.683, 0.229) 

C 2004 - 2006 0.301 (-0.767, 1.372) 0.227 (-0.873, 1.332) 0.133 (-1.002, 1.276) 0.018 (-1.152, 1.199) -0.116 (-1.343, 1.110) -0.266 (-1.551, 1.018) 

D 2004 - 2007 -0.570 (-1.136, 0.002) -0.745 (-1.356, -0.127) -0.940 (-1.603, -0.269) -1.149 (-1.875, -0.416) -1.366 (-2.159, -0.562) -1.583 (-2.456, -0.691) 

E 2004 - 2008 0.590 (-0.072, 1.238) 0.693 (0.007, 1.368) 0.798 (0.085, 1.505) 0.899 (0.147, 1.645) 0.990 (0.197, 1.785) 1.064 (0.213, 1.910) 

F 2005 - 2006 1.659 (0.496, 2.826) 1.526 (0.337, 2.723) 1.341 (0.126, 2.564) 1.101 (-0.147, 2.353) 0.810 (-0.482, 2.112) 0.474 (-0.893, 1.823) 

G 2005 - 2007 0.788 (0.046, 1.536) 0.554 (-0.217, 1.332) 0.268 (-0.539, 1.075) -0.066 (-0.916, 0.783) -0.440 (-1.356, 0.468) -0.843 (-1.827, 0.130) 

H 2005 - 2008 1.948 (1.133, 2.764) 1.992 (1.160, 2.821) 2.006 (1.157, 2.843) 1.982 (1.105, 2.852) 1.916 (1.006, 2.819) 1.804 (0.845, 2.761) 

I 2006 - 2007 -0.870 (-1.977, 0.243) -0.972 (-2.110, 0.161) -1.073 (-2.241, 0.090) -1.167 (-2.368, 0.015) -1.250 (-2.505, -0.013) -1.318 (-2.623, -0.015) 

J 2006 - 2008 0.289 (-0.862, 1.440) 0.466 (-0.702, 1.630) 0.665 (-0.521, 1.862) 0.881 (-0.312, 2.086) 1.106 (-0.115, 2.337) 1.330 (0.068, 2.626) 

K 2007 - 2008 1.160 (0.414, 1.893) 1.439 (0.666, 2.189) 1.738 (0.942, 2.518) 2.048 (1.225, 2.854) 2.356 (1.506, 3.203) 2.647 (1.749, 3.537) 

L 1 chick - 2 chicks -0.014 (-0.057, 0.029) -0.018 (-0.063, 0.027) -0.023 (-0.070, 0.024) -0.028 (-0.078, 0.022) -0.034 (-0.088, 0.020) -0.041 (-0.099, 0.017) 

M 2 chicks - 3 chicks -0.015 (-0.059, 0.027) -0.019 (-0.065, 0.025) -0.024 (-0.073, 0.023) -0.030 (-0.081, 0.020) -0.036 (-0.091, 0.018) -0.042 (-0.102, 0.015) 

N 3 chicks - 1 chick 0.029 (-0.056, 0.117) 0.037 (-0.051, 0.129) 0.047 (-0.047, 0.143) 0.058 (-0.042, 0.159) 0.070 (-0.037, 0.178) 0.083 (-0.033, 0.201) 

O a chick - b chick 0.244 (0.049, 0.429) 0.242 (0.046, 0.430) 0.237 (0.037, 0.427) 0.227 (0.025, 0.423) 0.215 (0.006, 0.417) 0.199 (-0.018, 0.414) 

P b chick - c chick 0.090 (-0.160, 0.343) 0.087 (-0.167, 0.343) 0.081 (-0.176, 0.343) 0.074 (-0.189, 0.341) 0.067 (-0.206, 0.343) 0.059 (-0.231, 0.351) 

Q c chick - a chick -0.334 (-0.565, -0.100) -0.329 (-0.562, -0.093) -0.318 (-0.558, -0.076) -0.302 (-0.550, -0.054) -0.281 (-0.540, -0.024) -0.259 (-0.531, 0.019) 
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Table 3-11 (continued)   

Figure legend Contrast Y12 Y13 Y14 Y15 Y16 Y17 

A female - male 0.176 (0.057, 0.295) 0.189 (0.060, 0.317) 0.203 (0.064, 0.341) 0.217 (0.067, 0.366) 0.232 (0.071, 0.390) 0.246 (0.078, 0.412) 

B 2004 - 2005 -0.530 (-1.565, 0.529) -0.303 (-1.440, 0.845) -0.070 (-1.314, 1.184) 0.159 (-1.189, 1.510) 0.374 (-1.063, 1.819) 0.563 (-0.961, 2.097) 

C 2004 - 2006 -0.427 (-1.799, 0.943) -0.593 (-2.078, 0.864) -0.758 (-2.358, 0.811) -0.912 (-2.625, 0.770) -1.050 (-2.877, 0.727) -1.165 (-3.092, 0.714) 

D 2004 - 2007 -1.791 (-2.754, -0.813) -1.977 (-3.032, -0.909) -2.132 (-3.275, -0.968) -2.247 (-3.478, -1.001) -2.312 (-3.622, -0.980) -2.325 (-3.703, -0.919) 

E 2004 - 2008 1.113 (0.200, 2.037) 1.129 (0.153, 2.128) 1.105 (0.055, 2.179) 1.036 (-0.093, 2.190) 0.915 (-0.292, 2.139) 0.744 (-0.528, 2.036) 

F 2005 - 2006 0.103 (-1.348, 1.525) -0.290 (-1.852, 1.239) -0.687 (-2.375, 0.952) -1.072 (-2.893, 0.694) -1.424 (-3.390, 0.485) -1.728 (-3.788, 0.300) 

G 2005 - 2007 -1.261 (-2.326, -0.203) -1.674 (-2.834, -0.521) -2.062 (-3.322, -0.804) -2.406 (-3.772, -1.043) -2.686 (-4.156, -1.232) -2.887 (-4.457, -1.340) 

H 2005 - 2008 1.643 (0.612, 2.670) 1.433 (0.329, 2.544) 1.176 (-0.016, 2.385) 0.876 (-0.417, 2.182) 0.542 (-0.843, 1.940) 0.181 (-1.291, 1.656) 

I 2006 - 2007 -1.364 (-2.749, 0.015) -1.384 (-2.876, 0.095) -1.375 (-2.973, 0.214) -1.334 (-3.056, 0.372) -1.262 (-3.092, 0.566) -1.160 (-3.086, 0.775) 

J 2006 - 2008 1.540 (0.213, 2.890) 1.723 (0.313, 3.155) 1.863 (0.363, 3.402) 1.948 (0.336, 3.589) 1.966 (0.239, 3.717) 1.909 (0.080, 3.753) 

K 2007 - 2008 2.904 (1.951, 3.848) 3.106 (2.085, 4.115) 3.238 (2.131, 4.327) 3.282 (2.087, 4.458) 3.228 (1.962, 4.474) 3.068 (1.721, 4.388) 

L 1 chick - 2 chicks -0.048 (-0.111, 0.015) -0.055 (-0.123, 0.013) -0.062 (-0.136, 0.012) -0.069 (-0.150, 0.010) -0.076 (-0.163, 0.009) -0.083 (-0.174, 0.009) 

M 2 chicks - 3 chicks -0.050 (-0.114, 0.014) -0.057 (-0.127, 0.012) -0.064 (-0.141, 0.010) -0.071 (-0.155, 0.009) -0.078 (-0.168, 0.009) -0.085 (-0.179, 0.008) 

N 3 chicks - 1 chick 0.097 (-0.028, 0.225) 0.112 (-0.026, 0.251) 0.126 (-0.022, 0.277) 0.141 (-0.019, 0.304) 0.154 (-0.018, 0.331) 0.167 (-0.016, 0.354) 

O a chick - b chick 0.183 (-0.046, 0.411) 0.167 (-0.078, 0.412) 0.154 (-0.110, 0.419) 0.144 (-0.136, 0.429) 0.140 (-0.158, 0.443) 0.144 (-0.169, 0.459) 

P b chick - c chick 0.053 (-0.260, 0.363) 0.048 (-0.292, 0.384) 0.046 (-0.322, 0.412) 0.049 (-0.347, 0.440) 0.057 (-0.363, 0.472) 0.070 (-0.370, 0.503) 

Q c chick - a chick -0.236 (-0.527, 0.065) -0.215 (-0.528, 0.111) -0.200 (-0.537, 0.151) -0.193 (-0.556, 0.183) -0.197 (-0.581, 0.202) -0.214 (-0.618, 0.206) 
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Table 3-11 (continued)   

Figure legend Contrast Y18 Y19 Y20 Y21 Y22 Y23 

A female - male 0.261 (0.086, 0.435) 0.276 (0.095, 0.455) 0.291 (0.105, 0.474) 0.305 (0.112, 0.494) 0.319 (0.119, 0.515) 0.333 (0.124, 0.535) 

B 2004 - 2005 0.717 (-0.884, 2.329) 0.830 (-0.833, 2.509) 0.898 (-0.819, 2.646) 0.919 (-0.845, 2.706) 0.894 (-0.925, 2.749) 0.827 (-1.047, 2.736) 

C 2004 - 2006 -1.252 (-3.272, 0.706) -1.309 (-3.398, 0.718) -1.334 (-3.483, 0.750) -1.329 (-3.522, 0.807) -1.297 (-3.533, 0.890) -1.242 (-3.516, 0.978) 

D 2004 - 2007 -2.281 (-3.721, -0.821) -2.185 (-3.681, -0.672) -2.038 (-3.581, -0.469) -1.849 (-3.428, -0.248) -1.626 (-3.238, 0.021) -1.378 (-3.027, 0.308) 

E 2004 - 2008 0.522 (-0.809, 1.870) 0.253 (-1.132, 1.646) -0.057 (-1.483, 1.381) -0.399 (-1.864, 1.064) -0.766 (-2.266, 0.721) -1.147 (-2.665, 0.360) 

F 2005 - 2006 -1.969 (-4.120, 0.152) -2.139 (-4.367, 0.066) -2.232 (-4.554, 0.045) -2.248 (-4.646, 0.112) -2.192 (-4.665, 0.213) -2.069 (-4.600, 0.408) 

G 2005 - 2007 -2.999 (-4.641, -1.363) -3.015 (-4.729, -1.291) -2.936 (-4.715, -1.143) -2.769 (-4.618, -0.907) -2.521 (-4.433, -0.610) -2.205 (-4.187, -0.214) 

H 2005 - 2008 -0.195 (-1.750, 1.351) -0.577 (-2.204, 1.038) -0.955 (-2.646, 0.725) -1.318 (-3.078, 0.418) -1.660 (-3.492, 0.141) -1.975 (-3.886, -0.096) 

I 2006 - 2007 -1.029 (-3.028, 0.997) -0.876 (-2.954, 1.233) -0.704 (-2.846, 1.481) -0.520 (-2.721, 1.729) -0.329 (-2.573, 1.983) -0.136 (-2.451, 2.246) 

J 2006 - 2008 1.774 (-0.129, 3.701) 1.561 (-0.422, 3.562) 1.277 (-0.760, 3.329) 0.930 (-1.155, 3.047) 0.532 (-1.591, 2.719) 0.095 (-2.067, 2.324) 

K 2007 - 2008 2.803 (1.394, 4.184) 2.437 (0.979, 3.867) 1.982 (0.465, 3.468) 1.450 (-0.122, 2.985) 0.861 (-0.756, 2.444) 0.231 (-1.450, 1.859) 

L 1 chick - 2 chicks -0.088 (-0.185, 0.008) -0.094 (-0.195, 0.007) -0.098 (-0.203, 0.006) -0.101 (-0.211, 0.005) -0.104 (-0.217, 0.007) -0.106 (-0.222, 0.008) 

M 2 chicks - 3 chicks -0.090 (-0.190, 0.007) -0.095 (-0.199, 0.006) -0.099 (-0.208, 0.005) -0.103 (-0.215, 0.005) -0.105 (-0.220, 0.007) -0.107 (-0.226, 0.009) 

N 3 chicks - 1 chick 0.179 (-0.015, 0.375) 0.189 (-0.013, 0.394) 0.197 (-0.011, 0.411) 0.204 (-0.011, 0.425) 0.209 (-0.014, 0.437) 0.213 (-0.016, 0.449) 

O a chick - b chick 0.156 (-0.171, 0.481) 0.176 (-0.162, 0.510) 0.205 (-0.143, 0.547) 0.242 (-0.119, 0.593) 0.285 (-0.086, 0.646) 0.333 (-0.052, 0.707) 

P b chick - c chick 0.089 (-0.367, 0.539) 0.114 (-0.356, 0.576) 0.144 (-0.337, 0.616) 0.178 (-0.316, 0.663) 0.215 (-0.295, 0.716) 0.255 (-0.287, 0.775) 

Q c chick - a chick -0.245 (-0.666, 0.194) -0.290 (-0.725, 0.166) -0.349 (-0.795, 0.124) -0.420 (-0.878, 0.067) -0.500 (-0.970, 0.004) -0.588 (-1.080, -0.059) 
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Table 3-11 (continued)   

Figure legend Contrast Y24 Y25 Y26 Y27 Y28 Y29 

A female - male 0.346 (0.127, 0.557) 0.359 (0.129, 0.582) 0.370 (0.127, 0.608) 0.381 (0.123, 0.633) 0.391 (0.117, 0.657) 0.400 (0.110, 0.681) 

B 2004 - 2005 0.723 (-1.204, 2.689) 0.588 (-1.420, 2.626) 0.429 (-1.677, 2.548) 0.252 (-1.945, 2.447) 0.063 (-2.227, 2.355) -0.131 (-2.520, 2.252) 

C 2004 - 2006 -1.168 (-3.484, 1.104) -1.079 (-3.439, 1.251) -0.981 (-3.428, 1.425) -0.877 (-3.402, 1.630) -0.771 (-3.399, 1.845) -0.666 (-3.402, 2.037) 

D 2004 - 2007 -1.113 (-2.793, 0.608) -0.840 (-2.543, 0.913) -0.567 (-2.305, 1.216) -0.298 (-2.066, 1.526) -0.040 (-1.851, 1.827) 0.204 (-1.656, 2.115) 

E 2004 - 2008 -1.534 (-3.086, 0.014) -1.920 (-3.513, -0.329) -2.296 (-3.931, -0.659) -2.657 (-4.352, -0.965) -3.000 (-4.770, -1.256) -3.321 (-5.165, -1.511) 

F 2005 - 2006 -1.891 (-4.500, 0.652) -1.668 (-4.345, 0.984) -1.410 (-4.189, 1.363) -1.129 (-4.025, 1.776) -0.835 (-3.864, 2.209) -0.535 (-3.720, 2.659) 

G 2005 - 2007 -1.836 (-3.900, 0.243) -1.429 (-3.609, 0.761) -0.996 (-3.249, 1.270) -0.550 (-2.907, 1.826) -0.104 (-2.556, 2.395) 0.336 (-2.233, 2.951) 

H 2005 - 2008 -2.258 (-4.249, -0.307) -2.508 (-4.600, -0.443) -2.725 (-4.914, -0.540) -2.909 (-5.228, -0.595) -3.063 (-5.499, -0.622) -3.189 (-5.742, -0.609) 

I 2006 - 2007 0.055 (-2.332, 2.494) 0.239 (-2.234, 2.768) 0.414 (-2.133, 3.029) 0.579 (-2.085, 3.321) 0.731 (-2.032, 3.590) 0.870 (-2.006, 3.849) 

J 2006 - 2008 -0.367 (-2.617, 1.945) -0.840 (-3.179, 1.541) -1.315 (-3.766, 1.163) -1.780 (-4.337, 0.823) -2.229 (-4.926, 0.517) -2.654 (-5.487, 0.228) 

K 2007 - 2008 -0.421 (-2.159, 1.265) -1.080 (-2.891, 0.683) -1.729 (-3.613, 0.122) -2.359 (-4.346, -0.418) -2.960 (-5.034, -0.931) -3.525 (-5.703, -1.405) 

L 1 chick - 2 chicks -0.108 (-0.227, 0.010) -0.109 (-0.231, 0.014) -0.109 (-0.235, 0.016) -0.109 (-0.239, 0.020) -0.109 (-0.244, 0.025) -0.108 (-0.248, 0.030) 

M 2 chicks - 3 chicks -0.108 (-0.230, 0.011) -0.109 (-0.235, 0.014) -0.109 (-0.239, 0.017) -0.109 (-0.243, 0.022) -0.109 (-0.247, 0.027) -0.108 (-0.251, 0.032) 

N 3 chicks - 1 chick 0.216 (-0.022, 0.457) 0.217 (-0.027, 0.466) 0.218 (-0.034, 0.474) 0.218 (-0.042, 0.482) 0.217 (-0.051, 0.491) 0.216 (-0.061, 0.498) 

O a chick - b chick 0.385 (-0.016, 0.779) 0.439 (0.023, 0.857) 0.495 (0.051, 0.938) 0.549 (0.075, 1.023) 0.603 (0.099, 1.112) 0.654 (0.123, 1.196) 

P b chick - c chick 0.295 (-0.278, 0.843) 0.335 (-0.275, 0.916) 0.375 (-0.271, 0.998) 0.413 (-0.272, 1.074) 0.450 (-0.280, 1.152) 0.484 (-0.287, 1.229) 

Q c chick - a chick -0.680 (-1.199, -0.132) -0.775 (-1.323, -0.203) -0.870 (-1.452, -0.269) -0.963 (-1.582, -0.329) -1.053 (-1.711, -0.382) -1.138 (-1.830, -0.428) 
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Table 3-11 (continued) 

Figure legend Contrast Y30 Y31 Y32 

A female - male 0.408 (0.102, 0.705) 0.415 (0.093, 0.728) 0.422 (0.084, 0.750) 

B 2004 - 2005 -0.327 (-2.810, 2.143) -0.520 (-3.120, 2.052) -0.707 (-3.399, 1.955) 

C 2004 - 2006 -0.564 (-3.395, 2.236) -0.466 (-3.392, 2.436) -0.374 (-3.382, 2.624) 

D 2004 - 2007 0.433 (-1.470, 2.392) 0.644 (-1.295, 2.641) 0.838 (-1.139, 2.870) 

E 2004 - 2008 -3.617 (-5.535, -1.728) -3.890 (-5.920, -1.931) -4.138 (-6.251, -2.089) 

F 2005 - 2006 -0.237 (-3.594, 3.126) 0.054 (-3.461, 3.564) 0.333 (-3.336, 3.995) 

G 2005 - 2007 0.760 (-1.914, 3.493) 1.164 (-1.620, 4.013) 1.545 (-1.334, 4.501) 

H 2005 - 2008 -3.291 (-5.971, -0.563) -3.370 (-6.186, -0.492) -3.431 (-6.378, -0.432) 

I 2006 - 2007 0.997 (-1.983, 4.084) 1.110 (-1.973, 4.310) 1.212 (-1.983, 4.517) 

J 2006 - 2008 -3.054 (-6.034, -0.026) -3.424 (-6.532, -0.254) -3.764 (-7.010, -0.452) 

K 2007 - 2008 -4.050 (-6.330, -1.833) -4.534 (-6.902, -2.214) -4.976 (-7.426, -2.564) 

L 1 chick - 2 chicks -0.108 (-0.251, 0.035) -0.107 (-0.254, 0.040) -0.106 (-0.258, 0.044) 

M 2 chicks - 3 chicks -0.107 (-0.254, 0.037) -0.107 (-0.258, 0.041) -0.106 (-0.261, 0.046) 

N 3 chicks - 1 chick 0.215 (-0.071, 0.505) 0.213 (-0.081, 0.512) 0.212 (-0.090, 0.518) 

O a chick - b chick 0.702 (0.140, 1.279) 0.748 (0.155, 1.352) 0.790 (0.164, 1.426) 

P b chick - c chick 0.515 (-0.298, 1.303) 0.544 (-0.311, 1.370) 0.570 (-0.324, 1.435) 

Q c chick - a chick -1.218 (-1.948, -0.469) -1.292 (-2.055, -0.510) -1.360 (-2.154, -0.548) 
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Table 3-12 Results of model comparison for tarsus length 

ID Model WAIC Delta Weight CumWeight 

22 Intercept + Sex + Year + Order + Older 1143.132 0.000 0.311 0.311 

20 Intercept + Year + Order + Older 1144.339 1.208 0.170 0.481 

17 Intercept + Year + Order 1144.655 1.523 0.145 0.627 

18 Intercept + Sex + Year + Order 1145.036 1.904 0.120 0.747 

24 Intercept + Sex + Year + brood + Order + Older 1145.317 2.185 0.104 0.851 

21 Intercept + Sex + Year + brood + Order 1147.197 4.065 0.041 0.892 

11 Intercept + Year 1147.397 4.265 0.037 0.929 

23 Intercept + Year + brood + Order + Older 1148.144 5.013 0.025 0.954 

19 Intercept + Year + brood + Order 1148.349 5.217 0.023 0.977 

13 Intercept + Sex + Year 1148.987 5.855 0.017 0.994 

15 Intercept + Year + brood 1151.678 8.546 0.004 0.998 

16 Intercept + Sex + Year + brood 1153.500 10.369 0.002 1.000 

5 Intercept + Order 1205.899 62.767 0.000 1.000 

9 Intercept + Sex + brood + Order 1207.261 64.130 0.000 1.000 

1 Intercept 1207.949 64.817 0.000 1.000 

6 Intercept + Sex + Order 1208.062 64.930 0.000 1.000 

4 Intercept + Sex + brood 1208.325 65.194 0.000 1.000 

7 Intercept + brood + Order 1208.572 65.440 0.000 1.000 

3 Intercept + brood 1208.866 65.734 0.000 1.000 

8 Intercept + Order + Older 1209.234 66.102 0.000 1.000 

14 Intercept + Sex + brood + Order + Older 1209.891 66.759 0.000 1.000 

2 Intercept + Sex 1210.926 67.794 0.000 1.000 

12 Intercept + brood + Order + Older 1211.484 68.352 0.000 1.000 

10 Intercept + Sex + Order + Older 1211.541 68.409 0.000 1.000 

ID: model ID corresponding to model name in Table 3-13, WAIC: Watanabe Akaike information criteria, Delta: 
difference from the minimum WAIC, Weight: model weight based on WAIC value, CumWeight: cumulate 
value of Weight from the best model  
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Table 3-14 Statistics of growth curve of tarsus length depending on the effects of explanatory variables 

Variables Y0 Y10 Y20 Y30 A IPrate IPday 

Sex (female) 9.546 (9.436, 9.657) 23.190 (23.018, 23.359) 28.648 (28.498, 28.797) 30.128 (29.987, 30.269) 30.608 (30.464, 30.752) 0.062 (0.060, 0.063) 1.065 (1.001, 1.128) 

Sex (male) 9.152 (8.930, 9.377) 23.308 (23.106, 23.508) 28.730 (28.540, 28.919) 30.113 (29.884, 30.342) 30.530 (30.272, 30.795) 0.067 (0.064, 0.070) 1.240 (1.137, 1.340) 

Year (2004) 9.546 (9.436, 9.657) 23.190 (23.018, 23.359) 28.648 (28.498, 28.797) 30.128 (29.987, 30.269) 30.608 (30.464, 30.752) 0.062 (0.060, 0.063) 1.065 (1.001, 1.128) 

Year (2005) 11.619 (11.090, 12.153) 23.245 (23.017, 23.475) 28.498 (28.240, 28.766) 30.275 (29.920, 30.637) 31.079 (30.585, 31.599) 0.045 (0.040, 0.049) -0.163 (-0.516, 0.153) 

Year (2006) 9.893 (9.242, 10.537) 22.385 (22.033, 22.745) 27.527 (27.215, 27.843) 29.037 (28.635, 29.446) 29.607 (29.085, 30.168) 0.056 (0.049, 0.064) 0.645 (0.283, 0.970) 

Year (2007) 10.435 (10.132, 10.730) 22.547 (22.329, 22.767) 28.175 (27.959, 28.395) 30.059 (29.791, 30.327) 30.875 (30.524, 31.231) 0.050 (0.047, 0.053) 0.651 (0.480, 0.818) 

Year (2008) 8.224 (7.965, 8.488) 22.028 (21.800, 22.254) 27.973 (27.789, 28.161) 29.652 (29.408, 29.904) 30.221 (29.909, 30.548) 0.068 (0.064, 0.072) 1.860 (1.725, 1.997) 

Brood (0) 9.546 (9.436, 9.657) 23.190 (23.018, 23.359) 28.648 (28.498, 28.797) 30.128 (29.987, 30.269) 30.608 (30.464, 30.752) 0.062 (0.060, 0.063) 1.065 (1.001, 1.128) 

Brood (1) 9.622 (9.502, 9.742) 23.242 (23.069, 23.413) 28.705 (28.552, 28.854) 30.194 (30.048, 30.340) 30.681 (30.529, 30.832) 0.061 (0.060, 0.062) 1.035 (0.967, 1.102) 

Brood (2) 9.699 (9.550, 9.850) 23.297 (23.116, 23.476) 28.762 (28.598, 28.922) 30.260 (30.094, 30.425) 30.755 (30.578, 30.933) 0.061 (0.059, 0.062) 1.003 (0.922, 1.082) 

Order (a-chick) 9.699 (9.550, 9.850) 23.297 (23.116, 23.476) 28.762 (28.598, 28.922) 30.260 (30.094, 30.425) 30.755 (30.578, 30.933) 0.061 (0.059, 0.062) 1.003 (0.922, 1.082) 

Order (b-chick) 9.317 (8.960, 9.672) 23.002 (22.758, 23.240) 28.808 (28.578, 29.036) 30.479 (30.182, 30.788) 31.068 (30.695, 31.459) 0.062 (0.058, 0.066) 1.332 (1.162, 1.498) 

Order (c-chick) 8.747 (8.348, 9.152) 22.876 (22.593, 23.160) 28.538 (28.270, 28.800) 30.044 (29.673, 30.413) 30.526 (30.077, 30.985) 0.068 (0.062, 0.074) 1.511 (1.330, 1.686) 

Older (no) 9.241 (8.892, 9.588) 22.948 (22.708, 23.184) 28.751 (28.525, 28.972) 30.413 (30.120, 30.713) 30.994 (30.628, 31.380) 0.062 (0.058, 0.067) 1.363 (1.196, 1.524) 

Older (yes) 9.736 (9.432, 10.038) 22.742 (22.500, 22.982) 28.419 (28.196, 28.637) 30.142 (29.854, 30.428) 30.794 (30.423, 31.172) 0.057 (0.053, 0.060) 1.052 (0.892, 1.209) 

Y0, Y10, Y20, Y30: body mass (g) at day 0, 10, 20, 30, A: asymptotic size, IPrate: growth rate at inflection point (g/day), IPday: the day of inflection point. Parenthesis indicates 95% credible interval. See Table 3-2 for variables 
settings used to calculate these statistics 
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Table 3-15 Numerical differences of growth curves of tarsus length in Figure 3-4   

Figure legend Contrast Y0 Y1 Y2 Y3 Y4 Y5 

A female - male 0.394 (0.194, 0.592) 0.335 (0.161, 0.506) 0.268 (0.121, 0.413) 0.198 (0.074, 0.325) 0.131 (0.016, 0.246) 0.069 (-0.045, 0.183) 

B 2004 - 2005 -2.073 (-2.612, -1.540) -1.856 (-2.325, -1.389) -1.615 (-2.026, -1.211) -1.365 (-1.724, -1.019) -1.118 (-1.431, -0.814) -0.884 (-1.167, -0.608) 

C 2004 - 2006 -0.347 (-1.000, 0.300) -0.227 (-0.794, 0.335) -0.097 (-0.584, 0.378) 0.037 (-0.382, 0.442) 0.170 (-0.198, 0.526) 0.299 (-0.047, 0.632) 

D 2004 - 2007 -0.889 (-1.198, -0.574) -0.686 (-0.964, -0.405) -0.475 (-0.727, -0.218) -0.265 (-0.502, -0.027) -0.068 (-0.295, 0.160) 0.111 (-0.116, 0.338) 

E 2004 - 2008 1.322 (1.043, 1.597) 1.389 (1.135, 1.638) 1.430 (1.197, 1.660) 1.446 (1.225, 1.664) 1.441 (1.219, 1.659) 1.418 (1.189, 1.641) 

F 2005 - 2006 1.727 (0.930, 2.550) 1.629 (0.939, 2.332) 1.518 (0.930, 2.112) 1.402 (0.901, 1.904) 1.288 (0.853, 1.717) 1.183 (0.789, 1.571) 

G 2005 - 2007 1.184 (0.673, 1.709) 1.169 (0.722, 1.629) 1.140 (0.751, 1.540) 1.099 (0.761, 1.448) 1.050 (0.752, 1.358) 0.995 (0.717, 1.278) 

H 2005 - 2008 3.395 (2.900, 3.900) 3.245 (2.811, 3.691) 3.045 (2.667, 3.432) 2.811 (2.482, 3.149) 2.559 (2.264, 2.866) 2.302 (2.020, 2.592) 

I 2006 - 2007 -0.542 (-1.195, 0.094) -0.460 (-1.023, 0.093) -0.378 (-0.853, 0.097) -0.302 (-0.708, 0.104) -0.238 (-0.599, 0.125) -0.188 (-0.527, 0.158) 

J 2006 - 2008 1.668 (1.011, 2.314) 1.616 (1.043, 2.180) 1.527 (1.040, 2.008) 1.410 (0.995, 1.824) 1.271 (0.902, 1.642) 1.119 (0.770, 1.470) 

K 2007 - 2008 2.211 (1.911, 2.510) 2.076 (1.803, 2.344) 1.905 (1.658, 2.149) 1.712 (1.479, 1.942) 1.509 (1.278, 1.737) 1.307 (1.072, 1.539) 

L 1 chick - 2 chicks -0.076 (-0.129, -0.024) -0.074 (-0.121, -0.029) -0.072 (-0.112, -0.032) -0.069 (-0.105, -0.033) -0.066 (-0.099, -0.033) -0.063 (-0.096, -0.030) 

M 2 chicks - 3 chicks -0.078 (-0.134, -0.024) -0.076 (-0.125, -0.029) -0.074 (-0.117, -0.033) -0.071 (-0.109, -0.034) -0.068 (-0.103, -0.034) -0.065 (-0.099, -0.032) 

N 3 chicks - 1 chick 0.153 (0.048, 0.263) 0.151 (0.058, 0.247) 0.146 (0.064, 0.229) 0.140 (0.068, 0.214) 0.134 (0.067, 0.202) 0.128 (0.062, 0.194) 

O a chick - b chick 0.382 (0.042, 0.724) 0.414 (0.117, 0.713) 0.436 (0.182, 0.690) 0.446 (0.229, 0.660) 0.445 (0.254, 0.633) 0.436 (0.259, 0.611) 

P b chick - c chick 0.570 (0.261, 0.874) 0.518 (0.253, 0.782) 0.457 (0.228, 0.683) 0.392 (0.191, 0.592) 0.330 (0.139, 0.523) 0.273 (0.078, 0.468) 

Q c chick - a chick -0.952 (-1.340, -0.554) -0.932 (-1.271, -0.584) -0.892 (-1.181, -0.595) -0.838 (-1.086, -0.586) -0.775 (-0.997, -0.550) -0.709 (-0.923, -0.492) 

R sister - brother -0.495 (-0.840, -0.151) -0.428 (-0.730, -0.127) -0.350 (-0.610, -0.092) -0.267 (-0.492, -0.043) -0.182 (-0.385, 0.018) -0.101 (-0.293, 0.092) 

 
 



Chapter 3: Growth curve 

85 

 
Table 3-15 (continued)   

Figure legend Contrast Y6 Y7 Y8 Y9 Y10 Y11 

A female - male 0.014 (-0.104, 0.132) -0.032 (-0.155, 0.089) -0.070 (-0.197, 0.056) -0.098 (-0.226, 0.029) -0.118 (-0.247, 0.007) -0.132 (-0.258, -0.009) 

B 2004 - 2005 -0.668 (-0.935, -0.407) -0.476 (-0.741, -0.216) -0.310 (-0.578, -0.050) -0.170 (-0.442, 0.093) -0.056 (-0.331, 0.214) 0.035 (-0.245, 0.310) 

C 2004 - 2006 0.421 (0.072, 0.756) 0.533 (0.179, 0.878) 0.635 (0.269, 0.996) 0.726 (0.345, 1.101) 0.805 (0.419, 1.189) 0.873 (0.484, 1.260) 

D 2004 - 2007 0.268 (0.036, 0.499) 0.399 (0.156, 0.638) 0.505 (0.250, 0.749) 0.585 (0.323, 0.837) 0.643 (0.375, 0.900) 0.679 (0.407, 0.938) 

E 2004 - 2008 1.382 (1.142, 1.619) 1.335 (1.083, 1.584) 1.281 (1.020, 1.538) 1.222 (0.956, 1.485) 1.162 (0.894, 1.426) 1.102 (0.833, 1.366) 

F 2005 - 2006 1.089 (0.710, 1.458) 1.010 (0.628, 1.380) 0.945 (0.557, 1.327) 0.896 (0.496, 1.290) 0.860 (0.449, 1.267) 0.838 (0.422, 1.249) 

G 2005 - 2007 0.936 (0.667, 1.208) 0.876 (0.604, 1.147) 0.815 (0.539, 1.091) 0.756 (0.474, 1.035) 0.698 (0.410, 0.985) 0.644 (0.351, 0.937) 

H 2005 - 2008 2.050 (1.774, 2.333) 1.811 (1.532, 2.095) 1.591 (1.304, 1.879) 1.393 (1.101, 1.688) 1.218 (0.923, 1.516) 1.066 (0.771, 1.367) 

I 2006 - 2007 -0.153 (-0.493, 0.192) -0.134 (-0.484, 0.224) -0.130 (-0.498, 0.244) -0.140 (-0.522, 0.248) -0.162 (-0.551, 0.235) -0.193 (-0.587, 0.208) 

J 2006 - 2008 0.961 (0.609, 1.315) 0.801 (0.435, 1.168) 0.646 (0.261, 1.028) 0.497 (0.104, 0.890) 0.357 (-0.040, 0.756) 0.229 (-0.169, 0.629) 

K 2007 - 2008 1.114 (0.869, 1.357) 0.936 (0.679, 1.189) 0.776 (0.511, 1.038) 0.637 (0.363, 0.906) 0.519 (0.241, 0.791) 0.422 (0.145, 0.695) 

L 1 chick - 2 chicks -0.060 (-0.093, -0.027) -0.057 (-0.092, -0.022) -0.055 (-0.092, -0.019) -0.054 (-0.091, -0.016) -0.053 (-0.091, -0.014) -0.052 (-0.090, -0.013) 

M 2 chicks - 3 chicks -0.062 (-0.096, -0.029) -0.060 (-0.095, -0.025) -0.057 (-0.093, -0.022) -0.056 (-0.093, -0.019) -0.054 (-0.092, -0.016) -0.053 (-0.091, -0.015) 

N 3 chicks - 1 chick 0.122 (0.056, 0.189) 0.117 (0.048, 0.187) 0.113 (0.040, 0.185) 0.109 (0.034, 0.184) 0.107 (0.031, 0.183) 0.105 (0.028, 0.181) 

O a chick - b chick 0.418 (0.244, 0.591) 0.394 (0.216, 0.571) 0.364 (0.182, 0.547) 0.331 (0.146, 0.516) 0.295 (0.110, 0.482) 0.258 (0.075, 0.443) 

P b chick - c chick 0.225 (0.022, 0.427) 0.185 (-0.023, 0.396) 0.156 (-0.059, 0.373) 0.137 (-0.080, 0.356) 0.126 (-0.086, 0.342) 0.123 (-0.082, 0.333) 

Q sister - brother -0.643 (-0.862, -0.418) -0.579 (-0.810, -0.345) -0.520 (-0.758, -0.277) -0.467 (-0.709, -0.221) -0.421 (-0.663, -0.177) -0.380 (-0.619, -0.144) 
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Table 3-15 (continued)   

Figure legend Contrast Y12 Y13 Y14 Y15 Y16 Y17 

A female - male -0.139 (-0.261, -0.020) -0.141 (-0.258, -0.027) -0.139 (-0.253, -0.028) -0.133 (-0.243, -0.024) -0.126 (-0.235, -0.018) -0.116 (-0.226, -0.006) 

B 2004 - 2005 0.104 (-0.181, 0.383) 0.153 (-0.133, 0.433) 0.185 (-0.101, 0.467) 0.203 (-0.085, 0.485) 0.208 (-0.081, 0.491) 0.204 (-0.086, 0.488) 

C 2004 - 2006 0.930 (0.544, 1.316) 0.978 (0.595, 1.361) 1.017 (0.640, 1.393) 1.049 (0.678, 1.417) 1.073 (0.709, 1.433) 1.092 (0.734, 1.445) 

D 2004 - 2007 0.697 (0.425, 0.956) 0.700 (0.426, 0.958) 0.689 (0.416, 0.945) 0.668 (0.397, 0.924) 0.638 (0.369, 0.893) 0.602 (0.335, 0.855) 

E 2004 - 2008 1.042 (0.776, 1.303) 0.985 (0.724, 1.241) 0.930 (0.675, 1.180) 0.879 (0.629, 1.122) 0.831 (0.585, 1.068) 0.786 (0.544, 1.020) 

F 2005 - 2006 0.826 (0.410, 1.239) 0.825 (0.412, 1.238) 0.832 (0.423, 1.242) 0.846 (0.442, 1.248) 0.865 (0.466, 1.261) 0.888 (0.494, 1.279) 

G 2005 - 2007 0.594 (0.295, 0.890) 0.547 (0.248, 0.847) 0.504 (0.202, 0.807) 0.465 (0.162, 0.770) 0.430 (0.124, 0.737) 0.398 (0.089, 0.708) 

H 2005 - 2008 0.938 (0.643, 1.241) 0.832 (0.537, 1.134) 0.745 (0.454, 1.042) 0.676 (0.389, 0.971) 0.622 (0.337, 0.915) 0.582 (0.296, 0.874) 

I 2006 - 2007 -0.233 (-0.627, 0.165) -0.278 (-0.671, 0.117) -0.328 (-0.716, 0.061) -0.381 (-0.764, 0.003) -0.435 (-0.814, -0.057) -0.490 (-0.861, -0.118) 

J 2006 - 2008 0.112 (-0.287, 0.507) 0.006 (-0.387, 0.395) -0.087 (-0.473, 0.291) -0.170 (-0.545, 0.199) -0.243 (-0.611, 0.119) -0.306 (-0.666, 0.051) 

K 2007 - 2008 0.345 (0.067, 0.617) 0.285 (0.012, 0.555) 0.241 (-0.027, 0.507) 0.211 (-0.052, 0.474) 0.192 (-0.067, 0.452) 0.184 (-0.073, 0.440) 

L 1 chick - 2 chicks -0.052 (-0.090, -0.013) -0.052 (-0.089, -0.013) -0.052 (-0.089, -0.014) -0.052 (-0.089, -0.015) -0.053 (-0.090, -0.016) -0.054 (-0.090, -0.018) 

M 2 chicks - 3 chicks -0.053 (-0.091, -0.014) -0.052 (-0.090, -0.014) -0.052 (-0.090, -0.015) -0.053 (-0.090, -0.015) -0.053 (-0.091, -0.016) -0.054 (-0.091, -0.017) 

N 3 chicks - 1 chick 0.104 (0.027, 0.180) 0.104 (0.027, 0.180) 0.104 (0.029, 0.179) 0.105 (0.030, 0.179) 0.106 (0.033, 0.180) 0.108 (0.035, 0.182) 

O a chick - b chick 0.220 (0.042, 0.402) 0.182 (0.007, 0.356) 0.144 (-0.023, 0.313) 0.108 (-0.051, 0.270) 0.074 (-0.083, 0.230) 0.041 (-0.114, 0.192) 

P b chick - c chick 0.126 (-0.069, 0.326) 0.136 (-0.048, 0.323) 0.149 (-0.026, 0.326) 0.166 (-0.002, 0.333) 0.185 (0.023, 0.347) 0.205 (0.045, 0.366) 

Q sister - brother -0.346 (-0.577, -0.120) -0.317 (-0.538, -0.101) -0.293 (-0.501, -0.086) -0.274 (-0.472, -0.075) -0.258 (-0.451, -0.064) -0.246 (-0.437, -0.054) 
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Table 3-15 (continued)   

Figure legend Contrast Y18 Y19 Y20 Y21 Y22 Y23 

A female - male -0.105 (-0.219, 0.008) -0.094 (-0.212, 0.024) -0.082 (-0.205, 0.042) -0.070 (-0.200, 0.060) -0.058 (-0.194, 0.078) -0.047 (-0.190, 0.096) 

B 2004 - 2005 0.192 (-0.100, 0.476) 0.173 (-0.122, 0.459) 0.150 (-0.149, 0.442) 0.123 (-0.182, 0.421) 0.094 (-0.218, 0.400) 0.063 (-0.258, 0.378) 

C 2004 - 2006 1.106 (0.751, 1.450) 1.115 (0.763, 1.458) 1.121 (0.770, 1.465) 1.124 (0.771, 1.470) 1.125 (0.767, 1.475) 1.124 (0.758, 1.482) 

D 2004 - 2007 0.562 (0.295, 0.813) 0.518 (0.254, 0.769) 0.473 (0.209, 0.725) 0.427 (0.160, 0.681) 0.381 (0.112, 0.638) 0.336 (0.064, 0.598) 

E 2004 - 2008 0.746 (0.507, 0.976) 0.708 (0.472, 0.937) 0.675 (0.437, 0.906) 0.644 (0.405, 0.878) 0.616 (0.374, 0.854) 0.591 (0.343, 0.833) 

F 2005 - 2006 0.914 (0.522, 1.304) 0.942 (0.550, 1.333) 0.972 (0.575, 1.365) 1.002 (0.598, 1.401) 1.031 (0.618, 1.442) 1.061 (0.634, 1.483) 

G 2005 - 2007 0.370 (0.058, 0.681) 0.345 (0.028, 0.662) 0.324 (0.002, 0.646) 0.304 (-0.027, 0.634) 0.288 (-0.051, 0.629) 0.273 (-0.075, 0.625) 

H 2005 - 2008 0.554 (0.267, 0.848) 0.535 (0.243, 0.834) 0.525 (0.224, 0.830) 0.521 (0.212, 0.833) 0.523 (0.204, 0.845) 0.528 (0.201, 0.860) 

I 2006 - 2007 -0.544 (-0.917, -0.180) -0.597 (-0.966, -0.233) -0.648 (-1.018, -0.286) -0.697 (-1.069, -0.329) -0.744 (-1.120, -0.372) -0.788 (-1.170, -0.408) 

J 2006 - 2008 -0.360 (-0.714, -0.008) -0.407 (-0.756, -0.058) -0.447 (-0.794, -0.097) -0.480 (-0.829, -0.129) -0.509 (-0.862, -0.150) -0.533 (-0.894, -0.164) 

K 2007 - 2008 0.184 (-0.073, 0.437) 0.190 (-0.064, 0.442) 0.201 (-0.056, 0.456) 0.217 (-0.046, 0.477) 0.235 (-0.034, 0.502) 0.255 (-0.019, 0.529) 

L 1 chick - 2 chicks -0.055 (-0.091, -0.019) -0.056 (-0.093, -0.020) -0.057 (-0.094, -0.021) -0.058 (-0.096, -0.021) -0.059 (-0.097, -0.022) -0.060 (-0.099, -0.022) 

M 2 chicks - 3 chicks -0.055 (-0.092, -0.018) -0.056 (-0.093, -0.019) -0.057 (-0.095, -0.020) -0.058 (-0.096, -0.020) -0.059 (-0.098, -0.020) -0.060 (-0.099, -0.021) 

N 3 chicks - 1 chick 0.110 (0.037, 0.184) 0.112 (0.038, 0.186) 0.114 (0.040, 0.189) 0.116 (0.042, 0.192) 0.118 (0.042, 0.195) 0.120 (0.042, 0.199) 

O a chick - b chick 0.010 (-0.145, 0.161) -0.019 (-0.177, 0.136) -0.046 (-0.209, 0.115) -0.071 (-0.242, 0.098) -0.094 (-0.273, 0.085) -0.115 (-0.305, 0.074) 

P b chick - c chick 0.227 (0.063, 0.392) 0.248 (0.076, 0.421) 0.270 (0.088, 0.451) 0.291 (0.097, 0.484) 0.311 (0.105, 0.517) 0.331 (0.110, 0.550) 

Q sister - brother -0.237 (-0.431, -0.042) -0.229 (-0.429, -0.030) -0.224 (-0.435, -0.015) -0.220 (-0.444, -0.001) -0.217 (-0.454, 0.015) -0.215 (-0.466, 0.031) 
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Table 3-15 (continued)   

Figure legend Contrast Y24 Y25 Y26 Y27 Y28 Y29 

A female - male -0.036 (-0.185, 0.114) -0.026 (-0.181, 0.130) -0.016 (-0.178, 0.146) -0.008 (-0.176, 0.161) 0.001 (-0.173, 0.175) 0.008 (-0.171, 0.188) 

B 2004 - 2005 0.031 (-0.297, 0.355) 0.000 (-0.336, 0.333) -0.031 (-0.376, 0.312) -0.062 (-0.415, 0.291) -0.091 (-0.454, 0.272) -0.120 (-0.491, 0.252) 

C 2004 - 2006 1.121 (0.748, 1.487) 1.118 (0.736, 1.493) 1.113 (0.724, 1.499) 1.108 (0.708, 1.503) 1.102 (0.691, 1.507) 1.097 (0.673, 1.511) 

D 2004 - 2007 0.292 (0.017, 0.558) 0.250 (-0.030, 0.519) 0.209 (-0.075, 0.484) 0.171 (-0.118, 0.452) 0.135 (-0.158, 0.422) 0.101 (-0.197, 0.394) 

E 2004 - 2008 0.569 (0.316, 0.817) 0.549 (0.289, 0.802) 0.531 (0.266, 0.790) 0.515 (0.244, 0.780) 0.500 (0.222, 0.769) 0.487 (0.204, 0.762) 

F 2005 - 2006 1.090 (0.651, 1.519) 1.118 (0.666, 1.559) 1.144 (0.679, 1.603) 1.170 (0.689, 1.644) 1.194 (0.696, 1.681) 1.216 (0.703, 1.722) 

G 2005 - 2007 0.261 (-0.099, 0.621) 0.250 (-0.122, 0.620) 0.241 (-0.143, 0.622) 0.233 (-0.163, 0.624) 0.226 (-0.180, 0.626) 0.220 (-0.196, 0.631) 

H 2005 - 2008 0.537 (0.198, 0.881) 0.549 (0.198, 0.904) 0.562 (0.200, 0.931) 0.576 (0.203, 0.956) 0.592 (0.207, 0.983) 0.607 (0.211, 1.010) 

I 2006 - 2007 -0.829 (-1.220, -0.441) -0.868 (-1.270, -0.471) -0.904 (-1.319, -0.494) -0.937 (-1.365, -0.513) -0.968 (-1.406, -0.534) -0.996 (-1.445, -0.547) 

J 2006 - 2008 -0.552 (-0.924, -0.175) -0.569 (-0.954, -0.179) -0.582 (-0.978, -0.179) -0.593 (-1.002, -0.175) -0.602 (-1.023, -0.172) -0.609 (-1.043, -0.165) 

K 2007 - 2008 0.277 (-0.004, 0.558) 0.299 (0.010, 0.586) 0.321 (0.025, 0.615) 0.344 (0.039, 0.647) 0.365 (0.054, 0.678) 0.387 (0.067, 0.707) 

L 1 chick - 2 chicks -0.061 (-0.101, -0.022) -0.062 (-0.103, -0.022) -0.063 (-0.105, -0.022) -0.064 (-0.107, -0.021) -0.065 (-0.108, -0.021) -0.065 (-0.110, -0.021) 

M 2 chicks - 3 chicks -0.061 (-0.101, -0.021) -0.062 (-0.103, -0.021) -0.063 (-0.105, -0.021) -0.063 (-0.107, -0.020) -0.064 (-0.108, -0.020) -0.065 (-0.110, -0.020) 

N 3 chicks - 1 chick 0.122 (0.043, 0.202) 0.124 (0.043, 0.206) 0.126 (0.043, 0.209) 0.127 (0.042, 0.213) 0.129 (0.042, 0.217) 0.131 (0.041, 0.220) 

O a chick - b chick -0.134 (-0.335, 0.064) -0.152 (-0.364, 0.057) -0.168 (-0.391, 0.052) -0.183 (-0.418, 0.048) -0.196 (-0.442, 0.044) -0.208 (-0.464, 0.042) 

P b chick - c chick 0.349 (0.115, 0.582) 0.366 (0.120, 0.614) 0.382 (0.124, 0.644) 0.397 (0.127, 0.673) 0.411 (0.128, 0.697) 0.424 (0.130, 0.719) 

Q sister - brother -0.214 (-0.478, 0.046) -0.214 (-0.491, 0.060) -0.214 (-0.507, 0.074) -0.214 (-0.521, 0.087) -0.215 (-0.533, 0.098) -0.216 (-0.543, 0.109) 
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Table 3-15 Numerical differences of growth curves of tarsus length in Figure 3-4 

Figure legend Contrast Y30 Y31 Y32 

A female - male 0.015 (-0.168, 0.200) 0.022 (-0.166, 0.210) 0.028 (-0.165, 0.219) 

B 2004 - 2005 -0.147 (-0.527, 0.234) -0.172 (-0.563, 0.219) -0.196 (-0.597, 0.204) 

C 2004 - 2006 1.091 (0.658, 1.517) 1.085 (0.641, 1.521) 1.079 (0.627, 1.524) 

D 2004 - 2007 0.069 (-0.234, 0.368) 0.040 (-0.268, 0.343) 0.012 (-0.301, 0.322) 

E 2004 - 2008 0.476 (0.188, 0.756) 0.466 (0.172, 0.751) 0.457 (0.157, 0.748) 

F 2005 - 2006 1.238 (0.710, 1.758) 1.257 (0.714, 1.794) 1.276 (0.718, 1.826) 

G 2005 - 2007 0.216 (-0.210, 0.637) 0.212 (-0.223, 0.643) 0.208 (-0.234, 0.650) 

H 2005 - 2008 0.623 (0.218, 1.036) 0.638 (0.223, 1.061) 0.653 (0.229, 1.086) 

I 2006 - 2007 -1.022 (-1.481, -0.562) -1.046 (-1.514, -0.575) -1.067 (-1.546, -0.588) 

J 2006 - 2008 -0.615 (-1.059, -0.160) -0.619 (-1.077, -0.155) -0.623 (-1.093, -0.148) 

K 2007 - 2008 0.407 (0.080, 0.735) 0.426 (0.091, 0.760) 0.445 (0.101, 0.785) 

L 1 chick - 2 chicks -0.066 (-0.111, -0.021) -0.067 (-0.113, -0.021) -0.067 (-0.114, -0.021) 

M 2 chicks - 3 chicks -0.066 (-0.112, -0.020) -0.067 (-0.113, -0.020) -0.067 (-0.115, -0.020) 

N 3 chicks - 1 chick 0.132 (0.041, 0.223) 0.133 (0.040, 0.226) 0.135 (0.040, 0.229) 

O a chick - b chick -0.219 (-0.483, 0.040) -0.229 (-0.501, 0.038) -0.238 (-0.519, 0.036) 

P b chick - c chick 0.436 (0.132, 0.740) 0.446 (0.133, 0.758) 0.456 (0.132, 0.775) 

Q sister - brother -0.216 (-0.553, 0.119) -0.217 (-0.563, 0.129) -0.218 (-0.572, 0.138) 
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The Ryukyu Scops Owl Otus elegans is an island species with a very restricted range 
of no more than 1,000 km from north to south. It is mainly distributed throughout the 
Ryukyu Archipelago of Japan, a small island off southeast Taiwan, and south to small 
islands north of Luzon, Philippines (Ornithological Society of Japan 2012; Takagi et al. 
2015; Gill & Donsker 2017). Four subspecies are currently recognised: O. e. elegans, O. 
e. interpositus, O. e. botelensis, and O. e. calayensis (Gill and Donsker 2017). Two 
subspecies occur in Japan: nominate O. e. elegans, which occurs widely on the 
continental islands of the Ryukyu Archipelago, and the isolated O. e. interpositus, 
which is endemic to oceanic Minami-daito Island (Figure 4-1) 

The current subspecific classification is mainly based on plumage characteristics 
(Kuroda 1923), but more recently, (Takagi 2011) revealed that the three populations, 
those on island groups north and south of the Kerama Gap, and those on Minami-daito 
Island (Figure 4-1) differed in their vocalisations. Features of their morphology seem to 
be largely attributable to their geohistorical isolation. A recent mitochondrial 
cytochrome c oxidase subunit I (COI) analysis has supported the subdivision of O. e. 
elegans into northern and southern populations (Saitoh et al. 2015). The genetic 
independence of the Minami-daito Island O. e. interpositus population has also been 
revealed by a STRUCTURE analysis (Pritchard et al. 2000) of microsatellite regions 
(Takagi & Saitoh unpublished data). Although their plumage, acoustic, and genetic 
characteristics have been described in the previous studies mentioned above, their 
internal morphology has never been described.  

I used landmark-based geometric morphometrics to evaluate morphological variation 
in Computed tomography (CT) scanned skulls of the Ryukyu Scops Owl. CT scanning 
has become increasingly popular among natural science disciplines as it is entirely non-
destructive and provides detailed three-dimensional (3D) images of structures 
(Matthews and Plessis 2016). The CT images allow us to manipulate, section, dissect 
and measure internal morphology as well as external morphology (Abel et al. 2012). 
This characteristic of CT scanning is a necessary property for obtaining internal 
morphological data of objects that must not be damaged or destroyed, such as precious 
museum specimens. 

Landmark-based geometric morphometrics has been increasingly applied in a range 
of ornithological studies, such as those on the relationships between ecology and 
morphology (Kulemeyer et al. 2009; Bright et al. 2016; Matsui et al. 2016) and avian 
evolution (Bhullar et al. 2012, 2015). As traditional morphometrics is based on 
multivariate analysis of focused variables, such as linear measurements, ratios, angles, 
areas, and volumes, the results are restricted to those relevant to these a priori selected 
variables and their combinations (Mitteroecker and Gunz 2009). However, as landmark-
based geometric morphometrics analyze Cartesian landmark coordinates (Mitteroecker 
and Gunz 2009), results can be drawn from any possible relative positioning of the 
landmarks. Therefore, landmark-based geometric morphometrics is superior to 
traditional morphometrics, in terms of finding unexpected morphological differences.  
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the skulls of three geographically separated populations of the Ryukyu Scops Owl, to 
infer causal factors for any differences, and to propose explanations for how differences 
might have evolved. Analyses revealed differences both in size and shape between O. e. 
interpositus and O. e. elegans. Multivariate regression of Procrustes shape coordinates on 
the logarithm of centroid size for each group did not indicate significant allometric 
relationships. However, regression analysis of a merged group provided significance. 
Analyses based on residual Procrustes shape coordinates did not indicate subspecific 
shape differences.  

Pairwise comparisons revealed that centroid size differed between O. e. interpositus 
and O. e. elegans. I inferred that small skull size on the small (ca. 30 km2), isolated, 
oceanic Minami-daito Island might be partly attributable to founder effects. A 
STRUCTURE analysis of microsatellite regions (Takagi & Saitoh unpublished data) 
suggests that the population on Minami-daito Island was founded by individuals from 
the population on Okinawa Island, which is included within the northern group of O. e. 
elegans. Our results showed that some individual O. e. elegans had skulls as small as 
those of O. e. interpositus (Figure 4-3), and I propose that founders reaching Minami-
daito Island may have had such characteristics. Conversely, however, other evolutionary 
selection processes may have favored small skull size on Minami-daito Island after 
initial arrival. Clegg and Owens (2002) discussed how the effects of changes in feeding 
ecology, intraspecific competition, energetic constraints and physiological optimization 
in birds on small islets seem to have an important role in size evolution. However, as 
yet I do not have data supporting or confirming either perspective. 

Principal component analysis revealed that cranial shape also differed substantially 
between O. e. interpositus and O. e. elegans, for which there seem to be three possible 
explanations. The first possibility is allometry, one of the factors causing morphological 
variation among organisms that differ in body size (Mitteroecker et al. 2013). The 
results of the PCA of residual Procrustes shape coordinates suggest the possibility that 
variation between subspecies can be simply explained as an allometric effect of skull 
size. The disappearance of significance of PC1, after controlling for size, suggest that 
the PC1 of original Procrustes shape coordinates mainly represents allometric variation 
in the data. Actually, allometry is the most dominant factor of shape and form variation 
(Mitteroecker et al. 2013). However, explanation by allometry requires careful 
interpretation of results, because multivariate regressions in each group did not indicate 
significant allometric relationships. If each group actually has a different regression 
line, then multivariate regression analysis for merged data is not justified and I need a 
different explanation, such as that offered below. 

The second possibility is that adaptation to foraging behaviour using binocular vision 
has occurred. Orientation of the orbits may be related to variation in the visual field 
(Heesy 2004; Fernández-Juricic et al. 2008), which may reveal a trade-off relationship 
between foraging and predator detection (Martin 2014). Hunting owls swing their feet 
up into the area of binocular vision just prior to prey capture (Martin 2007). Although 
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forward positioned eyes increase accuracy during this prey capturing behavior, such 
positioning decreases lateral vision rendering the hunting owl more susceptible to 
predators attacking from the side. Potential nocturnal predators, such as Protobothrops 
snakes, do not occur on oceanic Minami-daito Island, whereas they do occur on almost 
all of the other continental islands in the Ryukyu Archipelago. Adaptations among the 
owls on Minami-daito Island might have led to them having eyes positioned further 
forward thus increasing their hunting accuracy. To verify this trade-off relationship, 
future studies should include analysis of morphometric data in relation to the presence 
or absence of predators on each island. Quantitative evaluation of visual fields is also 
desirable (i.e., Fernández-Juricic et al. 2008; Martin and Piersma 2009). 

The third explanation for the difference in skull shape is morphological integration. 
Each part of the skull is integrated with other parts because they develop, function, and 
evolve together (Klingenberg 2013). The observed shape difference may result from 
such covariation of skull parts. In other words, part of the observed variation may be 
caused by variation in other parts, i.e. variation that is explained by other factors such as 
adaptation. In this study, I was compelled to adopt a small number of landmarks due to 
the limitation of the material properties of the specimens (as described above). To 
accurately evaluate shape covariation among parts, many more landmarks including 
semi-landmarks are needed (Kulemeyer et al. 2009; Mitteroecker et al. 2013). 

This study has shown that two subspecies of Ryukyu Scops Owl exhibit substantially 
different skull size and shape. Such differences may be explained by allometry, 
adaptation, or morphological integration. However, the variation detected should be 
interpreted carefully. The results are based on a relatively small sample size including 
individuals of unknown sex. A larger sample with sexed specimens would help to 
improve our understanding of their morphological evolution. 
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Figure 
 

 
Figure 4-1  
Three groups of the Ryukyu Scops Owl, the northern and southern groups, and Minami-
daito Island, based on genetic analyses (Saitoh et al. 2015; Takagi & Saitoh in 
preparation). Ovals show the three groups; the dotted line indicates the Kerama Gap. 
The Kerama Gap geographically divides subspecies O. e. elegans into northern and 
southern groups. O. e. interpositus, isolated on Minami-daito Island, is separated by 360 
km from Okinawa, the nearest island.   
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Figure 4-2  
Landmarks (black dots) on right (R) and left (L) hemispheres of a Ryukyu Scops Owl 
skull. 
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Figure 4-3 
Comparison of centroid size between three groups of Ryukyu Scops Owls. *P < 0.05, 
**P < 0.01 
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Figure 4-4 
Comparison of PC1 score of original Procrustes shape coordinates and deformation of 
the skull along the PC1 axis in the Ryukyu Scops Owl. *P < 0.001. Landmarks on 
average shaped skulls were moved along the PC1 axis so that the resultant landmark 
configuration has a mean + 4SD PC1 score (upper row) or mean -4SD PC1 score (lower 
row). Each skull is expressed as a vector whose components are coordinates of 
landmarks on the skull. PC score consists of a linear combination of coordinates of 
landmarks. Therefore, moving landmarks on a skull, i.e. adding a vector to the vector of 
coordinates of landmarks, causes changes in PC scores of the skull. Actually, adding a 
scaled eigenvector of PCA can increase or decrease the corresponding PC score. Extent 
of the change depends on the scaling factor (see Appendix of Mitteroecker et al. 2013). 
The remaining surface of an average shaped skull was deformed by thin plate spline 
interpolation in accordance with the changes in the landmark positions. Deformed skulls 
are shown from lateral (right) and dorsal views (left). 
 
 













Chapter 5: Vocal variation 

108 

Chapter 5 
 

Decomposing vocal variation of the Ryukyu Scops Owl 
 

Abstract 
Relative importance of the factors contributing the vocal variation in owls are not 
known, despite plentiful studies on their vocalization. I decomposed variation in 
vocal characteristics of the Ryukyu Scops Owls using a data set of 205 individuals 
from 16 island populations. A quarter of the total variation was attributed to between-
island and three quarters were to within-island. Effects of environment, geographic 
isolation, neutral genetic variation and body size account for the 69%, 75%, 44% and 
54% of the between-island variation, respectively, with considerable overlaps of the 
effects. 

 
Introduction  
Existence of variation within a population is an important assumption in evolution, 
because selections works by fitness variation between individuals depending on their 
genotypes (Endler 1986; Lynch and Walsh. 1998). On the other hand, existence of 
variation between populations is an indicative of neutral process or selection pressures 
contributing the differentiation (Walsh and Lynch 2018). Therefore, recognizing the 
variation is one of the most fundamental but important task for evolutionary biology. 

Which traits became under the selection pressures depend on ecological background of 
the organisms (Endler 1992). Owls would be the one of the most studied animals whose 
characteristics suggest strong selection pressures or adaptation to become nocturnal aerial 
predators. Large front-facing eyes, asymmetrical ear openings and fluffy feathers are 
suggesting their adaptation to hunting in the night (König and Weick 2008). Apart from 
these structural characteristics, their diverse vocalization is also suggested as an outcome 
of adaptation to nocturnality (König and Weick 2008). Previous studies on vocalization 
of owls have documented geographic variation (Galeotti et al. 1996; Takagi 2011; Odom 
and Mennill 2012), individuality (reviewed in Terry et al. 2005) and functionality 
(Appleby and Redpath 1997; Galeotti 1998; Penteriani 2002; Hardouin et al. 2009). 
Although these studies collectively and convincingly suggest their vocalization is under 
the control of selection pressures, relative importance of the factors generating their vocal 
variation is rarely focused on. 

This study focuses on the Ryukyu Scops Owl Otus elegans, an owl species whose 
vocalization is well-documented. The owls occur through the islands from the 
Okinoshima Island in Japan to the Batanes and Babuyan Islands in the northern 
Philippines (Warburton 2009; Ornithological Society of Japan 2012; Takagi et al. 2015; 
Gill and Donsker 2019). Takagi (2011) previously found significant vocal differences 
among the island populations and suggested the contribution of neutral processes 
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(vicariance and dispersal) to the differentiations. On the other hand, the owls intensively 
use vocal contest when they claim their territories (Severinghaus 2000; Takagi 2020) and 
males and females shows duet calls even in non-breeding seasons at least in the 
population of the Minami-daito Island (Sawada unpublished data), suggesting the 
functional processes are also involved in their vocal variation. The aim of this study is 
two-folded: 1) Decomposing the vocal variation into between-island variation and within-
island variation. 2) Further decomposing the two variations by possible origins of the 
variations, such as environment, geography, genetic differentiation and body size. 

 
Material and Methods 
Material 
The Ryukyu Scops Owl is a small owl weighing about 90 g (Akatani et al. 2011). They 
are territorial and monogamous with pair bond lasting multiple years (Hsu et al. 2006a; 
Akatani et al. 2011; Bai and Severinghaus 2012). Four subspecies are known: nominate 
elegance on the Okinoshima Island and the Ryukyu Archipelago (Ornithological Society 
of Japan 2012; Takagi et al. 2015; Inoue et al. 2019), interpositus on the Minami-daito 
Island (Takagi et al. 2007a), botelensis on the Layu Island (Severinghaus and Rothery 
2001), calayensis on some islands of the northern Philippines (Warburton 2009).  
 
Vocalization 
Vocalization data used in this study was based on vocal records collected by Masaoki 
Takagi. The data consists of hoot recordings of 205 male Ryukyu Scops Owls, from 16 
islands across the Ryukyu archipelago (Figure 5-1): Okinoshima, Nakanoshima, Amami-
Oshima, Tokunoshima, Okinawa, Minami-daito, Iheya, Izena, Kume, Zamami, Miyako, 
Irabu, Ishigaki, Hateruma, Iriomote, Yonaguni. The recordings were done from 2011 to 
2016 by Marantz PMD 660 or 670 solid-state recorders (D&M Holdings Inc., Tokyo, 
Japan) and Audio-Technica AT4073A directional microphones (Audio-Technica 
Corporation, Tokyo, Japan). A hoot of the owl consists of two syllables (Takagi 2011). 
By spectrographic analysis, he extracted five variables from single hoot: Int (interval 
between two syllables), Freq1 (maximum frequency in the first syllable), Freq2 
(maximum frequency in the second syllable), Du1 (duration of the first syllable), Du2 
(duration of the second syllable) (Takagi 2011). Mean values of these variables across 10 
successive hoots were used. Geographic locations of recording site in Universal 
Transversal Mercator (UTM) coordinate system were obtained for each individual. For 
further information on field procedures to the vocal data collection, see (Takagi 2011, 
2013). 
 
Body size measurement  
Morphometric data of the 205 individuals used in this study was also collected by 
Masaoki Takagi. These data were obtained when he captured owls immediately after the 
vocal recordings. Eight variables were recorded: tarsus length, culmen length, bill depth, 
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characteristics (ANOVA, F65, 137 = 30.794, P = 0.001). Proportion of constrained and 
unconstrained variance were 0.94 and 0.06, respectively. Adjusted R2 was 0.91. Thus, 
91% of between island variation in vocal characteristics was attributed to the effect of 
Xenv, Xgeo, Xgenet and Xbody. Results of variance partitioning shows relative contribution 
of these variables and their combinations (Figure 5-2). For examples, effects of the 
variables were: 69% for environment (Xenv), 75% for geographic isolation (Xgeo), 44% 
neutral genetic variation (Xgenet), and 54% for body size (Xbody). However, unique effects 
of the variables were: 5% for environment (Xenv), 5% for geographic isolation (Xgeo), 1% 
neutral genetic variation (Xgenet), and 1% for body size (Xbody), indicating considerable 
overlap of these effect. 

RDA with response variable Yres and explanatory variable Xenv, Xgeo, Xgenet and Xbody 
did not detect significant effect of these variables on within island difference in vocal 
characteristics (ANOVA, F67, 137 = 0.846, P = 0.778). Therefore, I did not further interpret 
contributions of the explanatory variables. 
 
Discussion 
This study confirmed previous results by Takagi (2011) that there are between island 
variations in vocalization of the Ryukyu Scops Owls. One of the progresses from the 
previous study is that I was able to estimate proportion of variance attributable to 
between-island and within-island: only 25% of the vocal variation was attributable to the 
between-island differences. 

Among the between-island variation, 75% was accounted for by geographic location 
of islands. Because MEMs, which were used to describe spatial location, take spatially 
autocorrelated values on the networks of sampling locations (Dray et al. 2006), 
correlation between vocal characteristics and MEMs indicates that the between-island 
vocal variation corresponds to the geographic isolation between islands (i.e. isolation by 
distance). This is in accord with clinal pattern in the variation of vocal characteristic found 
by Takagi (2011). Among the between-island variation, 54 % were accounted for by body 
size. This indicates that body size difference between islands is contributing to the 
between-island difference in vocal characteristics. 

Among the between-island variation, 69% was accounted for by environment. 
Although this result apparently indicates local adaptation of vocalization to environments 
(Podos and Warren 2007), some cautions are needed before reaching this conclusion. 
Firstly, 32% (overlap of Environment and Gene in Figure 5-2) out of the 69% were also 
accounted for by neutral genetic variation. That is, nearly half of the effect is attributable 
to neutral population genetic processes such as dispersal, bottleneck and genetic drift 
coincided with environment. Secondly, 55% (overlap of Environment and Geography in 
Figure 5-2) out of the 69% are also accounted for by geographic locations. This large 
amount of overlap would be due to confounding of difference in environment and 
geographic isolations. Excluding such overlapped part of variance, the proportion of the 
variance which is uniquely accounted for by environment was 5%. Therefore, the amount 



Chapter 5: Vocal variation 

113 

of variance which could be attributed to local adaptation to the environment seems to be 
limited. 

Finally, I discuss significance of the within-island variation. This study revealed the 
amount of the within-island variation to be 75% of the total variation. This indicates that 
large amount (nearly three quarters) of variation in vocal characteristic is due to the 
variation between individuals within a population, because variation within individual 
has been shown to be small by previous study (Takagi 2020). Although recording error 
also contribute to the 75%, its contribution would be also small because I used mean value 
of 10 successive hoots as data to minimize the errors. Such plentiful between-individual 
within-population variation provide a basis on which selection pressures can act. For 
example, vocal characteristics of the Common Scops Owls Otus scops contain cue of 
reproductive success and can become target of sexual selection (Hardouin et al. 2009). 
Long-term monitoring of the Ryukyu Scops Owls revealed their genetically based mate 
choice (Sawada et al. 2020). Vocal characteristic might be the traits which convey the 
information of genetic make-up of individuals to realize the mate choice.  
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Figure 
 

 
 
Figure 5-1 
Map of the islands around the Ryukyu Archipelago. The islands involved in this study 
are coloured by black: Okinoshima (OKS), Nakanoshima (NKN), Amami-Oshima 
(AMM), Tokunoshima (TKN), Okinawa (OKN), Minami-daito (MDT), Iheya (IHY), 
Izena (IZN), Kume (KUM), Zamami (ZMM), Miyako (MYK), Irabu (IRB), Ishigaki 
(ISG),  Hateruma (HTR), Iriomote (IRO), Yonaguni (YNG). 
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Figure 5-2 
Venn's diagram showing the result of variance partitioning. Values are the proportions 
of variance (total = 1.00) which are accounted for by the factors contributing to each 
part. 
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Table 
 
Table 5-1 Definition of the morphometric traits measured in this study 
Trait Definition 
Body mass body mass in mg 
Tarsus length from the base to the tip of the tarsometatarsus 
Culmen length from the base to the tip of the bill 
Bill depth  height of the closed bill at the anterior end of nostril vertical to the gape 
Bill width width of the bill at the anterior end of nostril 
Head length from the back of the skull to the tip of the bill 
Tail length from the root to the tip of the central rectrix 
Wing length from the bend of the wing to the tip of the longest primary at an unflattened state 
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Table 5-2 Data source of explanatory variables for environment 
Explanatory variables Attribute code in source shape file 
Elevation*1 G04d_002 
Slope*1 G04d_010 
Annual precipitation*2 G02_014 
Annual average temperature*2 G02_053 
Annual total day length*2 G02_071 
Annual average total solar radiation*2 G02_084 
*1: https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-G04-d.html (accessed on March 
29, 2020). *2: https://nlftp.mlit.go.jp/ksj/gml/datalist/KsjTmplt-G02.html (accessed 
on March 29, 2020) 
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mechanism may also be less important in the species whose female choice for males 
override the outcome of male-male competition for females. Considering these, if there 
were size assortative mating in an avian species, what mechanisms would contribute to 
their assortative mating? Birds lay much smaller number of eggs than arthropods, hence, 
small interindividual variation in fecundity, and they are traditional study material for 
sexual selection by female choice. Assortative mating in bird may arise due to the 
different mechanisms from other taxonomic groups (Wang et al. 2019). 

Amongst bird, raptors offer interesting opportunity for investigating the cause of size 
assortative mating. Firstly, they are long-lived and often show life-long monogamy 
(McDonald et al. 2005; König and Weick 2008). Such characteristics call for careful mate 
choice because the choice can heavily influence their life-time reproductive success 
(Wojczulanis-Jakubas et al. 2018). Secondly, they occur around the world and have large 
range of body size (Schoenjahn et al. 2020). This enables comparative analysis which 
seeks for relationships between size assortative mating and various factors. Thirdly, their 
females are often larger than males: reversed sexual size dimorphism (Mueller 1986; 
Owens and Hartley 1998; Krüger 2005). One of the major hypotheses for the evolution 
of the dimorphism is small-male hypothesis, that is, males are selected to be small to 
improve agility, manoeuvrability, and thus foraging efficiency (Hakkarainen et al. 1996; 
Krüger 2005). Intriguingly, this selection for smallness is opposite direction from the 
selection for largeness which is assumed in competition-based mechanism for size 
assortative mating. Furthermore, one of the other hypotheses suggests size difference 
between the sexes has been selected due to the reduction of intersexual competition 
(Krüger 2005; Pande and Dahanukar 2012). If this is the case, size dissimilarity between 
mates (disassortative mating) rather than size similarity between mates (assortative 
mating) seems to be preferred. From these consideration, occurrence of size assortative 
mating per.se. can be questioned for raptors. Even if it exists, underlying mechanism of 
the assortment is unclear.  

Here, I addressed the generating mechanism of assortative mating in a long-term 
monitoring population of the Ryukyu Scops Owls Otus elegans interpositus. Males of the 
owls are slightly smaller than females (Sawada et al. 2021b). Data of reproductive success, 
territories, age of breeding pairs have been accumulated since 2002. The aims of this 
study are 1) describing size assortative mating in the owls, 2) investigating the possible 
mechanisms contributing to the detected assortative mating patterns. 
 
Material and Methods 
Material 
O. e. interpositus is endemic to a small, isolated, oceanic island, the Minami-daito Island, 
Japan (Ornithological Society of Japan 2012). Ongoing long-term study of the owls has 
recorded their breeding activity and survival history since 2002 (Takagi et al. 2007a; 
Sawada et al. 2018a; Takagi 2020). They are monogamous and pair-bond, at most case, 
lasts until a part of the pair dies (Akatani 2011). Extra-pair fertilization is not common 
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mating in culmen length, bill depth, bill width, head length and wing length (Figure 6-1, 
Table 6-11). The significant assortments in the all traits remained after P-value 
corrections (Table 6-11). Randomization test revealed significant assortative mating in 
culmen length and wing length (Figure 6-2, Table 6-11). The assortment in culmen length 
even remained after P-value corrections (Table 6-11). Because null distributions 
generated by randomization of all traits, except culmen length and tail length, did not 
have its mean near zero (Figure 6-2, Table 6-11), significance by parametric test seemed 
to be overestimated. Subsequent analyses for generating mechanisms of assortment 
focused on culmen length and wing length for which both tests identified significant 
assortment. 
 
Test of mechanism 1: Like meets like  
Statistical control of spatial accessibility of potential mates hardly moved the null 
distribution towards actual values (Figure 6-3). P-values were almost unchanged (Table 
6-12, from P = 0.000 to 0.002 in culmen length, from P = 0.026 to 0.034 in wing length). 
Heritability were significant for culmen length (Figure 6-4, h2 ±SE = 0.303 ±0.119, t61 = 
2.552, P = 0.013) and for wing length (Figure 6-4, h2 ±SE = 0.245 ±0.109, t59 = 2.252, P 
= 0.028). However, no significant morphological similarity between females and their 
spatially accessible potential mates were found (Mantel test, all P > 0.05, Table 6-13).  

Statistical control of age of potential mates hardly moved the null distribution towards 
actual values (Figure 6-3). P-values were almost unchanged (Table 6-12, from P = 0.000 
to 0.000 in culmen length, from P = 0.026 to 0.050 in wing length).  

 
Test of mechanism 2: Become alike  
Difference in last-time measurements were not significantly different from first-time 
measurements in culmen length (Figure 6-5a, paired t-test, t235 = 0.354, P = 0.724). 
However, last-time measurements were significantly smaller than first-time 
measurements in wing length (Figure 6-5b, paired t-test, t229 = -3.192, P = 0.002).  

Correlation coefficients calculated from last-time measurements (Figure 6-6) was not 
significantly different from ones calculated from first-time measurements (Table 6-11, all 
P > 0.05). However, correlation coefficients of bill depth had marginally weakened from 
0.169 to -0.006 (Table 6-11, Z = 1.906, P = 0.057). 
 
Test of mechanism 3: Mate choice  
Statistical control of spatial and temporal accessibility of potential mates did not 
completely cancel the significance in the correlation coefficients for culmen length and 
wing length, as described above (Figure 6-3, Table 6-12, further described in the results 
for mechanism 2). 

Best model for number of fledglings was a model including year, male age and male 
wing length (Table 6-14). From this model, number of fledglings in a pair with yearling 
males decreased by 0.74 times, compared to a pair with adult males (Figure 6-7a, Table 
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6-15, coefficient ±SE = -0.30 ±0.13, Z = -2.24, P = 0.03), and 10 mm decrease in male 
wing length increased number of fledglings by 1.20 times (Figure 6-7a, Table 6-15, 
coefficient ±SE = -0.02 ±0.01, Z = -1.56, P = 0.12) although it is not significant. Applying 
model averaging to the best set of models, effect size and significance of male age and 
male wing length were almost unchanged (Table 6-16). 

Best model for number of recruits was a model including year, egg laying date, male 
age and male wing length (Table 6-17). From this model, number of recruits in a pair with 
yearling males decreased by 0.62 times, compared to a pair with adult males (Figure 6-
7b, Table 6-18, coefficient ±SE = -0.47 ±0.28, Z = -1.67, P = 0.10), 10 days late egg 
laying decreased number of recruits by 0.85 times (Table 6-18, coefficient ±SE =-0.02 
±0.01, Z =-1.63, P = 0.10), and 10mm decrease in male wing length increased number of 
recruits by 1.44 times (Figure 6-7b, Table 6-18, coefficient ±SE =-0.04 ±0.02, Z =-1.68, 
P = 0.09), although the effects were marginal. Applying model averaging to the best set 
of models, effect size and significance of male age and male wing length were almost 
unchanged (Table 6-19). 

Survival rate was not significantly affected by culmen length in both sexes (Figure 6-
7c, Table 6-20, coefficient for male = 0.03, 95%CRI = [-0.14, 0.20]; coefficient for female 
= -0.16, 95%CRI = [-0.39, 0.07]). However, it was significantly affected by wing length 
in females and not in males (Figure 6-7c, Table 6-20, coefficient for male = -0.10, 
95%CRI = [-0.28, 0.09]; coefficient for female = -0.32, 95%CRI = [-0.62, -0.03]). Sex 
did not affect survival rate significantly (Table 6-20, mean = -0.24, 95%CRI = [-0.59, 
0.10]). Age had significant effect (Table 6-20, mean =4.79, 95%CRI = [2.35, 9.54]). 

Comparison of body size between previous male territory holders and present male 
territory holders did not find significant difference in culmen length (paired t-test, t52 = -
0.282, P = 0.779) and wing length (paired t-test, t52 = 0.384, P = 0.702). Females also did 
not have significant difference in culmen length (paired t-test, t21 = 1.320, P = 0.201) and 
wing length (paired t-test, t21 = 0.421, P = 0.678). 
 
Discussion 
This study described size assortative mating of the Ryukyu Scops Owls in the Minami-
daito Island. Significant assortative mating was found for culmen length and wing 
length by two statistical tests (parametric test and randomization test). Statistical control 
of spatial and temporal accessibility in the test did not cancel the assortment. 
Furthermore, wing length was suggested to have some contribution for fitness 
components. However, change in territory holders did not accompany body size 
differences between present and previous holders. On the other hand, there were smaller 
differences in wing length of paired individuals later in their paired period compared to 
early in their paired period. I discuss possible generating mechanism of assortative 
mating in the owl from these results. Then, I discuss its relevance comparing other 
taxonomic groups. 
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Furthermore, physical constraint (Crespi 1989), a mechanism which I did not 
addressed in this study, also may not be ruled out. For some species of arthropod with 
long copulation time and or specific behaviour at copulation, inefficiency in copulation 
between pairs with large size difference is suggested as a cause of size assortment (Han 
et al. 2010). However, the duration of copulation is much shorter in birds (within 
several tens of seconds at long case, Birkhead et al. 1987) than such some species of 
arthropods which remain to be contacted for more than several hours (Crespi 1989). 
Therefore, I think the contribution of this mechanism in most of birds are limited 
because their copulation takes little times to the body size difference considerably 
matter the success of copulation. 
 
Reason for large females to mate with large males 
Given the weak negative correlation of male wing length and number of recruits, why 
large females mate with large males, not with small males? I propose two explanations 
here. First, males with small wing length may entail unknown cost for females that I did 
not find. Because my analysis of breeding data is based on individuals that lay at least 
one egg, we are ignorant of individuals that failed to reach egg-laying. Such breeding 
failure may be worth studying as a future direction to illuminate unknown cost in 
relation to body size difference. 

Second, large females may have some disadvantage in acquiring small males. This is 
a simple corollary for raptors derived from competition-based hypothesis that large 
males have advantage in acquiring large females. Since I already discussed unlikeliness 
of contribution of body size on competitiveness, such disadvantage of large females 
may be derived from aspects other than competition. Females with large wing length 
actually had worse survival rate than those with small wing length. If adaptive females 
with small wing length have some advantage in accessing males with small wings, there 
may not be small males to be chosen by large females. Although not significant, 
females which settled in their first year tend to have smaller wing length than those 
settled in their second year or later (Sawada unpublished data), indicating existence of 
such advantage of females with small wing.  
 
Mechanisms to assess body size 
A problem I did not addressed in this study is how the owls know body size of other 
individuals. I propose that they use vocal characteristic to infer the body size of others. 
Because of nocturnality, owls heavily rely on vocal communication (König and Weick 
2008). Body size measurement correlates with frequency of their hoot in this owl (Takagi 
unpublished data). Recording of behavioural responses to the hoot of various frequency 
would be a promising way to answer this problem in the future research (Podos 2010). 
 
Implication for taxonomic variation in generating mechanism of assortative mating 
Relative contribution of previously proposed mechanisms for assortative mating may 
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Figure 6-2 
Results of randomization tests without any statistical controls. Histograms: distribution 
of simulated correlation coefficients. Solid line: observed value. Dotted line: mean of 
the distribution of simulated correlation coefficients. 
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Figure 6-3 
Results of statistical control of like-meets-like mechanisms in randomization tests for 
(a) culmen length and (b) wing length. Histograms: distribution of simulated correlation 
coefficients. First row: simulation without any controls, second row: simulation with 
control for spatial accessibility, third row: simulation with control for age-assortment. 
Solid line: observed value, dotted line: mean of each histogram, dashed line: mean of 
histogram of simulation without any controls in the first raw. 
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Figure 6-4 
Parent offspring regressions of (a) culmen length and (b) wing length. 
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Figure 6-5 
Comparison of body size difference of paired individuals at first-time measurement to 
the difference at last-time measurement. (a): culmen length, (b): wing length. Grey dot 
and grey line: each pair. Black dot and black line: mean estimate (shown when paired t-
test detect significant difference) 
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Figure 6-7 
Relationships between wing length and fitness components. (a) Wing length of males 
and number of fledglings they produced at one breeding attempt. (b) Wing length of 
males and number of recruits they produced at one breeding attempt. Black dot and 
solid line: data point and mean estimate of adult males, white dot and dotted line: data 
point and mean estimate of yearling males. (c) Wing length and survival rate. Solid line: 
male, dotted line: female. Pale grey area: 95% CRI of mean estimates, dark grey area: 
overlap of the 95% CRI. 
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Table 
 

Table 6-1 Number of territories and breeding 
attempts analyzed in this study  
Year Nterritory Nfledge Nrecruit 

2002  0 0 
2003  0 0 
2004  0 0 
2005  0 0 
2006  0 0 
2007  8 8 
2008  6 6 
2009  5 5 
2010  0 0 
2011  13 0 
2012 190 4 4 
2013 261 25 24 
2014 240 25 24 
2015 257 24 22 
2016 289 38 36 
2017 269 36 28 
2018 252 51 50 
2019 290 50 0 

Total 2048 285 207 
Nterritory: number of territories (count data of territory are 
only available after 2011), Nfledge: number of breeding 
attempts which used in the analyses of number of 
fledglings, Nrecruit: number of breeding attempts which 
used in the analyses of number of recruits 
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Table 6-2 Definition of the morphometric traits measured in this study 

Trait Definition 
Body mass body mass in mg 
Tarsus length from the base to the tip of the tarsometatarsus 
Culmen length from the base to the tip of the bill  
Bill depth  height of the closed bill at the anterior end of nostril vertical to the gape 
Bill width width of the bill at the anterior end of nostril 
Head length from the back of the skull to the tip of the bill 
Tail length from the root to the tip of the central rectrix 
Wing length from the bend of the wing to the tip of the longest primary at a flattened state 
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Table 6-3 Values used for controlling for variation between measurers     

Measurer Mass Tarsus Culmen Depth Width Head Tail Wing 
Iwasaki 4.64 0.00 -0.04 0.13 -0.52 -0.53 0.81 2.85 
Matsuo -3.14 0.00 0.21 -0.36 0.65 0.34 0.75 0.00 
Nakanishi 2.67 0.00 0.40 -0.22 -0.84 -2.65 1.13 3.03 
Nishi 2.13 0.00 0.00 -1.32 0.00 -0.56 0.00 0.00 
Sawada 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Takagi 2.88 0.00 0.46 -0.11 0.17 -0.78 -0.25 0.00 

These values are from in supplementary tables in Sawada et al. (2021b). 
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Table 6-4 Values used for controlling for variation between years  

Year Sex Mass Tarsus Culmen Depth Width Head Tail Wing 
2012 F -10.69 -0.25 0.00 -0.36 0.10 -1.06 -1.35 -0.52 
2013 F -11.69 -0.43 0.00 -0.09 -0.27 0.24 -1.55 -0.18 
2014 F -0.83 -0.36 0.00 0.25 -0.51 -0.45 -0.54 3.79 
2015 F -6.65 -0.75 0.00 0.10 -0.07 -0.47 -0.47 -0.39 
2016 F -4.88 -0.63 0.00 0.11 -0.07 -0.34 0.02 -0.36 
2017 F -4.86 -0.09 0.00 -0.30 0.24 -0.40 -0.11 0.51 
2018 F 3.36 0.03 0.00 -0.10 0.16 -0.13 -0.37 0.22 
2019 F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2012 M -13.76 0.23 0.00 -0.29 0.10 -1.06 -1.35 4.46 
2013 M -15.92 0.14 0.00 -0.30 -0.27 0.24 -1.55 4.51 
2014 M -12.98 -0.25 0.00 -0.32 -0.51 -0.45 -0.54 5.86 
2015 M -13.64 -0.28 0.00 0.04 -0.07 -0.47 -0.47 2.73 
2016 M -14.03 -0.39 0.00 -0.24 -0.07 -0.34 0.02 3.38 
2017 M -12.38 -0.06 0.00 -0.45 0.24 -0.40 -0.11 5.37 
2018 M -12.22 0.06 0.00 -0.20 0.16 -0.13 -0.37 5.44 
2019 M -11.45 0.30 0.00 -0.20 0.00 0.00 0.00 5.24 

These values are from in supplementary tables in Sawada et al. (2021b). 
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Table 6-6 Selection of random effect 
structure in GLMM for egg laying date 
Model AIC 
FatherID + MotherID 1967.705 
FatherID 1970.254 
MotherID 1967.123 
No random effect 2007.349 
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Table 6-7 Selection of fixed effect structure in GLMM for egg laying date 

Model AIC Delta 
MaleAge + FemaleAge 1967.123 0.000 
FemaleAge 1972.605 5.482 
MaleAge 1977.458 10.335 
No random effect 1991.522 24.399 
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Table 6-8 Regression coefficients of the top model for egg laying date 

Variable Estimate SE df t P 
Intercept -1.58 0.64 137.99 -2.45 0.02 
MaleAge (Y) 2.97 1.31 257.24 2.27 0.02 
FemaleAge (Y) 4.79 1.53 274.23 3.13 0.00 

 
  



Chapter 6: Size assortative mating 

146 

 
Table 6-9 Selection of random effect 
structure in GLMM for number of fledglings  
Model AIC 
FatherID + MotherID 865.8191 
FatherID 863.8191 
MotherID 863.8191 
No random effect 861.8191 
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Table 6-10 Selection of random effect 
structure in GLMM for number of recruits  
Model AIC 
FatherID + MotherID 465.4258 
FatherID 463.4258 
MotherID 463.4258 
No random effect 461.4258 
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Table 6-13 Results of Mantel tests 

Year Pculmen Pwing 
2012 0.612 0.094 
2013 0.418 0.358 
2014 0.426 0.104 
2015 0.734 0.444 
2016 0.932 0.340 
2017 0.908 0.908 
2018 0.936 0.970 
2019 0.578 0.500 

Pculmen: results of analyses for culmen 
length, Pwing: results of analyses for 
wing length 
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Table 6-14 Selection of fixed effect structure in GLMM for number of fledglings 

Model AIC Delta 
Year + MaleAge + MaleWing 851.974 0.000 
Year + MaleAge + MaleWing + FemaleWing 852.411 0.437 
Year + MaleAge 852.421 0.447 
Year + MaleAge + DifferenceWing 852.425 0.451 
Year + MaleAge + FemaleAge + MaleWing 852.639 0.665 
Year + MaleAge + MaleWing + DifferenceCulmen 852.771 0.797 
Year + MaleAge + FemaleAge 853.019 1.045 
Year + FemaleAge 853.157 1.183 
Year + MaleAge + MaleWing + DifferenceWing 853.299 1.325 
Year + LayDate + MaleAge + MaleWing 853.317 1.343 
Year + MaleAge + MaleWing + FemaleWing + DifferenceCulmen 853.365 1.391 
Year + MaleAge + FemaleAge + MaleWing + DifferenceCulmen 853.382 1.408 
Year + MaleAge + FemaleAge + MaleWing + FemaleWing 853.533 1.559 
Year + MaleAge + DifferenceCulmen + DifferenceWing 853.607 1.634 
Year + MaleAge + FemaleAge + DifferenceWing 853.674 1.700 
Year + FemaleAge + MaleWing 853.680 1.706 
Year + MaleAge + DifferenceCulmen 853.686 1.712 
Year + MaleAge + MaleCulmen + MaleWing 853.753 1.779 
Year + LayDate + MaleAge 853.766 1.792 
Year + MaleAge + MaleWing + FemaleCulmen 853.768 1.795 
Year + MaleAge + FemaleWing 853.811 1.837 
Year + LayDate + MaleAge + DifferenceWing 853.989 2.016 
Year + FemaleAge + DifferenceWing 854.027 2.053 
Year + LayDate + MaleAge + MaleWing + FemaleWing 854.055 2.081 
Year + LayDate + MaleAge + MaleWing + DifferenceCulmen 854.060 2.086 
Year + MaleAge + MaleWing + FemaleCulmen + FemaleWing 854.121 2.147 
Year + MaleAge + MaleWing + DifferenceCulmen + DifferenceWing 854.158 2.184 
Year + MaleAge + FemaleCulmen + DifferenceWing 854.195 2.221 
Year + MaleAge + FemaleCulmen 854.217 2.243 
Year + MaleAge + FemaleAge + DifferenceCulmen 854.218 2.244 

Only the top 30 models are shown.   
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Table 6-15 Regression coefficients of the top model for number of fledglings 

Variable Estimate SE Z P 
Intercept 3.75 1.84 2.04 0.04 
MaleAge (Y) -0.30 0.13 -2.24 0.03 
MaleWing -0.02 0.01 -1.56 0.12 
Year (2008) -0.01 0.36 -0.02 0.98 
Year (2009) 0.22 0.36 0.61 0.54 
Year (2011) 0.08 0.30 0.28 0.78 
Year (2012) 0.23 0.42 0.55 0.58 
Year (2013) -0.06 0.30 -0.20 0.84 
Year (2014) -0.84 0.33 -2.52 0.01 
Year (2015) -0.16 0.30 -0.55 0.58 
Year (2016) -0.15 0.28 -0.53 0.60 
Year (2017) -0.18 0.28 -0.67 0.50 
Year (2018) 0.10 0.27 0.39 0.70 
Year (2019) 0.00 0.27 0.01 0.99 
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Table 6-16 Model-averaged regression coefficients of models for number of 
fledglings 
Variable Estimate SE Adjusted SE Z P 
Intercept 2.34 2.22 2.23 1.05 0.29 
MaleAge (Y) -0.26 0.14 0.14 1.91 0.06 
MaleWing -0.02 0.01 0.01 1.55 0.12 
Year (2008) -0.04 0.36 0.36 0.12 0.91 
Year (2009) 0.18 0.36 0.36 0.49 0.63 
Year (2011) 0.02 0.31 0.31 0.08 0.94 
Year (2012) 0.13 0.42 0.43 0.30 0.76 
Year (2013) -0.15 0.30 0.31 0.51 0.61 
Year (2014) -0.94 0.34 0.34 2.76 0.01 
Year (2015) -0.26 0.31 0.31 0.86 0.39 
Year (2016) -0.22 0.28 0.28 0.80 0.43 
Year (2017) -0.26 0.28 0.28 0.92 0.36 
Year (2018) 0.04 0.27 0.27 0.13 0.89 
Year (2019) -0.07 0.27 0.27 0.26 0.80 
FemaleWing 0.01 0.01 0.01 1.09 0.28 
DifferenceWing -0.02 0.01 0.01 1.18 0.24 
FemaleAge (Y) -0.20 0.17 0.17 1.20 0.23 
DifferenceCulmen -0.10 0.10 0.10 0.99 0.32 
LayDate 0.00 0.01 0.01 0.81 0.42 
MaleCulmen -0.04 0.10 0.10 0.47 0.64 
FemaleCulmen -0.03 0.07 0.07 0.45 0.65 
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Table 6-17 Selection of fixed effect structure in GLMM for number of recruits  

Model AIC Delta 
Year + LayDate + MaleAge + MaleWing 453.019 0.000 
Year + MaleAge + MaleWing 453.624 0.605 
Year + LayDate + MaleAge + DifferenceWing 453.647 0.628 
Year + MaleAge + DifferenceWing 453.689 0.670 
Year + LayDate + MaleAge + FemaleWing + DifferenceWing 453.753 0.734 
Year + LayDate + DifferenceWing 453.852 0.833 
Year + LayDate + MaleAge 453.921 0.902 
Year + LayDate 453.964 0.945 
Year + LayDate + MaleWing 454.109 1.090 
Year + MaleAge 454.341 1.322 
Year + LayDate + MaleAge + MaleWing + DifferenceWing 454.375 1.356 
Year + MaleAge + FemaleWing + DifferenceWing 454.379 1.360 
Year + LayDate + FemaleWing + DifferenceWing 454.405 1.386 
Year + LayDate + MaleAge + MaleWing + FemaleCulmen 454.475 1.456 
Year + LayDate + MaleAge + MaleWing + DifferenceCulmen 454.560 1.541 
Year + MaleAge + MaleWing + DifferenceWing 454.679 1.660 
Year + DifferenceWing 454.751 1.732 
Year + LayDate + FemaleCulmen 454.799 1.780 
Year + LayDate + FemaleCulmen + DifferenceWing 454.807 1.788 
Year + LayDate + MaleAge + MaleWing + FemaleWing 454.827 1.808 
Year + LayDate + MaleAge + FemaleCulmen + DifferenceWing 454.925 1.906 
Year + LayDate + MaleAge + FemaleAge + MaleWing 454.999 1.980 
Year + LayDate + MaleAge + MaleCulmen + MaleWing 455.014 1.995 
Year + MaleAge + FemaleCulmen + DifferenceWing 455.020 2.001 
Year + LayDate + MaleAge + FemaleWing 455.024 2.005 
Year + LayDate + MaleAge + FemaleCulmen 455.088 2.069 
Year + MaleAge + MaleWing + FemaleCulmen 455.121 2.102 
Year + LayDate + MaleWing + FemaleCulmen 455.151 2.132 
Year + LayDate + MaleAge + MaleWing + FemaleCulmen + DifferenceCulmen 455.178 2.159 
Year + LayDate + MaleAge + FemaleCulmen + FemaleWing + DifferenceWing 455.198 2.179 

 
  



Chapter 6: Size assortative mating 

155 

 
Table 6-18 Regression coefficients of the top model for number of recruits 

Variable Estimate SE Z P 
Intercept 4.86 3.48 1.40 0.16 
LayDate -0.02 0.01 -1.63 0.10 
MaleAge (Y) -0.47 0.28 -1.67 0.10 
MaleWing -0.04 0.02 -1.68 0.09 
Year (2008) -0.79 1.16 -0.68 0.50 
Year (2009) 1.19 0.71 1.68 0.09 
Year (2012) 1.62 0.78 2.06 0.04 
Year (2013) 1.25 0.65 1.92 0.05 
Year (2014) 0.39 0.69 0.57 0.57 
Year (2015) 1.05 0.65 1.61 0.11 
Year (2016) 0.80 0.63 1.28 0.20 
Year (2017) 0.91 0.63 1.44 0.15 
Year (2018) 0.85 0.62 1.37 0.17 
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Table 6-19 Model-averaged regression coefficients of models for number of 
recruits 
Variable Estimate SE Adjusted SE Z P 
Intercept 1.80 4.38 4.40 0.41 0.68 
LayDate -0.02 0.01 0.01 1.65 0.10 
MaleAge (Y) -0.46 0.29 0.29 1.59 0.11 
MaleWing -0.03 0.02 0.02 1.47 0.14 
Year (2008) -0.81 1.16 1.17 0.69 0.49 
Year (2009) 1.15 0.71 0.72 1.61 0.11 
Year (2012) 1.45 0.78 0.78 1.85 0.06 
Year (2013) 1.08 0.65 0.66 1.64 0.10 
Year (2014) 0.25 0.69 0.69 0.36 0.72 
Year (2015) 0.90 0.66 0.66 1.35 0.18 
Year (2016) 0.67 0.63 0.64 1.05 0.29 
Year (2017) 0.79 0.63 0.64 1.24 0.21 
Year (2018) 0.73 0.62 0.63 1.16 0.25 
DifferenceWing -0.04 0.03 0.03 1.40 0.16 
FemaleWing -0.03 0.03 0.03 1.03 0.30 
FemaleCulmen 0.13 0.14 0.14 0.91 0.36 
DifferenceCulmen -0.13 0.19 0.20 0.67 0.51 
FemaleAge (Y) -0.05 0.35 0.35 0.14 0.89 
MaleCulmen -0.01 0.18 0.18 0.07 0.95 
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Table 6-20 Regression coefficients of explanatory variables for survival rates and detection probability 

Model Variables Mean SE 2.5% 97.5% 
Survival rate Year (2012) 2.11 0.00 1.30 3.13 

 Year (2013) 1.43 0.00 0.90 2.01 
 Year (2014) 1.66 0.00 1.13 2.25 
 Year (2015) 1.74 0.00 1.22 2.33 
 Year (2016) 0.76 0.00 0.38 1.17 
 Year (2017) 1.12 0.00 0.70 1.56 
 Year (2018) 1.23 0.00 0.76 1.75 
 Sex (Male) -0.24 0.00 -0.59 0.10 
 Age (Juvenile) 4.79 0.02 2.35 9.54 
 FemaleCulmen -0.16 0.00 -0.39 0.07 
 MaleCulmen 0.03 0.00 -0.14 0.20 
 FemaleWinge -0.32 0.00 -0.62 -0.03 

  MaleWing -0.10 0.00 -0.28 0.09 
Detection probability Researcher (Iwasaki) 1.02 0.00 0.64 1.42 

 Researcher (Sawada) 0.86 0.00 0.55 1.19 
  Sex (Male) 0.89 0.00 0.48 1.29 
Survival rate was modeled with linear combination of year specific intercept, sex (male of female), age (juvenile or adult), culmen 
length and wing length. Regression coeffi cients of culmen length and wing length were separately estimated for each sex. Detection 
probability was modeled with linear combination of researcher specific intercept and sex. Mean and SE: posterior mean and standard 
error of the mean. 2.5% and 97.5%: percentile of posterior distribution 
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Appendix 
Standardization procedures 
Before analysis, all body size measurement data were statistically controlled for 
difference between measurers and years to avoid false positive correlation when pooled 
heterogeneous measurement data. Using Sawada et al.'s (2021b) estimates of the effect 
of measurers and years, all measurements were standardized to the measurement in 2019 
by AS. For examples, as culmen length measurements by TI and AS was estimated to be 
-0.04 and 0.21 mm larger than by KA, 0.21 - (-0.21) = 0.25 mm was added to 
measurements by TI so that the value to take the same mean as the measurements by AS. 
Effect of year was adjusted in the same manner. Values used to this adjustment are given 
in Table 6-3 and 6-4 of this study or supplementary tables in Sawada et al. (2021b).  
 
Data matrix 
Combining the measurement data and data from breeding monitoring, territory mapping, 
and sex and age determination, six data frames (A-F) were generated on R so that the 
subsequent analyses can immediately use the data (Figure A6-1). 

 

 
Figure A6-1 Data matrix and on which analyses based 

 
Data matrix A is the one which contains the data for all territories of all years. Each 

row corresponds to a territory in a year. It contains UTM coordinates, identity of the 
territory holder male, identity of the territory holder female, age of the territory holders, 
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Definition of territory change 
To evaluate body size dependency of competitiveness, I compared body size between 
previous territory holders and present territory holders. Because the boundaries of 
territories were not necessarily obvious, I used following procedures to judge the holder 
of territory i in year t+1 is different form the holder of territory i in year t: 
1) Let (xit, yit) be the coordinate of the capture location (or location of nest if available) 
of the territory holder of territory i in year t. 
2) Define (xit, yit) as the coordinate of the territory i in year t. 
3) Obtain distance from (xit, yit) to all coordinate of the territories in year t+1. 
4) Let j is the number of the territory which give the smallest distance to (xit, yit) among 
all territories in year t+1. 
5) If the distance is smaller than 4*129m, I considered the territory i in year t and the 
territory j in year t+1 as identical. That is, I considered the two territories identical if two 
hypothetical circular territory have non-zero overlap (Figure A6-2). 
6) Change of territory holders are judged based on if the holder of territory i in year t is 
the same as the holder of territory j in year t+1 or not. 

After I identified all cases which meet these conditions, I excluded all the cases in 
which the presence of previous territory holder were not confirmed in the years after the 
territory changes, because such case can occur simply because death of previous territory 
holders. 

Note that 129 m is the radius of a circle of average-size territory for this owl. 
Multiplying by 4 was done to consider a situation where coordinate of territory i in year 
t and coordinate of territory j in year t+1 are exactly on opposite side of least-overlapped 
territories. 

 
Figure A6-2 Graphical representation of Step 5) in the procedures 

O is the centre of territory. If two individuals are captured at just the opposite side of 
their non-overlapping territories, distance between the individuals should be more than 
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Figure 
 

 
 
Figure 7-1 
Data utilization for analyses on Genepop, SPAGeDi and Cervus. Black rectangle: 
original data of 322 individuals, grey rectangle: subset of data, white rectangle: analysis, 
white ellipse: output of analysis. (a) Genepop. All data were used. (b) Cervus. All 
females and three offspring which we do not have their maternal sample were excluded 
from a file containing data of offspring to be tested and their candidate fathers. Detail of 
paternity analysis is shown by bar chart. (c) SPAGeDi, relatedness was calculated from 
255 adults after excluding all offspring and two adults. The two are misidentified 
mother and her mate. 
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Figure 7-2 
Detailed procedures of randomization test. Some notes for the steps are as follows. Step1-
a: Males from the focal female dose not seems to become a pair with the female. To 
account for this in randomization test, males within 1145m were considered as potential 
mates. Step1-b: Females are assigned random order to choose a male from her candidates. 
By doing this, we can cope with a situation where multiple females share same males as 
their potential mate, as female F2 and F3 share M7 in the diagram. That is, if the female 
who can choose the male first choose the shared male, that male is remove from the 
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candidates of other females who choose male later. Because this procedure can sometimes 
remove all candidate males from some females, we assigned "Not Available" value, NA, 
to the female's mates and omit them from the following step1-c and step2. 
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Figure 7-3 
Data utilization in randomization test. Black rectangle: original data of 322 individuals, 
grey rectangle: subset of data, white rectangle: analysis, white ellipse: output of analysis 
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Figure 7-4 
Detailed procedures of GLMM approach. Some notes for the steps are as follows. Step1-
a: The way of listing candidate males (fathers) is the same as step1-a and step1-b in 
randomization test (males within 1145 m are considered as candidates). Step2: Each row 
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corresponds to an offspring-mother-candidate triad. Each row is a data points in the 
GLMM analysis in the next step. Step3: MotherID and FatherID are included into the 
model as random factors to account for non-independence of the data points due to 
sharing of parents between offspring. 
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Figure 7-5 
Data utilization in GLMM approach. Black rectangle: original data of 322 individuals, 
grey rectangle: subset of data, white rectangle: analysis, white ellipse: output of analysis. 
 
 



Chapter 7: MHC-based mate choice 

186 

 
 
Figure 7-6 
Data utilization in analyses to test benefit of mate choice. Black rectangle: original data 
of 322 individuals, grey rectangle: subset of data, white rectangle: analysis, white ellipse: 
output of analysis. 
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Table 7-2 Standard data on MHC alleles 
Allele Accession N Frequency Length (bp) 
Otel-DAB*01 LC340383 22 0.237 262 
Otel-DAB*02 LC340384 45 0.484 262 
Otel-DAB*03 LC340385 74 0.796 262 
Otel-DAB*04 LC340386 61 0.656 262 
Otel-DAB*05 LC340387 53 0.570 262 
Otel-DAB*06 LC340388 23 0.247 262 
Otel-DAB*07 LC340389 11 0.118 262 
Otel-DAB*08 LC340390 6 0.065 262 
Otel-DAB*09 LC340391 3 0.032 262 
Otel-DAB*10 LC340392 2 0.022 262 
Otel-DAB*12 LC340394 1 0.011 262 
N: number of individuals with the allele; Frequency: proportion of individuals with 
the allele among all 93 samples  
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Table 7-3 Standard data on microsatellite alleles 
Locus NA HE HO   FIS P  
Oe085 7 0.750 0.755 -0.007 0.011  
Oe022 9 0.819 0.811 0.011 0.094  
Oe081 5 0.666 0.668 -0.003 0.934  
Oe129 6 0.717 0.72 -0.005 0.009  
Oe171 8 0.684 0.674 0.015 0.657  
Oe084 11 0.811 0.755 0.070 0.052  
Oe3-7 5 0.336 0.360 -0.073 0.195  
Oe045 16 0.892 0.891 0.001 0.009  
Oe029 3 0.641 0.627 0.022 0.761  
Oe149 6 0.742 0.742 -0.001 0.058  
Oe053 5 0.683 0.646 0.054 0.012  
Oe0128 7 0.692 0.708 -0.023 0.017  
NA, Number of alleles; HE, expected heterozygosity; HO, observed 
heterozygosity; FIS, individual inbreeding coefficient (Weir & 
Cockerham 1984); P, P-value calculated from exact tests of deviation 
from HWE, No P-values reached the significance threshold after Holm 
correction. 
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Table 7-4 Type I error and power of two tests of non-random mating 
(randomization test and the GLMM approach) 
Test method Genetic index Type I error Power 
Randomization Relatedness 0.059 (0.045, 0.073) 0.130 (0.110, 0.151) 
  AAdistPBR 0.056 (0.043, 0.072) 0.057 (0.043, 0.071) 
 zzAAdistPBR 0.056 (0.042, 0.071) 0.058 (0.043, 0.073) 
GLMM Relatedness 0.209 (0.184, 0.224) 0.271 (0.244, 0.298) 
  AAdistPBR 0.100 (0.083, 0.119) 0.162 (0.139, 0.186) 
 zzAAdistPBR 0.259 (0.231, 0.287) 0.290 (0.262, 0.318) 
95% CI of estimates are shown in parenthesis. Inflated type I errors are shown in bold 
font. 
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Table 7-5 Results of the randomization test 
Genetic index Obs (2.5th, 97.5th) P q 
Relatedness -0.019 (-0.034, 0.060) 0.158 0.385 
MHCshare 0.475 (0.460, 0.579) 0.132 0.385 
AAdistnonPBR 5.617 (5.320, 5.609) 0.036 0.198 
AAdistPBR 9.067 (8.668, 9.003) 0.004 0.044 
MHCdiversity 3.125 (3.045, 3.143) 0.210 0.385 
MHCallele1 0.275 (0.233, 0.310) 0.776 0.948 
MHCallele2 0.400 (0.366, 0.442) 0.680 0.935 
MHCallele3 0.825 (0.786, 0.841) 0.364 0.572 
MHCallele4 0.575 (0.535, 0.619) 0.958 0.958 
MHCallele5 0.650 (0.581, 0.659) 0.176 0.385 
MHCallele6 0.250 (0.209, 0.286) 0.866 0.953 
zzAAdistPBR 0.342 (-0.313, 0.335) 0.044 - 
Obs: mean value of the genetic index of actual pairs, (2.5th, 97.5th): 2.5th and 
97.5th points of distribution generated by simulation of random mating, from 
which Obs deviate indicates significance at alpha = 0.05, P: two-tailed P-value, 
q: q-value of FDR control. P-value lower than 0.05 with q < 0.05 are shown in 
bold font. FDR control was not applied to test on zzAAdistPBR because the test is 
an additional independent test after receiving multiple 11 tests on other indices. 
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Table 7-6 Results of the GLMM approach 
Genetic index Mean SE 95% CI Z P q 
Relatedness -1.667 0.583 (-2.845, -0.525) -2.861 0.004 0.023 
MHCshare -0.857 0.405 (-0.961, -0.062) -2.114 0.035 0.095 
AAdistnonPBR 0.207 0.090 (-1.947, 0.383) 2.294 0.022 0.080 
AAdistPBR 0.263 0.091 (-2.552, 0.441) 2.897 0.004 0.023 
MHCdiversity -0.151 0.164 (-0.340, 0.169) -0.925 0.355 0.651 
MHCallele1 0.163 0.259 (-1.595, 0.671) 0.631 0.528 0.726 
MHCallele2 -0.232 0.244 (-1.437, 0.246) -0.951 0.342 0.651 
MHCallele3 -0.184 0.284 (-1.191, 0.372) -0.649 0.517 0.726 
MHCallele4 -0.075 0.239 (-1.429, 0.394) -0.312 0.755 0.912 
MHCallele5 0.053 0.243 (-1.485, 0.528) 0.216 0.829 0.912 
MHCallele6 0.017 0.264 (-1.557, 0.535) 0.063 0.950 0.950 
zzAAdistPBR 0.296 0.079 (0.142, 0.451) 3.752 < 0.001 - 
Mean, standard error and 95% confidence interval of regression coefficient for the 
genetic index are given. Z and P: Wald statistic and corresponding P-value. q: q-value 
of FDR control. P-value lower than 0.05 with q < 0.05 are shown in bold font. FDR 
control was not applied to test on zzAAdistPBR because the test is an additional 
independent test after receiving multiple 11 tests on other indices. 
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Table 7-8 Analysis of reproductive success with AAdistPBR 
Response variable Predicter variable AICc Delta 
Clutch size Null 105.48 0.00 
 AAdistPBR 107.30 1.82 
 AAdistPBR

2 107.58 2.10 
 Lay 107.74 2.25 
 AAdistPBR + AAdistPBR

2 109.68 4.19 
 Lay + AAdistPBR 109.70 4.21 
 Lay + AAdistPBR

2 109.97 4.49 
  Lay + AAdistPBR + AAdistPBR

2 112.23 6.74 
Number of fledglings Null 106.25 0.00 
 AAdistPBR 107.64 1.38 
 AAdistPBR

2 108.11 1.85 
 Lay 108.51 2.26 
 AAdistPBR + AAdistPBR

2 109.95 3.70 
 Lay + AAdistPBR 110.04 3.78 
 Lay + AAdistPBR

2 110.50 4.24 
  Lay + AAdistPBR + AAdistPBR

2 112.50 6.25 
Presence of hatching failure Null 44.93 0.00 
 AAdistPBR

2 45.21 0.28 
 Lay 46.82 1.88 
 AAdistPBR 47.18 2.25 
 AAdistPBR + AAdistPBR

2 47.38 2.45 
 Lay+AAdistPBR

2 47.45 2.52 
 Lay + AAdistPBR

2 49.21 4.28 
  Lay + AAdistPBR + AAdistPBR

2 49.78 4.84 
Bold font: AICc - minAICc < 2 
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Table 7-10 Results of survival analysis: models with Relatedness  
Predicter LOOIC 
Order 189.11 
Order + Relatedness2 189.11 
Order + Lay 189.33 
Order + Relatedness 189.46 
Null 189.47 
Relatedness 189.64 
Order + Relatedness + Relatedness2 189.84 
Relatedness + Relatedness2 190.16 
Relatedness2 190.23 
Order + Lay + Relatedness 190.40 
Lay 190.53 
Lay + Relatedness 190.53 
Order + Lay + Relatedness + Relatedness2 190.68 
Sex + Order 190.70 
Order + Lay + Relatedness2 190.91 
Lay + Relatedness + Relatedness2 190.93 
Lay + Relatedness2 191.04 
Sex + Order + Relatedness 191.13 
Sex 191.16 
Sex + Order + Lay + Relatedness 191.20 
Sex + Relatedness 191.40 
Sex + Order + Lay + Relatedness + Relatedness2 191.60 
Sex + Order + Relatedness + Relatedness2 191.68 
Sex + Order + Relatedness2 191.78 
Sex + Relatedness2 191.90 
Sex + Order + Lay 191.94 
Sex + Lay 191.99 
Sex + Relatedness + Relatedness2 192.18 
Sex + Lay + Relatedness 192.38 
Sex + Lay + Relatedness + Relatedness2 192.69 
Sex + Order + Lay + Relatedness2 192.72 
Sex + Lay + Relatedness2 192.87 
LOOIC: looic values in output of loo function, Bold: LOOIC - 
minLOOIC < 2 
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Chapter 8 
 

Natal and breeding dispersal kernel of the Ryukyu 
Scops Owl 
 

Abstract 
To discuss empirical studies on dispersal distance with theoretical basis, it is a good 
attempt for empiricists to focus on and estimate dispersal kernels. This study aims to 
offer a case study using a regression model with Weibull distribution which is a 
parametric distribution used as dispersal kernels. I analysed dispersal data of the 
Ryukyu Scops Owls obtained during 2012-2019. Although females and individuals 
fledged from late-breeding nest had short natal dispersal distance, no factors affected 
breeding dispersal significantly. 

 
Introduction  
Dispersal is an important process which appears across various biological disciplines 
(Bowler and Benton 2005; Ronce 2007). It is a behaviour of individuals which seeks 
resources in the context of behavioural ecology (Shaw and Kokko 2014). It is a 
demographic process which determines population dynamics in the context of population 
biology (Bjørnstad et al. 1999; Morales et al. 2010). It is a property of populations which 
determines gene flows across populations in the context of evolutionary biology 
(Bohonak 1999). Both empirical and theoretical studies have been elucidated existence 
and relevance of condition dependency of dispersal distances, such as sex, sex ratio, age 
and density (reviewd in Bowler & Benton 2005). 

Empirical avian studies which analyse conditions affecting dispersal distance often use 
one or both of two approaches: 1) Drawing observed distribution of dispersal distance by 
histograms separately for categories (e.g. male and female), and comparing summary 
statistics (e.g. mean, median and kurtosis) of the distributions by the categories (e.g. 
Korpimaki & Lagerstrom 1988, Morton 1992). 2) Fitting linear model (including t-test 
and ANOVA) to the raw or transformed dispersal distance data and introducing possible 
effects as explanatory variables (e.g. Lahaye et al. 2001, Serrano et al. 2001, Szulkin & 
Sheldon 2008). 

However, these ways of documentation of the dispersal distance does not necessarily 
conform to the treatment of the dispersal distance in theoretical studies. That is, 
theoreticians often describe and parametrize patterns of dispersal using parametric 
statistical distributions, that is, dispersal kernels (e.g. Clark 1998, Chave et al. 2002, 
Starrfelt & Kokko 2010). Dispersal kernel is a distribution of dispersal distance (Nathan 
et al. 2012), and is not necessarily normal distribution. By assuming the dispersal kernel 
to be specific distribution, various patterns of dispersal property are expressed freely by 
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varying the parameters of the distributions. To discuss empirical results with theoretical 
basis, it is a good attempt for empiricists to focus on and estimate dispersal kernels 
directly, additional to obtain summary statistics of observed histogram of dispersal 
distance. Note that linear models applying to raw dispersal data implicitly assume the 
dispersal distance follows normal distribution, hence, normal distribution as dispersal 
kernels.  

This study aims to offer a case study analysing empirical data of dispersal distance with 
a regression model which uses Weibull distribution as error distribution. Weibull 
distribution is one of the common distributions used as dispersal kernels (Nathan et al. 
2012).  
 
Material and Methods 
Dispersal data 
This study uses dispersal data from 2012 to 2019 of a long-term monitoring population 
of the Ryukyu Scops Owl Otus elegans (Takagi et al. 2007a; Sawada et al. 2021a,b). The 
population is isolated on an oceanic island, Minami-daito Islnad, Japan (Akatani et al. 
2011). A research group of which I am a member have been monitoring their breeding 
ecology since 2002. Nestlings were captured by hand at nests or mist net around nests, 
and ringed at 20-day old (Akatani et al. 2011; Sawada et al. 2020). The owl is strictly 
territorial and maintain year-round territory by monogamous pairs (Akatani et al. 2011). 
Whole island mark-recapture survey has been started in 2012 (Sawada et al. 2018a). From 
then, members of the research group walked along the forest area and recorded the 
identity of all territory holders and their geographic location in Universal Transversal 
Mercator coordinates system (Sawada et al. 2018a, 2021a,b). As many no-marked 
individuals as possible identified through this survey were also captured and ringed. Here, 
I defined the natal dispersal distance as the distance between natal nest and the location 
where the individuals identified while this territory survey in the next or after years. I 
defined the breeding dispersal distance as the distance between locations where an 
individual identified in a year and subsequent years. For the definition of breeding 
dispersal, because I do not completely know nests of all territorial individuals, I only 
considered dispersal event with the distance more than 2*129 = 258 m. 129 m is the mean 
radius when assuming the average-sized territory (5.2 ha) is a circle (Sawada et al. 2018a). 
Therefore, any two points observed across years within 2*129 m is likely to be the points 
in a same territory, that is, it implies that territory holder did not disperse.  
 
Data of possible factors affecting dispersal distance 
Sex of the individuals were determined by molecular method or by characteristic of hoot.  
Further information on the sex determination method are detailed in Sawada et al. (2021b) 
and Takagi (2020). Brood size at day 20, egg laying date and hatching order were 
determined by routine breeding monitoring. Further information on breeding monitoring 
method are detailed in Akatani et al. (2011) and Sawada et al. (2020).  
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From the surveys, I identified 90 cases (44 females and 46 males) of breeding dispersal 
in which complete data of explanatory variables were available. Best model for the 
breeding dispersal distance was the null model (Table 8-1). Median ±SD of the observed 
dispersal distance was 653.26 ±1600.25. Median of the dispersal kernel was 1102.11 m 
(95%CRI = 849.04, 1383.6) (Figure 8-2). 
 
Discussion 
Females dispersed longer distances from natal nests than males, following a general 
pattern of avian species (Greenwood 1980). Sexual difference in the natal dispersal 
distance is often raised as a mechanism of inbreeding avoidance (E. Pusey 1987; 
Trochet et al. 2016). Therefore, this dispersal pattern might contribute to the inbreeding 
avoidance pattern in this population detected by Sawada et al. (2020). On the other 
hand, I did not find significant sexual difference in the breeding dispersal distance. 
Although small sample size and inability of accounting for other possible contributing 
factors (e.g. reproductive success, predation, divorce and quality of territory) may be the 
reason for non-significance, it may further support the role of their dispersal behaviour 
as just a mean of inbreeding avoidance, since sex-bias in natal dispersal seems to be 
more effective in the avoidance than in breeding dispersal. Because the owl maintains 
high population density for the island habitat (Takagi et al. 2007a; Sawada et al. 2018a, 
Sawada et al. 2021a), competition for territories is intense (Akatani et al. 2011). 
Therefore, once they establish a territory, leaving from there has high risk of losing 
opportunities of reproduction for their lifetime (Takagi unpublished data). If they leave, 
they may try to establish new territory anywhere possible irrespective of their sex. 

Individuals from late-breeding nests dispersed shorter distances than those from 
early-breeding nests. This is contrary to the previous description in this population 
(Matsuo unpublished data). It is somewhat strange because the early fledged individuals 
seems to establish new territory near nest and the later fledged need more distance to 
find out unoccupied site, if competition is severe. However, some explanations are 
possible. First, individuals from late-breeding nests might have low survival rate or low 
detecting probability due to low settlement success, and thus long-distance dispersal is 
not accomplished or recorded by us. Second, individuals from early-breeding nest put 
weight on careful mate search, and individuals from late-breeding nest put weight more 
on early settlement because they do not have enough time to be choosy for mates. 
This study used Bayesian estimation of Weibull regression model using Stan to estimate 
dispersal kernel of the natal and breeding dispersal in a population of an owl species. 
There are multiple advantages for this method. Firstly, using regression model 
circumvent separate analysis for each category of contributing factors, and hence avoid 
problems of reduced sample size and multiple testing. Secondly, fitting result can be 
used immediately as dispersal kernels in subsequent studies such as ones using 
probabilistic simulation. Thirdly, because the Weibull distribution is a commonly 
assumed dispersal kernel by theoreticians, results are used to test theoretical prediction 
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quantitatively. Fourthly, by obtaining MCMC samples of parameters, both point and 
interval estimates of any derived summary statistics of the kernel can be obtained. 
Collectively, I suggest fitting a regression model with error distributions which is used 
to describe dispersal kernel, is a natural and good way to bridge empirical result and 
theoretical prediction about ecological phenomena concerning dispersal.  
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Figure 

 
Figure 8-1 
Observed distribution of the natal dispersal distance (histograms) and estimated natal 
dispersal kernel (lines). a: male, b: female. Solid line: Lay = -1, dashed line: Lay = 0, 
dotted line: Lay = 1. Unit of Lay amount to 8.34 days. 
  






























































































































































































