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The silver spoon hypothesis proposes that individuals which develop under favorable conditions will gain fitness benefits throughout 
their lifetime. Hatching order may create a considerable size hierarchy within a brood and lead to earlier-hatched nestlings having 
a competitive advantage over their siblings, which has been illustrated in some studies. However, there have been few explorations 
into the effect on subsequent generations. Here, using a 15-year-long study, we investigated the long-term fitness consequences of 
hatching order in the endangered crested ibis, Nipponia nippon, a species with complete hatching asynchrony. In this study, we found 
strong support for silver spoon effects acting on hatching order. Compared with later-hatched nestlings, first-hatched nestlings begin 
reproduction at an earlier age, have higher adult survival rates, possess a longer breeding life span, and achieve higher lifetime repro-
ductive success. Interestingly, we found carry-over effects of hatching order into the next generation. Nestlings which hatched earlier 
and became breeders in turn also produced nestlings with larger tarsus and better body condition. Additionally, we found a positive 
correlation among life-history traits in crested ibis. Individuals which started reproduction at a younger age were shown to possess a 
longer breeding life span, and the annual brood size increased with an individual’s breeding life span. This suggests that the earlier-
hatched nestlings are of better quality and the “silver spoon” effects of hatching order cover all life-history stages and next generation 
effects.

Key words: silver spoon effect, hatching order, long-term fitness consequence, life history, individual quality, crested ibis.

INTRODUCTION
A fundamental concept in life-history theory is that organisms are 
constrained by trade-offs under finite resources (Stearns 1992). The 
trade-off between fundamental life-history characteristics, such as 
reproduction and survival, has been extensively documented at 
the interspecific level (Williams, 1966; Christians 2000; Roff 2002; 
Walker et al. 2008; Mourocq et al. 2016; Rohr et al. 2016). Within 
species, however, the direction of  the correlation between the costs 
of  reproduction and subsequent survival is inconsistent, and in 
some cases, even a positive correlation between reproduction and 
survival is observed (van Noordwijk and de Jong 1986; Wendeln 
and Becker 1999; Cam et al. 2002; Hamel et al. 2009; Thompson 
et al. 2016). This variance in observed correlations could be driven 
by the variation in the amount of  resources available to individuals, 

which is often referred to as heterogeneity of  individual quality 
(Wilson and Nussey 2010). A range of  traits have been employed to 
capture individual quality, including reproductive effort, individu-
als’ size, body condition, and longevity (Wendeln and Becker 1999; 
Cam et al. 2002; Blums et al. 2005; Hamel et al. 2009; Fay et al. 
2016). Heterogeneity among traits is expected to evolve if  it can 
be transferred into the next generation (Wilson and Nussey 2010), 
which requires that the fitness individuals gain is at least partly a 
consequence of  the quality of  their parents, such as genetic qual-
ity or investment ability. The long-term consequences of  condition 
during development on fitness hence are at the heart of  the life his-
tory evolution (Lindström 1999; Sæther et al. 2013).

The conditions during the developmental stage are likely to influ-
ence individuals’ quality at independence (Haywood and Perrins 
1992; Green and Cockburn 2001; Maddox and Weatherhead 2008; 
Bowers et  al. 2011; Minias et  al. 2015). Additionally, this influ-
ence may be effective for a long time within an individual’s life-
time (van de Pol et  al. 2006) and may cause not only the variance 
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on short-term fitness such as juvenile survival rate (Williams et  al. 
1993; Sedinger et al. 1995; Badyaev et al. 2002) but may also have 
delayed consequences on various other fitness components, such as 
the age of  maturity, annual survival rate, annual reproductive suc-
cess, and breeding life span (Lindström 1999; Cam et al. 2003; van 
de Pol et al. 2006; Pigeon et al. 2017). If  developing under favorable 
conditions causes an individual to enjoy a fitness advantage through-
out life, this is known as the “silver spoon” effect (Grafen 1988). The 
silver spoon effect has been demonstrated in the context of  many fac-
tors which affect rearing conditions such as breeding season (Sinervo 
and Doughty 1996; Einum and Fleming 2000), natal habitat qual-
ity (van de Pol et al. 2006), environment condition (Reid et al. 2003; 
Balbontín and Møller 2015), and food availability (Madsen and 
Shine 2000; Wong and Kölliker, 2014; Briga et.al. 2017).

The idea of  the “silver spoon” effect was based on the influ-
ence of  conditions’ individuals experienced during development 
on their future phenotype and life-history traits, and these traits 
should positively correlate with fitness and covariance in the same 
direction. However, rather than a positive correlation, the life-his-
tory traits may also show trade-offs. Current investment is conse-
quently expected to be negatively correlated with future investment 
(Stearns 1992). For example, high breeding investment in early 
life may reduce survival rate (Clutton-Brock 1984; Viallefont et al. 
1995; Blomquist 2009) and cause earlier senescence (Kim et  al. 
2011). Given the difficulties associated with monitoring individuals 
across their lifetime, many studies can provide only limited infor-
mation about life-history traits (Badyaev et  al. 2002; Millon et  al. 
2011) rather than data on lifetime fitness consequences (Reid et al. 
2003), and this may cause an unconvincing explanation about 
the fitness benefits as a result of  developing under favorable con-
ditions. Additionally, some studies report that individuals which 
develop during unfavorable early-life conditions can adjust their 
life-history trajectories to achieve similar lifetime fitness (Metcalfe 
and Monaghan 2001). Exploring the “silver spoon” effect requires: 
1) comparing the fitness of  individuals born under different early-
life conditions at different life stages and 2)  demonstrating the 
presence of  a positive correlation, instead of  trade-offs, between 
life-history traits.

Additionally, a cross-foster process was always required to distin-
guish between the influence of  genetic and nutritional effects on 
development under favorable conditions (Metcalfe and Monaghan 
2001; Cartwright et  al. 2014), because the positive correlation 
between life-history traits may occur as a consequence of  genetic 
quality (Partridge and Harvey 1988). The “silver spoon” effect of  
hatching order, which may to a large degree rule out genetic-driven 
influences, has rarely been studied over entire lifetimes, with few 
studies investigating its effect on next generation (Thomas et  al. 
1999; Cam et  al. 2003; Aguirre and Vergara 2007; Martínez‐
Padilla et  al. 2017). Most altricial birds start incubation before 
clutch completion (Clark and Wilson 1981), resulting in asynchro-
nous hatching which can last from hours to days (Clark and Wilson 
1981). Although the function of  hatching asynchrony is still debat-
able (Stenning 1996), the overall consensus is that it causes a signifi-
cant hierarchy within a brood during the rearing period and as a 
result, later-hatched nestlings experience more stressful conditions 
(Magrath 1990; Stoleson and Beissinger 1995; Stenning 1996). 
Additionally, as a consequence of  earlier hatching as well as scram-
ble competition for food and parental care, the dominant nestling 
will grow faster and fledge in better quality compared with later-
hatched nestlings (Slagsvold 1986; Mock and Parker 1997; Maddox 
and Weatherhead 2008; Bowers et al. 2011). Good fledgling body 

condition can increase fitness later in life and correlates with higher 
prebreeding survival rate (Badyaev et al. 2002; Monrós et al. 2002) 
and future reproduction performance (Haywood and Perrins 1992; 
Cam et  al. 2003). Hatching order, therefore, might affect an off-
spring’s future fitness (Badyaev et al. 2002) as a consequence of  a 
strong “silver spoon” effect. Moreover, although most studies focus 
on the effects of  growth condition on an individual’s fitness, it is 
still poorly understood how conditions experienced early in life are 
projected into the next generation (carry-over effects). Studies on 
“silver spoon” effects often investigate the effect of  rearing condi-
tions on the number of  offspring produced later in life (Millon et al. 
2011; Hayward et al. 2013; Douhard et al. 2014) and rarely on the 
quality of  offspring produced.

Here, we examine the “silver spoon” effects of  hatching order 
in a long-lived and long-term monogamous bird, the crested 
ibis Nipponia nippon, not only on comprehensive life-history traits 
throughout lifetime, but also on the effect on quality of  next gen-
eration offspring. The crested ibis usually laid 3.04  ± 0.86 eggs 
(Ding 2004) in a clutch and showed complete hatching asynchrony 
as a consequence of  immediate incubation after laying the first egg. 
Eggs were usually laid at 1-day intervals with a decline in mass, 
resulting in broods hatching asynchronously over 5–9  days (Ding 
2004). The hatching and fledging order of  nestlings in a brood 
were strictly consistent with laying order (Ding 2004), and the body 
size hierarchy among siblings remained during development from 
hatching to fledgling (Ding 2004; Zeng et  al. 2017). The earlier-
hatched nestlings had 1.82 times higher opportunity to receive food 
when competing with later-hatched sibling over food provided by 
the parents (Shi and Cao 2001), and the survival rate from hatch-
ing to fledgling declines with hatching order (first hatching = 0.90, 
second = 0.75, third = 0.71, 169 nestlings from 69 clutches, Ding 
2004). Our study has three main objectives. Firstly, to quantify the 
relationship between life-history traits in the crested ibis, using data 
obtained over 25 years, and ascertain positive or negative correla-
tions. Secondly, to explore whether condition-dependent effects, 
which accrue during the juvenile stage, reverberate into the adult 
stage. And thirdly, to explore whether this effect could carry over 
into the next generation.

METHODS
Study area and species

The study was carried out at Shaanxi Hanzhong Crested Ibis 
National Nature Reserve within the range 33°05′ to 33°45′N and 
107°25′ to 107°82′E. This area lies on the intersection of  the Han 
River plain and the southern slopes of  the Qinling Mountains, 
China, where the world’s only wild crested ibis population is 
located. The elevation ranges from 400 to 800 m above sea level, 
and the landscape includes forest, shrub, grass, cropland, open 
water, built-up areas, and artificial buildings (village and road) dis-
tributed throughout the study area. Crested ibis were previously 
widespread in Northeast Asia before rapidly declining in the early 
twentieth century. They were even evaluated as extinct in the wild 
in 1981 (Ding 2004). A  small wild population of  seven birds (two 
adult males, two adult females, and three juveniles of  unknown 
gender) was rediscovered in 1981 in Yangxian, Shaanxi Province 
of  central China (Liu 1981). With intense conservation efforts, this 
unique wild population has been recovered to more than 1100 indi-
viduals (Wang et  al. 2014) and was recategorized from Critically 
Endangered to Endangered in 2001 (BirdLife International 2001).
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Monogamous crested ibis breed once a year between February 
and June with both male and female birds contributing to nesting, 
hatching, and feeding chicks. The crested ibis nests in tall trees close 
to paddy fields, its main feeding habitat (Ma et al. 2001; Ding 2010) 
and close to villages (67.1 ± 5.33 m, n = 415, unpublished data). 
The wild population is resident, with only short seasonal move-
ments taking place during summer and winter (Ding 2010). Crested 
ibis breeding pairs show strong nest site fidelity (95.6%, n  =  113) 
and will reuse old nests if  not damaged (Ding 2004); hence, there 
was no breeding dispersal.

Age at first reproduction and lifetime breeding 
life span

During the breeding season from February to June, the nature 
reserve staff checked all old nests from the previous year to record 
whether they were reused or abandoned. They also surveyed the 
whole breeding area for new nest sites and new nests. The local 
people were also active in the new nest survey because they are 
paid for information on new nests. From 1981 onwards, most of  
the nests (96.5%, n = 1819 nests) were GPS located and monitored 
for brood size. Brood size was determined by counting nestlings as 
they approached 35 days old, around a week before fledging.

Between 1987 and 1999, nestlings from wild population were 
banded with a combination of  two-colored bands, and from 2000 
onwards nestlings were banded with a colored band with a unique 
number (Ding 2010) which could be easily identified through a tele-
scope. When these banded ibises started breeding, the band num-
bers of  the parents were recorded during incubation and nestling 
provisioning. On average, 51.8% (n = 307) of  parents were banded. 
The age at which an ibis was observed breeding in a new nest 
without previous reproductive records was recorded as the age of  
first reproduction. If  year of  birth and death data was available for 
an individual, breeding life span was calculated as the number of  
years in which the bird was observed nesting. Lifetime reproduc-
tive success was calculated by the number of  nestlings an individual 
produced during its lifetime. Nestlings were recorded when they 
approached 35 days old.

To quantify the relationship between life-history traits in crested 
ibis, we recorded life-history traits of  64 individuals which have 
produced a total of  300 nests over an individual’s lifetime includ-
ing the age of  first reproduction, breeding life span, and lifetime 
reproductive success.

Effects of hatching order on adult survival rate

In 2003 and 2004, the hatching order of  165 nestlings from 80 
broods was confirmed by body size (body mass, length of  bill and 
tarsus, Ding 2004; Zeng et al. 2017) when they were approximately 
25 days old. The hatching order can be easily distinguished by body 
mass and length of  tarsus within a brood (Ding 2004) and indi-
vidual’s growth rate declined with hatching order (Estimate ± SE: 
−3.773 ± 1.396, X2 = 7.303, P = 0.007, n = 16, unpublished data). 
Individuals with confirmed hatching order were marked with a 
uniquely numbered-color band before fledging. After 4 years, when 
most of  these ibises had reached adulthood and started reproduc-
ing (average age at first reproduction: 3.0 ± 0.1 years, ranging from 
1 to 6  years), we conducted mark-recapture/resighting surveys of  
adult crested ibis between 2008 and 2017. The resighting history 
data only included ibis which had previously been observed as sexu-
ally mature. The maturity of  crested ibis can easily be distinguished 
by the red featherless face and grey breeding plumage, whereas the 

nonmature crested ibis is identified by its orange featherless face 
and white plumage all year round (Ding 2010). Beginning in May 
of  each year, when most nestlings were hatched and the parents 
were frequently foraging (average hatching data April 28, n = 190), 
we searched the whole breeding colony (confirmed by nature 
reserve staff each year) for resightings of  marked individuals. Each 
individual’s ring number was identified through a telescope (Zeiss 
Diascope 65T*FL), and the survey was conducted 3 times prior to 
the end of  July. Multiple sightings of  the same individual during the 
same year were classified as a single resighting event. We used this 
dataset to build individual resight history and estimate adult sur-
vival and recapture probability to ascertain whether the individual 
hatching order had an effect on adult survival. The effects of  age 
at first capture were taken into account (two categories: marked in 
2003 or 2004).

To analyze adult survival, we built Cormack–Jolly–Seber mod-
els (Lebreton et  al. 1992) in MARK (White and Burnham 1999) 
to estimate annual apparent survival probability (φ) and recap-
ture (re-sighting) probability (p). Survival models were constructed 
from design matrices that included year, age at first capture, and 
individual hatching order as factors. The over-dispersion of  the 
most general model φ~ hatching order + age + year/p~ hatch-
ing order + year was evaluated using the “median c-hat” goodness-
of-fit bootstrap simulation in MARK (White and Burnham 1999). 
The median c-hat was 1.136. Model selection was conducted using 
Akaike’s information criteria adjusted for small sample size (AICc, 
Burnham and Anderson 2002), and over-dispersion was taken into 
account by using the median c-hat to build a quasi-likelihood cor-
rected model selection criterion (QAICc, Anderson et  al. 2001; 
Burnham and Anderson 2002). A subset of  models with the lowest 
QAICc values (ΔQAICc < 2) was used to produce model-averaged 
parameter estimates (Burnham and Anderson 2002).

Effects of hatching order on individual’s life 
history traits

The influence of  hatching order on an individual’s life history traits, 
such as age at first reproduction, lifetime reproductive success, last 
breeding age, and breeding life span, was estimated by long-term 
monitoring of  crested ibises of  known hatching order which were 
born and marked in 2003 and 2004. From 2005 to 2017, we moni-
tored the first reproduction of  32 out of  these 165 individuals and 
recorded the age at first reproduction. Since some of  these individ-
uals were not monitored every year, we only recorded the lifetime 
reproductive success (brood size), last breeding age, and breeding 
life span of  21 individuals. From 2005 to 2017, we recorded that 
these 21 individuals produced a total 96 nests throughout their life-
time. These data were used to estimate the effect of  hatching order 
on annual reproductive success.

The carry-over effects into the next generation

To estimate the effect of  a parent’s hatching order on the condition 
of  its offspring, we measured the body traits of  23 nestlings (body 
mass, length of  bill, and tarsus) when they were approximately 
20  days old. Nestlings were derived from 10 broods produced in 
2014 and 2015 (three nests were measured both years) by seven 
paired parents of  known hatching order.

Statistical analyses

We first analyzed the relationship between an individual’s breed-
ing life span and last breeding age on the age of  first reproduction 
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using linear models. We used a linear model to test the effect of  
breeding life span and age of  first reproduction on lifetime repro-
ductive success. Since the crested ibis’ brood size as a count data 
is often under-dispersed (Lynch et  al. 2014), we fitted a general-
ized linear mixed effect model (GLMM) with Conway–Maxwell–
Poisson distribution (Sellers and Shmueli 2010) to analyze the 
influence of  life history parameters on an individual’s brood size. 
Due to the collinearity of  breeding life span and the age of  last 
reproduction (r = 0.806), the last breeding age was not included in 
the model. The average brood size of  each year and whether a nest 
was used for the first time were designated as fixed effects, whereas 
nest identity and year were designated as random effects.

Due to the low frequency of  broods containing three nestlings 
(25.7%, n = 1348 nests, from 2004 to 2017)  and the low survival 
rate of  the third nestling (see below), we only recorded the life-
history data of  the first- and second-hatched nestlings. Hence, we 
analyzed the influence of  hatching order (first- vs. second-hatched) 
on the age of  first reproduction, breeding life span, the number of  
chicks during lifetime, and the last breeding age using a GLMM 
with normal distribution. The identity of  each ibis’s nest of  birth 
was designated a random effect to statistically control for the poten-
tial influence of  a genetic effect.

The effects of  hatching order on an individual’s brood size were 
analyzed by fitting a GLMM with Conway–Maxwell–Poisson dis-
tribution (Sellers and Shmueli 2010). Hatching order, breeding life 
span, the average brood size of  each year, and their interactions 
were designated as fixed factors, and the nest identity and year were 
designated as random effects. Natal dispersal distance was calcu-
lated using the “geosphere” package in R (Hijmans et  al. 2015), 
and the effect of  hatching order on an individual’s natal dispersal 
was tested by using a one-way ANOVA. We used likelihood ratio 
to compare the explanatory power of  our best fitting models of  
ibis annual survival rate. We used GLMMs with normal distribu-
tion to analyze the relationship between parental hatching order 
and their nestlings’ body traits, whereas nest identity and year were 
designated as random effects. Since nestling body traits were also 
influenced by an individual’s sex, nestling hatching order, brood 
size, and hatching date, we used these explanatory variables to 
build all possible models and then used AICc values (Burnham and 
Anderson 2002, Supplementary Table S3) to select the most suit-
able model to test the relationship between parental hatching order 
and their nestlings’ body traits. Because siblings within a brood 
are of  different ages, which influences an individual’s body size, 
we controlled our analyses for individual age which was estimated 
using a growth model (Zeng et al. 2017).

The GLMMs used to analyze brood size were fitted using the 
“glmmTMB” package (Magnusson et al. 2017), GLMMs used to 
analyze the effect of  hatching order on life-history traits and nest-
lings’ body traits were fitted using the “lme4” package (Bates et al. 
2014), and the survival model was constructed by the “RMark” 
package (Laake and Rexstad 2014). All analyses were performed 
in R version 3.1.1 (R Development Core Team; http://cran.r-
project.org/).

RESULTS
Relationships between life-history traits

The age at which crested ibis reproduced for the first time was 
not associated with the age they bred for the last time (Estimate 
± SE: 0.038 ± 0.338, DF = 1/68, t = 0.113, P =0.911, r = 0.014) 

but declined significantly with breeding life span (Estimate ± SE: 
−0.776  ± 0.297, DF  =  1/68, t  =  −2.616, P  =  0.011, r  =  0.302, 
Figure 1). The older an individual was when it started reproduc-
ing for the first time, the shorter its breeding life span. Lifetime 
reproductive success was significantly positively correlated with 
breeding life span (LM, Estimate ± SE: 2.325 ± 0.089, DF = 2/67, 
t  =  26.014, P  <  0.001) but not with the age of  first reproduc-
tion (LM, Estimate ± SE: 0.276 ± 0.229, DF = 2/67, t = 1.205, 
P = 0.232).

Life-history traits have an influence on ibis’ reproduction. The 
annual brood size produced by individuals increased with their 
breeding life span (Figure 2; Table 1) and average brood size pro-
duced by the population per year (Table 1). However, an individu-
al’s age of  first reproduction was not associated with its brood sizes 
(Table 1).

Effects of hatching order

Reproductive performance
First-hatched nestlings, when compared with second-hatched nest-
lings, started reproduction at an earlier age (mean ± SE, first nest-
ling: 2.3 ± 0.2 years; second nestling: 3.4 ± 0.4 years, X2 = 9.254, 
P  =  0.002, n  =  32, Figure 3a), had a longer breeding life span 
(mean ± SE, first nestling: 6.5 ± 1.1 years; second nestling: 3.6 ± 
0.8  years, X2  =  4.512, P  =  0.033, n  =  19, Figure 3b), and had 
slightly higher lifetime reproductive success (mean ± SE, first nest-
ling: 14.409 ± 3.472 chicks; second nestling: 6.574 ± 1.744 chicks, 
X2 = 3.790, P = 0.052, n = 19, Figure 3c). Hatching order, how-
ever, had no effect on the last breeding age (mean ± SE, first nest-
ling: 8.3 ± 1.1 years; second nestling: 8.4 ± 1.1 years, X2 = 0.009, 
P = 0.926, n = 19, Figure 3d).

An individual’s hatching order was not associated with annual 
brood size (Table 2). However, there was a significant interaction 
effect between an individual’s hatching order and breeding life 
span on brood size (Table 2). First-hatched individuals with lon-
ger breeding life span had on average larger brood sizes (GLMM, 
Estimate ± SE: 0.070  ± 0.020, z  =  3.545, P  <  0.001, Figure 4). 
However, there was no relationship between breeding life span and 
brood size in second-hatched ibis (GLMM, Estimate ± SE: 0.021 ± 
0.034, z = 0.616, P = 0.538, Figure 4), which suggests that the life-
time reproductive success of  first-hatched ibis was more reliant on 
its breeding life span than second-hatched ibis.

Ye
ar

s

20

15

10

5

0
0 2 4 6

Age at first reproduction (years)

Breeding life span

Last reproduciton age

Figure 1
The age of  first reproduction in crested ibis was negatively correlated 
with an individual’s breeding life span (closed circles, solid line) and not 
correlated with an individual’s last reproduction age (open circles, dotted 
line).

512 513

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article-abstract/30/2/509/5266903 by U

niversity of G
roningen user on 28 February 2020

http://academic.oup.com/beheco/article-lookup/doi/10.1093/beheco/ary191#supplementary-data
http://cran.r-project.org/
http://cran.r-project.org/


Song et al. • Silver spoon effect on hatching order

An individual’s hatching order had no influence on its natal dis-
persal (F1,44 = 0.038, P = 0.846). First-hatched ibises disperse 14.8 ± 
2.34 km (n = 20) from their birth site to their breeding site, and the 
natal dispersal distance was similar in second-hatched (14.7 ± 2.02 
km, n = 21) and third-hatched ibises (16.1 ± 3.41 km, n = 5).

Adult survival rate
Of  the 165 nestlings marked in 2003 and 2004, 46 individu-
als (27.9%) were rediscovered during the subsequent decade of  
research. Model selection favored models which included the 
effect of  an individual’s hatching order on the annual apparent 
survival rate of  adult crested ibis (Supplementary Table S1). The 
first four models (Supplementary Table S1) of  annual apparent 
survival were chosen to build the average model and provided a 
substantially better fit to the data than a null model (X2 = 30.396, 
P  <  0.001, X2  =  14.35, P  =  0.006, X2  =  16, P  =  0.007, and 
X2  =  31.846, P  <  0.001, respectively). Second hatched individual 
had lower apparent survival rate than first hatched individuals but 
not significant (95% CI around estimates narrowly overlapped 0, 
Supplementary Table S2), and third hatched individuals had the 
lowest apparent survival rate (Supplementary Table S2). First-
hatched nestlings had 13.0% higher apparent survival rates at 
adulthood than second-hatched ibis (Table 3), and second-hatched 
nestlings possessed 17.8% higher apparent survival rates than third-
hatched nestlings (Table 3).

Next generation
The “parent’s hatching order” variable was present in the best 
models (ΔAIC <2) of  the length of  nestlings’ tarsus and bill and 
body condition (represented by residuals above and below regres-
sion of  body mass on tarsus length), but not in the best models 
of  nestling body mass (Table 4). We used the best models which 
also included “parent’s hatching order” as an independent vari-
able to show the relationship between parent’s hatching order and 
nestling’s body traits (Table 4). First-hatched parents produced 
nestlings with longer tarsi (GLMM, Estimate ± SE: −0.808  ± 
0.302, X2 = 7.135, P = 0.008) and better body condition (GLMM, 
Estimate ± SE: −0.151  ± 0.067, X2  =  5.137, P  =  0.023), com-
pared with the nestlings of  parents which hatched later. However, 
there was no significant effect of  “parent’s hatching order” on 

nestling’s bill length (GLMM, Estimate ± SE: −0.871  ± 0.601, 
X2 = 2.102, P = 0.147).

DISCUSSION
In this study on crested ibis, we found a positive correlation among 
life-history traits which suggests that heterogeneity of  individual qual-
ity drives this relationship. We demonstrated a “silver spoon” effect 
of  hatching order: 1)  First-hatched nestlings began reproduction at 
an earlier age, had a longer breeding life span, and achieved higher 
lifetime reproductive success than second-hatched nestlings. 2) First-
hatched nestlings had higher apparent survival rates as adults than 
second- and third-hatched nestlings. 3) Additionally, the positive cor-
relation among life-history traits was more apparent in first-hatched 
nestlings. And more importantly, 4)  the “silver spoon” effect is pro-
jected into the next generation. First-hatched nestlings, once breeders, 
produced offspring with a larger tarsus and better body condition.

Life-history traits

Life-history theory suggests a trade-off among competitive life-
history traits, such as reproduction and survival (Stearns 1992; 
Roff 2002; Griesser et  al. 2017). However, the “individual qual-
ity” hypothesis states that the heterogeneity of  individual quality 
predicts a positive correlation between life-history traits (Bergeron 
et  al. 2008; Lim et  al. 2014; Fay et  al. 2016) and hence reduces 
the contribution of  a single life-history trait on fitness. In this study, 
we found no support for the “trade-off” hypothesis. Instead of  a 
trade-off among resources, crested ibis show strong support for 
the “individual quality” hypothesis. Crested ibis recruiting earlier 
had a longer breeding life span, without reducing their longevity. 
In the context of  the trade-off hypothesis, we would have expected 
the age at first reproduction to have a negative effect on future 
reproduction as a consequence of  recruiting earlier in the popula-
tion and higher investment in reproduction (Oli et  al. 2002). On 
the other hand, crested ibis may show an increase in breeding life 
span because individuals recruiting earlier are of  higher quality and 
achieve higher reproductive success (Fay et al. 2016). Additionally, 
the brood size produced each year by individuals also increased 
with their breeding life span and crested ibis show a highly posi-
tive relationship between lifetime reproductive success and breed-
ing life span which all support the “individual quality” hypothesis. 
The relationship between first recruitment age, lifetime reproduc-
tive success, and breeding life span hence could be attributed to dif-
ferences in individual quality.
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Figure 2
The annual brood size (corrected for average brood size produced in the 
population per year) increased with breeding life span for individual crested 
ibis (for statistics, see Table 1).

Table 1
Results of  GLMM showing the effects of  breeding life-history 
parameters on crested ibis brood size

Parameter Estimate SE z P

Brood size
Intercept −0.266 0.254 −1.046 0.296
Age at first reproduction 0.011 0.016 0.678 0.498
Breeding life span 0.019 0.007 2.735 0.006**
First nesting −0.083 0.045 −1.828 0.068
Average brood size 
per year

0.411 0.114 3.607 <0.001*,**

Significant relationships are indicated as *P < 0.05 and **P < 0.01.
Data obtained from 300 nests produced by 64 individuals.
The analyses included nest identity and year as random factors.
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Figure 4
The relationship between an individual’s breeding life span and brood size 
(corrected for average brood size produced in the population per year) each 
year, which were either first-hatched (n  =  11) or second-hatched (n  =  8). 
For first-hatched nestlings, the brood size increased with an individual’s 
breeding life span (filled circles, solid line, n  =  57), but not for second-
hatched nestlings (open circles, dashed line, n = 29).

Silver spoon effect of hatching order

Effects of hatching order
In this study, we found comprehensive evidence that hatch-
ing order has long-term fitness consequences throughout life: 
1)  First-hatched ibises began reproduction earlier than second-
hatched individuals, 2)  this advantage was consistent through-
out life, in that first-hatched individuals had a longer breeding 
life span than second-hatched ibises, and 3)  additionally, first-
hatched nestlings had a higher adult annual apparent survival 

rate compared with second- and third-hatched nestlings, with 
third-hatched nestlings showing the lowest adult annual appar-
ent survival rate.

In our study, only 27.9% of  the marked individuals were rediscov-
ered; however, the survival rate survey was conducted 4 years before 
the nestlings were marked. An early study showed that the average 
survival rate of  juvenile crested ibis was 0.66 (n = 94, Shi and Cao 
2001), so we presumed that ibis which had not been resighted had 
died before the first survey and had not dispersed from the area of  
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Figure 3
Long-term fitness consequences of  hatching order. First-hatched nestling started reproduction at an earlier age than the second nestling (a), had longer 
breeding life span than the second nestling (b), and slightly higher lifetime reproductive success (number of  offspring during lifetime, c). Hatching order had 
no effect on individual’s last breeding age (d). Black bars: first-hatched nestling; white bars: second-hatched nestling.

Table 2
Results of  GLMM showing the effects of  an individual’s 
hatching order on crested ibis brood size

Parameter Estimate SE z P

Brood size
Intercept −1.988 1.512 −1.314 0.189
Hatching order 1.092 0.950 1.149 0.250
Breeding life span 0.139 0.036 3.855 <0.001*,**
Average brood size per 
year

0.803 0.722 1.112 0.266

Hatching order × 
breeding 
life span

−0.057 0.018 −3.087 0.002**

Hatching order × average 
brood size per year

−0.294 0.445 −0.660 0.509

Significant relationships are indicated as *P < 0.05 and **P < 0.01.
Data obtained from 96 nests produced by 21 individuals.
The analyses included nest identity and year as random factors.
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study. The third-hatched nestlings showed the lowest adult annual 
apparent survival rate in our study. However, there is a possibility that 
hatching order–biased dispersal is occurring, where third-hatched 
individuals may be more likely to disperse out of  the study area since 
they are of  lower quality and may be more inclined to avoid com-
petition (Hamilton and May 1977). In our study, we also tested the 
difference in dispersal distance between ibis of  different hatching 
orders. Crested ibis only show natal dispersal (Ding 2010), and we 
found that hatching order had no influence on the natal dispersal 
of  the crested. The apparent survival rate of  crested ibis, therefore, 
might largely reflect the true survival rate which indicates that first-
hatched nestlings may achieve better lifetime fitness.

The fitness consequences of  rearing condition are at the heart of  
evolutionary studies of  how parental quality is transferred into off-
spring (Lindström 1999; Sæther et al. 2013). However, it is difficult 
to get a good representation of  lifetime fitness from limited life-his-
tory parameters because of  the inconsistent correlation among life-
history traits. In our study, although the sample size is limited, we 
not only showed the advantage associated with earlier hatching for 
key life-history traits, but also we showed that first-hatched nestlings 
produced more offspring during their lifetime than second-hatched 
individuals, which yields strong evidence of  the occurrence of  fit-
ness benefits from earlier hatching.

Fitness trajectory of “silver spoon” effects
A positive relationship between competing life-history traits is 
expected, when there is a great difference between individuals’ 
quality (van Noordwijk and de Jong 1986; Reznick et  al. 2000). 
According to our results, the positive correlation between annual 
brood size and breeding life span was only significant in first-
hatched ibis but not in second-hatched ibis (Figure 4). An indi-
vidual’s fitness can be described as the production of  offspring 
throughout its lifetime (McGraw and Caswell 1996), that is, brood 
size multiplied by breeding life span. First-hatched nestlings there-
fore show more variance in fitness than second-hatched nestlings. 
Parental investment often forms a large part of  altricial offspring’s 
rearing environment and can affect an offspring’s life history 
(Lindström 1999; Ratikainen and Kokko 2009), which suggests that 
crested ibis parents should invest more on first-hatched nestlings 
since there is a positive correlation between life-history traits and 
a larger variance in fitness. This is contrary to other studies which 
suggest that females will compensate for the detrimental effects of  
hatching asynchrony (Gil 2003; Groothuis et  al. 2005). It may be 
important in future studies to examine whether parents allocated 
their investment according to hatching order in crested ibis.

Fitness transmits to next generation
Despite the fact that hatching order exists in most altricial birds 
(Clark and Wilson 1981) and some studies report its effect on 

individuals after fledging (Thomas et  al. 1999; Cam et  al. 2003; 
Aguirre and Vergara 2007; Martínez‐Padilla et  al. 2017), the 
role of  hatching order on the next generation has rarely been 
reported. In our study, although the sample size is limited, we 
found that the effects of  hatching order can also have an influ-
ence on the next generation’s performance. Despite the influence 
from a nestling’s own hatching order (body traits declined with 
nestlings’ hatching order, Song et  al. 2019), nestlings will have a 
longer tarsus and with better body condition when parents were 
earlier-hatched. Body condition in our study was estimated by 
body mass corrected for tarsus length, which represent that nest-
lings produced by earlier-hatched parents were larger and under 
better nutritional status compared with the nestlings of  parents 
which hatched later. Ibises from an earlier hatching order will 
achieve more resources at the brood stage and can maintain that 
good condition throughout their lifetime, and they can thus pro-
duce offspring of  high quality (Clutton-Brock 1984; Lim et  al. 
2014). However, the classic model about optimal allocation strat-
egy suggests that mothers with more resources should produce 
offspring of  the same size (i.e., the optimum investment per off-
spring) but in higher numbers (Smith and Fretwell 1974). On the 
other hand, the heterogeneity of  an individual’s quality suggests 
that individuals with better quality will achieve far more success in 
reproduction and fitness, especially if  “silver spoon” effects from a 
developed condition predict a variance among individuals. In our 
study, due to better quality, first-hatched ibis not only produced 
offspring in higher numbers but also of  better quality. Fitness 
is always defined as the genetic contribution to the future gen-
erations (Wilson and Nussey 2010), and the influence of  paren-
tal quality on offspring quality will increase the fitness benefit of  
hatching earlier, since the individual size at fledging could cause 
higher prebreeding survival rate (Badyaev et  al. 2002; Monrós 
et al. 2002) and better reproductive performance (Haywood and 
Perrins 1992; Cam et al. 2003). From an evolutionary perspective, 
individuals of  different hatching orders will have different fitness 
benefits and different rates of  gene propagation.

Table 3
Model estimates of  hatching order–specific survival 
probabilities (φ) for crested ibis with standard error (SE), 
lower 95% confidence limit (LCL), and upper 95% confidence 
limit (UCL)

Hatching order φ SE LCL UCL

First 0.949 0.032 0.838 0.985
Second 0.840 0.051 0.723 0.913
Third 0.713 0.138 0.400 0.902

Table 4
Results of  candidate GLMM model selection to assess the 
effects of  parent’s hatching order on 23 crested ibis nestling 
body traits

Parameter AICc ΔAICc
Number of  
parameters Deviance

Length of  tarsus
HO + HD + PHO 70.586 0.000 7 40.972
HO + HD 71.778 1.192 6 48.010
Length of  bill
HO + HD 73.450 0.000 6 47.798
HO + HD + PHO 74.826 1.376 7 45.357
Body condition
S + HO + BZ + 
PHO

244.405 0.000 8 262.415

Body mass
HO 8.572 0.000 5 −12.498
S 9.613 1.041 5 −10.416
HO + HD 10.178 1.606 6 −23.991

Nest ID and years were entered as random factors. Nestling sex (S), nestlings’ 
hatching order (HO), brood size (BZ), hatching date (HD), and parent’s 
hatching order (PHO) were chosen as parameters for all possible models.
The models used to obtain the statistical results shown in “Results” are 
highlighted in bold.
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A fundamental assumption of  many evolutionary studies is that 
the influence of  parents or environment on offspring at develop-
ment could persist into their adulthood, as a result of  the long-term 
fitness consequences of  “silver spoon” effects (Trivers and Willard 
1973; Cam et  al. 2003). Our results suggest that in crested ibises, 
with complete hatching asynchrony, hatching order has a strong 
“silver spoon” effect during individual lifetime and even across 
generations. Early-hatched individuals recruit earlier and possess a 
longer breeding life span, higher adult apparent survival rate, and 
lifetime reproductive success. This advantage of  earlier hatching 
may project into the next generations by producing offspring with 
a larger tarsus and better body condition. Our study provides com-
prehensive evidence of  the “silver spoon” effects of  hatching order 
covering all life-history stages and next generation effects. These 
advantages of  earlier-hatched nestlings throughout their entire life 
and the long-term effect of  hatching order may be the important 
factors to consider in studies looking at heterogeneity in individual 
quality.
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FUNDING
The research was funded by the National Natural Science Foundation of  
China (Nos. 31772483 and 31372218).

We are grateful to Yiting Jiang, Yachang Cheng, and Chuan Yan for their 
constructive comments on the manuscript. We thank Xiaobin Fang, Yi 
Liu, Ying Duan, Jiaqi Yan, and Hongxing Su for their assistance during 
experiments.

Authors’ contributions: Zitan Song conceived the study, conducted the 
analyses, and wrote the manuscript; Yuqi Zou, Canshi Hu, and Yuanxing 
Ye contributed to data collection and result interpretation; Chao Wang and 
Baoping Qing contributed substantial materials and resources during field 
work; Jan Komdeur advised on data analyses and manuscript writing and 
reviewed drafts of  the paper; Changqing Ding coordinated the long-term 
study of  crested ibis, conceived the research ideas, wrote the manuscript, 
and reviewed drafts of  the paper. All authors helped draft the manuscript 
and gave final approval for publication.

Data accessibility: Analyses reported in this article can be reproduced using 
the data provided by Song et al. (2018).

Handling editor: Amanda Ridley

REFERENCES
Aguirre  JI, Vergara  P. 2007. Younger, weaker white stork (Ciconia ciconia) 

nestlings become the best breeders. Evol Ecol Res. 9:355–364.
Anderson DR, Link WA, Johnson DH, Burnham KP. 2001. Suggestions for 

presenting the results of  data analyses. J Wildl Manage. 65:373–378.
Badyaev AV, Hill GE, Beck ML, Dervan AA, Duckworth RA, McGraw KJ, 

Nolan PM, Whittingham LA. 2002. Sex-biased hatching order and adap-
tive population divergence in a passerine bird. Science. 295:316–318.

Balbontín  J, Møller  AP. 2015. Environmental conditions during early life 
accelerate the rate of  senescence in a short-lived passerine bird. Ecology. 
96:948–959.

Bates  D, Maechler  M, Bolker  BM, Walker  S. 2014. lme4: linear mixed-
effects models using eigen and S4. J Stat Softw. 67. Available at: https://
cran.r-project.org/web/packages/geosphere/index.html (Accessed 20 
December 2018). 

Bergeron  P, Festa‐Bianchet  M, von  Hardenberg  A, Bassano  B. 2008. 
Heterogeneity in male horn growth and longevity in a highly sexually 
dimorphic ungulate. OIKOS. 117:77–82.

BirdLife I. 2001. Threatened Birds of  Asia: The BirdLife International Red 
Data Book. Cambridge: BirdLife International UK. p. 315–329.

Blomquist GE. 2009. Trade-off between age of  first reproduction and sur-
vival in a female primate. Biol Lett. 5:339–342.

Blums P, Nichols JD, Hines JE, Lindberg MS, Mednis A. 2005. Individual 
quality, survival variation and patterns of  phenotypic selection on body 
condition and timing of  nesting in birds. Oecologia. 143:365–376.

Bowers EK, Sakaluk SK, Thompson CF. 2011. Adaptive sex allocation in 
relation to hatching synchrony and offspring quality in house wrens. Am 
Nat. 177:617–629.

Briga  M, Koetsier  E, Boonekamp  JJ, Jimeno  B, Verhulst  S, 2017. Food 
availability affects adult survival trajectories depending on early develop-
mental conditions. Proc R Soc B. 284:20162287.

Burnham KP, Anderson DR. 2002. Model selection and multimodel infer-
ence: a practical information-theoretic approach. New York: Springer.

Cam  E, Link  WA, Cooch  EG, Monnat  JY, Danchin  E. 2002. Individual 
covariation in life-history traits: seeing the trees despite the forest. Am 
Nat. 159:96–105.

Cam  E, Monnat  JY, Hines  JE. 2003. Long-term fitness consequences of  
early conditions in the kittiwake. J Anim Ecol. 72:411–424.

Cartwright  SJ, Nicoll  MA, Jones  CG, Tatayah  V, Norris  K. 2014. 
Anthropogenic natal environmental effects on life histories in a wild bird 
population. Curr Biol. 24:536–540.

Christians  J. 2000. Trade‐offs between egg size and number in waterfowl: 
an interspecific test of  the van Noordwijk and de Jong model. Funct Ecol. 
14:497–501.

Clark  AB, Wilson  DS. 1981. Avian breeding adaptations: hatching asyn-
chrony, brood reduction, and nest failure. Q Rev Biol. 56:253–277.

Clutton-Brock  TH. 1984. Reproductive effort and terminal investment in 
iteroparous animals. Am Nat. 123:212–229.

Ding C. 2004. Research on the crested ibis. Shanghai: Shanghai Scientific 
and Technological Educational Publishing House.

Ding C. 2010. Crested Ibis. Chin Birds. 1:156–162.
Douhard  M, Plard  F, Gaillard  JM, Capron  G, Delorme  D, Klein  F, 

Duncan P, Loe LE, Bonenfant C. 2014. Fitness consequences of  environ-
mental conditions at different life stages in a long-lived vertebrate. Proc 
Biol Sci. 281:20140276.

Einum S, Fleming IA. 2000. Selection against late emergence and small off-
spring in Atlantic salmon (Salmo salar). Evolution. 54:628–639.

Fay R, Barbraud C, Delord K, Weimerskirch H. 2016. Variation in the age 
of  first reproduction: different strategies or individual quality? Ecology. 
97:1842–1851.

Gil  D, 2003. Golden eggs: maternal manipulation of  offspring phenotype 
by egg androgen in birds. Ardeola. 50:281–294.

Grafen A. 1988. On the uses of  data on lifetime reproductive success. In: 
Clutton-Brock T, editor. Studies of  individual variation in contrasting 
breeding systems. Chicago: The University of  Chicago Press.

Green  DJ, Cockburn  A. 2001. Post-fledging care, philopatry and recruit-
ment in brown thornbills. J Anim Ecol. 70:505–514.

Griesser  M, Wagner  GF, Drobniak  SM, Ekman  J. 2017. Reproductive 
trade-offs in a long-lived bird species: condition-dependent reproductive 
allocation maintains female survival and offspring quality. J Evol Biol. 
30:782–795.

Groothuis  TG, Müller  W, von  Engelhardt  N, Carere  C, Eising  C. 2005. 
Maternal hormones as a tool to adjust offspring phenotype in avian spe-
cies. Neurosci Biobehav Rev. 29:329–352.

Hamel S, Côté SD, Gaillard JM, Festa-Bianchet M. 2009. Individual varia-
tion in reproductive costs of  reproduction: high-quality females always do 
better. J Anim Ecol. 78:143–151.

Hamilton  WD, May  RM, 1977. Dispersal in stable habitats. Nature. 
269:578.

Hayward  AD, Rickard  IJ, Lummaa  V. 2013. Influence of  early-life 
nutrition on mortality and reproductive success during a subse-
quent famine in a preindustrial population. Proc Natl Acad Sci USA. 
110:13886–13891.

Haywood S, Perrins CM. 1992. Is clutch size in birds affected by environ-
mental conditions during growth? Proc Biol Sci. 249:195–197.

Hijmans RJ, Williams E, Vennes C. 2015. Geosphere: spherical trigonom-
etry. R package version 1.3–11. Available at https://cran.r-project.org/
web/packages/geosphere/index.html (Accessed 20 December 2018).

Kim SY, Velando A, Torres R, Drummond H. 2011. Effects of  recruiting 
age on senescence, lifespan and lifetime reproductive success in a long-
lived seabird. Oecologia. 166:615–626.

516 517

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article-abstract/30/2/509/5266903 by U

niversity of G
roningen user on 28 February 2020

https://cran.r-project.org/web/packages/geosphere/index.html
https://cran.r-project.org/web/packages/geosphere/index.html
https://CRAN R-projeco org/package= geosphere
https://CRAN R-projeco org/package= geosphere


Song et al. • Silver spoon effect on hatching order

Laake  JL, Rexstad  EA. 2014. RMark – an alternative approach to build-
ing linear models in MARK. Program MARK: a gentle introduction. 
C1-C113.

Lebreton JD, Burnham KP, Clobert J, Anderson DR. 1992. Modeling sur-
vival and testing biological hypotheses using marked animals: a unified 
approach with case studies. Ecol Monogr. 62:67–118.

Lim  JN, Senior  AM, Nakagawa  S. 2014. Heterogeneity in individ-
ual quality and reproductive trade-offs within species. Evolution. 
68:2306–2318.

Lindström  J. 1999. Early development and fitness in birds and mammals. 
Trends Ecol Evol. 14:343–348.

Liu Y. 1981. Rediscovery of  crested ibis Nipponia nippon in Qinling Mountain. 
Chin J Zool. 27:237.

Lynch HJ, Thorson JT, Shelton AO. 2014. Dealing with under‐ and over‐
dispersed count data in life history, spatial, and community ecology. 
Ecology. 95:3173–3180.

Ma Z, Ding C, Li X, Lu B, Zhai T, Zheng G. 2001. Feeding site selection of  
Crested Ibis in winter. Zoolog Res. 22:46–50.

Maddox JD, Weatherhead PJ. 2008. Egg size variation in birds with asyn-
chronous hatching: is bigger really better? Am Nat. 171:358–365.

Madsen T, Shine R. 2000. Silver spoons and snake body sizes: prey avail-
ability early in life influences long‐term growth rates of  free‐ranging 
pythons. J Anim Ecol. 69:952–958.

Magnusson A, Skaug H, Nielsen A, Berg C, Kristensen K, Maechler M, 
van  Bentham  K, Bolker  B, Brooks  M. 2017. glmmTMB: generalized 
linear mixed models using a template model builder. R package ver-
sion 0.2.0. Available at https://cran.r-project.org/web/packages/glm-
mTMB/index.html (Accessed 20 December 2018).

Magrath  RD. 1990. Hatching asynchrony in altricial birds. Biological 
Reviews. 65:587–622.

Martínez‐Padilla  J, Vergara P, Fargallo  JA. 2017. Increased lifetime repro-
ductive success of  first‐hatched siblings in Common Kestrels Falco tinnun-
culus. Ibis. 159:803–811.

McGraw  JB, Caswell  H. 1996. Estimation of  individual fitness from life-
history data. Am Nat. 147:47–64.

Metcalfe NB, Monaghan P. 2001. Compensation for a bad start: grow now, 
pay later? Trends Ecol Evol. 16:254–260.

Millon  A, Petty  SJ, Little  B, Lambin  X. 2011. Natal conditions alter age-
specific reproduction but not survival or senescence in a long-lived bird 
of  prey. J Anim Ecol. 80:968–975.

Minias P, Włodarczyk R, Surmacki A, Iciek T. 2015. Silver spoon effects on 
plumage quality in a passerine bird. R Soc Open Sci. 2:140459.

Mock DW, Parker GA. 1997. The evolution of  sibling rivalry. Oxford (UK): 
Oxford University Press.

Monrós  JS, Belda  EJ, Barba  E. 2002. Post‐fledging survival of  individ-
ual great tits: the effect of  hatching date and fledging mass. OIKOS. 
99:481–488.

Mourocq E, Bize P, Bouwhuis S, Bradley R, Charmantier A, de la Cruz C, 
Drobniak SM, Espie RH, Herényi M, Hötker H, et al. 2016. Life span 
and reproductive cost explain interspecific variation in the optimal onset 
of  reproduction. Evolution. 70:296–313.

van  Noordwijk  AJ, de  Jong  G. 1986. Acquisition and allocation of  
resources: their influence on variation in life history tactics. Am Nat. 
128:137–142.

Oli MK, Hepp GR, Kennamer RA. 2002. Fitness consequences of  delayed 
maturity in female wood ducks. Evol Ecol Res. 4:563–576.

Partridge L, Harvey PH. 1988. The ecological context of  life history evolu-
tion. Science. 241:1449–1455.

Pigeon  G, Festa-Bianchet  M, Pelletier  F. 2017. Long-term fitness conse-
quences of  early environment in a long-lived ungulate. Proc R Soc Lond 
B. 284:20170222.

van de Pol M, Bruinzeel LW, Heg D, van der Jeugd HP, Verhulst S. 2006. 
A silver spoon for a golden future: long‐term effects of  natal origin on 
fitness prospects of  oystercatchers (Haematopus ostralegus). J Anim Ecol. 
75:616.

Ratikainen  II, Kokko  H. 2009. Differential allocation and compensation: 
who deserves the silver spoon? Behav Ecol. 21:195–200.

Reid  J, Bignal  E, Bignal  S, McCracken  D, Monaghan  P. 2003. 
Environmental variability, life‐history covariation and cohort effects in 
the red‐billed chough Pyrrhocorax pyrrhocorax. J Anim Ecol. 72:36–46.

Reznick D, Nunney L, Tessier A. 2000. Big houses, big cars, superfleas and 
the costs of  reproduction. Trends Ecol Evol. 15:421–425.

Roff DA. 2002. Life history evolution. Sunderland, MA: Sinauer Associates.
Rohr  RP, Saavedra  S, Peralta  G, Frost  CM, Bersier  L-F, Bascompte  J, 

Tylianakis JM. 2016. Persist or produce: a community trade-off tuned by 
species evenness. Am Nat. 188:411–422.

Saether  BE, Coulson  T, Grøtan  V, Engen  S, Altwegg  R, Armitage  KB, 
Barbraud C, Becker PH, Blumstein DT, Dobson FS, et al. 2013. How life 
history influences population dynamics in fluctuating environments. Am 
Nat. 182:743–759.

Sedinger  JS, Flint  PL, Lindberg  MS. 1995. Environmental influence on 
life‐history traits: growth, survival, and fecundity in Black Brant (Branta 
Bernicla). Ecology. 76:2404–2414.

Sellers  KF, Shmueli  G. 2010. A flexible regression model for count data. 
Ann Appl Stat. 4:943–961.

Shi D, Cao Y. 2001. The Crested Ibis in China. Beijing: China forestry pub-
lishing house.

Sinervo B, Doughty P. 1996. Interactive effects of  offspring size and timing 
of  reproduction on offspring reproduction: experimental, maternal, and 
quantitative genetic aspects. Evolution. 50:1314–1327.

Slagsvold  T. 1986. Asynchronous versus synchronous hatching in birds: 
experiments with the pied flycatcher. J Anim Ecol. 55:1115–1134.

Smith CC, Fretwell SD. 1974. The optimal balance between size and num-
ber of  offspring. Am Nat. 108:499–506.

Song  Z, Zou  Y, Hu  C, Ye  Y, Wang  C, Qing  B, Komdeur  J, Ding  C. 
2018. Data from: silver spoon effects of  hatching order in an asynchro-
nous hatching bird. Dryad Digital Repository. https://doi:10.5061/
dryad.184c1dj.

Song Z, Zou Y, Hu C, Ye Y, Wang C, Qing B, Komdeur J, Ding C. 2019. 
Sex-specific sensitive of  hatching order and hatching date on sex alloca-
tion in a hatching asynchrony bird. Behav Ecol Sociobiol (under review).

Stearns SC. 1992. The evolution of  life histories. Oxford: Oxford University 
Press.

Stenning MJ. 1996. Hatching asynchrony, brood reduction and other rap-
idly reproducing hypotheses. Trends Ecol Evol. 11:243–246.

Stoleson SH, Beissinger SR. 1995. Hatching asynchrony and the onset of  
incubation in birds, revisited. In: Power DM, editor. Current ornithology. 
Boston (MA): Springer US. p. 191–270.

Thomas F, Kayser Y, Hafner H. 1999. Nestling size rank in the little egret 
(Egretta garzetta) influences subsequent breeding success of  offspring. Behav 
Ecol Sociobiol. 45:466–470.

Thompson  ME, Muller  MN, Sabbi  K, Machanda  ZP, Otali  E, 
Wrangham RW. 2016. Faster reproductive rates trade off against offspring 
growth in wild chimpanzees. Proc Natl Acad Sci USA. 113:7780–7785.

Trivers RL, Willard DE. 1973. Natural selection of  parental ability to vary 
the sex ratio of  offspring. Science. 179:90–92.

Viallefont A, Cooke F, Lebreton  J-D. 1995. Age-specific costs of  first-time 
breeding. The Auk. 112:67–76.

Walker  RS, Gurven  M, Burger  O, Hamilton  MJ. 2008. The trade-off 
between number and size of  offspring in humans and other primates. 
Proc Biol Sci. 275:827–833.

Wang C, Liu D, Qing B, Ding H, Cui Y, Ye Y, Lu J, Yan L, Ke L, Ding C. 
2014. The current population and distribution of  wild Crested Ibis 
Nipponia nippon. Chin J Zool. 49:666–671.

Wendeln H, Becker PH. 1999. Effects of  parental quality and effort on the 
reproduction of  common terns. J Anim Ecol. 68:205–214.

White GC, Burnham KP. 1999. Program MARK: survival estimation from 
populations of  marked animals. Bird Study. 46 (Supplement):120–138.

Williams  GC. 1966. Natural selection, the costs of  reproduction, and a 
refinement of  Lack’s principle. Am Nat. 100:687–690.

Williams TD, Cooke F, Cooch EG, Rockwell RF. 1993. Body condition and 
gosling survival in mass-banded Lesser Snow Geese. J Wildl Manage. 
57:555–562.

Wilson AJ, Nussey DH. 2010. What is individual quality? An evolutionary 
perspective. Trends Ecol Evol. 25:207–214.

Wong JW, Kölliker M. 2014. Effects of  food restriction across stages of  juve-
nile and early adult development on body weight, survival and adult life 
history. J Evol Biol. 27:2420–2430.

Zeng J, Qin B, Lu J, Song Z, Ding C. 2017. The growth rate of  the wild 
Crested Ibis Nipponia nippon. Chin J Zool. 52:777–782.

516 517

D
ow

nloaded from
 https://academ

ic.oup.com
/beheco/article-abstract/30/2/509/5266903 by U

niversity of G
roningen user on 28 February 2020

https://cran.r-project.org/web/packages/glmmTMB/index.html
https://cran.r-project.org/web/packages/glmmTMB/index.html

