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EVOLUTIONARY BIOLOGY

Genotypes selected for early and late avian lay date
differ in their phenotype, but not fitness, in the wild

Melanie Lindner"?#, Jip JC Ramakers?, Irene Verhagen®, Barbara M Tomotan
1,24

A Christa Mateman’, Phillip Gienapp®, Marcel E Visser

Global warming has shifted phenological traits in many species, but whether species are able to track further
increasing temperatures depends on the fitness consequences of additional shifts in phenological traits. To test
this, we measured phenology and fitness of great tits (Parus major) with genotypes for extremely early and late
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egg lay dates, obtained from a genomic selection experiment. Females with early genotypes advanced lay dates
relative to females with late genotypes, but not relative to nonselected females. Females with early and late
genotypes did not differ in the number of fledglings produced, in line with the weak effect of lay date on the
number of fledglings produced by nonselected females in the years of the experiment. Our study is the first
application of genomic selection in the wild and led to an asymmetric phenotypic response that indicates

the presence of constraints toward early, but not late, lay dates.

INTRODUCTION

Anthropogenic global warming has led to drastic changes in the en-
vironment and species must cope with these changes. Many species
use ambient temperature as a cue to match the timing of seasonally
expressed life-history traits to the year-specific environment (1). For
many seasonally reproducing consumer species, ambient tempera-
ture predicts when food resources are plentiful. By using tempera-
ture as a cue, consumer species can match the timing of offspring
provisioning with the timing of maximum food resource abun-
dance. In many systems, however, consumer and resource species
differ in how strongly they respond to increasing temperatures (2,
3). They might differ in temperature sensitivity per se (i.e., the
number of days phenology shifts per 1°C in temperature change)
and/or in the time period at which they are temperature sensitive,
and the temperature in these time periods may change at different
rates (4). This way, increasing temperatures can uncouple the
timing of offspring provisioning from the timing of maximum
food resource abundance, leading to a phenological mismatch
between consumer and resource species with potentially severe con-
sequences on reproductive success of the consumer species (5). The
poster child example for this in evolutionary ecology is the pheno-
logical mismatch between great tits (Parus major) and their cater-
pillar prey (6-8). In this system, the match between the food
demands of great tit young and caterpillar biomass abundance is
a strong selection pressure on first egg laying date (hereafter lay
date). Hence, an advancement in the phenology of caterpillar
biomass without a concomitant advancement in lay dates and
thus chick rearing period is expected to negatively affect the
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reproductive success of great tits (6) and population stability in
the long run (7, 9).

Quantitative genetic studies have long used data from individu-
al-based long-term study populations to estimate the strength of di-
rectional selection and the magnitude of additive genetic variation
underlying focal traits to predict the potential for a microevolution-
ary response to selection (10, 11). Despite many examples of direc-
tional selection [e.g., (11-15)], microevolutionary responses to
selection in the wild that match the expectations based on estimates
of quantitative genetic studies are rare (16) and often populations
are in so-called evolutionary stasis (16). There are potential statisti-
cal and biological explanations for why this might be the case (17),
and one of them is that we might not know whether the predicted
response would indeed lead to an increased fitness if predicted re-
sponses lie outside the currently observed distribution. In other
words, we have no data to estimate the fitness consequences of
these shifted trait values and cannot assess whether the predicted
response to directional selection would have positive or negative
consequences for fitness.

For great tit populations, which are phenologically mismatched
with their main food resource for chick feeding, a directional mean
shift in phenotypes does not necessarily result in higher fitness (5).
In one scenario, early lay dates that reduce the phenological mis-
match between offspring provisioning and maximum food abun-
dance are expected to have higher reproductive success when the
phenological mismatch is the main selection pressure, i.e., fitness
is maximized with a reduced mismatch [figure 1 in (5)]. Then, a
phenological mismatch is considered true mistiming between con-
sumer and resource species. In an alternative second scenario, other
ecological variables, in addition to the match between consumer
and resource phenology, are important determinants of fitness
(5). For example, poor environmental conditions in early spring,
such as cold temperatures and limited food resources, might lead
to high fitness costs (e.g., increased mortality) for females that
attempt to breed early enough to reduce the phenological mismatch.
With these additional fitness components in place, the phenotype
that maximizes fitness might maintain (a certain degree of) the phe-
nological mismatch [figure 2 in (5)]. Then, the phenological
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mismatch is considered an adaptive mismatch between consumer
and resource species. Only when earlier phenotypes have increased
fitness (i.e., the phenological mismatch constitutes true mistiming;
first scenario), do we expect to see a shift in the distribution of trait
values as a response to directional selection [figure 4 in (17)]. We,
however, lack sufficient data at the very ends of the current lay date
distribution to test whether a phenological mismatch constitutes
mistiming (if earlier females with a reduced phenological mismatch
had higher fitness) or an adaptive mismatch (if earlier females had
lower fitness than females that retain a certain degree of the pheno-
logical mismatch).

Understanding the evolutionary consequences of a phenological
mismatch requires to move phenotypes toward earlier lay dates in
the wild and assess the fitness consequences. To directionally push
phenotypes toward earlier or later lay dates, some kind of experi-
mental manipulation is needed. It has, however, proven challenging
to perform “clean” manipulations of avian breeding time in the wild
(18). Methods that previously attempted to manipulate lay dates
constitute manipulations on the phenotypic level, such as the expo-
sure to a single long day (19), manipulation of photoperiod percep-
tion (20), a leptin implant treatment (21), or the use of
supplemental food in the time before laying (22). These manipula-
tions either failed to advance lay dates or are known to induce a bias
in reproductive success as a consequence of the manipulation.
Hence, these methods are unsuitable for estimating the fitness com-
ponents of advanced lay dates, but see (23) for a successful popula-
tion-specific phenotypic manipulation of lay dates.

Genomic selection offers a previously unexplored approach to
induce directional shifts in lay dates of seasonally breeding birds
that have genomic breeding values (GEBVs) for extremely early
and late lay dates (24). In contrast to traditionally applied proce-
dures for artificial selection, where one selects on the expressed phe-
notype or breeding values (BVs) estimated using pedigree-based
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Fig. 1. Posterior predictions of standardized lay dates. (A) Posterior means of
mean-standardized lay dates with 89% credible interval for female recruits form
the early (yellow, n = 8) and late (blue, n = 9) selection line (posterior mean differ-
ence in standardized lay dates (late-early): 1.06; 89% credible interval: 0.30;1.81).
The crossed-out data point indicates an outlier female that was removed from the
data before analysis (see text S5 for a formal outlier analysis). (B) Posterior distribu-
tion of mean-standardized lay dates for female recruits from the early (yellow) and
late (blue) selection line and for local female recruits (dark gray, n = 433) [posterior
mean difference in standardized lay dates (local-early): 0.24, 89% credible interval:
—0.31,0.80; posterior mean difference in standardized lay dates (local-late): —0.82,
89% credible interval: —1.34;—0.29]. The posterior mean of standardized lay dates
for local female recruits is shown as vertical dashed line. Lay date observations
were standardized as z scores using a year-specific SD of 3.26, 5.45, and 4.82
days for 2018, 2019, and 2020, respectively.

Lindner et al., Sci. Adv. 9, eade6350 (2023) 7 June 2023

relatedness, genomic selection is based on GEBVs, the additive
effect of an individual’s genotype on the phenotype relative to the
population mean phenotype estimated using genomic approaches
(25). Calculating GEBVs for a wild bird species allowed us to
follow females, which are expected to have extremely early or late
lay dates based on their GEBVs, throughout their lifetime. This
way, the fitness consequences of individuals that are expected to
have extremely early and late lay dates can be assessed while differ-
entiating between (i) the fitness costs in the time from fledging to
first-time recruitment and first egg lay date and (ii), if a female suc-
ceeds to recruit, the fitness benefits in the form of lifetime reproduc-
tive success. While genomic selection via GEBVs is a powerful tool
for artificial selection commonly applied in animal and plant breed-
ing (26) and its potential for studies in the wild has been acknowl-
edged (25), we are currently not aware of any study in which
genomic selection has been used in this way. Note, however, that
GEBVs have previously been estimated in a wild population (27).
This lack of application is likely explained by limitations in
sample size and statistical power, as a large number of individuals
genotyped at a sufficient marker density is required. These limita-
tions are especially relevant for phenological traits that generally
have low heritability [~0.2 for lay dates in our study population
(24)] and might require a training population with a sample size
of thousands.

Here, a training population of >2000 great tit females from a
long-term study population at the Hoge Veluwe National Park
(The Netherlands) with known lay dates and genotyped at
>500,000 single-nucleotide polymorphisms (SNPs) was used to es-
timate GEBVs using the “genomic best linear unbiased prediction”
(GBLUP) approach (24, 28). GEBVs were used as the criterion for
the selection procedure in such a way that birds with extremely neg-
ative and positive GEBVs were selected for the early and late selec-
tion lines for lay date. A detailed description of the selection
procedure can be found in (29), and a short description can be
found in Materials and Methods. We bred F3 generation breeding
pairs of the early and late selection line from 2017 to 2019 and
moved the F4 generation eggs they laid into the Hoge Veluwe
study population. In the following year(s), we identified and mon-
itored any selection line females of the F4 generation that recruited
into the study population as breeding bird to record the realized lay
dates and assess the fitness consequences.

RESULTS

Phenotypic response to genomic selection in the wild

Lay date

We recorded the lay dates of female selection line recruits at the
local study population in the years 2018 to 2020 to test whether
genomic selection for early and late lay dates translated into a phe-
notypic response in the wild. In total, 936 F4 selection line eggs pro-
duced by F3 selection line breeding pairs in aviaries were introduced
into the wild study population at the Hoge Veluwe of which <20
females locally recruited as breeding birds. Female recruits from
the early selection line (n = 8) had earlier lay dates than female re-
cruits from the late selection line (n = 9) (posterior mean difference
in standardized lay dates (late-early): 1.06, 89% credible interval:
0.30;1.81, Fig. 1A and tables S1 and S2) when a potential outlier ob-
servation was removed (see text S5 for a formal outlier analysis and
fig. S11). The finding did not change when the outlier remained
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included (fig. S12). The posterior mean difference in standardized
lay dates translated into a mean difference in lay dates of 3.45 (2018),
5.77 (2019), and 5.10 (2020) days. As lay dates were standardized,
the posterior distribution of standardized lay dates for nonselection
line female recruits (hereafter local female recruits; n = 433) was
centered at zero (posterior mean of standardized lay dates: 0.00,
89% credible interval: —0.08;0.08; Fig. 1B and tables S1 and S2).
While we did not succeed to advance the lay dates of female recruits
from the early selection line relative to the lay dates of local female
recruits [posterior mean difference in standardized lay dates (local-
early): 0.24, 89% credible interval: —0.31;0.80], we succeeded to
delay the lay dates of female recruits from the late selection line rel-
ative to lay dates of local female recruits [posterior mean difference
in standardized lay dates (local-late): —0.82, 89% credible interval:
—1.34;-0.29, Fig. 1B and tables S1 and S2]. This interpretation is also
supported by the posterior distribution of standardized lay dates for
female recruits from the early and late selection line (posterior mean
of standardized lay dates for female recruits from the early selection
line: —0.24, 89% credible interval: —0.79;0.31; posterior mean of
standardized lay dates for female recruits from the late selection
line: 0.82, 89% credible interval: 0.30;1.34; Fig. 1A and tables S1
and S2). Hence, the genomic selection experiment for early and
late lay dates led to a somewhat asymmetric phenotypic response
in the wild (Fig. 1B). However, there is no difference between the
selection lines in their phenotypic response relative to local
female recruits (posterior mean of difference in standardized lay
dates relative to local females between selection lines: 0.57, 89%
credible interval: —0.20;1.35; tables S1 and S2).

Phenological mismatch

We assessed whether the difference in lay date between female re-
cruits from the early and late selection line (Fig. 1) translated into a
difference in phenological mismatch, i.e., the difference in days
between the expected chick rearing period and the period of
maximum caterpillar biomass availability. Female recruits from
the early selection line (n = 8) showed a reduced phenological mis-
match relative to female recruits from the late selection line (n = 9)
[posterior mean difference in standardized phenological mismatch
(late-early): 1.90, 89% credible interval: 0.44;3.38; Fig. 2 and tables
S3 and S4]. The phenological mismatch of female recruits from
either selection line did not differ from the phenological mismatch
of local female recruits, with a posterior mean difference in stan-
dardized phenological mismatch of 0.93 (local-early) (89% credible
interval: —0.17;2.02) and —0.97 (local-late) (89% credible interval:
—2.02;0.07; Fig. 2 and tables S3 and S4) for female recruits from
the early and late selection line, respectively. For local female re-
cruits (n = 433), the number of days of the phenological mismatch
differed between years (fig. S1 and tables S5 and S6). While females
were on average mismatched by 13.38 days in 2018 (89% credible
interval: 12.70;14.05) and 9.74 days in 2020 (89% credible interval:
9.17;10.31), they were, on average, better matched in 2019 with a
negative mismatch of 2.62 days (89% credible interval:
—3.22;-2.02; tables S5 and S6), i.e., they laid, on average, 2.62 days
too early rather than too late.

Consequences of genomic selection for fitness in the wild

To test for fitness differences between lines we analyzed the first-
year survival of selection line fledglings [in the form of (i) mortality
before laying and (ii) probability to locally recruit as a breeding bird
and (iii) lifetime number of fledglings produced when recruited].

Lindner et al., Sci. Adv. 9, eade6350 (2023) 7 June 2023

We then estimated the (iv) total fitness of selection line fledglings
as the product of their local recruitment probability and the lifetime
number of fledglings produced.

Consequences of genomic selection on mortality

before laying

One proxy for survival is the potentially selective disappearance of
early selection line females before their first breeding event. This
selective disappearance might arise as a consequence of higher mor-
tality risk for females that attempt to breed early, when the environ-
ment makes it challenging to produce eggs at that time [i.e., second
scenario (5)]. For this, we tested whether early selection line females
were less likely than late selection line females to recruit into the
local study population as a breeding bird when females were iden-
tified in late winter [n = 7 (early) and n = 15 (late)] or during nest
building in early spring [n = 13 (early) and n = 16 (late)]. We did not
find any difference between early and late selection lines females in
local recruitment probability irrespectively of whether females were
identified in January or early spring (figs. S2 and S3 and tables S7 to
$10). This analysis, however, is limited by low statistical power.
Consequences of genomic selection on local recruitment
probability

Another proxy for survival is the local recruitment probability [i.e.,
the probability that a fledgling survives to locally breed the following
year(s)], for which we did not find a difference between early (n =
318) and late (n = 331) selection line fledglings [posterior mean dif-
ference (late-early): —0.005, 89% credible interval: —0.035;0.026;
Fig. 3A and tables S10 to S12] or between selection line fledglings
and nonselection line fledglings (hereafter local fledglings; n =
1675) [posterior mean difference (local-early): —0.018, 89% credible
interval: —0.044;0.005; posterior mean difference (local late):
—0.014, 89% credible interval: —0.038;0.009; tables S10 to S12].
Opverall, local recruitment probability of local fledglings was low at
the study site and showed a decrease throughout spring and an in-
crease with fledgling weight (Fig. 3B and table S10), in line with the
expectation that birds that fledge early and are heavier at the time of
fledging are more likely to recruit (30).

We moved the F4 selection line eggs in mixed-selection line
broods from the aviaries into the Hoge Veluwe study site. With
this, we aimed to rear selection line individuals in a common envi-
ronment in which early and late selection line individuals did not
differ in their realized hatch date and subsequent fledging date. We
formally tested this assumption and, indeed, did not find a differ-
ence in fledging date between early and late selection line fledglings
[posterior mean difference in standardized fledging date (late-
early): 0.074; 89% credible interval: —0.010;0.158; fig. S4 and
tables S13 and S14]. Hence, our experimental design removed any
differences between selection lines that, e.g., might arise as a conse-
quence of the maternal lay date (i.e., the lay date of F3 selection line
females in the aviaries) and, in turn, might induce a bias in local
recruitment probability.

We, furthermore, tested for a difference in the fledgling weight of
early and late selection line fledglings, which might be a correlated
response to genomic selection for lay date. We found that early se-
lection line fledglings were lighter than late selection line fledglings
[posterior mean difference in standardized fledgling weight (late-
early): 0.10, 89% credible interval: 0.01;0.18; fig. S5 and tables S15
and S16]. Moreover, early selection line fledglings were lighter than
local fledglings [posterior mean difference in standardized fledgling
weight (local-early): 0.16; 89% credible interval: 0.09;0.23; tables S15
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Fig. 2. Posterior predictions of standardized mismatch. Posterior distribution of
mean-standardized mismatch for female recruits from the early (yellow, n = 8) and
late (blue, n = 9) selection line and for local female recruits (dark gray, n = 433)
[posterior mean difference in standardized phenological mismatch (late-early):
1.90, 89% credible interval: 0.44;3.38; posterior mean difference in standardized
phenological mismatch (local-early): 0.93, 89% credible interval: —0.17;2.02; poste-
rior mean difference in standardized phenological mismatch (local-late): —0.97,
89% credible interval: —2.02;0.07]. The vertical dashed line indicates the lay date
that corresponds to the lay date that results in a perfectly matched phenology.
Mismatch was standardized as z scores using a year-specific SD of 3.26, 5.45,
and 4.82 days for 2018, 2019, and 2020, respectively.

and S16], while there was no difference in fledgling weight between
late selection line fledglings and local fledglings [posterior mean dif-
ference in standardized fledgling weight (local-late): 0.06, 89% cred-
ible interval: —0.00;0.13; tables S15 and S16].

As we can only calculate the consequences of genomic selection
on total fitness for females and not for males (and hence need to
propagate sex-specific posterior distributions for local recruitment
probability; see the “Consequences of genomic selection on repro-
ductive success” section), we estimated the sex-specific local recruit-
ment probability for selection line fledglings using 159 early and
167 late female selection line fledglings as well as 158 early and
164 late male selection line fledglings. There was no difference in
the local recruitment probability between selection lines, sexes, or
their interactions (tables S17 and S18).

Consequences of genomic selection on reproductive success

To assess reproductive success, we used the lifetime number of
fledglings produced by female selection line recruits, i.e., female se-
lection line fledglings that recruited into the local study population
and were identified as a breeding bird, as a proxy for reproductive
success. The reported difference in lay date (Fig. 1) and phenolog-
ical mismatch (Fig. 2) between female selection line recruits from
the early (n = 8) and late (n = 9) line did not translate into a differ-
ence in reproductive success [posterior mean difference in the stan-
dardized lifetime number of fledglings produced (late-early): 0.31;
89% credible interval: —0.53;1.15; Fig. 4A and tables S19 and S20].
This, however, is in line with the overall weak effect of lay dates on
the lifetime number of fledglings produced by local female recruits
(n = 254) at the study population in the years of the experiment
(posterior mean: —0.13, 89% credible interval: —0.25;0.00; Fig. 4B
and tables 21 and S22). Moreover, the quality of fledglings produced
did not differ between female recruits from the early (n = 61) and
late (n = 68) selection line in terms of fledgling weight, tarsus length,
and third primary (P3) length (figs. S6 to S8 and tables S23 to S28).

Lindner et al., Sci. Adv. 9, eade6350 (2023) 7 June 2023
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Fig. 3. Posterior predictions of local recruitment probability. (A) Posterior
means of mean local recruitment probability with 89% credible interval for early
(yellow, n = 318) and late (blue, n = 331) selection line fledglings [posterior mean
difference (late-early): —0.005, 89% credible interval: —0.035;0.026]. (B) Mean local
recruitment probability of early (yellow) and late (blue) selection line fledglings in
comparison to local fledglings (black/gray, n = 1675). For selection line fledglings,
vertical locations of filled circles and error bars correspond to the posterior means
of local recruitment probability with 89% credible interval, and horizontal location
of filled circles and error bars correspond to mean-standardized April date at d15
with 89% credible interval. For local fledglings, the black line and gray shaded area
represent the posterior mean of local recruitment probability over standardized
April dates at d15 with 89% credible interval. April dates were standardized as z
scores using a SD of 10.29 days.

In addition to assessing differences in reproductive success, we
tested whether female recruits from the early and late selection
line differed in other aspects that have potential effects on reproduc-
tive success. However, female recruits from the early and late selec-
tion line did not differ in their daily energy expenditure during
chick feeding or daily chick feeding frequency (figs. S9 and S10
and tables S29 to S32). Overall, female recruits from the early and
late selection line did not differ in reproductive success when the
lifetime number of fledglings produced was used as a proxy for re-
productive success.

Consequences of genomic selection on total fitness

Females from the selection lines for early and late avian lay date did
not differ in their total fitness, when the total fitness was defined as
the product of the local recruitment probability of female selection
line fledglings and the lifetime number of fledglings produced by
female selection line recruits (table $32). Overall, genomic selection
for avian lay date did not lead to any fitness consequences in the
wild in the years we performed the experiment.

DISCUSSION

Whether species will be able to cope with global warming-induced
changes to their environment depends on how well they can adapt
to these new environmental conditions, for instance, by shifting
their phenology (2, 3). We, however, lack sufficient data at the
very end of the current lay date distribution, making it impossible
to estimate whether a further advancement of lay dates would
indeed lead to an increase in fitness, i.e., is selected for. We used
the Dutch great tit long-term study population at the Hoge
Veluwe National Park with the aim to induce directional shifts in
the currently observed distribution of lay dates, without inducing
a bias in the fitness measurement, as is often the case for phenotypic
manipulations (see Introduction). For this, we aimed to create birds
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Fig. 4. Posterior predictions of the lifetime number of fledglings produced.
(A) Posterior means of the mean-standardized lifetime number of fledglings pro-
duced with 89% credible interval for female recruits from the early (yellow, n = 8)
and late (blue, n = 9) selection line [posterior mean difference in the standardized
lifetime number of fledglings produced (late-early): 0.31; 89% credible interval:
—0.53;1.15]. (B) Mean lifetime number of fledglings produced by female recruits
from the early (yellow) and late (blue) selection line in comparison to the standard-
ized lifetime number of fledglings produced by local female recruits (black/gray, n
= 254). For female selection line recruits, vertical locations of filled circles and error
bars correspond to the posterior mean-standardized lifetime number of fledglings
produced with 89% credible interval, and horizontal location of filled circles and
error bars correspond to posterior mean-standardized lay dates with 89% credible
interval. For local female recruits, black dashed line and gray shaded area show
posterior means of the standardized lifetime number of fledglings produced
with 89% credible intervals over standardized lay dates. The lifetime number of
fledglings produced was standardized as z scores using a year-specific SD of
3.13, 3.53, and 3.14 fledglings for 2018, 2019, and 2020, respectively. Lay date ob-
servations were standardized as z scores using a year-specific SD of 3.26, 5.45, and
4.82 days for 2018, 2019, and 2020, respectively.

with extremely early and late expected lay dates based on their
GEBVs, which would allow us to test for the fitness consequences
of extremely early and late lay dates, including breeding attempt
failure or mortality of females that attempt to lay eggs very early
and under harsh conditions. We obtained birds with extreme phe-
notypes from a genomic selection experiment in which the breeding
pairs were selected on the basis of their GEBV's for lay dates (rather
than lay dates per se) (24, 29). We moved F4 selection line eggs that
were laid in aviaries to the local study population to hatch, fledge,
and recruit there as a breeding female the following year(s). We
found differentiation in lay dates between female recruits from
the early and late selection line, indicating that genomic selection
for lay dates was indeed successful. However, while genomic selec-
tion delayed lay dates relative to the lay dates of local female recruits,
we failed to advance lay dates relative to lay dates of local female
recruits. Although the difference in lay dates between female re-
cruits from the early and late selection line translated into a
reduced phenological mismatch for female recruits from the early
selection line, there was no difference in the lifetime number of
fledglings produced. This was in line with the overall weak effect
of lay date on the lifetime number of fledglings produced by local
female recruits during the same time period.

Genomic selection led to a difference in lay dates in the wild,
showing that the difference in GEBV's for lay dates of female recruits
from the early and late selection line indeed translated into a phe-
notypic response under wild conditions. While we refer to this re-
sponse as asymmetric, because genomic selection delayed lay dates

Lindner et al., Sci. Adv. 9, eade6350 (2023) 7 June 2023

relative to the lay dates of local female recruits while it failed to
advance lay dates relative to lay dates of local female recruits, it is
important to emphasize that the two selection lines did not statisti-
cally differ in their response to selection. Nevertheless, the pheno-
typic response observed in the wild is in line with the phenotypic
response observed in half-open aviaries, where F3 generation
females from the early and late selection line of the genomic selec-
tion experiment also showed a difference in lay dates (29). More-
over, early selection line females showed a smaller shift in lay
dates over generations (mean lay date in days from 1 April; F1:
13.9 days 2.5 and F3: 12.6 days +2.4) than late selection line
females [mean lay date in days from 1 April; F1: 15.9 days +3.6
and F3: 22.2 days +3.4; (29)]. However, it is difficult to directly
compare lay dates in the wild with lay dates in aviaries because of
the complex and environment-dependent nature of the trait (31,
32). Nevertheless, the asymmetric shift in lay dates in aviaries,
where ad libitum food is supplied, indicates that food availability
early in spring per se is unlikely to explain the asymmetric response
in lay dates.

The asymmetric response to genomic selection can potentially
be explained by a methodological limitation with regard to the ef-
ficiency of genomic selection. Especially in wild study systems, we
are limited by small sample sizes and statistical power as a large
number of individuals genotyped at a sufficient marker density is
required. These limitations are especially relevant for phenological
traits that generally have low heritability [~0.2 for lay dates in the
local study population; (24)] and might require a sample size of
thousands. Here, a rather large training population of >2000 wild
great tit females with known lay dates and genotyped at >500,000
SNPs was used for estimating GEBVs. However, estimated accuracy
of GEBV:s for lay date was moderate [~0.2; (24)] and rather low for
what is normally reported in domesticated species [e.g., dairy cattle
(33) and crop species (34)]. Comparably, low accuracy of GEBVs for
lay dates might be explained by lower sample size than typically
available for domesticated species [>20,000 genotyped individuals;
(34, 35)] and higher number of independently segregating genome
segments (36). Moreover, the experimental design did not include
any replicated lines, which makes it difficult to differentiate any
direct response to genomic selection from genetic drift. On the
basis of a fixation index (F,) outlier analysis using a method that
supposedly can distinguish drift from selection, we previously es-
tablished a strong response to genomic selection at the genetic
level (29). This indicates that the phenotypic differentiation ob-
served in aviaries and the wild is at least partly a response to the
genomic selection experiment rather than genetic drift alone.

An alternative explanation for the asymmetric phenotypic re-
sponse to genomic selection is the presence of environmental con-
straints early in the breeding season that limit a translation of
GEBVs for early lay dates into early phenotypes. (37). Harsh envi-
ronmental conditions during the energy-intense period of egg pro-
duction can directly affect female condition by reducing female
survival probability (38), decreasing foraging efficiency (39) and in-
creasing energetic costs for the production of eggs (40, 41) or have
carry-over effects on brood success, for example, in the form of
reduced caring capacity during chick feeding (42). Especially, the
direct effects on female condition before egg laying might cause
females, which are genetically primed to have early lay dates, to
fail their breeding attempt and are consequently not recorded as a
local recruit. However, we did not find any indication that early and
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late selection line females differed in their survival in late winter or
early spring. This indicates that the lack of advancement is not
simply explained by females that attempted to lay their eggs early
but died in the attempt to do so, as a consequence of environmental
constraints in early spring. Moreover, although early selection line
females were selected for GEBVs for extremely early lay dates, it is
possible that environmental variables (e.g., ambient temperature)
set some kind of a hard threshold for the earliest lay dates (43).
[However, see (44) for details on the concept of lay date as threshold
trait.] Albeit we do not find any clear indication for environmental
constraints on early lay dates, we cannot exclude their presence.

In addition to the phenotypic response to genomic selection, we
assessed the fitness consequences of genomic selection for lay dates
in the form of two fitness components: the fitness costs of advanced
lay dates before egg laying in terms of apparent survival until local
recruitment and the fitness benefits of a reduced phenological mis-
match in terms of lifetime reproductive success. While we discussed
apparent survival probability in the context of environmental con-
straints in early spring (see above), it is important to clarify that our
experimental design allowed us to test for a difference in local re-
cruitment probability as a direct consequence of expected early
and late lay dates based on GEBV:s for lay date. Lay date and subse-
quent fledging date are known to affect the local recruitment prob-
ability of fledglings (30, 45). When moving the F4 selection line eggs
from the aviaries into the Hoge Veluwe study population, we pre-
pared the clutches such, that both early and late selection line eggs
were included in each clutch and, this way, ensured that early and
late selection line individuals were reared in a common environ-
ment that did not propagate the differences in lay dates between
early and late F3 generation selection line females in the aviaries
(i.e., the lay date of genetic mothers of early and late selection line
individuals). Hence, our experimental design allowed us to test for a
difference in local recruitment probability as a direct consequence
of expected early and late lay dates based on GEBVs for lay date.

In line with our expectations, the difference in lay date between
female recruits from the early and late selection line indeed trans-
lated into a reduced phenological mismatch for female recruits from
the early selection line (relative to female recruits from the late se-
lection line). In contrast to our expectation based on previous find-
ings (6), the reduced phenological mismatch, however, did not
result in a difference in the lifetime number or quality of fledglings
produced between female recruits from the early and late selection
line. Although there was strong directional selection for advanced
lay dates in past decades as a consequence of the phenological mis-
match at the local study population (6, 46, 47), we recently showed
that natural variability in temperature has reduced the phenological
mismatch in recent years and decreased selection pressures on lay
dates (4). The small number of selection line recruits led to low stat-
istical power for detecting a difference in fitness between female re-
cruits from the early and late selection line. However, even when
using all local female recruits of the study population, we did not
detect any effect of lay date on the lifetime number of fledglings pro-
duced, such that a larger sample size would likely not have change
our findings. Using projected temperatures from a large ensemble
of climate simulations, we showed that global warming will again
lead to an intensified phenological mismatch between great tits
and caterpillar biomass peak date in the long run (4).

Global warming has shifted phenological traits in many species,
but whether species are able to further track increasing
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temperatures depends on the fitness consequences of a shifted phe-
nology. To test this, we here applied genomic selection for lay dates
in a long-term study population of great tits and assessed the con-
sequences of expected early and late lay dates based on GEBVs for
lay dates in the wild. While genomic selection led to a differentiation
in lay dates under wild conditions, we did not advance lay dates rel-
ative to lay dates of local females recruits from the wild study pop-
ulation. Moreover, the differentiation in lay dates between female
recruits from the early and late selection line did not translate
into a difference in reproductive success, which is in line with
reduced selection on lay dates in the years of the experiment in
the study population. Such a reduction of selection despite the pres-
ence of a phenological mismatch in most years indicates that the
consequences of lay dates on reproductive success are multifaceted
and may not be explained by the phenological (mis)match during
chick provisioning alone. In the light of future global warming, it is
important to identify the constraints that led to an asymmetric phe-
notypic response to genomic selection, as climate projections hint
toward anew increased selection pressures toward early lay dates (4).

MATERIALS AND METHODS
Genomic selection lines for early and late lay dates
Genomic selection is commonly applied in animal and plant breed-
ing and has proven a powerful tool for artificial selection (26), but
we are not aware of a study where genomic selection has been
applied in a wild population. Here, we applied genomic selection
for early and late lay date (i.e., the date a female initiates egg
laying in a respective year) in a wild long-term study population
of great tits at the Hoge Veluwe National Park (The Netherlands).
A wild training population of >2000 great tit females from the study
population with known lay dates and genotyped at >500,000 SNPs
was used to estimate GEBV's using the GBLUP approach (24, 28). In
this approach, the pedigree-based relatedness matrix within an
animal model is replaced by a SNP-based relatedness matrix. The
animal model constitutes a specific form of a mixed-effect model
frequently used in quantitative genetic studies (48) and the
BLUPs for the additive genetic effect constitute the (genomic)
BVs. Using GEBVs rather than lay dates as entity of selection had
two advantages: (i) GEBVs of males can be estimated and hence
males can be used for the selection procedure, and (ii) GEBVs
can be estimated in the nestlings and supersede the need to wait
for females to express the phenotype during their first year of breed-
ing before being selected into breeding pairs. A detailed description
on how the GEBVs for lay dates were estimated is provided in (24).
To initiate the selection lines for early and late lay dates, 28
breeding pairs from the Hoge Veluwe study population were select-
ed in 2014 as "parental” generation based on their BV for lay date
(29). Rather than the parental generation itself, all nestlings of the
parental generation were taken to the aviary facilities at the Nether-
lands Institute of Ecology (NIOO-KNAW) on the 10th day after
hatching (d10) where they were hand raised until independence
[see (49) for details] and constituted the F1 generation. The nest-
lings were genotyped to estimate their GEBV's for lay date, and in-
dividuals with the most extreme GEBV's were selected into breeding
pairs (n = 20 breeding pairs per selection line) to breed in aviaries
while maintaining as much of the genetic variation within line as
possible [see (29) for details]. Eggs laid during the breeding
season of 2015 (that constituted the F2 generation) were moved
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into the nests of wild foster parents that undertook the brood care.
At d10, the nestlings were again brought to the aviary facilities at the
NIOO-KNAW for further hand raising and continuation of the se-
lection lines (via GEBVs). The procedure was repeated until the F3
generation was produced. A detailed description of the selection
procedure is provided in (29).

Selection line eggs moved into the wild

To introduce selection line females with expected early and late lay
date based on their GEBVs into the wild, we moved F4 generation
selection line eggs (i.e., eggs laid in the aviaries by F3 selection line
females) into the local study population. During the breeding
seasons of 2017-2019, we housed same-selection line breeding
pairs of the F3 generation in half-open aviaries with nest boxes
and nest building material [under housing conditions as described
in (29)]. Every morning shortly after sunrise (earliest at 6 a.m.), we
checked all nest boxes for newly laid eggs, which we replaced by ar-
tificial eggs. We marked all collected eggs with a unique identifica-
tion code and stored them for up to 14 days at ambient temperature
(or 10°C when ambient temperature exceeded 10°C) on an egg
turner (Automatic Egg Turner, GQF, Georgia, US). To rear F4 se-
lection line individuals in a common environment that does not
propagate any difference in maternal lay date between the selection
lines, we prepared mixed-selection line clutches with (up to 12) eggs
from both selection lines. With the mixed-selection line clutches,
we aimed to rear selection line individuals in a common environ-
ment in which early and late selection line individuals did not differ
in their realized hatch date and subsequent fledging date. In a few
cases where there were no eggs from one of the selection lines avail-
able, we prepared same-selection line clutches (11 of 72 clutches in
2017 and 3 of 94 clutches in 2020; table S33). To optimized the use
of limited nests available in the local study population at the Hoge
Veluwe, we moved the selection line clutches in two steps. First, we
moved clutches to nests of incubating females at one of two inter-
mediate locations [the great tit populations in Bennekomse Bos (n =
2549) and Heikamp (n = 400), The Netherlands], such that the
foster females started to incubate the selection line clutches in the
wild. After 5 days of incubation, we selected the eggs that showed
embryonic development that were, in the second step, moved to
nest boxes at the local study population at the Hoge Veluwe, the
final location (n = 936). This way, we discarded any eggs that
were unfertilized or got damaged during handling of the eggs
before the move to the final location. Depending on the number
of eggs within a clutch that showed embryonic development, we
merged eggs from different clutches to increase clutch size. At the
local study population, we selected nests where females had initiated
incubation approximately 5 days before the final egg movement to
match the developmental time of the pre-incubated selection line
eggs with the development time of the discarded eggs from the
wild foster parents.

We monitored the foster nests with selection line eggs at the local
study population in line with the standard protocol at the local study
population (see text S1) with minor modifications and additions.
The standard protocol includes a “capture” of nestlings on d15
during which we equipped selection line nestlings with passive in-
tegrated transponder (PIT) tags (2.6-mm EM4102 PIT bird tag,
Eccel Technology Ltd., Leicester, UK) in addition to the aluminum
rings that have unique identifier codes. The PIT tags have unique
PIT-tag IDs and were used to identify nestlings that fledged and
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recruited into the local study population the following year(s) (see
below). During the d15 capture, we also measured the weight, tarsus
length, and length of the P3 feather and took a 10 ul of blood sample
stored in 1 ml of Queen's buffer. We used the blood samples to
assign the selection line nestlings to their genetic parents (i.e., F3
generation selection line breeding pairs) via molecular markers fol-
lowing a previously established protocol [see e.g. (50)].

We moved a total of 936 F4 generation selection line eggs from
the NIOO-KNAW to the local study population at the Hoge Veluwe
of which 475 and 461 eggs were derived from the selection lines for
early and late lay dates, respectively. The number of eggs moved to
the study population differed between years, with 358, 456, and 122
eggs in 2017, 2018, and 2019, respectively (table S34).

Selection line birds in the wild

In the years following the introduction of selection line eggs to the
local study population (i.e., in 2018-2020), we monitored female
fledglings from the selection lines for early and late lay dates that
recruited into the local study population. We monitored nest
boxes of female selection line recruits in accordance with the stan-
dard protocol at the study site (see text S1) with minor modifica-
tions and additions. Instead of identifying selection line females
during the capture of adults at d7, we identified and localized selec-
tion line females during the start of their nest building activities in
late March (see text S2), which, in combination with sightings from
roosting inspections in January (see text S2), also provided an esti-
mate of apparent winter survival of selection line fledglings before
their first breeding attempt. We measured the daily energy expen-
diture of female selection line recruits in the 24-hour period
between the d10 capture and a subsequent capture at d11 (see
text S3). Last, we measured the daily feeding frequency of female
selection line recruits on d12 and d13 using PIT-tags and transpon-
der readers (see text S4).

Statistical analysis
For statistical interference, we applied generalized linear multilevel
models using Stan’s Hamiltonian Monte Carlo algorithm to esti-
mate the respective posterior probability distributions. We imple-
mented the models in R v4.0.3 (5I) using the R package
rethinking v2.13 (52) with R package cmdstanr v0.3.0.9000 (53)
as an interface to Stan [CmdStan v2.28.2; (54)]. Following McEI-
reath (55), we report the 89% credible interval (instead of the com-
monly used 95% interval) with the posterior means to discourage
readers from conducting unconscious hypothesis testing. For all
models, we set the number of iterations for sampling to 10,000
for each of four independently sampled chains that were distributed
over four processor cores. Half of the iterations for sampling were
used as warmup (and do not contribute to the predicted posterior
distributions). Trace and trank plots of the Markov chain Monte
Carlo (MCMC) output for the models described below and in the
appendices are presented in figs. S13 to S44. The R code for the anal-
yses is publicly available at Dryad (doi:10.5061/dryad.2280gb5ws).
Phenotypic response to genomic selection in the wild

Lay date. We assessed the phenotypic response to genomic selec-
tion in the wild by testing for a difference in lay dates between
female recruits from the early and late selection line as well as
between female selection line recruits and local female recruits.
We included the lay dates of all females that recruited to the local
study sites between 2018 and 2020, i.e., all females that had a lay date
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in those years. For female selection line recruits (n = 9 for the early
and n = 9 for the late selection line), we used the lay date in the first
year of breeding as the number of females that bred in more than 1
year was too small to account for repeated measurements. For local
female recruits, we focused on all first egg lay dates recorded within
a year (irrespective of the female) to get the least biased representa-
tion of the year-specific distribution of lay dates (n = 433 lay dates
over the three-year period). Because of the small number of female
selection lines recruits, we did not account for year effects but used
within-year standardized lay dates for the analysis. For the stand-
ardization, we used all observed lay dates of local female recruits
within a year (i.e., excluding the lay dates of female selection line
recruits) to derive estimates of the year-specific mean and SD that
are representative for the local study population. We used these
year-specific estimates to calculate year-specific z scores of lay
dates for female selection line recruit and local female recruits,
i.e., we subtracted the year-specific mean from each observed lay
date within that year and divided the resulting difference by the
year-specific SD. We detected a potential outlier observation for
an early female selection line recruit (fig. S11 and see text S5 for
details) and removed it from the statistical analysis (reducing the
dataset to n = 8 for female recruits from the early and n = 9 for
female recruits from the late selection line). However, repeating
the statistical analysis while keeping the outlier observation includ-
ed did not qualitatively change the results (fig. S12).

We specified a linear regression model to estimate the posterior
distribution of standardized lay dates (Eq. 1). Within the regression
model, we specified an intercept a and an effect of the selection line
BlLinei) With weakly regularizing priors

L; ~ Normal(y;, 0)
W=a+ BlLine[i]
a ~ Normal(0, 1.5)
B, ~ Normal(0,1.5), for j =1..3
o ~ Half — Normal(0, 1)

(1)

Phenological mismatch. We tested whether differential lay dates
between female recruits from the early and late selection line trans-
lated into a difference in phenological mismatch. Using the same
dataset as above (see the “Lay dates” section), we calculated the ex-
pected year-specific dates of highest resource demands for chick
feeding by adding 33 days to the year-specific lay dates (56). We
used the expected year-specific dates of highest resource demands
and the year-specific caterpillar biomass peak dates (which were
April date 37, 48, and 40 for 2018, 2019, and 2020, respectively)
to calculate the year-specific phenological mismatch as the differ-
ence between both (i.e., we subtracted the year-specific caterpillar
biomass peak dates from the expected year-specific dates of
highest resource demands). We estimated the predicted posterior
distributions for the phenological mismatch across years for
female selection line recruits and local female recruits and estimated
the difference in phenological mismatch between those groups. We
standardized the calculated phenological mismatches within a year
by estimating the year-specific SD of phenological mismatch ex-
cluding female selection line recruits and divided each calculated
phenological mismatch within a year by the year-specific SD. (We
did not mean center the data.) To estimate the posterior distribution
of the standardized phenological mismatch, we specified a linear re-
gression model (Eq. 2). Within the regression model, we specified
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an intercept a and an effect of the selection line Bly;,c[;) with weakly
regularizing priors

MM; ~ Normal (y;, 0)
i = o + Bliinefi
a ~ Normal(0, 1.5)
Blj ~ Normal(0, 1.5), for j = 1..3
0 ~ Half — Normal(0, 1)

(2)

To gain insights on the magnitude of the phenological mismatch
in the local study population within the years of the experiment, we
estimate the year-specific phenological mismatch and the pairwise
differences in year-specific phenological mismatch. The analysis is
presented in text S6.

Consequences of genomic selection for fitness

We assessed the fitness consequences as the lifetime number of
fledglings a female selection line fledgling produced. The more
common alternative to the approach taken here would be to
assess fitness as the lifetime number of local recruits produces per
female selection line recruit. However, such a "mixed fitness”
measure is a function of the fitness of both the female's reproductive
success and the offsprings’ survival (from zygote to recruitment)
and, hence, is prone to bias (57). Our genomic selection experiment
allows us to unequally look at fitness from fledgling to fledgling as
we can assign an expected lay date phenotype already at the fledg-
ling stage, which is not possible for local fledglings. Our fitness
measure is a “mixed-fitness” measure in its own right, but the po-
tential bias on our fitness measure resulting from offspring survival
is notably reduced when the period from zygote to fledgling is con-
sidered rather than the period from zygote to recruitment.

We derived an estimate of the fitness consequences of the
genomic selection experiment in two steps; we considered proxies
for the survival of female selection line fledglings (e.g., local recruit-
ment probability) and proxies for reproductive success (e.g., the life-
time number of fledglings produced by female selection line
fledglings that recruited into the local study population). We,
lastly, combined estimates of local recruitment probability and the
lifetime number of fledglings produced by female selection line
fledglings to estimate a proxy of the total fitness of early and late
selection line females.

Potential selective disappearance of early selection line females.
One proxy for the survival of female selection line fledglings that
we assessed is the potential selective disappearance of early selection
line females before their first breeding event. This selective disap-
pearance might arise as a consequence of environmental fitness
costs for females that attempt to breed early [i.e., second scenario
(5)]. For this, we tested whether early selection line females were
less likely than late selection line females to recruit into the local
study population when females were identified in late winter or
during nest building in early spring. The analyses are described in
text S2.

Local recruitment probability. Another proxy for the survival of
female selection line fledglings we assessed is the local recruitment
probability (which is later used for calculating the total fitness; see
the “Consequences of genomic selection on total fitness” section).
We consider fledglings that returned to the local study population in
the year(s) following the year of fledging as a local recruit. For the
analysis, we included records from all fledglings that fledged from
2017 to 2019. In those years, there were a total of 2347 fledglings at
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the local study population of which 649, 752, and 946 fledged in
2017, 2018, and 2019, respectively. The 2347 fledglings included
318 early and 331 late selection line fledglings and 1698 local fledg-
lings (table S35). We excluded 23 local fledglings for which no data
on fledgling weight (measured on d15) were available. Local recruit-
ment was encoded as a binary variable with one for fledglings that
locally recruited and zero for all other fledglings. To estimate the
posterior distribution of local recruitment probability at the fledg-
ling level, we specified a generalized linear multivariate model as-
suming a binomial distribution over local recruitment probability
(Eq. 3) following (55). The Binomial distribution is defined by
two parameters: the constant probability of success p (here local re-
cruitment) over each of » trials. Here, we consider local recruitment
probability p; at the level of individual fledglings (for i = 1..2324)
and hence set the number of trials for each fledgling n; to 1 (a
special case of the Binomial distribution that is also referred to as
Bernoulli distribution). We used a logit link function to bind the
linear model for p; to values between 0 and 1. Within the generalized
linear multivariate model, we specified year- and brood-specific in-
tercepts Oyeqr(i] a0d Yproodji] to account for the hierarchical structure
of our data (i.e., brood nested within year), an effect of the selection
line Pliinefi)> an effect of a proxy for fledging date pd (April dates on
d15), and an effect of fledgling weight Bw. We standardized the
fledgling weight and the proxy for fledging date (April date on
d15) using z scores (i.e., we subtracted the mean fledgling weight
or fledging date from each observation and divided the resulting dif-
ference by the SD of fledgling weight or fledging date). We overall
used weakly regularizing priors, and for the year- and brood-specif-
ic intercepts, we specified the priors as a function of other param-
eters (termed hyperparameters), @, o, and oy, for which we also
used weakly regularizing priors (termed hyperpriors). This specifi-
cation of adaptive priors allowed us to pool information across years
and broods meaning that the model adaptively learns about the
prior that is common to the above specified intercepts.

R; ~ Binomial(1, p;)
logit(p;) = Ayearfi] + YBrood[i] T |31Line[i] + Bd*Datem + BW*Weightm
Bl; ~ Normal(0, 1.5), for j = 1..3
Bd ~ Normal(0, 1.5)
Bw ~ Normal(0, 1.5)
o; ~ Normal(a, o4),for j=1...3
y; ~ Normal(0, o, ), for j = 1..95
a ~ Normal(0, 1.5)
0, ~ Half — Normal(0, 1)
oy ~ Half — Normal(0, 1)
(3)
To aid approximation of the posterior distribution for local re-
cruitment probability, we increased the target acceptance rate
during sampling of the posterior to 99% (default: 95%) and repar-
ametrized the model. Steep regions of the parameter space can be
difficult to explore and, this way, harm the efficiency of the chains
[which is a common problem in multilevel models (55)]. A repar-
ameterization into a mathematically equivalent but numerically dif-
ferent version can increase the efficiency of chains. The alternative
model (Eq. 4) constitutes a noncentered reparameterization of the
initial model (Eq. 3) in which the parameters embedded within the
adaptive priors of a; and y; (i.e., the hyperparameters &, o, and o)
were moved out of the definition. For this, we defined some new
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variables Zye,(i] and Xpo0dpi] that followed a standard Normal dis-
tribution and reconstructed the original variables by reversing the
transformation within the definition of the linear model
(& + Zyear(] O« aNd Xprood[i]0y»> respectively)

R; ~ Binomial(1,p;)
logit(pi) = &+ Zyear(j] 9 + ¥Brood[i] Oy + PlLinefy) + Pd*Datepy + pw+Weighty
Bl ~Normal (0,1.5),for j=1..3
pd ~ Normal(0,1.5)
fw ~ Normal(0,1.5)
zj~Normal(0,1),for j=1..3
xj~Normal(0,1),for j=1..95
a~ Normal(0,1.5)
0q ~ Half — Normal(0,1)
oy ~ Half — Normal(0,1)
(4)

In the above-described model for local recruitment probability
(Egs. 3 and 4), we included effects of fledgling weight and a proxy
for fledging date as both are suggested to affect recruitment proba-
bility (30). However, fledgling weight might be affected by fledging
date as we expect higher availability of food resources in early
spring. To better understand whether both effects should be includ-
ed, we compared different models that included effects of both
fledging date and fledgling weight, an effect of fledgling weight
only, and an effect of fledging date only. For model comparison,
we used the Pareto-smoothed importance sampling (PSIS) cross-
validation approximation implemented within the rethinking R
package [for more details, see (55)]. PSIS provides feedback about
its own reliability by emphasizing observations with very high
weight (i.e., Pareto k values > 0.5) that might make the PSIS
scores unreliable. Here, no Pareto k values > 0.5 were noted, and
comparison showed that the model including effects for both fledg-
ing date and fledgling weight had the lowest PSIS score (PSIS with
SEs = 1084.79 + 61.72; table S36). However, the difference between
the best and second-best model, the model including an effect for
fledgling weight only, was 1.3 with an SE of the difference of 4.68,
indicating that both models performed similarly well.

As fledging date is suggested to affect recruitment probability
(30), we designed the experiment with the aim to rear selection
line individuals in a common environment in which early and
late selection line individuals did not differ in their realized hatch
date and subsequent fledging date. We formally tested this assump-
tion, and the analysis is described in text S7. Moreover, we tested for
a difference in fledgling weight of early and late selection line fledg-
lings; hence, a difference might be a correlated response to genomic
selection for lay date. The analysis is described in text S8.

The above-described model for local recruitment probability
(Eq. 4) allowed us to assess the local recruitment probability of se-
lection line fledglings in comparison to local fledglings but did not
allow us to estimate the local recruitment probability for female se-
lection line fledglings, as the sex of fledglings was only determined
(via molecular markers; see above) for selection line fledglings, but
nor for all other fledglings at the local study site. The 318 early se-
lection line fledglings included 159 females and 158 males, and the
331 late selection line fledglings included 167 females and 164 males
(note that for one early selection line fledgling, the molecular sex
determination failed, such that one early selection line fledgling
was excluded from the analysis). As the sex of local fledglings that
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did not recruit remained unknown, we fitted another model that
retained only data from selection line fledglings. This way, we
could estimate the sex-specific local recruitment probability for se-
lection line fledglings. We used the same model structure as for the
above-described model (Eq. 4) but additionally specified an effect of
sex using a weakly regularizing prior (i.e., normal distribution with
mean = 0 and SD = 1.5). The posterior distributions of the recruit-
ment probability for early and late female selection line fledglings
were used to estimate the total fitness (see the “Consequences of
genomic selection on total fitness” section).

Lifetime number of fledglings produced. We used the lifetime
number of fledglings produced by female fledglings that recruited
into the local study population as a proxy for reproductive
success. We calculated the lifetime number of fledglings produced
by female recruits for all females with known lay dates (n = 9 for
female recruits from the early and n = 9 for female recruits from
the late selection line and n = 433 for local female recruits; see
the “Lay dates” section). We first calculated the lifetime number
of fledglings produced within each year and performed a within-
year standardization, then imputed the total number of fledglings
for local female recruits where one or more broods were potentially
affected by research-related manipulations (which is only the case
for local females recruits, not for female selection line recruits) and,
last, used the within-year standardized total number of fledglings
for each year to calculate the sum across years resulting in the stan-
dardized lifetime number of fledglings (for details see text S9). This
way, our final dataset included eight and nine female recruits from
the early and late selection line, respectively, and 254 local female
recruits.

We first focused on female selection line recruits to test for a dif-
ference in reproductive success between the selection lines (which is
later used for calculating the total fitness; see the “Consequences of
genomic selection on total fitness” section). We estimated the pos-
terior distribution of the standardized lifetime number of fledglings
produced by female selection line recruits by specifying a linear re-
gression model (Eq. 5). Within the regression model, we specified
an intercept a and an effect of the selection line By ;,[;; with weakly
regularizing priors

LNF; ~ Normal(y;, 0)
W = &+ Bliinefs
a ~ Normal(0, 1.5)
B, ~ Normal(0,1.5),for j=1..3
o ~ Half — Normal(0, 1)

(5)

To test for an effect of lay date on the lifetime number of fledg-
lings produced by fledglings that recruited into the local study pop-
ulation, we fitted another model using the data from local (i.e.,
nonselection line) female fledglings that recruited into the local
study population. To estimate the posterior distribution of the stan-
dardized lifetime number of fledglings produced by local female re-
cruits, we specified a linear regression model (Eq. 6). Within the
regression model, we specified an intercept a and an effect of lay

Lindner et al., Sci. Adv. 9, eade6350 (2023) 7 June 2023

date pd with weakly regularizing priors

LNF; ~ Normal(y;, 0)
W = a + BdxLay datey
a ~ Normal(0, 1.5)
Bd ~ Normal(0, 1.5)

o ~ Half — Normal(0, 1)

(6)

In addition to the lifetime number of fledglings produced by
female selection line fledglings that recruited into the local study
population as a proxy for reproductive success, we also assessed
the quality of fledglings produced in terms of fledgling weight,
tarsus length, and P3 length (all measured at d15). The analyses
are described in text S10.

Moreover, we tested whether the genomic selection experiment
for early and late lay dates resulted in other correlated responses (in
addition to lay dates) that might affect fitness in their own right such
as the daily energy expenditure during chick feeding or daily chick
feeding frequency. The analyses are described in texts S3 and S4,
respectively.

Consequences of genomic selection on total fitness. To derive esti-
mates of the total fitness, we multiplied the posterior distribution of
the standardized lifetime number of fledglings produced by female
selection line recruits with the posterior distributions of the recruit-
ment probability of female selection line fledglings to estimate the
posterior distribution of the total fitness of selection line fledglings
while propagating the uncertainty of the estimates.

Supplementary Materials
This PDF file includes:

Texts ST to S10

Figs. S1 to S44

Legends for tables S1 to S36

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S36

View/request a protocol for this paper from Bio-protocol.
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