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ABSTRACT

The “good-genes” hypothesis to explain female extra-pair mating states that females benefit from this behavior by acquiring
better genes for their offspring. Despite extensive research, results are mixed, and the predictions of the good-genes
hypothesis have been met in fewer than half of published papers. One possible explanation for this lack of consensus is that
the benefits of extra-pair copulation are context-dependent. Here we use chick size, the probability of fledging, and
telomeres, the protective caps of chromosomes, as markers for individual quality. Telomere length (TelL) integrates across
many stressors and covaries with probability of survival and reproductive success. To test whether benefits to extra-pair (EP)
matings are context-dependent we look at the telomere length of extra-pair and within-pair offspring (EPO and WPO,
respectively) reared either in experimentally enlarged broods or in broods left at their natural size. We predicted that EPO
would have longer telomeres than WPO, and that this difference would be more pronounced among nutritionally limited
nestlings reared in enlarged broods. Contrary to our predictions, EP status did not predict chick size or TelL of nestlings
reared in either treatment group. EPO from enlarged broods had a higher probability of fledging than similarly reared WPO,
but this effect was only seen after a separate analysis per group and not in the full model. Even though these results give
mixed support to the good-genes hypothesis they also highlight the difficulty in choosing the proper metric and context.
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iExiste una ventaja contexto-dependiente del apareamiento extra-pareja en Tachycineta bicolor?

RESUMEN

La hipotesis de los “genes buenos” que explica el apareamiento extra-pareja de la hembra establece que las hembras se
benefician de este comportamiento mediante la adquisicion de mejores genes para su descendencia. A pesar de una
extensa investigacion, los resultados son mixtos, y las predicciones de la hipotesis de los buenos genes han sido alcanzadas
en menos de la mitad de los articulos publicados. Una explicacion posible de esta falta de consenso es que los beneficios de
la copulacién extra-pareja (CEP) son contexto-dependientes. Aqui usamos el tamano del polluelo, la probabilidad de
emplumar y los telémeros, las capas de proteccion de los cromosomas, como marcadores de la calidad individual. La
longitud del teldomero (LTel) se integra a través de muchos estresores y co-varia con la probabilidad de supervivencia y el
éxito reproductivo. Para evaluar si los beneficios de la CEP son contexto-dependientes, observamos la LTel de la
descendencia extra-pareja e intra-pareja (DEP y DIP, respectivamente) criada ya sea en nidadas experimentalmente
ampliadas o en nidadas con el tamafo natural. Predijimos que la DEP deberia tener teldmeros mas largos que la DIP, y que
esta diferencia deberia ser mas pronunciada entre polluelos con limitaciones nutricionales criados en nidadas ampliadas.
Contrariamente a nuestras predicciones, el estatus EP no predijo el tamano del polluelo o la LTel de los polluelos criados en
cada grupo de tratamiento. La DEP proveniente de las nidadas ampliadas tuvo una mayor probabilidad de emplumar que la
DIP criada de modo similar, pero este efecto fue solo percibido luego de un analisis separado por grupo y no en el modelo
completo. Aunque estos resultados le otorgan un apoyo mixto a la hipdtesis de los genes buenos, también resaltan la
dificultad en elegir la métrica y el contexto apropiados.

Palabras clave: apareamiento extra-pareja, contexto-dependencia, longitud del telémero, Tachycineta bicolor

INTRODUCTION genetically monogamous (Lack 1968). However, after it

became possible to easily and cheaply genotype many
Before the advent of the molecular revolution most individuals in the wild (Jeffreys et al. 1985), it became clear
passerine species were considered both socially and that extra-pair (EP) mating is common (Griffith et al.
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2002). Attempts to explain why females may choose to
mate with more than one male have yielded myriad
hypotheses (reviewed in Griffith et al. 2002, Akgay and
Roughgarden 2007). Though it has been suggested that
female EP behavior is not adaptive (Forstmeier et al. 2014),
there are many examples where a benefit to females has
been found (Akcay and Roughgarden 2007). In addition,
the fact that EP mating can be costly to females (Ferretti
and Winkler 2009) suggests that there is some benefit that
keeps this behavior from disappearing. In those cases
where we cannot observe a benefit to females of EP
mating, it is worthwhile to ask if the behavior is really not
adaptive or if we just lack the ability to detect its benefit.

Females have been hypothesized to engage in EP
behavior to guard against infertility in their social mate
(Wetton and Parkin 1991, Sheldon 1994), to increase the
genetic diversity of their brood (Williams 1975, Westneat
et al. 1990), or to gain direct support in rearing their
offspring (Wolf 1975, Burke et al. 1989, Colwell and Oring
1989, Townsend et al. 2010). By far, the hypothesis that has
received the most attention posits that females that
participate in EP matings gain “good genes” for their
offspring, either by mating with a male superior to their
social mate (Mgller 1988, Hamilton 1990, Westneat et al.
1990, Birkhead and Meller 1992) or by choosing an EP sire
with complementary genes (Kempenaers et al. 1999,
Tregenza and Wedell 2000). This hypothesis predicts that
extra-pair offspring (EPO) will be of higher quality than
within-pair offspring (WPO; Griffith et al. 2002). However,
despite years of extensive research, results are mixed at
best, and the predictions of the “good genes” hypothesis
have been borne out in <50% of published papers (Akcay
and Roughgarden 2007).

One potential explanation for this lack of consensus is
that the benefits of EP mating are evident only in certain
environments and not in others (Schmoll 2011). For
example, EPO may inherit genes that give them a
competitive advantage in the nest, allowing them to grow
even when food is scarce. When resources are plentiful all
nestlings will be well fed, irrespective of competitive ability,
and EPO would appear to be of equal quality to WPO. In
contrast, food limitation will force nestlings to compete for
parental resources, so EPO can take full advantage of their
better genes to outcompete their WPO half-siblings.
Though this is just a hypothetical example, it illustrates
how the environment can interact with the genetic
makeup of offspring to either obscure or reinforce the
benefit of EP mating to females. Despite the potential for
environmental context to explain why benefits of EP
mating are found only in some studies and not others, this
hypothesis has been directly tested only a few times. In
Coal Tits (Periparus ater), EPO had a higher probability of
recruiting into the population than WPO, but only late in
the season when overall rates of recruitment were lower
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(Schmoll et al. 2005). The humoral immune response of
Blue Tit (Cyanistes caeruleus) chicks was stronger for EPO,
but only in artificially enlarged broods (Arct et al. 2013).
Some studies have documented variation in relative fitness
of EPO and WPO across different years of study,
suggesting a potential role for environmental modulation
of genetic benefits, but specific components of the
environment that may have driven these patterns were
not tested (Garvin et al. 2006, Forsman et al. 2008). These
studies provide evidence for the environmental dependen-
cy of the good-genes hypothesis and demonstrate a
context-dependent advantage to EPO in one or a few
traits. However, they do not show an effect on fitness as a
whole; a competitive advantage in growth might not
equate to a competitive advantage in other important
aspects such as predator evasion, for example. It is not
readily apparent how to choose the appropriate proxy and/
or context to use to test fitness. What is needed is a proxy
of fitness that integrates a large proportion of an
individual’s physiology and is predictive of fitness.
Telomere length (TelL) might prove to be useful in this
respect (Monaghan and Haussmann 2006).

Telomeres are the protective caps of eukaryotic chro-
mosomes (Harley 1991). They shorten with each cell
replication (Levy et al. 1992) as a consequence of oxidative
stress (Epel et al. 2004) and upon the activation of the
vertebrate stress response (Saretzki and Von Zglinicki
2002). Short TelL is associated with low survival in many
species (reviewed in Haussmann and Marchetto 2010), is
related to many pathologies (Blasco 2005), and is
commonly used as a proxy for quality (Bauch et al. 2013,
Le Vaillant et al. 2015, Bateson 2016, Costanzo et al. 2017).
Specifically, early-life TelL is a better predictor of survival
than late-life TelL (Heidinger et al. 2012). Because many
physiological processes affect Tell, it can be used as an
integrative measure of a key component of fitness (i.e.
survival), and it allows us to generalize over many
physiological aspects of fitness rather than focusing on
only a few.

To look at the effects of EP status on chick quality and
fitness, we used an existing brood manipulation conducted
with the purpose of studying the determinants of early-life
TelL (Belmaker 2016) and measured TelL, chick size, and
probability of fledging. In Tree Swallows (Tachycineta
bicolor), short TellL is associated with low survival
(Haussmann et al. 2003, 2005, 2007) but not much else
is known about telomere dynamics in this species (but see
Belmaker 2016). In contrast, much is known about extra-
pair paternity (EPP): although it seems that EP matings in
Tree Swallows are adaptive (Lombardo 1986, Lifjeld and
Robertson 1992, Venier et al. 1993, Barber et al. 1996,
Conrad et al. 2001, Whittingham and Dunn 2010), the
nature of the benefit females get from extra-pair copula-
tion (EPC) is still unclear (Whittingham and Dunn 2001),
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and there is evidence for benefits such as fertility assurance
(Lombardo et al. 2002, 2004), brood diversification
(Kempenaers et al. 1999, Whittingham et al. 2006,
Stapleton et al. 2007, Dunn et al. 2009, Whittingham and
Dunn 2010; but see Barber et al. 2005), and good genes
(Kempenaers et al. 2001, Bitton et al. 2007, Whittingham
and Dunn 2014, 2016). Given the uncertainty surrounding
possible benefits of EP matings to Tree Swallows, looking
at context dependence seems especially worthwhile, as it
might help shed some light on some of the wide range of
observed patterns.

METHODS

Experimental Procedure

To look at the effects of EP status on chick Tell. we used an
existing brood manipulation experiment conducted with
the purpose of studying the determinants of early-life TelL
(Belmaker 2016). The study site is a cattle grazing ground
located in Harford, New York (42.44°N, 76.23°W), with
~130 nest boxes mounted on fence posts ~1.5 m from the
ground. For 3 breeding seasons from 2012 to 2014 we
enlarged broods and cross-fostered chicks between control
and enlarged broods of Tree Swallows. Each season we
monitored the nest boxes daily to detect the day the first
egg was laid (clutch initiation date). Clutch completion
date was determined as the day the last egg was laid. Once
chicks hatched we matched broods for hatch date, female
age, and clutch size. We were able to age adult females
because Tree Swallow females show delayed-plumage
maturation, in which females in their first breeding
attempt (SY) are brown-green in color, and older females
have the iridescent blue color characteristic of Tree
Swallows (Hussell 1983). SY males look like older females.
All brown females were given an age of 1. Older females
were aged exactly based on previous capture data, and if
that was not available we assigned them the minimum age
(2 for the first encounter and increasing incrementally
after that). Unbanded males were assigned a minimum age
of 1. When all chicks hatched, usually between the ages of
0 and 2 days, we randomly swapped as near as possible to
half of the chicks between the 2 broods and added chicks
to the brood designated as enlarged (either 2 or 3 chicks in
the vast majority of cases). Chicks for the brood
enlargement came from a nest not participating in the
experiment and were of the same age as manipulated nests.
We did not use a brood reduction treatment as well to
obtain sufficient nests that match for all the above criteria.
We could not ascertain which chick hatched from which
egg so could not control for quality differences between EP
and WP chicks due to maternal effects (e.g., Magrath et al.
2009). However, in Tree Swallows maternal effects do not
seem to be an important cause for such differences (Barber
and Robertson 2007). Final brood sizes averaged 5.07 =
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0.67 for control broods and 8.05 * 0.86 for enlarged
broods (mean = SD).We then followed the nesting attempt
to completion. We measured the chicks every 4 days for
mass, wing length, and head-plus-bill length. These 3
morphometric measures were combined into one size
measure using a principal component analysis with the
princomp function in R (R Core Team 2015). All 3
measures showed a linear negative relationship to PC1 but,
as principal component signs are arbitrary, we reversed the
sign and used PC1 as our measure of chick size. For all
measures an increasing PC1 reflects larger size. Only the
fourth morphometric measure was used in our analysis.
On day 12, we took a blood sample for both TelL
measurement and genotyping. After day 12 the nest was
not disturbed until all chicks fledged. Once the last chick
fledged any dead chicks that remained in the box were
noted and collected for genotyping. Females were caught
during incubation and males soon after hatching. We were
able to catch 97% of the females and 28% of the males
nesting in our nest box population. At capture a blood
sample for genotyping was taken by a small puncture to
the brachial vein and collecting approximately 75-150 pL
of whole blood into a heparinized capillary tube. Half of
the blood was mixed with lysis buffer for genotyping and
the other half was put in an empty micro-centrifuge tube
and kept on ice until further processing in the lab. At the
end of the day the chilled telomere samples were spun
down at 3,500 rpm for 5 min and the plasma was removed.
One milliliter of NBS buffer (90% new-born calf serum and
10% DMSO) was added and mixed with the red blood cells
(RBCs). The samples were then frozen slowly and kept at
—80°C for storage until further analysis. Only the first
nesting attempt of the season was used and no females
were used more than once.

Telomere Length Analysis

Telomeres were measured using the telomere restriction
fragment assay (TRF; Kimura et al. 2010). DNA was
extracted using an isopropanol-ethanol extraction with a
Gentra Purgene extraction kit (Qiagen, Hilden, Germany)
for the extraction of high-quality high-yield DNA. DNA
integrity was checked on a 0.8% agarose gel made with
0.5X TBE run for 1 hr in 120 V. Genomic DNA was
digested by incubating 10 pg of DNA for at least 16 hr at
37°C with a combination of 3 restriction enzymes (Rsal,
Haelll, and Hinfl). Samples were then frozen until further
processing. When ready for processing, samples were
thawed at 37°C and run on a 0.8% agarose gel in a pulsed-
field gel electrophoresis rig for 19 hr (3 V/cm, 0.5 s initial
switch time, 7 s final switch time) alongside 3 lanes of 1 kb
extension ladder from Invitrogen and 2 standard lanes
made of either domestic chicken (Gallus gallus domes-
ticus) blood or Tree Swallow blood. After drying, the gel
was hybridized overnight with a radioactive probe
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TABLE 1. The correlation coefficients (r) between 12 metrics from the TelL distribution: mean Tell, skew, kurtosis, and the 10th to
90th percentiles (P10 to P90, respectively). In all cases P < 0.001. The row in bold shows the PCA loadings for PC1, which explained
88.5% of the variation and was thus the only PC used in the analyses for this paper.

Mean Skew Kurtosis P10 P20 P30 P40 P50 P60 P70 P80 P90
PC1 loadings 0.25 —0.08 —0.49 0.08 0.14 0.18 0.21 0.24 0.27 0.31 0.37 0.49
Mean 1
Skew —0.88 1
Kurtosis 0.84 0.95 1
P10 0.72 —0.44 —0.33 1
P20 0.87 —0.63 —0.52 0.95 1
P30 0.92 —-0.72 —0.61 0.88 0.99 1
P40 0.95 —-0.79 —0.68 0.83 0.96 0.99 1
P50 0.97 —0.83 —0.74 0.78 0.93 0.98 0.99 1
P60 0.98 —-0.87 —-0.79 0.74 0.89 0.95 0.98 0.99 1
P70 0.99 —0.91 —0.84 0.68 0.85 0.91 0.95 0.97 0.99 1
P80 0.98 —0.93 -0.9 0.61 0.77 0.84 0.89 0.93 0.96 0.99 1
P90 0.92 —-0.9 —0.94 0.46 0.63 0.71 0.76 0.81 0.86 0.9 0.96 1

(CCCTAA X 4) that anneals to the single-stranded
overhang at the end of the telomere. The following day
the gel was washed with a 0.5X SSC solution and placed on
a phosphor screen (Amersham Bio-sciences, Buckingham-
shire, UK) for at least 2 days. The screen was then
visualized using a Storm 540 Variable Mode Imager
(Amersham Biosciences).

The resulting gel image is a “smear” representing the
TelLl distribution for any given individual (Kimura et al.
2010). Measurements on this distribution used Image]
(Version 2.0.0-rc-34/1.50a; Schindelin et al. 2012), an
open-source image processing software. Optical density
values (OD) were measured by running a line selection
through the center of each lane. OD values directly
measure the number of telomere molecules of the length
indicated by the position on the gel. The size of each
telomere fragment at a given pixel location down the lane
(KBi) was measured by fitting a cubic polynomial to the
central ladder lane of each gel. We used an analysis
window between 1.636 and 40 kb (the 2 outmost visible
size markers). Background was subtracted from all OD
measurements and was estimated by measuring a hori-
zontal line placed just below the lowest size marker.

This procedure produces a distribution of TelLs per
individual rather than just one measurement that summa-
rizes that distribution, because each cell and each
chromosome has a telomere of a different length (Kimura
et al. 2010, Nussey et al. 2014). To estimate TellL we
measured a few key metrics from each distribution: the
mean Tell, the skew and kurtosis, and the 10th to 90th
deciles of the distribution. These metrics were chosen to
roughly trace the shape of the TelL distribution. Because all
of these metrics were correlated we combined them using
a principal component analysis (PCA). This PCA was
conducted using the princomp function from the stats
package in R (version 3.2.1; R Core Team 2015). We used

only the first principal component score (PC1) for all
analyses because, by itself, it explained 88.5% of the
variation. Table 1 details the correlation coefficient
between the metrics and the loadings for the PCA.

Genotyping and Sexing

We extracted DNA from RBCs stored in lysis buffer or
from dead nestlings using the Qiagen DNeasy Blood and
Tissue kit. Following extraction, we amplified 9 microsat-
ellite loci (Stenzler 2001, Makarewich et al. 2009) using
multiplex polymerase chain reaction (PCR). PCR condi-
tions were as follows: an initial denaturation step of 2 min
at 95°C, followed by 35 cycles of 30 s of denaturation at
95°C, 60 s of annealing at either 56°C or 58°C, and 60 s of
extension at 72°C. A final elongation step was thereafter
performed for 30 min at 72°C. We used Geneious (version
9.0.5; Kearse et al. 2012) to call alleles and CERVUS
(version 3.0; Kalinowski et al. 2007) to assign parentage to
nestlings. The social mother was assumed to be the genetic
mother of all nestlings in the female’s original nest. Any
instances of single-locus mismatches between mothers and
offspring were attributed to genotyping error. A male was
identified as the genetic father of a nestling if one of the
following conditions was met: (1) the male mismatched the
nestling at no more than one locus and was identified by
CERVUS as the most likely sire with >95% confidence; or
(2) no male was assigned paternity with >95% confidence,
but the male mismatched the nestling at no more than one
locus and was the social father at the nest (i.e. the male’s
genotype was consistent with the male being the genetic
sire). We determined the sex of each nestling using a P2/P8
sexing protocol with a Haelll digest similar to that
described in Whittingham and Dunn (2000). We could
not identify the EP status of the chick in 182 cases (~44%).
We could not identify the genetic father of 262 chicks
(~63%).
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Statistical Analysis

All analyses were carried out in R (version 3.2.1; R Core
Team 2015). We used linear and generalized linear mixed-
effect models. We used the Imer and glmer functions from
the Ime4 package (version 1.1-11; Bates et al. 2013). We
built models for 3 response variables: TelL, chick size, and
probability of fledging. In each model we added EP status,
experimental group, and their interaction as fixed effects.
To control for the cross-fostering procedure, we added
both natal and rearing broods as random intercepts in our
model. In addition, the identity of the genetic father was
also added as a random effect. Only one sample was taken
for TelL (on day 12), so the TelL. model included only data
from chicks that survived to the last measurement.
Similarly, as only the last morphometric measure was
used, the size model includes only chicks that survived to
day 12. For a subset of samples we were not able to
measure Tell, either because we could not get enough
blood or the protocol failed for some reason. For this
reason the sample size for the morphometric model is
larger than the one for TelL. The model for the probability
of fledging included chicks that died before a Tell. sample
was taken.

For each response variable we fit all 5 possible models (2
main terms and their interaction, 2 main terms with no
interaction, each main term alone, and an intercept-only
model). We then examined the AIC, (Akaike information
criteria corrected for small sample sizes) and the weight
(w;) for each model to choose the best one. To aid in model
selection in cases where the best model is not clearly
evident (AAIC < 2), we tested the significance of specific
terms using a likelihood ratio test (LRT) using the anova
function in R. Estimates and standard errors were
calculated using the summary function and confidence
intervals for plots were calculated using the Wald method
in the effects package (Version 4.0-1; Fox 2003).

RESULTS

In total, 39 paired brood manipulations were conducted
(16 in 2012, 9 in 2013, and 14 in 2014) and 416 chicks were
used in the experiment, 154 of which could be assigned
paternity status. About half of the broods did not contain
EP chicks and for the rest the ratio of EP chicks ranged
uniformly across the entire range from 0 to 1. At the start
of the experiment there was no difference in size between
chicks in control and enlarged broods (control: —15.24 =
1.07, enlarged: —15.24 * 1.05; n = 154, t = 1.37, df =
114.56, P = 0.17) and between WPO and EPO (WPO:
—15.48 = 0.98, EPO: —15.34 + 0.98; n =154, df=138.13, ¢
= —1.78, P = 0.08). By day 12 chicks in enlarged broods
were substantially smaller (n =122, f =—7.18 = 1.961, XZ
= 10.65, df = 24.82, P = 0.001). Additionally, chicks in
enlarged broods had a lower probability of fledging than
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chicks in control broods (1 = 154, p = —5.08 = 2.58, x> =
11.78, P < 0.001).

Telomere Length

The models with either experimental group or EP status
alone and the model with both main effects and their
interaction came out as similarly likely, and were all within
one AIC, point of one another (Table 2). Likelihood ratio
tests for each term show that the interaction of EP status
and experimental group (n =112, p =-0.9 * 1.27, Xz =
0.56, df =80.25, P = 0.46; Figure 1) and EP status (n =112,
B=-0.96 + 0.73, x> = 1.55, df = 98.85, P = 0.21; Figure 1)
are not significant but experimental group is (n =112, f =
—1.41 * 0.61, 3> = 4.75, df = 18.35, P = 0.03; Figure 1).

Size

AIC, values for the size models show that the model with
experimental group alone and the model with both
experimental group and EP status share similar AIC,
scores, with the former having a slightly lower AIC, (Table
2). However, based on the likelihood ratio tests only
experimental group has a significant effect on chick size on
day 12 (experimental group: n =122, B=-7.18 = 1.961, XZ
=10.65, df =24.82, P=0.001; EP status: n =122, f=—1.19
+ 147, * = 0.52, df = 34.77, P = 0.47; Figure 2).

Probability of Fledging

The model selection table for models of the probability of
fledging give the full model and the model excluding the
interaction a similar AIC. value, with the latter being the
most likely model (Table 2). The interaction of EP status
and experimental group was not significant based on the
likelihood ratio test (n =154, p=—2.14 *+ 2.34, y*>=0.93, P
= 0.33; Figure 3A). EPO have higher fledging rates than
WPO (n = 154, B = —3.01 = 1.35, ¥*> = 9.31, P = 0.002;
Figure 3A) in total but a visual inspection of the probability
of fledging in each group (Figure 3A) suggests that this
effect is driven by chicks in enlarged broods. With tests
conducted for each group separately a significant effect on
the probability of fledging was obtained only in enlarged
broods (control broods: n = 78, B = —9.85 + 5.11, y* =
2.30, P = 0.13; enlarged broods: n =76, B =—2.31 = 0.98,
x> = 8.01, P = 0.005; Figure 3B).

DISCUSSION

In this study we tested the context-dependent version of
the good genes hypothesis (Schmoll 2011), which predicts
that differences in quality between EPO and WPO will
only be apparent in stressful environments. The experi-
mental treatment succeeded in creating a stressful
environment for the chicks—chicks in enlarged broods
were smaller, had a lower probability of fledging, and had
shorter telomeres than chicks in control broods (due to the
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TABLE 2. The model selection table for 3 response variables (telomere length, chick size, and the probability of fledging). The tested
models are combinations of 3 fixed effects: experimental group (G), extra-pair status (S), and their interaction (G*S). The terms
included in each model are marked by a “+” in the appropriate column. For each model we provide the degrees of freedom (df), the
log-likelihood (logLik), the Akaike information criteria corrected for small sample sizes (AIC,), the difference in AIC. value of each
model from the model with the lowest AIC. score (AAIC,), and the weight (w;) of each model (its relative likelihood).

Model G S G*S df logLik AIC, AAIC, w;
Telomere length
1 + + + 8 —284.50 586.40 0.00 0.38
2 + + 7 —285.90 586.88 0.48 0.30
3 + 6 —287.32 587.44 1.04 0.22
4 + 6 —288.64 590.09 3.69 0.06
5 5 —290.18 590.93 4.53 0.04
Chick size
1 + 6 —408.13 828.99 0.00 0.61
2 + + 7 —407.87 830.73 1.74 0.26
3 + + + 8 —407.47 832.21 3.22 0.12
4 5 —413.53 837.58 8.59 0.01
5 + 6 —413.20 839.12 10.13 0.00
Probability of fledging
1 + + 6 —70.98 154.52 0.00 0.64
2 + + + 7 —70.51 155.79 1.26 0.34
3 + 5 —75.63 161.67 7.15 0.02
4 + 5 —76.86 164.13 9.61 0.01
5 4 —81.58 171.44 16.91 0.00
10+
(0]
58 °
€0
ow
Ny 47
O
So 07 (35)
5=
5 g
o
5 51
104 Group: P=0.03 *
Status: P = 0.21 B8 cPo
Group*status: P = 0.46 E| WPO
Cor'\trol Enlalrged

Experimental group

FIGURE 1. Effect of experimental group (Group), extra-pair status (Status), and their interaction (Group*Status) on the telomere
length of 12-day-old chicks. Telomere length is the PC1 from a principal component analysis on 12 metrics from the telomere length
distribution (see Methods). Light and dark boxes are for within-pair (WPO) and extra-pair (EPO) chicks, respectively, growing up in
control (left side) or enlarged (right side) broods. The central line represents the median, the 2 “hinges” are the first and third
quartiles, and the “whiskers” are £1.5 times the interquartile range. Dots represent outliers. The number in parentheses inside each
box is the sample size for each group. P values were calculated using likelihood ratio tests.
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FIGURE 2. Effect of experimental group (Group), extra-pair status (Status), and their interaction (Group*Status) on the size of 12-day-
old chicks. Chick size is the PC1 from a principal component analysis on chick mass, wing length, and head-plus-bill length (see
Methods). Light and dark boxes are for within-pair (WPO) and extra-pair (EPO) chicks, respectively, growing up in control (left side) or
enlarged (right side) broods. The central line represents the median, the 2 “hinges” are the first and third quartiles, and the
“whiskers” are £1.5 times the interquartile range. Dots represent outliers. The number in parentheses inside each box is the sample
size for each group. P values were calculated using likelihood ratio tests.

stress induced by the treatment). EP status and its
interaction with experimental group were among the
models with the lowest AIC, scores for Tell. and size, but
other more parsimonious models were just as likely
(AAIC. < 2). Additionally, likelihood ratio tests done to
corroborate the AIC model selection do not support EP
status or its interaction with experimental group as
significant factors in determining either chick TelL or size.
EP status was an important predictor of the probability of
fledging. Even though the interaction of EP status and
experimental group was not significant in the full model, a
visual inspection of the plot suggests that this effect is
mainly present in enlarged broods (Figure 3A). In the
separate per-group analysis we also found that EPO have
an advantage over WPO but only in enlarged broods. This
pattern for the probability of fledging supports the idea
that EPO are of higher quality than WPO—EPO had a
higher probability of fledging—and that this advantage is
context-dependent—the effect of EP status was driven by
chicks in enlarged broods. However, as a whole, these
results are not very convincing: the predicted pattern was
borne out only in one of three metrics and even with the
probability of fledging appears only in a separate analysis
per group.

So why do we not find stronger evidence for the good-
genes hypothesis and for context dependence? First, chicks

in this study were measured at 12 days of age to minimize
the risk of premature fledging. However, undisturbed Tree
Swallow chicks do not fledge until 21 days of age, on
average. Thus, the chicks still had almost half their nesting
lives before them after we took the sample. Chicks that did
not survive to that age could not be sampled, even if found
dead in the nest. It is possible that lower-quality chicks
were overrepresented among these early-dying chicks, and
that this is the cause for the lack of effect on TelL and size
we observed. It is further possible that the chicks were
sampled too early in development to show an effect.
Possibly, had we measured the chicks closer to fledging, we
might have found a stronger effect of EP status. We have
no way of testing for this effect, but future studies should
allow enough time in the stressful environment to make
sure an effect, if it exists, would be able to manifest itself.

Second, TelL or size might not have been the proper
metric in this context. Perhaps, if we could have measured
TelL twice, the rate of telomere shortening would have
been better to measure than actual TelL (e.g., Boonekamp
et al. 2014, Watson et al. 2015). Regardless, any study of the
fitness impact of variation in a trait can fail to find an effect
of that trait in a large number of contexts. This never
means that the trait has no relevance to fitness, only that it
does not have the fitness effect appropriate to the contexts
tested. In this study we measured size, TelL and the
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FIGURE 3. Percentage of chicks fledged and the estimated probability of fledging from a generalized linear mixed model. (A)
Percentage of WPO (light bars) and EPO (dark bars) chicks that fledged from control (left) and enlarged (right) broods. Number in the
lower part of each bar is the percentage fledged and the sample size in parentheses. Points and 95% confidence intervals
superimposed show the estimates from the full model including experimental group, EP status, and their interaction. (B) Estimated
effects and 95% confidence intervals of EP status on the probability of fledging when the model was run in control (left) or enlarged

(right) groups separately.

probability of fledging. Our results show that TelL and size
were not affected by EP status while the probability of
fledging was affected (albeit weakly). This shows how one
fitness proxy can show the hypothesized pattern while
another does not. Our ability to choose the proper metric
and context in which to test EP effects on fitness is of
paramount importance. Previous studies that reported a
context-dependent benefit of EPP in birds used various
metrics as a proxy for fitness, and various contexts to test
the effect of EP status on the chosen proxy (Schmoll et al.
2005, Garvin et al. 2006, Forsman et al. 2008, Schmoll
2011, Arct et al. 2013). The proxy and context chosen will
ultimately determine if a given study can or cannot detect
the hypothesized effect, but choosing them is not an easy
task—there is no a priori way of knowing whether a given
metric and context are appropriate. If this is true, then
some studies, which happen to choose an appropriate
fitness proxy and context, will find a benefit to female EPC,
while others will not, as we see in the literature (Ak¢ay and
Roughgarden 2007).

Just as it is hard for the biologist to anticipate what
fitness-relevant traits will be important in any given context,
it must be very difficult for females to evaluate the traits of a
potential mate when making mate choice decisions. “Good
genes’ are to be sought for both WP and EP mates, but what
makes a “good gene” is dependent on the context in which it

is expressed (Hasson and Stone 2010, Schmoll 2011). From
the time and place where a female must make mating
decisions, there is no basis for predicting the conditions that
either the female or the female’s offspring will find
themselves in the future, and the female must choose based
on a number of sexual signals (e.g., Whittingham and Dunn
2016), which only correlate with fitness on average. Thus, it
is not surprising that mate choice does not always seem to
yield a benefit (Kirkpatrick and Barton 1997, Mgller and
Alatalo 1999, Arnqvist and Kirkpatrick 2005). The ability of
females to choose the best mate is also limited by the array
of mates available to her in any given window of time (cf.
Ferretti and Winkler 2009) further limiting our ability to
detect the benefits to mate choice.

Lastly, it is definitely a possibility that we could not find
a context-dependent benefit to EPC because there is none
(Forstmeier et al. 2014). Even though this is a distinct
possibility there is much evidence that females do receive
some form of benefit from EPC, even if the nature of the
benefit is unclear (Whittingham and Dunn 2001).

To summarize, EPO in enlarged broods in this study had
a higher probability of fledging than did WPO. We could
not detect an advantage to EPO in either TelL or body size,
possibly because we sampled too early, these are not the
proper metrics or context, we lack the ability to detect
such benefits, or there are no such benefits at all.
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