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Despite the ecological importance of pair bonding, the ontogeny of pair bond formation remains poorly
understood. We capitalized on long-term high-resolution tracking of social interactions across replicated
colonies of captive zebra finches, Taeniopygia guttata, to map the dynamics of social relationships prior to
reproduction and to identify the role that relationship quality plays in subsequent reproductive per-
formance. We found that pairs that developed stronger and more stable social relationships outside the
breeding season were more likely to breed together and form a pair bond. Moreover, pairs that formed a
stable social relationship initiated reproduction faster than those with less stable pair bonds, while the
stability and the length of time since establishment of the pair bond both reduced the probability of
divorcing. Our results demonstrate an important link between the ontogeny of social relationships and
reproductive benefits that may explain the evolution of long-term monogamy.

© 2021 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/lice

nses/by-nc-nd/4.0/).
Social relationships are a key component of an individual's
environment and can have fitness consequences (Archie et al.,
2014; Silk et al., 2003). In socially monogamous species, an
important step towards successful reproduction is the formation
of an exclusive and stable relationship with an individual of the
opposite sex (Fowler, 1995), which is referred to as a pair bond.
These pair bonds can be established for one season or can be
carried over from one breeding season to another (i.e. long-lasting
pair bonds), showing a wide variation both across and within
species. Pair bonds can also be formed long before reproduction
occurs (Stehn, 1997; Teitelbaum et al., 2017), thereby spanning a
range of ecological conditions. However, the value of establishing
and maintaining such social relationships outside the reproduc-
tive context is not yet fully understood. Researchers have tried to
understand how pair-related characteristics, such as personality
(Schielzeth et al., 2010; Schuett et al., 2011), nest visit synchrony
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(Mariette & Griffith, 2012) and free partner choice (Ihle et al.,
2015) are linked to reproductive success (reviewed in Griffith,
2019). However, few have focused on characteristics of the pair
bond outside the reproductive context (e.g. Griggio & Hoi, 2011;
Sanchez-Macouzet et al., 2014). Here, we investigate different
aspects of the quality of heterosexual social relationships during
the formation of pair bonds and quantify the fitness consequences
arising from variation in social relationship quality among pair-
bonded individuals.

High-quality social relationships are widely linked to fitness in
non-pair-bonding group-living species (Cameron et al., 2009; Silk,
2007). For example, female baboons (Papio cynocephalus) that
remain in close spatial proximity or groom repeatedly with other
group members have higher offspring survival (Silk et al., 2003,
2009, 2010), and female baboons (Papio ursinus and
P. cynocephalus) that maintain consistent strong social bonds over
time with other members of the group have a longer life span
(Archie et al., 2014; Silk et al., 2003, 2009, 2010). Similarly, male
Assamese macaques, Macaca assamensis, and male baboons
(P. cynocephalus) that form strong social bonds with other males
sire more offspring (Schulke et al., 2010) and live longer (Campos
et al., 2020). Thus, we might expect that the strength and day-to-
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day stability of the social relationship in group-living species that
form pair bonds should also have consequences for a pair's repro-
ductive performance (Rasmussen, 1981). Over the long term, the
stability of social relationships among pair-bonded individuals can
also impact reproductive success (Black, 1996). For example, short-
tailed shearwaters, Puffinus tenuirostris, that are pair-bonded for
longer have higher breeding success (after controlling for age ef-
fects) (Bradley et al., 1995). However, in pair-bonded individuals,
the link between fitness and the quality of social relationships,
especially when relationships are established outside the breeding
context, has not been explored yet.

Pair bond continuity can be influenced by mate choice (Culina
et al., 2015) and compatibility (Ihle et al., 2015), thereby pointing
to the social environment outside the breeding season as a poten-
tially important period for pair bond formation and partner
assessment (Rodway, 2007). In socially monogamous barnacle
geese, Branta leucopsis, females that mate with a familiar partner
have higher reproductive success than those with arranged part-
nerships (Choudhury & Black, 1994). Thus, we can expect pair-
bonded individuals that develop and maintain high-quality re-
lationships outside the breeding season to be more likely to remain
pair-bonded over several reproductive events (i.e. divorce less).
Such fitness benefits of pair bonds are likely to be important in the
evolution of long-term social monogamy.

Investigating the benefits of high-quality pair bonds requires
studying in detail the social relationships among pair-bonding
birds outside of the reproductive context. Recent studies have
shown that the structure of breeding populations can be predicted
by the social dynamics during the nonbreeding season. Specifically,
in great tits, Parus major, and blue tits, Cyanistes caeruleus, territo-
rial neighbours during the breeding season are more likely to have
stronger relationships during the winter (i.e. nonbreeding season)
(Beck et al., 2020; Firth & Sheldon, 2016). Thus, as social relation-
ships can be carried over time and to different contexts, it is
important to study the process of pair bond formation and the
fitness benefits of forming strong social relationships outside the
breeding period.

Here, we use high-resolution tracking of the heterosexual social
interactions among previously unfamiliar captive-bred zebra-
finches, Taeniopygia guttata, to elucidate the process of pair bond
formation and to evaluate whether the quality of social relationship
among pair-bonded individuals influences reproductive perfor-
mance and divorce. Working with large captive colonies allowed us
to control for effects of the environment, such as shared habitat
selection preferences, temporal and spatial distribution of re-
sources and predation, that could contribute towards relationship
strength, mating outcomes and reproductive success, as well as to
create experimental social groups in which we had certainty about
prior familiarity among individuals. Zebra finches provide an ideal
system for studying the temporal dynamics of pair bonding
because individuals form life-long monogamous pairs (Zann,1994),
pairs can form rather fast (2e14 days in captivity; Silcox & Evans,
1982), pairs seldom divorce (Zann, 1994) and reproductive perfor-
mance varies among nests, both in the wild and in captivity
(Griffith et al., 2008, 2017; Pei et al., 2020). Furthermore, zebra
finches breed opportunistically (Perfito et al., 2007) in response to
rainfall patterns, which in their natural habitat are unpredictable
(Zann, 1996). Maintaining pair bonds, even outside the reproduc-
tive season, might provide adaptive benefits such as reduced pre-
dation and increased breeding performance and fitness (Griggio &
Hoi, 2011; Mainwaring & Griffith, 2013; Sanchez-Macouzet et al.,
2014; Wiley & Ridley, 2018). Continuous pair bonding also allows
pairs to initiate a clutch faster (i.e. fast-track hypothesis; Adkins-
Regan & Tomaszycki, 2007), providing a reproductive advantage
when conditions become suitable for breeding (Zann, 1996).
Here our aim was to quantify in unprecedented detail the pro-
cess of pair bond formation outside the breeding context. We hy-
pothesized that the quality of pair bond social relationships can
have subsequent impacts on reproductive performance and mate
retention. Specifically, we predicted that pair bonds with high-
quality (i.e. stronger and more stable) social relationships would
(1) be more likely to breed together, (2) perform better at repro-
duction and (3) be more likely to maintain their breeding partner
between reproductive attempts (Fig. 1).

METHODS

Data Collection

Study system and experimental manipulations
Our experiment comprised a total of 10 replicated zebra finch

colonies (6 in 2017 and 4 in 2018). Each colony was housed in an
aviary with natural daylight for the course of the experiment.
Aviaries consisted of two 3 � 4 � 3 m rooms in 2017 and one
6 � 4 � 3 m room in 2018 (the two 2017 rooms joined together;
Appendix 1, Fig. A1). Each aviary room was equipped with two
social perches, one feeding table and a courtship perch (Appendix 1,
Fig. A1). Food (millet seeds) and water were provided ad libitum
and fresh bathing pools were provided daily. Diet was further
supplemented with a mineral mixture (Korvimin® ZVT þ Reptil)
sprinkled over cucumber slices provided once aweek and cuttlefish
bone provided continuously throughout the experiment. During
the breeding period (see below), we provided birds with nestboxes
(14 and 20 nestboxes/aviary in 2017 and 2018, respectively) and
nest-building material (coconut fibre) ad libitum.

Colonies were composed of 28 individuals with an even sex
ratio. Birds had been raised in communal breeding aviaries (con-
taining six breeding pairs) until reaching nutritional independence
(mean age ± SD ¼ 35 ± 0.7 days) and were transferred to mixed-
sex peer groups (of typically 8 individuals, range 7e9), where
they stayed until sexual maturity (mean age ± SD ¼ 118 ± 5 days).
All birds were of similar age at the start of the experiment (range
216e409 days of age; mean ¼ 328.1 days of age). Each bird was
individually identified with a numbered metal ring on the right leg,
a uniquely coded passive integrated transponder (PIT) tag and a
visually based recognition marker (2D tag; dimensions 1 � 1 cm;
weight ~0.25 g) that can be automatically recognized in digital
images (Alarcon-Nieto et al., 2018; Crall et al., 2015). The 2D tags
and PIT tags were attached to birds using a small backpack
(following Alarcon-Nieto et al., 2018).

The experiment was carried out over 2 years (summer 2017 and
summer 2018) in large outdoor aviaries at the Max Planck Institute
of Animal Behavior (Radolfzell, Germany), using the same set of
individuals but completely switching the heterosexual social
context between the 2 years. In 2017, all males and females were
unfamiliar, and in 2018, individuals from the same peer groups
(where they had been raised to sexual maturity) met again (i.e.
were not unfamiliar), although none had been in contact for >1.5
years. Each year of the experiment comprised two periods: (1)
prebreeding and (2) breeding. During the prebreeding period, we
tracked the social relationships outside of the breeding context (29
and 33 days in 2017 and 2018, respectively). The end of the pre-
breeding period was marked by the introduction of nesting mate-
rial and nestboxes, at which point the breeding period started. This
set-up allowed all individuals within an aviary the same amount of
time to form pairs. During the breeding period, we manipulated
clutches in several ways. In 2017, we replaced each freshly laid egg
with a dummy egg. Then, after 10 days of incubation, we removed
the clutch (i.e. egg removal manipulation) to simulate a standard-
ized breeding failure (mimicking nest predation ~2e3 days before
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the expected hatching). This allowed us to quantify in a standard-
ized way themotivation and ability of a pair to renest. In 2018, pairs
were allowed to complete incubation and raise chicks as part of a
larger experiment where brood size was manipulated.

Tracking system
Throughout the experiment, we tracked individuals at large

social perches (70 � 50 cm) using Raspberry-Pi cameras. Each avi-
ary room contained two cameras (Raspberry Pi NoIR 8MP Camera
Module V2), each controlled by a Raspberry Pi (Raspberry Pi 3
Model B), fitted 70 cm above the social perches. Each camera was
active from sunrise to sunset, taking a photo every 3 s. Photos were
converted into videos and processed using the PinPoint library
(Graving, 2017). We then extracted the identity and position (x, y
coordinates) of each bird by automatically detecting the 2D tags in
each frame of the video. We used the extracted data on individuals’
positions to infer clumping behaviour e a behaviour displayed by
bonded individuals (Silcox& Evans, 1982; Zann, 1996) that involves
two birds perching in body contact. Two birds were defined as
clumped when they were detected at a distance of <80 pixels (i.e.
when the distance between two codes was equal to or less than the
body width of one bird; Supplementary Fig. S1). Clumping appears
shortly after unfamiliar males and females are introduced and in-
creases in frequency over time (Silcox& Evans,1982) (e.g. Appendix
1, Fig. A2).

During the breeding season, we also tracked individuals at the
nestboxes. Each nestbox in the aviary was fitted with a single
radiofrequency identification (RFID) antenna connected to an RFID
logger board (Priority1rfid). The antennae detected the identity
(PIT tag code) of each individual entering or leaving a given nestbox
and recorded the identity, date and time of each visit.

Social dynamics
While zebra finches are known to form pair bonds when

breeding conditions become optimal, they may establish bonds
under nonbreeding conditions. As not all individuals do this in the
same way, our aim was to describe the variability in the estab-
lishment of relationships that eventually results in stable bonds
between breeding partners. Furthermore, we wanted to explore
how the quality of these early social relationships (i.e. in the
Social pair
Br
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Figure 1. Schematic representation of the hypothesis and predictions of the study. Thick arr
periods: prebreeding (red) and breeding (blue). The number at the beginning of each segme
relationships are shown: the stability (upper panel) and the strength (lower panel) of the r
individuals are identified by a coloured ‘ring’ on the left leg. We predicted that pairs with st
(individuals connected by a straight thick line) would reproduce faster (indicated by the po
clutches (indicated by the number of eggs in the nest) and be less likely to divorce (indicate
compared to pairs with unstable (individuals connected by a zigzag line) or weak (individu
day in which breeding material was provided, 29 and 33 days (in 2017 and 2018, respectively
labelled as day 30 for illustration purposes.
nonbreeding context) subsequently predict (1) who breeds with
whom, (2) latency to breed and (3) stability of bonds between
successive clutches (divorce). For this reason, we first aimed to
describe the process of pair bond formation in a nonbreeding
context and quantify the quality of the social relationships that
underlies these bonds.

To describe the process of how social relationships and pair
bonds develop, we quantified the clumping behaviour between all
females and all males during the prebreeding period. First, we used
the daily tracking data (described above) to produce a social
network for each aviary and for each day of the prebreeding and
breeding periods (analysed independently). For each network, we
defined the edge weight (association strength) connecting each
dyad as the probability of observing individuals i and j clumping
together given that both were detected within the image frame (a
stricter version of the simple ratio index, SRI; Farine & Whitehead,
2015). Here, sSRIij ¼ 1 represents two individuals always observed
clumping together and never observed without the other, whereas
sSRIij ¼ 0 represents birds never seen clumping together when both
were present (Hoppitt & Farine, 2018). Thus, the sSRI only accounts
for occasions when we had simultaneous information on the
location of both individuals. We used sSRI instead of absolute fre-
quencies because birds varied in a range of factors that could make
the absolute frequency cause incorrect estimations of their rela-
tionship strength (e.g. some pairs might clump in positions that
makes one of their backpacks less detectable). Additionally, there is
little information that can be inferred when not detecting an in-
dividual in enclosed environments with automated tracking, unlike
in natural landscapes where the individual is likely to be in a
different location. Second, we smoothed the daily sSRI values using
amovingwindowof 5 days (sliding forward in steps of 1 day). Then,
we constructed a focal clumping network for every female against
every male in her colony for every resulting focal window (23 and
27 focal windows in 2017 and 2018, respectively).

To characterize bond quality, we then extracted two social
metrics: strength and stability. Strength corresponded to the sSRI in
each focal window of the experiment averaged for each possible
heterosexual dyad over the prebreeding period; thus, strength
varied from 0 to 1. Stability was defined in relation to the total sum
of changes in rank association that an individual experienced
eeding pair
Clutch 1

Breeding pair
Clutch 2

Breeding period

Interclutch interval to 1st clutch

ows indicate the progression of the experiment within a year. Colours indicate the two
nt represents the start day of each period. Two features of the quality of heterosexual
elationship of a bonded pair. Here, males are indicated by an orange cheek patch and
able relationships (individuals connected by a wavy line) and with strong relationships
sition of the nest along the arrow and the length of the dotted line) would have larger
d by a change in the colour of the ring from breeding partner 1 to breeding partner 2),
als connected by a thin straight line) relationships. The breeding season started on the
) after the birds were introduced to the aviaries. Here the start of the breeding season is
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during the prebreeding season: working from the female
perspective, we ranked all of the males from 1 (strongest associate
out of all males in the aviary) to 14 (weakest associate of all males in
the aviary) based on the focal femaleemale sSRI from each focal
window. When two scores were tied, we assigned their rank value
randomly. For example, if males A and B had an sSRI ¼ 0, their rank
could be either 13 and 14, or 14 and 13. This ensured that multiple
males that were never observed clumping with the focal female
(sSRI ¼ 0) would not obtain a stable rank but rather a rank that
fluctuated over time due to the random assignment. For a given
male, we then estimated the change in rank as the difference in
rank from focal window w � 1 to focal window w, defining ‘insta-
bility’ as the sum of these absolute values. Values of instability,
across all males in 2017 and 2018, ranged from 0 (no rank changes)
to 49 (maximum of sum of rank changes). These values of insta-
bility were converted to measures of stability by subtracting each
value from the maximum (stability ¼ 49 � instability), such that a
stability of 0 corresponds to the least stable pairs and a stability of
49 corresponds to pairs with no rank changes.

Nesting dynamics
Because zebra finches have biparental care (Zann, 1996), we

identified breeding pairs based on nest attendance. To do this, we
used the data collected on the RFID loggers to quantify the number
of times that each individual visited each nest. The daily number of
visits per individual per nest was standardized by the daily total
number of visits recorded per nest. Then, for each day during the
incubation period of every clutch, we recorded the identity of the
male and the female that had the most visits to the nest (i.e. pri-
mary visitors). If the same male and female were identified as the
primary visitors duringmore than 50% of the days of the incubation
period, they were assigned as the ‘breeding pair’.

Pair bond duration
To define the duration of pair bonds, we used the female focal

association matrix (as described in Social Dynamics) for the pre-
breeding and the breeding periods. For each focal window, we
evaluated whether the sSRI value of the future breeding partner
was >1 SD above the mean of the sSRI values of all the males in the
focal female's aviary (i.e. the pair had a strong social relationship).
We assigned 1 when this condition was met and 0 otherwise,
generating a temporal sequence that characterized the association
pattern of the breeding pair and defined the bonding date as the
first date in the temporal sequence when the male showed a
strong association with the focal female (i.e. 1 SD above the mean
of the sSRI). We defined pair bond duration as the number of
consecutive focal windows from the pairing date, which corre-
sponded to the first focal window in which the partner was
ranked as a strong bond until the date when the first egg was laid.
Finally, we identified a pair bond as early paired when the future
breeding pair was bonded in the last focal window before the
breeding season started, and we identified a pair bond as late
paired if the breeding pair formed a pair bond after the onset of
the breeding season.

Breeding dynamics
We defined reproductive performance based on the following

measures: (1) latency: the number of days since the introduction of
nesting material until the first egg of the first clutch was laid; (2)
clutch size: the number of eggs laid in the first clutch; (3) inter-
clutch interval: the number of days after 10 days of incubation,
when the dummy eggs were removed from the nest, until the first
egg of the second clutch was laid. Finally, we defined divorce as a
change in either member of a breeding pair between clutch 1 and
clutch 2, given that both members were alive.
Statistical Analyses

Does the quality of the social relationship prior to breeding influence
the likelihood to breed?

To evaluate whether the quality of pair bond social relationships
influences the likelihood of breeding, we ran a linear regression
method for network data using function ‘netlm’ in the ‘sna’ package
(Butts, 2008). This method allows regressions of matrices and, in
doing so, controls for the nonindependent nature of social in-
teractions, but it excludes random effects. Thus, we evaluated the
association between strength and stability on the probability of
breeding (yes/no) independently for each colony each year (N ¼ 10
colonies) and summarized these results by drawing from meta-
analysis methods. This was possible because colonies in our
experiment could be considered as independent units.

For the network regression, we organized the observed
breeding pairs into an f �m breedingmatrix B, inwhichm ¼males,
f ¼ females, bij ¼ 1 when male i was identified nesting with female
j, and bij ¼ 0 otherwise. We then built two other f �m undirected
network matrices S and R, in which elements described the
strength of the relationship (mean sSRI betweenmales and females
across all focal windows) and the stability of the relationship (based
on prebreeding rank changes), respectively. We fitted each social
matrix as a predictor into a network linear regression model with
the breeding matrix as the dependent matrix. For both models, we
fitted a Gaussian error structure and scaled the predictor in order to
obtain effect size estimates comparable to Pearson's correlation
coefficients (Nakagawa & Cuthill, 2007).

We then evaluated the overall effect of the strength and stability
of pair bond social relationships on the likelihood of breeding
across replicated colonies and years (N ¼ 10 colonies) using a
random effects meta-analysis (Koricheva et al., 2013) with
restricted a maximum likelihood estimator. We calculated the ef-
fect size r following equation 11 in Nakagawa and Cuthill (2007)
and calculated the standard error as the ratio of the slope and the
t value of the slope returned by the regression model (Koricheva
et al., 2013). For the meta-analysis, we used the effect size r
calculated from the network regressions as the response variable
and the standard error of the slope as the sampling standard error
(Rosenberg et al., 2013). We tested whether the overall r differed
from zero (i.e. magnitude and direction of effects) and calculated
the I2 statistic to estimate the heterogeneity among effect sizes
from the different colonies (Higgins et al., 2003). P values were
taken from the model output (calculated from z values). The meta-
analysis was conducted in the package ‘metafor’ (Viechtbauer,
2010) in R v.3.6.0 (R Core Team, 2019).

Does the quality of the social relationship prior to breeding influence
reproductive performance?

To test whether the quality of the pair bond predicted breeding
performance, we constructed a series of regression models for each
of the variables defining breeding performance: (1) latency to lay
the first clutch; (2) clutch size; (3) interclutch interval. We
extracted the pairwise strength and stability values corresponding
to each breeding pair, which for consistency with our previous
analyses, were fitted independently for each aviary and for each
measure (i.e. strength and stability were fitted in separate models).

We combined data from all the colonies (N ¼ 10 colonies, each
with 14 potential breeding pairs) and subset it as follows. To
evaluate the effect of pair bond strength and stability on the la-
tency to lay a clutch and on clutch size, we included only females
that bred and had an identifiable breeding partner (i.e. were
identified as breeding partners during clutch 1; N ¼ 125 obser-
vations from 76 females across the 2 years). For the latency to lay a
first clutch, we further removed those cases where females laid an
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egg in the first 2 days after the breeding season started (‘fast fe-
males’, leaving us with N ¼ 108 observations from 75 females). For
interclutch interval, we included only females that bred on a
second occasion with the same breeding partner in clutch 2 as in
clutch 1 in the same breeding season. We excluded the 2018 data
(N ¼ 35 observations on 35 females from 4 aviaries) from the
interclutch interval analysis because pairs in all four aviaries were
allowed to raise chicks, a behaviour that naturally influences the
interclutch interval in different ways. We also removed those
cases where females laid an egg before clutch removal or within
the first 2 days after clutch removal (i.e. when pairs were expected
to be incubating; N ¼ 51 observations on 51 females in 2017). We
decided to exclude such ‘fast females’ to ensure we were not
considering cases of unpaired females that produced eggs at
irregular intervals, as egg production takes 5 days from follicular
recruitment to egg laying (Haywood, 1993).

For all models, we fitted a Gaussian (identity link) error struc-
ture and included year (where appropriate) as a fixed effect and
colony and female identity as random effects (where appropriate).
Additionally, we log-transformed bond strength, latency to first
clutch and interclutch interval, and we scaled all variables
(including stability and year) to zero mean and unit variance. We
scaled all variables (dependent and predictors) in order to obtain
effect size estimates in the form of Pearson correlation coefficients,
and we calculated the R2c (variance explained by the full model)
and R2m (variance explained by the fixed effects) using the package
‘MuMIn’ (Barto�n, 2020). Regressions were done in the package
‘lme4’ (Bates et al., 2015) in R v.3.6.0 (R Core Team, 2019).

Does the quality of the social relationship prior to breeding influence
the probability of divorce?

To test for a relationship between relationship quality and
divorce, we identified a pair as divorced (yes/no) if either of the
paired individuals changed partners between consecutive breeding
attempts during the same breeding season while both individuals
remained alive. Thus, we focused on pairs that bred on a second
occasion regardless of the identity of the nesting partner (N ¼ 119
observations from 74 females). We then built two generalized
regression models with a binomial (logit link) error structure (see
Knief & Forstmeier, 2021), using each feature of prebreeding bond
quality (strength and stability) as the predictor and divorce as the
dependent variable. We also included pair bond duration as a co-
variate in both models to control for the length of time that a pair
had been together before reproduction started. We did this because
pair bonds that have been together longer are less likely to dissolve
(W. Forstmeier, personal observations), thereby allowing us to test
for the effects of strength and stability independently of duration.
Finally, we included year as a fixed effect and colony and female
identity as random effects. As above, we log-transformed the pre-
dictors bond strength and pair bond duration, andwe also scaled all
predictors.We also estimated the variance explained (R2) by the full
model (R2c) and by the fixed effects (R2m) using the package
‘MuMIn’ (Barto�n, 2020). Regressions were done in the package
‘lme4’ (Bates et al., 2015) in R v.3.6.0 (R Core Team, 2019).

Are reproductive parameters repeatable?
To evaluate the contribution of female quality to breeding per-

formance, we tested for the repeatability of reproductive traits. We
focused on paired females for which we had data in two consecu-
tive years (N ¼ 106 observations from 57 females). We estimated
the repeatability of reproductive traits using the package ‘rptR’
(Nakagawa & Schielzeth, 2010) in R, using nonparametric boot-
strapping to calculate 95% confidence intervals (CIs) for parameter
estimates. We considered repeatability significant when the con-
fidence interval did not include zero. We fitted a model for each
reproductive parameter (latency to first clutch and clutch 1 size),
both of which were scaled. Both models included female identity
(ID) as a random factor.

Ethical Note

The study was conducted under permit 35e9185.81/G16/73
approved by the Ethical Committee of Baden-Wurttemberg. The
birds used in this study were bred in aviaries of the Max Planck
Institute of Ornithology (Seewiesen, Germany), and the study was
conducted in outdoor aviaries of theMax Planck Institute of Animal
Behavior (Radolfzell, Germany). Eggs were removed from the nest
within 1 day of being laid and replaced with a dummy egg. The
health status of all individuals was checked each year before the
start of the experiment, before the start of the breeding season and
at the end of the experiment, under the supervision of the institute
veterinarian. In addition, the birds were regularly monitored by the
caretakers and the investigators to identify any negative effects of
the tags on the behaviour of the individuals. The tags were removed
at the end of each experiment.

RESULTS

From the nesting data, we recorded a total of 127 breeding pairs,
of which 125 were properly identified (we could not identify one of
the members in two pairs). Of these, 122 were socially monoga-
mous, one involved a female with multiple males and two involved
a male with multiple females. In 2017, we observed 74 of the
possible 84 pairs (6 � 14), including two that reproduced but where
one of the partners was not identified (due to technical issues). In
2018, we observed 53 out of 56 potential pairs (4 � 14). Twenty-
four breeding pairs divorced after the first breeding attempt (9 in
2017 and 15 in 2018) and six did notmake a second nesting attempt
(5 in 2017 and 1 in 2018). On average, each breeding pair laid 3.6
eggs (N ¼ 244, range 1e7) per clutch.

Pair Bond Formation Outside the Breeding Context was Highly
Variable

We found that the process of pair bond formation during the
nonbreeding period was not a precise sequence of rapid events,
although there was a clear tendency for pairs to progressively
strengthen their pair bond (Appendix 1, Fig. A2). From the 125
breeding pairs, 91 developed a pair bond that was identifiable from
the social relationship data. Seventy-eight (85.7%) of these pair
bonds formed during the prebreeding season (e.g. female 16158 in
Appendix 1, Fig. A2a) e a process that took on average 12 days
(range 1e27), and 13 pair bonds (14.3%) formed later on during the
breeding season (‘late pairs’). When summarizing the average
behaviour of individuals per aviary, there was a clear progressive
increase in the proportion of females that became pair-bonded
(Fig. 2). Most females developed a strong social relationship with
their pair bond partner within the first 5e15 days of the pre-
breeding period (length: 29 and 33 days in 2017 and 2018,
respectively) (Fig. 2).

Strong and Stable Social Relationships Formed Outside the Breeding
Context Led to Breeding Pairs

Independent regressions per aviary showed a positive rela-
tionship between the strength and the stability of the pair bond
social relationship and the likelihood of breeding (Appendix 1,
Table A1). Furthermore, our meta-analysis showed a significant
mean positive effect size, indicating that the quality of the pair
bond social relationship prior to the breeding period was related to



Table 1
Summary of the meta-analysis results showing the effect size estimates and 95%
confidence intervals (CI) for the strength and the stability of the social relationship
between a female and her future pair-bonded male

Aviary, year Effect size [95% CI]

Strength
G1, 2017 0.56 [0.51,0.6]
G2, 2017 0.78 [0.75,0.81]
G3, 2017 0.42 [0.39,0.46]
G4, 2017 0.29 [0 .25, 0.34]
G5, 2017 0.27 [0.23, 0.31]
G6, 2017 0.4 [0.35, 0.46]
A1, 2018 0.5 [0.46, 0.54]
A2, 2018 0.22 [0.18,0.26]
A3 , 2018 0.34 [0.29, 0.39]
A4, 2018 0.66 [0.62, 0.7]
RE model 0.44 [0.33,0.56]
Heterogeneity: I2 ¼ 98.65
Stability
G1, 2017 0.41 [0.36,0.45]
G2, 2017 0.5 [0.45, 0.54]
G3, 2017 0.22 [0.18, 0.26]
G4, 2017 0.19 [0.14, 0.23]
G5, 2017 0.12 [0.08, 0.17]
G6, 2017 0.36 [0.31,0.41]
A1, 2017 0.34 [0.3, 0.39]
A2, 2017 0.18 [0.14, 0.22]
A3, 2017 0.02 [-0.02, 0.06]
A4, 2017 0.53 [0.49, 0.58]
RE model 0.29 [0.18, 0.39]
Heterogeneity: I2 ¼ 98.26

The mean and 95% confidence intervals are shown for the overall effect and for the
effect in each of the evaluated colonies (i.e. aviary-year of study). Significance was
considered when the confidence interval did not contain zero. Positive values of r
correspond to strong or stable social relationships among birds, predicting later
breeding.
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Figure 2. Development of the pair bond summarized for each aviary in (a) 2017 (6
aviaries) and (b) 2018 (4 aviaries). Each line represents the proportion of paired fe-
males that had formed a strong bond with their breeding partner in each focal window
(based on a moving window of 5 days, where focal window 1 refers to days 1e5). For
each female, a strong bond was coded as 1 when the values of association strength
between a female and her future breeding male was >1 SD above the mean of values
for the stricter version of the simple ratio index (sSRI) of all the males in her aviary and
was coded as 0 otherwise. Line colours represent different aviaries in the study.
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the likelihood of subsequent breeding, thus supporting our
expectation of a positive influence of the quality of social re-
lationships on the establishment of breeding pairs. Pairs that
were more strongly associated (N ¼ 10 aviaries; estimate ± SD:
overall effect ¼ 0.44 ± 0.06, CI ¼ [0.33e0.56], P < 0.001) and
had more stable relationships (N ¼ 10; estimate ± SD: overall
effect ¼ 0.29 ± 0.05, CI ¼ [0.18e0.39], P < 0.001) were subse-
quently more likely to breed together (Table 1).
Pairs with Stable Social Relationship Prior to Breeding Initiated
Reproduction Faster

Our regression analyses showed a small but significant effect of
stability, indicating that having a stable social relationship led to
faster initiation of both first clutches (i.e. lower latency to lay) and
second clutches (i.e. shorter interclutch interval) (Table 2, Fig. 3,
Appendix 1, Fig. A3, see also Appendix 2 for analysis including pairs
that laid an egg in the first 2 days), thus providing evidence in
support of our second prediction that pair bonds with more stable
social relationships would perform better at reproduction. These
effects on clutch initiation timing were small but nonsignificant
when using ‘strength’ (rather than ‘stability’) of the social
relationship as a predictor (Table 2). The effects on clutch size were
also weak and nonsignificant (Fig. 3, Table 2). Finally, the year ef-
fects of clutch size and clutch initiation were small to moderate,
and in both cases, were significant (Table 2).

Pairs with Stable Social Relationships and Those with Long-lasting
Social Relationships Prior to Breeding were Less Likely to Divorce

Stability and pair bond duration were strong, significant pre-
dictors of the probability of divorce (Table 2). Pair-bonded in-
dividuals that formed stable social relationships outside the
breeding season as well as those that formed pair bonds earlier, and
hence had been maintained for longer prior to the first breeding
attempt, were less likely to divorce after the first breeding attempt
(Appendix 1, Fig. A4). Although pair-bonded individuals with
strong social relationships showed a lower probability of divorce
(Appendix 1, Fig. A4), this relationship had a small and nonsignif-
icant effect after controlling for pair bond duration (Table 2). Note
that these findings are independent of any possible effects of
reproductive success on divorce. Year effects were nonsignificant
(Table 2). In 2017, with nine cases of divorce, clutches were subject
to egg removal manipulation, so all pairs experienced the same
failure. In 2018, with 15 cases of divorce, broods were experimen-
tally manipulated as part of a larger experiment, and divorce was
unrelated to the treatment. Overall, our analysis suggests an
important role of pair bond stability on the occurrence of divorce,
thus providing supporting evidence for our third prediction.

Reproductive Parameters were Not Repeatable

LMMs revealed that the reproductive parameters, latency to first
clutch and clutch 1 size in our study, were barely repeatable for



Table 2
Model coefficients and standard errors from (generalized) linear mixed models evaluating the influence of the strength and the stability of the pair bond on breeding per-
formance of zebra finches

Strength Stability

Model Estimate SE z P Model Estimate SE z P

Latency to lay 1st clutch (N ¼ 108)
Strength �0.119 0.094 �1.261 0.210 Stability �0.198 0.093 �2.126 0.036
Year �0.312 0.106 �2.939 0.018 Year �0.320 0.114 �2.799 0.022
Random effects
Female1 Female1

Aviary 0.027 Aviary 0.045
Residual 0.896 Residual 0.861
R2m ¼ 0.10, R2c ¼ 0.12 R2m ¼ 0.12, R2c ¼ 0.17
Clutch 1 size (N ¼ 125)
Strength 0.073 0.089 0.816 0.416 Stability 0.072 0.089 0.809 0.420
Year 0.205 0.090 2.289 0.024 Year 0.200 0.089 2.253 0.026
Random effects
Female1 Female 0.000
Aviary 0.000 Aviary 0.000
Residual 0.973 Residual 0.973
Interclutch interval2 (N ¼ 51)
Strength �0.274 0.140 �1.957 0.056 Stability �0.288 0.137 �2.102 0.041
Random effects
Aviary 0.066 Aviary 0.010
Residual 0.908 Residual 0.928
R2m ¼ 0.07, R2c ¼ 0.14 R2m ¼ 0.08, R2c ¼ 0.09
Divorce (N ¼ 119)
Strength �0.042 0.377 �0.112 0.910 Stability �0.655 0.321 �2.041 0.041
Duration �0.944 0.400 �2.358 0.018 Duration �0.586 0.329 �1.783 0.074
Year 0.415 0.252 1.647 0.100 Year 0.424 0.258 1.642 0.100
Random effects
Female 0.000 Female 0.000
Aviary 0.000 Aviary 0.000
R2m ¼ 0.28, R2c ¼ 0.28 R2m ¼ 0.32, R2c ¼ 0.32

N corresponds to the total number of social pairs included in the regression model. Bold values denote statistical significance at the P < 0.05 level. Note that in all models
(except divorce), all variables (dependent and predictors) were scaled in order to obtain effect size estimates in the form of Pearson correlation coefficients. For all models, we
report Rb for the fixed effects (Rbm) and for the full model (Rbc).

1 The random effect of female ID was removed to simplify the model and to avoid convergence failure.
2 This model only includes 2017 data (see text for explanation).
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individual females across the 2 years (Rlatency ¼ 0 ± 0.082
[0e0.278]; Rclutch size ¼ 0 ± 0.086 [0e0.287]), hence they were
highly context dependent. Adjustment for year-differences (i.e.
scaling within years) led to the same results.

DISCUSSION

Our study shows large variation in the process of pair bond
formation and a clear link between the quality of social relation-
ships, the formation and maintenance of pair bonds and subse-
quent reproductive performance. Zebra finches that formed strong
and stable social relationships were more likely to breed together
and initiated reproduction faster. Thus, individuals of socially
monogamous species that invest in maintaining stable social re-
lationships are more likely to breed and reproduce quickly when
conditions become suitable. Moreover, pairs that had a longer so-
cial relationship prior to breeding were alsomore likely tomaintain
their pair bond through subsequent breeding attempts. Our results
suggest that the quality of a social relationship, characterized by its
stability and duration, influences the long-term outcomes of pair
bonding. Thus, the dynamics of social relationships formed outside
the reproductive period could play an important role in explaining
the evolution of long-term social monogamy.

Strong and stable relationships between kin and nonkin are
hypothesized to be critical for the emergence of cooperative re-
lationships (Carter&Wilkinson, 2015). We found that reproductive
pairs typically emerged from existing strong and stable social re-
lationships. The assessment of potential partners, starting with
spatial proximity and clumping, and followed by shared investment
in reproduction, resembles the ‘raising-the-stakes’ strategy
(Roberts & Sherratt, 1998) in which unfamiliar individuals make
small initial investments before forming a long-term pair bond.
Recent evidence from vampire bats (Desmodus rotundus) suggests
that a raising-the-stakes strategy could be a central mechanism
allowing high-cost relationships to form (e.g. food sharing, Carter
et al., 2020). Whether this mechanism has more widespread rele-
vance is unknown; however, our results suggest that some form of
‘raising-the-stakes’ may facilitate the emergence of costly re-
lationships such as reproductive pair bonding, in which the fitness
components are expressed jointly by the pair members (e.g. Evans
et al., 2020).

High-quality social relationships can generate social and
reproductive benefits. For example, social interactions outside the
breeding context may allow individuals to evaluate their compat-
ibility with potential future mates, a factor that has been shown to
increase reproductive success (Ihle et al., 2015). In our study, pairs
with stable social relationships prior to breeding initiated repro-
duction faster, although they did not produce significantly larger
clutches than less stable pairs. Quick reproduction can have fitness
consequences for relatively short-lived species with a fast repro-
duction life history (Adkins-Regan & Tomaszycki, 2007), such as
zebra finches. Readiness to reproduce is likely to be particularly
important for opportunistic breeders that need to initiate breeding
rapidly when (unpredictable) environmental conditions permit.
Developing high-quality social relationships before breeding op-
portunities appear could function as a means of attaining other
future benefits, such as attainment of social status (Nakamura &
Atsumi, 2000), enhanced feeding efficiency (Ashcroft, 1976; Ford,
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Figure 3. Effect of relationship quality on reproductive performance and fitness. Effect of the strength and the stability of the social relationship of the pair bond on the latency to
lay the first clutch (a, b) and the size of the first clutch (c, d) for each pair in the study. Regression line for the main effect (blue line) and its corresponding 95% confidence interval
(grey ribbon) are shown. Black dots indicate the raw data points, with shapes representing each year (circles ¼ 2017; triangles ¼ 2018). In (a) and (b), data only include pairs that
laid an egg after the first 2 days, and the Y axis is shown on a logarithmic scale.
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1983) and, potentially, increased reproductive success under more
challenging conditions (Black, 2001).

Breeding performance in monogamous species can also be
influenced by the length of the pair bond period (Griggio & Hoi,
2011). However, we found that pairs that formed early pair bonds
did not perform better during reproduction (see Appendix 3). We
propose alternative explanations for this nonsignificant effect on
clutch size. First, it could be that zebra finch behaviour is suffi-
ciently flexible and, thus, an initially weak bond between in-
dividuals can rapidly progress into a strong bond later in the
breeding season, allowing the pair to be successful. Second,
reproductive outcomes can be influenced by several factors, such as
the individual's physiological state (i.e. fitness-related traits are
noisy), that impede the detection of other effects. Third, early
pairing can provide reproductive benefits via indirect effects, such
as laying date, which can further influence reproductive success
(e.g. Culina et al., 2020). Additionally, other pair bond benefits, such
as foraging efficiency and predation avoidance, that can mediate
the relationship with fitness, may play out in the wild (e.g. Griffith
et al., 2008) but not in captivity. Thus, in the captive settings used in
the present study, the absence of food limitation (food was pro-
vided ad libitum) and predationmaymean that we underestimated
the fitness benefits of pairing. However, in captivity, there is still
large variation in reproductive success that can be driven by indi-
vidual differences in physiology (e.g. stress) and behaviour (e.g.
female choosiness) (Forstmeier et al., 2021; Griffith et al., 2017; Ihle
et al., 2015; Pei et al., 2020).
The quality of social relationships that characterize the pair
bond also determine the maintenance of pair bonds over several
breeding attempts. We found that pairs that had stable social re-
lationships and those that had been together longer (i.e. they had
continuously maintained a relationship of above-average strength
for a longer period) were less likely to divorce, thus showing that
the stability and duration of a pair bond's relationship e even
outside of the reproductive context e can play an important role in
avoiding fitness costs associated with re-pairing (e.g. Nakamura &
Atsumi, 2000). In zebra finches, it has been shown that re-pairing
can delay reproduction (Adkins-Regan & Tomaszycki, 2007; Crino
et al., 2017). During the breeding period, pair bonds can be rein-
forced through cooperative behaviours such as nest attendance
(Servedio et al., 2019), thus reducing the probability of divorce.
However, reproductive failure (Ramunsen, 1981) or other behav-
iours, such as extrapair mating (Maldonado-Chaparro et al., 2018),
can weaken the strength of the pair bond, which increases the
probability of divorce. Thus, the dynamics of social relationships
outside and within reproductive periods may together modulate
pair-bonding outcomes. Understanding the underlying factors that
influence pair bond stability can give insights to better understand
the drivers of divorce and the wide variation in mating systems.

Our study contributes to recent research stressing the impor-
tance of developing and maintaining high-quality social relation-
ships in different contexts. For example, neighbouring pairs of
zebra finches that had greater synchrony during reproduc-
tion maintained stronger relationships postbreeding, potentially
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strengthening their co-membership to the same colony (Brandl
et al., 2021). Furthermore, vampire bats that were released from
captive colonies back into the wild maintained their relationships
with strong affiliates (Ripperger et al., 2019). These strong social
bonds may provide an important safety-net against starvation
(Carter et al., 2017). Such studies suggest that maintaining social
bonds, even if the social or environmental contexts change, is
important. Long-term stability is likely to become more important
when establishing new social bonds in larger social groups, for
example, because it takes time to find potential social mates among
group members (Carter et al., 2020; present study) and because it
can have fitness consequences. Thus, understanding the socio-
ecological mechanisms underlying the formation and maintenance
of pair bonds warrants much greater consideration when investi-
gating the evolution of social long-term monogamy across animal
taxa (e.g. Turner et al., 2010; Young et al., 2019).
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Appendix 1
Table A1
Model coefficients linear regression method for network data evaluating the association between the strength and the stability of the association of pairs on the probability of
breeding

Year Aviary ID Strength Stability

Intercept t Estimate Intercept t Estimate

2017 G1 0.068 3.333 0.147 0.075 3.312 0.106
2017 G2 0.067 4.359 0.200 0.053 2.478 0.133
2017 G3 0.049 2.557 0.090 0.048 2.350 0.044
2017 G4 0.065 2.558 0.068 0.074 2.865 0.047
2017 G5 0.044 2.155 0.061 0.048 2.286 0.028
2017 G6 0.078 3.429 0.119 0.075 3.262 0.098
2018 A1 0.064 3.006 0.128 0.075 3.231 0.087
2018 A2 0.036 1.950 0.044 0.039 2.083 0.036
2018 A3 0.072 3.043 0.092 0.057 2.479 0.004
2018 A4 0.071 3.811 0.174 0.073 3.493 0.142

N ¼ 196 for all regression models, which corresponds to the total number of dyad combinations (i.e. 14 � 14 potential pairs). See also Table 1 in the main text for the meta-
analysis summary of the results.

3 m

4 m

0.8 m

0.5 m
0.5 m

0.7 m

Room 2 Room 1

Figure A1. Spatial configuration of the outdoor aviary used in the experiments in 2018, which consisted of two joined rooms (6 � 4 � 3 m total). In the experiments conducted in
2017, each aviary consisted of a single room of 3 � 4 � 3 m (only one of the rooms represented in this figure). In both years of the experiment, each single room contained two social
perches (rectangles with vertical bars) and a feeding table (open rectangle), and during the breeding season, aviaries also had nestboxes (open squares) distributed as shown in the
figure. Above each social perch and feeder we placed a camera (circle with an X). Each room had a side with a mesh (crossed filled rectangle at the top of the figure). The light grey
bar at the bottom of the figure represents the doorway for each room. During 2017, we had a permanently closed division between the two rooms, represented here by a vertical
dashed grey line. This division was removed for the experiments in 2018.
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Figure A2. Association strength trajectories for each focal female in (a) 2017 and (b) 2018. Each panel represents the development of the pairwise association strength between a
focal female (indicated by the ID label at the top of the panel and ordered by laying date) and all males in her aviary (listed in the key) over the prebreeding season. Line colours
correspond to male identity. The thicker line indicates that the male was the focal female's breeding partner. The association strength for each focal window was calculated as the
average strength in a 5-day moving window, where focal window 1 refers to days 1e5 (see main text for details). Also see Supplementary Fig. S2 (.gif) for an example of focal female
16174 in 2017.
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Figure A2. (continued)
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Figure A3. Effect of the (a) strength and (b) stability of the pair bond social relationship on the interclutch interval for females that laid an egg >2 days after clutch removal in 2017
(N ¼ 51 females). Regression line for the main effect (blue line) and its corresponding 95% confidence interval (grey ribbon) are shown. Latency is shown on a logarithmic scale.
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Figure A4. Effect of the (a) strength and (b) stability of the social relationship of the pair bond on the probability of divorce for each pair in the study. Data were obtained from 74
females over 2 years of study. Regression line for the main effect (blue line) and its corresponding 95% confidence interval (grey ribbon) are shown, along with the raw data for 2017
(circles) and 2018 (triangles).
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Appendix 2

Do Pair Bonds with Stable Social Relationships Prior to Breeding
Initiate Reproduction Faster?

Here we show the results of the analysis done on data including
pairs that laid an egg in the first 2 days.
Table A2
Model coefficients and standard errors from (generalized) linear mixed models
evaluating the influence of the strength of the association of pair bond individuals
on interclutch interval

Model N Estimate SE t P

Strength 57 �0.216 0.132 �1.633 0.108
Stability 57 �0.148 0.134 �1.106 0.273

N corresponds to the total number of pairs included in the regression model. The
present analyses include all pairs, even those that started egg laying without the
expected delay (minimum latency is 1 day).
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Figure A5. Effect of the strength and stability of the social relationship of the pair bond on the latency to lay the first clutch and the interclutch interval for all pairs in the study,
including those that started egg laying without the expected delay (minimum latency ¼ 1 day). Regression line for the main effect (blue line) and its corresponding 95% confidence
interval (grey ribbon) are shown, along with the raw data for 2017 (circles) and 2018 (triangles). The Y axes are shown on a logarithmic scale.
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Appendix 3

Do Pair Bonds That Form Strong Social Relationships Early in the
Season Show Better Reproductive Performance?

To control for the possibility that the timing of pair bond for-
mation influences reproductive performance, we ran a series of
post hoc analyses (but driven by hypotheses, not by data mining).
In this case, we expected pairs that formed strong bonds earlier in
the nonbreeding season to perform better at reproduction.
Therefore, for this analysis, we focused on pairs that formed
strong bonds within the first 15 days of the experiment and
subsequently bred together (i.e. early pair bonds). To evaluate this,
we first split the prebreeding season into two periods (first 15
days and 14 or 18 days, in 2017 and 2018, respectively). We then
calculated the mean SRI for a focal window within each period
based on a 5-day moving window (as described in the main text).
To identify the early formed pair bonds, we focused on the first
period because it has been suggested that pair bonds are estab-
lished within 14 days (Silcox & Evans, 1982). We then quantified
the strength of the relationship (SRI value) of each female in the
study against each male in her aviary and ranked all of the males
from 1 to 14 (following the same methodology as described in the
main text). Based on these ranks, we coded the top two males
(ranks 1 and 2) as 1 and all others as 0. We used the first two ranks
to allow for daily variation in patterns of association. The pair
mate of the focal female was defined as themale that was coded as
1 on at least 50% of the days during the prebreeding season and
that later bred with the focal female. Secondly, to characterize the
strength of these early pair bonds, we calculated the mean SRI
value between the focal pairs over the second period of the pre-
breeding season. For consistency with our analyses, we built a
model for each of the variables: latency to first clutch, clutch size,
interclutch interval and divorce. For all models, we included year
as a fixed effect (where appropriate), and for latency to first
clutch and clutch 1 size, we included colony identity as a random
effect. In these models, we applied the same transformations as
described previously.

We found that the strength of the relationship of early formed
pair bonds did not affect reproductive performance. Our regression
analyses showed a nonsignificant relationship between the
strength of the relationship of pairs that formed strong bonds early
in the season and breeding performance (Table A3). Early paired
individuals with strong relationships showed a slight tendency to
initiate their first clutch earlier and to lay more eggs and were less
likely to divorce, although these relationships were not statistically
significant (Fig. A6). Also, contrary to our expectations, early pairs
tended to start a second clutch later, but again, this relationshipwas
not statistically significant.



Table A3
Model coefficients and standard errors from (generalized) linear mixed models evaluating the influence of the strength of the association of early formed pair bonds on
breeding performance of zebra finches

Model N Estimate SE z P Year SE t P

Latency to lay 1st clutch
Strength 44 �0.199 0.144 �1.377 0.176 �1.049 0.371 �2.826 0.019
Random effects
Aviary 0.104
Residual 0.703
Clutch 1 size
Strength 52 �0.035 0.144 �0.248 0.805 0.600 0.288 2.085 0.042
Random effects
Aviary 0.000
Residual 0.939
Interclutch interval1

Strength 26 0.071 0.204 0.35 0.73
Divorce
Strength 50 �0.312 0.503 �0.620 0.535 1.241 1.241 1.000 0.317
Random effects
Aviary 0.000

N corresponds to the total number of social pairs included in the regression model. Bold values denote statistical significance at the P < 0.05 level.
1 Analysis only for 2017 (see main text for explanation).
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Figure A6. Effect of the strength of early bonded pairs on the latency to first clutch, clutch size, interclutch interval and probability of divorce. Regression line for the main effect
(blue line) and its corresponding 95% confidence interval (grey ribbon) are shown, along with the raw data for 2017 (circles) and 2018 (triangles). Latency to first clutch and
interclutch interval are shown on a logarithmic scale.
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