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In seasonally breeding animals, the costs and benefits of territorial aggression should vary over time; however, little work thus far has
directly examined the scope and adaptive value of individual-level plasticity in aggression across breeding stages. We explore these
issues using the tree swallow (Tachycineta bicolor), a single-brooded bird species in which females compete for limited nesting sites.
We measured aggressiveness in nearly 100 females within 3 different stages: (1) shortly after territory-establishment, (2) during in-
cubation, and (3) while caring for young chicks. Based on the timing, direction, and magnitude of behavioral changes between stages,
we used k-means clustering to categorize each female’s behavior into a “plasticity type.” We then tested whether plasticity type and
stage-specific aggression varied with key performance metrics. About 40% of females decreased aggressiveness across consecutive
breeding stages to some degree, consistent with population-level patterns. 33% of females exhibited comparatively little plasticity, with
moderate to low levels of aggression in all stages. Finally, 27% of females displayed steep decreases and then increases in aggression
between stages; females exhibiting this pattern had significantly lower body mass while parenting, they tended to hatch fewer eggs,
and they had the lowest observed overwinter survival rates. Other patterns of among-stage changes in aggressiveness were not associ-
ated with performance. These results reveal substantial among-individual variation in behavioral plasticity, which may reflect diverse
solutions to trade-offs between current reproduction and future survival.
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Introduction tion: when selective pressures acting on a behavior vary tem-
porally, what behavioral phenotypes occur in a population, and
which of these are adaptive?

Selection could favor individuals that flexibly adjust their be-
havioral phenotypes across contexts, in other words, those that
exhibit behavioral plasticity (Snell-Rood 2013). For example, indi-
vidual zebrafish (Danio rerio) become more aggressive and bolder
when placed in tanks with more vegetation and reduced water
flow, respectively (Bhat et al. 2015). Likewise, individual tree swal-
lows (Tachycineta bicolor) adjust their anti-predator behavior in re-
sponse to apparent food availability (Betini and Norris 2012), and
individual male field crickets (Gryllus bimaculatus) adjust their ag-
gression in response to being housed with other males (Stevenson
and Rillich 2013). Many seasonally-breeding animals also adjust
aggression based on their reproductive stage, with higher aggres-
sion seen during initial territory establishment or courtship and
lower aggression while parenting (Araya-Ajoy and Dingemanse
2017; Bowman et al. 2018). Even within a population, not all in-
dividuals change aggression in the same way (Dingemanse and
Wolf 2013; Alonzo 2015; Stamps 2016; Biro et al. 2018; Laskowski
et al. 2021). While there is growing recognition that individual
variation in behavioral plasticity is widespread, its causes and
consequences are poorly understood (Dingemanse and Wolf 2013;
Alonzo 2015; Stamps 2016; Biro et al. 2018; Laskowski et al. 2021).

When animals compete over limited resources, aggression may
increase their likelihood of success (Archer 1988; Rosvall 2011b;
Fuxjager et al. 2017). However, aggressive interactions also risk in-
jury (Jaeger 1981), death (Gomez et al. 2016), or more subtle forms
of harm, such as DNA damage via oxidative stress (Georgiev et al.
2015). Furthermore, the time, energy, and/or physiological mech-
anisms that facilitate aggression may induce trade-offs with
other critical functions (Wingfield et al. 2001). Selection should,
therefore, favor aggressive phenotypes in systems or individuals
for which the benefits are great enough to offset these costs.
Critically, these costs and benefits may not be fixed over time,
even within the same individual in a single breeding season. The
benefits of aggression are driven in part by the value of resources
over which individuals compete. However, resource value is in-
fluenced by its quality and abundance, which can change with
various environmental conditions (Yang et al. 2008). Resource
value can also affect the costs of aggression, since potentially
higher benefits can lead to more intense contests with greater
risk of injury or death (Enquist and Leimar 1987). Costs of aggres-
sion also may vary in relation to energy intake (e.g. food avail-
ability; Marler and Moore 1991) or trade-offs with parental care
(e.g. McGlothlin et al. 2007). The dynamic nature of the myriad
ecological factors influencing aggression highlights a key ques-
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Female tree swallows are a good system to investigate how in-
dividuals adjust their aggressiveness across contexts. These mi-
gratory songbirds are single-brooded (Winkler et al. 2020) and
highly synchronous breeders (Stutchbury and Robertson 1987b).
They are obligate secondary cavity nesters, which means they
require a natural or artificial cavity (i.e.,, a nest box) to repro-
duce but cannot excavate a nest site. Females do not defend a
general-purpose or feeding territory; rather, they only defend the
nesting site and the surrounding 20-30 m (Muldal et al. 1985).
Nest boxes also afford some standardization in resource value
because all boxes are identical and placed in high quality habitat
(i.e. open wet meadows). When nest sites are limited, as is often
the case (Holroyd 1975), a female’s aggressiveness predicts her
likelihood of acquiring a nesting cavity during initial territory
establishment each spring (Rosvall 2008). Territorial aggression
can be easily measured in the field using standardized resident-
intruder assays, and an individual female’s aggressiveness is
highly consistent (repeatable) within a breeding stage and in-
dependent of her male partner’s aggressiveness (Rosvall 2008).
Maintaining aggressiveness beyond territorial establishment
may be advantageous because there are often high numbers
of non-territory-holding, or “floater,” females that intrude upon
claimed territories throughout the breeding season (Stutchbury
and Robertson 1987a) and can evict or kill territory-holders
(Leffelaar and Robertson 1985). On the other hand, costs of ter-
ritorial aggression may increase as a breeding season progresses,
as females face greater energetic demands of incubating eggs
and provisioning nestlings. For example, female aggression and
provisioning rates can be negatively correlated (Rosvall 2011a),
and when female aggression is experimentally enhanced via tes-
tosterone implants, incubation behavior declines (Rosvall 2013).
These patterns suggest that there may be opportunities for selec-
tion to act on the degree to which females adjust aggressiveness
across different breeding stages. Consistent with this view, prior
work in tree swallows shows that female aggression declines
over a breeding season at the population level (Bentz et al. 2019a).
However, we do not know the extent of individual variation in the
degree of plasticity, and we do not know if such changes in ag-
gression over the course of a breeding season are in fact adaptive.

To address these questions, we assayed the aggressiveness
of nearly 100 female tree swallows within 3 breeding stages: (1)
shortly after territory establishment, (2) during early incubation,
and (3) during chick-rearing. We explored variation in plasticity
by quantifying repeatability across stages and by statistically cat-
egorizing females’ behavioral changes based on the timing, dir-
ection, and magnitude of aggression changes across these stages
within a single breeding year. We call these categories “plasticity
types,” acknowledging that it is unknown how stable these types
are across a lifetime. An important first step in understanding
the biological relevance of behavioral plasticity is to explore
its performance-related correlates. To this end, we examined
whether a female’s plasticity type or her aggression at particular
stages related to her current age, condition, survival, and repro-
ductive success in the current year. Based on the aforementioned
costs and benefits of aggression specific to each breeding stage,
we predicted that most, if not all, individuals would exhibit higher
aggressiveness in earlier breeding stages than later breeding
stages, and those who exhibited greater decreases in aggression
would also exhibit higher reproductive quality or performance.
Such a correlative result would be consistent with the fitness
consequences of particular behavioral phenotypes. Alternatively,
if an individual’s stage-to-stage plasticity is unrelated to repro-

ductive quality or performance, this would instead suggest there
may be multiple routes to success. These analyses represent key
steps toward understanding the scope and biological relevance of
behavioral plasticity.

Methods
Monitoring the study population

This study used females breeding in nest boxes near Bloomington,
Indiana, USA (39°9 N, 86°31 W) in springs 2018 (hereafter Y1) and
2020 (hereafter Y2); we did not collect data for this project in 2019
for logistical reasons. This nest box population has at least 100
tree swallows breeding each year.

Our analyses focus on 101 separate breeding attempts (Y1 n =
31,Y2n=70). All focal females were on their first or only breeding
attempt of the year, selected at random from among the larger
study population. Thus, our study does not include females that
failed to obtain a nest box or failed to keep that nest box at least
through the early chick period (see Discussion). Four females were
included in both years’ datasets. Excluding one of their breeding
seasons does not fundamentally change any results, and so we
retained these points.

We checked nest boxes every 1 to 4 d (dependent on nesting
stage). We documented the progression of nest construction and
determined the exact dates for egg-laying, the onset of incuba-
tion, and hatching (denoted as postnatal D1). All breeding fe-
males are banded annually (elaborated below), and we checked
nests on postnatal D12 to count and measure their chicks and
again on ~D21 to assess fledging success.

Measuring aggression at multiple breeding
stages

Defining breeding stages

We assayed aggression during 3 distinct breeding stages, which
were determined based on nest box contents and direct observa-
tion of the females themselves:

1. Shortly after Territory Establishment (hereafter “TerrEst”).
Nest box ownership during this phase is readily apparent
via direct observation, as females arrive at their nest sites
in the early morning, defend it from other birds, and leave
only to forage and roost (Winkler et al. 2020). In addition, as
females claim a nesting site, they place a small amount of
nesting material inside (e.g. 1 to 2 large, downy feathers or a
few pieces of hay), and they may begin the earlier phases of
nest building. We did not include putatively fertile females
who were producing eggs because associated changes in
body size may affect aerial abilities (Lee et al. 1996), and
most aggressive behaviors occur in flight. Therefore, we ex-
cluded aggression data collected in the 5 d before a female
initiated laying (determined post-hoc).

2. Incubation (hereafter “Inc”). Females begin incubation
on the day they lay their penultimate egg, and hatch day
typically occurs on the 14th day of incubation. We stand-
ardized the timing of this aggression assay to early incu-
bation (average =3.3 +0.4 d from last egg laid, range = 1
to 7 d).

3. Chick-rearing (hereafter “C"). Females and males care for
chicks, who fledge ~3 wk after hatching (Winkler et al.
2020). We measured aggression early in this chick-rearing
period (average = 2.8 + 0.6 d post-hatch, range =2 to 5 d).
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Aggression assays

To measure each female’s stage-specific aggressiveness, we as-
sayed her territorial aggression in response to a standardized
resident-intruder assay (sensu Wingfield 1985; van Duyse et al.
2004; George et al. 2022). Specifically, we placed a conspecific fe-
male decoy on a nest box for 5 min and recorded the focal female’s
behavioral response. Decoys were made from skins/feathers, af-
fixed to a 3D-printed swallow body, and positioned directly below,
but not occluding, the entrance to a nest box in defensive pos-
tures matching those exhibited by actual intruders (described in
Bentz et al. 2019a). Skins were sourced from birds collected for
our genomics work (e.g. Bentz et al. 2019b). All skins were from
2+ yr old females with iridescent blue/green plumage because
some studies have found that younger (brown) females evoke
less aggression (Coady and Dawson 2013; but see Stutchbury and
Robertson 1987c). We rotated among 34 separate decoys to min-
imize pseudoreplication (Y1 n = 18; Y2 n = 16, no overlap between
years). We also played an audio file containing aggressive tree
swallow calls. Audio files were made by repeating a single vocal-
ization clip several times within a file so that one playback file
consisted of a [10 s call, 10 s silence] sequence repeated 15 times.
We rotated among 6 audio files made from 6 separate clips, which
were each recorded from unique individuals in our population in
years prior to the study (2016 to 2017). Audio was played using
a Sandisk Sportclip mp3 player and a portable speaker (Altec
Lansing), which were attached to the nest box, within 0.5 m of the
box entrance. Playbacks were normalized to naturalistic volume.
We have previously found no effects of decoy or playback ID on
behavioral or hormonal responses (George et al. 2022).

Prior to the start of an assay, we first visually identified the sub-
ject female. We differentiated each female from her mate using a
combination of morphological features (e.g. plumage coloration),
behavior, and leg bands. After spotting the female, we placed the
decoy and speaker at her nest box, then retreated to a distance
of at least 30 m. We recorded observations into a digital voice re-
corder and later transcribed using the event-recording software
JWatcher (Blumstein et al. 2006). Observed aggressive behaviors
included actions without direct physical contact: approaches
(flying within 1m of the decoy), dives (steep, rapid flights within 1
m of the decoy, often accompanied by vocalizations), hovers (sta-
tionary flight within 1 m of the decoy), as well as direct physical
contact: hits, pecks, and perches directly on decoy. Occasionally,
females left the field of view during a trial and did not return
within the 5 min period, and so we tried again the following day.
On average, females were present and reliably identifiable for
99.2% of each 5-min assay. To quantify aggressiveness from each
assay, we calculated an aggression score as the number of 5-s
intervals in which the female performed at least one aggressive
behavior (Rosvall 2008). Thus, females that displayed no aggres-
sion during the 5-min trial received a score of 0, and females that
performed aggressive behaviors at least once during every 5-s
interval received the maximum score of 60.

Determining and confirming individual identity:
Annually since 2015, we have tagged every breeding female in this
population with a unique numbered USGS aluminum band on one
leg. We also marked a subset of individuals with unique color com-
binations of nontoxic acrylic paint on the tips of their wings to use
for identification during behavioral observations (Dunn et al. 1994).
Since 2017, we have also outfitted each female with a color leg band
with an embedded PIT tag (Passive Integrated Transponder; 2.3 mm
EM4102, IB Technology, UK), modified to fit tree swallow tarsi.
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Some females are banded during Terr Est, but most were
banded during Inc or C; therefore, assigning female IDs to aggres-
sion assays conducted during the parental stages was straight-
forward. Except for the rare case in which we knew of a death or
turnover in territory ownership, we assumed any female captured
at a box during one parental stage was the same female present
at that box during the other parental stage.

Assigning female IDs to assays during TerrEst required mul-
tiple methods. Past banding efforts allowed us to passively de-
tect PIT-tag leg bands using RFID readers installed at some boxes
(Radio Frequency Identification, Bridge and Bonter 2011). RFID
readers work by detecting every instance of a PIT tag’s close prox-
imity to an antenna at the nest box entrance and saving that
bird’s unique hexademical code to a text file. To use RFID for iden-
tification, we collected data at a given nest box for at least 24 h.
Then, we visually inspected the resulting text files. If territory
owners were banded with PIT tags, their ownership was readily
apparent based on the abundance and consistency of their tag
recordings over 24 h, compared to occasional reads from other
individuals. We matched PIT tag codes to past banding records to
differentiate male and female IDs, focusing only on females. We
assigned IDs to n = 85 TerrEst assays based on capture or RFID de-
tection of that female within 4 d of each trial. For n = 10 additional
TerrEst assays, we assigned IDs based on capture or RFID within 5
to 7 d of an assay, or via documentation of some notable feature
seen during the assay (e.g. auxiliary paint marking on wingtips,
missing tail feather, distinctive plumage marking) and confirmed
during their capture at the same box during a parental stage. In
the remaining cases (n = 6), we did not directly identify females
during TerrEst; instead, we retroactively assigned the IDs based
on those obtained from captures at those boxes during parental
stages. This assumes that a female remained at a given nest box
after she established it as her territory—an assumption that is
supported by the aforementioned firmly-identified females that
remained at their boxes in all 3 breeding stages. We confirmed
that our main results are qualitatively similar if we exclude these
6 females, and therefore, we retained them in our analyses.

Inferring female age

We used plumage coloration to age females in this study. Females
aged two years and older have iridescent blue/green upperparts
(>90% iridescent, resembling males), whereas 1-yr-old females
have distinctly brown upperparts (< 50% iridescent; Hussell 1983).
Females with intermediate plumage (50% to 90% iridescent) are
likely to be 1 or 2 yr olds (Hussell 1983). We estimate % iridescence
during the annual census of the population while the bird is in
the hand, and we noted that most focal females had blue-green
plumage characteristic of 2+ yrolds (Y1 n =23,Y2n=62), and the
remainder (Y1 n=8,Y2n = 8) had brown or intermediate plumage
at the time of the study.

Tree swallows have high breeding site fidelity from year to
year, indicating that most unbanded birds in an otherwise moni-
tored population are young (Winkler et al. 2004). We, therefore,
capitalized on our historic banding records to obtain a more spe-
cific age (in years). Fifty-eight females were captured in a pre-
vious year (Y1 n=16, Y2 n=42), and 43 were captured for the
first time during the focal year (Y1 n=15,Y2 n = 28). If the female
was brown in plumage upon their initial capture or banded as a
chick in our study population, we knew their exact hatch year. If
the subject was already iridescent blue-green upon initial cap-
ture, we could not determine the exact hatch year and instead
conservatively assigned the lowest possible value. Thus, females
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with intermediate plumage at the time of initial banding were as-
sumed to be 1 yr old, and females with fully blue-green plumage
at the initial banding were assumed to be 2 yr old. For example, a
female with blue-green plumage when banded for the first time
in 2016 was assigned an age of 4 yr old for her 2018 behavioral
data, whereas a female with intermediate plumage when banded
for the first time in 2016 was assigned an age of 3 yr old for her
2018 behavioral data. Using this method, we could determine that
out of 101 females in this behavioral dataset, 16 were 1 yr, 49 were
at least 2 yr, 18 were at least 3 yr, and collectively 18 were at least
4to6yr

Measuring female quality and performance
metrics

To understand the causes or consequences of plasticity type and/
or stage-specific variation in aggression, we explored 6 measures
of quality or performance for each focal female:

Body mass

We measured each female’s body mass using a Pesola scale at the
time of banding. To avoid fluctuations in body mass associated
with egg production, we focused here on measurements taken op-
portunistically during parental stages (Y1 n=14, Y2 n=70; total
n = 84). Most females measured in Y1 were captured and weighed
shortly after the hatching of their chicks, while all females in Y2
were captured and weighed in the final days of incubation, and
so we statistically controlled for this in our analyses (see below).

Overwinter survival

We used banding and capture records from the years immediately
following Y1 and Y2 of this study (2019 and 2021, respectively) to
determine whether or not females successfully migrated, over-
wintered, and returned to our field sites. Because females show
high site fidelity as adults (Winkler et al. 2004), we use this binary
“return Y/N” variable as a proxy for female overwinter survival.

Other reproductive metrics

We focused on 4 additional metrics: lay date, hatching suc-
cess, average chick mass, and chick recruitment. We recorded a
female’s lay date, which describes when she initiated egg-laying.
Females that initiate laying earlier routinely have greater repro-
ductive success (Verhulst et al. 1995), and therefore, lay date
is thought to be a proxy of female quality. Next, we quantified
hatching success based on whether eggs present at the end of
incubation ultimately hatched or not. Parents routinely remove
dead newly hatched chicks from nests but do not readily remove
unhatched eggs (personal obs.), so we assumed any eggs that ‘dis-
appeared’ around the time of hatching did successfully hatch
but died shortly thereafter. Third, we recorded chick mass on
postnatal D12 and calculated average chick mass for each nest;
this metric is an established proxy for quality because heavier
chicks are more likely to survive to adulthood (McCarty 2001).
Finally, we used banding records to determine whether each
breeding attempt in this study led to successful recruitment of
offspring into the population in a subsequent year. Of the 24
cases in which a female had some offspring return as adults, only
one female had multiple (2) chicks recruit from the same brood.
Thus, we created a binary variable (“any chicks recruited, Y/N”).
We did not analyze all aspects of female reproductive success
because of additional co-occurring research projects in this popu-
lation. Specifically, 81 of 101 nests had an egg or chick removed
for terminal sampling (elaborated in Supplementary Methods).

To account for potential downstream effects of clutch or brood
reduction from these other experiments, we created a binary
variable (“prior artificial brood reduction, Y/N”), relative in time
to each dependent variable. If an egg was collected at a nest be-
fore hatching, then “artificial brood reduction” = “Y” for statistical
models of female body mass, female survival, egg hatching suc-
cess, D12 chick mass, and chick recruitment. If a chick was col-
lected from a nest on D6 post-hatch, “artificial brood reduction” =
“Y” for analyses of female survival, D12 chick mass, and chick re-
cruitment, but = “N” for analyses of hatching success and female
mass, since chick collection occurred after hatching and female
mass measurements. This variable did not need to be included
in analyses of lay date, since any brood reduction occurred after
that variable was measured.

Statistical analyses

All analyses were carried out in R (R Core Team 2019).

Testing for effects of breeding stage and individual on
aggression

Visual inspection of aggression scores (Fig. 1a) revealed a large de-
gree of variation in aggression levels within and among breeding
stages. To test whether breeding stage and individual ID ex-
plained this behavioral variation, we used the package “lme4” to
create a linear mixed model (LMM) with aggression scores as the
dependent variable, breeding stage as a categorical fixed effect,
and individual as a random effect (Bates et al. 2007). Year was also
included as a categorical fixed effect. We tested for the signifi-
cance of the fixed effects and interaction terms using the package
“Imertest” (Kuznetsova et al. 2015). We calculated repeatability (R)
as the intra-class coefficient, which reports the variance attrib-
uted to the random effect of female ID, out of the total pheno-
typic variance (Nakagawa and Schielzeth 2010); R is therefore
a measure of the proportion of phenotypical variance that can
be attributed to between-subject variation. We used the “rptR’
package to estimate the uncertainty in the estimate of R and per-
form significance testing (Stoffel et al. 2017).

Categorizing plasticity types

Next, we characterized how females differed from one another
in their stage-to-stage behavioral plasticity. Visual inspection
of individual-level aggression scores (Fig. 1b) showed nonlinear
patterns of change, suggesting that a linear reaction norm ap-
proach would not be appropriate. Instead, we used unsuper-
vised clustering to group together females based on how their
aggression levels changed from TerrEst to Inc (Aagg . .. 1)
and from Inc to C (Aagg . .; Supplementary Fig. S2). This ap-
proach was modified from genomics studies that cluster genes
based on how their expression levels vary across particular time-
points, or the shape of their gene expression reaction norms (e.g.
Bukhari et al. 2017). We performed k-means clustering of A agg
remzse e @NA A agg | values with 25 iterations, grouping individ-
uals based on their Euclidian distance from one another. We used
the package ‘NbClust’ (Charrad et al. 2014) to determine the op-
timal number of clusters. Briefly, this package uses 25 indices that
evaluate intra-cluster compactness and inter-cluster separation
for a range of possible cluster numbers. These tests overwhelm-
ingly pointed to 4 clusters as optimal (Supplementary Methods).
For convenience, we labeled these 4 clusters as “plasticity types.”
Females within each cluster exhibited quantitatively similar be-
havioral changes to one another across breeding stages, though
there is still some variation in both A agg ... .. and Aagg .
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panel.

within each cluster (Supplementary Fig. S2). We explored alter-
native analytical approaches, such as random regression (Nussey
et al. 2007), which does not fit the non-linearity of these data, or
models that use statistical interactions to test for joint effects
of Aagg .. o and Aagg . Results of these latter models are
qualitatively similar to our categorical clustering, yet more diffi-
cult to interpret and visualize, and so, we have included them in
the Supplementary Materials (Supplementary Table S7).

Testing for effects of age on behavior

To test for age differences among plasticity types, we used a
simple ANOVA. To test for age effects on aggression scores, we
used an LMM with fixed effects of year, breeding stage, age, and
stage x age interaction. Female ID was included as a random ef-
fect. We checked that appropriate model assumptions were met
using the ‘DHARMa’package (Hartig 2019). Post-hoc, we used the
“emtrends” function in the “emmeans” package to test whether
there was a significant effect of age on aggression within each
breeding stage (Lenth et al. 2018), with False Discovery Rate (FDR)
corrections for multiple tests (Benjamini and Hochberg 1995).

Testing for relationships between behavior and
performance metrics

We separately tested relationships with TerrEst aggression, Inc
aggression, C aggression, and plasticity type, thus resulting in 4
tests per variable of interest, for the 6 variables listed below. We
globally adjusted aggression-associated P-values using FDR, as
above. Based on variable type, statistical tests were either linear
models (LMs) or generalized linear models (GLMs). We used the
package “rsq” to obtain partial R? values for all fixed effects in
LMs and GLMs (Zhang et al. 2018). We checked that appropriate

model assumptions were met using the “gvlma” package for LMs
(Pena and Slate 2014) and “DHARMa” package for GLMs (Hartig
2019). Because we were interested in the performance of specific
plasticity types relative to the population, we further explored
each significant or trending effect of plasticity type (P < 0.1) with
a post-hoc test; in each case, we compared each type-specific re-
sponse to the population average response, using the “contrasts”
function in the “emmeans” package and with FDR corrections for
multiple tests.

Each model included a fixed effect of age class (1 yr or 2+ yr
old) because yearling females differ in many elements of morph-
ology and reproductive performance (Stutchbury and Robertson
1988; Lozano and Handford 1995; Robertson and Rendell 2001).
Each model also included a binary variable to account for any
artificial brood reduction occurring prior to measurement of
the outcome variable (described above and in Supplementary
Methods). Finally, we accounted for any between-year differences
by including Year as a fixed effect, except as noted below.

1. Body mass: LMs tested for relationships between female
body mass and stage-specific aggression or plasticity type.
We included an effect of the stage in which morphology
was measured due to expected stage-related variation in
mass. We did not include Year as a fixed effect due to col-
linearity with stage.

2. Overwinter survival: GLMs with binomial distributions
tested whether aggression scores during each breeding
stage or plasticity type predicted the female’s overwinter
survival (a binary response variable).

3. Lay date: LMs tested for relationships between lay date and
stage-specific aggression or plasticity category.
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4. Hatching success: GLMs with binomial distributions tested
for effects of stage-specific aggression or plasticity category
on the proportion of eggs successfully hatched within a
clutch. Specifically, the response variable was specified as
“cbind(# hatched, clutch size — # hatched),” i.e. the number
of hatching “successes” and “failures” in each nest. Lay date
was included as an additional fixed effect due to estab-
lished relationships among lay date, weather, and hatching
success (Shipley et al. 2020).

5. Chick mass: LMs tested for effects of aggression or plas-
ticity type on average D12 mass for that female’s brood
(sum D12 chick mass/ # chicks alive at D12). Hatch date
and brood size on the day of sampling were also included
as additional fixed effects because both affect chick growth
(Murphy et al. 2000; Dawson 2008). Residuals of the models
using untransformed chick body mass were not normally
distributed, which we attributed to a negative skew in the
distribution of the mass measurements. We therefore per-
formed a square-root transformation on the response vari-
able using the following formula: (square-root(max(D12
mass + 1)- D12 mass). Outputs were then multiplied by -1
to restore original directionality.

6. Chick recruitment: GLMs with binomial distributions
tested whether any chicks returned the following year, a
binary response variable, depended on stage-specific ag-
gression scores or plasticity type.

Permutation analyses

To explore the robustness of our results, we performed a set
of permutation tests to guard against Type 1 error. We created
10 000 permuted data sets, in which we assigned plasticity types
randomly rather than according to their quantitative behav-
ioral data. In each permuted data set, the number of females
assigned to each type was held constant, corresponding to the
sample sizes from our actual data (n=16 Type 1, n=25 Type 2,
etc.). For each permuted data set, we then fit the same 6 types
of statistical models as described above, with “permuted type” as
a predictor variable alongside any other fixed effects previously
specified. We saved the results of the significance tests for the
permuted type variable and calculated the frequency at which
we observed significant results from the permuted data for each
variable of interest. This frequency thus represents the prob-
ability of obtaining a false positive effect of plasticity type for that
response variable.

Ethical note

All applicable institutional and national guidelines for the care
and use of animals were followed, including IACUC protocol at
our university, federal banding permit, and state and local re-
search and collecting permits. Aggression assays lasted only
5 min, and we observed that females resumed normal behavior
within minutes of each assay’s completion.

Results

Effects of breeding stage and overall repeatability

Adjusted repeatability (R) obtained from the random effect of
individual ID was significantly different than 0 (R=0.37 +0.06;
P <0.0001). Thus,individualidentity explains ~37% of the variation
in aggression. We found a significant effect of stage on aggression
scores (F, ., =68.73,P < 0.0001),such that TerrEst > Inc > C (Fig. 1a).

2,200

The effect of year was not statistically significant (F, ,,=2.67,
P=0.11).

Plasticity types

We categorized the stage-to-stage behavioral changes of females
into 4 plasticity types (Fig. 1c). Females that exhibited Type 1
changes were characterized by a steep decrease in aggression
from TerrEst to Inc, followed by a steep increase in aggression
from Inc to C. We consider these females to have exhibited higher
plasticity than females of other types because their cumulative,
absolute value of change in aggression was highest (i.e.|[Aagg.. ..
me | T 108 agg . |; Supplementary Fig. S3). Comparatively, females
with Type 2 and Type 3 changes exhibited moderate plasticity, and
both of these types became less aggressive over the course of the
breeding season, generally consistent with population-level pat-
terns. However, Type 2 females exhibited a greater decrease in ag-
gression from Inc to C, while Type 3 females exhibited a greater
decrease from TerrEst to Inc. Finally, Type 4 females exhibited
very little plasticity overall, maintaining moderate to low aggres-
sion across all 3 stages.

Relationships between behavior and age

We found a significant main effect of age on female aggression
(B=-314+108, F =399, P=0.049 and a trending age by
breeding stage interaction (F, ,,, =2.74, P=0.067), in addition to
the highly significant effect of stage (F,,, = 27.62, P <0.0001) and
a trending effect of year (F ,, = 3.25, P =0.074). Post-hoc analysis
of the interaction term revealed a significant effect of age within
TerrEst (B =-3.14 £ 1.08, t(231) =-2.90, P=0.012) but not within
Inc (B=-1.49 = 1.08, t(231) =-1.38, P=0.25), or C (3 =-0.31 + 1.08,
t(231) =-0.29, P=0.77). Visually, differences in TerrEst and Inc
aggression appear greatest between generally young (1-3 yr)
and generally old (4+ yr) birds (Fig. 2a—c). Despite relationships
between age and aggression scores, females of different plasti-
city types did not differ in age (F, ,,,=0.42, P=0.74, permuted
P =0.054; Fig. 2d).
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Relationships between behavior and other
variables

Table 1 summarizes relationships between behavior and other vari-
ables of interest. Results related to additional fixed effects (year, age
class, artificial brood reduction, capture stage) are detailed in the
Supplementary Results (Supplementary Tables S1-S6).

Body mass

Body mass was not related to aggression at any one breeding stage
(Supplementary Table S1,F < 2.4and P > 0.12 forall tests). Plasticity
type was related to body mass before FDR (P =0.043; Fig. 3a),
though this effect was no longer significant after adjustment for
FDR (P =0.34). Post-hoc tests indicated that Type 1 females had
lower-than-average body mass (adjusted P = 0.03, Fig. 3a).

Overwinter survival

Stage-specific aggression did not predict likelihood to recap-
ture the female the following year (P>0.40 in all models,
Supplementary Table S2). Plasticity type, however, exhibited a
nonsignificant trend with survival, though the global effect was
not significant after FDR correction (c?(3) = 6.98, P = 0.07, adjusted
P=0.29; Fig. 3b). Post-hoc tests indicated that Type 1 females
tended to be less likely than average to return the following year
(adjusted P=0.10) with only 19% of Type 1 females returning,
compared to 44% to 56% for other types.
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Lay date

Stage-specific aggression scores were not significantly related
to lay dates (F<0.50 and P> 0.48 in all models, Supplementary
Table S3). Plasticity type did not predict the start of laying either
(F, .. =0.81, adjusted P = 0.80, Fig. 3¢).

3,95

Hatching success

We found some trends when associating behavior with hatching
success, though these patterns were not significant after FDR
correction. Specifically, aggression during TerrEst was related
to hatching success, with fewer eggs hatched for more aggres-
sive compared to less aggressive females (P=0.017, adjusted
P =0.07, Supplementary Table S4 and Table 1); aggression during
other stages was unrelated to hatching success (Supplementary
Table S4). Similarly, plasticity type showed some relationship to
hatching success (Fig. 3d), though the main effect was not sig-
nificant after FDR correction (x> (3) =7.08, P=0.069, adjusted
P =0.13). Post-hoc tests revealed that Type 1 females tended to
have lower than average hatching success (adjusted P =0.081),
and Type 4 females tended to have higher than average hatching
success (adjusted P = 0.081).

Chick mass on postnatal D12

Stage-specific aggression scores were not significantly related
to chick mass, except for a positive trend with Inc aggression
(unadjusted P =0.088; Supplementary Table S5); however, this
relationship was no longer significant after FDR adjustment
(Table 1). Plasticity type also did not predict average chick mass
(Supplementary Table S5, Fig. 3e).

Chick recruitment

Aggression scores during TerrEst and Inc were not related to sub-
sequent chick recruitment into the breeding population (P > 0.24,
Supplementary Table S6). Aggression scores during chick-rearing
showed some relationship with chick recruitment, such that more
aggressive females were less likely to have any of their chicks
return the following year (unadjusted P =0.08, Supplementary
Table S6); however, this result was not significant after correcting
for multiple comparisons (Table 1). Finally, females of different
plasticity types did not differ in the likelihood of their chicks sur-
viving to return the following year (c?(3) = 1.29, P = 0.73, Fig. 3f).

Discussion

We measured individual-level plasticity in territorial aggression
across 3 breeding stages in which we expected the costs and bene-
fits of aggression to differ: shortly after territory-establishment
(TerrEst), during incubation (Inc), and during chick-rearing (C).
At the population level, we found that aggression decreased with
subsequent breeding stages, consistent with the idea that fe-
males modulate their aggression levels alongside changes in the
competitive environment and other energetic demands (i.e. par-
ental duties). However, repeatability within individuals across the
entire breeding season was 0.37. While consistent with Bell et al.
(2009) meta-analysis of the repeatability of behavioral traits
(overall average R =0.37), this value is substantially lower than
the repeatability of territorial aggression measured within one
breeding stage (R = 0.75; Rosvall 2008), suggesting that individuals
vary in how their aggressiveness shifts as they progress from one
breeding stage to the next. Indeed, clustering analyses identified
4 general patterns of how behavior changed (or did not change);
we termed these patterns “plasticity types.” Notably, only two of
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Table 1. Summary of significant or trending relationships with stage-specific aggression or plasticity type.

TerrEst Inc C Plasticity type
Aggression Aggression Aggression
Body mass P=0.63 P=0.63 P=0.25 Overall P=0.17 (P = 0.04); permuted P = 0.19)
(P=0.63) (P=0.50) (P=0.12) *Type 1: P = 0.03 (P = 0.0075)
Type 2: P = 0.40 (P = 0.30)
+Type 3: P=0.10 (P = 0.05)
Type 4: P =0.83 (P =0.83)
Overwinter survival P=0.48 P=0.48 P=0.48 Overall P=0.29 (P=0.072);
(P=0.48) (P=0.48) (P=0.39) permuted P = 0.052
+ Type 1: P=0.10 (P = 0.026)
Type 2: P=0.76 (P = 0.76)
Type 3: P=0.19 (P =0.15)
Type 4:P=0.19 (P = 0.14)
Lay date P=0.78 P=0.68 P=0.80 Overall P=0.80
(P =0.41) (P=0.58) (P =0.80) permuted P = 0.057
(P=0.49)
Hatching success tP=0.07 P=0.55 P=0.13 Overall P=0.13 (P =0.07)
permuted P = 0.052
(P=0.017) (P=0.55) (P=0.10) + Type 1: P = 0.081 (P = 0.020)
Type 2: P=0.99 (P =0.91)
Type 3: P=0.99 (P = 0.99)
1 Type 4: P=0.081 (P = 0.040)
Chick D12 mass P=0.36 P=0.35 P=0.63 Overall P=0.63
permuted P = 0.047
(P=0.18) (P=0.088) (P=0.63) (P=0.47)
Chick recruitment P=0.63 P=0.73 P=0.32 Overall P=0.73
permuted P = 0.069
(P=0.23) (P=0.73) (P =0.08) (P=0.73)

*and bolding designate P-values < 0.05 after adjustments, + and bolding designates P < 0.10 after adjustments, and p-values in parentheses are unadjusted (taken
from Supplementary tables). Full model outputs, with all additional fixed effects are reported in Supplementary Tables S1-S6.

these types consisted of successive decreases in aggression from
breeding stage to stage, mirroring the population-level averages.
Another type was characterized by minimal changes in aggres-
sion across breeding stages. A final type of plasticity was instead
characterized by a sharp drop in aggression from TerrEst to Inc,
followed by an increase during chick rearing. Females displaying
this form of behavioral plasticity also exhibited poorer perform-
ance, but females exhibiting other forms of plasticity, including
low stage-to-stage plasticity, did not differ from one another in
performance. Thus, individuals exhibiting different types of be-
havioral plasticity (or lack thereof) within a breeding season
can experience similar fitness outcomes. Though correlative in
nature, these results shed light on the diverse behavioral strat-
egies within a population and set the stage for future research on
their ecological drivers and evolutionary consequences.

Using 4 plasticity types to describe patterns of
behavioral changes

Three of the 4 identified behavioral types consisted of marked
changes in aggression across a breeding season. Type 1 included
the greatest cumulative changes in aggression over the entire
season: females exhibiting this pattern started with some of
the highest levels of aggression seen in the population, then de-
creased steeply to have some of the lowest responses during in-
cubation, only to increase in aggressiveness during chick-rearing.
In this way, their aggression can be seen as hyper-plastic, relative
to the other females. Types 2 and 3 both followed the population-
level pattern of decreasing aggression over the course of the en-
tire breeding season (sensu Bentz et al. 2019a), differing only in
which stage-to-stage transition had the greater decrease, TerrEst
to Inc (Type 3), or Inc to C (Type 2).

The behavioral profiles captured by Type 4 differed from
that of the population average and from our predictions. This
type involved relatively constant levels of low to moderate ag-
gression across all 3 breeding stages investigated. In this way,
females of Type 4 exhibited low plasticity compared to other
females. Comparable patterns, in which plasticity and trait ex-
pression co-vary, have been reported for other behaviors, such as
anti-predator defense and provisioning rates (Betini and Norris
2012; Westneat et al. 2015), as well as morphological features,
such as body size in tadpoles and shell thickness in freshwater
snails (Auld et al. 2010). In each of these cases, the slopes of re-
action norms (i.e. plasticity) and intercepts of reaction norms (i.e.
average trait values) are positively correlated, such that individ-
uals with the most extreme or exaggerated traits in at least one
context are also the most plastic (but see He et al. 2017; Jolles et
al. 2019; Marchetti and Drent 2000 for examples of negative cor-
relations between traits and plasticity). In the case of female tree
swallows, the complete absence of a “high aggression, low plas-
ticity” phenotype is notable and suggests that this strategy has
been selected against, has not been selected for, or does not exist
due to other constraints. These constraints also could be physio-
logical or ecological (Ketterson et al. 2005; Beever et al. 2017),
which could result in the same females expressing different pat-
terns of among-stage plasticity across different years. We believe
the further study of these potential drivers of plasticity within
and among individuals is an important future direction.

Comparing female characteristics and
performance among types

To further explore the potential costs or benefits of different be-
havioral types, we compared female performance and found that
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Fig. 3. Relationship between plasticity type and key performance metrics: (a) female body mass, (b) overwinter survival, (c) lay date, (d) hatching
success, (e) chick body mass, and (f) chick recruitment. Continuous response variables (a, ¢, €) are plotted as partial-residual adjusted values,
accounting for other fixed effects in the models (Supplementary Results). Data in (e) were back-transformed. Horizontal lines and shading in plots a,
¢, d, e represent means and SE. * designates a plasticity type that significantly differed from the average response in post-hoc analyses (FDR-adjusted
P <0.05). t designates a plasticity type with a trending effect (FDR-adjusted P < 0.10).

females exhibiting Type 1 plasticity tend to differ from other fe-
males in the population in key ways. Specifically, we saw that
fewer Type 1 females tended to return to breed the following
year, suggesting that they may experience greater mortality in
the non-breeding season. We also found that females exhibiting

Type 1 plasticity tended to have lower-than-average hatching suc-
cess that year, while females with Type 4 plasticity tended to have
higher-than average hatching success. Females with Type 1 plasti-
city also weighed less than average, while Types 3 females tended
to weigh more than average. Our permutation analysis flagged this
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mass result as potentially spurious, though the direction of the ef-
fect is consistent with the previously described patterns involving
overwinter survival and hatching success. Notably, we did not ob-
serve any direct relationships between stage-specific aggression
and performance. Therefore, any negative performance metrics
associated with Type 1 plasticity coincide with a particular com-
bination of aggression levels across breeding stages (i.e. plasticity
types), rather than aggression levels in any given breeding stage.

There are at least two possible explanations for why females
that exhibited Type 1 plasticity also experienced poorer fitness
outcomes. First, especially high aggression during territorial es-
tablishment could have caused females to be in poor condition
as they entered incubation. Afterall, there is substantial evidence
that high levels of aggression have energetic, metabolic, and other
costs (Marler and Moore 1991; Rosvall 2011c; Georgiev et al. 2015).
If such costs accrue quickly or leave a lingering mark (Bentz
et al. 2021), these females may not be able to maintain high or
moderate aggression through incubation, at least until they re-
cuperate and recover their high aggressiveness during the chick
period. Second, the process or machinery of changing behavioral
phenotypes may itself be costly (DeWitt et al. 1998; Murren et al.
2015), such that oscillating aggression levels to such an extent
(for whatever reasons) caused females to be in worse condition
(lower body mass), and thus less likely to survive the following
months. Seasonal changes in aggressive behavior are known to be
mediated by seasonal changes in neural tissues (Goodson et al.
2005). However, the energetics of seasonal neuroplasticity are still
poorly understood, especially in females (Bentz et al. 2019b; Rose
et al. 2022). Because of the correlative nature of this study, we
cannot determine whether this behavioral pattern leads to poor
condition, or whether a female’s condition affects her behavioral
changes; nevertheless, it is clear that females exhibiting this be-
havioral phenotype appear worse off than other breeding females.

On the other hand, Type 1 females still have a fitness advantage
compared to another group of females: floaters who do not have
a nesting territory and were therefore excluded from the study
here. Females of this ‘zero-class’ are known to be abundantin this
system (Stutchbury and Robertson 1987a), and they skew younger
in age (Stutchbury and Robertson 1985). In failing to obtain or
retain a nesting site for a reproductive cycle, floaters have zero
reproductive success in that breeding season. Past experimental
work has shown that females with higher aggression during terri-
torial establishment are more likely to win contests over nesting
sites (Rosvall 2008), indicating a very real reproductive advan-
tage to high aggressiveness, like that seen during TerrEst in Type
1 females. Our analyses do not indicate that Type 1 females are
younger than any other type of female, though we note that the
highest aggression scores were seen in younger birds (elaborated
below). Perhaps Type 1 females exhibit especially high aggression
during TerrEst in order to increase their probability of having at
least some reproductive success in a season, even though this is
correlated with some costs relative to other breeding females.
The benefit of obtaining a cavity may explain why this plasticity
type was still present in our population, particularly if females
vary in how they resolve life history trade-offs related to current
reproduction versus future survival.

Of course, this argument makes the prevalence of females
exhibiting little behavioral change across all stages (i.e. Type 4
plasticity) all the more puzzling, as the vast majority of these
low-plasticity females exhibited moderate to low aggression
levels during all 3 breeding stages. We can think of a few poten-
tial explanations as to how these low-aggression, low-plasticity
individuals retained a nesting site and went on to have compar-

able reproductive success to the more aggressive or moderately
more plastic females. For one, escalated or direct aggressive inter-
actions may not be necessary to prevail during competitive inter-
actions if animals can effectively communicate their aggressive
intent or resource-holding potential (Searcy and Nowicki 2010).
There is evidence that female tree swallows with brighter white
breast plumage exhibit a more “passive” response to both simu-
lated (Beck and Hopkins 2019) and actual territorial intrusions
(Taff et al. 2019). Some females may also be able to claim a nest
site without as much competition, based on the timing of their ar-
rival at breeding sites or their prior experience (Thys et al. 2021).
Additional longitudinal work is necessary to determine whether
a correlation between aggression and age is driven by changes in
aggression across females’ lifetimes, differential survival among
females, or both. However, our finding that the oldest, most ex-
perienced females that had been breeding at our study site for
several years were significantly less aggressive than younger fe-
males during TerrEst is consistent with the idea that older fe-
males may compete in different ways than younger females.

Another explanation for the persistence of these low-
aggression, low-plasticity females relates to the nature of our
aggression assays. Specifically, a female who scores relatively
low via our aggression assay could still be aggressive enough to
deter most real intruders. These relatively low aggression females
rarely exhibited no aggression response to the short assay. Indeed,
low-plasticity females were aggressive for 20% of their 5-min
trial (average score = 12.8 + 1.6 five-second bins, out of 60). While
our aggression assays used stationary decoys whose “intrusion”
lasted a full 5 min, most real intruders retreat quickly upon being
chased (Stutchbury and Robertson 1987a). Finally, we must again
consider the ‘zero-class’ floater females not captured in our cur-
rent dataset, whose aggressive phenotype we could not measure
but whose reproductive success was zero. Given that more ag-
gressive females are more likely to obtain a nest box during com-
petition (Rosvall 2008), we might predict that floaters are less
aggressive than all of the subjects of this study, even those with
“low” aggression relative to the other breeding females.

Conclusions

In summary, we found that—at the population level—aggres-
sion decreased across successive breeding stages. However,
individuals do not necessarily match the population level pat-
tern. High levels of plasticity in aggression were associated with
worse qualities and performance, compared to other patterns of
behavioral plasticity. Critically, we did not find significant rela-
tionships between these same performance metrics and aggres-
sion measured in just one breeding stage. This suggests that the
interactive effect of behavioral variation across stages may be
more salient than the aggressiveness at any one stage. We also
found many females displayed very little plasticity in aggression
across the breeding season, despite stage-to-stage differences
in the demands of competition and care. Thus, in at least some
cases, different behavioral strategies are associated with equiva-
lent fitness outcomes, at least within a single reproductive cycle.
The existence of these diverse plasticity patterns also challenges
assumptions that there is one “best” route to success; after all,
many individuals do not adjust their behavior in the way we ex-
pected. These behavioral strategies may vary over an individual’s
lifetime and in relation to year-to-year environmental factors as
well (sensu Araya-Ajoy and Dingemanse 2017), further contrib-
uting to the maintenance of behavioral variation within a popu-
lation.
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Animal behavior has a strong foundation in both consistent in-
dividual differences (Dall et al. 2004; Sih et al. 2004) and in behav-
ioral flexibility (Stamps 2016). The integration of these topics has
grown in recent years (Mathot and Dingemanse 2014; Mitchell
and Houslay 2020; O'Dea et al. 2022). As animal behavior con-
tinues to investigate both proximate mechanisms underlying in-
dividual differences in behavioral plasticity (Hau and Goymann
2015; Bengston et al. 2018; Biro et al. 2018) as well as their evolu-
tionary consequences (Mathot et al. 2012; Dingemanse and Wolf
2013; Snell-Rood 2013), we are well posed to integrate these ideas
across multiple scales, including within-individual variation
within a breeding cycle and among breeding years, to among-
individual variation in these individual reaction norms. Past work
in other areas of biology suggests that the mechanisms operating
at one of these timescales may not apply to other timescales
(George and Rosvall 2022). All of these points emphasize the need
for repeated measures and longitudinal research studies, which
will collectively test whether and why some individuals behave
like the “average” population and others do not.

Supplementary material

Supplementary material is available at Behavioral Ecology online.
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