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Our understanding of state-dependent behaviour is reliant on identifying
physiological indicators of condition. Telomeres are of growing interest for
understanding behaviour as they capture differences in biological state
and residual lifespan. To understand the significance of variable telomere
lengths for behaviour and test two hypotheses describing the relationship
between telomeres and behaviour (i.e. the causation and the selective
adoption hypotheses), we assessed if telomere lengths are longitudinally
repeatable traits related to spring migratory behaviour in captive pine
siskins (Spinus pinus). Pine siskins are nomadic songbirds that exhibit
highly flexible, facultative migrations, including a period of spring nomad-
ism. Captive individuals exhibit extensive variation in spring migratory
restlessness and are an excellent system for mechanistic studies of migratory
behaviour. Telomere lengths were found to be significantly repeatable (R =
0.51) over four months, and shorter pre-migratory telomeres were associated
with earlier and more intense expression of spring nocturnal migratory rest-
lessness. Telomere dynamics did not vary with migratory behaviour. Our
results describe the relationship between telomere length and migratory
behaviour and provide support for the selective adoption hypothesis.
More broadly, we provide a novel perspective on the significance of variable
telomere lengths for animal behaviour and the timing of annual cycle events.

Animal behaviour can depend upon an individual’s environment and physi-
ology [1-3]. Such state-dependent expression of behaviour can maximize an
individual’s residual reproductive value [1,4]. Identifying state variables indica-
tive of an organism’s physiological condition is essential to understanding
state-dependent animal behaviour [2,5]. Telomeres are one state variable of
growing interest for understanding behaviour [6,7].

Telomeres are repetitive, non-coding segments of DNA found on the end of
eukaryotic chromosomes [8]. Telomeres maintain chromosomal integrity and
mediate cellular signalling processes [8,9]. Changes in telomere lengths (i.e. tel-
omere dynamics) depend upon intrinsic and extrinsic processes [10-12] and are
associated with health, individual quality and residual lifespan [13-19]. Telo-
meres are therefore considered a biomarker of biological state [8,17,20].
A number of studies also report correlations between telomere lengths and
behaviour [6,20-23]. These relationships could arise due to specific behaviour
causing changes in telomere lengths (i.e. causation hypothesis, [6]). Alternatively,
individuals with certain telomere lengths may be more likely to express particu-
lar behaviour (i.e. selective adoption hypothesis, [6]) via direct effects (mediated
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by effects of telomeres on gene expression, [24]) or indirectly
due to a correlation between telomeres, behaviour, and a
third factor. The causation hypothesis predicts individuals
should exhibit similar telomere lengths prior to expressing a
specific behaviour whereas the selective adoption hypothesis
predicts differences in telomere length before behaviour is
adopted. Additionally, the causation hypothesis predicts
differences in telomere dynamics between individuals adopt-
ing different behaviour, whereas selective adoption does not
predict telomere dynamics to be associated with individual
differences in behaviour [6]. Outside of humans, however,
relatively few studies have assessed these non-mutually
exclusive hypotheses using this framework (but see [19]).

Variation in migratory behaviour, including the timing of
migration, is important as it can impact survival and repro-
ductive success [25-29]. Studies have previously measured
telomere dynamics to understand the consequences of vari-
able migratory behaviour [18,30,31], but the extent to which
telomere lengths predict subsequent migratory behaviour,
including its timing, is not well understood. Studying vari-
ation in migratory behaviour, particularly in systems where
migratory behaviour is highly flexible and under less rigid
genetic control (e.g. facultative migrants [32,33]), therefore pro-
vides a novel framework for understanding the relationships
between telomeres and behaviour.

Pine siskins (Spinus pinus) are seasonally breeding, noma-
dic songbirds that exhibit low site fidelity and a high degree
of temporal and spatial flexibility in migratory behaviour
[34,35]. Although they can migrate throughout the year,
they frequently migrate in the spring to locate suitable
habitat and opportunistically breed [34-36]. Captive individ-
uals exhibit considerable variation in the timing and intensity
of spring migratory restlessness [37,38], making them an
excellent system to study the intrinsic causes and conse-
quences of facultative migratory behaviour. To test the
predictions of the causation and selective adoption hypoth-
eses, we measured pre-migratory telomere lengths, telomere
dynamics over the course of the migratory period, and the
timing and intensity of spring migratory behaviour.
We focus on male and female pine siskins experiencing
their first spring migratory period to minimize effects of
chronological age on behaviour [39,40].

2. Methods

(a) Animals

Between June and November 2019, 35 wild, hatch year pine
siskins were captured using mist nets or baited traps at multiple
sites in Washington and Idaho and then housed at Washington
State University (electronic supplementary material, §1). In
captivity, birds were maintained on a naturally changing photo-
period (47° N latitude) and provided food, water and grit ad
libitum. For this study, birds were housed indoors in individual
cages. A ~75 nl blood sample was collected from each bird using
heparinized capillary tubes following brachial venipuncture on
13 February and 16 June 2020. Samples were immediately
added to 750 pl of 100% ethanol and stored at —20°C until
DNA extraction. Blood telomeres are useful biomarkers because
they can be longitudinally sampled and relate to telomere
lengths and dynamics of other tissues [41-43]. An aliquot of
blood separated immediately after collection was sent to the
Washington Animal Disease Diagnostic Laboratory for genetic
sexing.

(b) Behavioural data collection

Passive infrared sensors connected to a VitalView Data Acqui-
sition System (Starr Life Sciences Corp., Oakmonk, PA, USA)
measured nocturnal activity, an index of migratory restlessness
and a predictor of migratory behaviour in free-living birds
[37,44-46]. Activity was measured between 10 March 2020 and
9 May 2020, when birds express nocturnal migratory restlessness
[37,38]. We did not focus on patterns of diurnal activity as pine
siskins do not exhibit spring diurnal migratory restlessness
[37,47]. Birds were housed in one of two rooms for the duration
of behavioural data collection. We monitored 35 birds
(14 females) for 69 nights for a total of 2415 observation-nights.
We focus on two different dimensions of migratory behaviour:
intensity and timing. The intensity of nocturnal activity was cal-
culated by summing the total number of movements recorded
between 23.00 and 03.00 of each night, a time window when
birds exhibit migratory restlessness [37]. Timing of migratory
initiation was assigned based on existing criteria [38]. A bird
was classified as migratory on the first day of the first of three
consecutive nights during which it exhibited six 10-minute bins
of greater than 10 movements each. This threshold filters out iso-
lated bouts of nocturnal activity to better capture sustained
nocturnal activity characteristic of the onset of migratory restless-
ness. These criteria identified 13 of the 35 birds (six females) to
have entered a migratory state (electronic supplementary
material, figure S1), though birds below the threshold may exhi-
bit some nocturnal activity. This ratio of birds classified as
migratory is consistent with previous work wherein 17 of 49
individuals were classified migratory [38,47]. Because individ-
uals were maintained in captivity for different amounts of time
(range: 76-232 days before the experiment), we tested for an
effect of days in captivity on telomere lengths, telomere
dynamics, and migratory classification. Our analyses found no
effect of days in captivity (electronic supplementary material, §2).

(c) Relative telomere length measurement

DNA from whole blood samples was extracted using a Gentra
Puregene Blood Kit (Qiagen) and the modified extraction proto-
col described in [23]. This extraction method as well as our
approach for storing samples result in high molecular weight
DNA suitable for telomere measurement by qPCR [23,48]. Rela-
tive telomere lengths (rTL) were quantified using real-time
quantitative PCR (qPCR) following the methodologies of
[48,49]. Glyceraldehyde-3-phoshate dehydrogenase (GAPDH)
was used as the single-copy gene to quantify rTL. The quantifi-
cation cycle (Cq) and individual well qPCR efficiencies for
samples were calculated using LINREGPCR (version 11; [50]).
r'TL were calculated following equation one in [51] and z-trans-
formed [52]. rTL technical repeatability was 0.7 (95% Cls = 0.36,
0.90). For more details, see electronic supplementary material, §3.

(d) Statistical analyses

All statistical analyses were performed in R v. 3.6.2 [53]. We
tested for sex-specific differences in rTL and telomere dynamics
using linear mixed models. rTL was the response variable and
the predictor variables included sex (mean centred), sampling
time point, an interaction between sex and sampling time
point, and a random intercept denoting individual ID. To deter-
mine if telomere dynamics depend upon migratory behaviour,
we built two models. The first used the same model structure
as above but sex was replaced with total amount of nocturnal
activity observed over the course of the monitoring period. Noc-
turnal activity was log-transformed for model fit and then mean
centred. In the second model, data were filtered to only birds
classified as migratory and sex was replaced with mean centred
migratory initiation date. Individual ID was nested within qPCR
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plate ID in the absence of model convergence issues. Repeatability
of rTL was estimated using rptR [54]. We included a fixed, categ-
orical effect of sampling date (February or June) and a random
intercept term denoting individual ID nested within the qPCR
plate. Bootstrapped 95% confidence intervals identified if repeat-
abilities were significantly different from zero. Repeatabilities
were calculated with and without a male that exhibited a
change in rTL that was 3 s.d. from the mean.

We built generalized linear mixed models with a negative
binomial distribution using glmmTMB [55] to determine if pre-
migratory telomere lengths or sex predict migratory behaviour.
A quadratic polynomial term of experiment day was included
to capture seasonal changes in nocturnal activity. All models
also included a categorical, fixed effect denoting the room
birds were housed in. A random intercept term denoting individ-
ual ID and a second degree polynomial random slope term were
also included. Though this model is structurally complex, our
dataset of 2415 observation nights allowed us to effectively esti-
mate parameters. We checked model fit and assumptions using a
simulation-based approach [56]. We quantified support for
models including different interactive and additive effects of
sex and rTL using AICc-based model selection [57]. To reduce
model selection uncertainty, uninformative parameters were
identified by examining whether 85% confidence intervals of pre-
dictor variables included 0 [58]. We used linear models and
AlICc-based model selection to assess the relationship between
migratory initiation dates, rTL, and sex. We performed model
diagnostics and assessed model fit for both models using the
check_model function in performance package [59].

3. Results

rTLs were significantly repeatable, and across all individuals
the repeatability estimate was 0.35 (95% Cls: 0.02, 0.61). With-
out the outlier male, the repeatability estimate was 0.51 (95%
CI: 0.2, 0.71). rTL did not differ between the sexes (Bsex =
s.e.=0.06+0.35, p=0.87) or sampling time points (Bjune =
0.12+0.17 p=0.47). Telomere dynamics did not depend on
85X (Bsexttime point = 0.26 = 0.34, p = 0.45, electronic supplemen-
tary material, figure S2), total nocturnal activity (Bmigratory
activity*time point = 0.17 £0.12, p=0.16, electronic supplemen-
tary material, figure S3a), or migratory initiation date
(Bmigratory  date*time point = 0.001 £0.01, p=0.93, -electronic
supplementary material, figure S3b).

Model selection identified a relationship between rTL and
the intensity of nocturnal activity (figure 1; electronic sup-
plementary material, table S1a). A model that included an
additive effect of sex was similarly supported, but the 85%
CIs identified sex as an uninformative parameter. The more
parsimonious model revealed individuals with shorter rTL
exhibited more intense nocturnal activity (figure 1 and
table 1a). The top supported model explaining variation in
migratory initiation date only included rTL and revealed
shorter rTL to be associated with earlier migratory initiation
dates (figure 2 and table 1b; electronic supplementary material,
table S1b).

4. Discussion

Here, we show that the timing and intensity of migratory
behaviour depends upon pre-migratory telomere lengths
in a nomadic songbird. Individuals with shorter telomeres
transitioned into a migratory state earlier and exhibited
more intense nocturnal activity, independent of sex and, to
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Figure 1. Predicted intensity of nocturnal activity (movements/4 h) during
the spring migratory period calculated after setting random effects to zero
using the model summarized in table 1a. Each line represents an individual

and colour denotes differences in rTL (n =35 birds).

Table 1. Models used to examine the relationship between rTL and (a) the
intensity of nocturnal migratory activity and (b) migratory initiation date.

Variable estimate [95% Cls] s.e. z-value p-value

(a) Intensity of nocturnal activity
intercept 3.1 [2.75,3.48] 0.18 17.26 <0.0001
experiment day 33.65 [22.19, 45.12] 5.85 5.75 <0.0001
experiment day’ —16.86 [—24.77, —8.95] 4.04 —4.18 <0.0001
L —0.36 [-0.60, —0.12] 0.12 —298 0.003
roomD 0.49 [0.03, 0.95] 0.24 2.09 0.04

(b) Migratory initiation date
intercept 42.39 [33.48, 51.29] 4.04 10.48 <0.0001
L 19.45 [7.00, 31.9] 5.66 3.44 0.006

some extent, chronological age. Our results support the selec-
tive adoption hypothesis since shorter, pre-migratory
telomere lengths were associated with earlier, more intense
migratory behaviour, and there was no evidence that telo-
mere dynamics depended on an individual’s behaviour.
It remains to be determined whether selective adoption is
driven by a direct effect of telomeres on behaviour or
indirectly, via correlations between telomeres, behaviour,
and a third factor (e.g. genetic makeup or early life adversity,
[6]). Nonetheless, the intrinsic drivers of individual variation
in migratory restlessness, a correlate of migratory behaviour
in free-living migratory birds [37,44,46], are not well under-
stood and our findings identify a strong link between
telomeres and migratory restlessness. This adds to previous
work indicating roles for fuelling dynamics [45,60], circadian
rhythms [38] and variation in genes linked to circadian
rhythms [61,62].

Telomere dynamics did not differ between the sexes or
depend upon migratory behaviour. An important caveat
here is that the combination of measurement error associated
with qPCR-based measurements [63-65] and/or small
sample size prevents us from completely ruling out an effect
of migratory behaviour on telomere dynamics. This leaves
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Figure 2. (a) Individual variation in intensity of nocturnal activity for migratory individuals during the spring migratory period. Vertical lines denote migratory
initiation date and line colours denote differences in rTL. (b) rTL in relation to migratory initiation date (n=13). Individuals are represented by filled circles.
Blue lines and shaded areas depict the line of best fit and 95% confidence interval, respectively. Text inset is adjusted R” of the top model.

open the possibility that both causation and selective adoption
could operate simultaneously in this species [6]. Telomere
dynamics have previously been used to understand somatic
consequences of variable migratory behaviour [30,31], and
our study reveals the potential for using telomeres to under-
stand behavioural variation. Viewed together, there is strong
potential for integrating studies of telomeres and migration
to understand the causes and consequences of intra- and
interspecific differences in migratory behaviour.

The timing of annual cycle events, including migration,
can influence survival and reproduction [25-29,66,67].
Previous work in plants and animals has shown that repro-
ductive timing depends upon telomere lengths [18,68,69].
By demonstrating that timing and intensity of the expression
of migratory behaviour depends upon pre-migratory telo-
mere lengths, we provide a new perspective on the
consequences of telomere lengths and biological state [8] for
the timing of annual cycle events and migratory decision-
making. More broadly, this study adds to evidence highlight-
ing the potential for telomeres to integrate information about
an individual’s physiology and environment and adaptively
mediate behaviour [24,70].
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