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ABSTRACT

Long telomeres have become nearly synonymous with a variety of fithess-related traits and may
be mediators of ecologically relevant variation in life history strategies. Growing evidence
suggests that telomere dynamics are more predictive of performance than length itself, but very
little work considers how telomere regulatory mechanisms respond to environmental challenges
or influence performance in nature. Here, we combine observational and experimental datasets
from free-living tree swallows (Tachycineta bicolor) to assess how performance is predicted by
the telomere regulatory gene POT1, which encodes a shelterin protein that sterically blocks
telomerase from repairing the telomere. First, we show that lower POT1 gene expression was
associated with higher female quality, i.e. earlier breeding, and heavier body mass. We next
challenged mothers with an immune stressor (lipopolysaccharide injection) that led to ‘sickness’
in mothers and 24h of food restriction in their offspring. While POT1 did not respond to maternal
injection, females with lower constitutive gene expression were better able to maintain feeding
rates following treatment. Maternal injection also generated a one-day stressor for chicks, who
responded with decreased POTL1 gene expression and elongated telomeres. Other putatively
stress-responsive mechanisms (i.e. glucocorticoids, antioxidants) were not significantly different
between control and stress-exposed chicks. Model comparisons indicated that POT1 mRNA
abundance was a largely better predictor of performance than telomere dynamics, indicating
that telomere regulators may be powerful modulators of variation in life history strategies.

Keywords: protection of telomeres 1, corticosterone, bird, growth, recruitment


https://doi.org/10.1101/2021.01.06.425609

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.06.425609; this version posted January 6, 2021. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1. INTRODUCTION

Ecology and evolutionary biology seek to understand causes and consequences of
variation in life history strategies. In the last 30 years, biomedical research has revealed
telomeres as strong predictors of health and longevity, and integration of these perspectives into
eco-evolutionary biology points to telomeres as important mediators of life history trade-offs.
Telomeres are ribonucleoprotein structures that buffer chromosomes from erosion during
cellular replication (Zakian, 2012) but consequently shorten over time (Allsopp et al., 1995; De
Lange, 2009), especially during periods of rapid growth (Geiger et al., 2012; Monaghan &
Ozanne, 2018) and exposure to stressors (Chatelain et al., 2020). Telomere length may reflect
somatic integrity, as short telomeres can induce cellular senescence (Blackburn, 2000; Hemann
et al., 2001). Telomere shortening also may mirror damage to coding regions of DNA, to the
degree that both experience simultaneous assault by oxidative damage (Kawanishi & Oikawa,
2004; von Zglinicki, 2002). Consequently, telomeres are associated with survival among
individuals (Frédéric Angelier et al., 2019; Eastwood et al., 2019; Wood & Young, 2019), a
pattern shown across vertebrate species, albeit to varying degrees (Wilbourn et al., 2018). One
resolution to these mixed results comes from data suggesting that an individual’'s change in
telomere length better predicts survival than telomere length itself (Boonekamp et al., 2014;
Wood & Young, 2019). These observations challenge the notion that telomeres are causally
linked to performance and suggest a vital role for telomere regulatory mechanisms in shaping
life history strategies.

At the heart of this issue lies a complex set of processes mediating telomere length.
Glucocorticoids, which are linked with survival in many vertebrates (Schoenle et al., 2020), may
induce telomere loss via increases in oxidative damage (Kawanishi & Oikawa, 2004; von
Zglinicki, 2002) and downregulation of antioxidant defenses (Angelier et al., 2018; Costantini et
al., 2011), which buffer telomeres from loss (Badas et al., 2015; Kim & Velando, 2015; Pineda-
Pampliega et al., 2020). However, evidence that glucocorticoids increase oxidative damage is
mixed (Lendvai et al., 2014; Vagasi et al., 2018; Vitousek et al., 2018). Glucocorticoids also may
accelerate telomere loss (reviewed in Angelier et al., 2018), but evidence that this effect is
mediated by oxidative stress is stronger in vitro than in vivo (Boonekamp et al., 2017; Reichert &
Stier, 2017), and alternative mechanisms linking glucocorticoids and telomeres are emerging
(e.g. mitochondrial metabolism; Casagrande et al., 2020). These data collectively warrant a
renewed focus on processes that more directly control telomere length.

Telomerase — and the shelterin proteins that chaperone its effects — orchestrate changes
to telomere length. Telomerase is an enzyme that elongates telomeres (Blackburn et al., 1989),
and when upregulated, can have a positive effect on somatic health (reviewed in Criscuolo et
al., 2018). High telomerase activity drives variation in growth (de Jesus et al., 2011, 2012) and
mitochondrial function (Ahmed et al., 2008), but there are potential costs of high telomerase, if it
prevents death of unhealthy cells (e.g. tumor growth, Granger et al., 2002; Greider, 1998).
Telomerase activity is also stress-responsive (Beery et al., 2012; Choi et al., 2008; Zietzer et al.,
2017), and shelterin proteins play an important regulatory role in telomerase activity (de Lange,
2018). Among these is the TPP1-POTL1 (‘protection of telomeres 1') sub-complex, which
physically interacts with telomerase at the 3’ end, opening and closing the telomere to
telomerase activity (Hwang et al., 2012; Wang et al., 2007). While TPP1 recruits telomerase to
the telomere (de Lange, 2018), POT1 sterically blocks telomerase from access (Gu et al., 2017;
Laprade et al., 2020). Dysregulation of POT1 is therefore common among cancers (reviewed in
Wu et al., 2020), contributing to inappropriate cellular immortality. Although telomere elongation
in the context of cancer is clearly maladaptive for the organism, comparable processes in
healthy tissues may contribute to adaptation by positioning the telomere for repair.
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87 Here, we test the hypothesis that telomere regulatory mechanisms respond to stress and
88  predict performance in wild animals, evaluated with a focus on POTL1. Specifically, we ask
89  whether POT1 gene expression is associated with three markers of individual quality in
90 breeding female tree swallows (Tachycineta bicolor), including first egg date, body mass, and
91  wing length (Winkler et al., 2020). Next, we experimentally disrupted relationships between
92 POT1 and performance by exposing breeding females to an ecologically relevant stressor
93  (lipopolysaccharide injection), which leads to ‘sickness’ in mothers, and 24h of food restriction in
94  their offspring. We assessed effects of this stressor on both mothers and offspring, including
95 their ability to recover from stress. We measured chick growth and key aspects of telomere
96 biology in chicks (i.e. change in relative telomere length, POT1 gene expression), as well as
97  other traits that have been linked to telomere dynamics in previous work (i.e. glucocorticoids,
98 antioxidants). Because decreases in POT1 should poise the telomere for repair, we predicted
99 that lower POT1 gene expression would be associated with better performance. As we
100  elaborate below, our results introduce POT1 as an ecologically important gene at the
101  intersection of telomere and eco-evolutionary biology.
102

103 2. METHODS

104 2.1 Study System

105 This study was approved by Indiana University IACUC #15-004 and all relevant local,
106  state, and federal regulations. We conducted this experiment in spring 2017 in a nest box

107  population we monitor annually in Monroe County, Indiana, USA (39.1851° N, 86.4997° W).
108  This population contains ~270 nest boxes within 15km of one another, including 105 tree

109  swallow nests in 2017 (average brood size = 4.4 + 0.1). Chicks disperse among these boxes
110  annually, indicating they represent a connected population. We checked boxes regularly to
111  determine lay dates, clutch size, and hatch dates.

112 We captured adults by hand or nest box trap (Stutchbury & Robertson, 1986) and

113  banded them with a numbered USGS aluminum band on one leg and a colored passive

114  integrated transponder (PIT) tag on the other. Most females were banded during incubation,
115  including 41 of 43 used in this study; n=2 were banded upon treatment. Males were

116  opportunistically banded throughout the breeding season, including 18 of 43 males paired with
117 our focal females. We also recorded data on mass and wing length. Adult sex was confirmed via
118  brood patch or cloacal protuberance.

119
120 2.2 Experimental Injection of Chick-Rearing Females
121 We began our experiment on day 5.2 + 0.1 of the nestling period (hatch day = day 1,

122 range = 3-7 days). We captured females while they provisioned, either by blocking the entrance
123 hole while the female was inside or by setting a nest box trap. We weighed each female and
124  collected =50uL blood for RNA. Following Palacios et al. (2011), we administered a

125  subcutaneous injection of either saline or lipopolysaccharide (LPS) saline-oil emulsion in the
126  right dorsal apterium (saline: n=22, LPS: n=21; see S| materials). LPS is a non-replicating

127  piece of bacterial cell wall commonly used to temporarily trigger an immune response and

128  induce ‘sickness’ behaviors, e.g. lethargy, weight loss, reduced parental care (Dantzer et al.,
129  2008; Palacios et al., 2011). We recaptured 37 of the 43 females 24-48h later (n=29 within 24h,
130  saline: n=16, LPS: n=13), at which time we weighed them and collected another <50L blood for
131  RNA. Percent body mass change in the 24h following treatment was calculated relative to

132 starting mass: ((Mass post — Mass pre)/Mass pe) X 100. We could not recapture 6 females,

133  including 2 who abandoned this breeding attempt.

134

135 2.3 Visitation Rates
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136 Past work shows that parental visitation rate is a reliable proxy of provisioning (McCarty,
137  2002), and we used radio-frequency identification (RFID) boards to measure visitation rate. All
138  nest boxes in the study were equipped with RFID readers, which recorded a unique tag ID and
139  time stamp every time a PIT tag passed through the antennae at the box entrance (Bonter &
140  Bridge, 2011; Lendvai et al., 2011). We determined the number of visits by filtering out

141 continuous reads occurring within 3 sec of another read of the same individual, often generated
142 when a bird is perched at the nest entrance. To account for entrances and exits, we halved the
143  number of remaining reads. Previous work suggests that LPS-induced sickness can last 48h,
144  but peak effects occur around 3-6h post-injection (Dantzer et al., 2008). Therefore, we

145  quantified visitation rate as the average hourly number of visits occurring 3-6h post-injection.
146  Baseline visitation rates were taken the day prior during the same 3h window (n=35; n=8

147  excluded due to equipment failure). We also used 30-min behavioral observations to confirm
148  that RFID and observed visitation rates were correlated (F; 53=6.14, p=0.0168, n=55, r=0.903;
149  see Sl materials).

150
151 2.4 Measuring Phenotypic Effects on Chicks
152 We assessed how maternal treatment affected chicks in the subsequent week and

153  limited our analyses to those nests treated during peak chick growth, which occurs at 5 to 6-
154  days old (Wolf et al., in press). We therefore excluded 3 nests with 4 or 7-day old chicks and 3
155  additional failed nests, which left a total of 37 nests (saline: n=20, LPS: n=17). While mothers
156  were being injected, we measured nestling mass to the nearest 0.1g using an electronic scale,
157  collected a chick blood sample from the metatarsal vein (30-50uL), and gave each chick a

158  unique nail trimming for later identification (n=167 total chicks). The following day, we reweighed
159  all chicks to calculate percent body mass change in the 24h following maternal treatment:

160  ((Mass post — MASS pre)/Mass pre) X 100.

161 We visited nestlings a third time when they were 12-days old. At this age, chicks are

162  approaching asymptotic adult-like mass (Wolf et al., in press), they exhibit adult-like

163  corticosterone secretion (Wada et al., 2007), and they are not likely to prematurely fledge.

164  During sample collection, we left one chick in the nest to minimize disturbance to parents. For
165 remaining chicks, we sought to collect blood from the alar vein within 3 min of disturbance

166  (latency: 2:08 £ 0:44 min) to measure baseline circulating corticosterone (hereafter CORT), and
167  again at 30 min (31:14 + 1:00 min) to measure handling-induced elevated CORT. For the subset
168  of nests whose mothers were treated when chicks were 5-days old, we opportunistically

169  collected an additional blood sample within 5 min of disturbance (1:24 + 1:12 min) for gene

170  expression analyses (Herdegen & Leah, 1998). Due to logistical constraints, we did not obtain
171  each blood sample from every chick, as elaborated below. In total, we collected <200uL blood
172 from each chick, below the maximum suggested volume (Gaunt et al., 1997), based on an

173  average 12-day old body mass of 19.9+0.2g. We banded all chicks with one numbered USGS
174  band. Blood was stored on ice (for hormones and DNA) or dry ice (for RNA). Later the same
175  day, we centrifuged hormone samples, reserved plasma, and stored at -20°C. Whole blood and
176  red blood cells were stored at -80°C.

177 At ~21 days post-hatch, we inspected all nests for signs of fledging (e.g., flattened nest,
178  feces accumulation) or failure (e.g., remains, disturbed nest). We identified any remaining

179  (dead) chicks based on leg bands, and assumed other chicks successfully fledged if the nest
180  showed no signs of failure, following best practices in avian field biology (Martin & Geupel,

181  1993; McCarty, 2001). During the following two breeding seasons (2018-2019), we captured
182  breeding birds to estimate recruitment of chicks into the breeding population, as has been done
183  in previous work in tree swallows (Lombardo et al., 2020; Shutler et al., 2006). We devoted

184  substantial monitoring effort from March to July each year to locate and capture returning

185  chicks, which can be easily distinguished by their single aluminum band.

186

187 2.5 Quantifying Plasma Corticosterone
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188 We quantified plasma CORT using an enzyme immunoassay kit (Cayman #501320;

189  assay sensitivity = 30 pg/mL), which we previously validated in tree swallows (Virgin & Rosvall,
190  2018). We used 107 chicks from 34 nests (saline: n=20, LPS: n=14) for which we obtained

191  sufficient plasma (>10uL) for both baseline and 30 min sampling points. We combined each

192 10pL plasma with 200uL dH,0, vortexed, and performed 3 rounds of ether extractions. We dried
193  extracts with N, and reconstituted with 600uL assay buffer. While we did not correct for

194  extraction efficiency, recoveries are likely high because our extraction protocols have previously
195  shown >90% efficiencies (George & Rosvall, 2018). Each plate included the following in

196  duplicate: 8-point standard curve, blank, maximum binding, non-specific binding, total activity, 3
197  plasma pools (for intra-and inter-plate variation), and 33 samples. We ran samples across 10
198  plates, balanced by date, treatment, mass, and brood size. We read absorbance at 412nm

199  using an Epoch spectrophotometer (BioTek, Winooski, VT, USA) and interpolated CORT levels
200 using Genb5 software (v.2.09.2, BioTek). Inter-plate coefficient of variation (CV) was a 12.9%
201  andintra-plate CV was 5.1 £ 1.8%.

202
203 2.6 Quantifying Gene Expression
204 Our primary goal was to measure gene expression of POT1. We also generated a

205  molecular measurement of antioxidant capacity (as in Sridhar et al., 2014; Yarru et al., 2009) —
206 instead of measuring total antioxidant capacity in plasma using the OXY-ADSORBENT test (as
207  in Beaulieu et al., 2011) — because plasma was depleted in CORT analyses. Specifically, we
208 quantified the gene expression of glutathione peroxidase (GPX), peroxiredoxin-1 (PRDX-1), and
209  superoxide dismutase (SOD). The products of these genes influence multiple measures of

210  antioxidant function (Pisoschi & Pop, 2015), suggesting they are likely to be a generalized

211  measure of antioxidant capacity. Gene expression values for all three antioxidants were

212 positively correlated (R? > 0.62), so we used a principal components analysis to condense these
213  data. PC1 (Eigenvalue = 1.58) negatively loaded for all three antioxidants (SOD: -0.56, GPX: -
214  0.61, PRDX1: -0.57) and accounted for 83% of the total variance. PC1 was multiplied by -1 so
215 that positive values indicate higher gene expression. All gene expression data was log2-

216  transformed for analyses.

217 We extracted RNA from whole blood using a phenol-chloroform-based Trizol method

218  (Invitrogen, Carlsbad, CA) using PhaseLock tubes (5PRIME, #2302830). We synthesized cDNA
219  using 1ug RNA and Superscript Il reverse transcriptase (Invitrogen), treated with DNAase

220  (Promega, Madison, WI) and RNase inhibitor (RNAsin N2111, Promega). cDNA was stored at -
221 20°C. For each gene of interest, we used the 2" method of quantitative PCR, in which

222  expression is normalized against a reference gene and relative to a calibrator sample run on
223  each plate. We used PPIA (peptidylprolyl isomerase A) as a reference gene, as it is highly

224  expressed in blood and reliable in birds (Zinzow-Kramer et al., 2014). All primer sequences

225  were developed from the tree swallow transcriptome (accession #GSE126210; Bentz et al.,

226  2019), and further details are reported in Table S1. Samples were run alongside no template
227 controls, using PerfeCta SYBR Green FastMix with low ROX (Quanta Biosciences,

228  Gaithersburg MD) on 384-well plates using an ABI Quantstudio 5 machine (Thermo Fisher

229  Scientific, Foster City, CA) with Quantstudio Design & Analysis software (v1.4.3, Thermo Fisher
230  Scientific). Each well included 3uL of cDNA diluted 1:50 (or 3pL water, for NTCs) and primers
231  diluted to 0.3uM in a total volume of 10uL. All reactions use the following thermal profile: 10 min
232  at 95°, followed by 40 cycles of 30 s at 95°, 1 min at 60°, and 30 s at 70°, with a final

233  dissociation phase (1 min at 95°, 30 s at 55°, and 30 s at 95°) that confirmed single-product

234  specificity for all samples. All samples fell within the bounds of the standard curve and the

235  reaction efficiencies were always within 100 = 15%. A pool reference sample present on all

236  plates was used to calculate intra- and inter-plate variation. Samples were run in triplicate, and
237 the mean values were used to calculate the relative quantity for each sample using the following
238 formula: 2%, where AACt = (Ct ©©' — Ct P grerence — (Ct ©©' = Ct ") (oie. Mean intra and

239  inter-plate variation of the C; values were 0.359% and 1.18% for PPIA, 0.156% and 0.397% for
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240  SOD, 0.315% and 0.636% for PRDX-1, 0.681% and 0.437% for GPX, and 0.558% and 2.34%
241  for POTL. In total, we quantified gene expression for n = 77 nestlings (saline: n=48, LPS: n=29),
242  taken from 26 nests (saline: n=15, LPS: n=11).

243
244 2.7 DNA Extraction and Molecular sexing of chicks
245 We used the automated Maxwell® RSC Instrument (Promega, Madison, WI) and Whole

246  Blood DNA Kit (#AS1520) to extract DNA from <25uL red blood cells. We determined the sex of
247 all chicks following established methods (Cakmak et al., 2017). Males exhibited a single band at
248  ~250bp and females exhibited a double band at ~250 and 275bp (see S| Material).

249

250 2.8 Telomere Measurement

251 We quantified relative telomere length using qPCR, adapted from (Cawthon, 2009;

252  Criscuolo et al., 2009). Relative telomere length was measured as the ratio (T/S) of telomere
253  repeat copy humber (T) to a single gene copy number (S), relative to a pooled reference sample
254  present on all plates. We amplified our single copy gene, glyceraldehyde-3-phosphate

255  dehydrogenase (GAPDH) and telomeres using primers telg/telc (see Table S1). We conducted
256  gPCR on 384-well plates (ABI Quantstudio 5, Foster City, CA). For each sample, we ran

257  GAPDH and telomere reactions on the same plate. Prior to plating, we diluted DNA samples to
258  3.33ng/pL using ultra-pure water. Each reaction had a total volume of 10uL containing 5pL

259  PerfeCTA SYBR Green SuperMix Low ROX (Quanta Biosciences, Gaithersburg, MD, USA),

260 200nM each GAPDH-F/GAPDH-R or 200nM each telc/telg, and 3uL DNA extract (10ng total).
261  gPCR reaction conditions were: 10 min at 95°C, followed by 30 cycles of 10 s at 95°C, 1 min at
262 62°C, and 30 s at 72°C, followed by 1 min at 95°C, 30 s at 55°C, and 30 s at 95°C. In both

263  reactions, the number of PCR cycles necessary to accumulate sufficient fluorescent signal to
264  cross a threshold (C;) was measured and individuals with relatively longer telomeres were

265 characterized by shorter reaction times. All samples fell within the bounds of the standard curve
266  and the reaction efficiencies were always within 100 + 15% (GAPDH: 98.7 + 2.8; telomeres:

267  107.6 £ 8.2). A tree swallow pool reference sample present on all plates was used to calculate
268 intra- and inter-plate variation. Samples were run in triplicate, and mean values were used to
269  calculate T/S ratios for each sample using the formula: 2%, where AAC;, = (C, '®°™"® — C, ®APPH)
270 reference — (Ct 2" — C; ®A"P) erence. From the original 167 chicks in the study, 161 survived to
271  12-days old. From those 161 chicks, 147 have telomere measurements from both pre-treatment
272 and 12-days old (saline: n=87, LPS: n=60). From the 14 missing chicks, 9 were from 2 LPS

273  nests inadvertently sampled at 11 or 13-days old, and 5 chicks had poor replicates for one or
274 both samples and were excluded. Telomere attrition was corrected for regression to the mean
275  (Verhulst et al., 2013), where more negative values indicate greater telomere loss.

276 Intraplate and interplate repeatabilities were calculated using the R package ‘rptr’ (Stoffel
277  etal.,, 2017). Intraplate repeatability (estimated via intraclass correlation coefficient) was 0.96 +
278  0.004 (95% CI = 0.95, 0.97) for GAPDH C;values, 0.88 + 0.011 (95% CI = 0.86, 0.90) for

279  telomere C, values, and 0.76 (95% ClI: 0.72, 0.80) for 2““' measurements. Interplate

280  repeatability of 2 for reference samples was 0.84 + 0.13 (95% CI| = 0.46, 0.94). Because pre-
281  and post-treatment pairs of samples were run on the same plate for each individual, and

282  treatment was balanced across plates, plate effects on 2““' values should be minimal;

283  however, we accounted for plate ID in telomere analyses to control for potential plate effects.
284 Next, we conducted a sensitivity analysis to assess the degree of measurement error in
285 our telomere variable. We tested whether the random effect estimate of individual ID explained
286  more variance in relative telomere length among technical replicates, i.e. triplicates next to each
287  other on a plate, than variance between biological replicates, i.e. from pre-treatment to 12-days
288  old (similar to van Lieshout et al., 2019, see SI XXX for details). After accounting for plate
289  effects using MCMCglmm (Hadfield, 2010), the random effect estimate for individual ID
290 explained more variance in relative telomere length among technical replicates (0.077; 95% ClI
291 = 0.057, 0.098) than among biological replicates (0.0044; 95% CI = 0.0001, 0.01), meaning that

7
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292  noise in telomere measurements between technical replicates was much lower than biologically-
293  relevant changes occurring within an individual during the study. We also parsed the data based
294  on whether an individual's telomere length change was positive or negative to separately
295 analyze technical and biological variance within these groups. None of these analyses show
296 overlap of 95% CI for random effect estimates between technical and biological replicates
297  (Figure S1), indicating that our measure is highly precise.

298
299 2.9 Statistical Analyses
300 All statistical analyses were performed in R (version 3.5.3, R Core Team, 2019). We

301 used an information-theoretic approach to evaluate support for competing candidate models

302 predicting each variable of interest. For each dependent variable, we used dredge (Barton,

303  2019) to create model sets from the global model (detailed below), in which all models for a

304 given response variable included the same subset of data. For global models, we assessed

305 multicollinearity and removed redundant variables with variable inflation factors = 5 (Fox &

306 Weisberg, 2011). We used Akaike Information Criterion (AIC. — to correct for sample size) for
307 model comparisons (Burnham & Anderson, 2002), and we present AAIC (AIC; — AlCpest model) @nd
308  AIC weights (weight of evidence for model) for highly supported models with AAIC < 2

309 compared to the top model (K. P. Burnham et al., 2011). All models with AAIC < 2 are equally fit,
310  so when this occurred, we report the most parsimonious model (K. Burnham & Anderson,

311  2002). To estimate how well models fit our data, we calculated pseudo-R? using the MuMIn

312 package (Barton, 2019), which considers variance explained by either fixed (Rzmargm) or both
313 fixed and random effects (R%uwndiiona))- Variable significance of top or most parsimonious models
314  was assessed using restricted maximum likelihood. We visually inspected model residuals for
315  normality and homoscedasticity.

316 To ask whether POT1 gene expression or relative telomere length in the blood has more
317  overall support in predicting traits of interest, we directly compared models including POT1 gene
318  expression vs. relative telomere length. If multiple models were supported for each trait, we

319 calculated variable importance of each predictor variable, or the sum of AIC. weights for models
320 containing that variable, where predictor variables with a value of 1 indicate greatest

321  importance.

322
323 2.9.1 Does POT1 or relative telomere length better predict female quality?
324 We tested the hypothesis that POT1 gene expression and relative telomere length

325  predict metrics of quality in breeding females, including first egg date, body mass, and wing
326  length. For each trait, we ran a series of models which assumed a gaussian distribution and
327  contained all combinations of POT1 gene expression, relative telomere length, first egg date
328  (except when first egg date was the response variable), chick age at the time of the female’s
329  capture, and brood size. Analyses utilized 37 females for which we had all predictor variables.
330

331 2.9.2 Does POT1 or relative telomere length better predict female responses to stress?
332 We next tested the hypothesis that POT1 gene expression and relative telomere length
333  predict a female’s response to LPS injection, specifically her own change in body mass and
334  visitation rate during sickness. For each trait, we ran a series of models that assumed a

335 gaussian distribution and contained all combinations of POT1 gene expression, relative

336 telomere length, treatment, first egg date, chick age, and brood size. Treatment was included in
337  all candidate models. Analyses of mass change included the n=24 females for whom we have
338  all predictor variables and recaptured within 24h of injections. Analyses of visitation rate

339 included n=31 females for whom we have all predictor variables.

340
341  2.9.3 How does maternal stress influence chick phenotypes?
342
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343  Evaluating correlations among traits

344 We evaluated correlations between phenotypic qualities in chicks (i.e., growth, change in
345  relative telomere length, POT1 and PC1 for antioxidant gene expression, baseline and handling-
346  induced CORT). We visualized relationships within each treatment using the corrplot package
347  (Weietal., 2017) and computed Spearman’s r and p-values, adjusted for false discovery

348  (Benjamini & Hochberg, 1995).

349
350 Treatment effects on chick phenotypes
351 We next tested how maternal LPS treatment affected chick phenotypes, including growth

352  during the 24hr following maternal injection, telomere attrition from pre-treatment to 12-days old,
353  POT1 gene expression, PC1 for antioxidant gene expression, baseline CORT, and handling-
354 induced CORT. Because traits were largely uncorrelated (Fig S4), we analyzed each trait

355  separately. Two outliers were detected in the chick growth dataset (Grubb’s test, p<0.05) and
356  were removed. To meet model assumptions, baseline and handling-induced CORT were log-
357  transformed. For each trait, we ran a series of linear mixed-effects models using the nime

358 package (Pinheiro et al., 2019) that assumed a gaussian distribution and included main effects
359 of treatment, sex, treatment x sex interaction, brood size, hatch date, and a random effect of
360 nest. For CORT models, we also included a fixed effect of time of day, and for change in relative
361 telomere length models, we included gPCR plate as a fixed effect. Because our primary

362  question asks how treatment influences these traits, treatment was included in all candidate

363 models, and model comparisons allowed us to assess which covariates to include in final

364 analyses. We report Satterthwaite-adjusted degrees of freedom. Due to logistical considerations
365 described above, final sample sizes per global model varied by response variable: n=159 chick
366  growth; n=147 change in relative telomere length; n=77 POT1 gene expression; n=77 PC1 for
367  antioxidant gene expression; n=107 baseline CORT; n=107 30-min CORT.

368

369 2.9.4 How do chick phenotypes relate to survival?

370 To test how chick phenotypes relate to survival to fledging or recruitment the following
371  year, we ran a series of generalized linear mixed models which assumed a binomial distribution
372 and included treatment, sex, change in relative telomere length, POT1 and PC1 for antioxidant
373  gene expression, 12-day old body mass, baseline CORT, and handling-induced CORT, with

374  nest box as a random effect. As above, CORT data were log-transformed. The analysis on

375  survival to fledging included 76 chicks from 26 broods for which we had all physiological metrics
376  taken at 12-days old. Of these 76 chicks, only 11 failed to fledge. The analysis on recruitment
377  included 65 fledged chicks from 26 broods for which we had all physiological metrics. Of these
378 65 chicks, only 5 recruited into the breeding population the following year, typical of the 5-10%
379  return rate in this species (Winkler et al., 2020). PC1 for antioxidant gene expression was

380 removed from the global model for recruitment to avoid multicollinearity with POT1 (variable

381 inflation = 9.21).

382

383 3.RESULTS

384

385 3.1 POT1 gene expression and female quality

386 POT1 gene expression largely outperformed relative telomere length as a predictor of

387  variation in female quality. Top-ranked models for first egg date and body mass both contained
388 POTL1 gene expression but not relative telomere length (Table 1A), and POT1 gene expression
389  had higher variable importance than relative telomere length when summed across all candidate
390 models (Fig 2, Fig S2). The best supported model predicting first egg date contained POT1

391 gene expression: earlier breeding females exhibited lower POT1 gene expression (F1 35=4.80,
392 p=0.035; Table 1A; Fig 1A). The top model for body mass indicated significant main effects of
393 POT1 gene expression and chick age, where body mass was heavier in females with lower

394  POTL1 gene expression (F134=5.25, p=0.028) and those with younger chicks (F13,=4.65,
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395 p=0.038; Table 1A; Fig 1B). The top-ranked model predicting wing length included first egg
396 date, but the null model was most parsimonious (Table 1A; Fig 1C).

397
398 3.2 POT1 gene expression and female responses to stress
399 Female POT1 gene expression was unaffected by treatment (F; ,,=0.086, p=0.77), and

400  pre-injection and post-injection mRNA abundances were positively correlated (p=0.76,

401  p<0.0001), suggesting consistency in POT1 gene expression in our adult study subjects.

402 For models predicting treatment-induced changes in visitation rate, POT1 gene

403  expression had more overall support than relative telomere length (Fig 2, Fig 3B, Fig S3B). The
404  top-ranked model predicting changes to visitation rate indicated a treatment x POT1 interaction
405  showing that among LPS-injected females, those with the lowest POT1 gene expression best
406  maintained high visitation rates (Fig 3B). However, the most parsimonious model included only
407  treatment and POT gene expression: LPS-injected females significantly decreased visitation
408  rates during the peak of sickness (saline = -0.67 + 0.59 visits/hour; LPS =-3.74 £ 1.08

409  visits/hour; F18=7.44, p=0.011, Table 1B, Fig 3B), and females with the lowest POT1 gene
410  expression exhibited marginally higher visitation rates (F; 23=3.89, p=0.059).

411 For models predicting a female’s treatment-induced change in body mass, relative

412  telomere length had more overall support (higher variable importance) than POT1 gene

413  expression. While the top-ranked model contained treatment and relative telomere length,

414  telomere length was not a significant predictor of mass change (F; 2,=2.81, p=0.11), and the

415  most parsimonious model included treatment alone (Table 1B; Fig 3A, Fig S3A). There was no
416  significant treatment effect on body mass (F12,=1.16, p=0.29), though LPS-treated females

417  varied from a loss of 9.9% to a gain of 3.5% body mass (Fig 3A).

418

419 3.3 Effects of maternal injection on chick phenotypes

420

421  Relationships among phenotypes

422 Within saline and LPS chicks, we only found one significant association between

423  telomere-related mechanisms: there was a positive correlation between POT1 gene expression
424  and PCL1 for antioxidant gene expression (Fig S4A, Fig S4B).

425
426  Differences in chick phenotypes in response to maternal injections
427 While the top-ranked model predicting chick growth included main effects of treatment,

428  sex (and their interaction), and brood size, the most parsimonious model predicting chick growth
429  contained only treatment, sex, and brood size (Table S2). Chicks of LPS-females grew

430  significantly less in the 24h following maternal injection (F13,=11.98, p=0.0015, Fig 4A, Table
431 S2), with no main effects of sex (F1,12,=0.99, p=0.32) or brood size (F;33=2.02, p=0.16).

432 The top-ranked model predicting change in relative telomere length contained treatment
433 and gPCR plate (Fig 4B, Table S2), where chicks of LPS-injected females exhibited

434  significantly less telomere shortening relative to controls (F; 3,=4.19, p=0.049, plate effect:

435  F;3,=0.36, p=0.55), which cannot be explained by measurement error alone (see SI material).
436 The top-ranked and most parsimonious model predicting POT1 gene expression

437  included treatment and sex: POT1 gene expression was significantly lower in chicks of LPS-

438 injected females (F,24=6.06, p=0.02, Fig 4C, Table S2) and in female chicks (F15=6.52,

439  p=0.014).

440 The top-ranked model predicting PC1 for antioxidant gene expression indicated

441  significantly lower POT1 gene expression in female chicks regardless of treatment, but the most
442  parsimonious model included treatment as the only main effect: chicks of saline and LPS-

443  injected females did not significantly differ in antioxidant gene expression (F14=2.13, p=0.16,
444  Fig 4D, Table S2).

445 Although the top-ranked model predicting baseline CORT included treatment and time of
446  day, the most parsimonious model showed that baseline CORT did not significantly differ by
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447  treatment (F13,=0.39, p=0.54, Fig 4E, Table S2). The top-ranked model predicting handling-
448 induced CORT showed no significant effects of treatment (F3,=2.53, p=0.12, Fig 4F, Table S2)
449  or time of day (F;31=2.14, p=0.15).

450
451 3.4 Model comparisons linking chick phenotypes to survival
452 The highest-ranking and most parsimonious model predicting chick survival to fledging

453  included mass and handling-induced CORT at 12-days old (Table 2). Compared to chicks that
454  did not survive, fledged chicks had a heavier body mass (z=2.81, p=0.005) and marginally

455  higher handling-induced CORT secretion (z=1.88, p=0.059). These same traits had high

456  importance across all candidate models predicting fledging success, while variable importance
457  of change in relative telomere length and POT1 gene expression were low (Fig 2).

458 Recruitment models pointed to a different set of traits. The top-ranked model for

459  recruitment into the breeding population included main effects of both change in relative

460 telomere length and POT1 gene expression, but the most parsimonious model included only
461  change in relative telomere length: regardless of treatment, chicks experiencing less telomere
462  shortening were more likely to recruit into the breeding population the following year (z=2.18,
463  p=0.030; Table 2). Across all candidate models predicting recruitment, change in relative

464  telomere length and POT1 gene expression had the highest importance, 0.83 and 0.61,

465  respectively (Fig 2).

466
467 4. DISCUSSION
468 In the field of ecology and evolution, long telomeres have become nearly synonymous

469  with a variety of fitness-related traits, yet very little work considers the role of telomere

470  regulatory mechanisms in adaptive phenotypic plasticity in nature. To our knowledge, this is the
471 first study to assess how natural variation in gene expression of a shelterin protein predicts

472 performance in a free-living system. Lower levels of POT1 gene expression should facilitate

473  telomeric repair, and we show low mRNA abundance is related to metrics of high quality in adult
474  females. Experimental evidence echoes this view: females with naturally lower POT1 gene

475  expression were most able to maintain parental care during an ecologically relevant stressor
476  that otherwise decreased provisioning and temporarily slowed chick growth. Interestingly, chicks
477 of LPS-injected mothers decreased POT1 gene expression and exhibited telomere elongation in
478  the following week, consistent with the idea that low POT1 permits telomere buffering from

479  stress. We also find some support that these effects are visible to natural selection: changes in
480 telomere length and POT1 gene expression were the strongest predictors of chick recruitment
481  the following year. Together, our results suggest that telomere regulators are stress-responsive
482  and predict performance, oftentimes more so than telomere length itself. As we discuss below,
483  telomere regulatory genes like POT1 are potentially key modulators of variation in life history
484  strategies.

485

486  POTL1 gene expression predicts performance in breeding females

487

488 Raising young is a predictably challenging life history stage, and we show that adult

489  females with lower POT1 gene expression exhibited higher quality traits, including an earlier
490  start to breeding and a heavier body mass during the chick period, both of which are condition-
491  dependent traits associated with higher reproductive performance in tree swallows (Winkler et
492  al., 2020). Our experimental manipulation also suggests that POT1 predicts a female’s handling
493  of stress: LPS-injected females decreased in provisioning rates, but this effect was weakest for
494  constitutively low-POT1 females, who exhibited visitation rates comparable to those of saline-
495 injected controls. Critically, POT1 gene expression showed higher variable importance than

496 relative telomere length in predicting most of these performance-related traits, and variables
497  better predicted by telomeres — wing length and female mass change — were not significantly
498  related to relative telomere length (see Fig S2C, S3A). These results contribute to a growing
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499  body of literature linking telomeres with timing of breeding (Bauch et al., 2013; Bauer et al.,
500 2018; Le Vaillant et al., 2015) and body mass (Angelier et al., 2015; Angelier et al., 2019). Our
501 findings therefore extend this work with new perspectives in which telomere regulation may
502 track fitness-related traits.

503

504  POTL1 gene expression predicts responses to acute stress in chicks

505

506 While stress-responsive elements, such as glucocorticoids or antioxidants, may affect

507 telomerase expression (Beery et al., 2012; Choi et al., 2008; Zietzer et al., 2017), POT1 should
508 alter telomerase efficacy because of competitive binding between telomerase and POT1 at the
509 3 telomere end. Consequently, decreased POT1 gene expression in chicks of LPS-treated

510 females may increase telomerase access to the telomere and buffer telomeres from loss. This
511 idea is consistent with the relative telomere elongation seen in stress-exposed chicks, but

512  whether POT1 covaries quantitatively with telomerase activity requires further study,

513  considering that we did not observe a linear relationship between POT1 mRNA abundance and
514  telomere dynamics (Fig S4). Biomedical work shows POT1 gene expression to be plastic

515  following stress in rodents and stem cells (Ludlow et al., 2017; Ludlow et al., 2012; Moazzam et
516 al., 2020), but we are not aware of comparable results in a wild animal. Interestingly, POT1

517  gene expression did not respond to the LPS-induced stressor in adult females, suggesting that
518  plasticity in POT1 is context-dependent or only occurs when telomerase activity is also high,

519  such as the early postnatal period (Haussmann et al., 2007). How we interpret these dynamics
520 in blood calls for a closer look at blood-producing tissues in future work, particularly since some
521  tissues may be more prone to telomere repair than others (Wolf et al., in press). Regardless, our
522  results identify POT1 as an ecologically important gene that may mediate performance in the
523  wild.

524

525 Recent work in wild populations shows that telomere elongation can occur amidst a

526  generalized trend of telomere shortening, although it may be limited to specific life-history

527  stages (Fairlie et al., 2016; Hatakeyama et al., 2016; Hoelzl et al., 2016; Spurgin et al., 2018;
528  van Lieshout et al., 2019). Here, we document evidence of short-term telomere elongation in
529  response to acute stress, particularly in chicks of LPS-injected mothers. Our analyses suggest
530 that this elongation is not explained by measurement error (see S| materials, Bateson & Nettle,
531  2017; Steenstrup et al., 2013). However, alternative mechanisms can manifest as pseudo-

532 lengthening (Epel, 2012), including turnover of existing cells by longer-telomere counterparts or
533 changes in cell composition with age (Beaulieu et al., 2017; Montes et al., 2003; but see Watson
534 etal., 2017). In birds, whole blood is dominated by nucleated red blood cells that turn over every
535 ~9 days (Muriel et al., 2020), and telomere attrition has occurred within a similar timeframe in
536  other species (Nettle et al., 2015; Stier et al., 2016), suggesting that production of longer

537 telomere blood cells is plausible and may co-occur with lower levels of POT1 mRNA. Changes
538 in interstitial telomeres may also appear as elongation, although repeated measures designs
539 like ours minimize these effects (Foote et al., 2013). Moving forward, exploring environmental
540  cues, underlying mechanisms, and long-term consequences of apparent telomere elongation
541  will inform our understanding of telomeres as causal drivers of evolutionarily relevant

542  phenotypes.

543

544 Notably, POT1 gene expression varied with our molecular measure of antioxidant

545  capacity. In particular, POT1 and antioxidant gene expression showed a strong positive

546  correlation among chicks, suggesting that individuals may invest in either prevention of telomere
547  loss (i.e. high antioxidants but lower telomerase accessibility via high POT1) or recuperation of
548  telomere loss (i.e. higher telomerase accessibility but low antioxidants). Interestingly, male and
549  female chicks may implement different strategies, as 12-day old females exhibited significantly
550 lower POT1 gene expression than males, and some models <2 AIC. indicated lower antioxidant
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551  gene expression in females as well. POT1 gene expression and change in relative telomere

552  length were the only traits showing significant treatment effects in 12-day old chicks, despite

553  some trends observed for handling-induced CORT and antioxidant gene expression (see Fig 4).
554  One interpretation is that these effects are already returning to baseline levels by the time we
555  sampled chicks one week after stress exposure, much like the faded effects of other stressors
556  over time (Deviche et al., 2016; Li et al., 2017). Alternatively, naturalistic stressors like this

557  single day of reduced provisioning may have mild effects on the organism, albeit effects that can
558  culminate in relevant performance consequences (elaborated below). Regardless of these

559  possibilities, our results focus attention on telomere-regulatory mechanisms as potentially vital
560 players in phenotypic responses to early life stress.

561

562  Implications for the evolution of life history strategies

563

564 Several components of the chick phenotype also predicted survival to key life history

565 milestones. Telomere dynamics, namely the change in relative telomere length in the week

566  following a stressor and POT1 gene expression, held little importance in predicting immediate
567  survival to fledging; instead, fledging success was higher for heavier chicks and marginally

568  higher for chicks with strong CORT elevation, consistent with past work (McCarty, 2001;

569  Schoenle et al., 2020). On the other hand, change in relative telomere length and POT1 gene
570  expression showed the highest variable importance in predicting recruitment to the breeding
571  population the following year. In particular, chicks with the most positive change in relative

572 telomere length were more likely to return as adults, suggesting that minimized telomere attrition
573  predicts survival (as in Boonekamp et al., 2014; Wood & Young, 2019). This result stands in
574  contrast to most other model comparisons in our study, which showed a higher importance of
575  POTL1 gene expression than relative telomere length in predicting fithess-related traits. Notably,
576  though, our sample size of return chicks was quite low, given the intrinsically high juvenile

577  mortality in this system. Considering that the mildest telomere attrition occurred in parallel with
578  downregulation of POT1 gene expression, our results collectively lend strength to the view that
579  underlying telomere regulation may contribute to survival prospects.

580

581 Are telomere regulators the driving force connecting telomere dynamics and

582  performance in nature? Telomere regulatory mechanisms do have pleiotropic effects, meaning
583  they may effectively link telomere attrition with downstream performance (Wood & Young,

584  2019). Indeed, telomerase has dual roles in telomere repair and other vital telomere-

585 independent functions (Ahmed et al., 2008; de Jesus et al., 2011, 2012), yet whether

586 telomerase regulators can equally modulate both telomere length and somatic integrity is

587 unclear. As the sole shelterin protein able to bind single-stranded DNA (de Lange, 2018), POT1
588 is the most direct bridge to telomerase and its downstream effects on telomere length. POT1
589  also may repress DNA damage (Renfrew et al., 2014; Wu et al., 2020), providing a mechanism
590 for pleiotropic effects that causally link this telomere regulator with more generalized somatic
591 integrity. Under this scenario, telomere length may be a passive scribe accompanying changes
592 in health and longevity (see Bateson & Nettle, 2018), both of which may be driven by

593  ecologically relevant variation in telomere regulators, much like we observed in this study.

594

595  Conclusions

596 Our results linking POT1 with performance in both adults and chicks suggest that

597  variation in telomere regulators may be visible to natural selection. As molecular biology has
598 infused all areas of ecology, evolution, and behavior, we have repeatedly seen an increasing
599  emphasis on the regulation of particular traits, including carotenoids and the maintenance of
600  honesty (Koch et al., 2017; Mundy et al., 2016) or testosterone and the evolution of sexual

601  phenotypes (Fuxjager & Schuppe, 2018; Lipshutz et al., 2019). Our findings advocate for similar
602  changes at the intersection of evolutionary ecology and telomere biology. Clearly, a singular

13


https://doi.org/10.1101/2021.01.06.425609

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.06.425609; this version posted January 6, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

603  focus on telomere length is incomplete (sensu Casagrande & Hau, 2019; Casagrande et al.,

604  2020; Wood & Young, 2019), and a renewed focus on the mechanisms that shift the balance
605  between attrition and repair is a promising avenue for advances to our understanding of life

606  history.
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Fig 1. POT1 gene expression predicts metrics of female quality, including first egg date (A),
body mass (B), but not wing length (C). Shading indicates 95% confidence interval from model
output.
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903 Fig 2. Comparing the importance of relative telomere length (RTL, black) and POT1 gene
904  expression (gray) in predicting variation in fithess-related traits. Variable importance is the sum

905  of Akaike weights across all models in which the variable occurred.
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Table 1. The top models (AAIC, < 2) assessing the role of POT1 gene expression
(POT1) and relative telomere length (RTL) in predicting (A) metrics of female quality
and (B) maternal responses to injection. Global models are summarized in Section 2.9.
K = # of parameters (including intercept), w; = model weight, FED = first egg date.

Variable  Model K AICc  AAIC:. w; R%

(A) Metrics of female quality

First Egg POT1 2 239.98 0 0252 0.118
Date  POTL + Brood Size 3 2414 142 0124 0.14
(n=37)  POT1 + Chick Age 3 24151 153 0117 0.137
POT1 + RTL 3 241.58 1.6 0.113 0.135
Body  POTL1 + Chick Age 3 121.25 0 0281 0216
Mass  POT1 + Chick Age + FED 4 12306 181 0.114 0.228
(0=37) " poT1 + Chick Age + RTL 4 12311 186 0111 0227
Wing  FED 2 178.79 0 0135 0.074
Length  |ntercept only (null) 1 179.33 054 0.103 0
(n=37)  RTL 3 1796 081 009 0.112
POT1 + FED 3 179.79 1 0082 0.107
RTL 2 179.82 1.03 0081 0.048
Brood + FED 3 18074 195 0.051 0.085

(B) Maternal responses to injection
ABody  Treatment+ RTL 3 136.25 0 0176 0.5
Mass  Treatment 2 136.36 011 0.167 0.048
(0=24) " Treatment + FED 3 137.45 12 0097 011
Treatment + POT1 + RTL 4 137.57 1.32 0.091 0.203
Treatment + FED + RTL 4 13777 152 0.082 0.197
A Treatment*POT1 4 163.2 0 0365 0.36
ViSFLt;gO” Treatment + POT1 3 16485 165 016 0274

(n=31)
907
908
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909

910 Table 2. The top models (AAIC, < 2) assessing the role of POT1 gene expression and relative telomere length
(ARTL) in predicting chick fledging and recruitment into the breeding population. The global model included

911 treatment, sex, ARTL, POT1 and PC1 antioxidant gene expression, 12-day old body mass (Mass), and log-

transformed baseline CORT (TO CORT) and handling-induced CORT (T30 CORT). All models include the
intercept and random effect of nest. K = # of parameters (including intercept), w; = model weight, R?,, =

variance explained by fixed effect, R’. = variance explained by fixed and random effects.

Variable Model K AICc AAIC. w; R’ R%
Fledging  Mass + T30 CORT 3 5117 O 0.116 0.466 0.466
Success  Mass + T30 CORT + Sex 4 5145 0.28 0.1 0.515 0.635
(n=76) Mass + T30 CORT + TO CORT + Sex 5 52.62 1.45 0.056 0.522 0.522

Mass + T30 CORT + TO CORT 4 53.04 1.87 0.045 0.469 0.469
ARTL + Mass + T30 CORT + Sex 5 53.08 1.91 0.044 0.518 0.599
ARTL + Mass + T30 CORT 4 5313 1.96 0.043 0.473 0.473
POT1 + Mass + T30 CORT 4 53.16 1.99 0.043 0.467 0.467
Recruitment ARTL + POT1 3 3451 0 0.172 0.475 0.541
(N=65)  ARTL + POT1 + Mass 4 3611 1.6 0.077 0516 0.516
ARTL + POT1 + Sex 4 36.11 1.6 0.077 0.544 0.544
ARTL + POT1 + Treatment 4 36.27 1.76 0.071 0.498 0.585
ARTL 2 36.34 1.83 0.069 0.292 0.292
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912  Fig 3. Female POTL1 gene expression and responses to stress following injection of breeding
913  mothers with saline (gray, circles, dashed line) or LPS (black, triangles, solid line): A) female A
914  body mass within 24h of injection or B) A visitation rate during the peak of sickness.
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Fig 4. The effects of maternal treatment on chick phenotypes. A) Growth % during the 24h
following maternal injection, B) change in relative telomere length, C) POT1 gene expression,
D) antioxidant gene expression (i.e., PC1 for superoxide dismutase, glutathione peroxidase, and
peroxiredoxin-1), E) baseline CORT, and F) handling-induced CORT. Gene expression data are
on a log-2 scale. Global models included treatment, sex, treatment x sex interaction, hatch date,
and brood size, with a random effect of nest; see S| Table S2. Errors bars are mean + SE.
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