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Abstract 1 

Across taxa, offspring size traits are linked to survival and life-time fitness. Inclement weather 2 
can be a major constraint on offspring growth and parental care. Despite the adaptive benefits of 3 
larger offspring, we have a limited understanding of the relative effects of severe weather events 4 
across developmental stages or different coping strategies among species. We investigated the 5 
influence of inclement weather on offspring size traits within populations of three alpine 6 

breeding songbirds in British Columbia: 1) horned lark (Eremophila alpestris), 2) dark-eyed 7 
junco (Junco hyemalis), and 3) savannah sparrow (Passerculus sandwichensis). Using a sliding 8 
window approach, we identified the most influential temporal periods and weather variables 9 
from pre-clutch initiation to 7-days post-hatch. We identified two critical periods that best 10 
predicted offspring size: 1) near clutch initiation, and 2) the nestling stage. Horned larks were 11 

resilient to colder average temperatures as nestlings but were vulnerable to extreme cold events 12 

and multi-day storms. The smaller-sized dark-eyed junco and savannah sparrow were less 13 

resilient to temperature but more robust to storms. Colder average temperatures during the 14 
nestling stage were associated with smaller wings and tarsi but not mass for juncos, while 15 

sparrow nestling size declined with colder conditions during clutch initiation. We hypothesize 16 
that junco nestlings may respond to suboptimal temperatures by allocating resources to mass 17 

gain, while savannah sparrows may minimize exposure by nesting nearly 3 weeks later. Finally, 18 
we assessed support for maternal affects acting through mass at hatch and the glucocorticoid 19 
hormone corticosterone (CORT). Notably for larks, colder temperatures during clutch initiation 20 

were associated with suppressed nestling feather CORT and subsequently larger size, 21 
highlighting a potentially adaptive CORT-mediated maternal effect. By identifying vulnerable 22 

developmental periods, we gain insight into the eco-evolutionary processes shaping offspring 23 
growth in alpine species, with implications for reproductive success in an increasingly 24 

unpredictable climate. 25 
 26 

 27 
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Fundamental to ecology and evolution is understanding the sources of variation in offspring 38 

development, as offspring size is often positively associated with survival and life-time fitness 39 

across taxa (Ronget et al. 2017, Marshall et al. 2018). Inclement weather and temperature 40 

regimes can strongly influence offspring development in homeothermic vertebrates (Gillooly et 41 

al. 2002, Nord and Giroud 2020), and thus the developmental period represents a prime target for 42 

selection to maximize fitness of both offspring and their parents (Rollinson & Rowe 2015, 43 

Vindenes and Langangen 2015). Altricial songbird development occurs across several well-44 

defined stages: ovum development (internal), egg incubation (external), and the nestling stage. 45 

While distinct, these stages are not compartmentalized, as conditions that affect development in 46 

one stage can influence subsequent stages (Monaghan 2008, O’Connor et al. 2014). In addition, 47 

songbird offspring are dependent on parental care, such that the development of offspring size 48 

traits reflects both parental and offspring responses to prevailing conditions (Auer and Martin 49 

2017). Inclement weather can stimulate adaptive coping mechanisms in both parents and 50 

offspring, reallocating limited resources and promoting or constraining development (Williams 51 

2012, Wingfield et al. 2017).  52 

 53 

Nestlings grow rapidly over a compressed period, such that even short disruptions in growth can 54 

negatively influence size at fledge and post-fledging survival (McCarty and Winkler 1999, Naef-55 

Daenzer and Keller 1999, Cox et al. 2014). Inclement weather can constrain size trait growth by 56 

imposing thermoregulatory challenges that force investment in mass and thermogenesis at the 57 

expense of linear size traits (i.e., wing, tarsus; Arendt 1997, Ricklefs et al. 1994). For example, 58 

tree swallow (Tachycineta bicolor) nestlings from experimentally heated nests differentially 59 

increase wing growth without observable differences in other size traits (Dawson et al. 2005). 60 

More commonly, associations between weather and nestling growth are linked to food resources, 61 

either by altering resource availability or by affecting the ability of parents to deliver food 62 

(Stodola et al. 2010, Tuero et al. 2018, Pipoly et al. 2020). Being highly dependent on parental 63 

care, altricial offspring have a limited capacity to respond to inclement weather and therefore the 64 

effectiveness of coping mechanisms depends largely on parental investment (Auer and Martin 65 

2017, de Zwaan et al. 2019). 66 

 67 



3 
 

During reproduction, females must partition resources between parental care and self-68 

maintenance (i.e., survival; van Noordwijk and de Jong 1986). Resource-challenged females may 69 

reduce investment in incubation or provisioning nestlings in favour of self-preservation activities 70 

like foraging; increasing nest exposure to inclement weather (Williams 2012). Reduced nest 71 

attentiveness during incubation can lead to cooled embryos (Coe et al. 2015) and subsequently 72 

constrained nestling growth (Nord and Nilsson 2011, Ospina et al. 2018). In addition, inclement 73 

weather experienced by the female prior to clutch initiation may influence offspring development 74 

through ‘maternal effects’ (Wolf and Wade 2009). Stressful environments can induce high 75 

plasma levels of glucocorticoids (such as corticosterone) in females which, in turn, flow 76 

passively into the developing egg yolk and can reduce nestling growth (Love et al. 2005, Saino et 77 

al. 2005). Alternatively, there is evidence that females may anticipate challenging conditions, 78 

laying larger eggs with more nutrients to increase nestling size at hatch (Mousseau and Fox 79 

1998), or regulating the deposit of androgens to increase growth rate and glucocorticoids to 80 

improve reactivity to stressors (Love and Williams 2008, Weber et al. 2018). Anticipatory effects 81 

may therefore be important in harsh, unpredictable environments by producing larger, more 82 

robust offspring (Crino and Breuner 2015). 83 

 84 

In nature, there are a broad range of weather events and severities experienced across 85 

developmental stages that could impact offspring size traits. Our understanding of their relative 86 

effects is limited because temperature and precipitation are often highly correlated with time of 87 

season, making it difficult to separate the influence of specific variables in field studies 88 

(Harriman et al. 2017, Pärt et al. 2017). In stochastic habitats like the alpine however, 89 

unpredictable weather events fluctuate greatly within and among seasons (Martin et al. 2017). 90 

Therefore, the timing of clutch initiation dictates the environmental constraints and parental care 91 

limitations experienced at different stages of development, promoting significant variation in 92 

exposure among clutches even within the same general period (e.g., early season). Additionally, 93 

while species may differ in their adaptive histories, reflecting evolved life-history strategies with 94 

separate optima under prevailing conditions (Chevin and Hoffmann 2017), the strength of 95 

inference increases when evaluating patterns of within-population variation among species living 96 

in a common habitat. Doing so allows us to assess whether associations between offspring size 97 
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traits and inclement weather are simply proximate responses to environmental constraints or 98 

reflect adaptive coping mechanisms that differ among similar species. 99 

 100 

We investigated the influence of inclement weather on offspring size trait variation within 101 

populations of three ground-nesting songbirds breeding in two alpine habitats: 1) horned lark 102 

(Eremophila alpestris), 2) dark-eyed junco (Junco hyemalis), and 3) savannah sparrow 103 

(Passerculus sandwichensis). Horned lark and savannah sparrow were breeding in sympatry. 104 

Specifically, we assessed the: i) relative effect of temperature and precipitation variables on 105 

nestling size traits, ii) importance of severity (i.e., extreme weather events), and iii) relative 106 

influence of the timing of inclement weather across developmental stages (ova development, 107 

incubation, nestling stage). In addition, if weather during ova development had an effect, we 108 

assessed: iv) support for potential physiological mechanisms underlying maternal effects, 109 

including nestling size at hatch and corticosterone. We predicted that all species would respond 110 

most strongly to severe weather events like storms and extreme cold (Wingfield et al. 2017). We 111 

also expected the strongest effects to occur during the late incubation and early nestling stage 112 

when females must balance time on the nest with self-feeding and provisioning nestlings 113 

(Williams 2012). Finally, we investigated: iv) differences in relative weather effects and timing 114 

among species. Given that horned lark (34.1 ± 0.2 g; mean ± SE) are larger than dark-eyed junco 115 

(18.0 ± 0.1 g) and savannah sparrow (18.2 ± 0.5 g) in our alpine study populations, we predicted 116 

offspring size trait development for larks would be more robust to challenging weather 117 

conditions. 118 

  119 

 120 

Methods 121 

 122 

Focal species   123 

 124 

We studied high elevation populations of horned lark, savannah sparrow, and Oregon dark-eyed 125 

junco (J. h. oreganus) in British Columbia, Canada. Horned larks (HOLA) are open-country 126 

songbirds that breed in sparsely vegetated habitats such as short-grass prairies, desert, and tundra 127 

from 0 to over 4000 m above sea level (a.s.l.; Beason 2020). Savannah sparrow (SAVS) are also 128 
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open-country specialists that inhabit cultivated fields, meadows, and alpine tundra > 2000 m 129 

a.s.l. in British Columbia (Ryder 2015), but, unlike horned lark, associate with taller grasses and 130 

shrubs (e.g., Salix sp; MacDonald et al. 2016). Dark-eyed junco (DEJU) breed in open-forest and 131 

shrub-dominated habitats from 0–3775 m a.s.l. (Nolan et al. 2020). 132 

 133 

For these species, alpine populations lay an average of 4 eggs per nest (range: HOLA and DEJU 134 

= 2‒5; SAVS = 2‒6) and predominantly raise one complete brood per season, with evidence for 135 

occasional double brooding (Bears et al. 2009, Martin et al. 2009, Camfield et al. 2010). Larks 136 

and juncos begin initiating clutches by mid-May, while savannah sparrows initiate later, from 137 

early- to mid-June. Average incubation periods last 10–14 days for horned lark (average = 12.0), 138 

9–15 days (average = 12.5) for savannah sparrow, and 11–14 days for dark-eyed junco, while the 139 

nestling period ranges from 7–13 days (average = 9.4), 9–15 days, and 9–12 days, respectively 140 

(de Zwaan et al. 2019, Nolan et al. 2020, Wheelwright and Rising 2020). Regardless of 141 

elevation, females of each species lay one egg a day and usually begin incubation on the 142 

penultimate egg (Beason 2020, Nolan et al. 2020, Wheelwright and Rising 2020). Incubation is 143 

entirely the responsibility of the female without mate feeding, and both parents provision 144 

nestlings (Ketterson et al. 1992, Goullaud et al. 2018, Wheelwright and Rising 2020). 145 

 146 

Study sites 147 

 148 

(i) Hudson Bay Mountain 149 

 150 

We studied savannah sparrows from 2003 to 2004 and horned larks from 2015 to 2018 in 151 

approximately 3 km2 of subalpine and alpine habitat on Hudson Bay Mountain (HBM) near 152 

Smithers, British Columbia, Canada (54.8°N, 127.3°W). Savannah sparrows occurred primarily 153 

between 1500 and 1800 m above sea level (a.s.l.) in both alpine tundra and open sub-alpine 154 

habitat consisting of scattered krummolz subalpine fir (Abies lasiocarpa) and willow shrubs 155 

(Salix sp.) interspersed with alpine meadows. Horned larks nested entirely above treeline from 156 

1650 to 2000 m a.s.l. This site is characterized by high winds and fluctuating temperatures 157 

(Camfield and Martin 2009). Snowmelt varies considerably but often extends into mid-June, 158 

resulting in compressed breeding seasons (Camfield et al. 2010). Over the study periods (2003–159 
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2004 and 2015–2018), day-time temperatures (0400–2200 hrs) averaged 3.0°C (range: 1.4°C to 160 

5.5°C) for the first half of the breeding season (May 1 to June 15) and 8.9°C (6.6°C to 10.7°C) 161 

for the second half (June 16 to July 31). Total precipitation over the full breeding season 162 

averaged 129 mm with a low of 73 mm in 2018 and a high of 178 mm in 2017. 163 

 164 

(ii) Mount Mackenzie 165 

 166 

From 2013 to 2015, we studied Oregon dark-eyed juncos between 1900 and 2200 m a.s.l. on 167 

Mount Mackenzie near Revelstoke, B.C. Canada (51.0°N, 118.2°W). This habitat is considered 168 

predominantly subalpine, including stands of Engelmann spruce (Picea engelmannii) and 169 

subalpine fir with patches of transitional alpine meadows and tundra. Snowmelt occurred from 170 

June to early July, slightly later than on HBM. Average day-time temperature was 1.7°C (range: 171 

0.6°C to 3.1°C) from May to mid-June and 8.3°C (range: 7.8°C to 9.0°C) from mid-June through 172 

July. Compared to HBM, total precipitation over the breeding season was nearly double, 173 

averaging 252 mm with a low of 225 mm in 2015 and a high of 294 mm in 2013. 174 

 175 

Field methods 176 

 177 

For all species, nests were located by systematic territory searches and behavioural observation. 178 

Nests were monitored every 2–3 days except for near hatch and fledge when we switched to 179 

daily nest visits. At 7-days post-hatch (day 0 = hatch date), we measured wing length (± 0.5 180 

mm), tarsus length (± 0.02 mm), and mass (± 0.01 g). For savannah sparrows, only tarsus length 181 

and mass were measured. Junco nestlings were measured every 2 days starting at hatch; 182 

however, we limited our consideration to measurements at 7-days to allow for comparisons 183 

among species. Infrequently, nestlings were measured at 6- or 8-days post-hatch, and thus we 184 

also recorded age of measurement to control for this variation. Each nestling was banded with 185 

one U.S. Geological Survey (USGS) numbered aluminum band and 2–3 plastic colour bands for 186 

subsequent identification. 187 

 188 

To address potential maternal effects stemming from weather conditions near clutch initiation, 189 

we used mass at day 0 or 1 as an indicator of hatch size for juncos (2013‒2015) and feather 190 
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corticosterone (CORT) from 0 to 5-days post-hatch for horned lark (2015‒2016). Feather 191 

corticosterone is a minimally invasive measurement of the stress response. It allows one to 192 

approximate CORT accumulation over time as it deposits along the feather during growth, which 193 

is particularly useful when all feathers grow over the same period (e.g., nestling feather growth; 194 

Jenni-Eiermann et al. 2015, Romero and Fairhurst 2016). We removed ~ 5 feathers from the 195 

dorsal tract of two lark nestlings per nest. Feather CORT was extracted using a methanol-based 196 

technique (Bortolotti et al. 2008; Appendix S1).  197 

 198 

Weather data 199 

 200 

(i) Hudson Bay Mountain 201 

 202 

Precipitation and temperature variables were recorded using two HOBO weather stations (Onset 203 

Computer Co., Pocaset, MA, USA): 1) a U30-NRC station for 2015 and 2016, and 2) an RX3000 204 

satellite station for 2018. Both stations were located at 1,695 m a.s.l. and within 1.2 km of all 205 

nests. Temperature sensors were positioned approximately 3 m above ground. Raw weather data 206 

were recorded every 4 min and then averaged hourly. 207 

 208 

Weather data were missing for 2003, 2004, and parts of 2017. To estimate precipitation for these 209 

periods, we used values from the Smithers Regional Airport ~ 8 km from our site (station ID = 210 

1077498l; elevation = 522 m). Precipitation amount was poorly correlated between stations, but 211 

station 10774981 correctly identified days on HBM with or without precipitation (≥ 1 mm) 81% 212 

of the time, and storm events (≥ 10 mm) 90% of the time (Martin et al. 2017). Therefore, we 213 

classified each day as a precipitation day or storm event using a binomial 0 or 1. For 214 

temperature, we interpolated hourly estimates of air surface temperature from the 8 nearest grid 215 

points in the National Centers for Environmental Prediction (NCEP) R-1 dataset using the R 216 

package “RNCEP” (Kemp et al. 2012). Comparisons of the interpolated estimates with existing 217 

measurements from the study site were highly correlated (rp = 0.91), validating this method. A 218 

non-zero intercept for the association between interpolated and measured temperature indicated 219 

an elevational effect, so we subtracted the value of the intercept (1.78°C) from all interpolated 220 

estimates to align with the true temperature measurements. 221 
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 222 

(ii) Mount Mackenzie 223 

 224 

For 2013 and 2014, we used hourly temperature data from a weather station owned by the local 225 

ski resort (Revelstoke Mountain) situated at 1950 m a.s.l. within our study site. Temperature data 226 

were missing for 2015, so we retrieved hourly recordings from a nearby station located at 1850 227 

m a.s.l. on neighbouring Mount Revelstoke (~ 8.5 km from Mount Mackenzie), part of the 228 

Provincial Snow Survey Network (station ID: 2A06P; B.C. Ministry of Environment and 229 

Climate Change Strategy 2019). Values from the two sites were highly correlated in 2013 and 230 

2014 (rp = 0.98) but differed by an intercept, so we used the following equation for conversion: 231 

 232 

Mount MacKenzie = –3.53 + 1.12 (station 2A06P) 233 

 234 

We also extracted precipitation values from station 2A06P as precipitation data were not 235 

available from the ski resort weather station at our site. We compared station 2A06P values to 236 

those from the Revelstoke airport (WMO station ID: 1176745), located ~ 3.5 km from our study 237 

site but at 445 m in elevation. While total precipitation correlated poorly, recorded precipitation 238 

and storm events matched for 90% of days during the breeding season. Since station 2A06P is at 239 

approximately the same elevation as our study site and displays high concordance with weather 240 

patterns within the proximate region, we conclude that its precipitation data accurately represents 241 

conditions experienced at our study site  242 

 243 

Due to the use of multiple weather stations, we restricted the weather variables we considered to 244 

five for which we had a high degree of confidence and that were comparable among study sites: 245 

(1) average daily temperature, (2) daily hours ≤ 10°C, (3) daily hours ≤ 5°C, (4) precipitation 246 

days (≥ 1 mm/day), and (5) storm events (≥ 10 mm/day). Daily hours below the 10°C and 5°C 247 

threshold reflect cumulative temperature challenges for developing eggs and young. In larks, 248 

10°C is an ecologically relevant threshold, below which females increase incubation efforts 249 

(MacDonald et al. 2014) and, during the nestling stage, can prolong offspring development (de 250 

Zwaan et al. 2019). However, species or individuals may vary in their ability to respond to 251 

moderate challenges, so we also considered hours ≤ 5°C to address more extreme conditions that 252 
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may have pronounced effects on early-life development (Pérez et al. 2016). Daily average 253 

temperatures were calculated as the average of each day between dawn and dusk (0400‒2200 254 

hrs) to reflect the period when nest contents were most likely to be exposed to ambient 255 

temperatures, as night-time incubation attentivity is > 90% (Camfield and Martin 2009). Hours 256 

below 5 and 10°C were the sum of hours below each threshold within the same exposure period. 257 

 258 

Statistical analysis 259 

To assess the influence of weather on offspring development and identify the most critical time 260 

periods across early-life stages (pre-laying, incubation, nestling stage), we used a two-step 261 

process. First, for each candidate weather variable, we used a sliding window approach to 262 

identify the time period where each variable showed the strongest relationship with nestling size. 263 

Then, for each size trait (wing length, tarsus length, mass), we fit a global General Additive 264 

Mixed-effects Model (GAMMs) which included all selected weather variables. Penalized 265 

regression splines allowed us to examine non-linear associations between weather variables and 266 

size traits within a modeling framework that reduced weather variables to linear effects or 267 

dropped them entirely from the model where added complexity did not contribute to overall fit. 268 

All weather variables were standardized to allow comparisons among traits and species. All 269 

analyses were conducted in R 3.6.3 (R Core Team 2020). 270 

 271 

Sliding window analysis 272 

 273 

Sliding window approaches systematically test associations between weather metrics and 274 

biological variables of interest across all possible time windows within a specified period, and 275 

then rank each subsequent model with Akaike Information Criterion (AIC; van de Pol et al. 276 

2016). With nestling size traits as the response variables, we built models that assessed all 277 

windows within a 30-day period prior to nestling measurement at 7-days post-hatch for each 278 

nest. This time period encompasses the incubation and nestling stage, as well as, an average of 279 

8–10 days prior to clutch initiation for each species. For many songbirds, ova development takes 280 

approximately 3–5 days when nutrients and hormones are transferred from female to offspring 281 

(Williams 2012). Therefore, 8‒10 days prior to clutch initiation should be sufficient to capture 282 

the ova development period across species. We constrained the tested time windows to a 283 
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minimum of 3 days and a maximum of the full 30 days. The minimum window was chosen to 284 

avoid spurious correlations with single weather events and to allow for weather patterns 285 

prolonged enough to stimulate physiological and behavioural responses in the female and 286 

nestlings. 287 

 288 

All possible time windows were ranked using AIC relative to the null model. The null models 289 

included age of measurement, brood size, and clutch initiation date as fixed effects, and nest ID 290 

as a random effect to account for non-independence among nestlings of the same nest. The top 291 

time windows were chosen based on the lowest AIC if it was a significantly better fit than the 292 

null (ΔAIC < –2). If more than one window occurred within 2 AIC of the top window, the one 293 

with the strongest β-coefficient was chosen. If drastically different time windows occurred 294 

within the top models (e.g., 30–20 and 7–0 days), then both windows were selected for that 295 

weather variable. Due to the large number of comparisons inherent to sliding window 296 

approaches, we additionally ran each model on 100 randomized datasets to determine the 297 

likelihood of selecting the same top models by chance (Type 1 error; van de Pol et al. 2016). 298 

Only weather variables where the observed results were different from the randomized analyses 299 

(P < 0.10) were selected as candidate variables.  The sliding window analysis was conducted 300 

using R package “climwin” (Bailey and van de Pol 2015). 301 

 302 

Model structure and selection 303 

 304 

For each size trait, we used all selected candidate weather variables to build a global GAMM 305 

using the ‘mgcv’ package (Wood 2011). Age at measurement, brood size, and clutch initiation 306 

date were included as covariates in each model, with nest ID as a random effect. For each 307 

weather variable, we fit thin-plate regression splines with a maximum of 3 possible knots to test 308 

for potential non-linear associations. Models were fit using Restricted Maximum Likelihood 309 

(REML) and incorporating penalties for both smoothing factors and the null space. Based on the 310 

fit to the data, this process determines whether a variable should be a smoothed term (2 or 3 311 

knots), a linear term, or be removed from the model (Wood 2003). Variables were removed from 312 

the model if their estimated degrees of freedom (edf) were less than 0.5, retained as a linear term 313 

between 0.5 and 1.5, and retained as a smoothed term if greater than 1.5. If all weather variables 314 
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were linear, a linear mixed-effects model was fit to the selected model structure using ‘lme4’ 315 

(Bates et al. 2015). We evaluated collinearity among linear terms using the Variance Inflation 316 

Factor (VIF) and retained weather variables with a VIF < 3. Standardized β-coefficients were 317 

extracted as effect sizes and associations were considered significant if the 95% confidence 318 

interval did not include zero. 319 

 320 

Path analysis 321 

 322 

Environmental conditions prior-to and during clutch initiation may influence offspring size traits 323 

through several different mechanisms under the definition of maternal effects. Path analysis can 324 

assess the relative strength of individual effects by separating the partial regression coefficients 325 

for each individual pathway within a causal network (Shipley 2009). Piecewise path analysis 326 

integrates multiple, independently fit models, allowing one to address associations among 327 

longitudinal data in a way that is robust to relatively small sample sizes (Lefchek 2016). 328 

 329 

Using the horned lark and dark-eyed junco data, respectively, we fit piecewise path models to 330 

test two of these mechanisms: 1) corticosterone deposition, and 2) size at hatch. In both cases, 331 

we fit two sequential sub-models. For horned larks, the first sub-model tested the influence of 332 

temperature during clutch initiation on nestling feather corticosterone (0‒5 days post-hatch). We 333 

then fit individual sub-models describing the subsequent effect of feather CORT on each size 334 

trait (wing length, tarsus length, and mass). Using the same model structure, we fit mass at hatch 335 

as the intermediate variable for dark-eyed juncos in place of feather CORT. Since hatch 336 

measurements were at either 0- or 1-day post-hatch, we used the residuals from a mass by 337 

measurement age regression as our metric of mass at hatch to correct for a daily increase in 338 

nestling mass. To represent alternative mechanisms, we also included a direct pathway for both 339 

models to describe the relative effect of early temperature conditions on offspring size traits 340 

independent of the effect through feather CORT or mass at hatch. The exact temperature variable 341 

and specific time windows tested were chosen based on the sliding window and modelling 342 

approaches described previously. In all sub-models, we included measurement age, brood size, 343 

clutch initiation date, and temperature during the nestling period as covariates and nest ID as a 344 

random effect. For the full hypothesized path structures, see Appendix S1: Figure S1. We used 345 
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D-separation tests to identify the most parsimonious path models (Shipley 2013) and a Markov 346 

chain Monte Carlo (MCMC) approach to evaluate sample size adequacy. See Appendix S1 for 347 

full evaluation details and results. 348 

 349 

Results 350 

 351 

We measured 361 horned lark, 120 dark-eyed junco, and 96 savannah sparrow nestlings from a 352 

combined 170 nests. At 7-days post-hatch, horned lark nestlings were considerably larger and 353 

heavier than dark-eyed junco and savannah sparrow (Table 1). First nests for horned lark and 354 

dark-eyed junco were initiated at approximately the same time (mid-May) and had a breeding 355 

season length of about 50 days (first to last clutch initiation; Table 1). Savannah sparrows began 356 

breeding nearly 3 weeks later than larks, resulting in a breeding season that was 56% shorter 357 

(Table 1). During the 30-day period prior to nestling measurement, horned larks experienced the 358 

coldest temperatures but fewer storms and precipitation days, while dark-eyed junco and 359 

savannah sparrow experienced comparable weather conditions (Table 1). 360 

 361 

Sliding window results 362 

 363 

Across species, the sliding window analysis identified two general time periods where weather 364 

influenced offspring development: 1) from several days before clutch initiation to early 365 

incubation (approximately 30–15 days prior to nestling measurement at 7-days post-hatch), and 366 

2) the nestling stage (7–0 days). The type of weather variable operating within these time 367 

windows and extent of its influence differed among species and size traits (Fig. 1; Appendix S1: 368 

Table S1). When both average daily temperature and hours ≤ 10°C were selected, these occurred 369 

within the same time window and were strongly correlated (rp > 0.90). Thus, we hereafter report 370 

only daily temperature as an indicator of average or mild temperature effects, as well as, hours ≤ 371 

5°C to reflect periods of extreme cold.  372 

 373 

Response to weather conditions 374 

 375 

1. Horned Lark 376 
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 377 

Following model selection, average temperature near clutch initiation (23–14 days prior to 378 

measurement) and extreme cold during the nestling stage (7–0 days) were the most influential 379 

temperature predictors for the development of size traits in lark nestlings. Greater clutch 380 

initiation temperatures were associated with reduced wing length (β = ‒2.6) and mass (β = ‒1.2), 381 

but not tarsus length (Figure 2A, Figure 3A). Greater periods of extreme cold during the nestling 382 

stage were linked to smaller nestlings across all size traits (Figure 2A, Figure 3B).  In addition, 383 

lark nestlings responded most strongly to storm events during the late incubation and nestling 384 

period. A greater frequency of storms 12–2 days and 20–2 days prior to measurement was 385 

associated with reduced wing and tarsus length, respectively. However, there was no evidence 386 

that storm frequency influenced mass (Figure 2B). Importantly, only multiple storm events 387 

during this time period influenced size trait development, as there was no observable response to 388 

a single storm, indicating a possible response threshold (Figure 2B; Figure 4A).  389 

 390 

2. Dark-eyed junco 391 

 392 

Colder temperatures during the nestling stage (7–0 days prior to measurement) were also 393 

associated with reduced wing and tarsus length for juncos. However, in contrast to larks, average 394 

temperatures rather than periods of extreme cold were associated with this reduced growth 395 

(Figure 2A). While wing length (β = 1.9) and tarsus length (β = 0.6) were greater with increasing 396 

average temperatures (Figure 3B), mass at 7-days post-hatch was unrelated (Figure 2A). Dark-397 

eyed junco nestlings were also smaller in size when exposed to multiple storm events during the 398 

nestling stage (5–0 days). Nestling mass was smaller on average when multiple storms occurred 399 

during this period (β = ‒1.3), but there was no effect following a single storm (β = ‒0.7; Figure 400 

2B; Figure 4B). In contrast to larks, storms did not influence either wing or tarsus length (Figure 401 

2B).  402 

 403 

3. Savannah sparrow 404 

 405 

Savannah sparrow nestling development responded most strongly to average temperature prior to 406 

clutch initiation (30–23 days prior to measurement), with greater average temperature associated 407 
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with longer tarsi (β = 0.7; Figure 2A; Figure 3A). There was no association between nestling size 408 

trait development and storms. Instead, a greater frequency of precipitation days prior to clutch 409 

initiation and during early incubation (30–12 days) was strongly associated with greater nestling 410 

mass (β = 1.8; Figure 2B). During this period, precipitation days and average daily temperature 411 

were highly correlated (rp = 0.72) and in the absence of precipitation, greater temperature was 412 

positively associated with mass (β = 0.9, 95% confidence interval = 0.2 – 1.2). Therefore, while 413 

precipitation was the better predictor, it was not possible to separate the influence of 414 

precipitation and temperature on nestling mass development for savannah sparrows during this 415 

period. See Appendix S1: Table S2 for full model outputs.   416 

 417 

Path analysis for larks and juncos 418 

 419 

Following model selection, the horned lark path model included only the indirect influence of 420 

early development temperatures on nestling size traits through feather CORT. For dark-eyed 421 

junco, direct and indirect pathways through mass at hatch were supported (Appendix S1: Table 422 

S3). The fixed and random effect structure of each model explained a moderate to large 423 

proportion of the observed size trait variation among nestlings (Figure 5).  424 

 425 

For horned larks, average daily temperature prior-to and during clutch initiation (23‒14 days 426 

prior to measurement) was positively associated with nestling feather corticosterone measured at 427 

5-days post-hatch (Figure 5A). In turn, increased feather CORT was negatively associated with 428 

wing length and mass, but not tarsus length (Figure 5A). Temperature during the nestling period 429 

had no effect on feather CORT, indicating that the nestling glucocorticoid response is not related 430 

to cold extremes during the early nestling stage (Figure 5A).  431 

 432 

For dark-eyed junco, average daily temperature around the clutch initiation period (30‒19 days) 433 

had no apparent influence on mass at hatch (Figure 5B). However, cold early temperatures were 434 

associated with longer wing and tarsus through an alternative, unmeasured mechanism (Figure 435 

5B). As expected, mass at hatch predicted larger size traits at 7-days post-hatch (Figure 5B).  436 

 437 

Discussion 438 
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 439 

We identified two general periods where offspring size traits were most influenced by inclement 440 

weather during: 1) clutch initiation, and 2) the nestling stage. We demonstrate greater resilience 441 

to cold extremes in horned lark, but also greater susceptibility to precipitation events than dark-442 

eyed junco and savannah sparrow. We further highlight the potential for maternal effects 443 

stemming from cold temperatures during the clutch initiation period. These effects were positive 444 

or potentially anticipatory in larks and juncos, but detrimental for savannah sparrows.  445 

 446 

Temperature effects during the nestling stage 447 

 448 

While colder temperatures during the nestling stage were associated with smaller offspring size 449 

traits in horned larks, this effect was only expressed during periods of extreme cold (hours ≤ 5 450 

°C), indicating resilience to alpine weather conditions. In contrast, dark-eyed junco nestlings 451 

were smaller in response to colder average temperatures (i.e., more moderate temperature 452 

challenges). Cold temperatures are a well-known stressor that can constrain nestling size growth 453 

(Dawson et al. 2005, Pérez et al. 2016, Andreasson et al. 2018), with variation among species 454 

and populations potentially reflecting differences in nestling resource allocation or parental 455 

investment (Eeva et al. 2002, Mainwaring and Hartley 2016, Auer and Martin 2017). Nestling 456 

horned lark at 7-days post-hatch were nearly 66% heavier than dark-eyed junco, and therefore 457 

may be better able to conserve heat and develop endothermy at an earlier age (Dunn 1975). 458 

Interestingly, junco mass was not associated with ambient temperature, potentially indicating 459 

resource allocation to mass and thermoregulatory capacity at the expense of size traits (Arendt 460 

1997). While experiments are required to verify differential growth in response to inclement 461 

weather, prioritizing mass over size highlights a potential physiological coping mechanism at the 462 

nestling level that may differ among species.    463 

 464 

In contrast, there was no association between temperature during the nestling stage and offspring 465 

size traits in savannah sparrows. This is surprising given their smaller size and previously 466 

documented higher nest mortality during periods of suboptimal weather (Martin et al. 2017). 467 

However, the earliest savannah sparrow nests were initiated nearly 3 weeks later than both 468 

horned lark (sympatric breeder) and dark-eyed junco such that the minimum average temperature 469 
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experienced during any nesting attempt was significantly higher for savannah sparrows (Table 470 

1). In fact, Martin et al (2017) proposed late breeding as a potential strategy for savannah 471 

sparrow to avoid cold storms and reduce the probability of nest failure. Warmer temperatures 472 

associated with later breeding likely also benefit offspring development. 473 

 474 

Storm thresholds and precipitation effects 475 

 476 

While there was no observable influence of a single storm, multiple storms during the nestling 477 

stage constrained offspring growth in both horned lark and dark-eyed junco. This aligns with the 478 

concept of multiple or cumulative stressors where individuals may be resilient to suboptimal 479 

conditions up to a specific threshold (allostasis; Wingfield et al. 1998). The effect sizes of 480 

multiple storms were larger for horned lark and affected more size traits. Dark-eyed juncos may 481 

be more robust to storm events, although this result should be treated with caution as the number 482 

of horned lark nestlings experiencing multiple storms was relatively small and likely does not 483 

capture the full range of variability. If representative, however, this difference could reflect 484 

variation in nest microsite characteristics. Junco nests have greater average nest cover (60‒90%; 485 

Walsberg et al. 2005, Sperry et al. 2008) and are often placed under shrubs or sub-alpine trees, 486 

while horned lark nests are extremely exposed (22.3 ± 1.2% cover) and placed well away from 487 

taller vegetation (MacDonald et al. 2016, de Zwaan and Martin 2018). A more protected nest 488 

environment may partially buffer offspring from precipitation and reduce parental energy 489 

requirements. 490 

 491 

For savannah sparrows, storm events did not influence offspring mass or size traits, despite cold 492 

storms being particularly detrimental to their nest success (Martin et al. 2017). Again, this could 493 

reflect differences in timing of breeding which, although it does not reduce the number of storms 494 

birds experience, would limit exposure to ‘cold storm’ events; a combined stressor which is 495 

likely more energetically taxing (Martin et al. 2017, Wingfield et al. 2017). Instead, warm 496 

precipitation prior to and during incubation was positively associated with nestling mass in 497 

savannah sparrows. Precipitation during the nestling stage can be detrimental to offspring growth 498 

(Morganti et al. 2017); however, warm, wet conditions also promote insect abundance (Tuero et 499 

al. 2018) which can increase nestling growth if precipitation occurs prior to hatch (Pipoly et al. 500 



17 
 

2020). Therefore, our results likely reflect a positive influence of temperature and precipitation 501 

on food availability during peak nestling growth.   502 

 503 

Maternal effects 504 

 505 

Anticipatory maternal effects have the potential to prepare offspring for uncertain developmental 506 

environments (Marshall and Uller 2007). Investment in egg size has been suggested as a 507 

potential anticipatory maternal effect in response to a suboptimal maternal environment across 508 

taxa (Rollinson & Rowe 2015, Kvalnes et al. 2018). Dark-eyed junco did not appear to alter 509 

offspring mass at hatch in response to temperatures near clutch initiation. Substantial variation in 510 

mass at hatch was observed among nests, independent of weather. This may reflect differences 511 

among females in their ability to invest in egg size or maintain temperature consistency during 512 

incubation (Kim and Monaghan 2006, Krist 2011). Importantly, clutch initiation temperatures 513 

influenced offspring size after controlling for mass at hatch, providing support for alternative 514 

mechanisms that we were unable to address. 515 

 516 

Hormone-based mechanisms have the potential to influence nestling growth independent of 517 

hatch size (Moore et al. 2019). For horned larks, colder temperatures near clutch initiation were 518 

associated with reduced feather CORT in nestlings and, subsequently, larger offspring size traits. 519 

This is consistent with evidence that high corticosterone levels can constrain nestling growth 520 

(Wingfield and Sapolsky 2003). Similarly, a challenging maternal environment can elevate 521 

plasma CORT levels in females which subsequently diffuses into the egg yolk (Love and 522 

Williams 2008). Greater corticosterone in the yolk has been associated with lower baseline 523 

CORT levels and improved CORT regulation in nestlings (Tilgar et al. 2016, Weber et al. 2018). 524 

CORT down-regulation could also explain why extreme cold during the nestling stage did not 525 

influence feather CORT (Wada et al. 2009). We therefore provide preliminary support for a 526 

CORT-mediated maternal effect of inclement weather on offspring size trait development. 527 

However, we cannot rule out that corticosterone levels may reflect associated changes in other 528 

hormones, such as androgens. Research addressing alternative physiological indices and further 529 

validating feather CORT dynamics in nestlings is required (Harris et al. 2016). 530 

 531 
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Finally, while we lacked the data to address potential maternal effects in savannah sparrows, it is 532 

worth noting that they were the only species where colder temperatures during clutch initiation 533 

were associated with smaller nestlings. This indicates that a suboptimal maternal environment 534 

may have negative consequences on offspring growth, whether it be through physiological 535 

maternal effects or reduced parental care (Moore et al. 2019). This and previous results for the 536 

negative effects of inclement weather on incubation success (Martin et al. 2017) provide support 537 

for the concept that savannah sparrows may employ a late breeding reproductive strategy 538 

because they are less resilient to colder temperatures. 539 

 540 

Conclusion 541 

 542 

Extreme weather events are expected to be increasingly frequent, particularly in already 543 

stochastic habitats like the alpine and arctic (IPCC 2018). Identifying critical stages where alpine 544 

songbird reproduction is most vulnerable to inclement weather is fundamental to predicting 545 

future reproductive success under a changing climate. Horned larks were resilient to colder 546 

average temperatures but were vulnerable to prolonged periods of extreme cold and multi-day 547 

storms. The smaller dark-eyed junco and savannah sparrow appeared less resilient to temperature 548 

challenges but were robust to storm events, keeping in mind that storms may be associated with 549 

cold or warmer temperatures (Martin et al. 2017). Junco nestlings may cope with extreme alpine 550 

temperatures by allocating resources to mass gain at the expense of size traits like wing length. 551 

Savannah sparrows may evade environmental constraints by nesting later in the season when 552 

conditions are more benign. Overall, we provide evidence for variation in stage-specific 553 

vulnerabilities to inclement weather and the potential for different adaptive coping strategies 554 

among alpine species. Future research comparing our focal species to an intermediate-sized 555 

alpine breeding songbird (e.g., American pipit Anthus rubescens; 21 g) or comparing intra-556 

specific populations across environmental gradients would further advance our understanding of 557 

early-life resilience to stochastic environments.  558 

 559 

 560 

 561 

 562 
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Tables 917 

 918 

Table 1. Average nestling size traits (± standard error) at 7-days post-hatch, clutch initiation date, 919 
and weather conditions (± standard deviation) experienced over the 30-day window of each 920 
individual nesting attempt across species. Sample size depicts number of nestlings and nests in 921 
brackets. For clutch level traits and weather, values in brackets represent the range. First egg is 922 
the average clutch initiation date for the entire breeding season, including first nests and re-nests, 923 

and the range is the earliest and latest initiated nest across years to depict breeding season length. 924 
Temperature hours indicate the average number of hours per day (see Methods for further 925 
details).  926 
 927 

Variables Horned lark Dark-eyed junco Savannah sparrow 

 n = 361 (110) n = 120 (35) n = 96 (26) 

Nestling size traits 
   

Wing length (mm) 39.1 ± 0.4 29.2 ± 0.5  

Tarsus length (mm) 19.6 ± 0.1 18.6 ± 0.1 18.7 ± 0.2 

Mass (g) 20.6 ± 0.2 12.4 ± 0.2 13.8 ± 0.2 

    

Clutch level traits    

First egg (Julian day)* 162 ± 13 175 ± 13 170 ± 8.5 

 (138–189) (142–194) 159 – 188 

Weather    

Avg temp (°C) 6.7 ± 2.4 7.9 ± 2.0 7.7 ± 1.1 

 (3.2–10.9) (3.1–10.2) (5.1–9.3) 

Hrs ≤ 10°C 13.8 ± 3.0 11.0 ± 1.8 12.9 ± 2.3 

 (8.0–17.8) (9.5–16.2) (10.5–17.6) 

Hrs ≤ 5°C 7.4 ± 3.7 6.5 ± 2.7 5.1 ± 1.9 

 (2.2–13.7) (3.3–12.7) (2.0–9.5) 

Storm events 1.1 ± 0.8 2.0 ± 1.3 1.8 ± 0.8 

 (0–3) (0–5) (1–3) 

Precipitation days 8.3 ± 2.8 12.5 ± 3.8 13.2 ± 1.2 

 (4–15) (4–19) (10–15) 

* Julian date: May 1 = 121. 928 
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Figures 933 

Figure 1. Sliding window results for horned lark (dark blue), dark-eyed junco (light blue), and 934 

savannah sparrow (orange). Only traits that passed the randomization test and time windows that 935 

had a better fit than the null (≤ -2AIC) are included. A darker colour intensity indicates a greater 936 

number of selected time windows overlap, while light intensity has less support. Each cell 937 

represents 1 day.  938 
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29 
 

Figure 2. Standardized model effect sizes for (A) temperature and (B) precipitation weather 940 

variables. The approximate windows in brackets (clutch initiation, incubation, and nestling stage) 941 

are generalizations to facilitate comparisons among species and size traits. Error bars depict 95% 942 
confidence intervals and an effect is considered significant if the error bars do not overlap zero 943 
(grey dashed line). ‘Storms (1)’ is the effect of one storm over the time window relative to zero 944 
storms and ‘Storms (2)’ is the effect of two storms.    945 
 946 
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Figure 3. Temperature association for horned lark (HOLA), dark-eyed junco (DEJU), and 952 

savannah sparrow (SAVS) during the (A) clutch initiation period (HOLA = 23‒14 days prior to 953 

measurement date; SAVS = 30‒25) and (B) nestling stage (7‒0). Lines represent the predicted 954 

trends from the linear mixed effects models, controlling for variation within nests, and the 955 

shaded areas are 95% confidence intervals of the partial residuals. Importantly, in panel B 956 

positive temperature values are colder for HOLA (turquoise) and warmer for DEJU (blue) 957 

because of the nature of the temperature variable (hours ≤ 5°C and average daily temperature, 958 

respectively). All axes represent relative differences where zero indicates the mean value. Size 959 

traits were standardized to facilitate comparison such that 1 unit = 1 standard deviation change. 960 
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Figure 4. Influence of storm events during the nestling stage on (A) horned lark (HOLA) wing 964 

and tarsus length, and (B) dark-eyed junco (DEJU) mass. Points represent the raw data points 965 

and an asterisk indicates a significant difference from zero storms. The scaled trait length was 966 

standardized such that each unit is one standard deviation change from the mean at zero. 967 
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Figure 5. Final path models for (A) horned lark and (B) dark-eyed junco. Solid lines are positive 984 

associations while dashed lines are negative. Black arrows are significant while thin, grey arrows 985 

are not. R2 for each variable includes the marginal and conditional R2 in brackets, or the variance 986 

explained by just the fixed effects versus variance explained by the fixed and random effects 987 

combined. Values within the circles between the different size traits represent correlations 988 

among size traits but do not contribute to the R2
 values. 989 
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