
1 

 

Research article 1 

Long-lasting negative effects of poor early life conditions on cognitive 2 

performance in adulthood in a wild bird  3 

Laure Cauchard1,2,3*, Pierre Bize1,4,a, and Blandine Doligez2,5,a 4 

1 Swiss Ornithological Institute, CH-62024 Sempach, Switzerland 5 

2 CNRS, Univ Lyon, UMR 5558, Department of Biometry and Evolutionary Biology, 6 

University of Lyon 1, Villeurbanne, France 7 

3 SETE, CNRS UAR 2029, Moulis, France 8 

4 Department of Ecology & Evolution, University of Lausanne, Switzerland 9 

5 Animal Ecology, Department of Ecology and Genetics, Evolutionary Biology Centre, 10 

Uppsala University, Uppsala, Sweden 11 

a These authors share senior authorship 12 

* Corresponding author: laure.cauchard@gmail.com 13 

 14 

Author Contributions: LC, PB and BD designed the study. LC and BD collected data in the 15 

field. LC and PB performed statistical analyses. LC wrote the first draft of the manuscript and 16 

all authors commented and approved the final manuscript. 17 

 18 

Data Accessibility Statement: The datasets and R codes will be available in the Figshare 19 

repository upon publication [https://figshare.com/s/cae6f5f10c77abc6849b]. 20 

 21 

  22 

mailto:laure.cauchard@gmail.com


2 

 

Abstract 23 

Adverse conditions encountered during growth, such as stress or malnutrition, are known to 24 

affect cognitive development and functions in adulthood in humans and laboratory animals. 25 

However, how early life conditions can influence adult cognition in wild animals remains 26 

unclear. Yet cognitive abilities such as innovation can be crucial for animals to cope with 27 

rapidly changing environments. We examined whether growing conditions (measured by 28 

hatching date, brood size, fledging body condition, parents’ age and condition) predict problem-29 

solving, neophobia, accuracy, activity and exploration in adulthood in a natural population of 30 

great tits (Parus major). Over 10 years, 348 nestlings recruited locally were tested as adults on 31 

a problem-solving task. The results show that nestlings in poorer condition were less likely to 32 

become solvers and more prone to making errors when solving problems. Our results provide 33 

rare evidence from a natural population that adverse conditions experienced during 34 

development can have negative, long-lasting effects on cognitive traits in adulthood, 35 

particularly the ability to solve problem, which has previously been shown to rely on associative 36 

learning and affect breeding performance in this population. 37 

Keywords: associative learning, body condition, cognition, developmental stress, great tit, 38 

innovation, parental care, Parus major, personality, string-pulling task 39 
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Introduction  41 

Environmental conditions experienced early in life are increasingly recognised as key drivers 42 

of adult phenotypic variation in animals. While research on this theme has mostly focused on 43 

morphological and physiological traits so far (Lindström, 1999; Metcalfe et Monaghan, 2001; 44 

Lemaître et al., 2015), there is growing interest in how early-life environments can shape 45 

behavioural phenotypes. Several studies have shown that the conditions experienced by 46 

juveniles can modulate adult personality traits such as boldness, exploration, aggressivity, and 47 

sociability in various animal taxa (Braithwaite & Salvanes, 2005; Haller et al., 2014; Le 48 

Galliard et al., 2015; Stamps & Groothuis, 2010). For example, in laboratory rats (Rattus 49 

norvegicus), exploration propensity at adulthood increased with pup body mass (Rödel & 50 

Meyer, 2011). In laying hens, increasing group size during growth lead to high propension of 51 

adult anxiety and aggressive behaviour such as feather pecking or cannibalism (Rodenburg et 52 

al., 2008). These links between conditions during development and variations in adult 53 

behavioural traits may arise through changes in neuronal development and neuroendocrine 54 

systems, or genetic and epigenetic modifications (Veenema, 2009).  55 

Given that cognition often shapes behavioural responses, early-life conditions may also affect 56 

adult behaviour through changes in cognitive functions, such as attention, learning or memory 57 

(e.g., Kotrschal and Taborsky, 2010; Foraita, Howell and Bennett, 2021). Interestingly, studies 58 

to date have proposed two opposite ways by which early-life conditions could affect cognitive 59 

functions. First, early-life conditions could negatively affect future cognitive performance if the 60 

resources needed for cognitive development are limited (i.e., constrained or non-adaptive 61 

hypothesis). For example, poor early nutritional conditions have clearly been shown to 62 

negatively affect cognitive performance. In humans, people who suffered from childhood 63 

malnutrition have lower IQ scores, poorer cognitive function and lower academic achievement 64 

(Johnson et al., 2021; Kirolos et al., 2022; Prado & Dewey, 2014). In rats, food deprivation 65 
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during neonatal period can impair visuo-spatial memory and decrease neurogenesis (Akman et 66 

al., 2004). In singing birds, song complexity, controlled by the song control nucleus High Vocal 67 

Centre (HVC), is negatively affected by stress level during early life (Buchanan et al., 2004). 68 

These results from human and laboratory animals suggest that constraints in the early life 69 

nutritional conditions prevent the full development of cognitive functions with lifelong 70 

consequences on cognitive performance. Second, perturbations of environmental quality early 71 

in life could on the contrary signal to the developing individual the future conditions that it can 72 

expect to be exposed to as an adult and therefore stimulate cognitive development (i.e., 73 

informed or adaptive hypothesis). For example, food resource unpredictability during rearing 74 

may require increased learning abilities to optimally adjust behavioural responses (Braithwaite 75 

& Salvanes, 2005). In a cichlid fish (Simochromis pleurospilus), early environmental stress 76 

experienced as unpredictability in food availability increased learning ability (Kotrschal & 77 

Taborsky, 2010). Thus, early-life conditions could be used as a source of information during 78 

the developmental period in order to plastically adjust cognitive functions and consequently 79 

adult behaviour. 80 

Despite increasing evidence showing effects of early life conditions on cognitive performance 81 

in adulthood from laboratory and semi-natural studies (Hedges & Woon, 2011; Holubová et al., 82 

2018; Menezes et al., 2020; Pravosudov et al., 2005), the ecological relevance and long-term 83 

consequences of such effects remain little investigated in wild populations. Because individuals 84 

in the wild are exposed to multiple sources of stress, the resulting effect of early growing 85 

conditions on adult cognition depending on these many factors may be difficult to predict. In 86 

food caching chickadees (Poecile gambeli), early developmental stress, measured using 87 

corticosterone in feathers, was negatively related to young adult memory performance, but only 88 

in one out of three study years (Sonnenberg et al., 2022). Many other cognitive traits apart from 89 

memory are relevant for making fitness-related decisions in natural settings, for example to 90 
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navigate, track resources, choose a mate or avoid predators (Szabo et al., 2022). In the current 91 

context of rapid and broad environmental changes, cognitive abilities such as innovation (i.e., 92 

the emergence of a new behaviour or the modification of an old one in response to a novel 93 

situation; Reader et Laland, 2003), might in particular play a most important role in allowing 94 

individuals to adjust their behaviour rapidly and adaptatively in response to changing 95 

environments (Cantalapiedra et al., 2014; Reader & MacDonald, 2003; Sol et al., 2002). Yet, 96 

we currently lack empirical information about the effect of early life conditions on innovation 97 

ability in adulthood. 98 

Here, we examined how early-life conditions influence innovation ability in adulthood, 99 

assessed via problem-solving performance (Cauchoix et al., 2018; Griffin & Guez, 2014), 100 

together with a suite of behavioural traits, measured in a natural ecological context during 101 

breeding in wild great tits. The problem-solving performance of great tits has been widely 102 

studied in both captive and natural conditions due to their acknowledged innovative abilities 103 

(Aplin et al., 2015; Cauchard et al., 2024; Isaksson et al., 2024; Preiszner et al., 2017; Urhan et 104 

al., 2023). Over a decade, we measured the problem-solving performance of breeding great tits 105 

on a string-pulling task presented at their nest during the nestling provisioning period, as well 106 

as their accuracy, neophobia, activity and exploration traits while interacting with the task. 107 

Among these great tits, some were local recruits in the population, for which we thus had 108 

information about their natal environment. We then explored the links between their 109 

behavioural traits measured as adults and integrative variables known to reflect their overall 110 

conditions experienced as nestlings: hatching date, body condition at fledging, brood size, 111 

parental age and body condition (Linden et al., 1992; Naef-Daenzer et al., 2001; Tilgar et al., 112 

2010; Tinbergen & Boerlijst, 1990; Visser & Verboven, 1999). If early-life conditions act as a 113 

constraint, with poor conditions restraining the resources needed for cognitive development and 114 

developmental plasticity, nestlings reared in less favourable conditions (e.g., hatching date out 115 
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of sync from the peak of food availability, poorer body condition, high siblings competition, 116 

young parents, and/or parents in poor condition) should be less likely to solve the task once 117 

adults, and show reduced accuracy, greater neophobia, lower exploration and activity while 118 

interacting with it. Conversely, if early-life conditions act as a source of information for 119 

developing individuals to plastically adjust their cognitive and behavioural functions, we expect 120 

the opposite pattern.  121 

 122 

Material and methods  123 

Study site and population monitoring 124 

This study was conducted in a wild population of great tits monitored on the island of Gotland, 125 

Sweden (57◦10’N, 18◦20’E). Great tits are monogamous cavity-nesting passerine birds that 126 

readily accept to breed in the nest boxes provided in the study area (N = ~1500 nest boxes 127 

distributed across 8 geographical areas). To monitor breeding events, nest boxes were visited 128 

regularly every year from mid-April to the end of June to collect main breeding data, in 129 

particular laying and hatching date, clutch and brood size. When nestlings were 9 days old, they 130 

were ringed and when they were 14 days old, they were weighed (to the nearest 0.1g) and their 131 

tarsus length was measured (to the nearest 0.1mm). Nestling body condition at day 14 was 132 

computed as the ratio of body mass divided by tarsus length (Haas, 2021). From 10 days after 133 

hatching, parents were caught using nest box traps or mist nets to identify them (and ring them 134 

if not ringed already). Caught adults were sexed (male vs. female) and aged (yearling vs. older 135 

adult) using plumage characteristics (Svensson, 1992), and their body mass and tarsus length 136 

were measured to calculate body condition as for nestlings. 137 

Problem-solving and behavioural measurements 138 
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From 2010 until 2016, and 2021 until 2024, we measured problem-solving performance of 139 

breeding adults using a problem-solving task attached to their nest box during the rearing period 140 

(Cauchard et al., 2013, 2024). The task featured a door placed temporarily over the nest box 141 

entrance hole, closed by default. To enter, parents had to pull with the leg a string hanging under 142 

the door, which opened it, and simultaneously slide their body under the door. The door then 143 

closed behind them, but they could push it from inside the nest box to exit (see figure 1 in 144 

Cauchard et al., 2024). This task simulates a natural obstacle that birds could remove on each 145 

entrance using a new behaviour involving pulling with their legs predominantly, as opposed to 146 

the classical use of their beak to pull material. Previous studies using this task have shown that 147 

inter-individual variation in problem-solving performance was primarily explained by a 148 

cognitive mechanism involving associative learning: solvers make fewer errors after the first 149 

cue to the solution (i.e., the first contact with the string that opened the door), and along 150 

successive attempts, compared to non-solvers (Cauchard et al., 2024). Furthermore, inter-151 

individual variation in problem-solving performance was not related to neophobia (measured 152 

as the latency to first touch the task) or motivation (measured either by the time spent interacting 153 

with the task or by brood size) (Cauchard et al., 2017, 2024).  154 

Problem-solving tests were conducted before adult capture to avoid any impact of disturbance 155 

and/or handling on behavioural measures. When nestlings were 6 days old, we attached the task 156 

to the nest box during 1 hour, between 07:00 AM and 04:00 PM. Tests were launched only if 157 

nestlings were satiated (i.e., not begging intensely at the beginning of the test) so that they 158 

would be able to endure not being fed for 1 hour should both parents be non-solvers. If nestlings 159 

were begging intensively, we cancelled the test and tried again later on the same day or the day 160 

after. A second test was conducted following the same protocol on the subsequent day, resulting 161 

in a total of 2 hours of test, to let parents enough time to explore the task while reducing the 162 

time per day during which nestlings potentially remained unfed. Tests were recorded by a video 163 
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recorder hidden in the vegetation approx. 6 to 10 meters from the nest box, facing the entrance 164 

of the nest box.  165 

Video recordings were analysed blindly with respect to the hypotheses tested. Using the two 1-166 

hour tests merged as a single test, we scored: 167 

- problem-solving performance, as whether or not the birds succeeded in pulling the string 168 

and entering the nest box (problem-solving status: 1 = solver, 0 = non-solver); 169 

- accuracy, as the proportion of task-relevant contacts (i.e., contacts with the door and the 170 

string) over all contacts (8 areas in total, see below) until the first entrance, or until the 171 

end of the test for non-solvers (accuracy thus varies from 0 when a bird never contacted 172 

the door or the string, to 1 when a bird only contacted those areas of the task). 173 

- neophobia, i.e., the fear of novelty, as the total time (in seconds) elapsed between the 174 

first contact with the nest box and the first contact with the task. A score of 7200 seconds 175 

(i.e., maximum duration of the two tests performed) is attributed to birds that were 176 

observed on the nest box but never touched the task (N = 4, 1.1%); 177 

- activity, as the total number of movements between areas defined on the nest box (6 nest 178 

box areas: roof, front, left and right sides, left and right corners, and two task areas: door 179 

and string; Cauchard, Bize et Doligez, 2024) until the first entrance for solvers, or until 180 

the end of the test for non-solvers; 181 

- exploration, as the total number of different areas on the nest box contacted (varies from 182 

1 to 8) until the first entrance for solvers, or until the end of the test for non-solvers. 183 

Birds were caught, handled and ringed under a licence from the Stockholm Museum Ringing 184 

Centre (license number 644:M03 to BD) and behavioural tests are conducted under a licence 185 

from the Swedish Committee for Experiments on Animals for all experiments on the site 186 

(license number C 108/7).  187 
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Statistical analyses 188 

We ran separate models for the five behavioural traits measured during the problem-solving 189 

test (-0.41 < r < 0.52), using linear mixed models (LMMs) for continuous response variables 190 

(i.e., accuracy, neophobia, activity) and generalised linear mixed models (GLMMs) for binary 191 

or count response variables (i.e., problem-solving status, exploration). Initial models included 192 

as fixed factors (i) sex, (ii) body condition at fledging, (iii) brood size, (iv) hatching date, (v) 193 

age of each parent, and (vi) body condition of each parent. We also added (vii) adult body mass 194 

(i.e., in the year of the test) as a fixed effect to account for its effect on problem-solving status 195 

(i.e., lighter individual are more prone to solve), as previously found in this population 196 

(Cauchard et al., 2024). We initially included (viii) the square value of hatching date to account 197 

for the potential quadratic effect of the timing of the season (e.g., both early and late hatching 198 

dates could represent harsher environmental conditions) but removed it was never significant. 199 

We added as random factors: (i) the year and (ii) the area of birth to account for environmental 200 

variation. We initially included (iii) nest rearing identity as a random factor to account for the 201 

potential non-independence of siblings, but removed it as it explained a negligible amount of 202 

variance and models converged with difficulty when included. If an individual was tested 203 

multiple times in adulthood (i.e., there is at maximum of one test per year, but the same 204 

individual can be tested over multiple years), we restricted the analyses to behavioural measures 205 

collected in the first year of testing in order to make the data comparable across all individuals.  206 

All statistical analyses were conducted using R version 4.2.1 (R. C. Team, 2020) and RStudio 207 

version 2022.07.2 (Rs. Team, 2019). Explanatory continuous variables were scaled to improve 208 

the interpretability of model estimates. Neophobia and activity were log-transformed to reach 209 

normality. All tests were two-tailed, and we removed non-significant factors (p > 0.05) from 210 

final models using a stepwise backward selection procedure. We checked for multicollinearity 211 

between explanatory variables using variance inflation factors (VIF) and for homogeneity and 212 
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normality of the residuals using the package DHARMa (Hartig, 2024). Sample size can vary 213 

between models because of missing data.  214 

 215 

Results 216 

A total of 348 local recruits were tested at least once with the problem-solving task over 9 years. 217 

Of these 348 recruits, 143 (i.e., 41%) were solvers, including 68 males (out of 200 males, i.e., 218 

34%) and 75 females (out of 148 females, i.e., 51%). Recruit hatching dates varied from May 219 

11 to June 26, in broods varying from 1 to 12 nestlings with a mean (± SD) of 7.4 ± 1.9 nestlings. 220 

Nestling body condition varies from 0.58 to 0.88, with a mean (± SD) of 0.77 ± 0.05.  221 

The probability to solve the task in adulthood increased with nestling body condition at day 14 222 

(Figure 1a), was lower in males (Figure 1a), and decreased with increasing adult body mass 223 

(Table 1). The probability to solve the task also tended to increase with hatching date (Table 224 

1). Accuracy (i.e., the proportion of relevant contacts during problem-solving) increased with 225 

increasing body condition at fledging (Figure 1b; Table 1) and was lower in males (Table 1). 226 

No other variable reflecting early life conditions affected solving probability or accuracy in 227 

adulthood (Table 1). 228 

Neophobia (i.e., time to first contact the task) tended to decrease with nestling body condition 229 

at day 14 (Figure 1c, Table 1). Activity differed only between sexes, with females being more 230 

active than males (Table 1). No other variable reflecting early life conditions affected 231 

neophobia, activity and exploration (Table 1).  232 
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 233 

Figure 1. Variation in behavioural traits measured in adulthood in relation to body 234 

condition of the individual at fledging in wild great tits exposed to a new problem-solving 235 

task. Nestling body condition at fledging (14 days old) is related to: (a) problem-solving status 236 

(0 = non-solver, 1 = solver), (b) accuracy during solving, and (c) neophobia when approaching 237 

the task. Females are presented in purple and males in green. Dots are raw data and lines and 238 

shaded areas represent predicted estimates and 95% CI from models presented in the Table 1. 239 

  240 
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Table 1: Results of mixed models testing the effects of variables reflecting early life 241 

conditions on behavioural traits in adulthood in wild great tits exposed to a new problem-242 

solving task (see text for the definition of trait measured). The effect of sex is expressed as the 243 

estimate for males compared to females, and the effect of parental age as yearlings compared 244 

to two years old or older adults. Final models, retaining significant or marginally significant 245 

effects, and intercepts, are reported in black font and significant effects are reported in bold.  246 

Non-significant effects removed from the models following a stepwise backward selection 247 

procedure are shown in dark grey font.  248 

Predictors Log-Odds CI p Est. CI p Est. CI p Est. CI p
Incidence Rate 

Ratios
CI p

(Intercept) -0.02 -0.39 – 0.36 0.934 0.46 0.39 – 0.53 <0.001 3.17 2.43 – 3.91 <0.001 3.54 3.24 – 3.84 <0.001 5.08 4.84 – 5.33 <0.001

Sex [Males] -0.65 -1.16 – -0.14 0.013 -0.06 -0.11 – -0.02 0.007 0.22 -0.36 – 0.80 0.452 -0.22 -0.42 – -0.02 0.034 0.97 0.88 – 1.07 0.549

Body condition at fledging 0.40 0.13 – 0.66 0.003 0.03 0.00 – 0.05 0.023 -0.29 -0.58 – 0.01 0.054 0.06 -0.05 – 0.16 0.292 1.00 0.95 – 1.05 0.941

Brood size 0.08 -0.16 – 0.32 0.506 0.01 -0.01 – 0.03 0.398 -0.16 -0.47 – 0.16 0.326 0.02 -0.09 – 0.12 0.712 1.02 0.97 – 1.07 0.417

Hatching date 0.26 -0.01 – 0.52 0.055 0.01 -0.02 – 0.04 0.529 0.14 -0.22 – 0.50 0.449 -0.04 -0.16 – 0.07 0.445 1.02 0.97 – 1.07 0.471

Mother age [Yearlings] 0.36 -0.17 – 0.90 0.185 -0.01 -0.06 – 0.04 0.575 0.48 -0.15 – 1.12 0.136 0.09 -0.14 – 0.32 0.456 0.96 0.86 – 1.08 0.523

Father age [Yearlings] 0.03 -0.66 – 0.71 0.940 -0.02 -0.09 – 0.05 0.589 0.30 -0.54 – 1.15 0.477 -0.11 -0.42 – 0.19 0.466 0.97 0.84 – 1.11 0.631

Mother body condition -0.17 -0.43 – 0.10 0.218 -0.01 -0.04 – 0.01 0.267 -0.01 -0.36 – 0.34 0.963 0.03 -0.09 – 0.16 0.568 1.02 0.96 – 1.07 0.573

Father body condition -0.06 -0.33 – 0.21 0.652 0.00 -0.02 – 0.03 0.798 -0.07 -0.43 – 0.29 0.692 0.09 -0.04 – 0.21 0.163 1.02 0.96 – 1.07 0.581

Adult mass -0.32 -0.60 – -0.04 0.023

Random Effects

σ
2

τ00 year.hatch

τ00 area.hatch

ICC

N area.hatch

N year.hatch

Observations

Marginal R
2
 / Conditional R

2

Problem-solving status Accuracy Neophobia Activity Exploration

3.29 0.04 6.11 0.81

0.00 0.01 0.78 0.14 0.00

0.00 0.00 0.28 0.02 0.00

12 12 12 12 12

0.111 / NA 0.031 / 0.245 0.012 / 0.157 0.012 / 0.177 NA

--

313 305 301 328 328

-- 0.22 0.15 0.17 --

8 8 8 8 8
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Discussion 249 

In this study, we investigated whether environmental conditions encountered during growth 250 

influenced cognitive and behavioural traits in adulthood in the great tit, a wild passerine bird 251 

known for its behavioural plasticity (e.g., Aplin et al., 2015; Isaksson, Utku Urhan et Brodin, 252 

2018; Cauchard, Bize et Doligez, 2024). We found that, regardless of sex, nestlings in better 253 

condition just before fledging (measured as a higher ratio of body mass on tarsus length), were 254 

more likely to solve a new problem-solving task as adults, made fewer mistakes when solving 255 

the problem (i.e., were more accurate), and were less neophobic (i.e., interacted faster with the 256 

new task) than nestlings in poorer condition (Figure 1). There is now strong evidence for the 257 

importance of early growth conditions on adult physiological, morphological and behavioural 258 

traits, such as dispersal or personality, in wild animals (Benard & McCauley, 2008; Lemaître 259 

et al., 2015), but the effects on cognitive traits remain poorly studied (Sonnenberg et al., 2022; 260 

Soravia et al., 2024), even though they play a decisive role in all decision-making processes, 261 

such as habitat selection, mate choice or foraging strategies. Hence, by pinpointing a link 262 

between body condition early in life and problem-solving performance and accuracy in 263 

adulthood, this 10-year-long study, based on over 300 recruits, helps to consolidate our 264 

knowledge on the long-term effects of early growth on cognitive traits and, in turn, on the many 265 

fitness-related traits that may be affected by individual decisions through cognition. 266 

In this correlative study, we investigated a broad set of integrative variables known to reflect 267 

early conditions in wild birds: namely, laying date, brood size, nestling body condition, parental 268 

age and body condition. Of these, only nestling body condition close to fledging predicted adult 269 

problem-solving performance. In great tits and other birds, fledging body condition is a widely 270 

used proxy for overall nestling physiological condition. It integrates early-life environmental 271 

and parental effects and strongly predicts post-fledging survival and recruitment (Ronget et al., 272 

2018). Indeed, fledgling condition directly reflects physiological condition (e.g., Hõrak et al. 273 
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1999; Kaliński et al. 2019; Landys et al. 2011), indicating the nutritional status and energy 274 

reserves of an individual (Bańbura et al., 2011) just before the post-fledging phase, a critical 275 

period of life (Naef-Daenzer et al. 2001). Because cognitive traits rely on costly neuronal 276 

processes (e.g., electrical signalling processes located in the brain can account for over 50% of 277 

total energy intake in humans during development; Heldstab et al., 2022), poor conditions 278 

during development can drive redirection of energy towards short-term survival rather than 279 

neural development and function (Bick & Nelson, 2016; Heldstab et al., 2022; Isler & van 280 

Schaik, 2009; Kotrschal et al., 2019). Accordingly, food availability and quality are well known 281 

to affect cognitive performance in humans and laboratory animals (Akman et al., 2004; 282 

Kriengwatana et al., 2015; Nowicki et al., 2002), and our results add to this body of research 283 

by showing links between body condition early in life, caused by nutritional restrictions during 284 

development, and problem-solving performance as adults in wild birds. The impacts of early 285 

life stressors on cognition are, however, not due to nutrition only as recently demonstrated wild 286 

southern pied babblers (Turdoides bicolor) where higher temperatures during the nestling stage 287 

led to long-term impairments in associative learning performance but not in reversal learning 288 

performance (Soravia et al., 2024). 289 

Environmental stressors, including nutritional stress, are known to increase levels of 290 

corticosteroid stress hormones in animals, and these hormones play a central role in redirecting 291 

energy towards short-term survival (Buchanan, 2000). The links between adverse early 292 

environmental conditions and adult cognitive performance may therefore be mediated by 293 

changes in corticosteroid stress hormone, which have an adverse effects on neural development 294 

(Buchanan et al., 2004; Schoech et al., 2011). In wild food-caching mountain chickadees, 295 

feather corticosterone levels before fledging in individuals living at high elevation were 296 

negatively related to short-term memory in adulthood in one out of the three years of the study 297 

(Sonnenberg et al., 2022). In birds, species with larger brains (relative to their body size) show 298 
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lower baseline and peak of corticosterone levels than those with smaller brains, supporting the 299 

hypothesis that enhanced cognition allows animals to better cope with stressful situations 300 

(Lendvai et al., 2013). Unfortunately, we have no measures of corticosteroid levels during 301 

nestling development in our study system with which to explore these mechanistic pathways 302 

further. 303 

In birds and other animals, individuals in better body condition near fledging or independence 304 

have higher survival to adulthood and recruitment probabilities as breeders (e.g., Tinbergen et 305 

Boerlijst, 1990; Garant et al., 2004; Ronget et al., 2018). In other words, individuals in poor 306 

condition are more likely to die before recruitment; this likely obscures long-term negative 307 

effects of suboptimal early conditions on cognitive performance through selective 308 

disappearance of the most affected individuals (i.e., those with the strongest reduction in adult 309 

cognition). Detecting long-term effects of poor early growth conditions therefore typically 310 

requires large sample sizes and multi-year studies, as in our study. It is also important to note 311 

that higher mortality in harsh years may also filter out the poorest individuals (Hadfield, 2008), 312 

potentially generating positive correlations between annual environmental conditions and 313 

cognition that may further mask links between early growth conditions and adult cognitive 314 

performance.  315 

Hatching date is another important measure of early growth conditions in animals under strong 316 

seasonality (de Villemereuil et al., 2020). Indeed, in these species, hatching date plays a 317 

particularly important role in determining the optimal synchronization of growth with 318 

temperature and food abondance (e.g., in great tits, Verboven et Visser, 1998; Greño, Belda et 319 

Barba, 2008; Rodríguez et al., 2016). Thus, the timing of breeding, by determining access to 320 

food resources, might influence nestling brain development and cognitive abilities at adulthood 321 

(Bertin et al., 2018; DuRant et al., 2013; Hope et al., 2018). In our study, nestlings that hatched 322 

later during the breeding season tended to be more prone to solve the task than those hatched 323 
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earlier. This is opposite to our expectation since in great tits, a late hatching date is usually 324 

associated with poor early life conditions either because breeding parents are less competitive 325 

(i.e., secured a territory later, thus of lower quality) or they missed the peak of food resources 326 

(Monrós et al., 2002). Importantly, in our study, even though recruit hatching dates spanned 327 

from May 11 to June 26, 89.1% of our measured recruits hatched between May 15 and June 4, 328 

i.e., over a very short period, and this may have limited our ability to detect a clear effect of 329 

hatching date on behavioural performances. This high synchrony of hatching might indeed have 330 

hidden the relationship with food abondance, resulting in no correlation between hatching date 331 

and nestling condition in our sample of measured recruits (N = 315, r = 0.03).  332 

Brood size could also act as a constraint on the development of cognitive performance when 333 

parents have to share limited food resources between more nestlings (Hõrak, 2003), limiting 334 

the energy available for brain development in each nestling. Here, we found no effect of brood 335 

size on the behavioural traits measured at adulthood. A recent study found that in great tits, 336 

manipulated brood size affected nestling mass but not physiological traits related to energetical 337 

production such as mitochondrial metabolism and reactive oxygen species production (Cossin-338 

Sevrin et al., 2023). In our study, brood size was poorly correlated to nestling body condition 339 

(N = 322, r = -0.05), it is thus possible that brood size did not affect the allocation of energy for 340 

brain development in our growing great tits. Parental age has also been found to influence 341 

breeding success in great tits, even though in this species, reproductive success can either 342 

decrease (with decreasing parental effort), increase (with increasing parental experience) or 343 

remain unchanged with increasing age (e.g., Perrins et McCleery, 1985; Pigeault et al., 2020; 344 

Verhulst, 2026). Here, we found no effect of parental age on nestling behavioural traits in 345 

adulthood, nor on nestling body condition (t(255.8) = -1.09, p = 0.27 and t(71.5) = 0.15, p = 0.88 346 

for females and males, respectively), supporting that age either did not affect growing 347 

conditions in our great tit population, or that our binary age measure (yearling vs. older adults) 348 
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did not capture age variation relevantly enough. Finally, great tit parents in better condition 349 

were also found to raise offspring more successfully, which likely relates to their higher 350 

efficiency to find food and/or higher genetic quality (Gebhardt-Henrich & Van Noordwijk, 351 

1991; Norte et al., 2010; Pickett et al., 2013). In our study, we found no direct effect of parental 352 

condition on nestling behavioural performances at adulthood, and weak correlations between 353 

parental condition and nestling body condition (N = 280, r = 0.12 and N = 268, r = 0.22 for 354 

females and males, respectively). It is possible that the effect of nestling condition at fledging 355 

on behavioural performances masked a potential role of parental condition.  356 

In conclusion, our results clearly suggest that early environment has strong developmental 357 

effects on problem-solving ability and accuracy, as well as potential effects on neophobia (only 358 

marginally significant here), which are three cognitive and behavioural traits known to help 359 

species to adjust to new conditions. Indeed, the ability to solve new problems and to flexibly 360 

adjust behaviour based on cues to solution (i.e., accuracy here), as well as a low neophobia 361 

level, are behavioural traits that are most likely under natural selection by enabling fast and 362 

flexible construction of new behavioural responses (Ducatez et al., 2020; Sol et al., 2016). Yet, 363 

we cannot rule out the possibility that some other, unmeasured factor could have a role in 364 

driving the relationship observed between nestling condition and cognitive performance in 365 

adulthood by simultaneously but independently influencing both variables. Therefore, directly 366 

manipulating growth conditions, through for example the supplementation of nestlings, in 367 

particular with nutrients known to be important for brain development, is now needed to 368 

experimentally demonstrate the role of early life conditions (here nutritional stress) in shaping 369 

innovative performance in adulthood.   370 
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