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Abstract: Adapting to environmental change is a major challenge faced by animals and the role
of individual behavioural differences in facilitating this process is currently the focus of
much research. Innovation, the generation of a novel behaviour or a known behaviour
used in a novel context, is one form of behaviour that enables animals to respond to
change. By deciphering the mechanisms underlying innovativeness, especially those
that explain consistent differences between individuals, we can further understand the
consequences of this behavioural variation. We tested whether motivation, experience,
inhibitory control, and personality were linked to different stages of sequential
innovative problem-solving performance among great tits (Parus major), and of their
overall innovativeness across tasks. We gave animals originating from lines bi-
directionally selected for fast or slow early exploratory behaviour a multi-access
problem-solving device with three different access points, requiring diverse motor skills
and behavioural flexibility to solve sequentially over trials. Food deprived, highly
motivated birds had shorter latency to touch the device, were more likely to solve within
a trial, and solved a greater diversity of problems than their less motivated
counterparts. Solving success increased with accuracy (proportion of touches to
functional components of the device compared to all touches to the device per trial)
 when interacting with the device, and with previous experience. Personality selection
lines and inhibitory control had little effect. Repeatability analysis showed that between
individual differences in problem solving performance were explained by: i)
pseudorepeatable effects (upwards bias) linked to hunger-induced motivation; ii) by
repeatable differences in accuracy when interacting with devices, and iii) by a feedback
loop caused by experience gained over successive trials. Our results highlight the
challenges of characterising consistent individual variation in behaviour generally and
supports the idea that complex sources of variation play an important role in problem
solving performance.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Adapting to environmental change is a major challenge faced by animals and the role of 1 

individual behavioural differences in facilitating this process is currently the focus of much 2 

research. Innovation, the generation of a novel behaviour or a known behaviour used in a novel 3 

context, is one form of behaviour that enables animals to respond to change. By deciphering 4 

the mechanisms underlying innovativeness, especially those that explain consistent differences 5 

between individuals, we can further understand the consequences of this behavioural variation. 6 

We tested whether motivation, experience, inhibitory control, and personality were linked to 7 

different stages of sequential innovative problem-solving performance among great tits (Parus 8 

major), and of their overall innovativeness across tasks. We gave animals originating from 9 

lines bi-directionally selected for fast or slow early exploratory behaviour a multi-access 10 

problem-solving device with three different access points, requiring diverse motor skills and 11 

behavioural flexibility to solve sequentially over trials. Food deprived, highly motivated birds 12 

had shorter latency to touch the device, were more likely to solve within a trial, and solved a 13 

greater diversity of problems than their less motivated counterparts. Solving success increased 14 

with accuracy (proportion of touches to functional components of the device compared to all 15 

touches to the device per trial)  when interacting with the device, and with previous experience. 16 

Personality selection lines and inhibitory control had little effect. Repeatability analysis 17 

showed that between individual differences in problem solving performance were explained 18 

by: i) pseudorepeatable effects (upwards bias) linked to hunger-induced motivation; ii) by 19 

repeatable differences in accuracy when interacting with devices, and iii) by a feedback loop 20 

caused by experience gained over successive trials. Our results highlight the challenges of 21 

characterising consistent individual variation in behaviour generally and supports the idea that 22 

complex sources of variation play an important role in problem solving performance. 23 

Keywords: accuracy, cognitive repeatability, inhibitory control, innovation, motivation, Parus 24 

major, personality, problem-solving,  pseudo-repeatability. 25 
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Acquiring resources in changing environments is a major challenge faced by animals and a key 26 

determinant of fitness. Innovation, the generation of a novel behaviour or a known behaviour 27 

used in a novel context, most commonly achieved through a problem solving process, is one 28 

mechanism that a wide range of animals use to meet this challenge (Seed & Mayer, 2017).  29 

Comparative analysis has provided evidence for selection acting on innovativeness across 30 

species, such as the need to find food, adapting to urban environments, and seasonal changes 31 

(Daniels et al., 2019; Lefebvre et al., 2004; S. Reader, 2003; Simon M. Reader & Laland, 2002; 32 

Sol, Lefebvre, et al., 2005; Webster & Lefebvre, 2001). Furthermore there is growing evidence 33 

of a correlation between innovativeness and fitness within populations (Cauchard et al., 2013; 34 

Cole et al., 2012; Preiszner et al., 2017), and for the role of innovation among invasive or 35 

urbanised species (Daniels et al., 2019; Griffin et al., 2014; Griffin & Diquelou, 2015), enabling 36 

them to make use of novel resources. Although the underlying proximate causes of individual 37 

variation in innovativeness are diverse - for example, infection by parasites (Dunn et al., 2011), 38 

social factors (Thornton & Samson, 2012) and natal environment effects (Kotrschal & 39 

Taborsky, 2010) - repeatability analyses suggest differences among individuals are consistent, 40 

pointing to intrinsic, potentially additive genetic, sources of variation (Cauchoix M. et al., 41 

2018; Cole et al., 2011; Morand-Ferron et al., 2011). One of the major challenges in the field 42 

is that innovativeness is a composite trait driven by a range of disparate behavioural processes 43 

that selection may act on independently and that may explain consistent differences in 44 

performance among individuals. These processes include cognition and motivation, as well as 45 

personality traits like exploration, persistence and neophobia (Griffin & Guez, 2014; Lermite 46 

et al., 2017; Seed & Call, 2010; Taylor et al., 2009). Thus, a key objective is to determine which 47 

processes drive innovativeness and explain the consistent individual differences observed.  48 

Innovativeness correlates with relative brain size across species (Overington et al., 2009), 49 

suggesting an important role for cognitive mechanisms (Benson-Amram et al., 2016; Lefebvre 50 



et al., 1997; Simon M. Reader & Laland, 2002; Sol, Duncan, et al., 2005). A number of 51 

cognitive mechanisms have been proposed to underlie innovative problem-solving, including 52 

causal reasoning, insight, associative learning and inhibitory control (Barrett et al., 2018; 53 

Benson-Amram & Holekamp, 2012). Additionally, the ability to draw on previous experience 54 

aids individuals in reaching a solution (Cauchard et al., 2013; Ebel & Call, 2018; Griffin et al., 55 

2014; Sol et al., 2012), as well as ensuring the new behaviour becomes established in an 56 

individual’s repertoire (Fragaszy et al., 2013). Finally, in situations where opportunities for 57 

innovation may be common, for example among invasive or urbanised species (Daniels et al., 58 

2019; Griffin et al., 2014; Griffin & Diquelou, 2015), the ability to innovate frequently may be 59 

essential but dependant on inhibitory control (Daniels et al., 2019), whereby individuals must 60 

inhibit a previously rewarding behaviour that is no longer rewarding, in order to innovate 61 

further (Pecora et al., 2017). However, cognitive processes alone cannot explain why some 62 

individuals innovate more compared to others (van Horik & Madden, 2016), and especially 63 

when other behavioural traits such as exploration and persistence also lead to innovation 64 

(Daniels et al., 2019; Ebel & Call, 2018; Overington et al., 2011). 65 

Personality, defined as within individual behavioural consistency across time and contexts 66 

(Réale et al., 2007), provides a framework for exploring constraints on behavioural plasticity 67 

(Dall et al., 2004) and individual problem-solving performance (Hopper et al., 2014; Morton 68 

et al., 2013). Personality traits have attracted particular attention because they predict 69 

individual variation in a wide range of behavioural traits (Aplin et al., 2014; Cole & Quinn, 70 

2012, 2014). Studies in the wild (Dingemanse et al., 2002; Highcock & Carter, 2014) and 71 

laboratory (David et al., 2012; van Oers & Naguib, 2013), show that the personality trait ‘early-72 

life exploratory behaviour’, more specifically in this case, repeatable differences in the reaction 73 

to both a novel environment and objects (Drent et al., 2003), can influence how individuals 74 

retrieve information from their environment (Smit & van Oers, 2019), how quickly they solve 75 



problems (Hopper et al., 2014), and the degree of behavioural flexibility shown (Coppens et 76 

al., 2010). In particular, fast-exploring (hereafter fast) individuals may be quicker to interact 77 

with or solve tasks (Benson-Amram & Holekamp, 2012; Trompf & Brown, 2014) but show 78 

less behavioural plasticity (Amy et al., 2012; Jolles et al., 2019; Logan, 2016c). Slow-exploring 79 

(hereafter slow) individuals tend to be the opposite (Coppens et al., 2010; Ducatez et al., 2015; 80 

Johnson-Ulrich et al., 2018; Sol et al., 2012; Zandberg et al., 2017). Additionally, neophobia, 81 

the fear of novel food, objects or places (R. S. Greenberg & Mettke-Hofmann, 2001), can 82 

constrain both the latency to approach a novel object and engagement in tasks. For example, 83 

individual hyenas that show greater persistence, activity, or lower neophobia, were faster to 84 

solve a problem. (Johnson-Ulrich et al., 2018). However, the evolutionary significance of links 85 

between innovation and personality traits, as defined in Reale et al. (2007), is often unclear 86 

because the genetic basis for the personality variation is usually unknown (Cole et al., 2011), 87 

except in those few cases where personality selective breeding lines have been used (Drent et 88 

al., 2003; van Oers et al., 2004, 2005). Moreover, the role of other personality traits at different 89 

stages of innovative problem-solving (e.g. interacting with a problem, solving a problem, and 90 

ceasing to perform outdated solutions), and its interactions with other factors such as stress and 91 

motivation remains largely unexplored. Individual differences may be especially pronounced 92 

under stress (Suomi, 2004), but this has scarcely been tested. Note that although all behavioural 93 

variation can be defined as personality in a statistical sense (e.g Dingemanse and Dochterman 94 

2013), here we follow Reale et al. (2007) who focus on five kinds of behavioural traits, 95 

including exploration behaviour, that inherently capture variation in many other behavioural 96 

traits. 97 

Motivation is expected to be an important driver of innovative behaviour (Laland & Reader, 98 

1999; Sol et al., 2012) and to affect all stages of innovation. The “necessity drives innovation” 99 

hypothesis states that innovative behaviours commonly occur when individuals are in need 100 



(S.M. Reader & Laland, 2003), i.e. when they are motivated (Laland & Reader, 1999). For 101 

example, subdominant or juvenile individuals are often assumed to be more likely to innovate 102 

because they are less competitive when foraging (Morand-Ferron et al., 2011; Thornton & 103 

Samson, 2012). The rarely tested assumption in these studies is that hunger acts as the 104 

motivating factor driving innovation. In animal behaviour studies, food deprivation is 105 

commonly applied to ensure trial participation (Birch, 1945; Overington et al., 2011; Sol et al., 106 

2012), or when attempting to control for confounding effects of motivation (Ebel & Call, 2018; 107 

van Horik & Madden, 2016). However, the extent to which motivation may influence 108 

innovative problem-solving behaviour at an individual level has scarcely been examined 109 

explicitly (Griffin and Guez, 2014). 110 

Here we explore behavioural processes that are predicted to cause variation during sequential 111 

innovative problem-solving, using second and third generation birds selected for personality. 112 

Selection lines are a powerful means to investigate inherent effects of personality on problem 113 

solving performance as opposed to simple phenotype-phenotype correlations. We used a device 114 

that incorporated three different extractive foraging access points to provide a more complete 115 

measure of individual ability. The solutions relied on different motor skills, thus limiting the 116 

effects of individual motor skill bias, and previous motor skill experience carrying over to 117 

solving new access points. We examined variation in three different behavioural assays 118 

involved in innovative problem-solving: i) latency to touch the novel apparatus; ii) accuracy 119 

when interacting with any access point on the device; iii) problem-solving success within each 120 

trial, before finally examining iv) the individual’s overall innovativeness (the number of 121 

different access points solved at least once across all trials). We considered a range of potential 122 

explanatory factors for these different behavioural facets, including extrinsic motivation 123 

(hunger state, the only experimentally manipulated factor), inhibitory control, previous 124 

experience, and personality (fast/slow selection lines). In line with the theory that individual 125 



differences may be more pronounced under stress (Suomi, 2004), we investigated the 126 

interaction between motivation and personality, assuming that birds in the high motivation 127 

(food deprived) treatment were more stressed than those in the low motivation treatment. 128 

Finally, to determine whether individual differences were consistent, we estimated 129 

repeatability for i)-iii) and examined whether controlling for fixed effects modified our 130 

estimates of repeatability. Repeatability sets the upper limit of heritability and is fundamental 131 

in studies on the evolutionary ecology of innovation and behaviour generally. Although 132 

uncontrolled confounding effects can potentially lead to an underestimate of repeatability, 133 

more commonly they lead to overestimates (pseudo-repeatability) and sometimes explain 134 

repeatability entirely  (Catry et al., 1999; Dingemanse & Dochtermann, 2013; Westneat et al., 135 

2011).  136 

We predicted that: 1) Birds in the high motivation treatment group would have a reduced 137 

latency to touch the device, increased accuracy (i.e. a high proportion of interactions with 138 

functional components, rather than non-functional components of the device), would be more 139 

likely to solve, and solve a greater overall number of different access points; 2) Fast explorers 140 

would have a shorter latency to touch the device and lower accuracy when interacting with the 141 

device than slow explorers, but they may have a higher likelihood of solving due to higher 142 

exploration of the device; 3) Previous experience would enable innovation, by causing a 143 

decrease in latency to touch the device, and an increase in accuracy with interacting with it and 144 

likelihood of solving; 4) Likelihood of solving in a trial would increase with accuracy (i.e. with 145 

higher interactions with functional components); and 5) Birds with higher inhibition ability 146 

would be more likely to adjust their behaviour to solve multiple access points. 147 

MATERIALS AND METHODS  148 



All experiments were carried out at the Netherlands Institute of Ecology (NIOO-KNAW), on 149 

36 captive bred great tits (Parus major). All birds included in the study were adult (two years 150 

or older). 17 birds were not related to each other, and 5 had one sibling and 14 shared more 151 

than one sibling; we assume relatedness among individuals had no bearing on the results. They 152 

were housed individually in standard cages (0.9 x 0.5 m and 0.5 m high) containing three 153 

perches and a water bath. Birds were in auditory contact but were visually isolated to prevent 154 

social learning. All birds had ad libitum access to water and a maintenance diet (ground beef 155 

heart, commercial egg food, fruit and calcium) unless otherwise stated. One bird did not 156 

participate in any of the experiments, it was excluded from any analysis due to the absence of 157 

any observations.  158 

Personality 159 

Birds came from the second and third generation of bi-directionally phenotypically selected 160 

great tits, based on personality for “fast exploration” (fast; N = 18) and “slow exploration” 161 

(slow; N = 18). The measure of “exploration” used during the selection process, was a 162 

combination of two novel object tests where the latency to touch a novel object was recorded, 163 

e.g. a pink panther toy or a AA battery taped to a wooden stick, and one novel environment 164 

test, where birds were released into a room and the latency to land on the fourth (out of five) 165 

artificial trees was recorded (for further details on selection and personality lines see Drent et 166 

al., 2003).  The birds in the final selection lines used here underwent these same assays after 167 

fledging to confirm their personality type. As the specific aim of this study was to investigate 168 

the effects of artificially selected personality lines on problem-solving and because the bird 169 

behaviour matched their selected personality type, we analysed personality according to their 170 

selection history only (i.e. fast or slow selection lines).  171 

Motivation 172 



Individuals were randomly assigned to one of two motivation treatment groups for the duration 173 

of the experiment based on hunger state. The low motivation group consisted of sated 174 

individuals, given full access to maintenance diet up to the start of the trial. Additionally to 175 

ensure they were sated, they were provided with and invariably ate all three wax moth larvae 176 

30 minutes before trials began. The high motivation group consisted of food deprived birds, 177 

who had all sources of food removed from their cage for 1 hour before the trial (Hämäläinen 178 

et al., 2019). For welfare purposes, all birds had access to water during the trials. Motivation 179 

treatment was spread across the selection lines in four categories; high motivation, fast (female 180 

N = 4 and male N = 5), high motivation, slow (female N = 5 and male N = 4), low motivation, 181 

fast  (female N = 5 and male N = 4), low motivation, slow (female N = 5 and male N = 3). 182 

Lever-pulling propensity 183 

All trials described here and in the following section were carried out in their individual home 184 

cages, under natural winter diurnal light cycles. To establish whether the birds had a pre-185 

existing tendency to lever-pull (von Bayern et al., 2009), and because some birds may have 186 

had previous experience lever pulling in old experiments while others had not, we measured 187 

lever pulling propensity prior to testing them on the multi-access device. We presented all birds 188 

with an opaque PVC rectangular tube containing a lever-supported platform with half a wax 189 

worm (Zandberg et al., 2017). We used an opaque device to test whether birds had a propensity 190 

to pull a stick, independent of a visual food reward cue, because the previous device that had 191 

been used was also opaque (Zandberg et al., 2017), and because we did not want the birds to 192 

have experience with the main innovation test device beforehand. All birds were given up to 193 

four trials (30minutes per trial) to obtain the food reward, by pulling the lever horizontally 194 

causing the platform and reward to drop. Individuals who solved this opaque task at least once 195 

were classified, in the main analysis on the multi-access problem solving task described below, 196 



as having previous experience with solving the lever pulling task. All birds progressed to the 197 

multi access task irrespective of their performance in this opaque device (see figure 1). 198 

Multi Access Problem-solving Task 199 

Birds were presented with a multi access problem-solving apparatus (figure 2) with three 200 

distinct solutions that required different motor skills (see below), to obtain a preferred food 201 

reward (a wax moth larvae). The apparatus was an upright Perspex cylinder (height = 16cm, 202 

diameter = 5cm), with a platform holding the food reward. The platform was supported by a 203 

lever, which when pulled from the outside of the device caused the platform to drop, releasing 204 

the food reward below the device (solution 1). A second possible solution was to move a door 205 

that could be pushed left or right, to gain access to the food reward on the platform (solution 206 

2). A third possible solution was to pull a string from the top of the device, which was attached 207 

to a second worm (solution 3). Each of these access points involved different motor action(s) 208 

including pulling (solution 1), pushing (solution 2) and coordinating both grasping and pulling 209 

(solution 3). 210 

Experiments were scheduled evenly across mornings and afternoons for both treatments and 211 

personality lines. In each trial, subjects were presented with the device and given 30 minutes 212 

to solve any of the access points. Birds were given two back to back trials per day, without 213 

being fed between trials. Following their second trial, their maintenance diet was returned until 214 

testing the following day. The experiment ended when they had solved all three access points 215 

three times, or until they had failed to solve over three consecutive trials (total number of trials 216 

ranged between 3 and 13). Once an individual solved the same access point across three 217 

separate trials, that access point (door, lever, or string) was fused mimicking natural depletion 218 

of that food source, which meant that solving that particular access point was no longer 219 

possible, though remained present and visible. We allowed birds to solve each access point 220 



three times to increase the chance that the behaviour became fixed in their repertoire. In order 221 

to solve a novel solution, they would need to behave flexibly, which we predicted would be 222 

guided by inhibitory control. Great tits from selection lines in this facility readily participate in 223 

experiments, so we assumed the three trials was sufficient to allow them overcome any 224 

neophobic response. All trials were recorded using a Panasonic HC-V250EB-K camera 225 

mounted on a tripod, covered in camouflage tape and positioned 1m from cage. Videos were 226 

analysed using Behavioural Observation Research Interactive Software -  BORIS (Friard & 227 

Gamba, 2016). Observers were blind to the personality assigned to the birds, but were aware 228 

of the motivation treatment group. Ten per cent of videos were coded by a second person. Inter-229 

rater reliability was assessed using a Kendall’s Tau correlation test for agreement on the 230 

following measures; total number of touches to the device per trial P < 0.001; touches to 231 

functional access points on the device per trial, P < 0.01, touches to anything other than 232 

functional access points on the device per trial P < 0.005. 233 

Inhibition task 234 

To generate an independent estimate of each individual’s motor inhibition, we used a classical 235 

detour reaching task (Beran, 2015; Boogert et al., 2011; Rothbart et al., 1985), which tests to 236 

what extent the birds could control the prepotent response of pecking straight towards a food 237 

reward visible within a transparent Perspex tube. To pass the test, birds had to obtain the reward 238 

by accessing it through the opening on the side (Thorndike, 1911). The detour task was 239 

performed on a subset of twenty birds, prior to the problem-solving task (number of days 240 

between end of detour reach task and first test day on multi-access device; mean ± s.e.  = 11 ± 241 

0.46, min = 8 , max = 12) to control for carry-over experience with the transparent Perspex. 242 

Birds were not food deprived before this task. There were three phases to this task: habituation, 243 

training, and test phases. Birds participated in one phase per day, with progression through 244 



phases occurring over consecutive days (duration of testing (days); mean ± s.e.  = 1.64 ± 0.18, 245 

min = 1 , max = 4). In the habituation and training stages, the Perspex tube was opaque (covered 246 

with black tape). To familiarise the birds with the apparatus, a wax worm larva was placed at 247 

the opening edge of the tube. Birds passed the habituation phase when they had eaten the 248 

reward three consecutive times. During the training phase, individuals had to obtain the food 249 

reward located in the centre of the opaque tube without touching any other part of the device. 250 

Training was completed when this was successfully demonstrated during four out of five 251 

consecutive trials, ensuring the birds had the motor skills and experience necessary to move 252 

around the tube to successfully obtain the worm. During the test phase, the food reward was 253 

placed in the centre of a transparent tube. Birds had to remove the food reward without pecking 254 

on any other part of the device to complete the trial successfully. Inhibitory control scores were 255 

quantified as the number of trials it took individuals to complete four out of five consecutive 256 

trials correctly. All trials were a maximum of three minutes each, and observed remotely by 257 

live streaming to a mobile phone using a WIFI enabled SJCAM SJ4000 camera.   258 

Ethical Note 259 

We performed the experiment in accordance with the Association for the Study of Animal 260 

Behaviour guidelines. All experiments were approved by an ethical committee (DEC-KNAW 261 

licence no. NIOO 14.12 to KVO) and daily health checks were carried out to ensure the birds’ 262 

welfare. Birds returned to the stock population after the behavioural experiments. 263 

Statistical analysis 264 

We tested whether multiple factors influenced different behaviours ((i) latency to touch, (ii) 265 

accuracy, (iii) likelihood of solving, (iv) innovativeness) at different stages of sequential 266 

innovative problem-solving performance. Separate analyses were conducted using RStudio 267 

(RStudio Team, 2019) on each of the four stages above (i-iv), and we repeated these models 268 



on the subset of birds (n = 22) who completed the inhibition task.  For touch latency and 269 

accuracy, we conducted general linear mixed models (GLMMs) using the nlme package (J 270 

Pinheiro et al., 2019) fit with a normal distribution; for likelihood of solving we ran a GLMM 271 

using the lme4 package (Bates et al., 2015) fit with a binomial distribution; and for 272 

innovativeness we ran a general linear model (GLM) with poisson distribution (see table A1 273 

for a full list of variables and their definitions). In line with Whittingham et al., (2006), we 274 

retained all variables of biological significance in the initial models to test specific hypotheses. 275 

For model selection, we used Akaike’s information criterion (AIC) to measure goodness of fit 276 

(reported in table legends) and likelihood-ratio tests to determine which model explained more 277 

variance. We compared full models (with the interaction between motivation and personality) 278 

to null models, and then compared full models to reduced models (i.e. without the interaction 279 

between motivation and personality). We dropped the interaction term from the model if the 280 

likelihood-ratio test was non-significant (alpha = 0.05). To confirm that this hypothesis testing 281 

approach did not lead to a Type 2 error due to overfitting, we further reduced each model to 282 

the minimum adequate model using backwards reduction  (see tables A2-A5). We checked that 283 

all models met assumptions (homogeneity, normality of residuals and collinearity of 284 

explanatory variables) using the DHARMa package in R (Hartig, 2020).  We calculated 285 

confidence intervals (C.I.) for the random factor and residuals in each model using the package 286 

nlme in R (José Pinheiro & Bates, 2006). In the legend of each table, we report marginal R2 287 

(defined as the proportion of variance in the dependent variable that is explained by the fixed 288 

factors only), and conditional R2 (defined as the proportion of variance in the dependent 289 

variable that is explained by the fixed and random factors), or pseudo R2 (the marginal R2  of a 290 

Poisson GLM, which does not include a random factors). The full models tested in the analyses 291 

were as follows: 292 



i) Latency to touch the device, was log-transformed to fit a Gaussian distribution (total trials = 293 

226). The following fixed effects were included in our model as potential influences: 294 

motivation (low or high), trial number, selected personality lines (fast or slow exploring), 295 

previous experience of solving any functioning access point including the opaque device (no 296 

or yes), and sex (male or female). Individual bird identity was included as a random effect to 297 

control for repeated measures and to test repeatability of individual differences.    298 

ii) Accuracy was defined as the number of touches to a functioning access point divided by the 299 

total number of touches to any part of the device per trial. Fixed effects included interaction 300 

rate (total number of touches to any part of the device min-1 trial-1), motivation group, trial 301 

number, selected personality lines, previous experience of any functioning (but not fused) 302 

access point (including previous experience of lever pulling propensity on opaque device), 303 

fused trial – where any of the solutions fused and therefore unavailable, as a fused access point 304 

may decrease accuracy, and sex. Individual bird identity was included as a random effect as 305 

subjects completed multiple trials.    306 

iii) To test which factors predicted solving within each trial (binary; n= 224), we included the 307 

following fixed effects: accuracy, previous experience, motivation group, personality, sex, trial 308 

number and fused trial. Individual bird identity was included as a random term. To avoid over 309 

parameterisation of the model, we did not include latency to touch in this particular analysis 310 

(but see analysis on number of different solves).  311 

iv) We tested which factors affected innovativeness defined as the number of different access 312 

points solved by an individual, (n= 35). Birds solved either 0, 1, 2, or 3 different access points.  313 

We included the following explanatory variables: hunger, personality, sex, latency to touch the 314 

device in the first trial only and inhibitory control. As this analysis was conducted on the 315 



number of different access points of solved across all trials, we do not include variables that 316 

are trial specific (i.e. previous experience and accuracy). 317 

Finally, we determined individual repeatability of the response variables in each of the first 318 

three questions above (latency to touch the device, accuracy and solving within a trial), using 319 

the rptR package, estimating repeatability (intra-class correlation) and confidence intervals 320 

(C.I.) from Gaussian, binary, proportion and Poisson data (Stoffel et al., 2017). We report 321 

unadjusted and adjusted repeatability, to encompass repeatability before and after controlling 322 

for influential fixed effects (Cauchoix M. et al., 2018). Unadjusted repeatability measures the 323 

between-individual variation in a given behaviour, while adjusted repeatability controls for 324 

fixed effects that could influence individual behaviour, either because they explain between or 325 

within individual components of variation. For both adjusted and unadjusted repeatability, we 326 

included individual identity as a random effect.  327 

RESULTS 328 

Latency to touch the multi-access device 329 

Latency to touch the multi-access device decreased over consecutive trials (β ± s.e. = -0.09 ± 330 

0.03, t = -3.36, P = 0.001; table 1, supplementary material figure A1). The high motivation 331 

group took less time to touch the device than the low motivation group (β ± s.e.  = 1.17 ± 0.30, 332 

t = 3.84, P < 0.001). Latency to touch the device did not differ between the personality selection 333 

lines (β ± s.e.  = 0.20 ± 0.30, t = 0.67, P = 0.507). There was a non-significant trend for sex, 334 

suggesting that males took less time to touch the device compared to females (β ± s.e. = -0.53 335 

± 0.30, t = -1.76, P = 0.089). The variance of the random effect (individual bird identity) was 336 

0.73 and the residual was 1.07 (95% C.I. [0.97, 1.18]). There was no effect of previous 337 

experience. The interaction between motivation and personality was not significant (β ± s.e.  = 338 



-0.47 ± 0.60, t = -0.78, p = 0.44). Inhibitory score had no effect on latency to touch the device 339 

(see supplementary material table A6). 340 

Accuracy 341 

Birds were more accurate if they had previous experience solving any functioning access point, 342 

including solving the opaque device before the main experiment (β ± s.e. = -0.35 ± 0.04, t = 343 

8.20, P < 0.001; table 2 and figure 3). There was a non-significant trend for slow birds being 344 

more accurate than fast birds (β ± s.e. = 0.13 ± 0.07, t = 1.80, P = 0.08). Birds tended to be less 345 

accurate in trials where there was a fused access point (β ± s.e. = -0.11 ± 0.07, t = -1.70, P = 346 

0.09).  The variance of the random effect (individual bird identity) was 0.17 and residual was 347 

0.24 (95% C.I. = 0.22-0.27). There was no effect of motivation group, interaction rate, sex or 348 

trial number on accuracy. The interaction between motivation and personality was not 349 

significant (β ± s.e. = -0.06 ± 0.15, t = -0.39, p = 0.70). Inhibition was unrelated to accuracy 350 

(see supplementary table A7).  351 

Solving within a trial 352 

Nineteen of the 35 birds pulled the lever on the opaque device. Of the 35 birds that participated 353 

in the multi-access task, 12 birds solved one access point, four birds solved two access points, 354 

seven birds solved all three access points, and 12 birds did not solve at all (figure 4). Three 355 

birds solved three different access points over three consecutive trials while the device was 356 

fully operational (all access points functioning). One bird solved two access points in one trial, 357 

solving the string and then the lever in their fourth trial. We include both solves as separate 358 

observations in our analysis. The lever was solved by 23 different birds, the door was solved 359 

by 10 birds and the string was solved by 7 birds, while 12 birds did not solve any access point.  360 



Food deprived birds were more likely to solve (β ± s.e. = -1.79 ± 0.50, z = -3.57, P < 0.001; 361 

table 3). Higher accuracy (β ± s.e. = 3.79 ± 0.78, z = 4.90, P = 0.008) and previous experience 362 

(β ± s.e. = 1.26 ± 0.47, z = 2.66, P = 0.008) also predicted solving likelihood within a trial. The 363 

variance of the individual identity random effect was 0.13 and residual was 0.37 (95% C.I. 364 

[0.41, 0.33]). There was no effect of personality, sex, trial number, whether it was a fused trial 365 

or not, total number of touches to device per trial or inhibition (see supplementary table A8). 366 

The interaction between motivation and personality was not significant (β ± s.e. = -0.46 ± 0.90, 367 

t = -0.51, p = 0.61). Follow up post hoc analysis, using a Fisher’s exact test, revealed a 368 

correlation trend between lever-pulling on the opaque and multi-access device (P = 0.07). 369 

Further analysis, investigating the order in which the multi-access device was solved, using a 370 

Fisher’s exact test, showed that the lever was more likely to be solved first (P < 0.001), while 371 

there was no difference between the string or door (see figure A2).   372 

Innovativeness: number of access points solved 373 

Highly motivated birds solved a greater number of novel access points than little motivated 374 

birds (β ± s.e. = -1.04 ± 0.37, z = -2.80, P =0.005; table 4 and figure 5). There was no effect of 375 

personality, sex, latency to touch the device in the first trial only (see table 4) or inhibition (see 376 

supplementary table A9). The interaction between personality and motivation was non-377 

significant (β ± s.e. = -0.86 ± 0.79, z = -1.09, p = 0.28). 378 

Repeatability 379 

Latency to touch the device was repeatable but repeatability decreased when adjusted for 380 

significant fixed effects (unadjusted R = 0.48, C.I. = 0.30, 0.61, P <0.001; adjusted R = 0.32, 381 

C.I. = 0.15, 0.45, P <0.001; table 5). Accuracy was also repeatable but increased when adjusted 382 

for significant effects (unadjusted R = 0.23, C.I. = 0.08, 0.38, P = 0.001; adjusted R = 0.35, 383 

C.I. = 0.17, 0.52, P < 0.001).  Solving performance within a trial was also repeatable but 384 



repeatability disappeared entirely when adjusted for all significant fixed effects (unadjusted R 385 

= 0.31, C.I. = 0.1, 0.46, P < 0.001; adjusted R = 0.03, C.I. = 0, 0.17, P = 0.40). To further 386 

investigate which factors were reducing the individual repeatability between the unadjusted 387 

and adjusted R-values for solving within a trial, we removed each fixed effect individually and 388 

re-ran the repeatability model (see table 5). Adjusted repeatability changed only when a 389 

significant fixed effect was excluded. Adjusted repeatability without accuracy was significant 390 

(adjusted R = 0.18, C.I. = 0, 0.33, P = 0.044) and without motivation (R = 0.21, C.I. = 0, 0.35, 391 

P =0.017) while adjusted repeatability without previous experience only trends towards 392 

significant (R = 0.14, C.I. = 0.0, 0.29, P =0.076). There was no change in adjusted repeatability 393 

for any factor that did not affect solving. 394 

DISCUSSION 395 

Our study sought to explore factors that drive individual variation and repeatability at various 396 

stages of innovative problem-solving performance (summary figure 6). We show that hunger-397 

induced motivation affected multiple problem-solving stages, that previous experience 398 

influenced accuracy, and that hunger, accuracy, and previous experience influenced problem 399 

solving success. Personality and inhibitory control had little effect. Solvers of the opaque lever 400 

pulling device tended to solve the lever on the multi-access device. Furthermore, birds were 401 

more likely to solve the lever first, but showed no preference between the door and string. All 402 

traits were significantly repeatable; however, the repeatability of problem solving was 403 

explained entirely by motivation, accuracy and experience. 404 

Motivation drives innovation 405 

Although motivation is often viewed as a confounding variable, if considered at all when 406 

examining mechanisms underlying problem-solving tasks (reviewed in Griffin and Guez 407 

2014), it also underpins the “necessity drives innovation” hypothesis (S.M. Reader & Laland, 408 



2003). In support of this hypothesis, motivation was the major driver of an individual’s latency 409 

to touch the device, to solve the same access point repeatedly, and to innovate multiple times 410 

in our experimental setup. Previous studies report that task engagement increased with 411 

increased food deprivation, thus facilitating problem-solving (Griffin et al., 2014; Sol et al., 412 

2012), but motivation itself did not predict problem-solving (Griffin & Guez, 2014; van Horik 413 

& Madden, 2016). Likewise, the relationship between problem-solving and motivation, as 414 

measured by body weight or body condition is inconclusive - at times an effect is present 415 

(Laland & Reader, 1999; Mateos-Gonzalez et al., 2011) and other times not (Cole et al., 2011; 416 

Thornton & Samson, 2012)but see Griffin Guez, 2014 for full review); variability that may be 417 

in part due to differences in how motivation is defined and how problem-solving is measured. 418 

Our results emphasise the importance of controlling for motivation, and highlights the 419 

importance of standardising the length of time animals are food deprived in captive 420 

experiments, as well as acknowledging this as a weakness of cognitive experiments conducted 421 

in the wild.  Nevertheless controlling for motivational effects is unlikely to be so 422 

straightforward (Auersperg et al., 2012; Griffin & Guez, 2014; Morand‐ Ferron et al., 2016; 423 

Morand-Ferron & Quinn, 2011), not least because whether food deprivation removes, or just 424 

changes, individual variation remains unclear.  425 

Personality 426 

Considerable evidence suggests that personality traits defined by Reale et al., (2007) influence 427 

problem-solving performance among individuals (R. Greenberg, 2003; Johnson-Ulrich et al., 428 

2018; Sol et al., 2011). However, in our study, personality selection lines with known genetic 429 

provenance for object neophobia and novel environment exploration did not predict latency to 430 

touch the device; nor did it predict problem-solving behaviour, in terms of success within trials, 431 

or the number of different innovations reached. We predicted the effects of hunger-induced 432 



motivation could mask effects of artificially selected personality lines on problem solving 433 

behaviour, but the interaction between motivation and personality had no effect on any 434 

problem-solving measure, suggesting that our ability to detect the effect of personality on an 435 

individual’s capacity to problem solve was not confounded by motivation or vice versa. 436 

Furthermore, while there was a non-significant tendency for slow birds to be more accurate, 437 

this did not translate into higher likelihood of solving and innovativeness for slow birds. 438 

Previous work in this same population, using a lever pulling task, also found no link between 439 

personality and innovative problem solving performance (Zandberg et al., 2017). The absence 440 

of an effect of personality on problem solving performance in that study, and here, could be 441 

influenced by the composite nature of “exploration” used in our selection lines (Verbeek et al., 442 

1994). Moreover, latency to touch, which may be considered a measure of neophobia, may 443 

have been confounded with associative learning when considering latency to touch across 444 

multiple trials. Nevertheless, our results emphasise the challenge of examining links between 445 

personality traits and innovative problem solving, not least because of the inherently composite 446 

nature of both behaviours.  447 

Inhibitory control  448 

Inhibitory control is an integral part of behavioural flexibility (MacLean et al., 2014; Manrique 449 

et al., 2013), both of which are beneficial for problem-solving, allowing animals to overcome 450 

outdated information. Contrary to our predictions, individuals that exhibited high inhibitory 451 

control were no more likely to generate a novel solution to the task than those with low 452 

inhibitory control, even when the reward contingencies changed (i.e. when an access point was 453 

fused) - a time when behavioural flexibility is required. This lack of correlation may be because 454 

changing ones’ behaviour is necessary but not sufficient to solve a problem, (Logan, 2016a, 455 

2016b). Moreover, the validity of the detour reaching task as a test for inhibitory control 456 



remains under debate because performance does not necessarily correlate with other tasks that 457 

aim to measure inhibitory control, or because previous experience of transparency, and 458 

persistence may influence performance (Kabadayi et al., 2018; van Horik et al., 2018). Neither 459 

Johnson-Ulrich (2018) nor Daniels et al (2019) found a correlation between problem-solving 460 

and inhibitory control even when inhibitory control was measured using an alternative 461 

paradigm to the detour task. Thus we conclude that the case for motor inhibition affecting 462 

behavioural flexibility in the context of problem solving remains absent, but it remains possible 463 

that it reflects other facets of behavioural flexibility (reviewed in Bari and Robbins, 2013).  464 

Previous experience 465 

Birds with previous experience of having solved the opaque lever device, or indeed any of the 466 

three access points during the main trials, were more accurate and had higher solving success 467 

in subsequent trials. Furthermore, performance improved with experience over repeated 468 

problem-solving attempts with regards to that particular solving method, perhaps owing to 469 

instrumental conditioning. Thus, attributing an individual’s cognitive performance to how 470 

quickly they solve a problem, or their ability to solve multiple novel problems may be a 471 

function of their previous experience (Rowe & Healy, 2014; Sih & Del Giudice, 2012). While 472 

we acknowledge the constraints in controlling for all experiences animals may have had with 473 

features of an experimental apparatus, especially if based on simple generalizable rules, tasks 474 

could be designed such that they include multiple access points that vary in modality (e.g. 475 

sensory vs motor; smell and touch), that vary in the appearance of the specific materials they 476 

use (e.g. white plastic vs. black plastic), and/or motor skills as we have attempted to do here 477 

(Auersperg et al., 2011; Griffin & Guez, 2014; Manrique et al., 2013; Overington et al., 2009). 478 

This paradigm may facilitate the testing of true innovations that are not confounded by previous 479 



experience, or alternatively, to explicitly test what kinds of experiences facilitate future 480 

innovations. 481 

Repeatability, pseudo-repeatability and positive feedback 482 

Our results demonstrate repeatable individual differences across two behaviours involved with 483 

problem-solving behaviour (latency to touch the device, and accuracy when interacting with 484 

the device), and for problem solving success itself. Adjusted and unadjusted repeatabilities 485 

differed for all three behaviours. For latency, repeatability decreased but remained significant 486 

after controlling for hunger-induced motivation, suggesting that some of the between-487 

individual differences in the unadjusted repeatability were caused by hunger. In contrast, for 488 

accuracy, repeatability increased (and again remained significant) after controlling for the 489 

effects of previous experience, suggesting that some of the within-individual variation (the 490 

error component) in the unadjusted analysis was explained by previous experience. And for 491 

problem solving success, repeatability was lost after controlling for accuracy, hunger, and 492 

previous experience, i.e., consistent individual differences in problem solving performance 493 

were explained entirely by these three factors. Thus, repeatable problem-solving behaviour 494 

arose because of a complex set of interactions between different factors which themselves 495 

differed consistently between individuals.  496 

The significance of these findings is tied to the nature of the specific factor involved. Firstly, 497 

in the case of hunger, designed to manipulate motivation, each individual only experienced one 498 

of two treatments, a potentially reversible effect, suggesting that the component of the 499 

unadjusted between individual difference explained by hunger was inflated resulting in   500 

pseudo-repeatability. Although some sources of motivation are likely permanent, either 501 

through permanent environment (Wilson, 2018) or intrinsic motivation (Ebel & Call, 2018; 502 

Gajdon et al., 2014; Polizzi di Sorrentino et al., 2014; Taffoni et al., 2014), this pseudo measure 503 



demonstrates that failure to control for motivation caused by temporary factors can inflate the 504 

intrinsic between-individual differences that researchers are attempting to characterise, that is, 505 

those differences that are caused by permanent environment or intrinsic effects. Secondly, 506 

accuracy explained some of the between individual variation, suggesting that the mechanisms 507 

underlying accurate interaction with the device, vary consistently between individuals 508 

themselves, and explain some of the between individual differences in the problem-solving 509 

performance. It appears likely these mechanisms are intrinsic rather than reversible, since 510 

motivation is controlled for in these analyses. Thirdly, experience also caused some of the 511 

between individual differences in problem solving performance, and since experience is not 512 

reversible, and by definition, carries forward into the next stage of the sequential problem 513 

solving process, this suggests a positive feedback loop driving consistency between individual 514 

differences in problem solving behaviour. Although the role for feedback loops driving 515 

differences in individual behaviour is well known (Dall et al., 2004; Sih et al., 2015), and 516 

examples of positive feedbacks are common in nature (Kishida et al., 2011), to our knowledge 517 

none have explained consistent between-individual differences. In this case we assume the 518 

feedback caused by experience leads to a permanent effect, though it remains possible that 519 

individuals eventually forget the experience.  520 

Our results highlight the challenges of characterising consistent individual variation in 521 

sequential problem-solving performance as a measure of overall innovativeness. More 522 

generally, they provide a demonstration of how between-individual differences in innovation 523 

can be explained by inflated estimates of within-individual variation in motivation, inflated 524 

between-individual variation in accuracy, and by feedback loops involving previous 525 

experience. Much of the focus in studies on the evolutionary ecology of behaviour in general 526 

has been on the evolutionary processes that drive intrinsic individual variation. Our data 527 



supports the idea that complex sources of variation underlying single traits are likely to make 528 

predicting the selective consequences of this variation challenging. 529 
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 857 

Table 1 Full model outputs from GLMM with factors affecting latency to touch the device per 858 

trial (N =226, d.f. = 190, R2 (marginal = 0.26, conditional = 0.49, AIC = 739.83). Random 859 

effect included bird identity (0.72; 95%CI (0.51, 1.02))  and the residual variance (1.08; 860 

95%C.I. (0.97, 1.19)). 861 

Fixed effects β ± s.e. t P 

Intercept 4.27 ± 0.35 12.19 <0.001 

Motivation groupa 1.17 ± 0.30 3.84 <0.001 

Personalityb 0.20 ± 0.30 0.67  0.507 

Trial number -0.09 ± 0.03 -3.36  0.001 



Sexc -0.53 ± 0.30 -1.76  0.089 

Previous experienced -0.19 ± 0.17 -1.15  0.25 

a low (reference level is high),b  slow (reference level is fast),c male (reference level is female), 862 

d yes (reference level is no).  Significant result (P < 0.05) is highlighted in bold. 863 

Table 2 Full model outputs from GLMM with factors affecting accuracy per trial (N = 222, 864 

d.f.= 182, R2 [marginal = 0.33, conditional = 0.56, AIC = 209.4). Random effect included bird 865 

identity (0.24; 95%CI (0.22, 0.27)) and the residual variance (0.15; 95%CI (0.10, 0.23)). 866 

Fixed  β ±s.e. t P 

Intercept 0.29 ± 0.08 3.44 <0.001 

Interaction rate 0.00 ± 0.00 0.43 0.670 

Previous experiencea 0.35 ± 0.04 8.20 <0.001 

Personalityb 0.13 ± 0.07 1.80  0.082 

Motivation groupc -0.04 ± 0.07 -0.54 0.591 

Fused trial -0.11 ± 0.07 -1.70 0.091 

Sex 0.05 ± 0.07  0.64 0.524 

Trial number -0.00 ± 0.00 -0.33 0.744 

a yes (reference level is no), b slow (reference level is fast), c low (reference level high). 867 

Significant result (P < 0.05) is highlighted in bold. 868 



Table 3 Full model outputs from GLMM with factors affecting solving within trials (N =224, 869 

d.f. = 216, R2 [marginal = 0.51, conditional = 0.52, AIC = 55.85). Random effect included bird 870 

identity (0.37; 95%CI (0.41, 0.33)) and the residual variance (0.13; 95%CI (0.10, 0.27)). 871 

 872 

Fixed effects β ± s.e. z P 

Intercept -1.93 ±   0.68 2.86 0.004 

Accuracy 3.79 ± 0.78    4.90  <0.001  

Previous experiencea 1.26   ±   0.47 2.66 0.008  

Motivation groupb -1.79 ±   0.50 -3.57 <0.001  

Personalityc -0.68 ± 0.43 -1.58 0.115 

Sexd 0.26 ±   0.43 0.61 0.541 

Trial number 0.09 ± 0.10 0.85 0.395 

Fused trial -0.18 ±   0.73 -0.25 0.806 

Total number of touches per 

trial 

-0.00 ±  0.00 -1.47 0.141 

a  yes (reference level is no), b low (reference level is high), c  slow (reference level is fast), d 873 

male (reference level is female), e yes (reference level is no).  Significant result (P < 0.05) is 874 

highlighted in bold. 875 

Table 4 Full model outputs from GLM with factors affecting the number of different access 876 

points solved by an individual (N = 35, d.f. = 24, pseudo-R2 = 0.24, AIC = 99.60).  877 



Explanatory variables β ± s.e. z P 

 Intercept <0.001 ± <0.001 1.84   0.066 

Motivation groupa -1.04 ± 0.37 -2.80 0.005 

Personalityb -0.01 ± 0.032 -0.30 0.761 

Sexc 0.18 ± 0.32 0.57 0.567 

Latency to touch the device (in first trial only) <0.001 ± <0.001 -0.35 0.727 

a low (reference level is high), b slow (reference level is fast), c male (reference level is female). 878 

Significant result (P < 0.05) is highlighted in bold. 879 

Table 5. Repeatability (adjusted and unadjusted) estimates for the three main components of 880 

problem solving behaviour during the experiment. Unadjusted values are from mixed models 881 

with only individual as a random effect. Adjusted values also include significant fixed effects 882 

for each of a), b) and c) as shown in Tables 1, 2 and 3 respectively. In addition, for c), adjusted 883 

repeatabilities are also shown when single fixed effects were removed. 884 

model repeatability r 

value 

confidence interval 

(lower, upper) 

P 

value 

latency to touch 

the device 

adjusted 0.32 0.15, 0.45 <0.001 

 unadjusted 0.48 0.30, 0.61 <0.001 

accuracy adjusted 0.45 0.17, 0.52 <0.001 



 unadjusted 0.23 0.08, 0.38   0.001 

solving within a 

trial 

adjusted 0.03 0, 0.17   0.40 

 unadjusted 0.31 0.1, 0.46 <0.001 

 adjusted-without 

accuracy 

0.18 0, 0.33   0.044  

 adjusted-without 

motivation group 

0.21 0, 0.35   0.017 

 adjusted-without previous 

experience 

0.14 0, 0.29   0.076 

 Significant result (P < 0.05) is highlighted in bold. 885 

 886 

 887 

Table A1 Variable names and definitions 888 

Variable Definition 

latency to touch latency from start of trial to touch the device per trial. 

personality second and third generation of bi-directionally selected personality 

lines for fast and slow exploring personality 

motivation two motivation treatment groups, low motivation (sated birds fed 3 

wax moth larvae 30mins before trial commences) or high motivation 

(birds that were food deprived 1hr before trial) 

trial number number of the trial 



 889 

Table A2 Minimum adequate model outputs from GLMM with factors affecting latency to 890 

touch the device per trial (N =226, d.f. = 190, R2 (marginal = 0.26, conditional = 0.47, AIC = 891 

726.50). Random effect included bird identity (1.24; 95%CI (1.08, 1.41)) and the residual 892 

variance (0.51; 95%CI (0.28, 0.95). 893 

 894 

fused trial when any access point fused was in the trial 

bird identity identity code for each bird 

number of access 

points solved 

absolute number of different access points on the device by individual 

across all trials  

sex male or female 

inhibition score number of trials until individual reaches criterion in detour reach task. 

(criterion = 4/5 consecutive successful trials) 

solving within a trial whether an individual has solved in a trial 

accuracy proportion of touches to functional access points on the device 

compared to all touches to the device per trial 

total number of 

touches per trial 

total number of touches to the device per trial 

previous experience whether  in the current trial there was a functional, non-fused access 

point available to solve that they had solved previously; for the lever 

in the multi-access task, this included whether they had experience 

solving the opaque device  

interaction rate the number of total touches to any part of the device divided by 

duration interacting with the device (time from first touch to last touch 

per trial) 



Fixed effects β ± s.e. t P variance 

Intercept 4.25 ± 0.27 15.93 <0.001  

Motivation groupa 1.19 ± 0.29 4.10 <0.001  

Trial number -0.09 ± 0.03 -3.30  0.001  

Sexb -0.55 ± 0.30 -1.95  0.06  

a low (reference level is high),b  male (reference level is female). Significant result (P < 0.05) 895 

is highlighted in bold. 896 

 897 

Table A3 Minimum adequate model outputs from GLMM with factors affecting accuracy per 898 

trial (N = 222, d.f.= 187, R2 [marginal = 0.34, conditional = 0.54, AIC = 49.42). Random 899 

effect included bird identity (0.24; 95%CI (0.20, 0.27)) and the residual variance (0.19; 900 

95%CI (0.13, 0.30). 901 

Fixed effects β ±s.e. t P variance 

Intercept 0.27 ± 0.05 5.05 <0.001  

Previous experiencea 0.36 ± 0.04 8.80 <0.001  

Personalityb 0.12 ± 0.06 1.88  0.068  

Fused trial -0.11 ± 0.04 -2.55 0.012  

a yes (reference level is no), b slow (reference level is fast). Significant result (P < 0.05) is 902 

highlighted in bold. 903 

 904 

Table A4 Minimum adequate model output from GLMM with factors affecting solving within 905 

trials (N =224, d.f. = 223, R2 [marginal = 0.55, conditional = 0.58, AIC = 205.70). Random 906 



effect included bird identity (0.37; 95%CI (0.33, 0.41)) and the residual variance (0.13; 95%CI 907 

(0.09, 0.25)). 908 

Fixed effects β ± s.e. z P variance 

Intercept -2.42 ±   0.50 -4.88 <0.001  

Accuracy 3.91 ± 0.78    4.99  <0.001   

Previous experiencea 1.52   ±   0.42 3.65 <0.001   

Motivation groupb -1.64 ±   0.48 -3.36 <0.001   

a  yes (reference level is no), b low (reference level is high). Significant result (P < 0.05) is 909 

highlighted in bold. 910 

 911 

Table A5 Minimum adequate model outputs from GLM with factors affecting the number of 912 

different access points solved by an individual (N = 35, d.f. = 33, pseudo-R2 = 0.23, AIC = 913 

93.54). 914 

 915 

 916 

 917 

 918 

a low (reference level is high). Significant result (P < 0.05) is highlighted in bold. 919 

 920 

Explanatory variables β ± s.e. z P 

 Intercept 0.54  0.18 3.03   <0.005 

Motivation groupa -1.07 ± 0.36 -2.95 <0.005 



Table A6 Full model outputs from GLMM with factors affecting latency to touch (N = 128, 921 

d.f.= 104). Data used in this model is from the subset of 22 individuals tested for inhibition 922 

score. Random effect included bird identity (1.24, 95%CI (1.09, 1.42) and the residual variance 923 

(0.51; 95%CI (0.28, 0.95)). 924 

 925 

 926 

 927 

 928 

 929 

 930 

 931 

 932 

a  low (reference level is high), b slow (reference level is fast), c male (reference level is female).  933 

Table A7 Full model outputs from GLMM with factors affecting accuracy per trial (N = 126, 934 

d.f.= 99). Data used in this model is from the subset of 22 individuals tested for inhibition 935 

score. Random effect included bird identity (0.24; 95%CI (0.15, 0.36)) and the residual 936 

variance (0.19; 95%CI (0.13, 0.30)). 937 

 938 

Fixed effects β ±s.e. t P variance 

Fixed effects β ±s.e. t P variance 

Intercept  4.69 ± 0.90  5.22 <0.001  

Motivation groupa  1.13 ± 0.44  2.58 <0.05  

Personalityb  0.24 ± 0.46  0.51  0.62  

Sexc -0.49 ± 0.50 -0.97   0.35  

Trial number -0.11 ± 0.51 -2.09 <0.05  

Previous experienced -0.45 ± 0.28 -1.59  0.11  

Inhibition score -0.01 ± 0.07  -1.20  0.84  



Intercept  0.21 ± 0.23 0.88 0.38  

Interaction rate  0.00 ± 0.00 0.81 0.42  

Previous experience  0.34 ± 0.07 4.67 <0.001  

Personalitya  0.16 ± 0.12 1.35  0.19  

Motivation groupb -0.07 ± 0.11 -0.61 0.55  

Fused trial -0.19 ± 0.10 -1.89 0.06  

Sexc  0.06 ± 0.13  0.49 0.62  

Trial number -0.00 ± 0.01 -0.29 0.76  

Inhibition score   0.00 ± 0.02 0.31 0.75  

a  slow (reference level is fast), b low (reference level high), c male (reference level female). 939 

Table A8 Full model outputs from GLMM with factors affecting solving within trials (N =126, 940 

d.f. = 115). Data used in this model is from the subset of 22 individuals tested for inhibition 941 

score. Random effect included bird identity (<0.01; 95%CI (0.0, 0.0)) and the residual variance 942 

(<0.01; 95%CI (0.0, 0.0)). 943 

Fixed effects β ± s.e. z P variance 

Intercept -4.45 ± 1.49 -2.98 <0.001  

Accuracy 4.36 ± 1.07    4.05  <0.001   

Previous experiencea 1.38 ± 0.80 1.72  0.08   



Motivation groupb -2.14 ± 0.69 -3.10 <0.01   

Personalityc -0.08 ± 0.64  0.13  0.90  

Sexd 1.01 ±   0.73  1.38  0.17  

Trial number 0.24 ± 0.16  1.44  0.15  

Fused trial -1.20 ± 1.22 -0.98  0.33  

Total number of touches 

per trial 

-0.00 ± 0.00 -1.37  0.17  

Inhibition score 0.11 ± 0.10 1.11  0.28  

a  yes (reference level is no), b low (reference level is high), c  slow (reference level is fast), d 944 

male (reference level is female).  945 

Table A9 Full model outputs from GLM with factors affecting the number of different access 946 

points solved by an individual (N = 22, d.f. = 16).  947 

Explanatory variables β ± s.e. z P 

 Intercept -0.67 ± 1.13 -0.59   0.55 

Motivation groupa -0.11 ± 0.53 -1.99 >0.05 

Personalityb  0.23 ± 0.48  0.47 0.64 

Sexc -0.41 ± 0.54 0.76 0.45 

Latency to touch the device <0.001 ± <0.001  0.36 0.72 

Inhibition score <0.01 ± <0.01  0.66 0.51 



a low (reference level is high), b slow (reference level is fast), c male (reference level is female) 948 

Figure 1. Routes of progression through the multi-access problem-solving experiment. To 949 

quantify their previous experience and propensity to pull sticks, individuals were initially 950 

presented with an opaque tube with a lever. They had four trials (30 mins each) in which to 951 

pull the lever. Once they solved the task once, they were classified as having previous 952 

experience solving a lever task. All birds progressed to the multi-access problem solving task 953 

where birds were presented with the transparent experimental device in which three access 954 

points were functional. Each bird had to solve the task using the same access point three 955 

times, before moving onto the next phase, where the previously solved access point was 956 

fused, leaving the remaining functional access points. This process was repeated for the other 957 

two access points. At any point of the testing, if a bird failed over three consecutive trials, 958 

their participation in the experiment ended. Dashed arrows indicate there is an alternative 959 

progression to complete the experiment.  960 

Figure 2. The multi-access problem-solving device given to birds in their home cage. The 961 

apparatus has three different access types to retrieve the food reward inside; a lever, a swing 962 

door, and a string.  963 

Figure 3 The effect of previous experience (whether there was an access point available that 964 

the bird had solved previously including the opaque device) on accuracy (the number of 965 

touches to functional parts of the device divided by all touches to the device per trial)  (β ± 966 

s.e. = 0.33 ± 0.04, t = 7.40, P < 0.001, table 2). Note a previously solved access point could 967 

still be available as birds had to solve each access point three times before it was fused. 968 

Figure 4 The frequency of access point solved, grouped by access point, ordered by trial 969 

number, as indicated in the legend.  970 

 971 



Figure 5 Effect of motivation (high or low) on the number of different access points solved, 972 

(β ± s.e. = -1.04 ± 0.37, z = -2.80, P = 0.005, Table 4). Smaller points represent individual 973 

birds (which have been jittered along the x-axis and rendered partially transparent to reduce 974 

overlap; as a result, any remaining overlap results in darker points). The large black points 975 

represents the mean number of access points solved in each motivation group; the t-bars 976 

represent standard error. 977 

Figure 6 Schematic of the study’s results, with the four dependant variables aligned in the 978 

centre, arrows indicate influence of explanatory variables. Dashed arrows indicate a non-979 

significant tendency, no arrows refer to non-significant relationship. Note that no test was 980 

performed between previous experience and accuracy, and innovativeness.  981 

Figure A1 Latency to touch the device decreased significantly with trial number. Data is log 982 

transformed in this figure for scale purposes.  983 

 984 
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