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Table 1 

The 37 Tasks Used in This Study 
 
Stage Task Description 

2  
Primary circular 

reactions 

1 Self-preening 
2 Self-scratching 

3 
Secondary circular 

reactions 

3 Orients and attends to moving object 
4 Repeatedly plays with objects 
5 Orients and attends to sound produced by an object 
6 Displays motor activity when wind-up toy stops moving after being activated by 

experimenter 
7 Allo-preening 
8 Shakes or otherwise interacts with an object to reproduce sound 

4 
Coordination of 

secondary schemes 

9 Locomotion as a means to retrieve an object 
10 Puts two objects in global relation to each other (e.g. placing one underneath the 

other) 
11 Carries or drags object 
12 Turns over or rotates object 
13 Acts on mobile parts of a wind-up toy after being activated by experimenter 
14 Holds object with beak and foot simultaneously 
15 Lets go of an object to reach for another 
16 Pulls a string horizontally to retrieve object (the proximal end of a string [30 cm long] 

protrudes through a mesh barrier that prevents direct access to goal object attached to 
string) 

17 Tears object apart 
18 Collects several objects 
19 Puts body part in a container or hole in object 
20 Digs a hole 
21 Pulls cloth to retrieve object it supports (the proximal end of a cloth [6 x 22 cm] 

protrudes through a mesh barrier that prevents direct access to goal object lying on top 
of cloth) 

22 Avoids choosing unrewarded supporting cloth (as in 21, but with an unbaited cloth 
present next to baited one) 

23 Puts objects in water 
24 Pulls a string vertically to retrieve object (the baited 30-cm-long string is suspended 

below a perch) 

5 
Tertiary circular 

reactions 

25 Acts directly on part causing movement of wind-up toy 
26 Repeatedly drops object and watches it fall 
27 Tosses object in air 
28 Puts two objects in specific relation to each other (e.g. stacking, inserting) 
29 Bounces ball 
30 Puts object in container repeatedly 
31 Spins wheel 
32 Balances object on another 
33 Spins ball 
34 Flails object back and forth in water 

6 
Mental 

representation 

35 Bunches cloth or rope into a ball 
36 Puts object in cloth and wraps it up 
37 Hangs cloth or string over perch, or places it along length of perch 

 
Note. Stage 1 (reflexes) is not included because it is already present at hatching.  
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Analyses 
 

We analyzed the relationship between maximum stage achieved of these thirteen species (i.e., 
those tested on Piagetian sensorimotor development) and their adult absolute brain mass, relative brain 
mass, and number of neurons in the whole brain, pallium, cerebellum, and rest of brain. The data were 
collected from the literature or calculated along known taxon-specific scaling rules when direct 
measurements were unavailable (see Table 2). Statistical species comparisons of brain sizes and neuronal 
counts were performed using IBM-SPSS (v. 21). Non-parametric tests were performed because all six 
brain variables differed significantly from a normal distribution (Kolmogorov-Smirnov test; D(13) > 0.24, 
p < 0.05). Piagetian development can be viewed as both continuous and categorical and was therefore 
separately analyzed as both. 
 
Table 2  
 
Brain Sizes and Neuronal Counts of the Thirteen Species (as Adults) 
Species MBR MREL NBR NCX NCB NRoB 
Common ravena 14.1 1.32 2171 1204 754 213 
Yellow-crowned parakeetb 1.91 4.15 411 247 141 62 
Grey wolfc 86.5 0.44 2253 528 1677 48 
Domestic catd 34.9 0.78 1215 250 943 22 
Tufted capuchine 52.2 1.56 3691 1140 2490 61 
Northern plains gray langurf 113.8 1.00 7785 2268 5853 129 
Stumptail macaquef 101.1 1.28 7027 2031 5240 120 
Long-tailed macaqueg 46.2 0.81 3439 801 2573 65 
Japanese macaquef 98.6 1.04 6877 1984 5118 118 
Bornean orangutanh 511.8 0.93 32600 8900 26300 300 
Western gorillah 486.1 0.40 33400 9100 26400 300 
Chimpanzeef 376.1 0.78 21895 6919 17920 265 
Humani 1509 2.16 86060 16340 69030 690 
MBR, absolute brain mass (g); MREL, relative brain mass (% of body mass); NBR, number of neurons in the whole brain (millions); 
NCX, number of neurons in the pallium (millions); NCB, number of neurons in the cerebellum (millions); NRoB, number of neurons 
in the rest of the brain (millions).  
a Measured (Olkowicz et al., 2016).  
b Estimated based on body weight (Dunning, 2008) and parrot-specific scaling rules (Olkowicz et al., 2016).  
c Measured data on domestic dogs because wolf data are unavailable (Jardim-Messeder et al., 2017). 
d Measured (Jardim-Messeder et al., 2017).  
e Measured (Herculano-Houzel, Collins, Wong, & Kaas, 2007; Herculano-Houzel et al., 2015). 
f Estimated based on MBR (DeCasien, Williams, & Higham, 2017) and primate-specific scaling rules (Herculano-Houzel et al., 

2007, 2015).  
g Measured (Gabi, Collins, Wong, Kaas, & Herculano-Houzel, 2010; Herculano-Houzel et al., 2015). 
h MBR and NCB measured (Herculano-Houzel & Kaas, 2011), and other variables estimated based on primate-specific scaling 
rules (Herculano-Houzel et al., 2007; Herculano-Houzel & Kaas, 2011).  
i Measured (Azevedo et al., 2009; Herculano-Houzel et al., 2015).  
  

Results 
 
Sensorimotor Development in Ravens 

 
The five ravens performed all 37 tasks, reached the final stage by their eleventh week, and 

developed in the typical incremental sequence. All stage-specific behaviors were acquired at the 
following mean ages (± SD): stage 2 at 4.7 weeks (± 0.76); stage 3 at 5.0 weeks (± 0.49); stage 4 at 6.8 
weeks (± 0.33); stage 5 at 7.3 weeks (± 0.63); and stage 6 at 8.5 weeks (± 1.11). Stage 1 (reflexes) is not 
included because it is already present at hatching when these subjects were not yet obtained, but previous 
observations of parent-reared hatchlings unsurprisingly showed vital reflexive behaviors from their first 
days, such as gaping, feeding, and bringing the body in upright position. Figure 2 shows the age of 
acquisition of each task per subject.  
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Figure 4. Stage progression as a function of age of stage onset. Closely related species have been grouped together for clarity and 
because their development was highly similar; specifically, final stage reached and the ages of acquisition are similar for closely 
related species (see Figure 3). Higher phylogenetic levels show more variation. Heterochrony can be seen in several ways. The 
onset of sensorimotor cognition is the same for all thirteen species because they start life in stage 1. No species skips a stage or 
goes through a different stage order, so the sequence is also identical for all species. As expected, the rate of sensorimotor 
development is slower in species with a slower life history. Its offset is not clearly predicted by phylogeny or developmental rate 
since the only taxa known to reach the final stage (great apes and ravens) differ strongly in these respects, and the timings and 
final stage achieved are not necessarily similar in closely-related taxa. 
 
Comparative Neuronal Counts 
 

Next, we analyzed the relationship between maximum stage achieved of these thirteen species 
and their brain size and neuronal counts (see Table 2). With Piagetian development considered as a 
continuous variable, maximum stage achieved was positively and significantly correlated to number of 
neurons in the pallium (rs = .66, p = .02) and rest of brain (rs = .79, p = .001). In contrast, there were no 
significant correlations between maximum stage achieved and absolute brain mass (rs = .45, p = .13), 
relative brain mass (rs = .25, p = .41), number of neurons in the whole brain (rs = .52, p = .07) or number 
of neurons in the cerebellum (rs = .45, p = .13). Figure 5 shows the relationship between maximum stage 
achieved and number of pallial neurons.  
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Figure 5. The relationship between number of neurons in the pallium and maximum Piagetian stage achieved for the thirteen 
species (data from Table 2).  

 
Similar results were obtained when considering maximum stage achieved as a categorical, ordinal 

variable. Exact two-tailed Jonckheere tests revealed that the maximum stage achieved was significantly 
higher for species with larger numbers of neurons in the pallium (J = 46, p = .02) and rest of brain (J = 50, 
p = .003). No statistically significant relationships were found between maximum stage achieved and 
absolute brain mass (J = 41, p = .10), relative brain mass (J = 35, p = .43), number of neurons in the 
whole brain (J = 43, p = .06) or number of neurons in the cerebellum (J = 41, p = .10), although some 
approached traditional levels of statistical significance, which is unsurprising given the close association 
between these variables. Thus, regardless of whether maximum stage achieved is considered, continuous 
or categorical, species with more neurons in their pallium and rest of brain (as adults) reach a higher 
sensorimotor stage, though the sample size is limited. 

 
 


















