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Abstract. In extant primates, the posterior parietal cortex is involved in visuospatial 14 

integration, attention, and eye-hand coordination, which are crucial functions for 15 

foraging and feeding behaviors. Paleoneurology studies brain evolution through the 16 

analysis of endocasts, i.e. moulds of the inner surface of the braincase. These may 17 

preserve imprints of cortical structures, such as sulci, which might be of interest for 18 

locating the boundaries of major cortical sections. Old World monkeys 19 

(Cercopithecidae) represent an interesting zoological group for evolutionary studies, 20 

because of their diverse ecologies and locomotor behaviors. In this study, we quantify 21 

parietal lobe variation within the cercopithecid family, in a sample of 30 endocasts 22 

including 11 genera and 17 species, by combining landmark-based and landmark-free 23 

geometric morphometric analyses. More specifically, we quantitatively assess variation 24 

of the parietal proportions based on landmarks placed on reliable anatomical 25 

references and of parietal lobe surface morphology through deformation-based 26 

methods. The main feature associated with the cercopithecid endocranial variation 27 

regards the inverse proportions of parietal and occipital lobes, with colobines, 28 

Theropithecus, and Papio displaying relatively larger parietal lobes and smaller 29 

occipital lobes compared to cercopithecins. The parietal surface is antero-posteriorly 30 

longer and medio-laterally flatter in colobines, while longitudinally shorter but laterally 31 

bulging in baboons. Large parietal lobes in colobines and baboons are likely to be 32 

independent evolutionary traits, and not necessarily associated with analogous 33 

functions or morphogenetic mechanisms. 34 

 35 
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Research Highlights 38 

• Sulcal imprints on the surface of cercopithecid endocranial casts have shown 39 

differences between the two subfamilies, cercopithecinae and colobinae. 40 

• Landmark-based analysis allowed a quantification of these differences, 41 

confirming colobines have proportionately larger parietal lobes. 42 

• Theropithecus and Papio display colobine-like proportions. 43 

• Colobuses and baboons evolved a larger parietal cortex through distinct 44 

mechanisms.  45 
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Introduction 46 

 47 

In primates, parietal lobes generally comprise the anterior parietal cortex, which 48 

mainly includes the somatosensory region, and the posterior parietal cortex (PPC), 49 

which is a major associative region of the mammalian brain (Whitlock, 2017). The PPC 50 

receives multiple stimuli from sensorimotor, visual, and auditory systems, including 51 

information on spatial properties, motion, location and orientation of objects, and 52 

integrate proprioceptive feedbacks for planning actions, such as eye saccades and 53 

visual fixation, or hand movements for reaching (reviewed in Grefkes & Fink, 2005). 54 

Furthermore, the PPC is also involved in attention, spatial navigation, and memory, 55 

and it has been suggested that its evolution in primates is influenced by explorative 56 

and feeding behaviors (Goldring & Krubitzer, 2017). In primates, the eyes and the 57 

hands are the main interface between brain and environment, and the processes of 58 

visuospatial integration that include body cognition and spatial perception, visual 59 

imagery and simulation, and eye-hand coordination, are directly involved in the 60 

evolution of the PPC (Bruner & Iriki, 2016). Eye-hand coordination is particularly 61 

important in the sense that reaching, grasping, and bringing food items to the mouth 62 

could have been the major selective force acting on the evolution of the PPC, a region 63 

that has increased in terms of size and complexity in primates, especially in humans 64 

(Goldring & Krubitzer, 2017). Indeed, the parietal lobes of modern humans are larger 65 

when compared to other living apes and to extinct human species, suggesting that 66 

regions within the PPC underwent expansion and reorganization in association with 67 

human-specific cognitive functions, such as tool use (Bruner, 2018; Catani et al., 2017; 68 

Kastner, Chen, Jeong, & Mruczek, 2017).  However, in neurosciences, parietal cortical 69 
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anatomy in primates has been mainly investigated in terms of cytoarchitecture and 70 

data available mainly concern humans and macaques. Accordingly, despite the pivotal 71 

role of the parietal lobe in the evolution of primate brain and behavior, evidence 72 

documenting the cortical anatomy of the parietal region is relatively scarce or even 73 

absent for most of the primate taxa. 74 

The Old World monkeys (superfamily Cercopithecoidea, family 75 

Cercopithecidae) represent a large primate group encompassing African and Asian 76 

species and spanning a variety of habitats, diets, body sizes and social organizations. 77 

Cornelius J. Connolly, in his 1950’s monograph, observed that their sulcal patterns 78 

were fairly uniform, though the two subfamilies differed regarding the relative location 79 

of the lunate sulcus, so Colobinae have larger parietal lobes while Cercopithecinae 80 

have larger occipital lobes. The description of fossil endocasts, i.e., moulds of the inner 81 

surface of the braincase, provides additional evidence for discussing brain evolution in 82 

the different cercopithecoid lineages. In particular, Radinsky (1974) suggested that the 83 

cercopithecine sulcal pattern is derived as compared to that of the colobines, as the 84 

latter display some of the features of the prosimian pattern (i.e. smaller occipital lobes, 85 

and similar course of the intraparietal sulcus to its prosimian homologue; Radinsky, 86 

1974). Falk (1978) further described the differences in the sulcal patterns of 87 

cercopithecines and colobines, analyzing endocasts of extant genera. For instance, 88 

cercopithecines display convergent Sylvian fissure and superior temporal sulcus, and 89 

relatively straight intraparietal and lunate sulci, while in colobines the first two sulci 90 

are parallel and the latter two are relatively arched (see Falk, 1978). The cited studies 91 

emphasize the endocasts’ value for localizing boundaries and cortical proportions of 92 

the main cerebral regions through the examination of the sulcal references. Besides 93 
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the description of sulcal patterns, the observed sulcal imprints could be useful for 94 

quantitative analysis through geometric morphometrics. Nonetheless, as endocasts 95 

only display partial information of the anatomical details, the use of landmarks based 96 

on brain structures is scarcely employed (Neubauer, 2014; Pereira-Pedro & Bruner, 97 

2018). On the other hand, it has been shown that sulcal patterns are easier to 98 

recognize on smaller endocasts, such as those of macaques, because imprints are more 99 

marked and probably also because the sulcal schemes are simpler (Kobayashi et al., 100 

2014; Van Minh & Hamada, 2017). In this context, Old World monkeys could be useful 101 

for analyses of lobe proportions, as sulcal imprints not only can be identified on their 102 

endocasts but have also been extensively studied and described.  103 

More recently, new methods based on surface deformation are emerging in the 104 

effort to overcome problems associated with correspondence and localization of 105 

landmarks (Dupej et al., 2018; Durrleman, Pennec, Trouvé, Ayache, & Braga, 2012). 106 

Beaudet et al. (2016) applied landmark-free surface deformation methods, coupled 107 

with automatic detection of sulcal patterns, for quantifying the shape variation in 108 

cercopithecoid endocasts. They analyzed South African cercopithecoid fossil endocasts 109 

comparatively to the extant taxa, with particular interest in Theropithecus subspecies 110 

and Cercopithecoides williamsi. The deformation methods subdivided the extant 111 

sample into groups corresponding to the main cercopithecid tribes – papionini, 112 

cercopithecini, and colobini. Regarding the cercopithecoid fossils, they observed that 113 

the fossil colobine C. williamsi displayed relative endocranial volume and sulcal pattern 114 

similar to papionins, and that the sulcal pattern of fossil Theropithecus varies across 115 

subspecies and differs between the extinct and extant species (Beaudet et al., 2016). 116 
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In this study, we quantitatively describe the variation of the parietal lobe in 117 

extant cercopithecid endocasts through the use of imaging techniques and geometrical 118 

models. Firstly, we use landmark-based geometric morphometric analysis in order to 119 

describe variation in the relative proportions of the parietal lobe, as previously 120 

reported by Radinsky (1974) and Falk (1978) based on visual inspection of endocasts. 121 

Secondly, we apply deformation-based models to the endocast’s parietal lobe surface 122 

in order to further characterize parietal-only morphological variation. By combining 123 

the two methods, we aim to provide a complementary analysis of the parietal 124 

morphology both in terms of overall form and localized variation. 125 

 126 

Methods 127 

 128 

This study was performed on virtual endocasts from online collections (see below). The 129 

research complies with the American Society of Primatologists Principles for the Ethical 130 

Treatment of Nonhuman Primates, protocols of the appropriate Institutional Animal 131 

Care Committee, and legal requirements of each country housing collections. 132 

 133 

Sample 134 

We follow the taxonomy adopted by Grubb et al. (2003). Our sample includes 30 135 

cercopithecid endocasts spanning 11 genera and 17 species (Table 1). The specimens 136 

are all considered adult, according to teeth eruption. Sex differences are not 137 

considered in this study. The endocasts from most specimens have been reconstructed 138 

and analyzed previously in Beaudet et al. (2016). For the present work, we added three 139 

more specimens downloaded from the online platform MorphoSource 140 
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(www.morphosource.org). These include two Cercocebus torquatus housed at the 141 

Museum of Comparative Zoology, Harvard University, Cambridge, MA, USA, and 142 

digitized by Copes, Lucas, Thostenson, Hoekstra, & Boyer (2016) and one 143 

Theropithecus gelada from the Delson Primate Scans Project and the American 144 

Museum of Natural History, New York, NY, USA. The virtual endocasts of these three 145 

specimens were digitally reconstructed by using the Endex software (Subsol, 146 

Gesquière, Braga, & Thackeray, 2010).  147 

 148 

Landmark analysis 149 

We chose a set of 25 anatomical landmarks largely based on the cortical sulci that can 150 

be observed in the cercopithecoid endocasts (Figure 1, Table 2). On the midsagittal 151 

contour, we placed three landmarks defining the boundaries between the parietal, 152 

occipital, and cerebellar regions (CS(mid), POB, IOP). The other 22 landmarks were 153 

located on both hemispheres (11 each), and are either outmost points of the endocast 154 

(FP, OP, TP, CP, BC) or limits or midpoints of the main sulci (IPS, CS(lat), SF, LU, AS, PCS). 155 

Landmarks were digitized in three dimensions using Landmark Editor (IDAV), 156 

and geometric morphometric analysis was performed with PAST v2.17c (Hammer, 157 

Ryan, & Harper, 2001) and MorphoJ v1.6b (Klingenberg, 2011). Landmarks were 158 

registered by Procrustes superimposition, which normalizes the information on size, 159 

position, and orientation (Zelditch, Swiderski, Sheets, & Fink, 2004). Configurations 160 

were symmetrized, averaging right and left hemispheres (Klingenberg, Barluenga, & 161 

Meyer, 2002). The number of individuals for each species does not allow a proper 162 

survey of the specific or intra-specific variation and, accordingly, we performed the 163 

analysis averaging the values for each genus. After registering the coordinates, the 164 
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main patterns ofshape variation was analyzed through Principal Component Analysis 165 

(PCA; Jolliffe, 2002) in order to identify the main differences among the genera. Then, 166 

allometry was tested by correlation between shape coordinates and endocranial 167 

volumes (ECV). We consider to be statistically significant a p-value equal to or greater 168 

than 0.05. Additionally, we computed a cluster analysis by unweighted pair-group 169 

average (UPGMA) on the shape coordinates to quantify the degree of general 170 

morphological affinity between genera. 171 

 172 

Extraction of the parietal surface 173 

In order to analyze the variation of the parietal surface only, we first had to define its 174 

limits on the endocasts for subsequent virtual separation from the rest of the 175 

endocranial surface (as in Beaudet & Bruner [2017] for the frontal lobes). In 176 

cercopithecids, the parietal lobe is limited anteriorly by the central sulcus and 177 

posteriorly by the lunate sulcus. Inferiorly, the Sylvian fissure roughly separates the 178 

parietal lobe from the temporal lobe, at least in its anterior region. As these 179 

anatomical references are not always visible on endocasts, we tentatively defined the 180 

parietal limits in terms of general geometric references. The inferior parietal limits 181 

correspond to a plane defined by two landmarks placed on the inferior point of the 182 

central sulcus and on the posterior point of the Sylvian fissure of both hemispheres. 183 

The posterior limits correspond to a plane defined by four landmarks located on left 184 

and right lunate sulci, two of them intersecting the previous plane. The anterior and 185 

superior borders correspond to the central sulcus and interhemispheric scissure, 186 

respectively. The definition of the parietal limits and subsequent extraction of the 187 

parietal surfaces was performed with the software Avizo v9.0. (Visualization Sciences 188 
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Group Inc.), following the steps illustrated in Figure 2. Two separated parietal surfaces, 189 

left and right, were generated for each specimen. 190 

 191 

Surface deformation methods  192 

The deformation-based models are based on the metric of currents (i.e. a non-193 

parametric representation of shapes as vector fields), which does not assume point-to-194 

point correspondence, allowing for direct comparison of surfaces, measuring the 195 

distance between the surfaces as well as the difference between their local 196 

orientations (Beaudet & Bruner, 2017; Beaudet et al., 2016, 2018; Durrleman et al., 197 

2012). Following the protocol detailed in Beaudet et al. (2016), endocasts were  rigidly 198 

aligned in position, orientation, and scale with respect to a reference surface 199 

(randomly selected) using the iterative closest point (ICP) algorithm. A global mean 200 

shape (group average) was computed from the set of aligned surfaces, and then 201 

deformed into each specimen (for further details see Beaudet et al., 2016; 2018; 202 

Durrleman et al., 2014). The deformation fields integrating local orientation and the 203 

amplitude of the deformations from the global mean shape into each specimen were 204 

statistically analyzed through principal component analysis (PCA). We consider only 205 

the parietal surfaces, analyzing left and right separately. The magnitudes are illustrated 206 

by a color code which ranges from dark blue (lowest displacement values) to red 207 

(highest displacement values). The computation was performed with the free software 208 

Deformetrica (www.deformetrica.org) by using the supercomputer available at the 209 

Centre for High Performance Computing of Cape Town (https://www.chpc.ac.za/).  210 

 211 

Results 212 

http://www.deformetrica.or/
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 213 

Landmark analysis 214 

Considering the PCA computed on the genus averages, only the first and second PCs 215 

were found to be above the threshold for random variation, explaining 66.5% of the 216 

variance. Subsequent PCs were below the threshold of random variation, and will not 217 

be considered here (Jolliffe, 2002). The distribution of genera and variation in 218 

endocranial shape described by each component is shown in Figure 3. PC1 accounts for 219 

46.4% of the variance, describing the longitudinal (antero-posterior) proportions of the 220 

parietal and occipital lobes. Along this component, colobines, Papio and Theropithecus 221 

are distributed toward the positive values, displaying larger parietals and shorter 222 

occipitals, while cercopithecines plot toward the negative values and show the 223 

opposite proportions. The remaining papionins are distributed in between the 224 

cercopithecines and the colobines. PC2 explains 20.2% of the variation in shape, and it 225 

is associated with variation in height of the vault, especially on the parieto-occipital 226 

region. Colobines are characterized by low and flat braincases while cercopithecines, 227 

and particularly the baboons, display comparatively taller vaults.  228 

In order to further explore morphological affinity between the genera, we 229 

computed a cluster analysis (UPGMA). The results show that the landmark set used is 230 

sufficient to separate the three tribes and group the different genera (Figure 4). 231 

According to the average shapes, Colobini and Papionini are more similar to each other 232 

than to Cercopithecini. The three cercopithecini genera display very similar mean 233 

shapes. In contrast, the two colobini genera are more distant to each other in terms of 234 

morphology. Within the papionins, Theropithecus shows the most distinct figure, 235 

Mandrillus is closer to Papio, and Macaca groups with the mangabeys. 236 
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The regression of the whole shape with endocranial volume indicates that the 237 

variation in the latter explains about 22% (p≤ 0.05) of total shape variation, with the 238 

allometric pattern associated with vault height (Figure 5). Endocranial volume is 239 

actually correlated with PC2 (68%; p≤ 0.05) but not with PC1 (15%; p=0.23). In the 240 

regression analysis, the colobines and Theropithecus depart from the apparent linear 241 

trend of the remaining genera.  242 

 243 

Surface deformation analysis 244 

Figure 6 shows the plots of principal component analyses computed for the left and 245 

right parietal surfaces. In both analyses, variation along PC1 is associated with changes 246 

in the antero-posterior width of the parietal surface and the shape of the postero-247 

inferior (i.e., intersection between the lateral and the lunate sulci) and of the antero-248 

inferior (i.e., intersection between the lateral and central sulci) angles. Variation along 249 

PC2 is related with changes in antero-posterior width, the shape of the antero-inferior 250 

angle and the degree of inflation of the parietal region. The distribution of specimens 251 

is similar on both PCAs. PC1 mainly separates cercopithecin genera, and Macaca and 252 

Cercocebus, from colobines, Mandrillus, Papio, and Theropithecus. The former group 253 

displays a relatively opened postero-inferior angle and a downward projection of the 254 

antero-inferior angle, this later being somewhat forwardly projected in colobines and 255 

baboons. Lophocebus is intermediate between these two groups. PC2 mainly separates 256 

colobines and baboons. Colobines plot in the positive space of PC2 separately from the 257 

other groups of cercopithecids due to their antero-posteriorly wide and medio-258 

laterally flattened parietal regions, combined with a relatively open antero-inferior 259 

angle. Mandrillus, Papio and Theropithecus are to be found in the negative values of 260 
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PC2 because of their antero-posteriorly narrow and medio-laterally inflated parietal 261 

areas.  262 

 263 

Discussion 264 

 265 

Despite the critical role of the parietal lobes in primate evolution and behavior, studies 266 

assessing variation in parietal morphology and proportions in the endocasts (and 267 

brains) of most primate taxa are still lacking. This might be due to inherent difficulties 268 

in locating major anatomical boundaries for digitizing landmarks. Nonetheless, reliable 269 

identification of the main sulcal patterns in monkey brains and endocasts is a feasible 270 

target (Beaudet et al., 2016; Falk, 1978; Kobayashi et al., 2014; Radinsky, 1974). This is 271 

particularly important as endocasts are the only direct evidence of brain anatomy in 272 

extinct primate species, and are therefore of prime interest for reconstructing the 273 

timing and mode of their cortical evolution. In this study, we compute a comparative 274 

neuroanatomical investigation of the cercopithecid parietal lobe by quantifying its 275 

proportions within the shape variaiton of the whole endocranium, and then compute a 276 

shape analysis on the parietal-only surface for inspection of its morphological 277 

variation. 278 

 279 

Variation in parietal proportion and shape 280 

One of the purposes of this study was to test whether anatomical differences 281 

previously evidenced with descriptive approaches can also be supported through a 282 

quantitative analysis, and to provide quantification of the features involved. By 283 

including landmarks located on the main sulci that define the lobes, we attempt to 284 
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reproduce the previously reported colobine and cercopithecine differences in cortical 285 

morphology. According to our landmark set, cercopithecid endocasts vary mostly on 286 

the antero-posterior proportions of the parietal and occipital lobes, with colobini 287 

exhibiting proportionately larger parietals and cercopithecini larger occipitals. These 288 

results are in line with previous descriptive findings on cercopithecid brains (Connolly, 289 

1950) and endocasts (Falk, 1978; Radinsky, 1974), as we found differences between 290 

cercopithecidae and colobinae subfamilies. Besides, we further evidence these 291 

differences to be mostly between colobin and cercopithecin tribes, while papionins 292 

display somewhat diversified proportions. Indeed, among papionins, Papio and 293 

Theropithecus display proportions similar to colobins, while the remaining taxa have 294 

intermediate values. In addition, our geometric model reveals a second component of 295 

variation associated with the height of the parieto-occipital region that might indicate 296 

variation in the height of the braincase. Taking into account these two main features 297 

(parieto-occipital proportions and braincase height), colobines are characterized by 298 

larger parietal lobes and flat endocranial vaults; baboons have larger parietal lobes and 299 

tall vaults; cercopithecins display larger occipital lobes and intermediate heights; while 300 

Macaca and mangabeys tend to exhibit average cercopithecid brain proportions. 301 

The other objective of the present study was to further examine parietal 302 

variation by considering the left and right parietal lobe surfaces separately through 303 

deformation methods. The results show that the main variation of the parietal surface 304 

is associated with the antero-posterior width and medio-lateral inflation of the parietal 305 

surface, as well as with the configurations of the antero-inferior and postero-inferior 306 

angles. This further confirms the larger antero-posterior dimensions of colobine 307 

parietals (Connolly, 1950; Falk, 1978; Radinsky, 1974), and indicates medio-lateral 308 
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expansion of the baboon parietal lobes. This latter variation could be due to the larger 309 

endocrania of the baboons. In addition, parietal-only variation is also driven by 310 

differences in the morphology of sulcal intersections, more specifically, on the 311 

junctions between the central sulcus and the lunate sulcus with the inferior parietal 312 

limit (Sylvian fissure). The variation on the antero-inferior angle could be explained by 313 

variation on the curvature of the lower portion of the central sulcus, which might be 314 

more or less bent among cercopithecids (Connolly, 1950). The variation on the 315 

postero-inferior angle, given our methodology for defining the inferior parietal border, 316 

i.e. a plane passing through the central sulcus, Sylvian fissure, and lunate sulcus, could 317 

be influenced by variation in the extension and patterns of these three sulci. The 318 

pattern of the Sylvian fissure and lunate sulcus differ between the two subfamilies. In 319 

cercopithecines, the Sylvian fissure is bent and converges with the superior temporal 320 

sulcus, and the lunate sulcus is relatively straight, while in colobines, the Sylvian fissure 321 

is parallel to the superior temporal sulcus and the lunate sulcus is relatively curved 322 

(Falk, 1978). Moreover, the pattern of the lunate sulcus seems also to differ between 323 

the baboons and the other cercopithecines (Connolly, 1950). 324 

The variation in parietal vs. occipital proportions was generally interpreted as a 325 

‘displacement’ of the lunate sulcus, either anteriorly, increasing the occipital cortex in 326 

cercopithecines (Radinsky, 1974; Falk, 1978), or posteriorly, increasing the parietal 327 

cortex in colobines (Connolly, 1950). This could indicate changes in the posterior 328 

parietal cortex (PPC), or more specifically in the superior parietal lobule (SPL; Gonzales, 329 

Benefit, McCrossin, & Spoor, 2015). In a study on the midsagittal brain variation among 330 

primates, the proportions of the precuneus – the midsagittal portion of the SPL – were 331 

found to be fairly preserved across monkeys and apes, though varying intra-specifically 332 
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to the same extent in both chimpanzees and rhesus macaques (Pereira-Pedro, Rilling, 333 

Chen, Preuss, & Bruner, 2017). However, as the cited study included only one of the 334 

cercopithecid tribes, Papionini, it would be interesting to perform an additional study 335 

on the midsagittal brain variation together with Cercopithecini and Colobini to verify 336 

what region of the colobine brain is responsible for those differences. 337 

Variation associated with height probably involves general changes on the 338 

braincase rather than localized changes to specific brain lobes, as this variation is only 339 

observed in the analysis of relative parietal proportion but not in the parietal-only 340 

morphology. Furthermore, changes in height correlate with size. Therefore, it is likely 341 

that this component of brain form variation is due to general cranial architecture, 342 

rather than to regional brain cortical differences. Cranial shape variation among 343 

papionins seems to be largely influenced by allometry (e.g. Singleton, 2002). The 344 

characteristic high vaults of baboons have been reported previously. In a study of the 345 

midsagittal brain variation, baboons displayed higher vaults relative to other Papionini 346 

(Pereira-Pedro et al., 2017). Moreover, elevation of the parietal surface was also 347 

detected in Theropithecus through deformation methods (see Beaudet et al., 2016, 348 

supplementary material). Interestingly, the allometric analysis with overall endocranial 349 

shape variation indicates a clear deviation of the Theropithecus, Colobus and 350 

Piliocolobus. This is probably due to their smaller relative brain sizes compared to 351 

similar-sized taxa, which in turn has been associated with their herbivorous diet 352 

(Clutton-Brock & Harvey, 1980; Gonzales et al., 2015). 353 

 354 

Limitations and methodological considerations 355 
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The main limit of this study regards the reduced sample size. Our sample is composed 356 

of 30 specimens spanning 11 genera, which results in some genera including only a few 357 

individuals. Further analyses on endocranial anatomy should be based on larger 358 

samples, and include a larger number of specimens within each genus. Other authors 359 

have recommended avoiding mixing males and females, for instance, in analyses of 360 

volume variation (Isler et al., 2008) and sulcal length asymmetry (Imai, Sawada, 361 

Fukunishi, Sakata-Haga, & Fukui, 2011). However, in the case of sulcal patterns, mixing 362 

males and females should have no influence on the results, as sex differences do not 363 

exceed individual variability (Connolly, 1950).  364 

In general, the distribution of the genera in the shape space is similar in both 365 

methods, with the genera being roughly separated by the main tribes predominantly 366 

driven by the dimensions of the parietal lobe. However, it is important to note that the 367 

two methodological approaches are intrinsically distinct as they are based on different 368 

types of data (landmarks vs. surface) and target different information, and thus should 369 

be regarded as complementary. The landmark analysis is meant to provide information 370 

on parietal variation relative to the whole brain (endocast), i.e. in terms of 371 

proportional changes, while the surface deformation analysis was used to gain further 372 

insight into within-parietal topographical variation that cannot be captured by 373 

landmarks. This study constitutes the first attempt to isolate the parietal surface from 374 

endocasts. Results suggest that our approach to extract the parietal region can be 375 

useful to investigate the parietal variation, and can also give some insights into 376 

variation of sulcal patterns. Nonetheless, it must be taken into account that this is only 377 

possible when using specimens in which the traces of the cortical sulci can be 378 
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distinguished on the endocast, which would be difficult in larger primate species with 379 

smoother sulcal imprints.  380 

 381 

Implications for cercopithecid parietal evolution 382 

According to Strasser & Delson (1987), most of the characters distinguishing colobines 383 

and cercopithecines are associated with either dietary specializations or locomotor 384 

behavior. Visuospatial integration and eye-hand coordination, functions that are 385 

essential both for locomotion and feeding behaviors, are processed within the parietal 386 

cortex. For instance, the posterior parietal cortex is undoubtedly involved in various 387 

forms of visuospatial processing (Kravitz, Saleem, Baker, & Mishkin, 2011), and is part 388 

of the dorsal visual stream, integrating identification and spatial location of objects and 389 

information on the movement type and part of the body performing it (Freud, Plaut, & 390 

Behrmann, 2016). It ultimately has a role in manual dexterity, a distinctive feature of 391 

primates (Ross & Martin 2007).  392 

Gonzales and colleagues (2015) associated the expansion of colobine SPL to 393 

their specialized folivorous diet, specifically to reaching and grasping functions (Bakola, 394 

Gamberini, Passarelli, Fattori, & Galletti, 2010; Hadjidimitrakis, Breveglieri, Bosco, & 395 

Fattori, 2012) needed for picking up leaves. However, all cercopithecids use their 396 

hands to reach and grasp their food, and, as our results show, Papio also tend to have 397 

proportionately larger parietals, on average, despite being omnivores.  398 

According to van Schaik, Deaner, & Merrill (2003), most of the highly-dexterous 399 

genera show tool use for feeding. Considering only the genera within our study, they 400 

observed complex manipulation and use of tools for feeding (mostly in captivity) 401 

among Cercopithecus, Erythrocebus, Macaca, Cercocebus, Papio, and Mandrillus. 402 
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Theropithecus, in spite of showing complex manipulation does not use feeding tools. 403 

Colobus shows neither hand dexterity nor use of tools. Colobines have a particular 404 

hand morphology, characterized by evolutionary reduction, or loss, in the case of 405 

Colobus, of the thumb (Frost, Gilbert, Pugh, Guthrie, & Delson, 2015; Strasser & 406 

Delson, 1987), which is regarded as an adaptation to arboreal life (e.g. Nakatsukasa et 407 

al., 2010). In contrast, Theropithecus and Cebus convergently evolved hand 408 

proportions similar to those of humans, with short lateral digits and longer thumbs 409 

relative to digits (Almécija, Smaers, & Jungers, 2015). This hand morphology, typical of 410 

terrestrial quadruped primates, is compatible with opposable thumbs, and enhances 411 

complex manipulation, as in baboons and geladas (Heldstab et al., 2016). Besides 412 

substrate use, evolution of hand dexterity and complex manipulation in primates 413 

required changes within the brain (Heldstab et al., 2016), which might have involved 414 

an extension of the PPC and somatosensory cortex (Almécija & Sherwood, 2017). 415 

Interestingly, among the New World monkeys, the genus Cebus seems to have 416 

independently evolved some cercopithecid traits, namely, a similar sulcal pattern 417 

(Connolly, 1950; Gonzales et al., 2015), and an opposable thumb, coupled with the 418 

ability to use tools for feeding (Goldring & Krubitzer, 2017; Padberg et al., 2007). 419 

Padberg and colleagues (2007) suggested that the emergence of parietal cortical areas 420 

involved in skilled hand use in New and Old World monkeys is an outcome of the 421 

development of similar hand morphology and use in both families. Including Cebus 422 

specimens in our analysis would add invaluable information concerning the variation 423 

of the parietal lobe anatomy and proportions.  424 

Larger parietal proportions are displayed by Colobines, Theropithecus and 425 

Papio, which have distinct ecological niches, diets and locomotion. Therefore, gross 426 
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morphological brain variations are likely to be due to distinct aspects, and not only 427 

influenced by shared ecological factors. In this context, the evolution of large parietal 428 

independently in colobines and baboons cannot be ruled out. Aristide et al. (2016) 429 

observed significant convergence in overall endocranial shape in different platyrrhine 430 

families. Moreover, factors other than ecology could have played a role in parietal 431 

evolution. For instance, Falk (1981) associated the anterior displacement of the 432 

arcuate sulcus in geladas to an expansion of the somato-motor face representation 433 

due to their ability to retract the lip. Additional studies should consider variation in 434 

cytoarchitecture and functional parcellation within the parietal cortex in order to fully 435 

understand which roles contributed the most to the variation in the proportion of this 436 

lobe within cercopithecids. For instance, it would be interesting to investigate the 437 

cytoarchitectonic and functional changes within the parietal cortex in species with 438 

rudimentary thumbs in contrast to species with opposable thumbs, especially 439 

considering the areas containing a topographic map of the body parts (Padberg et al., 440 

2007).  441 
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Tables  619 

 620 

Table 1. Sample 621 

 622 

Genus Species N Repository 

Colobinae  

(colobines) 

Colobus C. guereza 6 MRAC; AMNH; MNHN 

Piliocolobus P. foai 1 MRAC 

Cercopithecinae  

(cercopithecines) 

Cercopithecini (cercopithecins) 

Cercopithecus C.cephus 2 MHNT 

Chlorocebus C. aethiops 2 MHNT 

 C. pygerythrus 2 MRAC 

Erythrocebus E. patas 1 MHNT 

Papionini (papionins) 

Cercocebus C. atys 1 MRAC 

 C. turquatus 2 MCZ 

Lophocebus L. albigena 2 MRAC; MNHN 

Macaca M. mulatta 1 MHNT 

 M. sylvanus 1 MHNT 

Mandrillus M. leucophaeus 2 MRAC 

Papio P. anubis 1 MNHN 

 P. cynocephalus kindae 1 MRAC 

 P. hamadryas 1 MNHN 

 P. ursinus 1 MNHN 

Theropithecus T. gelada 3 AMNH; MNHN 

Taxonomy based on Grubb et al (2003). MHNT: Muséum d'Histoire Naturelle de 623 

Toulouse; MRAC: Musée royal de l'Afrique centrale, Tervuren; MCZ: Museum of 624 

Comparative Zoology, Harvard University; AMNH: American Museum of Natural 625 

History, New York; MNHN: Muséum National d'Histoire Naturelle, Paris.  626 
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Table 2. Landmarks 627 

Landmark Meaning Location 

CS(mid) 
Central sulcus 

(midsagittal) 

Point of intersection of the central sulcus with 

the midline 

POB 
Parieto-occipital 

boundary 

Point of intersection of the lunate sulcus with 

the midline 

IOP 
Internal occipital 

protuberance 

Point of intersection of the four divisions of the 

cruciform eminence 

FP Frontal Pole 
Anterior most point; point of maximum 

curvature 

OP Occipital Pole 
Posterior most point; point of maximum 

curvature 

TP Temporal Pole 
Anterior end of temporal lobe; point of 

maximum curvature 

CP Cerebellar Pole Outmost point; point of maximum curvature 

BC Broca’s cap 
Point of maximal width on the frontal region 

homologous to human Broca’s area 

AS Arcuate Sulcus 
Point of maximal bending, following the length 

of the frontal sulcus 

CS(lat) Central Sulcus (lateral) Inferior limit of the central sulcus 

PCS Postcentral notch 
A point of depression anterior and superior to 

the Intraparietal sulcus 

IPS Intraparietal Sulcus Inferior limit of the intraparietal sulcus 

SF Sylvian Fissure 
Posterior limit of the Sylvian fissure/ lateral 

sulcus 

LU Lunate Sulcus Inferior limit of the lunate sulcus 

  628 
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Figure legends 629 

 630 

Figure 1. Anatomical landmarks used for the geometric morphometrics analysis: 631 

CS(mid)= central sulcus (midsagittal); CS(lat)= central sulcus (lateral); POB= parieto-632 

occipital boundary; IOP= internal occipital protuberance; FP= frontal pole; OP= 633 

occipital pole; TP= temporal pole; CP= cerebellar pole; BC= Broca’s cap; AS= arcuate 634 

sulcus; PCS= postcentral notch; IPS= intraparietal sulcus; SF= Sylvian fissure; LU= lunate 635 

sulcus.  See table 2 for the definition of the landmarks. Specimen: Chlorocebus 636 

aethiops, Cercopithecini, Cercopithecinae. 637 

 638 

Figure 2. Steps for separating the parietal surfaces from the rest of the endocast: the 639 

parietal boundaries are delimited by cross-sections defined by four landmarks placed 640 

on both hemispheres (upper panel), and the parietal surface on each hemisphere is 641 

extracted by deleting the extra-parietal regions (red areas, lower panel). (a) Location of 642 

landmarks on the central sulcus and Sylvian fissure; (b) cross-section defined by the 643 

landmarks on (a) and location of the landmarks on the lunate sulcus, which define the 644 

cross-section for the posterior border of the parietal (c). After deleting one of the 645 

hemispheres, the portion anterior to the central sulcus (red area in d), the portion 646 

inferior to the first cross-section (red area in e) and the portion posterior to the second 647 

cross-section (not shown) are selected and deleted. This is repeated on the other 648 

hemisphere, resulting in two separate parietal surfaces – left and right – for each 649 

specimen (f). Note that although shown together, each parietal surface was isolated 650 

separately. Specimen: Macaca mulatta, Papionini, Cercopithecinae. 651 

 652 
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Figure 3. Results from the PCA of the endocast shape according to the landmark 653 

analysis. Distribution of specimens on the PC1 vs. PC2 plot and wireframes illustrating 654 

the shape changes along each axis. The colors on the PCA plot represent the tribes: 655 

red, Cercopithecini; blue, Papionini; green, Colobini. Wireframes show the mean shape 656 

(dashed lines), and the shape variation (continuous lines) towards the negative and 657 

positive scores along each PC. 658 

 659 

Figure 4. Unweighted pair-group averages (UPGMA) dendrogram based on the average 660 

shape distances between the genera (based on PCA from figure 3). Cophenetic 661 

correlation coefficient = 0.705. Red, Cercopithecini; blue, Papionini; green, Colobini. 662 

 663 

Figure 5. Regression of the whole shape variation on total endocranial volume: scatter 664 

plot (left) and associated shape variation (right). Red, Cercopithecini; blue, Papionini; 665 

green, Colobini. 666 

 667 

Figure 6. Results from PCA of the isolated left (L) and right (R) parietal surfaces 668 

according to the deformation methods. Plots of PC1 vs. PC2 are separated per 669 

hemisphere, with the PCA and respective color maps of the left parietal on the left 670 

panel, and those of the right parietal on the right panel. The colors on the PCA plot 671 

represent the tribes: red, Cercopithecini; blue, Papionini; green, Colobini. The color 672 

maps display the morphological deformations of the parietal surfaces from the grand 673 

mean shape to the negative and positive scores of each axis, with the colors indicating 674 

the magnitude of displacement (blue - small, red - large).   675 


