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ABSTRACT: Sterkfontein specimen Sts 25 is filled with calcified sediment and still partly encased in 
matrix. The only published endocranial volume estimate for this specimen (350–375 cm3) falls outside the 
range of variation for Australopithecus africanus adults. The purpose of this study was to estimate Sts 25’s 
endocranial volume and to explore the usefulness of parietal regressions for estimating brain size in other 
fragmentary hominin specimens. We used single-variable and multivariate polynomial regressions and 
combined chimpanzee/early hominin comparative samples to predict endocranial volumes for Sts 25 and 
10 fragmentary hominin specimens from six chord and arc variables. Point estimates for Sts 25 ranged 
between 412–501 cm3, with random-effects means and 95% prediction intervals of 453 cm3 (393–512 cm3) 
from single-variable regressions and 446 cm3 (377–514 cm3) from multivariate regressions. New 
endocranial volume estimates ~450 cm3 for Sts 25 are consistent with values for other A. africanus 
specimens with similar dimensions of the vault and basicranium. Volume estimates for Sts 58 (468–559 
cm3) and MLD 1 (509–595 cm3) are larger than previous estimates for these specimens and help refine the 
A. africanus range. Endocranial volume estimates for other crania are largely consistent with existing 
predictions, establishing the value of these polynomial regression equations for estimating brain size in 
early hominins. 

Keywords: Brain size; Endocranial volume; Australopithecus africanus; Parietal bone; Polynomial 
regression 
 

1. Introduction 

Sts 25 is a relatively complete cranium (lacking the face, but preserving large portions of the cranial 
vault and a partial basicranium) from Sterkfontein that has appeared in a number of studies [1–15] but has 
never been formally described. (See [16] (p. 81, figure 31)) for pictures of the cranium, [13] (p. 214, figure 
5) for computed tomography (CT) images of the cranium, and [14] (p. 117, figure 3) for CT images of the 
endocast). This specimen is missing the right frontal bone and the right temporal squama and is distorted, 
with a posteriorly displaced occipital bone and a laterally displaced left temporal bone [13]. The outer table 
of bone is poorly preserved [2,13] and has been characterized as “totally absent in most of the parietal bone” 
[13] (pp. 210–211). Sutural complexity seems to indicate Sts 25 is an adult specimen [4,17], but it is notable 
that Wolpoff thought it might be a juvenile [18] (see discussion in [17] (p. 86)) and characterized its overall 
size as “diminutive” in relation to other Sterkfontein specimens [11] (p. 33). Wolpoff ([3] (p. 377, figure 
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3)) estimated Sts 25’s endocranial volume (EV) to be between 350–375 cm3, a value smaller than the EV 
of any adult Australopithecus africanus specimen. (We provisionally consider Sts 25 to belong to A. 
africanus (or Australopithecus cf. africanus) following [3–8,10,12,15,17]. This is likely to remain an 
uncertain assignment until Sts 25 has been studied in greater detail). Although the exact methodology is 
not specified, a multiple regression equation by the same author [19] returns estimates between 348–397 
cm3 (variation here is due to rounding imprecision and different constituent measurements) using existing 
data from Sts 25. No other EV estimate for this specimen currently exists. 

Even though it is somewhat complete, Sts 25 is filled with calcified sediment [4,13,14], and its base 
has not been fully removed from the surrounding breccia [2,6]. Observations of this specimen’s cranial 
vault have been largely confined to the parietal bone [1,2,10]. Noting the absence of standard measurements 
of overall cranial size, we used published chord and arc measurements from the parietal bone to predict Sts 
25’s EV. 

In preparation for this study, we assessed existing equations for estimating EV from the cranial vault, 
specifically the parietal bone. Many of these equations required measurements not available for Sts 25 such 
as bregma–auricular point [20], neurocranial length, width, height [21], porion–vertex point, bregma–
asterion, asterion–asterion [22], and other non-parietal measurements [23]. Equations we were able to use 
with available measurements produced EV predictions that were either too large—ranging between 508–
1031 cm3 [24–26]—or too small—ranging between 219–397 cm3 [19,24,26]—compared to other A. 
africanus specimens, perhaps reflecting the different priorities (and comparative samples) of the studies 
from which these equations were taken. Unrealistic results from this pilot study prompted us to create our 
own prediction equations. In the process of addressing the question of Sts 25’s EV, we developed 
polynomial regression equations that can be used to predict EV in other hominin specimens and groups, 
including australopiths and early Homo, and addressed questions about the range of A. africanus brain sizes. 

2. Materials and Methods 

2.1. Sample 

Chimpanzee comparative data [26] consisted of EVs and chord and arc measurements on the parietal 
bones of 60 (30 female, 30 male) western chimpanzees (Pan troglodytes verus) from Liberia. In terms of 
body size, the western chimpanzee subspecies is generally smaller than the central subspecies (Pan 
troglodytes troglodytes), but slightly larger than the eastern subspecies (Pan troglodytes schweinfurthii). 
Notwithstanding body size discrepancies, EVs overlap broadly in the three subspecies. Endocranial 
volumes for P. t. troglodytes females (n = 41, x = 347 cm3, sx = 26.3, range = 305–393 cm3) and males (n 
= 38, x = 379 cm3, sx = 41.4, range = 292–454 cm3) from [27] are comparable to data for P. t. verus females 
(n = 30, x = 361 cm3, sx = 30.4, range = 300–447 cm3) and males (n = 30, x = 373 cm3, sx = 34.9, range = 
290–445 cm3) used in this study [26]. We modified the dataset by cubing cube-root EV values from [26] 
and removing one erroneous L–Aa measurement value (table 8, row 6 in [26] (p. 78)), which was >10 
standard deviations greater than the L–Aa mean, thereby decreasing sample sizes (from n = 60 to n = 59) 
for two single-variable and three multivariate regressions. 

Data for Sts 25 (Table 1) and other hominin specimens (listed in Table 2) are from the literature. We 
built prediction equations using data for relatively intact hominin specimens but excluded fragmentary 
crania like Sts 19, KNM-ER 1590, and OH 7. The complete dataset of hominin measurements is available 
in appendix table A1 in Supplementary Materials. Data available for Sts 25 determined the relevant 
variables and included chord and arc lengths of the sagittal margin, coronal margin, and lambdoidal margin 
of the parietal bone (see notes to Table 1). We identified several different measurements for the relevant 
dimensions in Sts 25 (Table 1). In cases where there were multiple measurements of a given variable for 
Sts 25, we ran separate analyses for each measurement value and generated multiple estimates and 
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prediction intervals (see Section 4). All of the chimpanzee specimens and most of the hominins are 
developmentally adult, although a number of specimens in the hominin predictor sample (OH 5, Omo L338-
y6, OH 13, OH 16, D2700, KNM-ER 42700, KNM-WT 15000, ZKD III) and test sample (MLD 1, OH 7, 
KNM-ER 1590, SK 54) could be considered late juveniles or adolescents and all specimens (including Taung) 
are at or beyond the point of asymptotic growth cessation [15]. Taung is just under four years of age (~3.83 
years), and brain growth is complete (according to a chimpanzee standard) or nearly complete (according to 
a modern human standard) [15]. Taung preserves two variables and appears in four analyses (out of 16). At 
just under four years of age, Taung already had a parietal sagittal margin chord length (78 mm) greater than 
Sts 71 (73–74 mm) and MLD-37/38 (74–77 mm) and arc length (85 mm) greater than or equal to Sts 71 (78–
85 mm), MLD 1 (85 mm), and MLD 37/38 (82–88 mm)—see appendix table A1 in Supplementary Materials 
for details. Taking these facts into account, we decided to include Taung in the comparative sample regardless 
of its juvenile status. These observations seem to indicate that some dimensions of the parietal bone reach 
adult size by the end of the neurocranial growth period and do not change appreciably throughout the 
remainder of juvenile growth. More work is needed to corroborate these observations. 

Table 1. Published parietal bone measurements for Sts 25. 

Measurement * Tobias (1967) ** [1] Wolpoff (1974) [2] Wood (1991) [5] Kimbel et al. (2004) [10] Range 
Parietal sagittal chord (B–Lc) 73.5 *** - 74 **** 76 74–76 

Parietal sagittal arc (B–La) 78.0 *** 81 78 **** 84 78–84 
Parietal coronal chord (B–Pc) 66.5 *** (R) - 67 **** - 67 

Parietal coronal arc (B–Pa) 82.0 *** (R) - 82 **** - 82 
Parietal lambdoidal chord (L–Ac) 54.0 *** (L) - 54 **** - 54 

Parietal lambdoidal arc (L–Aa) 55.5 *** (L) - 56 **** - 56 

* Ref. [1]: Parietal sagittal chord, arc; coronal margin chord, arc; lambdoid margin chord, arc; Ref. [2]: Parietal sagittal length 
(C [#25], A [#26]), parietal coronal breadth (C [#29], A [#30]), parietal lambdoid length (C [#31], A [#32]); Ref. [10]: sagittal 
margin chord (SMC), arc (SMA); Ref. [26]: Bregma–Lambda chord (B–Lc), arc (B–La), Bregma–Pterion chord (B–Pc), arc (B–
Pa), Lambda–Asterion chord (L–Ac), arc (L–Aa); ** For this table, we maintained the same number of significant figures 
appearing in original publications; *** Ref. [1] gave this a value of “±” indicating rough estimation; **** Rounded values from [1]. 

Table 2. Sample details including lists of specimens for each hominin species. Values in parentheses indicate the number of 
analyses in which each specimen was included. 

Species n Specimens 
Pan troglodytes verus 60 30 females/30 males * 
Australopithecus afarensis 2 A.L. 444-2 (6), A.L. 333-45 (4) 
Australopithecus africanus 4 Sts 5 (16), Sts 71 (9), MLD 37/38 (16), Taung (4) 

Paranthropus boisei 6 
KNM-ER 406 (16), KNM-ER 407 (16), KNM-ER 13750 (6), KNM-ER 23000 (6), OH 5 (16), 
Omo L338-y6 (16) 

Homo rudolfensis 2 KNM-ER 1470 (16), KNM-ER 3732 (9) 
Homo habilis 5 KNM-ER 1805 (16), KNM-ER 1813 (16), OH 13 (8), OH 16 (8), OH 24 (6) 

Homo erectus 29 

D2280 (8), D2282 (8), D2700 (8), Daka (8), KNM-ER 3733 (16), KNM-ER 3883 (16), KNM-
ER 42700 (2), KNM-WT 15000 (4), Ng1 (8), Ng6 (4), Ng7 (8), Ng10 (4), Ng11 (8), Ng12 (8), 
OH 9 (4), OH 12 (4), Sale (2), Sangiran 2 (8), Sangiran IX (4), Sangiran 10 (16), Sangiran 17 
(16), Sm1 (8), Sm3 (11), Trinil 2 (4), ZKD II (16), ZKD III (16), ZKD X (8), ZKD XI (16), 
ZKD XII (16) 

* Further details in [26]. 

2.2. Variables 

Variable names and definitions [26] include chord (Bregma–Lambda chord, B–Lc) and arc (Bregma–
Lambda arc, B–La) lengths of the sagittal margin, chord (Lambda–Asterion chord, L–Ac) and arc 
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(Lambda–Asterion arc, L–Aa) lengths of the lambdoidal margin, and chord (Bregma–Pterion chord, B–Pc) 
and arc (Bregma–Pterion arc, B–Pa) lengths of the coronal margin of the parietal bone. 

As noted above, there were multiple measurement values for Sts 25 and other specimens. In most (if 
not all) instances, we suspect measurements differed because researchers identified sutural junctions in 
different ways. For example, different measurements of Sts 25’s parietal sagittal margin chord length [1,10] 
and arc length [1,2,10] likely indicate different estimates for the location of bregma. Some specimens, like 
Sts 5, have multiple parietal measurements because sutures are obliterated or otherwise difficult to see. 
Each of these measurements is valid, representing logical decisions made at different times by different 
researchers. Rather than choose between different measurements, we decided to retain all reasonable 
measurement values and run two sets of analyses: one with smaller values (minimum, or “min”) and one 
with larger values (maximum, or “max”). We created new EV estimates for fragmentary hominin specimens, 
including A.L. 162-28 (Australopithecus afarensis), MLD 1 (A. africanus or Australopithecus prometheus), 
Sts 58 (A. africanus or Homo cf. habilis), SK 54 (Paranthropus robustus or Homo cf. erectus), OH 7 (H. 
habilis), KNM-ER 732 (Paranthropus boisei), KNM-ER 1590 (Homo cf. rudolfensis), and Sangiran 3, 4, 
and 12 (H. erectus). 

We estimated EV for a specimen (Sts 58) which is not always included in quantitative analyses of the 
parietal bone because existing measurements were taken on the less worn endocranial surface [1]. We 
estimated ectocranial values for Sts 58’s sagittal margin chord (B–Lc) and sagittal margin arc (B–La) from 
endocranial measurements using linear regression in small samples of comparable (for this purpose) 
hominin specimens (including KNM-ER 1470, OH 24, KNM-ER 1805, OH 5, OH 13, KNM-ER 407, 
KNM-ER 23000, and KNM-ER 3732). The resulting equations, 

EV ሺcmଷሻ ൌ 0.8933ሺB െ Lc ሾmmሿሻ ൅ 13.953 ሺ𝑛 ൌ 7, rଶ ൌ 0.929ሻ (1)

EV ሺcmଷሻ ൌ 0.6275ሺB െ La ሾmmሿሻ ൅ 37.827 ሺ𝑛 ൌ 7, rଶ ൌ 0.819ሻ (2)

predicted values of 76.8 mm (95% PI = 71.8–81.7 mm) for sagittal margin chord length (from an 
endocranial chord length of 70.3 mm) and 84.6 mm (95% PI = 77.3–91.9 mm) for sagittal margin arc length 
(from an endocranial arc length of 74.5 mm). Note that other equations in the literature use endocranial 
variables to predict EV, e.g., [25], and so there is the possibility that future estimates of Sts 58’s EV can be 
based on endocranial data. In this study, we converted Sts 58’s endocranial chord and arc lengths to their 
ectocranial equivalents in order to generate EV estimates using our polynomial equations. Further work is 
necessary to estimate Sts 58’s EV using endocranial data. 

As noted above, we retained reasonable measurement values for hominins when more than one 
measurement was available. However, we did modify one additional measurement, B–Lc for MLD 1. Dart’s 
[28] B–Lc measurement for MLD 1 (68 mm) is smaller than values for Sts 25, Sts 71, and MLD 37/38, 
small- or average-sized A. africanus crania. After examining the original fossil, Wolpoff ([2] (p. 398)) noted 
the presence of 12 Wormian bones, opining that “Dart picked the point furthest posterior on the sagittal 
suture anterior to the Wormian bone development” for lambda. Wolpoff [2] located lambda using the clear 
intersection of the sagittal and lambdoidal sutures on the endocranial surface of the parietal bone, then 
transposed this location to the ectocranial surface. Adding 13.5 mm, the difference between the two lambda 
locations, to Dart’s [28] measurement, we calculated a “corrected” measurement of B–Lc (81.5 mm) that 
we think more accurately represents MLD 1’s large size. 

2.3. Statistics and Analyses 

We used natural log-transformed variables to calculate single-variable and multivariate polynomial 
regression prediction equations on the combined sample of chimpanzee and hominin specimens. A recent 
study [29] found that logging variables improved standard errors of the estimate (SEE) and related statistics 
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like confidence intervals. It was necessary to use polynomial regression since the relationship between EV 
and each parietal variable was non-linear even after data were logged (Figure 1). We used 3rd-order 
polynomial models, which provided a good fit in all cases while avoiding problems that arise because of 
overfitting. We presented coefficients for raw polynomials in the case of single-variable regressions so that 
published intercepts and polynomial coefficients can be used to generate estimates directly, without 
additional information. We used orthogonal polynomials in multivariate polynomial regressions to minimize 
the effects of collinearity. In this case, predictions cannot be generated directly from published coefficients. 
The code and data used in all analyses are available in the Supplementary Information [30]. We considered 
using piecemeal approaches (LOESS regression, β-splines, cubic splines) or models that are non-linear in the 
parameters, but prioritized the ability to predict values directly from published coefficients (in the case of 
single-variable equations) over slightly better fits at the lower and upper extremes of the dataset. 

 

Figure 1. Scatterplots showing third-order polynomial regression fits for three chord variables demonstrating the curvilinear 
nature of the data even after transformation to natural logs. See text and Table 1 for variable abbreviations. 

We generated four multivariate polynomial regression models: two full models (one with minimum 
values, one with maximum values) and two reduced models that include only variables with significant 
coefficients from each full model. The reduced “min” multivariate model included three variables (B–Pc, 
L–Ac, L–Aa), and the reduced “max” multivariate model included two variables (B–Lc, B–Pc). This 
process is akin to the procedure followed in multi-step multiple regression, but the nature of polynomial 
data (in which squared and cubed data for individual variables are included as covariates to build the model) 
precludes a standardized forward- or backward-step selection process. 

We transformed log estimates back to raw data space by multiplying exponentiated values by a 
correction factor (calculated as the average of the Smearing estimate and ratio estimate) to account for log 
detransformation bias [31]. We presented standard error of the estimate (SEE) and percent standard error 
of the estimate (%SEE) statistics for the logged equations [32], but also transformed SEE values into 
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original units (raw cm3) for meta-analysis (see below) by (1) adding/subtracting SEE to/from the natural 
log point estimate, (2) exponentiating and correcting resulting values, then (3) averaging resulting 
asymmetrical raw values to produce centered raw SEE values. We calculated mean percent prediction error 
(MPE) for the total sample [32–34], but also calculated MPE values for chimpanzees and each hominin 
species, including A. africanus. 

We calculated 95% prediction intervals for each estimate using an equation for the standard error of 
the estimate of a new value that was not part of the original dataset ([35] (p. 346, Eq. 17.29)). We centered 
prediction intervals to account for the fact that exponentiated and corrected lower and upper limit values 
are asymmetric around the exponentiated and corrected point estimate. Because of this, 95% prediction 
intervals should be considered approximate. 

We calculated a single-group summary and 95% confidence intervals for Sts 25’s EV estimates, and 
95% prediction intervals for all estimates, using an inverse-variance random-effects model, a method 
commonly used in meta-analysis. In this case, we calculated the inverse weighted mean using the corrected 
point estimate, the corrected/centered raw SEE (which is a measure of the standard deviation of the residuals 
from the regression analysis), and the sample size at [36]. As with regression prediction intervals, 
calculations of the random-effects confidence intervals and prediction intervals must be considered 
approximate since we centered SEE values prior to meta-analysis. 

We predicted EVs for 10 additional fragmentary hominin specimens, and presented these results as 
box-and-whisker plots. In this case, we calculated median—not mean—values for different estimates. 

Statistics were performed in RStudio 2024.04.2+764 “Chocolate Cosmos” Release (5 June 2024) for 
Windows running R4.4.1, and ggplot2, dplyr, and ggridges packages were used to make plots. The code and 
datasets used to run all analyses and to make figures are available in the Supplementary Information [30]. 

3. Results 

Regression equation summary statistics and predictions are listed in Table 3. All coefficients for single-
variable polynomial regressions are significant at the p < 0.05 level. Coefficients for three variables (B–Pc, 
L–Ac, L–Aa) were significant (p < 0.05) for the “MV-full (min)” model, and coefficients for two variables 
(B–Lc, B–Pc) were significant (p < 0.05) for the “MV-full (max)” model. As noted above, these significant 
coefficients were used to reconstruct the two reduced (“MV-3 var (min)” and “MV-2 var (max)”) models. 
The complete set of statistics, including regression coefficients and exact values for significance tests, is 
available in appendix table A2 in Supplementary Materials. 

Table 3. Regression summary statistics and predictions. Full statistics (including significance levels for individual intercept and 
slope coefficient values presented to 15 significant figures) are available in appendix table A2 in Supplementary Materials. 

Variable n Adj. r2 SEE %SEE CF MPE (Aafr) MPE (Total) Est [95% PI] 
Single-variable (SV) models 

L-Aa (max) 92 0.905 0.126 13.4 1.0084 6.9 9.1 412 [308–517] 
L-Aa (min) 92 0.935 0.103 10.8 1.0053 3.1 7.9 417 [331–503] 
L-Ac (max) 97 0.894 0.130 13.9 1.0091 2.8 9.2 436 [332–551] 
B-Pc (max) 81 0.854 0.129 13.8 1.0085 12.0 9.7 442 [326–557] 
B-Pc (min) 81 0.845 0.133 14.2 1.0089 19.3 9.9 442 [323–561] 
L-Ac (min) 97 0.930 0.106 11.2 1.0059 7.0 8.3 445 [350–540] 
B-La (min) 102 0.856 0.159 17.2 1.0130 12.9 11.1 445 [301–588] 
B-Lc (min) 104 0.880 0.145 15.6 1.0107 7.9 9.8 449 [317–580] 
B-Lc (max) 104 0.904 0.130 13.9 1.0088 11.7 9.3 456 [337–576] 
B-La (max) 102 0.876 0.147 15.9 1.0113 20.7 10.5 494 [346–641] 
B-Pa (max) 82 0.778 0.164 17.8 1.0135 13.7 12.1 501 [333–669] 
B-Pa (min) 82 0.773 0.166 18.1 1.0138 16.1 12.3 501 [331–671] 
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SV random-effects mean [95% PI] 453 [393–512] 
Multivariate (MV) models 

MV-full (max) 76 0.959 0.064 6.6 1.0015 4.7 4.1 432 [372–493] 
MV-3var (min) 76 0.944 0.075 7.8 1.0023 0.9 5.5 437 [370–504] 
MV-full (min) 76 0.965 0.059 6.1 1.0012 1.2 4.0 444 [387–502] 

MV-2var (max) 80 0.941 0.079 8.3 1.0032 9.1 5.6 469 [393–545] 
MV random-effects mean [95% PI] 445 [377–514] 

Abbreviations: SEE = standard error of the estimate; CF = correction factor; MPE = mean percent prediction error; Aafr = A. 
africanus; Est = estimate; 95% PI = 95% prediction interval. Equations are ordered from lowest to highest point estimate values 
within each model. 

Endocranial volume predictions for Sts 25 are illustrated in Figure 2, which shows the random-effects 
mean, 95% confidence intervals, and 95% prediction intervals for predictions from single-variable and 
multivariate polynomial models. Table 3 lists each estimate along with its individual 95% prediction 
interval (traditionally calculated, not via meta-analysis) and mean percent prediction error (MPE) for each 
model (calculated for all specimens and for A. africanus separately). Point estimates for EV ranged between 
412–501 cm3 for single-variable estimates and 432–469 cm3 for multivariate estimates, with random-effects 
means and prediction intervals of 453 [393–512] cm3 from single-variable polynomial regressions and 446 
[377–514] cm3 from multivariate polynomial regressions. 

 

Figure 2. Forest plot showing regression predictions and confidence intervals (“95% CI”) for Sts 25’s EV, along with random-
effects mean predictions, 95% CIs, and 95% prediction intervals (PIs) for single-variable (SV) and multivariate (MV) regression 
models. The pink shaded area indicates the range of the previous estimate from [3]. See text and Table 1 for abbreviations of 
variable names. 

4. Discussion 

4.1. Considerations About Sample Composition 

One of this study’s goals was to develop parietal regression equations for estimating EV in A. africanus 
(of all sizes, not just for Sts 25) and other early hominin species. The parietal sagittal margin is known to 
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be short in A. africanus in relation to mediolateral breadth of the parietal bone [1,10,26,37–39], but even 
so, most measurement values for A. africanus parietal variables fall at the limit of, or outside, the range of 
variation for chimpanzees, limiting the usefulness of equations based on chimpanzee data alone. We added 
data for early hominins to the chimpanzee sample, which ensured that measurement values for Sts 25 fall 
within the domain of the combined data distribution (see Figure 3). As a result, the equations generated in 
this study are useful for predicting EVs between 290 cm3 and 1251 cm3, the range of the data included in 
the combined comparative sample. This range fills a need for equations to estimate EV in australopiths, 
since existing parietal equations are based on smaller-brained samples of chimpanzees [26] or larger-
brained samples of contemporary humans [24,26]. Other equations [19,25] do incorporate data for 
australopiths and early Homo, among other groups, but do not seem to perform well for smaller-brained 
hominins (reflecting the original purpose of these equations for estimating EV in the larger-brained H. 
habilis specimen OH 7). 

 

Figure 3. Ridgeline plot showing the distribution of parietal measurement values for Sts 25 (thick black vertical lines), 
chimpanzees (pink distributions), and fossil hominins (blue distributions) for the six chord and arc variables used in this study 
(see text and Table 1 for abbreviations). 

The decision to combine data from two different datasets requires additional justification. There is an 
argument that could be made that hominins are not part of any chimpanzee or contemporary human sample, 
and therefore these samples should not be used to estimate hominin attributes, including EVs. However, it 
has become standard practice to use chimpanzee and living human comparative samples to estimate values 
for fossil specimens, and this approach has been employed many times previously to estimate hominin EVs, 
e.g., [22–26]. In this study, we created a combined chimpanzee + hominin predictor sample to overcome 
the extrapolation problem outlined above. Given that this is standard practice, there is no reason why this 
approach should not be extended to both australopiths and early genus Homo, as it is in this study. 

4.2. Considerations About Ontogenetic Status 

It is intriguing to think that Wolpoff’s identification of Sts 25 as “quite young” [18] (p. 79) might have 
informed his low EV prediction [3], or vice versa. Nonetheless, there is no indication that Sts 25 is anything 
other than an adult specimen [4–7,13–15,17]. Grine [17] (p. 86) cited an observation by Kimbel and Rak 
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that the complexity of Sts 25’s ectocranial sutures is similar to the condition in MLD 37/38, a specimen 
with heavily-worn third molar teeth. Sts 25’s adult status is corroborated in the present study. Parietal bone 
measurements for this specimen compare favorably to measurements for adult specimens of A. africanus 
(Sts 71, MLD 37/38, Sts 5). Two chord measurements (B–Lc, L–Ac) fall within the A. africanus range, and 
associated arc measurements (B–La, L–Aa) are a few millimeters lower in Sts 25 than in Sts 71 and MLD 
37/38. Overall, Sts 25’s parietal bone is small, but not abnormally so, and there is no reason to assume such 
variation is ontogenetic in nature. 

4.3. Predictions for Other Hominins 

Predictions for ten other hominin specimens are shown in Figure 4 and Table 4. Predictions for A.L. 
162-28 (382–401 cm3), KNM-ER 732 (449–469 cm3), OH 7 (537–1044 cm3), KNM-ER 1590 (531–853 
cm3), and Sangiran 4 (596–1074 cm3) are more-or-less consistent with previous estimates [16,25,26,40–
44]. It is notable that seven (out of 21) estimates for OH 7 are larger than smaller previous estimates 
[19,25,26,45,46] but consistent with larger estimates [25,26], including recent estimates (729–824 cm3) 
from a 3D virtual reconstruction [44]. Predictions for MLD 1 (509–595 cm3) overlap previous estimates 
(which have been reported as 500 ± 20 cm3 [40] and 500–520 cm3 [16]) at the lower end, but the largest 
estimates (567–595 cm3) are equivalent to large estimates for StW 505 (575–600 cm3), a putative male 
specimen of A. africanus [16,20,47]. 

 

Figure 4. Box plots of endocranial volume (EV) point estimates for 10 fossil hominins. Individual point estimates are indicated 
by semitransparent jittered points and previous estimates are indicated by vertical blue bars. 

Table 4. Endocranial volume predictions for 10 fragmentary hominin specimens. See text and Table 1 for predictor variable 
abbreviations. 

Specimen Species N * Predictor Variables Median Range 
A.L. 162-28 A. afarensis ** 4 L–Ac, L–Aa 391.5 382–401 

Sts 58 A. africanus ** 4 B–Lc, B–La 502.4 468–559 
MLD 1 A. africanus ** 4 B–Lc, B–La 556.0 509–595 

KNM-ER 732 P. boisei 4 B–Pc, B–Pa 459.2 449–469 
OH 7 H. habilis 22 B–Lc, B–La, B–Pc, B–Pa, L–Ac, L–Aa 610.4 537–1044 

KNM-ER 1590 H. rudolfensis ** 20 B–Lc, B–La, B–Pc, B–Pa, L–Ac, L–Aa 722.3 531–853 
SK 54 Homo cf. erectus ** 2 B–Pc 416.9 416–417 
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Sangiran 3 H. erectus 12 B–Lc, B–La, B–Pc, B–Pa, L–Ac, L–Aa 739.1 599–911 
Sangiran 4 H. erectus 12 B–Lc, B–La, L–Ac, L–Aa 929.6 596–1074 

Sangiran 12 H. erectus 16 B–Lc, B–La, B–Pc, B–Pa, L–Ac, L–Aa 666.5 525–983 

* “N” indicates the number of regression estimates for each specimen (including intermediate values when there are more than 
two predictor values for a given specimen); ** Taxonomic designation uncertain. 

Sterkfontein specimen Sts 58 is a calvaria that was discovered alongside Sts 19 in a rubble dump in the 
Sterkfontein Member 4 (“Type Site”) main chamber in 1947, north of other specimens [48,49]. Broom and 
Robinson [48,50] thought that the Sts 58 parietal fit together with Sts 19, a partial basicranium, as 
Sterkfontein VIII, or “skull no. 8”. Sts 19 has been variably assigned to A. africanus [7,8,48,51] and early 
Homo, perhaps H. habilis [52–57]. Among modern authors, some (e.g., [16]) consider Sts 58 to be from 
the same individual as Sts 19, whereas others (e.g., Clarke, reported in [58]) question the connection. 

New estimates for Sts 58 (468–559 cm3) are consistent with larger historical estimates of 530 cm3 
[48,50] and 550–570 cm3 [59] for “Skull no. 8”, but they are larger than Holloway’s [45,60,61] estimate 
for the Sts 19 basicranium (436 cm3). This may be evidence that Sts 19 and Sts 58 do not represent the 
same individual. On the other hand, it is important to consider that Holloway [45] reconstructed Sts 19 
using the partial endocast method with reference to australopith-grade endocasts (Taung, Sts 5, SK 1585, 
OH 5), a practice that might artificially depress EV estimates if this specimen represents early Homo. 
Holloway et al. [16] (p. 30) flagged Sts 19 as a specimen in which the missing parts exceed the preserved 
parts, giving the endocast he constructed a grade of “B1”. Either way, divergent EV estimates for Sts 19 
and Sts 58 highlight the need for further research to critically re-examine the two pieces of Sterkfontein 
“Skull no. 8”. 

New EV estimates for P. boisei specimen KNM-ER 732 (449–469 cm3) are smaller than a previous 
estimate of 500 cm3 [16,40] but on par with an estimate of 466 cm3 (460–472 cm3) [62], implying a degree 
of sexual size dimorphism for P. boisei EV that better matches this species’ craniodental size dimorphism. 
New EV estimates for SK 54 (416–417 cm3) are smaller than a previous estimate of 450–475 cm3 (with a 
potential adult value of 500 cm3 [16]). Although it might at first seem like these smaller estimates are 
inconsistent with the idea that SK 54 resembles H. erectus more than P. robustus [63], it is important to 
remember that this specimen is from a juvenile whose brain and surrounding cranial vault might not have 
finished growing. New EV estimates for Sangiran 3 (677–951 cm3) and Sangiran 12 (525–983 cm3) overlap 
previous estimates but skew to lower values, raising questions about the size (or maybe the measurements) 
of these specimens’ parietal bones. 

In summary, of the above estimates, Sts 58 is a new estimate, and can be used in comparative analyses 
in lieu of older estimates [50,59] and the estimate based on Sts 19 [45,60,61], whose endocast required 
heavy reconstruction and which might not be associated with Sts 58 anyway. New EV estimates for KNM-
ER 732 support smaller previous reconstructions [62], whereas estimates for MLD 1 suggest that 
Holloway’s [40] reconstruction might be something like a minimum value. Holloway et al. [16] graded the 
reliability of his estimate for MLD 1 as “B2–3”, opining that more of the endocast was reconstructed than 
was actually present. A recent study [64] presented wider cranial measurements across MLD 1’s parietal 
bones and supramastoid crests, consistent with a higher EV determination. We advocate for our new 
estimate to replace (or at least supplement) the measured volume from Holloway’s endocast reconstruction 
in comparative studies of hominin brain size. Other estimates can be considered supplemental to previous 
estimates, although values for Sangiran 3 and Sangiran 12 require further investigation to resolve 
discrepancies with previous reconstructions. 
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4.4. Endocranial Volume in Sts 25 and A. africanus 

New EV estimates for Sts 25, MLD 1, and Sts 58 provide greater resolution for the A. africanus sensu 
lato hypodigm by addressing issues at the lower and upper ends of the species range (Figure 5). Prior EV 
estimates of 350–375 cm3 for Sts 25 implied an expanded lower end of the range. New estimates ~450 cm3 
position Sts 25 near the middle of the A. africanus range in close approximation to MLD 37/38 and Type 
2, and the range of point estimates overlaps values for Sts 71, Sts 19, MLD 37/38, Type 2, and Sts 5 (Figure 
5). Excluding 350–375 cm3 estimates for Sts 25 reduces the A. africanus range from 218 cm3 to 177 cm3. 
New estimates for Sts 25 “fit what the eye can see” [20] (p. 9b), since basicranial and parietal dimensions 
for Sts 25 generally match or exceed values in Sts 19, Sts 71, and MLD 37/38 [1,6,7,10]. New larger EV 
estimates for MLD 1 position this specimen with StW 505 at the upper end of the A. africanus range. New 
estimates for Sts 58 underline questions about this specimen’s alpha taxonomic assignment and identity. 
As part of “Skull no. 8”, Broom & Robinson [48] considered Sts 58 to be a male specimen of Plesianthropus 
transvaalensis (later subsumed into A. africanus), and Schepers [65] thought that “Skull no. 8”’s endocast 
eclipsed Sts 5 in size. At 468–559 cm3, Sts 58 falls at the upper end of the A. africanus range, as originally 
proposed, and again exceeds Sts 5 in size. If Sts 58 is assigned to A. africanus, not Homo, we might consider 
this specimen to be one of three or four A. africanus males (along with MLD 1, StW 505, and, according 
to some researchers [66–68], Sts 5) that has an associated EV. Of course, if Sts 58 is early Homo instead of 
A. africanus, then its estimated brain size would fall among the very smallest values for this group, 
especially so if Sts 19 (436 cm3) and Sts 58 (468–559 cm3) belong to the same specimen. If so, then more 
work is needed to reconcile Sts 19’s small brain size with its Homo-like basicranium. 

 

Figure 5. Dot plot showing the distribution of EV in A. africanus (including specimens from the expanded hypodigm like StW 
573, Sts 19, Sts 58, and MLD 1 that have been assigned by some researchers to other species). Solid red dots mark summary 
estimates from this study, and semitransparent red dots represent individual point estimates. Solid blue dots mark established EV 
values for other specimens, and semitransparent blue dots represent selected alternative and/or historical estimates. 

Finally, it is important to note that EV estimates for Sts 25 should be considered preliminary attempts 
pending a 3-D virtual reconstruction following established techniques (e.g., [69]) to account for taphonomic 
damage (including exfoliation of the outer table of bone), displacement of the occipital and left temporal 
bones, disconnection and misalignment of the basicranium (which is still partly embedded in breccia) 
relative to the cranial vault, missing sections of the right frontal and temporal bones, and the presence of 
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calcified sediment filling the cranial cavity. Until then, there is no reason to exclude Sts 25 from studies 
that include Sts 19, Taung, Sts 71, MLD 1, and/or StW 505 since Sts 25’s cranial vault is as well- (or better-) 
preserved as these specimens. Acknowledging that more accurate estimates are possible and may be 
forthcoming, we justify our efforts by noting that lesser-known, sometimes fragmentary, understudied 
fossils have the potential to answer questions about species variability that cannot be addressed by focusing 
on just the most complete specimens (a point noted previously by [69]). When there are so few fossils, 
every piece of data counts. We invite other researchers to test the hypothesis that Sts 25’s EV falls near the 
middle of the A. africanus range. 

5. Conclusions 

New and revised estimates for Sts 25, Sts 58, and MLD 1 help resolve questions about the A. africanus 
range and establish Sts 25 and Sts 58 as specimens that can be included in future studies of hominin brain 
evolution. More work is necessary to resolve discrepancies between EV estimates for Sts 19 and Sts 58, 
which might or might not belong to the same individual. The polynomial regression equations developed 
here should prove useful for estimating EVs for fragmentary crania of fossil hominins in the size range of 
australopiths and early members of the genus Homo, including H. erectus. 
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