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Significance

 Despite its central role in hominin 
evolution, there is little 
consensus on how body size 
increased through time. Our 
study examines competing 
hypotheses concurrently in a 
mixed model framework, where 
we account for phylogenetic 
relationships, intraspecific 
variation, and multiple sources of 
data uncertainty. We provide 
strong evidence for a marked size 
increase in later-occurring Homo , 
alongside a moderate general 
increase over time among all 
hominins. By reconciling 
conflicting findings within a single 
framework, our results clarify key 
evolutionary transitions and 
highlight the complex nature of 
body size change in human 
evolution.
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The evolutionary trajectory of hominin body size remains contested, with prior studies 
suggesting a gradual increase or lineage-specific shifts. Here, we apply Bayesian phyloge-
netic generalized linear mixed models to a dataset of 386 specimens across 21 taxa and find 
strong evidence for a marked body mass increase in non-habilis or later-occurring Homo, 
with moderate support for a general increase over time. Contrary to some existing hypoth-
eses, we find less support for a distinct size increase across all Homo. By accounting for 
phylogenetic nonindependence, intraspecific variation, and multiple sources of uncertainty, 
our analysis examines competing views in a single framework, supporting a more complex 
explanation for hominin body size evolution and clarifying key transitions in Homo.

hominins | body mass | size | phylogenetic comparative methods

 Body size is central to organismal biology, influencing ecology (1), life history (2), phys-
iology (3), and neuroanatomy (4). In the context of hominin evolution, increases in body 
size have been linked to larger brains, improved bipedal locomotion, and expanded range 
sizes (5, 6). However, despite its importance, there is no consensus on whether hominin 
body size increased consistently over time (7–12).

 Recent studies present conflicting views (Fig. 1). Some argue against a general evolu-
tionary trend (9–11), while others support an overall increase in body mass and stature 
(12). Small-bodied taxa like Homo floresiensis  and Homo naledi  are often cited as exceptions 
(11, 12). Additionally, some researchers suggest that size increases may be specific to Homo  
(13) or later-occurring Homo  (9, 11) [e.g., excluding Homo habilis  sensu stricto (s.s.) 
(hereafter, “non-habilis Homo ”), or Homo ergaster /erectus  and later]. However, a 
lineage-specific size shift has not been tested alongside a general trend in a single model. 
Furthermore, past analyses on general trends have not accounted for phylogenetic nonin-
dependence or intraspecific variation.          

 Using an expanded dataset of body mass estimates from 386 specimens across 21 taxa 
(Fig. 2A), we test for both a general temporal trend and a separate shift in body mass 
within Homo . Multiple sources of uncertainty—from body mass estimates and taxonomic 
classifications to phylogenetic relationships—have complicated interpretations of hominin 
size evolution (7–12). The choice of estimation methods and reference datasets also crit-
ically influences results (9–11). We apply Bayesian phylogenetic generalized linear mixed 
models (PGLMMs) to address these challenges, incorporating multiple sources of uncer-
tainty and variation (6). Our models include random effects on phylogenetic relatedness, 
species classification, the anatomical region of the body mass proxy, and the reference of 
the mass estimate. We repeated our analyses across 1,000 phylogenies and datasets to 
further account for phylogenetic, taxonomic, and data uncertainty. This approach, com-
bined with “within-group centering,” also allows us to test effects within and between taxa 
and model evolutionary changes with improved statistical rigor (6, 14).           

Results

 We first examined separate within- and between-species trends in body mass through time 
but found no meaningful distinction between the two. The posterior distributions of 
within-species slopes strongly overlap with between-species slopes; their differences overlap 
0 by more than 5% (px  > 0.05) in 60.5% of datasets (Dataset S1). Moreover, a comparison 
of model fit (using Deviance Information Criteria) favors one without separate within/
between-species effects in 74.7% of datasets (Dataset S1). Given this, all subsequent 
analyses use specimen age without separating within/between-species effects.

 We find good evidence for an increase in body mass with specimen age without modeling 
a separate shift in Homo  [mean slope (β) = −0.032, mean px  = 0.035, px  < 0.05 in 77.8% 
of datasets; mean conditional R2  = 0.469; mean phylogenetic signal = 0.413; Dataset S1]. 
This translates to an increase in log10-scaled mass from an expected average of 1.611 (~41 kg)  
at 4 Mya to an expected average of 1.676 (~47 kg) at 2 Mya [mean 95% credible interval 
(CI) for β = −0.061, −0.003; log10 -scaled mass increases to the present]. Phylogenetic 
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signal is moderately high, underscoring the importance of account-
ing for phylogenetic relationships when analyzing hominin body 
size trends.

 Accounting for a general increase in body mass, we find marginal 
support for a distinct size increase in all Homo  [mean offset of Homo  
intercept (αHomo ) = 0.093 (95% CI = −0.005, 0.189), mean px  = 
0.044, 69.7% px  < 0.05; mean conditional R2  = 0.562; Dataset S1]. 
However, there is stronger evidence for a separate size increase in 
﻿Homo, excluding H. habilis  s.s. [mean offset of αnon-  habilis = 0.111 
(95% CI = 0.033, 0.187), mean px  = 0.011, 95.8%; mean condi-
tional R2  = 0.582; Fig. 2 B and C and Dataset S1]. In this model, 
the average non-Homo or H. habilis  s.s. specimen dating 2 Mya is 
expected to have a log10 -scaled mass of 1.642 (~44 kg), whereas the 
average non-habilis Homo specimen of the same age is expected to 
have a log10 -scaled mass of 1.753 (~57 kg). Including a separate 
shift in non-habilis Homo  explains a substantial ~11% more of the 
variance in body mass, on average, than the model without it 
(difference in mean conditional R2  or 0.582 to 0.469 = 0.113), 
suggesting that the most pronounced size increases occurred in 
non-habilis Homo . In this model, 72% of datasets support a trend 
through time [mean overall β = −0.026 (95% CI = −0.051, −0.001), 
mean px  = 0.043, 72.0%; Dataset S1], but an average estimated 
increase through time is recovered in 100% of datasets (Fig. 2D). 
There is no evidence of a change in slope between non-Homo  and 
﻿Homo  or non-habilis Homo , indicating minimal change to the over-
all trend through time between these groups [mean px  = 0.323 (px  
< 0.05 in 0.6% of datasets) and 0.294 (2.7%) for the slope change 
in Homo  and non-habilis Homo , respectively; Dataset S1]. There is 
also good evidence for a separate size increase in later-occurring 
﻿Homo , excluding both H. habilis  s.s. and H. rudolfensis , but in 
relatively fewer datasets (mean offset of αnon-  habilis+rudolfensis   = 0.103, 
mean px  = 0.027, 85.3%; mean conditional R2  = 0.574; Dataset S1). 
In these models, H. floresiensis  and H. naledi  are consistent outliers 
with lower-than-average body masses (Fig. 2B and Dataset S1).  

Discussion

 The literature presents conflicting support for different hypotheses 
of hominin size evolution: a general size increase through time (7, 
12) or an increase within Homo , either in early Homo  (11–13) or 
later-occurring Homo  (9, 11). These hypotheses are not mutually 
exclusive (12) but have not previously been evaluated in a single 
statistical framework or while accounting for phylogenetic rela-
tionships and intraspecific variation. Our PGLMMs provide the 
strongest support for a separate size increase in non-habilis  or lat-
er-occurring Homo  (i.e., excluding H. habilis  s.s. and H. rudolfensis ), 
which coincides with increases in bipedality, carnivory, and home-
range size (5). These results additionally either challenge larger 

body sizes as a characteristic of all Homo , or the inclusion of 
﻿H. habilis  s.s. in Homo  (5, 15). However, we cannot rule out any 
biases in the literature in which more fragmentary postcranial spec-
imens are assigned to species such as H. ergaster , and not H. habilis , 
by virtue of their larger size.

 We find support for a moderate but consistently estimated size 
increase to the present across all hominins when accounting for a 
separate shift in non-habilis Homo . These results are partly con-
sistent with Cope’s rule (12) but overall support previous claims 
that body size evolution was more complex (9–12). Our detection 
of multiple outliers (H. floresiensis  and H. naledi ) further highlights 
this complexity (16). A general trend is largely unsupported with-
out considering these outliers (mean β = −0.021, mean px  = 0.126, 
27.6%; Dataset S1), likely contributing to the lack of consensus 
around general size trends.

 Many other factors may explain the lack of consensus on a gen-
eral hominin size increase, including uncertainties around mass 
estimates. For example, De Miguel and Henneberg (7) found con-
flicting results when analyzing different body mass datasets, sup-
porting a general trend only when using specimen averages. By 
analyzing trends across 1,000 sampled phylogenies and datasets, 
we found strong evidence for a separate increase in non-habilis  or 
later-occurring Homo  that is robust against phylogenetic uncer-
tainty, size estimate uncertainty, and intraspecific variation. 
However, the support for a general size increase is more mixed 
among the datasets. Improved mass estimates and taxonomic cer-
tainty of specimens may be needed to clarify the presence or absence 
of a general trend. Despite concerns over using multiple body mass 
proxies, particularly those from upper anatomical regions, we find 
that it explains relatively little variation among body mass estimates 
when included as a random effect (mean variance explained by 
anatomical region = 0.032; Dataset S1). The use of anatomical 
region as a random effect does not distinguish estimates from prox-
ies such as femoral head breadth or shaft breadth, of which the 
latter has been shown to overestimate body mass in early hominins 
(10, 17). However, future studies can extend our approach to dis-
tinguishing proxies from the same element.

 Methods and reference samples (e.g., all hominoids or modern 
﻿Homo sapiens ) used for estimating hominin body masses also vary 
among studies. Multiple studies (10, 17) have raised concerns over 
using estimates based on body masses measured from modern human 
cadavers in the reference sample. Ruff et al. (10) showed that cadaveric 
measurements underestimated body masses calculated from stature 
and bi-iliac breadth by as much as 29%, which may partly explain 
why estimates from Grabowski et al. (9) are 25% smaller, on average, 
than other studies. Our primary results presented above excluded 
body mass estimates from Grabowski et al. (9). Including these esti-
mates increases the support for a general size trend through time, 

Fig. 1.   Hypotheses of hominin body size evolution through 
time. (A) Body mass increased linearly through time (solid 
line) or did not change on average (dashed line). (B) 
Alternatively, body mass may have increased separately in 
Homo or later-occurring Homo (black H. ergaster silhouette 
and lines) relative to earlier hominins (gray Australopithecus 
africanus silhouette and lines), with or without a change 
in slope. All silhouettes are from phylopic.org (T. Michael 
Keesey, public domain).
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along with a separate increase in non-habilis Homo  [mean β = −0.030 
(95% CI = −0.054, −0.005), mean px  = 0.021, 87.6%; mean offset 
of αnon-  habilis   = 0.105 (95% CI = 0.030, 0.178), mean px  = 0.012, 

96.6%; mean conditional R2  = 0.577; Dataset S1]. The random effect 
on the reference dataset explains slightly more variation among body 
mass estimates, depending on which data sources are included (mean 

Fig. 2.   (A) Log10-scaled body mass (kilograms, kg) against age (million years ago, mya) of hominin specimens. Each point represents the median values for 
each specimen and is colored by the most frequently assigned species across the 1,000 generated datasets (closed circles: non-habilis Homo species; crosses: 
outliers). (B) Mean log10-scaled body mass predictions from a random sample of 100 models, including separate intercepts for non-habilis Homo (H. ergaster 
silhouette) and two outliers (H. naledi and H. floresiensis, open circles). Regression lines extend beyond the data plotted above because they are based on a 
range of specimen ages. Black lines and points are the median predictions calculated from 1,000 models. (C) Distribution of mean estimated offsets in the 
non-habilis Homo intercepts from 1,000 models. (D) Distribution of mean estimated overall slopes from 1,000 models (negative values indicate increases to the 
present). All silhouettes are from phylopic.org (T. Michael Keesey, public domain).
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variance explained by reference = 0.143 and 0.093 with and without 
estimates from ref. 9, respectively; Dataset S1). Hominin body mass 
estimates still vary substantially within species (11, 12). Another 
source of variation not factored into our analyses is sexual size dimor-
phism, which is more pronounced in non-Homo  hominins (10, 17).

 Overall, these findings bring clarity to a fundamental question 
in human evolution and show how the application of rigorous 
phylogenetic comparative tools can unlock patterns previously 
hidden in the fossil record while accounting for multiple sources 
of uncertainty.  

Materials and Methods

Body Mass Estimates and Dataset Generation. We compiled body mass 
estimates (kilograms, kg) from primary and secondary literature sources (6, 
9–12, 17–43), as well as temporal ranges using the latest dating information 
(see Dataset S2 and references therein). This includes an additional mass estimate 
for Homo naledi calculated from a regression equation with femoral cortical area 
(11, 44) (see entry for UW 102a-003/004 in Dataset S2). Our complete dataset 
includes 566 body mass estimates (n = 502 without estimates from ref. 9) for 
386 specimens (n = 357 without ref. 9) across 21 taxa, including “Denisovan” 
specimens (Dataset S2). We limited data collection to specimens dating older 
than 30,000 y ago, as multiple studies have supported a recent decrease in body 
size (10, 18). Given its uncertain status as a hominin (45, 46), we also excluded 
Sahelanthropus tchadensis from our analyses.

When available, we preferred body mass estimates calculated from lower limb 
or pelvic elements over those calculated from the upper limb, axial, or cranial 
regions, as weight-bearing elements correlate more strongly with body mass 
(11). However, the reference sample used to estimate mass (e.g., all hominoids 
or modern Homo sapiens) can also affect accuracy, and some proxies may be more 
accurate for certain hominin species than others (10, 11). For instance, multiple 
studies (10, 17) have raised concerns over body mass estimates based on human 
cadaver specimens used in the reference sample, such as in Grabowski et al. (9), as 
variation in the time and conditions after death, as well as diseases acquired before 
death, can influence body weight. Therefore, we generated 1,000 datasets by ran-
domly selecting a published body mass estimate for each specimen. We excluded 
the mass estimates from Grabowski et al. (9) in our primary dataset (Dataset S3 
excludes estimates from ref. 9; Dataset S4 includes them); however, our results 
were consistent when we included them (Dataset S1). We further accounted for the 
variation in body mass owing to using proxies from different anatomical regions 
and using estimates from difference references by including anatomical region 
and the reference as additional random effects in the model (Bayesian PGLMMs).

Specimen ages were randomly assigned from a uniform distribution based 
on the temporal ranges of each specimen. Each specimen was also assigned a 
species based on a previously published hypodigm (6, 47). For specimens with 
unclear taxonomic assignments, we randomly assigned a species from a list of 
assignments compiled from the literature (see Dataset S2 and references therein).

Bayesian PGLMMs. We first tested for a relationship between body mass (log10 
body mass, kg) and time (millions of years) at both intra- and interspecific levels 
using a combination of PGLMM and within-group centering (14). This separates 
specimen ages into two components: the group (or species) mean age and the 
within-group variability (or difference between each specimen’s age and species 
mean). These two components were calculated for each of the 1,000 generated 
datasets. A more detailed description of PGLMMs and within-group centering 
can be found in SI Appendix of Püschel et al. (6). We then assessed whether we 

could meaningfully estimate trends within- and between-species by calculat-
ing the proportion of times when the differences in their estimates crossed a 
value of zero (px). Given that these differences overlapped with zero by more 
than 5% (i.e., px > 0.05), we determined that they could not be meaningfully 
distinguished (Dataset S1). We thus analyzed specimen age without separating 
within/between-species effects in all subsequent analyses.

We also consistently identified two outliers based on them having lower than 
average estimated body masses, accounting for specimen age: H. floresiensis and 
H. naledi. We determined their outlier status by including two dummy-coded 
variables in the model, indicating whether a specimen was assigned to one of the 
two outlier species (1) or not (0). For example, a specimen assigned to H. habilis 
sensu stricto (s.s.) was assigned 0 for these dummy variables.

To test for an increase in mass among Homo (separate intercept), we included 
another dummy variable indicating whether a specimen belonged to the genus 
Homo (1) or not (0). We also assessed whether Homo had a separate slope by 
including an interaction term between the dummy variable for Homo and speci-
men age. We repeated these two analyses (separate intercept and separate slope 
models) for non-habilis Homo and later-occurring Homo taxa (i.e., excluding H. 
habilis s.s. and H. rudolfensis).

Our PGLMMs account for the nonindependence of evolutionary relationships 
among species by including a phylogenetic variance–covariance matrix as a ran-
dom effect, which models the expected covariance between species trait values 
based on their phylogenetic relatedness. To account for phylogenetic uncertainty, 
we ran our models 1,000 times, pairing one dataset with one of 1,000 sampled 
phylogenies from a previous Bayesian phylogenetic analysis (Dataset S5; sourced 
from ref. 6). We measured phylogenetic signal using a modified version of Lynch’s 
heritability metric for nonultrametric trees (6, 48). We also accounted for the 
uncertainty in our mass estimates that might arise by using proxies from different 
anatomical regions (i.e., axial, cranial, lower limb, upper limb, or pelvic) and the 
use of estimates from different source references (e.g., refs. 9 and 11) by including 
them as additional random effects. We further quantified the relative effects that 
anatomical region and the reference have on body mass variation (6, 48).

We conducted all analyses using the package MCMCglmm v2.36 in R 4.4.1 (49, 
50). A diffuse normal distribution centered around 0 (μ = 0) with a large variance (σ2 
= 108) was used as a prior for fixed effects. We also used noninformative inverse-
Gamma prior distributions for the random effects, with V = 1 and ν = 0. We ran the 
models for 1,000,000 iterations, with a burn-in of 10,000 and a thinning interval 
of 500 iterations. Chains were run multiple times for each model to ensure con-
vergence, which were assessed visually with trace plots for both fixed and random 
effects. We considered a model effect to be meaningful if it had a mean px < 0.05 
across the 1,000 datasets. The px measures the proportion of the posterior distribu-
tion of model effects that crosses a value of zero. To assess the variation in support 
across datasets, we calculated the percentage where px < 0.05 among the datasets. 
We also calculated marginal R2 (variance explained by fixed effects) and conditional 
R2 values (variance explained by fixed and random effects) as measures of good-
ness-of-fit. An example R script for running models and calculating R2 values and 
the variance explained by each individual random effect is provided in Dataset S6.

Data, Materials, and Software Availability. Study data are included in the 
article and/or supporting information.
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