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Abstract 
Recent studies have provided great insight into hominin life history evolution by 

utilitizing incremental lines found in dental tissues to reconstruct and compare the growth 
records of extant and extinct humans versus other ape taxa. Among the hominins, studies that 
have examined Retzius periodicity (RP) variation have come to contradictory conclusions in 
some instances. In order to clarify RP variation among hominins and better place this variation in 
its broader evolutionary context, we conduct the most comprehensive analysis of published RP 
values for hominins and great apes to date. We gathered all available data from the literature on 
RP data from extant humans, great apes, and fossil hominins, and assessed their variation using 
parametric and nonparametric analyses of variance. We also performed phylogenetic generalized 
least-squares (PGLS) regressions of RP data for these taxa as well as a larger set of hominoids 
for which RP data have been published against data for body mass, encephalization, and mean 
semicircular canal radius (SCR, a proxy for metabolic rate). Our results show that modern 
humans have a mean RP significantly differing from that of other hominins. Pongo also is 
significantly different from nearly all other taxa in all analyses. Our results also demonstrate that 
RP variation among hominins scales with respect to body mass, encephalization, and SCR 
similarly to other hominids, but that modern humans and Pongo stand out in this regard. 
Operating within the hypothesis that RP reflects autonomic biorhythms that regulate multiple life 
history variables, our results reinforce the idea that Homo sapiens has evolved a life history 
distinct from other hominins, even from other members of Homo, and suggest that many of these 
life history differences may be driven by hypothalamic output from the brain. 
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1. Introduction 

Anthropologists have long observed that anatomically modern humans have an unusual 
life history compared to their closest living relatives, the great apes (e.g., Schultz, 1960). Modern 
humans have a relatively higher energy budget and reproductive output (‘fast’ life history 
attributes), coupled with a paradoxically long juvenile period and lifespan (‘slow’ life history 
attributes; Harvey and Clutton-Brock, 1985; Leigh, 2004, 2012; Reiches, et al. 2009; Isler and 
van Schaik, 2012; Pontzer, 2012; Schwartz, 2012). These features are key components of a 
derived life history profile that makes Homo sapiens unique. Therefore, much attention has been 
devoted to illuminating the selective forces that led to this unusual life history (Smith and 
Tompkins, 1995; Kaplan et al., 2000; Leigh, 2001, 2004, 2012; Pontzer, 2012). 

Increasingly, this avenue of research takes advantage of histological techniques to study 
in detail the growth processes of teeth and bones, and to relate these direct growth data to models 
of human life history evolution (e.g., Bromage and Dean, 1985; Dean and Beynon, 1991; Dean, 
1995, 1998, 2000; Schwartz et al., 2001, 2005; Lacruz et al., 2008; Hogg et al., 2015, 2017; 
Smith et al., 2015, 2018). These studies take advantage of the fact that dental tissues preserve 
permanent growth lines as part of their structure (Fig. 1). These growth lines can be used to 
reconstruct a chronology of growth in a manner similar to dendrochronology (e.g., Bromage and 
Dean, 1985; Dean and Beynon, 1991; Dean 1995, 1998, 2006; Schwartz et al., 2001; Lacruz et 
al., 2008; Schwartz, 2012; Smith et al., 2015). Some studies have demonstrated that aspects of 
modern human dental growth, such as crown extension rates, crown formation times, and M1 
ages at emergence may differ from those of other living great apes, and from australopiths (e.g., 
Bromage and Dean, 1985; Lacruz and Bromage, 2006; Kelley and Schwartz, 2012; Schwartz, 
2012), although there may be substantial intraspecific variation in these variables (Smith et al., 
2015). Within Homo in particular, there are conflicting reports; for example, different studies 
disagree as to whether dental development in Neanderthals differs substantively from that of 
modern humans (e.g., Smith et al., 2010; Rosas et al., 2017). 

One specific area where studies disagree is in regard to differences in variation of Retzius 
periodicity (RP, sometimes referred to as ‘repeat interval’ or simply as ‘periodicity;’ see Hogg et 
al., 2015) among modern humans, hominins, and hominids. RP refers to the number of days 
between the deposition of successive long-period growth lines in teeth. Within tooth enamel, 
these long-period lines are referred to as striae of Retzius, whereas they are termed Andresen 
lines in dentine. RP varies among individuals within a species, and among species, and is 
quantified by counting the number of daily growth lines (known as cross-striations in enamel; 
von Ebner lines in dentine) between successive long-period lines (Fig. 1).  

RP is an important variable for understanding life history evolution, as several studies 
have suggested that it is a histological manifestation of a neuroendocrine biorhythm, the Havers-
Halberg oscillation (HHO; Bromage et al., 2009, 2012; Hogg et al. 2017). The HHO hypothesis 
is based on early observations by Dean (1995) and Dean and Scandrett (1996) that there might be 
a correlation between RP and body mass, and that RP may also be tied to autonomic biorhythms 
as reflected in heart rate oscillation (Appenzeller et al., 2005). The HHO is hypothesized to play 
a role in regulating the overall pace of mammalian life history, and as a general rule correlates 
strongly with body mass and metabolic rate among anthropoid primates (Bromage et al., 2009; 
Bromage et al., 2012; Hogg et al., 2015; Hogg et al., 2017). The HHO potentially regulates 
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metabolic output, growth rates, and lifespan among other life history characteristics (Bromage 
and Janal, 2014; Bromage et al., 2009, 2012, 2015, 2016; Hogg et al., 2015, 2017). 

The HHO hypothesis argues that cell proliferation and activity, cellular metabolism, and 
cell growth, are influenced by oscillations in sympathetic output originating in the hypothalamus 
of the brain (Bromage et al., 2009; Hogg et al., 2017). There is ample evidence underlying the 
physiology of the HHO in the literature on bone-energy homeostasis, recently reviewed by Hogg 
et al. (2017). Briefly, the leptin-sympathetic-osteocalcin feedback loop (Hogg et al., 2017) 
participates with hypothalamically controlled biorhythms that act as metronomes pacing cellular 
activity. The central biorhythm, the HHO, is correlated with cell proliferation rates, as was 
shown by demonstrating a correlation between osteocyte density and body mass interspecifically 
(Bromage et al., 2009; Hogg et al., 2017). HHO also implicates metabolic rate as evidenced by 
correlations between RP and metabolic rates that are tissue-specific (Bromage and Janal, 2014, 
Hogg et al., 2017). Finally, direct assessments of metabolite levels revealed clear oscillations 
over a period of several days in pigs (Bromage et al., 2009, 2015, 2016; Bromage and Janal, 
2014). Moreover, by affecting cellular activity in osteoblasts, ameloblasts, and odontoblasts that 
lay down bone and dental tissues, the hypothesis argues that the HHO rhythm is permanently 
encoded and therefore readable as growth increments (e.g., striae of Retzius) in mineralized 
tissues. Importantly, if the HHO is part of a neuroendocrine feedback loop affecting cell 
proliferation, metabolism, and growth, then variations in HHO periodicity could have been 
evolutionary targets because selective pressures on the HHO modulated life history. Therefore, 
RP data have great potential to provide important insights into life history evolution. While there 
is much work to be done to further verify the HHO hypothesis – for example, direct experimental 
evidence that HHO-related biorhythms such as RP are a result of autonomic oscillation has not 
yet been sought – and identify the molecular networks involved, the HHO remains a powerful 
model to advance our understanding of life history evolution (e.g., Bromage et al., 2009; Hogg et 
al., 2015) despite it also being true that life history features have the ability to vary independently 
(e.g., Hogg et al., 2015, 2018). Again, readers are referred to Hogg et al. (2017) for a more 
complete review on the physiological literature underlying the HHO hypothesis. 

Several studies have sampled RP among modern humans, fossil hominins, and great apes. 
Bromage et al. (2009) collated hominin RP data from the literature, estimating a range between 6 
and 9 days (n = 33 specimens across Australopithecus anamensis, Australopithecus afarensis, 
Australopithecus africanus, Paranthropus aethiopicus, Paranthropus boisei, Homo rudolfensis, 
Homo erectus, and Homo ergaster) and found a strong correlation between RP and reconstructed 
body mass (r = 0.87, p < 0.01). This study noted that RP variability in modern humans is 
unusually high, in contrast to findings for other hominins (Lacruz et al., 2008). Smith et al. 
(2015) sampled 25 fossil hominins, including A. anamensis, A. africanus, Pa. robustus, and 
South African “Homo,” and compared RP values in their sample with RP data from the literature 
for H. erectus, H. neanderthalensis, fossil and extant H. sapiens, Pan troglodytes, and Gorilla 
gorilla. In contrast to the conclusions of Lacruz et al. (2008) and Bromage et al. (2009), they 
found that fossil hominins do not show a smaller range in RP or a lower average RP when 
compared to modern humans. Using Mann-Whitney tests, they reported that there was no 
significant difference in RP between modern humans and australopiths. These studies utilized 
different data sets with different samples, and employed different analytical protocols, and as a 
result, it is perhaps not surprising that they reached different conclusions. 

Fortunately, there has been a steady accumulation of published hominin and hominoid 
RP data over the last twenty years (e.g., Bromage et al., 2007, 2009; Macchiarelli et al., 2006; 
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Lacruz et al., 2008, 2012; Lacruz and Ramirez-Rozzi, 2010; Smith et al., 2007a, b, 2009, 2010, 
2015; Ward et al., 2001). This enables a comprehensive look at RP variation in these groups, 
which as mentioned above, is important because of the potential insights into life history it 
provides via the lens of the HHO (Hogg et al., 2017). We therefore performed a comprehensive 
literature search to gather RP values published for extant and extinct individuals within 
Hominidae, inclusive of extant and extinct taxa. In so doing, we asked four primary questions: 
(1) What are the overall patterns of mean RP across the hominid family? (2) Are there significant 
differences in mean RP among hominins and other hominids, namely Gorilla, Pan, and Pongo? 
(3) Are there significant differences in mean RP between modern humans and other hominins? 
(4) How is RP correlated with body mass, brain mass, and metabolic rates among hominins and 
hominids? 

 
2. Materials and methods 

We gathered RP data from the literature for 1492 individuals across 19 hominid species, 
1194 of these from modern humans and 298 from the remaining species set (Table 1). Since a 
recent hypothesis posits that RP may change between deciduous and permanent teeth (Mahoney 
et al., 2016), we included only data from permanent teeth. Where possible, we computed 
summary statistics for males and females separately, and also included species mean values. See 
Table 1 for range, mean, mode, and sample size for each species, as well as data sources, and 
Table 2 for further descriptive statistics of select subgroups. The complete dataset is available as 
a spreadsheet in Supplementary Online Material (SOM) Table S1. 

Due to small and unequal sample sizes, as well as the non-normal distribution of most of 
our dataset, our primary analysis consisted of nonparametric Kruskall-Wallis tests and Dunn’s 
post hoc tests; non-parametric tests also minimize the impact of outliers as they do not take into 
account differences in magnitude among the sample set. As our between-group analyses of 
variance in RP were designed to seek out statistically significant subsets of hominid species and 
were not used to ascertain whether differences were confounded by phylogeny or other factors, 
we did not employ phylogenetic controls here. Tests were performed using IBM SPSS Statistics 
v. 25.0 (IBM Corp., 2017), and in R v.3.5.2 (R Core Team; 2018). 

One potential confounding factor in our dataset is the overwhelming disproportion of our 
modern human sample size as compared to the sample sizes of all other hominids in our study. 
Moreover, within our modern human sample, there is a highly disproportionate contribution from 
different geographic areas, such that running statistical analyses on the complete, unmodified 
sample would likely yield results that do not accurately reflect the real biological variation of our 
populations. Accordingly, for all analyses involving modern humans, we resampled the dataset 
by coding every specimen according to geographic origin, and then randomly incorporating 40 
individuals from each region into the analysis. If a particular region had a population of less than 
40 in our dataset, we simply included the entire population from that region. We then 
bootstrapped this resampling through 5000 iterations, and performed Kruskal-Wallis and Dunn’s 
analyses on the bootstrapped results. This process reduced the size difference between our 
modern human sample and all other samples, and also prevented any one geographic region in 
our human dataset from having an outsized effect. 

Another potential confounding factor in dealing with RP data is measurement error in 
assessments of RP for individual specimens. It is recognized that determining RP for certain 
specimens can be particularly difficult, such that different observers will record different values 
when determining the number of days between secretion of successive striae of Retzius (Smith et 
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al., 2007a). This is of particular concern for a study such as ours, which is compiling data from 
multiple studies in the literature. A reliable method for decreasing measurement error is the two-
pronged approach advocated by Schwartz et al. (2001). In this method, RP is assessed by two 
methods which are cross-checked against each other. In the first method, RP is assessed visually 
by counting cross-striations between successive striae of Retzius in an image of a tooth. In the 
second method, the mean of the measurements between successive striae of Retzius in a 
particular tooth region are divided by the mean daily secretion rate (DSR) for that same region. 
For an RP to be counted as accurate, the results of both methods must match for each individual. 
Schwartz et al. (2001) demonstrated a less than 3% interobserver error using this method. That 
said, fossils can provide extra difficulty with regard to presenting readily interpretable anatomy, 
different imaging methods were used by different sources in our study, and, more importantly, 
not all data sources for our study used the two-pronged method, instead opting only for direct 
counting or via estimation using DSR. Therefore, it is important to account for measurement 
error in our study in some way. We opted to assess the impact of error through a random error 
test, wherein measurement errors of -2, -1, 0, 1, and 2 days were sampled uniformly and added to 
the observations for within each genus and species depending on the test. An F-statistic and a 
Kruskal-Wallis statistic was obtained per run. The above procedure was repeated 10,000 times to 
obtain sampling distributions of the statistics.  

To further immunize our analyses against error resulting from our comparison of several 
small sample sets drawn from fossil material against much larger samples drawn from extant 
taxa, we also ran a bootstrapping analysis of the ANOVA F statistics, resampling the dataset 
with replacement and repeating this process for a total of 1000 iterations. This permits the 
calculation of a 95% confidence interval for the F statistic from the sampling distribution.  

It is also important to consider recent revisions of Pongo systematics and our inclusion of 
fossil Pongo teeth in our sample. It is difficult to impossible to determine whether RP values 
from all individuals previously reported as Po. pygmaeus may in fact belong to one of the newly 
erected Pongo species. Moreover, the fossil Pongo specimens we included have been attributed 
to Po. pygmaeus weidenreichi (Hu et al., 2012) but the taxonomy of these specimens is by no 
means certain. However, in both parametric and non-parametric pairwise comparisons, there is 
no significant difference among Pongo samples from different sources in our study, and no 
significant difference between fossil and extant Pongo (p < 0.0001 in all tests). Therefore, we 
have opted to include all Pongo specimens in one sample in both genus and species level 
analyses. 

For our correlation analyses, we wanted to expand upon results of prior studies (Smith, 
2008; Bromage et al., 2009; Hogg et al., 2015) and examine how life-history variables correlate 
with RP among hominins in light of the HHO model. Additionally, we were interested in 
determining how much of the variation in RP across our sample is correlated with the degree of 
phylogenetic relatedness in our included taxa. Therefore, we gathered species mean data for 
body mass, index of cranial capacity (ICC), and relative semicircular canal radius (SCR, a proxy 
variable for metabolic rate), following the protocols of Hogg et al. (2015), and regressed species 
mean RP data against these metrics using standard phylogenetic generalized least-squares 
(PGLS) regression. Relative SCR is an index value for SCR that corrects for body mass 
following the regression statistic for primates given in Spoor et al. (2007): Relative SCR = mean 
SCR(mm)/body mass(g)0.14; see Table 1 for data and sources. We incorporate SCR here as a 
proxy variable for metabolic rate based on a very strong and significant correlation between SCR 
and basal metabolic rate (BMR) in anthropoid primates identified by Hogg et al. (2015).  This 
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finding was in turn built on a correlation between SCR and activity levels in primates identified 
by the studies of Spoor et al. (2007) and Walker et al. (2008); founded upon this evidence, Hogg 
et al. (2015) found SCR to be an effective proxy variable for BMR in their study of RP variation 
in lemurs, and we follow their protocols here. 

To evaluate the relationship between body mass and RP, having a wide range of body 
masses in the analysis is helpful for revealing any patterns that may be present within the sample.  
Having a wide range of body masses is also helpful to identifying where the sample lies within 
the broader context of variability of its parent taxon. Therefore in addition to our hominin and 
hominid sample, we included data for non-hominid hominoid species. These additional hominoid 
data were drawn from Hogg et al. (2015). Species’ mean RP were regressed against body mass, 
ICC, and SCR data using the ‘caper’ package’s (Orme et al., 2010) PGLS models in R. Trees 
were constructed using data from 10k trees for extant taxa (https://10ktrees.nunn-lab.org) and 
Dembo et al. (2016) for extinct taxa. Phylogenetic signal (Pagel’s l) was estimated using 
maximum likelihood. Though the sample contained at most 22 species, only PGLS regressions 
were run since PGLS results mirror ordinary least-squares (OLS) results if there is no 
phylogenetic signal in the residual structure of the data (Symonds and Blomberg, 2014). 

 
3. Results 

Figure 2 provides a boxplot illustrating characteristics of RP variation in the various 
species of our sample. With regard to differences between taxa Kruskal-Wallis tests show that 
when analyzing our sample both by genus and by species, significant differences are present (p < 
0.01 for both; Table 3). Bootstrapping analyses, to correct for sample size differences, are also 
available in Table 3. Our random error study demonstrated that the distribution had means well 
into the rejection region for the null hypothesis for either test and the entire distribution was over 
the rejection region indicating differences in RP for both genus as well as species. The 
distribution of p-values were less than 0.01 in every randomized repetition (Table 4). This 
suggests that interobserver/intraobserver error is not having a significant impact on our results. 

The results of post hoc Tukey and Dunn’s analyses, used to diagnose significant subsets, 
are detailed in Tables 5 and 6. At the species level (Table 5), the most obvious pattern is that our 
Pongo spp. dataset differs significantly from every other species except for H. rudolfensis and 
fossil H. sapiens; even for these species the p-value is close to significance. Gorilla gorilla 
stands out the next, differing significantly from five other species. Beyond this, no clear pattern 
is evident. In analyses at the genus level (Table 6), where sample sizes of non-modern humans 
are much increased, it immediately stands out that modern human RP differs significantly from 
all genera (including fossil Homo), with the lone exception of Gorilla. This is a marked contrast 
from the interpretations of Smith et al. (2015), who implied that RP variability among modern 
humans is not significantly different than that of other hominins, based on the similarity of the 
RP ranges demonstrated by modern humans and other hominins, and the lack of significant 
difference between modern humans, A. africanus, and Pa. robustus in their sample. Other 
members of Homo do not seem to display significant differences compared to other hominins 
(Table 6), which agrees with results from previous studies (Lacruz et al., 2008; Smith et al., 
2015). Also, Pongo once again differs significantly from all other genera, as does Gorilla (with 
the exception of modern humans).  

PGLS regressions of species mean RP on body mass do not show a strong or significant 
relationship among hominins (slope = 0.06, adj. R2 = 0, p = 0.43; Table 7), nor do regressions of 
RP on SCR (slope = 1.04, adj. R2 = 0.26, p =0.11; Table 7). However, there is a significant 



7 
 

 7 

correlation between RP and ICC for this sample (slope = 0.17, adj. R2 = 0.42, p = 0.03; Table 9). 
The phylogenetic signal of the three hominin models is low (l = 0), which indicates that 
phylogeny has very little effect on the error structure of the hominin-only data. The low 
correlation between body mass and RP among hominins masks some interesting biological 
relationships between these two variables for some parts of our sample: within hominoids as a 
whole, there is a significant correlation between species mean RP and body mass (PGLS slope = 
0.12, adj. R2 = 0.38, p < 0.01; Table 7). Interestingly, SCR also has a significant correlation with 
RP in this group (slope = -1.79, adj. R2 = 0.45, p < 0.01; Table 7). For both body mass and SCR, 
the hominins that are included in the models cluster closely to the regression line for the entire 
hominid group and fall within the 95% confidence interval. Hominins, then, feature as fairly 
typical members of their family with regard to the relationship of species mean RP with body 
mass and SCR, respectively. Though the phylogenetic signal of the three hominoid models is 
high (Table 7), l estimates are sensitive to sample size (Freckleton et al., 2002) and all l 95% 
confidence intervals, with the exception of that of the RP~ICC model, include 0 in the lower 
bound. Interestingly, hominoid RP does not significantly correlate with ICC when phylogenetic 
relationships are taken into account (slope = 0.05, adj. R2 = 0.01, p = 0.73; Table 7; Figs. 3 and 
4). However, given that SCR has been shown to be a reliable predictor of metabolic rate, under 
the HHO model of RP biology the relationship between SCR and RP is not surprising. The 
relationship between body mass and RP is also expected, since body mass has long been 
demonstrated to be a key determinant of metabolic rate, for example as laid out in Kleiber’s law 
(Kleiber, 1932), and since body mass, bone metabolism, and energy homeostasis are known to be 
closely connected physiologically, via neuroendocrine control mechanisms (Hogg et al., 2017). 
 
4. Discussion 

With regard to our first and second question about differences in RP variation across the 
hominids, the evidence suggests that, firstly, the hominins as a group (exclusive of modern 
humans) seem to share patterns of RP variation (this term used in the vernacular sense) that are 
different from those of the great apes, i.e., Pan, Gorilla, and Pongo, since all three hominin 
genera differ significantly in RP from each of the great ape genera, but do not differ significantly 
among themselves. If RP is indeed tied to life history evolution as the HHO hypothesis posits, 
this may reflect evidence of differing life history patterns in hominins as compared to the great 
apes. Secondly, we see these differences extended among the great apes themselves, in that Pan, 
Gorilla, and Pongo all significantly differ from each other with regard to RP. 

With regard to our third question, regarding evolution of RP among modern humans, H. 
sapiens does not demonstrate many significant differences from other taxa in our species-level 
analyses. However, much of this is likely due to the effect of small sample sizes among our fossil 
taxa; when redoing species-level analysis for modern humans by removing species where n < 11, 
bootstrap values and confidence intervals changed markedly, demonstrating that the species-
level analysis is subject to sample size effects despite our best efforts to control for them. In our 
analysis comparing modern humans to other taxa at the genus level, where sample sizes are 
larger and results therefore more reliable, we show that modern humans do indeed differ 
significantly from other hominins in general, showing significant differences compared to 
Australopithecus and Paranthropus, as well as from the remainder of the genus Homo. This is to 
be expected, since it is quite well documented that modern human life history differs from that of 
all australopiths and early Homo (for discussion, see Kelley and Schwartz, 2012). If RP is driven 
by and reflective of the HHO as a periodicity in hypothalamic output and evolution in energy 
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homeostasis (Hogg et al., 2017), the significant differences in RP between modern humans and 
other hominins, as well as between fossil Homo with respect to other hominins, suggest that RP 
patterns reflect derived patterns of life history for H. sapiens. Interestingly modern human mean 
RP does not differ significantly from Gorilla, a similarity deserving of further study. 

Interestingly, the Xujiayao hominin has a periodicity higher than the mean of all other 
hominins; when viewed within the context that other dental development features in this 
specimen, such as crown formation time, are well within the range of modern humans, this 
reinforces the interpretation that this population may have had a very human-like life history 
(Xing et al., 2019). Indeed, a computed Z-score for the RP of this specimen, when analyzed in 
the context of our modern human dataset, sits at 1.58, demonstrating a fairly high value even as 
compared with modern humans.  Compared to all other hominins, the Z-score for the Xujiayao 
hominin is even higher at 2.18, reinforcing the idea that it is more like modern humans than other 
hominins with regard to RP (even though this applies only to this specimen itself, and we can 
make no arguments with regard to its population in general). 

Pongo is another interesting case, standing out in all analyses from all other genera, and 
also differing from more taxa than any other in species-level analyses. Pontzer (2017) 
convincingly argued that Pongo exhibits an unusual metabolic strategy for hominoids, with 
reduced BMR and lower daily energy requirements that may represent adaptations to crashes in 
food availability. Given the assumption that RP is reflective of metabolic biology driven by the 
hypothalamus, via the HHO, our analysis here may help provide direction for elucidating how 
and why Pongo has evolved its highly derived metabolism, just as our results may help provide 
insight as to how and why modern humans have evolved such a derived life history. 

Lastly, with regard to our fourth question, combining all published records available to 
date for RP, our results support prior studies in showing that hominids and hominins seem to 
follow correlations between RP and body mass, ICC, and SCR that are exhibited in anthropoid 
primates more generally (Bromage et al., 2009; Hogg, 2010; Hogg et al., 2015); that is, while we 
do not find a correlation between RP and body mass within the total hominin sample, hominoids 
as a whole do exhibit a significant relationship in this regard. Hominins fall close to the 
regression line for hominoids overall, and fall within the 95% confidence interval for hominoids 
as whole. Therefore, hominins seem to behave as stereotypical hominoids as far as RP and body 
mass correlations are concerned. It is also of interest that among hominoids SCR, which is a 
reasonable proxy for (Hogg et al., 2015), seems to exhibit the strongest correlation with RP. Not 
surprisingly, given the significant differences in RP variation between Pongo and all other 
species in our ANOVA sample, this taxon falls farthest from the overall regression line. 
Moreover, although Pongo is an outlier in regressions of RP with body mass and ICC, it does not 
particularly stand out as an outlier in regressions for SCR. This suggests that Pongo RP, and by 
extension its HHO biology, are not unusual.  

 
5. Conclusions 

By compiling the most extensive sample of RP values for hominids to date, we are able 
to elucidate important patterns of variation that address outstanding issues in hominin life history 
based on RP values as key biological markers. In sum, interpreted via the lens of the HHO 
model, RP data suggest that the modern humans may exhibit a life history that differs from that 
of other hominins and hominids, tied to hypothalamic regulation. They also suggest that 
hominins in general may have evolved a specialized life history compared to other hominids, and 
that Gorilla, Pan, and Pongo may also all exhibit derived HHO biologies as reflected in RP. For 
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example, the previously observed high metabolic rate and reproductive throughput of modern 
humans (Pontzer 2012, 2017) may be a consequence of our unique HHO biology, and reflected 
in our different RPs. Of course, more information on the physiology of the HHO will be needed 
to tease apart the impact of HHO evolution upon human life history evolution in greater detail, 
and of course RP and HHO can only serve as indicators that some aspects life history evolution 
are different among particular taxa, since life history biology is modular physiologically and not 
100% driven by the HHO. In any case, the data suggest that evolution in body mass and 
metabolic rate may be major driving factors underlying RP and therefore HHO variation. For 
example, Pongo stands out as being highly derived in terms of RP variation, but this variation 
may simply be an expression of its unique underlying metabolic biology. 
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Figure captions 
 
Figure 1. Enamel increments in an orangutan (Pongo pygmaeus pygmaeus) molar, adapted from 
Hogg et al. (2015). Dentine is toward the right, enamel surface to the left. Cusp tips are toward 
the top. In the inset, individual enamel prisms (yellow arrow) run from the dentine to the enamel 
surface, with daily cross striations (yellow hash-marks) running across prism long axes. The 
yellow hash-marks merely serve as visual indicators to help the eye identify the position and 
orientation of daily cross-striations. Striae of Retzius (white arrows) run obliquely from outer 
enamel to the enamel-dentine junction. RP (11 days, as published originally in Kelley and 
Schwartz, 2010) can be determined by either visually counting cross striations between 
successive striae of Retzius, and/or by dividing DSR by average stria of Retzius breadth within a 
particular tooth region. Ideally, both techniques should be cross-referenced against each other 
when generating RP data. 
 
Figure 2. Boxplot depicting Retzius periodicity (RP) variation for each species in our sample. 
The thick black lines represent the median, the boxes represent the first and third quartiles, the 
whiskers represent the 5th and 95th percentiles. 
 
Figure 3. Results for PGLS regression of ln Retzius periodicity (RP) against ln body mass. Slope 
equation: y = 0.10x + 1.56, R2 = 0.38. 
 
Figure 4. Results for PGLS regression of ln Retzius periodicity (RP) against ln mean 
semicircular canal radius (SCR). Slope equation: y = -1.64x + 2.89, R2 = 0.45. 
 

 


