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Obtaining accurate estimations of the body mass of fossil primates has always been a subject of interest
in paleoanthropology because mass is an important determinant for so many other aspects of biology,
ecology, and life history. This paper focuses on the issues involved in attempting to reconstruct the mass
of two early Eocene haplorhine primates, Teilhardina and Archicebus, which pose particular problems due
to their small size and temporal and phylogenetic distance from extant primates. In addition to a ranking

Keywords: of variables from more to less useful, the effect of using models of varying taxonomic and size compo-
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Haplorhine sitions is examined. Phylogenetic correction is also applied to the primate database. Our results indicate
Archicebus that the choice of variable is more critical than the choice of model. The more reliable variables are the
Teilhardina mediolateral breadth across the femoral condyles and the area of the calcaneocuboid facet of the

calcaneus. These variables suggest a body mass of 39 g (range 33—46 g) for Archicebus and 48 g (range 44
—56 g) for Teilhardina. The width of the distal femur is found to be the most consistent estimator across
models of various composition and techniques. The effect of phylogenetic correction is small but the
choice of branch length assumption affects point estimates for the fossils. The majority of variables and
models predict the body mass of Archicebus and Teilhardina to be in the range of the smaller extant
mouse lemurs, as expected.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Archicebus achilles, represented by a single nearly complete skull
and skeleton from the early Eocene Yangxi Formation of Hubei,
China (Ni et al, 2013), and Teilhardina belgica, represented by
numerous unassociated dental and skeletal elements representing
many parts of the skeleton from the earliest Eocene locality of
Dormaal, Belgium (Teilhard de Chardin, 1927; Szalay, 1976; Smith
et al,, 2006; Gebo et al., 2012, 2015), are among the best known
early Eocene primates. Knowledge of their paleobiology is, therefore,
particularly vital to our understanding of early primate evolution.
Since body mass is often a key to evaluating other important aspects
of paleobiology, determination of the likely body mass of these early
primate taxa is a significant task for paleoprimatologists. Yet these
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particular taxa pose several interesting problems for body mass
estimation. First, they are at the far small end of the size distribution
of living primates. Secondly, they are not nested within any family of
living primates, but lie at or near the base of the tarsiiform radiation.
Thirdly, their nearest living relatives (tarsiers) are highly derived
dentally, cranially, and postcranially. All of these raise the question of
determining an appropriate reference group from which to make the
body mass inference.

The body mass of both taxa has previously been compared to that
of the small to medium sized extant mouse lemurs (Microcebus;
species mean body mass of 30—90 g; Rasoloarison et al., 2000; Louis
et al., 2006a). The absolute dimensions of most postcranial elements
of both taxa fall near those of the mouse lemur species weighing less
than 50 g (Table 1). Using conventional regression techniques, the
body mass of Archicebus has been estimated at about 30 g (95% CI
25—37 g) from its skull length using a primate-wide regression and
32 g (27—39 g) from its body length using a euarchontoglires-wide
regression (Ni et al, 2013). A comparison of upper molar size to
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Table 1

Comparison of dimensions of Archicebus and Teilhardina with those of Microcebus species and small tupaiids.®
Species MASS FEMBEW HUMBEW TROCHAREA AWID CWID CUFACET
Archicebus achilles 3.80 448 2.61 2.18
Teilhardina belgica 4.20 4.54 3.49 242 242 2.52

N=1 N=2 N=3 N=4 N=11 N=7

Microcebus berthae 30.6 3.79 4.00 2.37
Microcebus rufus 43.0 3.99 443 437 2.53 2.37 2.61
Microcebus sambiranensis 44.1 4.10 4.90
Microcebus myoxinus 47.0 4.50 4.90
Microcebus griseorufus (1) Amboasary 49.9 4.48 5.06 4.65 2.74 2.55 293
Microcebus griseorufus (2) Beza Mahafaly 53.2 4.40 5.00
Microcebus tavaratra 54.3 4.60 5.20
Microcebus murinus 61.3 4.60 5.30
Microcebus ravelobensis 60.0 4.70 5.30
Dendrogale murina 44.0 4.21 3.63 3.54 1.80 3.22 2.77
Ptilocercus lowii 41.0 4.16 4.60 1.77 3.30 1.80

¢ Body mass (g) from various sources (see SOM Table 1). Data for Microcebus HUMBEW and FEMBEW (see Table 2 for definitions) from species other than M. griseorufus (1)
and M. rufus is from Rasoloarison et al. (2000) and tarsal measures are from our own data. Mass is given in g, all linear measurements (FEMBEW, HUMBEW, AWID, CWID) in
mm, and the area measures (TROCHAREA, CUFACET) in mm?. Archicebus measurements are from Ni et al. (2013), supplementary information. N = 1 for all measures of
Archicebus with the exception of CUFACET, which is the average of the left and right cuboid width multiplied by the height of the left. For Teilhardina, the specimens used and a

drawing of the measurements taken can be found in Gebo et al. (2012, 2015).

those of Teilhardina asiatica (Ni et al., 2004), however, suggests a
lower mass of about 20 g (Ni et al., 2013), while Boyer et al. (2013)
estimated a higher mass of 62 g based on calcaneocuboid joint
area. The body mass of T. belgica has been estimated at 32—58 g from
various tarsal measures (Dagosto and Terranova, 1992; Boyer et al.,
2013) and 30—-135 g based on dental measurements (Gingerich,
1981; Conroy, 1987; Dagosto and Terranova, 1992). Here, we predict
body mass of these two taxa based on additional postcranial mea-
surements and compare the results from models with differing
sample composition and techniques designed to address some of the
consequences of choices in reference model, variables, and phylo-
genetic correction.

2. Materials and methods

Body mass was regressed against selected postcranial mea-
surements (Table 2) using ordinary least squares regression (OLS).
The variables were natural log-transformed prior to the regression.
Analyses were run in R (R Development Core Team, 2015). The
measurements were chosen based on past success (Conroy, 1987;
Dagosto and Terranova, 1992; Ruff, 2003; Squyres and Ruff, 2015;
Yapuncich et al., 2015), availability in the taxa in question, and a
desire to compare results from different parts of the postcranium.
Descriptions and illustrations of the measurements can be found in
the references cited in Table 2. The measurements of the extant taxa
were taken with calipers by MD, with the exception of the mea-
sures FEMBEW and HUMBEW (described in Table 2) for some

Table 2
List of measurements used in the study.”

Microcebus species that were taken from Rasoloarison et al. (2000).
The majority of measurements for Teilhardina were made with
calipers by MD but a few additional measurements of Teilhardina
specimens were provided by DLG and TS (Gebo et al., 2012, 2015). It
is not possible to take many caliper measurements for Archicebus;
measurements were taken from the CT reconstructions by XN and
calibrated to calcaneal length that could be measured directly on
the specimen (Ni et al., 2013). Potential error due to different ob-
servers and measurement techniques was not examined in this
study. Teilhardina is known from multiple specimens; where N > 1
the mean is used to make predictions (Table 1). Archicebus is rep-
resented by a single individual; we use these values as an
approximation of the species mean acknowledging all the uncer-
tainty that implies (Smith, 2002).

The value of the predictor variables was judged by R?, %SEE, and
%PE (Smith, 1980, 1984; Van Valkenburgh, 1990; Yapuncich et al.,
2015). In addition to the overall %PE, the %PE for taxa similar to
the targets in size and/or phylogeny (mouse lemurs, tarsiers) was
also calculated (Table 3). Several different analyses were run to
examine the effect of taxonomic and body mass composition on the
reference sample. We also ran several phylogenetically controlled
analyses. The reference group models are as follows:

2.1. Model 1

Euarchonta—98 taxa of strepsirhine, tarsiiform, and platyrrhine
primates plus tupaiids and dermopterans. Body masses of living

Abbreviation Description

Same measurement Similar measurement

FEMBEW Maximum mediolateral breadth across the femoral
condyles in mm

HUMBEW Maximum mediolateral breath across the distal humerus in
mm

AWID Maximum width of the talus in mm

CWID Maximum width of the calcaneus in mm

CUFACET Area of the calcaneocuboid facet of the calcaneus; facet
height (C5)*facet width (C6); C5 and C6 are defined in
Dagosto and Terranova (1992); in mm?

TROCHAREA Area of the lateral talotrochlear facet of the talus; facet

length (A3)*facet width (A4); A3 and A4 are defined in
Dagosto and Terranova (1992); in mm?

Gebo et al. (2012) FCML in Ruff (2002) and Squyres and
Ruff (2015)

Measurement BW in Szalay and
Dagosto (1980)

A2 in Dagosto and Terranova
(1992)

C2 in Dagosto and Terranova
(1992)

Index 6 in Dagosto and
Terranova (1992)

CCFA in Yapuncich et al. (2015)

Index 1 in Dagosto and
Terranova (1992)

LTFA in Yapuncich et al. (2015)

2 Abbreviations of the same or similar measurements from previous studies are given in the third and fourth columns. [llustrations and definitions of the measurements can
be found in the cited references. SOM Table 1 gives the sample sizes for the postcranial measurements for the extant taxa.
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Table 3
Results of OLS regressions.*

Variable Model N R? Slope Intercept SEE %SEE %PE CF Mouse lemurs Tarsiers

within 20%  average %PE  within 20%  average %PE

FEMBEW 1. Euarchontan 80 0986 2.652 0.013 0175 191 1287 1.015 9/9 7.0 2/2 6.0
2. Primates 70 0990 2.677 -0.076 0.143 154 1089 1.010 9/9 7.1 2/2 6.4
3.Small euarchontan 22 0951 2.602 0.335 0.129 138 10.00 1.008 9/9 6.8 2/2 6.2
4. Small mammals 54 0908 2.276 0.603 0200 222 1554 1.019 8/9 7.6 2/2 6.2
5a. PIC primate 69 0925 2.500 0372 0171 186 14.06 1.014 8/9 16.0 2/2 12.9
Grafen BL
5b. PIC primate 69 0922 2552 0.238 0.156 169 1260 1.012 7/9 11.0 2/2 94
divergence time BL
5c. Rerooted 69 0922 2552 0.232 0.156 169 1260 1.012 8/9 104 2/2 8.9
HUMBEW 1. Euarchontan 79 0964 2.649 —0.203 0281 324 2144 1.039 7/9 16.1 0 442
2. Primates 70 0975 2.795 —0.062 0234 264 1633 1.027 8/9 6.0 0 36.7
3. Small euarchontan 21 0.688 1.847 1.138 0326 385 2755 1.049 4/9 21.1 1/2 214
4. Small mammals 55 0.673 2.023 0436 0376 456 2858 1.071 4/9 21.8 2/2 8.6
5a. PIC primate 69 0.873 2390 0.328 0316 372 2711 1.048 1/9 26.6 0 445
Grafen BL
5b. PIC primate 69 0.871 2615 —0.293 0278 320 2355 1.038 9/9 6.6 0 244
divergence time BL
5c. Rerooted 69 0.871 2.614 —0.357 0314 369 27.08 1.048 9/9 6.2 0 30.6
AWID 1. Euarchontan 89 0917 2341 2.058 0374 454 2789 1.071 0 42.7 0 50.9
2. Primates 79 0938 2.603 1.463 0299 349 2240 1.045 2/2 174 0 375
3. Small euarchontan 15 0.542  1.248 3.110 0.407 502 3358 1.074 0 425 1/2 17.0
5a. PIC primate 78 0.838 2.350 1.943 0317 373 23.70 1.049 0 35.0 0 44.5
Grafen BL
5b. PIC primate 78 0.768 2.430 1.757 0311 365 23.80 1.047 0 27.2 0 40.1
divergence time BL
5c. Rerooted 78 0.768  2.427 1.687 0332 394 27.00 1.054 0 234 0 36.1
TROCHAREA 1. Euarchontan 89 0949 1.399 1.900 0291 338 22.88 1.042 12 19.2 0 48.2
2. Primates 79 0941 1432 1.768 0291 338 2285 1.042 2/2 12.3 0 45.6
3. Small euarchontan 15 0.727 1.046 2.462 0314 369 2846 1.044 12 21.7 0 28.5
5a. PIC primate 78 0.748 1.226 2.404 0340 40.5 2736 1.056 0 375 0 52.3
Grafen BL
5b. PIC primate 78 0.681 1.183 2493 0375 455 30.89 1.069 0 39.7 0 51.9
divergence time BL
5c. Rerooted 78 0.682 1.183 2.406 0415 514 3550 1.084 0 35.1 0 48.3
CWID 1. Euarchontan 90 0.871 2.656 1.462 0477 61.1 3690 1.112 1/2 16.7 1/2 13.7
2. Primates 80 0.891 2.503 1.827 0412 51.0 3384 1.086 0 32.0 1/2 25.1
3.Small euarchontan 16 0.655 1.999 1.932 0377 879 2793 1.069 2/2 111 1/2 304
5a. PIC primate 79 0.723 2170 2.450 0437 548 38.01 1.093 0 51.1 0 38.5
Grafen BL
5b. PIC primate 79 0.685 2.142 2474 0442 556 388 1.095 0 53.5 0 38.5
divergence time BL
5c. Rerooted 79 0.685 2.138 2.458 0447 564 39.66 1.097 0 52.6 0 374
CUFACET 1. Euarchontan 77 0965 1.406 2.519 0244 279 1875 1.029 2/2 133 1/2 14.3
2. Primates 67 0965 1.425 2.447 0221 247 1699 1.024 2/2 8.10 2/2 104
3. Small euarchontan 15 0.861 1.210 2.711 0224 251 1671 1.022 2/2 12.0 2/2 8.0
5a. PIC primate 67 0876 1.277 2.858 0250 284 19.77 1.030 0 29.5 1/2 23.6
Grafen BL
5b. PIC primate 67 0.860 1.298 2.792 0242 274 19.14 1.028 0 26.3 1/2 212
divergence time BL
5c. Rerooted 67 0.860 1.298 2.769 0246 279 1971 1.029 0 24.6 1/2 19.5

¢ SEE = standard error of the estimate; %SEE computes that 68% of the taxa are + the value; %PE = average prediction error; CF = correction factor. For mouse lemurs and
tarsiers, the number of species for which predicted mass was within 20% of actual mass and the average %PE for included taxa is given. The models refer to different sample
compositions as described in the Methods section of the text: Model 1 is 98 taxa of euarchontans; Model 2 is 88 taxa of non-catarrhine primates; Model 3 is 22 taxa of
euarchontans that weigh less than 200 g; Model 4 is 55 mammals in the size range 10—100 g. Three different PIC models were run, all using the primate database (same as
Model 2). Model 5a “Grafen BL” employs branch lengths (BL) following Grafen (1989); Model 5b “Divergence time BL” uses a tree with branch lengths equivalent to divergence
times in years estimated from molecular studies (see Fig. 1); Model 5c “Rerooted” follows Garland and Ives (2000) and takes the divergence time BL tree and reroots it as
described in the Methods section.

species are derived from numerous sources (e.g., Smith and Jungers, 2.3. Model 3
1997; Taylor and Schwitzer, 2011/12; Butyinski et al., 2013; see
Supplementary Online Material [SOM]| Table 1 for the full list). We Small euarchontans—22 taxa weighing less than 200 g.

do not have data for every variable for each taxon so the actual N for
any regression is <98. The same applies to models 2—5.

2.4. Model 4
2.2. Model 2
Small mammals—a dataset of 55 tenrecs and shrews from 10
Non-catarrhine Primates—88 taxa of strepsirhine, tarsiiform, different species in the size range 10—100 g with associated body
and platyrrhine primates. masses in the collections of the FMNH.
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2.5. Model 5

Phylogenetically controlled analysis for the Model 2 database,
using phylogenetically independent contrasts (PIC; Felsenstein,
1985) as implemented in the phenotypic diversity analysis pro-
gram (PDAP) module of Mesquite (Midford et al., 2009; Maddison
and Maddison, 2015). We also applied the re-rooting method of
Garland and Ives (2000).

2.6. Size control 1

Many papers on body mass estimation in primates are written
with the aim of providing an all-purpose estimation and so include
data from as many taxa as possible from the smallest primates
(Microcebus) to the largest (Gorilla). In a case, such as this, when the
aim is instead to estimate the mass of specific taxa, it would seem
that a more biologically relevant context might be provided by
restricting the analysis to a range closer to the probable size of the
target. Therefore, the results from a broader size range (Models 1
and 2) are compared to a more restricted size range (Model 3).

2.7. Phylogenetic “control” 1

Similarly, it seems reasonable to “control” for phylogeny by
including only the most closely related rather than more distantly
related taxa since many studies have shown that lower taxonomic
levels often give better estimates for members of the taxon than
analyses with a broader phylogenetic range (Van Valkenburgh,
1990; Dagosto and Terranova, 1992; Delson et al., 2000;
Yapuncich et al., 2015). The estimates from a broad range (Model
1) are compared to those from a more restricted one (Model 2).
Given the very basal position of Archicebus and Teilhardina, in this
particular case, the broader phylogenetic bracket that includes the
sister taxa of primates might be an equally reasonable approach.

2.8. Size control 2

The most significant challenge in this case is that none of the
more phylogenetically relevant samples (Models 1-3, 5)
adequately cover the potential size range of the target fossils. In all
these analyses, they are at best at the very smallest end and
possibly outside of the observed size range, which has the unde-
sirable statistical effect of increased confidence intervals as well as
the risk of the model being inappropriate altogether. Model 4 is
intended to examine if a more size appropriate, although less taxon
appropriate, analysis might be just as useful. Only measurements
from the long bones could be examined this way since the tarsals
were for the most part not skeletonized.

2.9. Phylogenetic control 2

Taxa cannot be considered truly independent data points since
there is a natural hierarchical structure that violates some of the
assumptions of ordinary regression (Felsenstein, 1985). The method
of PIC provides one way to account for such structure within the
dataset. This was implemented using the PDAP module (Midford
et al., 2009) within Mesquite (Maddison and Maddison, 2015). Of
course the first question to be asked is if such correction is needed
(Revell, 2010), and indeed virtually all of the regressions con-
structed for this paper exhibited phylogenetic signal in the re-
siduals as measured by Pagel's A or Blomberg's K (Pagel, 1999;
Blomberg et al., 2003), as implemented in the R routine phytools
(Revell, 2012).

The tree used for the phylogenetic analyses is illustrated in
Figure 1. As the tree was constructed from multiple sources, it was

difficult to obtain a single standard for branch lengths. Branch
lengths were determined from divergence dates derived from
molecular studies (referred to as model 5b; the PIC Divergence
branch length [BL] Model in Tables 3 and 4). The majority of nodes
on the tree use the divergence dates of Perelman et al. (2011), but
were supplemented and sometimes supplanted using information
from other studies (Fausser et al., 2002; Yoder and Yang, 2004;
Andriaholinirina et al.,, 2006; Andriantompohavana et al., 2007;
Finstermeier et al., 2013; Markolf and Kappeler, 2013; Masters
et al., 2013; Thiele et al., 2013; Lei et al., 2014; Buckner et al.,
2015; Driller et al., 2015; Lynch Alfaro et al., 2015; Pozzi et al.,
2015; Ruiz-Garcia et al., 2015). In some cases, dates were esti-
mated from genetic distances scaled to another close node on the
tree.

Given that many of these dates have wide confidence intervals
and derive from studies using different genes and techniques, they
must be considered only an estimate. Therefore, other options for
branch length were explored. One commonly used option is to
set all branch lengths to one, but as this did not result in a non-
significant correlation between the standardized phylogenetically
independent contrasts and their standard deviations as required by
PIC (Garland et al., 1992), it could not be employed. The trans-
formation suggested by Grafen (1989) was used instead (referred to
as Model 5a; the PIC Grafen BL in Tables 3 and 4).

Given a tree with branch lengths PIC can be used to obtain a
phylogenetically corrected regression equation. With this “generic”
equation, the prediction intervals for a taxon with unknown “y” are
calculated as if the phylogenetic position of the target species is
unknown and are therefore generally larger than those resulting
from the conventional OLS regression (Garland and Ives, 2000).
More precise intervals can be obtained if the phylogenetic position
of the taxon can be specified and the tree rerooted to put the target
and its sister at the basal node. This proved to be difficult to apply in
this case since forming a trichotomy among the fossil taxon, the
tarsier clade, and the rest of the primates forced platyrrhines and
strepsirhines to be a clade, an arrangement that differs from the
preferred phylogeny. Since the fossils considered here are very
taxonomically and temporally distant from the model taxa, this
procedure is essentially the same as placing this trichotomy very
conservatively at the base of the primate radiation. Nevertheless,
given the exploratory spirit of this study, the results of this rerooting
analysis are reported (referred to as Model 5c Rerooted in Tables 3
and 4; this tree uses the divergence dates for branch length).

Although an ideal analysis would have matched values for an
individual's morphological measurement with its body mass, such
a dataset does not exist for lower primates. In this database, for
example, less than five primate specimens have an associated body
mass. All analyses except #4 were therefore run with taxon means
as is typical in such studies. This seemingly straightforward state-
ment does, however, gloss over some fundamental issues of sample
composition that have been raised in many previous critiques (e.g.,
Jungers, 1990; Martin, 1990; Smith, 2002), but are always worth
reiterating:

1. The problem of “species.” Due to an explosion of fieldwork and
new genetic approaches the past decades have seen a revolution
in primate systematics. There is increasing recognition of more
taxonomic diversity than was accepted even a few years ago.
Researchers may disagree about the taxonomic level at which
many of these newly proposed “species” should be recognized
(e.g., Tattersall, 2007); nevertheless, many of these taxa have
been demonstrated to vary not only geographically and genet-
ically, but also in physical characteristics including body mass.
The result is that there are now many more taxonomic units
available to be included in an analysis that may improve its
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Figure 1. Extant primate phylogeny used in analyses 5a—c. The general primate backbone is from Perelman et al. (2011). For Malagasy lemurs, the tree of Yoder (2013) is the base,
adding some modifications for Eulemur species (Markolf and Kappeler, 2013), Lepilemur species (Louis et al., 2006b), Avahi (Andriantompohavana et al., 2007), and cheirogaleids
(Weisrock et al., 2012). The Lorisiform tree follows Pozzi et al. (2014, 2015). For Platyrrhini, the general backbone is from Schneider and Sampaio (2015), with callithrichid species
following Buckner et al. (2015). The X-axis divergence date in MYA is estimated from molecular studies (analyses 5b and 5c). Analysis 5a uses different branch lengths following the
method of Grafen (1989).

statistical qualities (Smith, 2002; but see Harmon and Losos
[2005]) and provide a better match between the populations
from which the morphological data and body masses are
derived. On the other hand, correlating the morphological data
from museum specimens labeled under potentially outmoded
taxonomic schemes with the appropriate new designation is a
major challenge. Some specimens have only the most vague
locality data (e.g., “Madagascar,” “east coast of Africa”) and even
specific locality data may not be enough when “new” taxa are
sympatric or nearly so with others (e.g., Avahi, Microcebus, and
Saguinus species and subspecies). The taxa we recognized are

listed in SOM Table 1. We acknowledge that the “tips” or oper-
ational taxonomic units (OTUs) used here may not all be
equivalent phylogenetic units; many may represent more than
one species (e.g., the Cheirogaleus major, Varecia variegata, and
Galagoides demidovii samples) and some are likely to be
geographic variants that may be lumped in the future. The re-
sults of the PIC analyses are of course sensitive to the structure
of the tree, something that is likely to be in constant flux
especially for lower level taxa (e.g., Microcebus; Weisrock et al.,
2012), but also for higher level relationships (e.g.,
Lepilemuridae + Cheirogaleidae, position of Aotus).
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Table 4
A comparison of body mass predictions (estimate), 95% confidence intervals (lci-uci), and 95% prediction intervals (Ipi-upi) for Archicebus and Teilhardina from conventional
OLS regressions and from phylogenetically informed analyses using PIC; all based on the primate database (Model 2).*

Model Archicebus Teilhardina
Estimate Ici uci Ipi upi Estimate Ici uci Ipi upi

FEMBEW Model 2 334 30.8 36.1 24.8 44.8 43.6 40.6 46.9 325 58.5
Conventional OLS
Model 5a 413 185 924 8.3 206.0 53.1 239 118.2 10.7 264.0
PIC Grafen BL
Model 5b 38.8 23.8 63.1 13.1 1143 50.0 30.9 80.9 17.0 147.2
PIC Divergence time BL
Model 5¢ 38.5 222 66.8 17.2 86.1 49.7 28.8 85.8 224 110.5
Rerooted tree

CUFACET Model 2 35.8 30.6 419 224 57.2 44.0 379 51.1 27.6 70.1
Conventional OLS
Model 5a 48.4 17.3 135.6 6.2 378.7 58.2 20.9 162.5 7.5 454.6
PIC Grafen BL
Model 5b 46.0 241 87.8 11.0 193.2 55.5 293 105.2 13.2 2324
PIC Divergence time BL
Model 5¢ 45.0 21.7 93.5 15.5 1309 54.3 26.3 1122 18.8 156.8
Rerooted tree

TROCHAREA Model 2 36.6 30.2 443 199 67.4
Conventional OLS
Model 5a 54.2 12.7 231.2 3.0 985.8
PIC Grafen BL
Model 5b 56.7 219 146.9 6.9 470.2
PIC Divergence time BL
Model 5¢ 52.8 18.0 154.9 11.0 253.1
Rerooted tree

HUMBEW Model 2 36.4 32.1 413 225 59.1 37.5 33.1 424 23.1 60.7
Conventional OLS
Model 5a 52.7 19.0 146.1 6.9 404.2 54.4 19.6 150.7 7.1 417.2
PIC Grafen BL
Model 5b 39.1 20.8 73.4 9.7 157.0 40.5 21.6 75.9 10.1 162.5
PIC Divergence time BL
Model 5¢ 37.0 18.1 75.4 13.1 104.2 383 18.8 78.0 13.6 107.5
Rerooted tree

CWID Model 2 74.5 60.2 92.3 31.9 1739 61.6 49.1 77.3 26.3 144.3
Conventional OLS
Model 5a 100.7 222 456.1 4.8 21155 854 18.8 388.6 4.1 1798.4
PIC Grafen BL
Model 5b 101.5 40.2 256.2 12.2 843.9 86.3 33.9 2194 103 719.7
PIC Divergence time BL
Model 5¢ 99.9 34.6 287.8 20.8 479.3 84.8 29.2 245.9 17.7 406.8
Rerooted tree

AWID Model 2 45.1 375 54.3 24.1 84.2
Conventional OLS
Model 5a 58.5 18.2 188.2 5.6 609.5
PIC Grafen BL
Model 5b 51.9 232 116.4 8.6 314.9
PIC Divergence time BL
Model 5¢ 48.7 19.5 121.8 12.8 185.3

Rerooted tree

2 Results are shown for the generic PIC equations using two different methods to determine branch lengths: Grafen's (1989) method (Model 5a) and a model based on
divergence dates (Model 5b). The results from the rerooting technique of Garland and Ives (2000) using the divergence date tree are also shown (Model 5c¢). The values are
detransformed using the ML correction factor.

2. Small intrataxon sample size. Another issue for this study is sampling or measurement error) in closely related species can

that the intrataxon sample size for postcranial measurements,
which was small enough to begin with (see Dagosto and
Terranova, 1992), was often further reduced to accommodate
new taxa and to remove unclassifiable specimens. In the 1992
database, 100 percent of taxa had N > 5 and 57% had N > 10; in
the current database (Model 1) only 44% of taxa had N > 5 and
only 14% had N > 10. One concern is that small sample size can
greatly increase the chance of error in matching literature body
masses with skeletal measurements (Smith, 2002). Another is
that small sample sizes may not adequately take into account
intrataxon variation and that results (parameter estimation,
significance levels, hypothesis testing) may be skewed
(Garamszegi, 2014). This is known to be particularly problem-
atic in PIC, in which poorly estimated tips (whether from

have a great effect on the analysis (Ricklefs and Starck, 1996;
Purvis and Webster, 1999; Felsenstein, 2008). Harmon and
Losos (2005) note that in a nonphylogenetic correlation
context, small intraspecific sample size is more likely to lead to
Type Il rather than Type I error, while in a phylogenetic context
the possibility of Type I error is increased. Their simulations,
however, show that the effect of low intraspecific sample size
is less where correlations are high (as with the relationships
analyzed here) and where interspecific variation is large
compared to intraspecific variation (e.g., Models 1 and 2), but
has more potential for impact at a restricted size range (e.g.,
Model 3 here) depending on the distribution of the variance.
Still, increasing intraspecific sample size can generally lead to
improvement in statistical power.

Please cite this article in press as: Dagosto, M., et al., Estimating body size in early primates: The case of Archicebus and Teilhardina, Journal of
Human Evolution (2017), http://dx.doi.org/10.1016/j.jhevol.2017.02.005




M. Dagosto et al. / Journal of Human Evolution xxx (2017) 1-12 7

3. Heterogeneity of sample sizes. Sample sizes are unequal among
taxa, which means that some points are more reliably estimated
than others, an issue that is admittedly not controlled for in
these analyses. The generally high repeatability of morpholog-
ical measurements should in theory ameliorate such effects
(Garamszegi, 2014).

4. Determining “mean” body mass. Whereas the morphological
sample may be unsatisfactorily small, at least the process of
determining the arithmetic mean is straightforward (assuming
of course that arithmetic mean is the best measure of central
tendency to use). Not so for body mass. The recent explosion of
fieldwork on primates has much improved our knowledge since
the compendium of Smith and Jungers (1997). However, it is
again a two-edged sword. The recent update for Malagasy spe-
cies by Taylor and Schwitzer (2011/12), for example, highlights
the presence of populational, geographic, sexual, and seasonal
variation in mass. With a few exceptions, only means and ranges
(sometimes separated by sex) are reported, not individual values.
It is not such a simple matter to decide on a reasonable value for
central tendency when there are multiple such values reported
from different studies. This is what we have done:

a. Since most prosimian primates are not strongly dimorphic
and the morphological specimens were for the most part
unsexed, we lumped male and female values for both
morphological variables and mass; if male and female values
were reported separately, we “averaged” them (of course, not
a true average if N is different). We did the same for the
platyrrhines in our sample, even though in some cases they
exhibit a greater degree of dimorphism than the prosimians.

b. We did the same when a taxon was represented by more than
one population with different weights, but we cannot match the
morphological sample to either one (e.g., Propithecus verreauxi
from Kirindy and Beza Mahafaly), or if we cannot determine
which of the sympatric (or nearly so) taxa the morphological
specimens belong to (e.g., Avahi laniger or Avahi peyrierasi)

c. When there were several means (or midranges) from
different studies presented for a species, we computed 1) the
arithmetic mean of all the values, 2) the geometric mean, 3)
the median, and 4) a sort of weighted average based on the
sample size to give higher influence to the better sampled
means (again, not a true weighted average since only the
mean value of a sample is reported). Luckily, in most cases
these all yield reasonably similar estimates for taxon central
tendency (SOM Table 1). We used the arithmetic mean in our
analyses.

5. Correction factors. Estimates derived from regressions calcu-
lated in log form require correction to be expressed in the
arithmetic scale (see reviews in Smith, 1993; Clifford et al.,
2013). One solution is to simply leave the results in logarith-
mic form as is done here in Figures 2—4. When it is desirable to
state results in the original scale (e.g., Tables 4 and 5), a
correction is employed. Some methods yield a single correction
factor (CF) that is applied to any X (e.g., REML [=QMLE], Smear
factor, ML, Finney's; see Smith 1993; Clifford et al., 2013 for
definitions), others yield CFs that vary with X such as the uni-
formly minimum variance unbiased (UMVU), which is the only
unbiased method. Simulations have shown that the differences
among the methods can be small (Clifford et al., 2013) and the
same is true for our data (Table 6). Applying different CFs, or
even no CF, would not significantly alter any of the major con-
clusions of this paper. CFs vary from about 1% for the better
predictors to 11% for the poorer ones (Table 3).

Since the regressions for the PIC analyses are computed using
standardized independent contrasts forced through the origin, it is

more difficult to calculate the preferred UMVU correction. For the
conventional OLS regressions considered here, the results of the ML
method [(SEE?/2)*(N—2/N)] differed least from UMVU, therefore, it
was used to approximate a correction for both the PIC and con-
ventional regressions to facilitate comparisons between them. The
estimates in Tables 4 and 5 use this correction.

3. Results
3.1. Performance of variables

Based on R?, %SEE, and %PE (Table 3; Figs. 2 and 3), the most
reliable variable of those tested was FEMBEW. In a study of catar-
rhine primates, Ruff (2003) found his very similar measurement
(“femoral total condyle mediolateral breadth [FCML]) to be “loco-
motor blind” and thus very useful for body mass prediction. Neither
the phylogenetic composition nor the body size range of the sample
had a very strong effect on the outcome. The %PE for the target-
similar species (mouse lemurs and tarsiers) was quite reasonable
(7—8%) regardless of model. This is especially noteworthy since the
body mass of tarsiers has proven difficult to predict (Gingerich,
1981; Gingerich et al., 1982; Dagosto and Terranova, 1992;
Yapuncich et al., 2015). Of all the regressions run here, the re-
siduals from this model were the only ones not to exhibit phylo-
genetic signal as measured by Pagel's A, although they were
significant using Blomberg's K. Therefore, it is doubtful that a
phylogenetic correction is actually necessary here, but the results
are presented for exploratory purposes. The PIC regressions yielded
lower R? and slightly higher %SEEs and %PEs, but the results were
still very good and the best of any phylogenetically informed
variable.

As expected from previous work (Dagosto and Terranova, 1992;
Yapuncich et al., 2015), CUFACET also performed fairly well across
all conventional models but less well for the target-similar species
after phylogenetic correction. TROCHAREA also predicted the mass
of mouse lemurs fairly well in most conventional models. The
overall %PE (>20%) and the %PE for tarsiers (>40%) were, however,
much higher than with FEMBEW or CUFACET. After phylogenetic
correction, the %PEs for mouse lemurs were also unacceptably high.
HUMBEW was similar in performing reasonably well for mouse
lemurs but poorly for tarsiers.

The other variables (AWID and CWID) are judged to be less
reliable since they have higher overall %PE and/or do a poorer job
predicting the mass of the target-similar species. They also were
more affected by alterations in the sample composition and had
much larger confidence intervals and prediction intervals (Figs. 2
and 3) than the better predictors.

3.2. Performance of different models

In general, all the models performed similarly; the better the
variable, the less difference among the models. Expanding the
taxonomic range of model 2 (noncatarrhine primates) to include
tree shrews and dermopterans (Model 1) never gave better results
(in terms of R?, %SEE, overall %PE, or target-similar %PE) than the
primate-only model. The only exception is the prediction error for
mouse lemurs and tarsiers from CWID that decreased using the
euarchontan model. Similarly, limiting the reference group to small
euarchontans (Model 3) or small mammals (Model 4) did not give
better (or particularly worse) results than those using Model 2.

Analyses using phylogenetic correction had lower R%*s and
higher %PEs both for overall and for target species, indicating that
phylogeny had some, but not an overwhelming influence on the
strong relationship between body mass and these variables. A
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Figure 2. LN (body mass) predictions made for Archicebus achilles based on the conventional OLS models of the measurements on the X-axis. The point estimate (circle), the 95%
confidence interval (diamonds), and the 95% prediction intervals (line) are shown. For each predictor from left to right, blue indicates the euarchontan model (1), red the primate
model (2), green the small euarchontan model (3), and pink the small mammal model (4; only calculated for FEMBEW and HUMBEW). Note the narrower confidence and prediction
intervals for the better (FEMBEW, CUFACET) versus poorer models (HUMBEW, CWID) in each pair. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Figure 3. LN (body mass) predictions made for Teilhardina belgica based on the conventional OLS models of the measurements on the X-axis. The point estimate (circle), the 95%
confidence interval (diamonds), and the 95% prediction intervals (line) are shown. For each predictor from left to right, blue indicates the euarchontan model (1), red the primate
model (2), green the small euarchontan model (3), and pink the small mammal model (4; only calculated for FEMBEW and HUMBEW). Note the narrower confidence and prediction
intervals for the better (FEMBEW, TROCHAREA, CUFACET) versus poorer models (HUMBEW, AW, CW) in each pair. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

similar result was reported in a study of phocids (Churchill et al., phylogenetic correction) and CUFACET, but generally increased
2014). more in the other variables. There were only minor differences in

The ranking of variables from better (FEMBEW, CUFACET) to the regression and prediction results (R?, %SEE, overall %PE) be-
worse (AWID, CWID) was the same as with conventional regres- tween the trees using different branch length assumptions, but the

sion. The difference between PIC and non-PIC results was smallest divergence date tree generally gave better results for the target-
with FEMBEW (the only one of the variables that may not require similar species than the tree using Grafen method lengths.
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Figure 4. A boxplot of point estimates of body mass (in natural log) from conventional
OLS models. Note that Teilhardina has a narrower interquartile range than does
Archicebus. See Table 5 for values.

Table 5

3.3. Predictions for Archicebus and Teilhardina from conventional
OLS models

Table 5 and Figures 2 and 3 illustrate the predictions made for
A. achilles and T. belgica based on the conventional OLS models. The
more reliable variables (FEMBEW, CUFACET) yield estimates for
Archicebus that average 36 g (range 33—39 g across different
models), values generally lower than those predicted from the less
reliable estimators (HUMBEW, CWID; mean = 51 g; range 34—75 g).
For Teilhardina, the more reliable estimators suggest a body mass of
46 g (range 44—49 g), while the range from the less reliable esti-
mators is 35—73 g (mean = 49 g). These results are similar to those
generated previously from skull length, body length, and tarsal
variables. As could be concluded from the raw measurements
(Table 1), Archicebus was likely smaller than T. belgica. The point
estimates from the better estimates do not overlap, although their
confidence and prediction intervals do, as do the predictions from
the poorer estimators.

The higher predictions from CWID are statistical outliers for
both species. This phenomenon has been noted previously for other

Point estimates and prediction intervals of body mass (in g) for Archicebus and Teilhardina from the conventional OLS models detransformed with the correction factor.”

Taxon Measurement Euarchontan Non-catarrhine Primates Small euarchontans Small mammals
Model 1 Model 2 Model 3 Model 4
Archicebus FEMBEW 35.5 (24—-50) 33.4 (25—-45) 35.2 (26—47) 38.9 (26—58)
3.553334 3.497424 3.552638 3.641462
CUFACET 38.1 (23-63) 35.8 (22—-57) 39.4 (23-68)
3.612459 3.554956 3.651537
HUMBEW 45.0 (25—80) 36.4 (22-59) 51.7 (25—105) 34.4 (27-61)
3.769022 3.568436 3.897825 3.469737
CWID 61.6 (23—163) 74.5 (32—174) 50.2 (21-120)
4.009866 4.228153 3.849789
Teilhardina FEMBEW 46.2 (32—66) 43.6 (32-59) 45.6 (34—60) 48.8 (32—74)
3.818751 3.765341 3.813035 3.869252
CUFACET 46.8 (28—77) 44.0 (28—70) 46.9 (28—79)
3.815926 3.761063 3.82667
TROCHAREA 39.7 (22—-72) 36.6 (20—67) 453 (21-96)
3.639797 3.558822 3.770345
HUMBEW 46.3 (26—82) 37.5(23-61) 52.7 (26—108) 35.4 (19—-88)
3.795907 3.596807 3.916506 3.496651
AWID 66.5 (31-143) 45.1 (24—84) 72.6 (29—182)
4.129881 3.766217 4.214121
CWID 50.4 (19—134) 61.6 (26—144) 43.1 (18—105)
3.808113 4.038054 3.697928

2 The untransformed log (e) value of the estimate is also given. The models refer to different sample compositions as described in the Methods section of the text: Model 1 is
98 taxa of euarchontans, Model 2 is 88 taxa of non-catarrhine primates, Model 3 is 22 taxa of euarchontans that weigh less than 200 g, Model 4 is 55 mammals in the size range
10—100 g. Precise sample sizes and other regression statistics for each model are given in Table 3.

Table 6
A comparison of the estimates for Microcebus species derived from the regression of mass on FEMBEW in primates (Model 2) after application of various correction factors
(CF).?
Naive umMvu REML ML Finney's Ratio Smear

Microcebus berthae 32.80 33.11 33.14 33.13 33.13 33.44 33.12

M. griseorufus 1 51.17 51.66 51.69 51.68 51.69 52.18 51.68

M. griseorufus 2 48.90 49.38 49.41 49.39 49.40 49.87 49.39

M. murinus 55.08 55.62 55.65 55.63 55.64 56.17 55.63

M. myoxinus 51.94 52.44 52.47 52.46 52.46 52.96 52.45

M. ravelobensis 58.35 58.92 58.95 58.93 58.94 59.50 58.93

M. rufus 37.64 38.00 38.03 38.01 38.02 38.38 38.01

M. sambiranensis 40.48 40.87 40.90 40.89 40.89 41.28 40.88

M. tavaratra 55.08 55.62 55.65 55.63 55.64 56.17 55.63

CF 1.009977* 1.010274 1.009979 1.010125 1.019706 1.009954

*UMVU yields a different correction factor for each X; the average value is given here.

2 The “naive” estimate is the uncorrected antilog. Other methods are described in Smith (1993) and Clifford et al. (2013). The R code of Clifford et al. (2013) was used to

calculate CFs for the OLS regressions.
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Eocene primates (Dagosto and Terranova, 1992) and is due to the
more distal placement of the peroneal tubercle in fossil taxa
compared to living primates. Archicebus is also noted to have a
particularly wide calcaneus (Ni et al., 2013).

A boxplot (Fig. 4) shows that Teilhardina has a narrower inter-
quartile range than does Archicebus. This may be because for most
variables, Teilhardina is represented by more than one individual
giving a more reliable estimate of the species mean, while Archi-
cebus is known from only one individual and thus the predictions
are accompanied by much greater uncertainty (Smith, 2002). Also,
the measurements of Archicebus were taken from the CT re-
constructions rather than from direct caliper measurements as in
the majority of other specimens in the reference sample, although
these were calibrated to calcaneal length that could be measured
directly on the specimen (Ni et al., 2013). If and how this difference
in measurement technique might affect the results is unknown.

3.4. Predictions for Archicebus and Teilhardina from
phylogenetically informed models

Estimates for Archicebus and Teilhardina from phylogenetically
corrected models using the all-primate database (Model 2) were
generated following procedures outlined in Garland and Ives
(2000). Despite the fact that the overall regression statistics of
the Grafen and divergence date trees are similar, indicating that the
analyses are reasonably robust to different assumptions about
branch lengths (Diaz-Uriarte and Garland, 1998), the point esti-
mates for the fossils are higher using the Grafen tree than the
divergence tree (Table 4). The predictions from the divergence date
tree are closer to those of the conventional regression.

Point estimates for Archicebus and Teilhardina using the generic
PIC equation are 2% (HUMBEW) to 44% (TROCHAREA) higher than
those from the conventional OLS regressions (Table 4) and the
range of point estimates expands for both taxa. The values derived
from CWID are again strong outliers. For Archicebus, the mean of
point estimates from the Grafen tree from the more reliable esti-
mators (FEMBEW and CUFACET) was 45 g and 56 g for Teilhardina,
both 20—25% higher than the results from the conventional re-
gressions. Estimates from the divergence date tree best estimators
yield lower averages of 42 g for Archicebus and 52 g for Teilhardina.
Generic prediction intervals are, as expected, much higher than in
conventional regression (Garland and Ives, 2000). The rerooting
procedure was successful at reducing these (Table 4).

4. Conclusions

The purpose of this study was to compare the results of applying
different reference models and techniques to the prediction of body
mass in the early Eocene fossil primate taxa Archicebus and Teil-
hardina. In general, the choice of a variable was more crucial than
the choice of reference population. Model composition had a
minimal effect on the better performing variables but a greater
effect on the more poorly performing ones. For example, restricting
the analysis to primates (Model 2) generally yielded better results
than the more inclusive euarchontan model (Model 1)—but this
could be due not just to the expanded taxonomic range but to the
smaller morphological sample sizes and less well known body
masses for the nonprimate euarchontans. Restricting the analysis to
a smaller size range (either small euarchontans [Model 3] or small
mammals [Model 4]) had relatively little effect on the results for
FEMBEW or CUFACET, but was greater for the other variables.

PIC yielded slightly different results than conventional OLS,
although the ranking of variables from good (FEMBEW, CUFACET)
to poor (AWID, CWID) was very similar. Estimates derived from PIC
models will of course vary according to the phylogenetic hypothesis

and branch lengths employed. Given the particular set of assump-
tions used here, PIC analyses had lower R?, higher %PEs, and larger
prediction intervals than conventional regression of the same var-
iables. This does not mean that one should not choose to apply
phylogenetic correction if it seems necessary (i.e., if there is
phylogenetic signal in the model residuals). On the contrary, these
approaches may provide a more realistic picture of the relationship
between body mass and morphological variables and avoid the
potentially false sense of statistical strength produced by conven-
tional OLS (Felsenstein, 1985; Garland et al., 1992; Pyenson and
Sponberg, 2011).

Predictions for the fossil taxa were 2—44% higher and had larger
confidence and prediction intervals than the conventional OLS re-
gressions. The effect of rerooting the tree was minimal on the point
estimates from the better estimators but had a greater effect on the
poorer estimators. It was helpful in reducing the wider prediction
intervals of the generic PIC regression. In this particular case, the
basal position of the fossil taxa and their phylogenetic and temporal
remoteness from the extant model taxa posed particular problems
for the rerooting analysis. It is likely that the same issue will apply
to any Eocene omomyiform or adapiform and we may have to be
resigned to generic predictions and their larger prediction intervals
for such taxa. This approach, however, should prove to be very
useful for fossils that can be nested within or near a speciose extant
taxon (Smith, 2002).

This study shows that the body mass of living euarchontans and
primates can be reasonably well estimated from various postcranial
measures (particularly FEMBEW and CUFACET). FEMBEW in
particular seems to be not only “locomotor blind” (Ruff, 2002,
2003), but also nearly “phylogenetically blind,” at least for the
non-catarrhine primate reference population considered here. The
“poorer” variables (AWID, CWID) have a weaker relationship with
body mass in the taxa examined, suggesting that they may also
contain functional and/or phylogenetic signal.

We used these equations to estimate the body mass of two
Eocene primates, A. achilles and T. belgica. Most variables and
methods addressed here did predict values in the range of the small
and medium sized mouse lemurs as expected from the raw values
of the measures and the results of previous predictions. The values
generated from our best estimators for Archicebus (33—46 g) are in
the range of the 30—33 g estimated from skull length and body
length by Ni et al. (2013), but higher than their 20 g estimate
derived from upper molar size. Our best estimates are lower than
Boyer et al.'s (2013) 62 g estimate based on their very similar
measure of cuboid facet area. Whether this is due to different
sample composition (their regression is based on a euarchontan
sample that includes catarrhine primates) or a different measure-
ment technique we cannot say. The best estimators for T. belgica
suggest a body mass of 44—56 g, similar to what has been predicted
previously from smaller samples of various tarsal measures
(Dagosto and Terranova, 1992; Boyer et al., 2013) but lower than
most estimates made from dental variables (Gingerich, 1981;
Conroy, 1987; Dagosto and Terranova, 1992).

We are not claiming that these particular characters, models, or
methods are the best possible choices for determination of body
mass for these taxa. Our intent was simply to compare their effects.
There are certainly other variables and procedures not explored
here that have been demonstrated to improve the accuracy of
predictions (e.g., multivariate regression, partial least squares
regression, see Smith, 2002; Pyenson and Sponberg, 2011; Churchill
et al., 2014; Yapuncich et al., 2015). There are alternative models
such as classical calibration and reduced major axis regression that
are recommended when it is necessary to extrapolate outside the
range of living taxa, as might be the case here (e.g., Jungers, 1988;
Konigsberg et al., 1998; Hens et al., 2000; but see Smith, 2002).
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Many methods for determining, transforming, and simulating the
effects of alternative trees, branch lengths, and evolutionary
models can be employed (e.g., Felsenstein, 2004), as well as tech-
niques for taking into account intraspecific variation (e.g.,
Garamszegi, 2014).

Even though the estimates for the fossil taxa generated here
seem reasonable, we would still urge some caution in using them to
make further inferences. These analyses are based on small samples
where the source of the morphological data and the body masses
are unmatched. The best variable (FEMBEW) as measured by
overall performance still yields %PEs for taxa used to construct the
equation ranging from almost zero to nearly 100% and is only
known from one individual of each fossil species.

Even the best performing variables, those that are most unaf-
fected by sample composition and phylogenetic correction, yield
confidence and prediction intervals wide enough that it would be
wise to take them into account when using the estimates to make
inferences about paleobiology. For example, to determine if middle
phalanx length of Teilhardina was long compared to that of a typical
primate, Gebo et al. (2012) used a range of body mass (30—50 g) to
make the comparison. Even at 80 g, Teilhardina would still have a
relatively long middle phalanx; thus, this conclusion seems fairly
robust. On the other hand, answering the question “Are Teilhardina
and Archicebus the same size?” is more difficult to say with high
confidence when prediction intervals are taken into account.
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