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Models of Evolution: Adaptive Peak, Brownian Motion, and Ornstein—
Uhlenbeck Model. To reconstruct evolutionary history based on
extant data and a phylogenetic tree, models of evolution are used
that dictate the principles by which one may “count back in time”
along the branches of the tree (1). These models commonly
originate in physics, where they are used to describe the move-
ment of particles in space (2-5). Applied to comparative biology,
these models set out a list of rules that describe how to use extant
trait variation and the phylogenetic relatedness between the
species in the sample to infer what is the most plausible set of
changes that underlies extant variation (i.e., how traits “move”
through phylogenetic space) (6, 7).

The most commonly used model [Brownian motion (BM)]
dictates that (i) rates of change are constant throughout time and
along all branches and (ii) the probability of trait change is in-
dependent of both prior and current character states and of
changes elsewhere in the tree (8). The constancy of rate as-
sumption has received much criticism in particular because it is
inappropriate to model selection (9, 10), which inherently as-
sumes differential change in time and along different branches.
To overcome this limitation, additional parameters can be in-
cluded to allow BM to deviate from a null model of “constancy
of rate” (7, 11, 12). The use of an Ornstein—-Uhlenbeck (OU) model
(12, 13), for example, can be interpreted as a BM model that al-
lows for differential rates of change along different branches by
including “adaptive optima” at certain topological locations in the
phylogenetic tree. Additional parameterization is, however, gen-
erally considered undesirable because it necessarily involves in-
creased reliance on a priori assumptions (14).

The adaptive peak (AP) model of evolution, particularly its
formalization by the method of independent evolution (IE), moves
away from using constancy of rate as a null model. The AP model
assumes that rates of change are inherently different for each branch
in the phylogenetic tree as APs wander through phylogenetic space
(15). The IE formalization of the AP model further allows for the
incorporation of BM and OU assumptions by collapsing its algo-
rithms accordingly under relevant conditions (16). In other words,
when extant variation gives evidence of BM- or OU-like evolution,
IE will recognize it as such without the need to include additional
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parameters. IE thus overcomes the problem of additional param-
eterization by relying only on extant variation and a phylogenetic
tree; no extra parameters are needed to infer branch-specific rates
of change for all branches of a phylogenetic tree.

Example: Reconstructing the Ancestral Brain Size of Chimpanzees and
Humans. When reconstructing the ancestral brain size of the most
recent common ancestor of humans and chimpanzees, traditional
BM methods estimate this value around the arithmetic mean of
humans and chimpanzees at between 700 cc and 850 cc, assuming
a constant rate of change across time, and thus equal evolutionary
rates in sister species with equal branch lengths. We know from
the fossil record, however, that the brain size of this ancestor is
more likely to be around the chimpanzee’s value (~380 cc),
implying that the chimpanzee lineage did not increase much (or
even decreased) in brain size since its most recent common an-
cestor with humans [Australopithecus afarensis, with a brain size
of ~433 cc (17), is the oldest uncontroversial hominin for which
brain size can be reliably inferred]. Thus, the inference of BM
methods of equal change along sister branches with equal branch
lengths cannot be considered valid in this example. Moreover,
differential patterns of change between sister species is consid-
ered a fundamental characteristic of selection, making the BM
model inappropriate to model selection (1, 9, 10, 12, 15, 18, 19).

The advantage of the AP model, on which the IE method isbased,
is that it allows inferring differential change in sister species by
recognizing that ancestral values are likely to be close to the values
of other species that are phylogenetically closely related to them. In
the case of the human-chimpanzee most recent common ancestor,
the IE method looks toward values of the bonobo (~350 cc), gorilla
(~500 cc), and orangutan (~400 cc), and parsimoniously infers the
human-Pan ancestral value at around 400 cc (at 403 cc, node 10 in
Fig. S1 and Table S1), resulting in the inference of a low evolu-
tionary rate of brain size in the chimpanzee ancestral lineage and
a high rate in the human ancestral lineage (Fig. S1 and Table S1),
in line with the fossil evidence. By allowing for differential rates of
evolution in separate branches of sister species (BM assumes equal
rates), the IE method is able to assess branch-specific rates of
evolution, thereby increasing the resolution at which we can esti-
mate ancestral values based on extant variation.
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Fig. S1. Graphic representation of the reconstruction of brain size evolution in apes. Label size represents brain size; green and red branches indicate positive
(trait increase) and negative (trait decrease) rates, respectively; white branches indicate branches with low trait change (rate close to 0); and branch width
indicates the value of the rate (high rate is thick branch, low rate is thin branch).
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Fig. S2. High-resolution image of Fig. 4. Al, accelerated increase; AD, accelerated decrease; DD, decelerated decrease; DI, decelerated increase.
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Fig. S3. Analysis and representations as in Fig. 4 based on values of extant species only. Al, accelerated increase; AD, accelerated decrease; DD, decelerated

decrease; DI, decelerated increase.
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Fig. S4. Analysis and representations as in Fig. 4. Results for nonecholocating bats (A and C) and echolocating bats (B and D) are displayed. The fossil model
(A and B) and extant model (C and D) are shown. Al, accelerated increase; AD, accelerated decrease; DD, decelerated decrease; DI, decelerated increase.

(a) Fossil model: Terrestrial primates
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Fig. S5. Analysis and representations as in Fig. 4. Results for terrestrial primates (A and D) and arboreal primates (B and D) are displayed. The fossil model
(A and B) and extant model (C and D) are shown. Al, accelerated increase; AD, accelerated decrease; DD, decelerated decrease; DI, decelerated increase.
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Fig. S6. Plot of body size rates for lineages that indicate a decrease in body size relative to the inferred ancestral body size of their lineage.

(a) Fossil model: Terrestrial carnivorans
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Fig. S7. Analysis and representations as in Fig. 4. Results for terrestrial carnivorans (A and D), arboreal carnivorans (B and E), and aquatic carnivorans (C and F)
are displayed. The fossil model (A-C) and extant model (D-F) are shown. Al, accelerated increase; AD, accelerated decrease; DD, decelerated decrease; DI,

decelerated increase.
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Table S1. Results of the reconstruction of brain size evolution in apes

Ancestral node Descendant node Ancestral value Descendant value Rate
7 3 401.03 90.17 -1.994
7 8 401.03 403.65 0.017
8 9 403.65 403.66 0.000
9 1 403.66 490.84 0.303
9 10 403.66 403.63 0.000
10 2 403.63 1302.01 1.296
10 1 403.63 368.34 -0.051
11 4 368.34 341.29 -0.076
11 5 368.34 368.35 0.000
8 6 403.65 383.44 -0.072

Ancestral and descendant node numbers correspond to those in Fig. S1. Ancestral and descendant value
indicate brain mass (gr).

Table S2. Results of the reduced major axis analysis using residuals orthogonal to the isometric

line

1,000 replications

Reduced major axis Decrease Increase Decrease Increase
Extants Bats All 0.76-0.83 0.77-0.86  0.73-0.78  0.78-0.88
Nonecholocating 0.63-0.71 0.72-0.89
Echolocating 0.78-0.85 0.76-0.89
Primates All 0.78-0.91 0.62-0.76  0.78-0.91 0.61-0.76

Terrestrial 0.38-0.54 0.51-0.73
Arboreal 0.80-0.96  0.67-0.87
Carnivorans All 0.75-0.91 0.64-0.80 0.74-0.89 0.66-0.84
Terrestrial 0.72-0.91 0.55-0.74
Arboreal 0.79-1.02 0.10-0.25
Aquatic 0.65-1.01 0.65-1.02
Decrease Increase
Fossils Bats All 0.72-0.78 0.87-0.99
Nonecholocating 0.61-0.70  0.70-0.84
Echolocating 0.73-0.81 0.96-1.12
Primates All 0.99-1.14 0.60-0.71
Terrestrial 0.53-0.71 0.46-0.59
Arboreal 1.02-1.19 0.69-0.85
Carnivorans All 0.83-0.95 0.55-0.68
Terrestrial 0.81-0.97 0.46-0.59
Arboreal 0.74-1.05 0.13-0.28
Aquatic 0.95-1.45 0.72-1.08

Results of the reduced major axis analysis using residuals orthogonal to the isometric line (as in Fig. 2) are
shown. Analyses were performed separately for all increase branches (accelerated and decelerated increase) and
for all decrease branches (accelerated and decelerated decrease). Results of the fossil and extant models for all
subgroups of all orders are presented. For the extant model, an additional analysis was performed to quantify
the effect of randomly resolving polytomies [more information is provided in Materials and Methods (Analysis)].

Smaers et al. www.pnas.org/cgi/content/short/1212181109

7 of 10


www.pnas.org/cgi/content/short/1212181109

L T

z

1\

BN AS  DNAS P

Table S3. Comparison between different orders within evolutionary scenarios

Fossil models

Extant models

Magnitude Variance Magnitude Variance

P.adj Mean (x) Mean (y) P F df P.adj Mean (x) Mean (y) P F df

Al 0.558 0.587 125 0.068 2.768 102
Primates v bats 0.530 0.058 0.088 0.879 0.073 0.060
Primates v carnivorans  0.874 0.058 0.075 0.204 0.073 0.127
Bats v carnivorans 0.894 0.088 0.075 0.057 0.060 0.127

DD 0.002 6.135 405 0.000 10.042 372
Primates v bats 0.072 0.096 0.143 0.158 0.095 0.138
Primates v carnivorans ~ 0.001 0.096 0.183 0.000 0.095 0.218
Bats v carnivorans 0.138 0.143 0.183 0.002 0.138 0.218

DI 0.000 23.323 426 0.000 25.249 402
Primates v bats 0.008 -0.087 -0.044 0.000 —0.095 —0.041
Primates v carnivorans  0.004 —0.087 -0.138 0.162 —-0.095 -0.122
Bats v carnivorans 0.000 —0.044 -0.138 0.000 —0.041 -0.122

AD 0.005 5.547 146 0.069 2.731 132
Primates v bats 0.159 -0.120 -0.055 0.953 -0.076 -0.067
Primates v carnivorans  0.339 -0.120 -0.171 0.237 -0.076 -0.126
Bats v carnivorans 0.003 —0.055 -0.171 0.066 —0.067 —0.126

The results indicate a variance analysis and t test of positive orthogonal residuals relative to the isometric line between different mammalian orders for the
four evolutionary scenarios. P.adj, adjusted P values using Tukey's honestly significant difference.

Table S4. Comparison within different orders between evolutionary scenarios

Fossil models

Extant models

P t Mean (x) Mean (y) P t Mean (x) Mean (y)

Al vs. DI

Bats 0.037 2.119 0.088 0.044 0.185 1.340 0.060 0.041

Primates 0.118 -1.585 0.058 0.087 0.410 -0.832 0.073 0.095

Carnivorans 0.009 —-2.690 0.075 0.138 0.879 0.153 0.127 0.122
DD vs. AD

Bats 0.000 5.341 0.143 0.055 0.000 3.943 0.138 0.067

Primates 0.433 -0.789 0.096 0.120 0.454 0.754 0.095 0.076

Carnivorans 0.745 0.327 0.183 0.171 0.022 2.312 0.218 0.126

P values from a t test between absolute values of the positive and negative orthogonal residuals relative to
the isometric line within all three mammalian orders. Al, accelerated increase; AD, accelerated decrease; DD,
decelerated decrease; DI, decelerated increase.
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Table S5. List of all fossil information used in the analyses

Estimated divergence from

Species Brain, g Body, g sister lineage, Mya Estimated last occurrence, Mya
Bats
Icaronycteris 334 13 65 63
Archaeonycteris 503 23 58 57
Paleochiropteryx 300 1 57 56
Hassianycteris 883 53 57 54
Primates
Homo neanderthalensis 1,582 65,000 0.56 0.03
Homo heidelbergensis 1,118 62,000 0.7 0.3
Homo erectus 951 57,000 1.8 0.3
Homo ergaster 802 58,000 1.9 1.5
Australopithecus sediba 420 35,999 2 1.9
Paranthropus boisei 486 44,000 2.3 1.4
Homo habilis 522 34,000 2.4 1.6
Australopithecus africanus 434 36,000 3 2
Proconsul africanus 161 10,500 29 19
Oreopithecus bambolii 383 30,000 16 6
Victoriapithecus macinnesi 53 4,500 23 10.5
Aegyptopithecus zeuxis 34 6,710 42 30
Catopithecus browni 3 900 44 34
Parapithecus grangeri 12 1,800 49 39
Chilecebus carrascoenis 8 582 23 20
Mioeuoticus shipmani 8 1,280 30 18
Adapis parisiensis 9 2,350 67 34
Smilodectes gracilis 10 1,960 66.9 48
Pronycticebus gaudryi 5 1,220 66 38
Notharctus tenebrosus 11 1,990 50 47
Rooneyia viejaensis 8 782 71 35
Necrolemur antiquus 4 233 69.9 35
Tetonius homunculus 2 74 61 55
Carnivorans
Aelurodon ferox 134 35,750 16 12
Borophagus littoralis 127 32,040 12 9
Epicyon haydeni 131 71,860 12 7
Tomarctus brevirostris 51 19,390 27 15
Canis dirus 178 63,370 1 0.01
Enhydrocyon basilatus 74 28,990 29 21
Hesperocyon gregarius 15 2,300 37 29
Mesocyon brachyops 39 7,290 28.5 21
Osbornodon fricki 101 38,310 30 17
Promephitis hootoni 12 1,530 17 7.1
Cephalogale ursinus 184 26,170 23.8 22.8
Arctodus simus 683 32,8470 3 0.01
Indarctos oregonensis 647 545,490 10.3 53
Ursus spelaeus 653 300,000 1.6 0.02
Herpestides antiquus 26 4,000 53.1 20
Paleoprionodon lamandini 9 1,970 30 20
Stenogale julieni 10 2,140 30 20
Dinofelis piveteaui 154 259,820 18.3 1.2
Homotherium hadarensis 212 106,470 14 1.8
Homotherium serus 332 150,000 6 0.01
Panthera leo atrox 460 206,380 1.8 0.01
Smilodon fatalis 346 225,600 16 0.01
Hyaenictitherium hyaenoides 91 23,160 13 7
Ictitherium viverrinum 61 18,000 12.5 5.3
Thalassictis hipparionum 78 18,960 14 5

References for fossil and extant species data are provided (1-12).
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