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LUKE J. HARMON ET AL.

George Gaylord Simpson famously postulated that much of life’s diversity originated as adaptive radiations—more or less simulta-

neous divergences of numerous lines from a single ancestral adaptive type. However, identifying adaptive radiations has proven

difficult due to a lack of broad-scale comparative datasets. Here, we use phylogenetic comparative data on body size and shape in

a diversity of animal clades to test a key model of adaptive radiation, in which initially rapid morphological evolution is followed

by relative stasis. We compared the fit of this model to both single selective peak and random walk models. We found little support

for the early-burst model of adaptive radiation, whereas both other models, particularly that of selective peaks, were commonly

supported. In addition, we found that the net rate of morphological evolution varied inversely with clade age. The youngest

clades appear to evolve most rapidly because long-term change typically does not attain the amount of divergence predicted from

rates measured over short time scales. Across our entire analysis, the dominant pattern was one of constraints shaping evolution

continually through time rather than rapid evolution followed by stasis. We suggest that the classical model of adaptive radiation,

where morphological evolution is initially rapid and slows through time, may be rare in comparative data.

KEY WORDS: Adaptive radiation, Brownian motion, comparative methods, model fitting, phylogeny.

Although the concept of adaptive radiation traces back to Henry

Fairfield Osborn (1902), it was George Gaylord Simpson (1944,

1953) who brought the idea to the forefront of evolutionary biol-

ogy. Simpson defined adaptive radiation as “more or less simulta-

neous divergences of numerous lines from more or less the same

ancestral adaptive type” (Simpson 1959), and famously postu-

lated that much of life’s diversity originated during these adaptive

radiations. However, identifying adaptive radiations has proven

difficult due to a lack of broad-scale comparative datasets. In fact,

almost all accepted adaptive radiations come from endemic radia-

tions of species on isolated oceanic islands or lakes (e.g., Baldwin

and Sanderson 1998; Givnish 1999; Gillespie 2004; Grant and

Grant 2008; Losos 2009). Beyond these systems, criteria for rec-

ognizing adaptive radiations are murky (but see Givnish 1997;

Schluter 2000), and their prevalence in the tree of life uncertain.

Several theories predict how adaptive radiation might pro-

ceed (see Schluter 2000). Some of these focus on lineage accu-

mulation (e.g., see many chapters in Givnish and Sytsma 1997).

Recent analyses indicate a prevalence of early rapid accumulation

of lineages followed by a slowdown in net diversification through

time (Nee et al. 1992; Seehausen 2006; McPeek 2008; Phillimore

and Price 2008; Rabosky and Lovette 2008; Linder 2009). We

focus here on the tempo and mode of morphological evolution,

which is more closely related to Simpson’s (1944) model in which

organisms diversify upon entering new adaptive zones (Losos and

Miles 2002). Simpson’s adaptive zones represent sets of similar

niches that are ecologically available to a particular lineage and

free from potential competitors. When lineages first enter these

zones, morphological evolution should initially be rapid; as eco-

logical space becomes filled, the rate of morphological evolution

should then slow (Simpson 1944; Foote 1994; Schluter 2000;

Blomberg et al. 2003). We refer to this as the “early burst” (EB)

model, and return to the relationship between the tempo of lin-

eage diversification and that of morphological evolution in the

discussion.

We applied a phylogenetic comparative approach to test

Simpson’s model and investigate the dynamics of phenotypic

evolution across the history of clades. Most previous studies of

evolutionary rates have used comparisons of characters at the be-

ginning and end of a given time interval (Gingerich 1983, 2001;

Hendry and Kinnison 1999; Kinnison and Hendry 2001; Estes

and Arnold 2007). Recent advances in phylogenetic compara-

tive methods have opened new approaches to reconstructing the

temporal dynamics of evolution when time series are not avail-

able (Martins 1994; Harmon et al. 2003; Butler and King 2004;

O’Meara et al. 2006). These methods rely on two types of informa-

tion: the distribution of phenotypes of contemporaneous species

in a given group, and the historical relationships of species sum-

marized in a phylogenetic tree. We develop this approach further

here. The goal of our study was to test a particular pattern of

adaptive radiation, the EB model in which evolution is fastest

early in a clade’s history and slows through time, across a large

comparative dataset.

Methods
We obtained dated phylogenies and body size and shape measure-

ments for 49 clades of animals. The clades spanned a wide range

of species richness and each corresponded to an easily recogniz-

able taxon (e.g., Felidae), many of which were geographically

localized (e.g., Galápagos finches). Our dataset included several

examples of clades commonly recognized as adaptive radiations,

including Hawaiian Tetragnatha spiders, Galapagos finches, Ano-

lis lizards, and African lake cichlids. Details of sample size, clade

age, method of phylogenetic tree construction, and body size data

are summarized in Table 1. This table also provides the estimated

generation time of individuals within each clade, calculated as the

average age to maturity among all species for which data were

available. We created larger trees for some analyses by combin-

ing individual trees within major taxonomic groups, grafting the

2 EVOLUTION 2010



EARLY BURSTS OF EVOLUTION ARE RARE

T
a

b
le

1
.

D
et

ai
ls

o
f

sa
m

p
le

si
ze

,c
la

d
e

ag
e,

m
et

h
o

d
o

f
p

h
yl

o
g

en
et

ic
tr

ee
co

n
st

ru
ct

io
n

,a
n

d
b

o
d

y
si

ze
d

at
a.

Th
is

ta
b

le
al

so
p

ro
vi

d
es

th
e

es
ti

m
at

ed
g

en
er

at
io

n
ti

m
e

fo
r

ea
ch

cl
ad

e,

ca
lc

u
la

te
d

as
th

e
av

er
ag

e
ag

e
to

m
at

u
ri

ty
am

o
n

g
al

ls
p

ec
ie

s
fo

r
w

h
ic

h
d

at
a

w
er

e
av

ai
la

b
le

.W
e

al
so

lis
t

th
e

m
ax

im
u

m
lik

el
ih

o
o

d
es

ti
m

at
e

o
f

th
e

n
et

ra
te

o
f

b
o

d
y

si
ze

ev
o

lu
ti

o
n

(σ
2
)

se
e

Su
p

p
o

rt
in

g
In

fo
rm

at
io

n
A

p
p

en
d

ix
Ta

b
le

s
2

an
d

3
fo

r
o

th
er

p
ar

am
et

er
es

ti
m

at
es

.
Th

e
ra

te
o

f
ev

o
lu

ti
o

n
fo

r
o

n
e

cl
ad

e
(V

er
m

iv
o

ra
)

co
u

ld
n

o
t

b
e

es
ti

m
at

ed
b

ec
au

se
d

if
fe

re
n

ce
s

am
o

n
g

sp
ec

ie
s

ar
e

sm
al

le
r

th
an

th
e

ex
p

ec
te

d
va

ri
at

io
n

d
u

e
to

m
ea

su
re

m
en

t
er

ro
r

al
o

n
e;

th
is

d
at

as
et

w
as

ex
cl

u
d

ed
fr

o
m

fu
rt

h
er

an
al

ys
es

.W
e

al
so

lis
t

th
e

A
ka

ik
e

w
ei

g
h

ts
fo

r
th

e

B
M

,S
SP

,a
n

d
EB

m
o

d
el

s
fo

r
b

o
d

y
si

ze
an

d
sh

ap
e

fo
r

al
lc

la
d

es
w

it
h

at
le

as
t

10
sp

ec
ie

s.
B

o
ld

in
d

ic
at

es
th

e
m

o
d

el
w

it
h

th
e

h
ig

h
es

t
A

IC
w

ei
g

h
t.

B
od

y
si

ze
B

od
y

sh
ap

e
A

IC
w

ei
gh

ts
A

IC
w

ei
gh

ts
G

ro
up

C
la

de
n

n
in

C
la

de
ag

e
T

re
e

G
en

.
Si

ze
R

at
e

of
tr

ee
(m

ill
io

n
bu

ild
in

g
tim

e
va

ri
ab

le
bo

dy
si

ze
ye

ar
s)

m
et

ho
d

(m
on

th
s)

ev
ol

ut
io

n
B

M
SS

P
E

B
B

M
SS

P
E

B

Sq
ua

m
at

es
1.

A
ga

m
id

ae
38

1
17

9
11

8‡
M

L
+P

L
�

9.
3

SV
L

�
0.

53
0.

25
0.

66
0.

09
0

1
0

2.
A

no
li

s
(C

ar
ib

.)
15

0
73

40
1

M
L
+P

L
2

7.
3

SV
L

3
0.

73
0.

58
0.

2
0.

22
0.

04
0.

94
0.

01
3.

C
or

yt
op

ha
ni

na
e

9
9

65
‡

M
L
+P

L
�

16
SV

L
�

0.
10

4.
C

ha
m

ae
le

on
id

ae
16

1
29

94
‡

M
L
+P

L
4

5
SV

L
�

0.
69

0.
40

0.
49

0.
11

0
1

0
5.

Ig
ua

ni
na

e
36

9
65

‡
M

L
+P

L
�

58
.4

SV
L

�
0.

43
6.

L
io

la
em

in
i

20
4

67
74

‡
M

L
+P

L
�

24
SV

L
�

0.
41

0.
02

0.
97

0.
01

0
1

0
7.

P
he

ls
um

a
44

20
6.

05,
6

M
L
+P

L
5

6
SV

L
5

2.
72

0.
33

0.
59

0.
08

0.
65

0.
19

0.
16

8.
Ph

ry
no

so
m

at
in

ae
12

5
70

75
‡

M
L
+P

L
�

12
.6

SV
L

�
0.

31
0.

51
0.

32
0.

17
0.

59
0.

20
0.

21
9.

Py
go

po
di

da
e

38
31

37
‡

M
L

cl
oc

k7
60

SV
L

7
0.

42
0.

58
0.

17
0.

26
0.

31
0.

09
0.

61
10

.S
te

no
ce

rc
us

61
29

41
‡

M
L
+P

L
8

12
SV

L
�

0.
09

0.
45

0.
43

0.
13

0.
43

0.
46

0.
12

11
.V

ar
an

us
62

38
11

2‡
M

L
+P

L
9

37
.8

SV
L

10
0.

30
0.

29
0.

09
0.

63
0.

45
0.

41
0.

14
B

ir
ds

12
.A

lc
id

ae
24

19
10

‡
B

ay
es

+P
L

�
63

Ta
rL

�
†

1.
08

0.
67

0.
16

0.
17

0.
67

0.
16

0.
17

13
.I

ct
er

id
ae

1
♦

(N
or

th
A

m
er

ic
an

)
19

10
7.

7‡
B

ay
es

+P
L

�
18

Ta
rL

�
†

1.
82

0.
84

0.
08

0.
08

0.
84

0.
08

0.
08

14
.I

ct
er

id
ae

2
§

(S
ou

th
A

m
er

ic
an

)
18

15
8.

5‡
B

ay
es

+P
L

�
18

M
an

dL
�

0.
82

0.
72

0.
14

0.
14

0.
61

0.
27

0.
12

15
.C

at
ha

ru
s

13
11

8.
0‡

B
ay

es
+P

L
�

12
Ta

rL
�
†

0.
17

0.
75

0.
17

0.
09

0.
29

0.
67

0.
03

16
.C

hl
or

os
pi

ng
us

18
16

8.
4‡

B
ay

es
+P

L
�

12
Ta

rL
�

0.
14

0.
16

0.
81

0.
03

0.
00

1.
00

0.
00

17
.E

m
pi

do
na

x
15

14
8.

1‡
B

ay
es

+P
L

�
18

Ta
rL

�
†

0.
14

0.
22

0.
74

0.
04

0.
09

0.
89

0.
02

18
.G

eo
sp

iz
in

i
15

14
2.

511
U

PG
M

A
11

12
Ta

rL
12

,1
3

1.
74

0.
58

0.
32

0.
10

0.
74

0.
13

0.
13

19
.G

ru
in

ae
13

13
15

.0
‡

B
ay

es
+P

L
14

48
.2

3√ M
as

s14
0.

23
0.

59
0.

31
0.

10
20

.I
ct

er
us

27
23

7.
3‡

B
ay

es
+P

L
�

12
Ta

rL
�
†

0.
20

0.
66

0.
17

0.
17

0.
59

0.
26

0.
15

21
.M

us
ci

sa
xi

co
la

12
12

8.
0‡

B
ay

es
+P

L
�

18
M

an
dL

�
2.

71
0.

22
0.

75
0.

03
0.

14
0.

84
0.

02
22

.P
as

se
ri

na
7

6
5.

5‡
B

ay
es

+P
L

�
19

.6
Ta

rL
�
†

0.
25

23
.P

ir
an

ga
10

10
10

.8
‡

B
ay

es
+P

L
�

12
Ta

rL
�
†

0.
09

0.
73

0.
21

0.
07

0.
84

0.
08

0.
09

24
.P

oe
ci

le
7

6
4.

8‡
B

ay
es

+P
L

�
12

Ta
rL

�
†

0.
30

25
.P

sa
ro

co
li

us
,

C
ly

pi
ct

er
us

,
O

cy
al

us
,a

nd
C

ac
ic

us

20
16

8.
9‡

B
ay

es
+P

L
�

24
Ta

rL
�
†

0.
74

0.
70

0.
14

0.
16

0.
70

0.
16

0.
14

C
o

n
ti

n
u

ed
.

EVOLUTION 2010 3



LUKE J. HARMON ET AL.

T
a

b
le

1
.

C
o

n
ti

n
u

ed
.

B
od

y
si

ze
B

od
y

sh
ap

e
A

IC
w

ei
gh

ts
A

IC
w

ei
gh

ts
G

ro
up

C
la

de
n

n
in

C
la

de
ag

e
T

re
e

G
en

.
Si

ze
R

at
e

of
tr

ee
(m

ill
io

n
bu

ild
in

g
tim

e
va

ri
ab

le
bo

dy
si

ze
ye

ar
s)

m
et

ho
d

(m
on

th
s)

ev
ol

ut
io

n
B

M
SS

P
E

B
B

M
SS

P
E

B

26
.P

til
on

or
hy

nc
hi

da
e

20
11

14
.5

‡
B

ay
es

+P
L

�
45

Ta
rL

�
†

0.
19

0.
79

0.
09

0.
11

0.
78

0.
13

0.
09

27
.R

am
ph

oc
el

us
8

6
6.

0‡
B

ay
es

+P
L

�
12

Ta
rL

�
†

0.
20

28
.S

yl
vi

a
22

17
12

.0
‡

B
ay

es
+P

L
�

12
Ta

rL
�
†

0.
08

0.
70

0.
15

0.
15

0.
57

0.
31

0.
12

29
.T

ac
hy

ci
ne

ta
8

7
7.

3‡
B

ay
es

+P
L

�
12

Ta
rL

�
†

0.
08

30
.T

ox
os

to
m

a
10

6
5.

9‡
B

ay
es

+P
L

�
12

Ta
rL

�
†

0.
13

31
.V

er
m

iv
or

a
7

6
5.

0‡
B

ay
es

+P
L

�
12

Ta
rL

�
†

0.
00

32
.X

ip
ho

rh
yn

ch
us

17
15

8.
2‡

B
ay

es
+P

L
�

18
Ta

rL
�
†

0.
07

0.
58

0.
11

0.
30

0.
01

0.
99

0
Fi

sh
33

.C
en

tr
ar

ch
id

ae
20

20
24

.8
15

−1
7

B
ay

es
+P

L
15

−1
7

36
SL

15
−1

7
0.

87
0.

00
1.

00
0.

00
0.

64
0.

20
0.

15
34

.C
ic

hl
id

s
(L

ak
e

M
ak

ga
di

kg
ad

i)
22

17
0.

45
18

M
L
+c

lo
ck

18
9

SL
18

21
1.

2
0.

00
1.

00
0.

00
0.

01
0.

99
0.

00

35
.C

ic
hl

id
s

(S
ou

th
A

fr
ic

an
R

iv
er

s)
6

6
3.

818
M

L
+c

lo
ck

18
9

SL
18

2.
56

36
.C

ic
hl

id
s

(E
as

t
A

fr
ic

an
R

iv
er

s)
10

7
3.

218
M

L
+c

lo
ck

18
9

SL
18

5.
82

37
.C

ic
hl

id
s

(L
ak

e
Ta

ng
an

yi
ka

)
16

2
76

16
‡

M
L
+c

lo
ck

�
9

SL
�

3.
16

0
1.

00
0

38
.E

th
eo

st
om

at
in

ae
20

0
12

2
30

.8
19

−2
1

B
ay

es
+P

L
19

−2
1

18
SL

19
−2

1
0.

72
0

0.
99

0
0.

38
0.

48
0.

13
A

rt
hr

op
od

s
39

.E
na

ll
ag

m
a

42
12

10
22

M
L
+c

lo
ck

22
12

3√ M
as

s∗∗
22

0.
51

0.
03

0.
96

0
40

.L
es

te
s

16
7

722
M

L
+c

lo
ck

23
12

3√ M
as

s∗∗
22

0.
55

41
.T

et
ra

gn
at

ha
62

62
524

,2
5

U
PG

M
A

24
,2

5
8

T
L

24
,2

5
6.

99
0.

47
0.

37
0.

16
0.

60
0.

20
0.

20
M

am
m

al
s

42
.C

an
id

ae
34

33
5.

526
Su

pe
rt

re
e26

14
.5

3√ M
as

s�
2.

62
0.

58
0.

25
0.

17
0

1
0

43
.F

el
id

ae
36

36
13

.9
26

Su
pe

rt
re

e26
24

.4
3√ M

as
s�

2.
21

0.
60

0.
18

0.
23

0.
01

0.
99

0
44

.M
us

te
lid

ae
65

62
19

.9
26

Su
pe

rt
re

e26
16

.1
3√ M

as
s�

1.
54

0.
60

0.
20

0.
21

45
.H

er
pe

st
id

ae
37

31
17

.4
26

Su
pe

rt
re

e26
15

.2
3√ M

as
s�

0.
64

0.
61

0.
21

0.
18

46
.P

ri
m

at
es

(O
ld

W
or

ld
)

97
89

32
.4

27
Su

pe
rt

re
e27

59
3√ M

as
s�

0.
51

0.
59

0.
20

0.
20

47
.S

tr
ep

si
rr

hi
ni

47
44

52
27

Su
pe

rt
re

e27
19

.2
3√ M

as
s�

0.
99

0.
57

0.
21

0.
18

48
.V

iv
er

ri
da

e
34

30
18

.1
26

Su
pe

rt
re

e26
24

.6
3√ M

as
s�

0.
56

0.
60

0.
17

0.
23

A
m

ph
ib

ia
ns

49
.D

es
m

og
na

th
us

23
23

20
28

B
ay

es
+P

L
28

38
SV

L
28

1.
22

0.
56

0.
15

0.
29

∗,
n

ew
M

L
p

h
yl

o
g

en
y

p
re

p
ar

ed
;∗

∗,
m

as
s

o
f

fi
n

al
in

st
ar

;�
,u

n
p

u
b

lis
h

ed
d

at
a;

†,
ta

rs
u

s
le

n
g

th
al

so
u

se
d

;‡
,a

g
e

b
as

ed
o

n
m

o
le

cu
la

r
ca

lib
ra

ti
o

n
fr

o
m

fo
ss

il
d

at
a;

♦
in

cl
u

d
es

D
iv

es
,E

u
p

h
ag

u
s,

Q
u

is
ca

lu
s,

Q
g

el
ai

u
s,

M
o

lo
th

ru
s,

an
d

Sc
ap

h
id

u
ra

;
§

in
cl

u
d

es
G

n
o

ri
m

o
p

sa
r,

O
re

o
p

sa
r,

A
g

el
ai

o
id

es
,

C
h

ry
so

m
u

s,
X

an
th

o
sp

ar
,

Ps
eu

d
o

le
is

te
s,

C
u

ra
eu

s,
A

g
el

as
ti

cu
s,

La
m

p
ro

p
sa

r,
G

ym
n

o
m

ys
ta

x
,

an
d

M
ac

ro
ag

el
ai

u
s.

R
ef

er
en

ce
s:

1
Sh

o
ch

at
an

d
D

es
sa

u
er

19
81

;2
N

ic
h

o
ls

o
n

et
al

.2
00

5;
3
H

ar
m

o
n

et
al

.2
00

3;
4
To

w
n

se
n

d
an

d
La

rs
o

n
20

02
;5

H
ar

m
o

n
et

al
.2

00
8;

6
A

u
st

in
et

al
.2

00
4;

7
Je

n
n

in
g

s
et

al
.2

00
3;

8
To

rr
es

-C
ar

va
ja

le
t

al
.2

00
6;

9
A

st
20

01
;

10
Pe

p
in

20
01

;11
Pe

tr
en

et
al

.2
00

1;
12

La
ck

19
47

;13
G

ra
n

t
an

d
G

ra
n

t
20

02
;14

M
o

o
er

s
et

al
.1

99
9;

15
N

ea
r

et
al

.2
00

3;
16

C
o

lla
r

et
al

.2
00

5;
17

N
ea

r
et

al
.2

00
5;

18
Jo

yc
e

et
al

.2
00

5;
19

Pa
g

e
et

al
.2

00
3;

20
N

ea
r

an
d

K
ec

k

20
05

;21
N

ea
r

an
d

B
en

ar
d

20
04

;22
Tu

rg
eo

n
et

al
.2

00
5;

23
St

o
ks

et
al

.2
00

5;
24

G
ill

es
p

ie
et

al
.1

99
4;

25
G

ill
es

p
ie

20
04

;26
B

in
in

d
a-

Em
o

n
d

s
et

al
.2

00
7;

27
V

o
s

an
d

M
o

o
er

s
20

06
;28

K
o

za
k

et
al

.2
00

5.

4 EVOLUTION 2010



EARLY BURSTS OF EVOLUTION ARE RARE

phylogenies onto chronograms from recent studies of tetrapod

diversification (Vitt et al. 2003; Vos and Mooers 2006; Bininda-

Emonds et al. 2007; Hugall et al. 2007).

Most phylogenies were constructed using maximum-

likelihood or Bayesian analysis of molecular gene sequence data,

although eight of the trees were derived from supertree analysis

and two using Unweighted Pair Group Method with Arithmetic

Mean (UPGMA; Table 1). We calculated branch lengths using

fossil age calibrations and either a strict or relaxed molecular

clock (Table 1). We also estimated the absolute age of the root

node of each tree (i.e., the crown age of each clade) from literature

or unpublished data (Table 1).

We compiled a variety of indices of body size for species

in each clade from museum specimens or previous literature

(Table 1). These data were converted to a linear scale where neces-

sary (e.g., by taking the cube-root of mass) and log-transformed.

Because we were interested in comparing net rates of body size

evolution, we standardized these data by dividing by an estimate

of the average within-species standard deviation in body size.

We did not have enough samples within species to estimate this

standard deviation from our data. Instead, we use an average

value calculated across 210 taxonomically varied animal species

(0.0772, McKellar and Hendry 2009).

For most clades (39 of 49), we also generated a body shape

axis by performing a principal components analysis on the cor-

relation matrix of a set of log-transformed measurements. In all

of these datasets, PC1 provided an index of body size and was

strongly positively correlated with all original character axes. We

obtained an independent axis of body shape by retaining the sec-

ond axis (PC2), or (when only two characters were measured)

by obtaining the residuals from a regression of a log-transformed

trait on the log-transformed body size measurement. Principal

component loadings and the proportion of the total variance ex-

plained by PC2 are available in the Appendix (Table S1). Data

are available on Dryad (http://www.datadryad.org/).

We compared fits of three different models to each dataset

using the Akaike information criterion, corrected for sample

size (AICc; Sugihara 1978): a random walk (BM, modeled as

Brownian motion); a random walk with a single stationary peak

(SSP), such that trait values have a tendency to return to a medial

value (SSP, modeled as an Ornstein–Uhlenbeck process; Hansen

1997; Butler and King 2004); and an EB model in which the

net rate of evolution slows exponentially through time as the

radiation proceeds (EB, modeled as a BM process with a time-

dependent dispersion parameter; Blomberg et al. 2003; Freckleton

and Harvey 2006). We also compared the fit of the three mod-

els to various subtrees and supertrees constructed from our data

(see Results).

Under each of the three models (BM, SSP, and EB), expected

tip values follow a multivariate normal distribution with an ex-

pected mean vector E(X) and covariance matrix, V determined

by the model and phylogenetic tree. Each set of tip values has a

likelihood:

L =
exp

{
−1/

2[X − E(X)]′(V)−1[X − E(X)]
}

√
(2π)N · det(V)

, (1)

where X is a vector of phenotypic values for the species in the

tree, N is the number of species, and prime (′) denotes transpose.

Under the BM model, there are two parameters. Expected tip val-

ues follow a multivariate normal distribution with an expected

mean vector E(x) = z̄o, a parameter representing the ancestral

state value for the clade, and an expected covariance matrix V,

with elements Vij = σ2sij, where sij are the elements of a matrix S
representing the shared path length from the root to the common

ancestor of taxa i and j and σ2 is a parameter describing the rate

at which taxa diverge from each other through time (Felsenstein

1973; see also Ackerly 2009). We refer to this parameter as an

estimate of evolutionary “net rate,” bearing in mind that the disper-

sion of phenotypes under a random-walk model is different from

one in which traits change directionally through time (Bookstein

1987). For the SSP model, V is derived from the expectation un-

der an Ornstein–Uhlenbeck model of evolution, and has elements

(Hansen 1997; Butler and King 2004)

Vij = σ2

2α
e−2α(T −sij)(1 − e−2αsij ) (2)

where σ2 and α are the net rate and constraint parameters of

the model, T is the time of the deepest split in the tree, and S
is a matrix whose elements sij are described above. This model

has four parameters: z̄o, the ancestral state; θ, the trait optimum;

σ2, the net rate parameter; and α, the strength of the constraint

moving trait values back toward the optimum. However, when

fitting an SSP model to comparative data with ultrametric trees,

the maximum-likelihood ancestral state and trait optimum are

equal, and the model reduces to three parameters. This model is

equivalent to BM if α = 0. Finally, under the EB model, V has

elements (Blomberg et al. 2003)

Vij =
∫ sij

0
σ2

oert dt = σ2
o

(
ersij − 1

r

)
. (3)

This model has three parameters: z̄o, the estimated ancestral state

for the clade; σ2
o, the initial value for the net rate parameter;

and r, a parameter describing the pattern of rate change through

time. We restricted r to values below zero to correspond with a

model in which net rates decrease through time; when r = 0,

this model reduces to the BM model. Our statistical approach

has sufficient power to distinguish among these three models

for moderately sized phylogenetic trees, although for reasonable

parameter values, power to detect the EB model is much lower

than power to detect the SSP model (see Appendix).
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All three models are compatible with a range of evolution-

ary processes. For example, BM can result from both genetic

drift and directional selection where the direction of selection

fluctuates randomly through time (Felsenstein, 1988). Similarly,

evolution resembling an OU model on an SSP can be produced

when both natural selection toward an optimum and random drift

act on a phenotypic character (Lande 1976; Felsenstein 1988), or

when neutral evolution takes place in a tightly constrained part of

morphospace such that trait values are limited to a certain range.

Because our implementation of the EB model is new, we will

discuss it in more depth. This model is meant to be a general

model of increasing constraints on evolutionary change through

the course of an adaptive radiation, as would be produced by, for

example, increasing interspecific competition as niches become

filled. There are a number of ways one might model such a pro-

cess. For example, one might impose a constraint parameter that

becomes stronger through time, or one might allow deep clades

in a phylogenetic tree to have separate optima, within which there

are strong constraints. We focus on one simple implementation

in which net rates of morphological change decline exponentially

through time. We consider some alternatives in the Appendix.

Any of these models would fit data that showed rates that slow

through time, regardless of the form of that slowdown, better than

the BM or SSP models.

Conceptually, the main difference between the SSP and EB

models relates to the expected variance in trait values of young

subclades within each higher clade. SSP predicts that young sub-

clades will capture much of the variation in trait values and thus

be approximately as variable as older, more inclusive groups,

whereas EB predicts that young subclades, diversifying at the end

of a presumed radiation, will exhibit less variation than older,

more inclusive clades (Fig. 1; see also Harmon et al. 2003).

For all three tested models, we used a search algorithm to find

maximum-likelihood parameter values for each clade. We then

compared the overall fit of these three models to the entire body

size and shape dataset by calculating the product of the likelihood

of each model across all trees, and computed the Akaike weights

for each. For a given phylogenetic tree size, one has less power to

detect EB when it is the true model of evolution compared to SSP

(see Appendix). We also computed model-averaged parameter

estimates following Burnham and Anderson (1998).

Measurement error can cause a significant bias in evolution-

ary rate reconstructions, such that rates near the tips are overesti-

mated (Martins 1994). To account for this effect, we modeled mea-

surement error directly by adding variation to the diagonal of the

expected among-species variance–covariance matrix (O’Meara

et al. 2006). We present results based on a standard error equal

to 0.0345 on a natural log scale, representing the expected error

for sample size of five individuals per species given an average

within-species standard deviation of 0.0772. We also analyzed the

data assuming other levels of measurement error; these analyses

did not qualitatively affect our results.

Results
Analysis of individual clades showed that the time course of mor-

phological evolution differ substantially among clades. Maximum

likelihood estimate of model parameter values and, for clades with

at least 10 species, the Akaike weights for the BM, SSP, and EB

models mostly supported a BM model (Tables 2 and 3; BM: body

size, 25/38, body shape, 14/29), but a substantial number favored

an SSP model (body size: 12/38; body shape, 14/29; Fig. 2; see

also Appendix Tables 2 and 3). Only two datasets showed weak

support for the EB model (Fig. 2, Table 3; maximum Akaike

weight: body size, 0.63, Varanus lizards; body shape, 0.61, py-

gopodid lizards). Results were roughly similar across body size

and shape, although body shape appears to be constrained more

often than body size (Table 2). When we pooled the results for

each model across datasets by multiplying the likelihoods across

all trees, we found very strong support for the SSP model for

Figure 1. Example illustrating the differing predictions for the BM (Brownian motion), SSP (single stationary peak), and EB (early burst)

models of morphological evolution. A hypothetical phylogenetic tree of four species is depicted. The length of each red line at the tips

of each tree indicates the magnitude of a given morphological character for each species. Green circles indicate the amount of variation

within subclades in the tree, whereas blue circles indicate the amount of variation in the whole clade. Subclades have much lower

variation under the EB model, and greater variation under the SSP model, when each is contrasted to the BM model.
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Table 2. Number of clades and subclades with n>10 species showing support for each of the three models (BM, SSP, and EB) for body

size and body shape. We count both the number of clades with the highest AICc values for a particular model (“maximum w”) and those

with weights greater than 0.95 (“w>0.95”).

Clades Dataset Number of Criterion BM SSP EB
phylogenies

All full clades Body size 49 Maximum w 25 12 1
w>0.95 0 6 0

Body shape 39 Maximum w 14 14 1
w>0.95 0 8 0

All subclades Body size 284 Maximum w 215 61 10
w>0.95 0 21 0

Body shape 205 Maximum w 103 99 5
w>0.95 0 36 0

both body size and shape across almost all the major taxonomic

groups (amphibian, bird, fish, insect, mammal, or squamate) in

our dataset (Table 3).

Model-averaged parameter values varied widely across

datasets but showed the same general pattern. In some cases,

we could not estimate parameters for the SSP model because

the likelihood surface exhibited a flat ridge (see Butler and King

2004). Excluding those datasets, we found a range of model-

averaged estimates for the net rate parameter σ2 (body size, ex-

pressed as the expected variance in trait means per million years in

units of within-population standard deviations, 42 clades, mean

σ2 = 0.74, range: 0.00032–10.9; body shape net rate parame-

ter estimates are unit dependent and cannot be compared; see

Appendix) and the constraint parameter α (body size, 42 clades,

mean α = 0.34, range: 0–8.2; body shape, 33 clades, mean α =
1.55, range: 0–20.5; see Appendix). Model-averaged estimates

for r, the parameter from the EB model that describes the rate

at which trait evolution slows through time, were generally very

small (body size, 41 clades, mean r = −0.0071, range: −0.15 to

0; body shape, 35 clades, mean r = −0.0036, range: −0.041 to 0;

see Appendix).

The lack of EB patterns might be due, in part, to our choice of

focal clades. To address this problem, we considered both smaller

subsets and larger combinations of our focal clades. When we fit

models to all subclades within trees with 10 or more species from

every tree (body size: 284 subclades, body shape 205 subclades,

some overlapping), results were consistent; most clades favored

BM (body size: 215/284, body shape: 103/205) or SSP (body

size: 61/284, body shape: 99/205) over the EB model (body size:

10/284, body shape: 5/205), but when there was strong support

for a single model (Akaike weight > 0.95), SSP was always

favored (57 cases, Table 2). When we analyzed body size evolution

Table 3. Results of model fitting tests combining likelihoods across all clades (size: 49 phylogenies, n=1484; shape: 39 phylogenies,

n=1094) and various taxonomic subsets. Nc gives the number of clades, and Np the number of parameters, for each model. Higher lnL

and lower �AIC values indicate better model support; the best-supported model is in bold.

BM SSP EB

Clades Phenotype Nc Np lnL �AICBM Np lnL �AICC Np lnL �AICEB

All Body size 49 98 −3696.6 134.9 147 −3580.2 0 147 −3690.5 220.7
Body shape 39 78 −853.6 132.0 117 −748.6 0 117 −851.1 205.1

Squamates Body size 11 22 −1496.3 3.9 33 −1483.3 0 33 −1493.3 19.9
Body shape 11 22 −174.5 54.5 33 −136.2 0 33 −172.5 72.5

Birds Body size 21 42 −438.4 0 63 −421.0 7.2 63 −437.0 39.2
Body shape 20 40 −369.4 44.8 60 −327.0 0 60 −369.0 84.1

Fish Body size 6 12 −729.9 145.9 18 −651.0 0 18 −729.9 157.9
Body shape 5 10 −280.5 13.2 15 −268.9 0 15 −280.5 23.2

Insects Body size 3 6 −191.0 6.6 9 −184.7 0 9 −190.6 11.7
Body shape 1 2 −66.5 0 3 −66.4 1.9 3 −66.5 2.0

Mammals Body size 7 14 −781.0 0 21 −780.1 12.3 21 −780.4 12.8
Body shape 2 4 39.6 23.6 6 52.4 0 6 27.6 27.6

Amphibians Body size 1 2 −60.0 0 3 −60.0 2.0 3 −59.3 0.6
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Figure 2. Akaike weights for three models of phenotypic evolution (BM, Brownian motion; SSP, single stationary peak; EB, early

burst; NA, not applicable because shape data were unavailable) for all phylogenetic trees in the dataset. Numbers correspond to the

datasets as listed in Table 1. Relative area of the bar filled with any color is proportional to the Akaike weight for that model given

the data.

in combined trees made by pasting individual trees together by

taxonomic group into larger “supertrees,” only birds supported the

EB model (Akaike weight = 0.98). Another of these large trees,

carnivores, weakly supported the SSP model (Akaike weight =
0.66), whereas the other two major clades (squamates, primates)

did not support any one model (all Akaike weights < 0.6; Table 4).

We have represented one particular pattern predicted to re-

sult from adaptive radiation with our EB model; however, the term

adaptive radiation is sometimes used to describe evolution that oc-

curs at a fast net rate, regardless of whether that rate slows through

time. Indeed, estimated net rates of body size evolution of clades

under a BM model spanned four orders of magnitude (Fig. 3; we

limit our rate comparisons to body size because comparing net

rates of body shape evolution across clades is problematic due to

differing scales of measurement). Although some clades appeared

to be evolving more quickly than others, the best predictor of net

evolutionary rate is crown clade age (the age of the most recent

common ancestor of all living species); the net rate of body size

evolution was faster in the younger clades, with the oldest groups

showing the slowest net rates of evolution (r = −0.38, P < 0.01

from simulations described in the Appendix; Fig. 3). Birds were

the only group that did not show such a relationship. Body size in

most bird clades evolved slowly compared with other clades of the

same age (Fig. 3). Excluding birds from the analyses strengthened

the negative relationship between net rate and age (r = −0.80,

P < 0.01 from simulations described in the Appendix; Fig. 3). The

slope of this relationship did not vary significantly within each

group of nonbird higher taxa (amphibian, fish, insect, mammal, or

squamate; see Appendix). Because our data mix several kinds of

measurements and our analyses compare net rates across different

time intervals, we carried out a series of analyses, summarized in

the Appendix, which demonstrate that our patterns are robust and

are not a statistical artifact of our methods.

Discussion
We find surprisingly little evidence for the EB model of morpho-

logical change in our comparative datasets. If EB-like patterns

8 EVOLUTION 2010
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Figure 3. Relationship between clade age and average rate

of body size evolution. Rates were calculated using maximum-

likelihood under a Brownian motion model, and represent the ex-

pected variance in body size accumulated per million years. Gray

circles represent bird clades, with all other clades as red triangles.

Lines are least-squares regressions, with the thin black line includ-

ing birds and the thick red line excluding them.

were common across the tree of life, one would expect to detect

them in a dataset of this size even given the relatively low power

of this test (see Appendix). Although our groups include many

classic adaptive radiations, very few clades show patterns of rapid

morphological evolution followed by relative stasis. Within clas-

sic adaptive radiations, it is often the case that young pairs of

sister species are still morphologically very divergent, suggesting

that the adaptive zone occupied by these species is not saturated.

This suggests that radiations characterized by “EBs” of morpho-

logical evolution followed by slowdowns are rare. It is possible

that this particular pattern is not a necessary part of adaptive

radiation.

Our model-averaged value for the net rate of body size evo-

lution is 0.74 phenotypic standard deviations per million years.

The average generation time of our clades ranges from roughly

five months to five years (mean = 20.5 months). Using this mean,

we calculate an average net rate of σ2 ≈ 1.2 × 10−6 phenotypic

standard deviations per generation (using the range of generation

times, σ2 ≈ 3.1 × 10−7 − 3.7 × 10−6).

Under a purely neutral model of genetic drift, phenotypes

evolve according to a BM model with per-generation variance

σ2 ≈ h2/Ne where h2 is trait heritability and Ne effective population

size (Lande 1976). Assuming that heritability for body size across

these species is 0.4 (a typical value for morphological characters,

Estes and Arnold 2007), this net rate is compatible only with

very large Ne (∼300,000), much higher than the typical range for

species in the wild (∼10–100,000; Estes and Arnold 2007). In

other words, traits seem to be evolving too slowly to be explained

by a purely neutral model of genetic drift.

When any of our datasets strongly supported a single model,

it was typically a model of strong constraints. Lande (1976) de-

scribed a model in which a population evolves on a constant adap-

tive peak and, over time, phenotypic evolution follows the pattern

described by our SSP model. Model-averaged parameter estimates

for our SSP model can thus be compared to empirical estimates

of population size, heritability, and the strength of stabilizing se-

lection in Lande’s (1976) model. Under this model, σ2 = h2/Ne

and α = ω2/2Ne (Lande 1976) where ω2 is the strength of sta-

bilizing selection. These two parameters describe the net rates

of evolution over short (σ2) and long (α) time scales (Hansen

1996; Hansen and Martins 1996). Typical values of ω2 in the

wild range from 3 to 50 with a mode of around 3 (Estes and

Arnold 2007), and so one would need either very small effective

population sizes (<10) or extremely strong stabilizing selection,

or both, to correspond with the relatively large values of α esti-

mated for our comparative data (see Appendix). Thus, under the

SSP model, we find that net rates of phenotypic change are too

fast over short time scales (high estimated σ2) but too slow over

long time scales (large estimated α) to be explained by long-term

Table 4. Results of model fitting tests within various combined supertrees. Higher AIC weights indicate better support of the model

from our data.

Model BM SSP EB

Phylogenetic n σ2 Akaike σ2 α Akaike σ2 r Akaike
tree weight weight weight

Birds 236 0.92 0.012 0.92 0.001 0.004 74.6 −0.05 0.98
Squamates 554 0.54 0.32 0.59 0.003 0.57 0.54 0 0.12
Mammals 325 1.20 0.45 1.31 0.009 0.38 1.20 0 0.16
Carnivores 192 1.53 0.25 1.93 0.03 0.66 1.53 0 0.09
Primates 133 0.71 0.59 0.71 0 0.21 0.71 0 0.21
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stabilizing selection of the magnitude typically estimated in field

studies.

Thus, although we find support for constrained models of

evolution, models invoking stabilizing selection around a single

stationary peak require very weak selection, unrealistically small

population sizes, or both. Our broad-scale comparative dataset

shows clearly that additional mechanisms are required to explain

patterns of long-term stasis (Hansen 1997). For example, oscillat-

ing selection might be common in natural populations, such that

rapid evolution over short time scales is often counteracted by

reversals (Gibbs and Grant 1987; Siepielski et al. 2009). Alterna-

tively, developmental biology and genetics have revealed multi-

ple instances of constraints directing evolutionary change (Barton

and Partridge 2000; Gould 2002). Another possible mechanism

involves the interaction between natural selection and the com-

plex geographic structure of species: new trait values can evolve

quickly within local populations, but stabilizing selection over a

species’ entire range appears to strongly constrain long-term evo-

lutionary trajectories (Eldredge et al. 2005). Although our SSP

model should capture some of the dynamics of these nonstabi-

lizing selection constraints, the parameter estimates of the SSP

model do not seem to match what is known about actual mi-

croevolutionary processes. Future work requires the application

of more complex models, such as the peak-shift models described

in Estes and Arnold (2007), to interspecific comparative data.

Despite the overall support for constrained models, the

dynamics of trait evolution varied substantially among clades

(Figs. 2 and 3). Future work could investigate differences among

taxa or traits in the tempo and mode of evolution. For exam-

ple, one large clade (all birds) strongly supported the EB model

and showed patterns of body size evolution consistent with adap-

tive radiation (see also Starck and Ricklefs 1998). Another recent

study showed a clear pattern of decreasing rates of change through

time of skeletal characters in early tetrapod evolution (Ruta et al.

2006). It is possible that evolution involves long periods of con-

straint punctuated by brief periods of directional selection (Gould

2002; Butler and King 2004; Estes and Arnold 2007); our results

suggest, however, that such periods may be quite rare. Fitting

models that include explicit dynamics of populations evolving on

adaptive landscapes might help to resolve this issue (Estes and

Arnold 2007). Additionally, the amount of range overlap among

species likely influences diversification, such that groups with

a larger proportion of sympatric species early in their history

might more likely exhibit an EB pattern of adaptive radiation

as species interact and coevolve while filling ecological space

(Schluter 2000; Harmon et al. 2003).

Our finding of high net rates of evolution over short

time scales agrees with previous results from a wide range

of data sources (Stanley 1975; Gingerich 1983, 2001; Lynch

1990; Hendry and Kinnison 1999; Kinnison and Hendry 2001;

Roopnarine 2003; Estes and Arnold 2007), and is consistent with

the support in many of our clades for the SSP model; rapid change

is only apparent in young clades, but the pattern is obscured by

constraints on evolution over long time scales. This is because our

estimates of net rate effectively divide the amount of change by

the time interval for that change. Under the SSP model, the effects

of constraints on the overall amount of change are most apparent

over long time periods. Because of this, species in older clades

show similar amounts of change as species in younger clades, but

over a longer time interval, and thus have lower apparent net rates

of evolution.

In this study, we considered only the evolutionary diver-

gence of extant taxa based on their phylogenetic relationships,

rather than direct historical information from fossils. Fossils can

provide estimates of evolutionary rates (Gingerich 1983, 2001;

Foote 1994), and similar model-fitting approaches can be used

for fossil data (e.g., Hunt 2006). However, fossils are rare or ab-

sent from many clades suspected of recent adaptive radiation,

such as Caribbean anoles, Galápagos finches, and East African

cichlids. An approach that combines direct historical information

from fossils with phylogenetic information could increase statis-

tical power, and might reveal more details about the dynamics of

trait evolution in these clades (Polly 2001; Hunt 2006; Ruta et al.

2006). In our analyses, we also ignored phylogenetic uncertainty

in calculating evolutionary rates (O’Meara et al. 2006), a factor

that could be incorporated into future work.

Our results suggest that a model of constant-rate BM, as-

sumed by most comparative methods, fits some clades poorly.

Instead, constraints on phenotypic evolution provide a potentially

unifying explanation for the patterns we observed, and can ex-

plain the common observation of rapid evolution over short time

scales and slower change over geological time scales (Eldridge

et al. 2005; Estes and Arnold 2007).

For the traits and phylogenetic trees considered here, the

model of adaptive radiation as a transient burst of morphological

evolution at the base of a clade followed by stasis is rare. This

could be because we have a nonrandom sample of trees, because

“EBs” do not leave a long-term signal in patterns of trait distri-

butions across extant species, or perhaps because such “EBs” are

genuinely uncommon across the tree of life. This pattern stands

in contrast to recent results suggesting that slowdowns in lin-

eage diversification through time are common in comparative data

(McPeek 2008; Phillimore and Price 2008; Rabosky and Lovette

2008). This contrast between patterns of lineage diversification

and the accumulation of morphological disparity through time is

worthy of future research. Despite these caveats, our results sug-

gest the provocative conclusion that EBs followed by slowdowns

are genuinely uncommon across a broad portion of the tree of

life, even among clades that represent some of the most cherished

examples of adaptive radiations.
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