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Abstract

To explain the rise of angiosperms during the Cretaceous, Berendse & Scheffer (Ecol.

Lett., 12, 2009, 865) invoke feedbacks between leaf litter, soil nutrients, and growth,

overlooking other factors affecting resource acquisition by Cretaceous plants. We

evaluate their hypothesis, highlight alternative explanations, and emphasize use of a

broader framework for understanding the angiosperm radiation.
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The expansion of angiosperms during the Cretaceous period

has invited much speculation on its causes. Berendse &

Scheffer (Ecol. Lett., 12, 2009, 865) offer another �ecological

explanation� for the angiosperm rise to dominance (with

respect to abundance and distribution). They posit that

ancient gymnosperms produced leaf litter with low nutrient

concentrations and slow decomposition, resulting in nutri-

ent-poor soils upon which angiosperms were poor compet-

itors. They suggest angiosperms, after a limited expansion

driven by other factors, rose to dominance via a positive

feedback on soil nutrient status and growth through

production of leaf litter with higher nutrient concentrations

and enhanced decomposition. Our question is �is the

hypothesis well-supported?�
The examples of leaf litter feedbacks provided by

Berendse and Scheffer lack gymnosperms, leaving their

hypothesis without direct support. Instead, they suggest

contrasting feedbacks of angiosperms and gymnosperms are

expected based on well-documented differences in leaf traits

and leaf litter decomposition between living angiosperms

and gymnosperms. However, fine root traits, particularly

nitrogen concentration, can have greater impacts on soil

nutrients than leaf litter (Hobbie et al. 2007; Parton et al.

2007) and can be uncorrelated with aboveground traits

(Withington et al. 2006; Hobbie et al. 2010). Also, as living

angiosperms and gymnosperms generally dominate in

contrasting soil types and climates, leaf and root trait

variation among these plant groups is not independent of

climate or pre-existing soil variability. Thus correlations of

litter traits with nutrient availability (e.g. litter lignin:nitrogen

vs. nitrogen mineralization; Binkley & Giardina 1998) or of

leaf traits with root traits (Newman & Hart 2006) across

sites are confounded by variation in edaphic factors.

Common garden experiments, though rare, control for

climate and soil variability and offer direct, empirical

evaluation of plant feedbacks. These experiments show

woody gymnosperms often have equivalent or higher soil

nutrient availability as compared to woody angiosperms

(Table 1). Equivalent soil nutrient availability is also

frequently observed in natural stands of angiosperms and

gymnosperms on similar soils (e.g. Reich et al. 1997).

Therefore, soil nutrient availability is not a simple function

of leaf litter traits (Knops et al. 2002) and is not typically

higher in angiosperm-dominated stands when compared

with gymnosperm stands on similar soils – making Berendse

and Scheffer�s hypothesis tenuous.

Berendse and Scheffer emphasize positive litter feedbacks

on soil nutrient availability, but neglect other mechanisms of

increasing nutrient supply to fast-growing angiosperms,

including large-scale disturbances (e.g. pest ⁄ pathogen out-

breaks, fire, volcanism) that likely accompanied the fluctu-

ating climatic and tectonic conditions of the Cretaceous

(McElwain et al. 2005; Tylianakis et al. 2008). Angiosperm

dominance may also have been facilitated by evolution of

Ecology Letters, (2010) 13: E1–E6 doi: 10.1111/j.1461-0248.2010.01455.x

� 2010 Blackwell Publishing Ltd/CNRS



Ta
b

le
1

S
o

il
n

it
ro

ge
n

av
ai

la
b

ili
ty

*
at

co
m

m
o

n
ga

rd
en

ex
p

er
im

en
ts

th
at

in
cl

u
d

e
b

o
th

w
o

o
d

y
an

gi
o

sp
er

m
s

an
d

gy
m

n
o

sp
er

m
s�

L
o

ca
ti

o
n

(d
u

ra
ti

o
n

,
ye

ar
)

A
n

gi
o

sp
er

m
sp

ec
ie

s
G

ym
n

o
sp

er
m

sp
ec

ie
s

R
es

u
lt

s
(N

m
=

n
it

ro
ge

n
m

in
er

al
iz

at
io

n
;

N
e
x
t

=
ex

tr
ac

ta
b

le
N

H
4

+
N

O
3
)

R
ef

er
en

ce

W
is

co
n

si
n

,
U

S
A

(�
3
5
)

A
ce

r
sa

cc
ha

ru
m

,
B

et
ul

a
pa

py
ri

fe
ra

P
ic

ea
gl

au
ca

,
P

in
us

re
si

no
sa

,

P
in

us
st

ro
bu

s

M
in

er
al

so
il

(0
–

1
0

cm
):

N
m

w
as

h
ig

h
es

t

u
n

d
er

P
.

st
ro

bu
s,

in
te

rm
ed

ia
te

u
n

d
er

A
ce

r,

B
et

ul
a,

an
d

P
ic

ea
,

lo
w

es
t

u
n

d
er

P
.

re
si

no
sa

1

C
o

n
n

ec
ti

cu
t,

U
S

A
(5

0
)

F
ra

x
in

us
pe

nn
sy

lv
an

ic
a

P
ic

ea
ab

ie
s,

P
in

us
st

ro
bu

s
M

in
er

al
so

il
(0

–
1
5

cm
):

N
m

w
as

h
ig

h
es

t

u
n

d
er

P
.

st
ro

bu
s,

in
te

rm
ed

ia
te

u
n

d
er

P
ic

ea
,

lo
w

es
t

u
n

d
er

F
ra

x
in

us

2

W
is

co
n

si
n

,
U

S
A

(2
8
)

Q
ue

rc
us

ru
br

a
L

ar
ix

de
ci

du
a,

P
ic

ea
ab

ie
s,

P
in

us

st
ro

bu
s,

P
in

us
re

si
no

sa

T
o

p
2
0

cm
(O

an
d

m
in

er
al

):
N

m
w

as
h

ig
h

es
t

u
n

d
er

P
.

st
ro

bu
s

an
d

L
ar

ix
,

lo
w

er
(a

n
d

si
m

ila
r)

u
n

d
er

Q
ue

rc
us

,
P

ic
ea

,
an

d
P

.
re

si
no

sa

3

D
en

m
ar

k
(2

8
)

F
ag

us
sy

lv
at

ic
a,

Q
ue

rc
us

ro
bu

r
P

ic
ea

ab
ie

s,
P

se
ud

os
tu

ga
m

en
zi

es
ii

O
h

o
ri

zo
n

:
N

e
x
t

w
as

h
ig

h
es

t
u

n
d

er
P

ic
ea

at

o
n

e
si

te
;

h
ig

h
es

t
u

n
d

er
P

se
ud

os
tu

ga
at

an
o

th
er

si
te

4

D
en

m
ar

k
(�

3
0
)

F
ag

us
sy

lv
at

ic
a,

Q
ue

rc
us

ro
bu

r
P

se
ud

os
tu

ga
m

en
zi

es
ii
,

P
ic

ea
ab

ie
s,

P
ic

ea
si

tc
he

ns
is

O
h

o
ri

zo
n

:
N

e
x
t

w
as

h
ig

h
er

u
n

d
er

al
l

gy
m

n
o

sp
er

m
s

at
o

n
e

si
te

;
si

m
ila

r
am

o
n

g

sp
ec

ie
s

at
an

o
th

er
si

te
(P

ic
ea

w
as

th
e

lo
w

-

es
t)

;
gy

m
n

o
sp

er
m

s
w

er
e

in
te

rm
ed

ia
te

b
et

w
ee

n
Q

ue
rc

us
(h

ig
h

es
t)

an
d

F
ag

us
(l

o
w

-

es
t)

at
an

o
th

er
si

te

5

N
ew

Y
o

rk
,

U
S

A
(3

6
–

3
8
,

O
h

o
ri

zo
n

)
(4

2
–

4
4

m
in

er
al

so
il)

A
ce

r
sa

cc
ha

ru
m

,
F

ra
x

in
us

am
er

ic
an

a,

Q
ue

rc
us

ru
br

um

P
ic

ea
ab

ie
s,

P
in

us
re

si
no

sa
O

h
o

ri
zo

n
�:

N
m

w
as

h
ig

h
es

t
u

n
d

er
A

ce
r,

lo
w

er
u

n
d

er
gy

m
n

o
sp

er
m

s
(F

ra
x

in
us

an
d

Q
ue

rc
us

n
o

t
te

st
ed

,
R

ef
.

6
)

M
in

er
al

so
il

(0
–

4
cm

):
N

m
u

n
d

er
P

ic
ea

,

P
in

us
,

an
d

A
ce

r
w

as
st

at
is

ti
ca

lly
eq

u
iv

al
en

t

an
d

h
ig

h
er

th
an

Q
ue

rc
us

an
d

F
ra

x
in

us

(R
ef

.
7
)

6
,7

F
in

la
n

d
(2

3
–

2
4
)

B
et

ul
a

pe
nd

ul
a

P
ic

ea
ab

ie
s,

P
in

us
sy

lv
es

tr
is

M
in

er
al

so
il

(0
–

1
0

cm
):

N
m

an
d

N
e
x
t

w
er

e

si
m

ila
r

am
o

n
g

sp
ec

ie
s

8

F
in

la
n

d
(�

6
0
)

B
et

ul
a

pe
nd

ul
a

P
ic

ea
ab

ie
s,

P
in

us
sy

lv
es

tr
is

O
h

o
ri

zo
n

�
:

N
e
x
t

u
n

d
er

B
et

ul
a

w
as

h
ig

h
er

th
an

gy
m

n
o

sp
er

m
s

at
o

n
e

si
te

an
d

h
ig

h
es

t

u
n

d
er

P
ic

ea
at

an
o

th
er

si
te

;
sa

m
e

p
at

te
rn

fo
r

N
m

M
in

er
al

so
il

(0
–

6
cm

):
N

e
x
t

u
n

d
er

B
et

ul
a

w
as

h
ig

h
er

th
an

gy
m

n
o

sp
er

m
s

at
b

o
th

si
te

s;
N

m
w

as
h

ig
h

er
u

n
d

er
gy

m
n

o
sp

er
m

s

at
o

n
e

si
te

an
d

h
ig

h
es

t
u

n
d

er
B

et
ul

a
at

th
e

o
th

er

9

E2 K. E. Mueller et al. Technical Comment

� 2010 Blackwell Publishing Ltd/CNRS



Ta
b

le
1

co
nt

in
ue

d

L
o

ca
ti

o
n

(d
u

ra
ti

o
n

,
ye

ar
)

A
n

gi
o

sp
er

m
sp

ec
ie

s
G

ym
n

o
sp

er
m

sp
ec

ie
s

R
es

u
lt

s
(N

m
=

n
it

ro
ge

n
m

in
er

al
iz

at
io

n
;

N
e
x
t

=
ex

tr
ac

ta
b

le
N

H
4

+
N

O
3
)

R
ef

er
en

ce

B
ri

ti
sh

C
o

lu
m

b
ia

,
C

an
ad

a
(2

5
)

B
et

ul
a

pa
py

ri
fe

ra
P

in
us

co
nt

or
ta

,
P

se
ud

os
tu

ga
m

en
zi

es
ii

O
h

o
ri

zo
n
�:

N
m

an
d

N
e
x
t

w
as

h
ig

h
es

t
u

n
d

er
P

se
ud

os
tu

ga
,

in
te

rm
ed

ia
te

u
n

d
er

B
et

ul
a,

an
d

lo
w

es
t

u
n

d
er

P
in

us

M
in

er
al

so
il

(0
–

1
2

cm
):

N
m

an
d

N
e
x
t

w
as

h
ig

h
es

t
u

n
d

er
B

et
ul

a

1
0

S
ib

er
ia

(3
1
–

3
2
)

B
et

ul
a

pe
nd

ul
a,

P
op

ul
us

tr
em

ul
a

L
ar

ix
si

be
ri

ca
,

P
ic

ea
ab

ie
s,

P
in

us

si
be

ri
ca

,
P

in
us

sy
lv

es
tr

is

M
in

er
al

so
il

(0
–

1
0

cm
):

N
e
x
t

w
as

h
ig

h
es

t
u

n
d

er
L

ar
ix

an
d

P
.

si
be

ri
ca

,

in
te

rm
ed

ia
te

u
n

d
er

B
et

ul
a

an
d

P
op

ul
us

,

an
d

lo
w

es
t

u
n

d
er

P
.

sy
lv

es
tr

is
an

d
P

ic
ea

;

sa
m

e
p

at
te

rn
fo

r
N

m

1
1

U
n

it
ed

K
in

gd
o

m
(2

5
)

B
et

ul
a

er
m

an
ni

i
P

ic
ea

si
tc

he
ns

is
,

P
in

us
co

nt
or

ta
O

h
o

ri
zo

n
(p

ea
t)

:
N

e
x
t

u
n

d
er

B
et

ul
a

an
d

P
in

us
w

er
e

si
m

ila
r,

w
it

h
P

ic
ea

th
e

lo
w

es
t;

N
m

w
as

si
m

ila
r

am
o

n
g

sp
ec

ie
s

in
u

p
p

er

an
d

m
id

d
le

p
ea

t
la

ye
rs

an
d

h
ig

h
er

u
n

d
er

B
et

ul
a

in
th

e
lo

w
er

la
ye

r

M
in

er
al

so
il

(A
an

d
E

h
o

ri
zo

n
s)

:

N
e
x
t

u
n

d
er

P
in

us
w

as
h

ig
h

es
t,

lo
w

er
(a

n
d

si
m

ila
r)

u
n

d
er

B
et

ul
a

an
d

P
ic

ea
;

N
m

w
as

si
m

ila
r

am
o

n
g

sp
ec

ie
s

in
th

e
E

h
o

ri
zo

n
b

u
t

h
ig

h
er

u
n

d
er

B
et

ul
a

in
th

e

A
h

o
ri

zo
n

1
2

F
ra

n
ce

(2
5
)

F
ag

us
sy

lv
at

ic
a,

Q
ue

rc
us

pe
tr

ae
a

P
ic

ea
ab

ie
s,

P
in

us
la

ri
ci

o,
P

se
ud

os
tu

ga

m
en

zi
es

ii

M
in

er
al

so
il

(0
–

5
cm

)§
:

N
m

w
as

h
ig

h
es

t
u

n
d

er
F

ag
us

an
d

lo
w

es
t

u
n

d
er

Q
ue

rc
us

w
it

h
gy

m
n

o
sp

er
m

s
in

te
rm

ed
ia

te

(R
ef

.
1
2
);

N
e
x
t

w
as

h
ig

h
es

t
u

n
d

er
F

ag
us

(Q
ue

rc
us

an
d

P
in

us
n

o
t

re
p

o
rt

ed
,
R

ef
.
1
3
)

1
2
,1

3

F
lo

ri
d

a,
U

S
A

(7
)

P
op

ul
us

de
lt
oi

de
s,

Q
ue

rc
us

fa
lc

at
a,

P
la

ta
nu

s
oc

ci
de

nt
al

is

P
in

us
ta

ed
a

M
in

er
al

so
il

(0
–

1
0

cm
):

N
m

w
as

h
ig

h
er

u
n

d
er

Q
ue

rc
us

an
d

P
op

ul
us

th
an

P
la

ta
nu

s
an

d
P

in
us

(w
h

ic
h

w
er

e
st

at
is

ti
-

ca
lly

eq
u

iv
al

en
t)

1
4

Technical Comment Explaining the rise of angiosperms E3

� 2010 Blackwell Publishing Ltd/CNRS



Ta
b

le
1

co
nt

in
ue

d

L
o

ca
ti

o
n

(d
u

ra
ti

o
n

,
ye

ar
)

A
n

gi
o

sp
er

m
sp

ec
ie

s
G

ym
n

o
sp

er
m

sp
ec

ie
s

R
es

u
lt

s
(N

m
=

n
it

ro
ge

n
m

in
er

al
iz

at
io

n
;

N
e
x
t

=
ex

tr
ac

ta
b

le
N

H
4

+
N

O
3
)

R
ef

er
en

ce

P
o

la
n

d
(3

2
–

3
3
)

A
ce

r
pl

at
an

oi
de

s,
A

.
ps

eu
do

pl
at

an
us

,

B
et

ul
a

pe
nd

ul
a,

C
ar

pi
nu

s
be

tu
lu

s,

F
ag

us
sy

lv
at

ic
a,

Q
ue

rc
us

ro
bu

r,
Q

.

ru
br

a,
T

ili
a

co
rd

at
a

A
bi

es
al

ba
,

L
ar

ix
de

ci
du

a,
P

ic
ea

ab
ie

s,

P
in

us
ni

gr
a,

P
.

sy
lv

es
tr

is
,

P
se

ud
os

tu
ga

m
en

zi
es

ii

T
o

p
2
0

cm
(O

an
d

m
in

er
al

):
N

m

w
as

h
ig

h
es

t
u

n
d

er
A

ce
r

sp
.,

sl
ig

h
tl

y

lo
w

er
u

n
d

er
B

et
ul

a
an

d
P

ic
ea

,
in

te
rm

e-

d
ia

te
b

en
ea

th
F

ag
us

an
d

Q
.

ro
bu

r,
lo

w
er

b
en

ea
th

L
ar

ix
,

P
in

us
sp

.,
P

se
ud

os
tu

ga
,

A
bi

es
,

C
ar

pi
nu

s,
an

d
T

ili
a,

lo
w

es
t

u
n

d
er

Q
.

ru
br

a

1
5

*N
it

ro
ge

n
m

in
er

al
iz

at
io

n
(v

ia
la

b
o

ra
to

ry
o

r
in

si
tu

in
cu

b
at

io
n

s)
an

d
ex

tr
ac

ta
b

le
n

it
ro

ge
n

(N
H

4
+

N
O

3
)

w
er

e
u

se
d

as
in

d
ic

es
o

f
so

il
n

it
ro

ge
n

av
ai

la
b

ili
ty

.

�W
e

u
se

d
IS

I
W

eb
o

f
S

ci
en

ce
to

fi
n

d
re

le
v
an

t
st

u
d

ie
s

u
si

n
g

th
e

fo
llo

w
in

g
te

rm
s

in
tw

o
se

p
ar

at
e

se
ar

ch
es

:
(1

)
�c

o
m

m
o

n
ga

rd
en

�o
r

p
la

n
ta

ti
o

n
o

r
st

an
d

o
r

m
o

n
o

cu
lt

u
re

A
N

D
sp

ec
ie

s
o

r

an
gi

o
sp

er
m

o
r

gy
m

n
o

sp
er

m
o

r
ev

er
gr

ee
n

o
r

d
ec

id
u

o
u

s
o

r
co

n
if

er
o

r
h

ar
d

w
o

o
d

A
N

D
tr

ee
o

r
w

o
o

d
y

A
N

D
so

il
A

N
D

n
it

ro
ge

n
;

(2
)
�c

o
m

m
o

n
ga

rd
en

�
o

r
p

la
n

ta
ti

o
n

o
r

st
an

d
o

r

m
o

n
o

cu
lt

u
re

o
r

sp
ec

ie
s

o
r

an
gi

o
sp

er
m

o
r

gy
m

n
o

sp
er

m
o

r
ev

er
gr

ee
n

o
r

d
ec

id
u

o
u

s
o

r
co

n
if

er
o

r
h

ar
d

w
o

o
d

A
N

D
tr

ee
o

r
w

o
o

d
y

A
N

D
so

il
A

N
D

�N
m

in
er

al
iz

at
io

n
�o

r
�N

av
ai

la
b

ili
ty

�
o

r
�e

xt
ra

ct
ab

le
N

�o
r
�e

xc
h

an
ge

ab
le

N
�o

r
�N

tr
an

sf
o

rm
at

io
n

s.
�F

o
r

b
re

v
it

y
w

e
h

av
e

o
m

it
te

d
p

lu
ra

l
fo

rm
s

o
f

ea
ch

se
ar

ch
te

rm
,

al
th

o
u

gh
m

o
st

p
lu

ra
l

fo
rm

s
w

er
e

in
cl

u
d

ed
(e

xc
ep

ti
o

n
s

b
ei

n
g

p
lu

ra
l

fo
rm

s
o

f
th

e
n

it
ro

ge
n

te
rm

s,
�w

o
o

d
y�

,
�d

ec
id

u
o

u
s�

an
d

�c
o

m
m

o
n

ga
rd

en
�.

F
o

r
se

ar
ch

2
w

e
al

so
u

se
d

th
e

le
tt

er
�N

�a
s

a
re

p
la

ce
m

en
t

fo
r

n
it

ro
ge

n
in

ea
ch

o
f

th
e

n
it

ro
ge

n

av
ai

la
b

ili
ty

te
rm

s,
e.

g.
,
�N

m
in

er
al

iz
at

io
n
�).

O
n

ly
st

u
d

ie
s

th
at

in
cl

u
d

ed
an

gi
o

sp
er

m
an

d
gy

m
n

o
sp

er
m

st
an

d
s

th
at

m
et

th
e

fo
llo

w
in

g
ad

d
it

io
n

al
cr

it
er

ia
w

er
e

in
cl

u
d

ed
:

st
an

d
s

m
u

st
b

e
o

f

si
m

ila
r

ag
e,

gr
o

w
in

g
o

n
th

e
sa

m
e

so
il

ty
p

e
an

d
to

p
o

gr
ap

h
y,

in
cl

o
se

p
ro

xi
m

it
y,

d
er

iv
ed

fr
o

m
p

la
n

ti
n

gs
,

an
d

h
av

in
g

si
m

ila
r

fo
re

st
m

an
ag

em
en

t
(e

.g
.,

th
in

n
in

g)
.

�N
m

an
d

⁄o
r

N
e
x
t

w
er

e
re

p
o

rt
ed

p
er

u
n

it
o

rg
an

ic
m

at
te

r
o

r
so

il
m

as
s.

N
m

o
f

co
n

if
er

s
is

lik
el

y
to

in
cr

ea
se

re
la

ti
v
e

to
th

at
o

f
h

ar
d

w
o

o
d

s
if

d
if

fe
re

n
ce

s
in

fo
re

st
fl

o
o

r
m

as
s

w
er

e
ta

k
en

in
to

ac
co

u
n

t.

§N
m

ca
lc

u
la

te
d

b
y

is
o

to
p

e
d

ilu
ti

o
n

d
u

ri
n

g
a

sh
o

rt
(5

d
ay

s)
in

cu
b

at
io

n
yi

el
d

ed
d

if
fe

re
n

t
re

su
lt

s,
w

it
h

sp
ru

ce
h

av
in

g
th

e
h

ig
h

es
t

N
m

an
d

b
ee

ch
th

e
lo

w
es

t.
1
N

ad
el

h
o

ff
er

,
K

.J
.,

A
b

er
,

J.
D

.
&

M
el

ill
o

,
J.

M
.

(1
9
8
3
).

C
an

.
J.

F
or

.
R

es
.,

1
3
,

1
2
–

2
1
.

2
B

in
k
le

y,
D

.
&

V
al

en
ti

n
e,

D
.

(1
9
9
1
).

F
or

.
E

co
l.

M
an

ag
e.

,
4
0
,

1
3
–

2
5
.

3
G

o
w

er
,

S
.

&
S

o
n

,
Y

.
(1

9
9
2
).

So
il

Sc
i.

So
c.

A
m

.
J.

,
5
6
,

1
9
5
9
–

1
9
6
6
.

4
R

au
lu

n
d

-R
as

m
u

ss
en

,
K

.
&

V
ej

re
,

H
.

(1
9
9
5
).

P
la

nt
So

il,
1
6
8
–

1
6
9
,

3
4
5
–

3
5
2
.

5
V

es
te

rd
al

,
L

.
(1

9
9
8
).

So
il

B
io

l.
B

io
ch

em
.,

3
0
,

2
0
3
1
–

2
0
4
1
.

6
H

ar
ri

s,
M

.M
.

&
R

ih
a,

S
.J

.
(1

9
9
1
).

So
il

B
io

l.
B

io
ch

em
.,

2
3
,

1
0
3
5
–

1
0
4
1
.

7
P

h
ill

ip
s,

R
.P

.
&

F
ah

ey
,

T
.J

.
(2

0
0
6
).

E
co

lo
gy

,
8
7
,

1
3
0
2
–

1
3
1
3
.

8
P

ri
h

a,
O

.
&

S
m

o
la

n
d

er
,

A
.

(1
9
9
7
).

B
io

l.
F

er
ti

lit
y

So
ils

,
2
4
,

4
5
–

5
1
.

9
P

ri
h

a,
O

.
&

S
m

o
la

n
d

er
,

A
.

(1
9
9
9
).

So
il

B
io

l.
B

io
ch

em
.,

3
1
,

9
6
5
–

9
7
7
.

1
0
T

h
o

m
as

,
K

.D
.

&
P

re
sc

o
tt

,
C

.E
.

(2
0
0
0
).

C
an

.
J.

F
or

.
R

es
.,

3
0
,

1
6
9
8
–

1
7
0
6
.

1
1
M

en
ya

ilo
,

O
.V

.
(2

0
0
9
).

E
u

ra
si

an
S

o
il

S
ci

.,
4
2
,

1
1
5
6
–

1
1
6
2
.

1
2
Z

el
le

r,
B

.,
R

ec
o

u
s,

S
.,

K
u

n
ze

,
M

.,
M

o
u

k
o

u
m

i,
J.

,
C

o
lin

-B
el

gr
an

d
,

M
.,

B
ie

n
ai

m
e,

S
.,

R
an

ge
r,

J.
&

D
am

b
ri

n
e,

E
.

(2
0
0
7
).

A
nn

.
F

or
.

Sc
i.,

6
4
,

1
5
1
–

1
5
8
.

1
3
M

o
u

k
o

u
m

i,
J.

,
M

u
n

ie
r-

L
am

y,
C

.,
B

er
th

el
in

,
J.

&
R

an
ge

r,
J.

(2
0
0
6
).

A
nn

.
F

or
.

Sc
i.,

6
3
,

7
6
3
–

7
7
1
.

1
4
L

ee
,

K
.H

.
&

Jo
se

,
S

.
(2

0
0
6
).

C
an

.
J.

F
o

r.
R

es
.,

3
6
,

1
2
3
6
–

1
2
4
2
.

1
5
H

o
b

b
ie

,
S

.E
.,

O
gd

ah
l,

M
.,

C
h

o
ro

v
er

,
J.

,
C

h
ad

w
ic

k
,

O
.A

.,
O

le
k
sy

n
,

J.
,

Z
yt

k
o

w
ia

k
,

R
.

&
R

ei
ch

,
P

.B
.

(2
0
0
7
).

E
co

sy
st

em
s,

1
0
,

9
9
9
–

1
0
1
8
.

E4 K. E. Mueller et al. Technical Comment

� 2010 Blackwell Publishing Ltd/CNRS



root traits or fungal symbioses (Brundrett 2002). Thin, fast-

growing roots are more common within angiosperms and

can be superior for nutrient uptake relative to thick, slow-

growing roots of more ancient plants (Comas & Eissenstat

2009). Ectomycorrhizal fungi, which evolved independently

in the Pinaceae and several angiosperm lineages during the

Cretaceous, confer greater access to organic nitrogen than

the arbuscular mycorrhizal fungi of Jurassic and Cretaceous

gymnosperms (Brundrett 2002).

To justify their emphasis on nutrients, Berendse and

Scheffer suggest high atmospheric CO2 during the Creta-

ceous would have reduced the role of water stress relative to

soil nutrients in limiting plant growth. Yet they do not

discuss the apparent long-term decline in atmospheric CO2

that dominates the Cretaceous and which may have

increased plant demand for water. To prevent reductions

in carbon assimilation under decreasing CO2, plants would

likely increase stomatal conductance and associated water

losses, favouring angiosperms with more responsive

stomata and greater capacity to conduct water (McElwain

et al. 2005; Brodribb & Feild 2010). Evolution of high leaf

vein density within non-basal angiosperms was likely a

critical step enabling increased carbon assimilation

(Brodribb & Feild 2010), particularly when coupled to

other advances in hydraulic architecture and resource

acquisition by roots.

Given the abundance of hypotheses for the angiosperm

rise to dominance and the difficulty in testing them, each

hypothesis must be presented and evaluated in light of

alternatives and multiple aspects of plant fitness (Fig. 1). In

presenting their hypothesis, Berendse and Scheffer ignore

other factors that influence nutrient availability or uptake

and they overlook better-supported, competing hypotheses

(e.g. declining atmospheric CO2 coupled with superior

angiosperm leaf-gas-exchange capacity), resulting in a

skewed perspective. As most hypotheses are based on trait

variation and competition among living plants, studies that

characterize the nature of Cretaceous plants are required,

including retrospective studies of the geologic record and

studies that map contemporary trait variation onto relevant

C
re

ta
ce

ou
s 

gy
m

no
sp

er
m

N
on

-b
as

al
 a

ng
io

sp
er

m

Nutrient uptake & availability

Photosynthesis

Climate

+ Leaf litter feedback?
+ Thin roots
+ Ectomycorrhizal fungi

+ CO2

Pests & pathogens

Seed germination

Herbivory
– CO2, – T– Chemical defenses
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   fungi (pinaceae)
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Figure 1 A conceptual framework of the biotic and abiotic factors that influenced fitness and competitive interactions of Cretaceous

angiosperms and gymnosperms. Processes that have a positive impact on plant fitness are highlighted in blue and processes that have a

negative impact are highlighted in green. Differences in the width of arrows indicate where disproportionate effects of a given process on

Cretaceous angiosperms and gymnosperms are expected. Plant traits or abiotic factors controlling these disproportionate effects are labelled

next to the arrow of the relevant process; �+� or �-� signs indicate the direction of the modifying effect of those plant traits or abiotic factors.

Where arrows have equal width, disproportionate effects are possible, but not currently hypothesized (to our knowledge). Climate and global

change can have direct, indirect, and unexpected effects on each aspect of plant fitness that are not shown. We highlight effects of the long-

term decline of CO2 during the mid- to late-Cretaceous (as mediated by plant traits) as a more plausible explanation related to resource

acquisition than the nutrient feedbacks proposed by Berendse & Scheffer (2009). Decreasing CO2 could directly favour non-basal

angiosperms via their higher leaf-gas-exchange capacity, which would reduce stomatal and CO2 limitations on photosynthesis. Declining CO2

could also lead to increased leaf nitrogen concentrations and decreased temperature, both of which could reduce herbivory and indirectly

benefit angiosperms by releasing them from disproportionate top–down control by herbivores. Other plant traits and their interactions with

environmental changes (e.g., climate change, tectonic activity, volcanism) were likely important but are not shown here.
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branches and nodes of plant phylogenetic trees (Brodribb &

Feild 2010; Comas & Eissenstat 2009). Finally, as global

change has unexpected and variable consequences for biotic

interactions (Tylianakis et al. 2008), future studies must

consider effects of Cretaceous global change (Brodribb et al.

2009), including the timing of global change events relative

to evolution of plant traits and community composition

(McElwain et al. 2005; Brodribb & Feild 2010).
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