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Abstract

Disturbances often disproportionately impact different vegetation layers in forests and other vertically-stratified ecosystems,

shaping community structure and ecosystem function. However, disturbance-driven changes may be mediated by environmental

conditions that affect habitat quality and species interactions. In a decade-long field experiment, we tested how kelp forest

net primary productivity (NPP) responds to repeated canopy loss along a gradient in grazing and substrate suitability. We

discovered that habitat quality can mediate the effects of intensified disturbance on canopy and understory NPP. Experimental

pulse and press disturbances suppressed total macroalgal NPP, but effects were strongest in high-quality habitats that supported

dense kelp canopies that were removed by disturbance. Understory macroalgae partly compensated for canopy NPP losses and

this effect magnified with increasing habitat quality. Disturbance-driven increases in understory NPP were still rising after 7–10

years of disturbance, demonstrating the value of long-term experimentation for understanding ecosystem responses to rapidly

changing disturbance regimes.
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(A) Macroalgal abundance (canopy + understory)

(B) Herbivory by sea urchins
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c

b

a
a

b

c

bc

a
ab

b

2



P
os
te
d
on

A
u
th
or
ea

9
F
eb

20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
g
h
ts

re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
61
28
63
26
.6
82
84
12
6/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

0

5

10

15

0.0 0.5 1.0 1.5

Giant kelp biomass (kg dry/m2)

D
ai

ly
 b

ot
to

m
 ir

ra
di

an
ce

 (
m

ol
/m

2 /d
)

Low Medium High

Pulse disturbance
Press disturbance

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

−3

−2

−1

0

1

−3

−2

−1

0

1

Years since start of experiment

G
ia

nt
 k

el
p 

an
nu

al
 N

PP
(d

iff
er

en
ce

 fr
om

 c
on

tro
l; 

kg
 C

/m
2 /y

)

Site habitat quality

3



P
os
te
d
on

A
u
th
or
ea

9
F
eb

20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
g
h
ts

re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
61
28
63
26
.6
82
84
12
6/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Low Medium High

Pulse disturbance
Press disturbance

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10

−0.5

0.0

0.5

1.0

1.5

2.0

−0.5

0.0

0.5

1.0

1.5

2.0

Years since start of experiment

U
nd

er
st

or
y 

an
nu

al
 N

PP
(d

iff
er

en
ce

 fr
om

 c
on

tro
l; 

kg
 C

/m
2 /y

)

Site habitat quality

−2.0

−1.5

−1.0

−0.5

0.0

0.5

Low Medium High

Site habitat quality

To
ta

l m
ac

ro
al

ga
l a

nn
ua

l N
PP

(d
iff

er
en

ce
 fr

om
 c

on
tro

l; 
kg

 C
/m

2 /y
)

Treatment
Pulse disturbance
Press disturbance

*

*

***

***

***
−2.0

−1.5

−1.0

−0.5

0.0

0.5

Low Medium High

Site habitat quality

To
ta

l m
ac

ro
al

ga
l a

nn
ua

l N
PP

(d
iff

er
en

ce
 fr

om
 c

on
tro

l; 
kg

 C
/m

2 /y
)

Treatment
Pulse disturbance
Press disturbance

4



P
os
te
d
on

A
u
th
or
ea

9
F
eb

20
21

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
g
h
ts

re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
au

.1
61
28
63
26
.6
82
84
12
6/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
a
s
n
o
t
b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Giant kelp biomass (kg dry/m2)

An
nu

al
 N

PP
 (k

g 
C

/m
2 /y

)

Treatment
Control
Pulse disturbance
Press disturbance

(A) Understory NPP0.0

0.5

1.0

1.5

2.0

2.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Giant kelp biomass (kg dry/m2)

An
nu

al
 N

PP
 (k

g 
C

/m
2 /y

)

Treatment
Control
Pulse disturbance
Press disturbance

(A) Understory NPP

5


