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Abstract

In boreal landscapes, emphasis is currently placed on close-to-nature management strategies, which aim to maintain the biodi-

versity and ecosystem services related to old-growth forests. The success of these strategies, however, depends on an accurate

understanding of the dynamics within these forests. This study aims to reconstruct the disturbance and post-disturbance dy-

namics in boreal old-growth forests that are driven by recurrent moderate-severity disturbances. We studied eight old-growth

forests in Québec, Canada, that has recorded recurrent and moderate to severe spruce budworm (Choristoneura fumiferana

[Clem.]) outbreaks over the 20th century. To reconstruct the disturbance history and the post-disturbance dynamics of the

study sites, we used dendrochronological data and k-means clustering to identify growth releases and growth patterns in the

studied trees. We identified nine growth patterns; these patterns represented trees differing in age, size, and canopy layer, and

indicated different tree histories. Spruce budworm outbreaks caused recurrent moderate-severity disturbances within the study

sites. The canopy gaps created by these disturbances were filled mainly by understorey trees, which responded by single and

significant increases in radial growth and height. In contrast, overstorey trees had little influence on gap filling; thus, trees were

mostly from the dominant and codominant canopy layers. Our study underlines the resistance of boreal old-growth forests to

recurrent and moderate-severity disturbances, as understorey trees can rapidly fill the resulting gaps. However, trees that are

unable to attain the canopy following the disturbance then tend to remain in the lower canopy layers. Therefore, reaching the

canopy represents a once-in-a-lifetime opportunity, where success or failure depends on a relatively short window of time. This

gap-filling dynamic produces, however, a vertical structure that is often similar to the expected structure in even-aged forests.

Our results highlight the efficacy of identifying tree growth patterns to reconstruct stand disturbance dynamics and contribute

to developing closer to nature forest management strategies.

Hosted file

Martin_XXXX_Linking radial growth patterns and post-disturbance dynamics.pdf available
at https://authorea.com/users/351786/articles/476271-linking-radial-growth-patterns-

and-post-disturbance-dynamics-in-boreal-old-growth-forests-driven-by-recurrent-insect-

outbreaks-a-tale-of-opportunities-successes-and-failures

1

https://authorea.com/users/351786/articles/476271-linking-radial-growth-patterns-and-post-disturbance-dynamics-in-boreal-old-growth-forests-driven-by-recurrent-insect-outbreaks-a-tale-of-opportunities-successes-and-failures
https://authorea.com/users/351786/articles/476271-linking-radial-growth-patterns-and-post-disturbance-dynamics-in-boreal-old-growth-forests-driven-by-recurrent-insect-outbreaks-a-tale-of-opportunities-successes-and-failures
https://authorea.com/users/351786/articles/476271-linking-radial-growth-patterns-and-post-disturbance-dynamics-in-boreal-old-growth-forests-driven-by-recurrent-insect-outbreaks-a-tale-of-opportunities-successes-and-failures


P
os
te
d
on

A
u
th
or
ea

18
A
u
g
20
20

—
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
59
77
43
17
.7
63
87
55
5
—

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
.

!

!
!

!

!!

!

!
Site 8

Site 7
Site 4

Site 3

Site 2

Site 1

Sites 5 and 6

69°0'W

69°0'W

70°0'W

70°0'W

71°0'W

71°0'W

72°0'W

72°0'W

49°0'N
49°0'N

! Sample sites

Bioclimatic domain

Black spruce–feather moss

Balsam fir–white birch

Balsam fir–yellow birch

Water bodies

±
0 50 10025

km

km

●
●●
●
●
●●
●

●

●
●
●
●●

●
●

●

●

●

●

●
●
●●
●
●●
●

●

●

●
●
●

●●

●●

●
●
●●
●

●
●

●

●

●

●
●

●

●●●●
●
●

●
●

●●

●

●
●

●
●

●

●●

●
●

●

●●●●
●

●
●●

●

●

●

●

●

●

●

●

●
●●●●

●

●

●

●

●

●

●

●

●

●
●

●●
●●●

●
●●●

●

●

●

●

●

●

●●●●
●
●

●
● ●

●
●

●
●
●

●
●

●

●

●
●●
●

●

●

●

●●

●
●

●
●
●●

●
●

●

●
●
●●
●
●●●●

●

●●●●

●

●

●

●●

●●
●
●
●

●

●
●
●
●

●
●

●
●
●●

●

●

●

●

●●

●

●●

●

●

●●●
●
●

●●
●●
● ●

●

●
●

●

●

●●●

●
●●

●●

●
●●
●

●

●
●

●
●

●

●
●

●
●●●
●
●
●

●
●●

●

●

●

●

●
● ●●●

●
●
●

●

●
●●●

●●

●

●●

●

●●
●

● ●

●

●

●
●●

●

●
●
●

●
●●

●●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●
●
●

●
●

●

●

●

●

●

●
●
●●

●

●

●●

●

●

●
●

●

●●

●

●

●●

●

●
●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●●

●

●
●●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●●

●

●

●
●

●
●

●

●

●

●

●

●●

●

●

●

●

●
●●
●

●

●

●
●

●
●

●

●

●

●

●

●●

●

●

●

●

●
●
●

●

●

●●●
●
●
●
●●●
●
●●●●●●
●●●
●

●
●●
●

●

●●●
●
●
●●●●●●●
●●
●

●
●●●●

●
●
●
●●
●
●

●
●
●

●●●
●●
●
●
●

●
●
●
●
●
●●
●
●●
●●

●
●

●●●
●

●

●
●
●
●●●●
●
●

●

●

●●●●●
●

●

●

●
●●
●

●
●
●
●●●●
●●
●
●
●●
●
●

●
●●●●●●
●●
●

●●
●●●●
●
●
●

●

●●●●
●
●●

●

●●●●
●
●

●
●
●

●

●

●
●●●
●●●
●●●●●
●
●
●
●
●●

●
●●
●
●

●●
●●
●●●
●●●●●●
●
●●●●●
●
●●●●
●
●●

●
●●●
●

●

●●●
●
●●
●●
●

●●
●●●
●
● ●

●
●
●
●

●
●●●●●●●●

●
●●
●
●●●
●
●●
●●●●●
●
●
●

●
●
●
●
●●
●
●●
●
●●●
●
●
●●
●
●●
●●●●
●●●●●●●●
●

●●
●●●●
●

●●
●●
●

●
●

●

●
●

●
●●●●
●●
●
●
●●●●●
●●●●●●
●●
●
●
●●
●●●●
●
●
●●
●●
●
●●
●
●
●

●●
●
●●●●●●
●●●
●
●
●
●
●●●●●●●
●
●
●●●●●

●●●
●
●
●
●
●●●
●●●
●●●
●
●
●
●
●
●

●

●●

●
●●●●
●
●
●●●
●
●●●
●●●
●●●●
●●

●●
●●

●●

●
●
●●
●
●●●
●

●

●●
●

●
●●
●

●
●●
●
●● ●●

●
●●●
●●●●

●
●●

●
●
●●
●●●
●●●●●

●
●●
●

●

●

●●●●
●
●
●

●

●
●
●

●

●●●
●
●
●●●

●●
●

●●

●
●

●

●

●
●

●

●

●
●●●

●
●
●
●

●

●

●

●
●

●
●
●
●
●
●

●

●
●
●●●●
●

●●
●
●●
●●
●●

●
●

●

●●

●

●

●
●●●●

●

●●●

●
●
●

●
●●
●
●●
●●●

●

●
●

●
●

●
●

●
●

●

●

●
●
●●●
●
●

●
●

●

●

●

●

●

●
●

●●●●●

●●●●●●●●●

●
●●
●●●
●●

●
●

●
●●

●

●

●

●
●●
●

●

●●●●
●
●●
●●●●
●
●●
●●

●●
●●●

●
●

●

●●
●

●

●

●●
●

●

●
●
●

●
●

●

●

● ●
●●

●

●●
●●●
●●●●
●●

●

●●

●●
●

●
●

●
●
●●●●●
●

●

●
●
●

●

●

●

●

●
●

●
●
●●●
●
●
●●●
●

●●

●●
●●
●
●
●●●
●●●●
●
●

●
●
●●●●
●

●

●
●
●
●●
●
●●
●
●
●
●
●
●
●

●●

●●●●

●

●●

●●

●
●

●

●
●

●

●●

●

●
●

●

●

●
●

●
●●●
●
●
●
●
●●●●
●
●●●●
●

●

●
●●
●

●●

●
●
●
●
●
●●●

●●

●
●●●
●
●●
●●
●
●

●

●

●●●

●

●
●

●

●

●●●
●

●
●
●●●

●●

●

●
●

●

●

●

●

●
●●

●
●
●
●●●
●
●

●

●

●
●

●

●
●

●
●
●
●

●●●
●

●●

●

●●●●
●
●
●●
●
●

●●

●
●
●●●
●●
●

●●
●●●●

●●

●

●

●●

●●●●●

●

●
●

●

●

●●
●

●

●
●

●
●

●

●

●●

●
●●

●
●
●
●
●

●

●
●
●

●
●
●●
●
●

●
●

●
●

●

●

●
●

●
●●

●●
●●

●
●
●
●●●●

●
●
●
●●●●●●

●

●

●

●

●

●●
●

●

●
●

●

●●
●

●
●
●

●
●
●
●

●
●

●

●

●●

●
●

●

●
●●

●
●●

●●

●

●●

●

●

●

●
●

●

●

●

●

●

●
●

●

●
●

●●
●● ●

●

●

●●
●●
●
●

●

●

●●
●

●
●

●
●

●
●

●

●
●

●
●

●

●
●

●●
●●
●●
●●

●

●

●

●

●

●

●
●

●●

●

●
●●
●

●

●●●
●●
●

●

●

●

●
●
●

●

●

●

●

●●

●

●
●

●●
●●

●
●

●
●

●

●
●●
●

●

●
●●●

●●
●
●

●

●

●

●●

●

●
●

●

●

●

●
●●
●●
●●

●

●
●
●

●

●

●

●

●
●●

●●
●

●
●

●
●
●

●

●
●
●
●

●
●
●
●

●

●

●

●
●

●
●●
●

●

●

●
●

●●

●

●

●

●

●

●
●●●●
●●

●
●

●
●

●

●
●
●
●
●●
●●●
●
●●●●●
●
●

●
●
●
●

●

●
●

●

●
●
●
●●●
●

●
●
●●

●●
●●
●
●

●

●
●
●
●●
●

●
●

●
●

●

●

●

●
● ●

●

●

●

●●
●

●

●●
●

●
●●

●
●

●

●●

●

●
●●

●
●

●
●

●●
●
●●●●●
●

●

●

●●

●

●
●
●

●
●●●
●
●
●
●
●

●●●

●●

●

●

●

●
●●
●

●

●

●
●
●
●

●

●
●●
●

●

●
●
●

●

●

●
●

●

●

●●●

●

●

●
●

●

●
●

●

●
●
●●
●

●●●
●
●●

●

●
●●●●

●●

●●

●
●●●
●●
●

●
●

●●

●
●

●

●●●

●
●
●

●

●●●
●

●

●

●●
●

●
●
●
●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●
●
●

●

●

●
●

●●
●

●●●

●●

●

●

●●
●
●

●

●

●
●
●
●
●

●●

●

●

●

●

●

●

●

●●

●
●●

●

●●●
●

●

●

●

●●

●

●●

●

●●
●●
●

●

●●●●
●

●
●

●●
●●
●
●●●●●●
●●●●●●
●●●●
●●
●
●●●
●
●●●●
●
●●
●●
●●
●●●●

●

●●●●
●●

●

●●●●●●●
●●●
●
●

●●
●●●●

●
●●
●●
●
●●
●●●●

●

●●●●
●●

●

●
●●●●●
●
●

●
●●●●

●

●●

●
●●●
●
●●●

●

●
●●●

●●

●
●●
●

●
●

●

●
●
●●●● ●

●

●
●
●
●●●
●
●●
●
●
●●●
●●
●

●●●
●●●

●

●●●●●

●●

●●
●●●●

●

●●

●

●
●
●●
●●
●
●

●●●
●
●●
●
●
●
●

●

●
●●
●
●
●
●● ●

●

●

●●
●●●●●●
●●●
●
●●●
●

●●●
●●
●

●

●●●●●
●●●●●
●
●●

●
●●

●

●
●●●●●
●●●●●●●●●●
●●
●●

●●
●●●
●
●

●●

●

●

●●
●
●

●
●
●●
●

●
●

●
●
●●●
●
●●
●●
●●
●●●●
●●
●
●●●●●

●

●●●

●
●●●●●
●
●
●●●●
●●
●●
●●
●
●

●
●●●
●
●
●

●●

●

●
●
●
●●
●

●
●
●
●
●
●
●
●
●
●

●

●

●●

●

●
●
●
●
●
●
●

●
●●●
●
●●
●

●●●●
●●●
●

●

●●●
●

●●
●

●
●
●

●●
●●
●
●

●

●

●

●

●
● ●

●●

●

●●●
●

●
●
●●
●
●●
●
●●
●

●
●●

●

●

●●
●●●

●

●

●

●
●●●
●●
●

●

●

●●
●●●●
●
●

●

●●●●●●

●●

●●
●●●

●

●●●

●

●● ●

●
●●

●●
●●●●

●
●●

●●

●●

●

●
●
●●●

●

●

●●
●
●●
●●●
●●●●●●

●

●

●●

●●
●

●

●●

●

●
●
●●
●
●

●
●●
●

●

●
●
●

●●●

●●

●

●

●
●

●●●
●●●●●
●
●●
●

●

●

●●

●
●●●

●

●
●
●

●
●●
●
●●

●

●●●
●●●●●

●

●
●

●
●
●
●

●●

●●

●●●
●●●
●
●

●
●●●

●

●

●

●●

●
●●●●

●

●
●●
●
●
●

●
●

●

●

●
●●

●

●●●
●

●
●
●

●
●●

●

●

●
●

●
●
●●●

●

●●
●

●

●●
●●●
●●
●
●
●

●

●
●●●
●
●

●
●
●
●
●

●

●

●

●

●

●●

●●

●
●●●●

●
●
●

●
●

●

●

●

●

●●●
●
●●
●●

●

●
●

●

●

●

●
●●
●

●

●
●

●●

●

●

●
●
●

●

●
●
●

●●

●
●

●
●●
●
●

●
●
●
●

●●
●
●
●

● ●

●●
●

●

●

●●●●
●●
●●
●

●

●●
●
●
●
●●

●
●●

●

●

●

●

●●

●

●
●

●
●

●

●
●

●●●

●

●
●
●
●
●●●
●●

●●

●●●

●
●
●
●

●

●

●

●●
●
●
●

●
●

●

●

●

●
●

●

●
●
●
●
●

●

●●

●●

●
●
●

●●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●
●
●

●

●

●●

●

●
●

●

●

●
●

●
●●
●
●

●
●
●●

●●●●
●

●

●

●

●

●●●●
●●

●

●

●
●
●●●

●
●
●●
●
●●
●
●

●●
●●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●
●

●●

●

●

●
●
●
●

●
●
●●
●

●

●

●

●
●

●

●●

●

●

●
●

● ●

●
●
●

●

●

●
●

●
●●

●

●
●

●●
●

●●

●

●

●
●
●

●

●

●
●

●

●

●●
●

●

●

●
●●●
●●
●

●

●
●●

●

●●

●

●
●

●●

●

●

●

●
●

●
●
●●
●
●●
●

●
●
●

●

●

●
●

●●
●
●

●
●
●

●●
●

●

●●
●

●

●

●

●

●

●

●

●
●

●

●
●●
●

●●
●
●
●
●●●

●●

●●

●●

●

●
●

●

●●

●●
●

●●

●

●
●●

●
●
●●
●

●

●

●

●
●●

●

●●

●

●
●

●
●

●

●
●

●

●

●

●

●

●●●

●
●

●

●
●

●

●
●

●

●
●●●

●●

●
●●

●

●
●

●

●

●

●

●

●

●●

●

●
●

●

●

●

●

●●

●
●

●

●●

●

●

●
●●●

●●●

●

●

●

●●

●
●

●

●

●

●
●
●

●

●

●●

●

●

●

●

●

●

●

●
●

●
●

●

●

●●

●

●
●●●
●●

●

●

●●

●
●●

●●●

●●

●

●

●

●

●●

●

●
●
●
●

●●
●●

●

●●●
●

●

●

●

●
●

●
●

●
●●

●

●

●●
●

●●●●

●

●
●

●

●
●

●

●

●

●

●
●●

●

●
●

●

●
●
●●●●

●

●●

●

●
●

●●

●

●

●

●

●●

●

●

●

●

●

●
●●

●

●

●●●
●

●

●
●

●●
●
●

●

●
●
●

●

●

●
●●

●
●●

●

●

●●

●●
●

●

●

●

●●

●

●●

●

●

●●
●

●

●
●●

●●

●

●
●
●
●

●

●

●

●

●
●
●

●

●

●
●

●

●

●●

●

●
●

●
●

●

●
●●
●
●

●
●●
●
●●●●●●●

●

●

●
●
●
●
●

●

●●●●●
●●

●

●
●
●

●
●
●●●●●
●

●

●
●
●●
●
● ●●

●
●
●
●●●
●
●

●●
●●
●●●●●●●
●
●
●

●

●●
●

●

●●
●●
●●●
●

●●
●

●

●

●
●●
●
●●

●
●
●
●●
●
●

●
●●●
●
●

●

●
●●

●●●
●●●●
●
●●●●

●

●

●

●
●
●
●
●
●
●●
●
●

●
●
●●
●

●●●

●
●
●
●
●

●●●●●●

●
●
●●
●
●●●
●●
●

●●
●

●

●
●●●
●

●●
●

●

●

●

●●●●
●

●
●●

●
●●
●●
●●

●

●

●
●
●
●
●
●
●●
●
●●●

●
●
●
●
●
●
●●
●
●●●
●
●
●
●●
●

●

●

●●
●
●
●●●
●●●●
●
●
●

●
●
●●●●

●
●●
●●
●

●●
●
●
●
●●
●

●

● ●
●
●●
●

●●●●
●

●
●

●
●●

●●

●

●
●

●
●
●●
●●

●●●●
●
●
●●
●
●●●●

●
●
●

●●
●

●
●●●
●
●●

●

●●
●
●

●
●

●

●●

●

●

●

●
●

●
●

●●

●

●

●●●●

●●●
●

●●●●
●

●

●
●●●
●

●

●

●

●

●

●

●

●

●

●●
●

●
●●●
●
●

●●
●
●

●

●

●

●
●●

●

●●

●●
●

●

●

●

●
●
●

●
●
●●
●●●
●
●

●

●●

●

●
●
●

●●

●

●●
●

●

●

●

●

●

●●

●●

●●
●
●

●
●●
●
●

●●●●
●

●

●

●
●

●

●

●
●
●

●

●●●
●
●
●●

●

●

●
●
●
●
●●

●

●
●

●
●●

●
●

●

●

●

●
●●●

●

●●

●

●●

●
●
●

●

●
●
●
●●
●

●
●●
●

●
●●
●
●

●

●

●
●

●
●●

●

●
●●

●
●
●

●
●
●

●

●●

●
●

●

●
●

●

●

●

●
●

●
●
●

●●

●

●
●●

●
●●●
●●●●
●●
●
●

●

●

●

●
●

●

●

●

●●
●

●

●

●
●

●
●
●

●
●●●

●

●

●●
●
●●

●

●

●

●●●●● ●

●

●

●

●

●

●
●●

●

●●

●●●
●●●

●
●
●●

●

●

●

●

●●
●

●

●
●
●

●

●

●

●

●
●

●●●
●

●

●

●

●

●

●

●

●

●

●●
●

●

●

●

●
●
●

●

●

●

●

●

●
●
●●
●●
●

●

●●

●

●

●

●
●

●

●

●

●
●●
●
●

●●
●
●●
●●●
●

●

●
●●

●

●
●

●
●●
●

●

●

●

●
●

●
●
●
●
●
●

●

●

●
●

●●
●

●

●

●

●

●
●

●
●●

●●
●

●

●
●●●

●

●●●

●

●
●
●●●

●
●

●

●
●●

●
●

●
●●

●●

●

●

●●
●
●

●

●●
●●●
●●●

●

●●
●
●

●

●●

●

●
●
●

●

●

●

●●

●

●●●

●

●

●

●●●
●
●

●

●
●
●
●

●

●

●●

●
●●
●

●
●
●●
●
●
●●●

●

●
●
●
●
●●

●

●
●

●
●●●

●

●

●
●

●

●
●

●

●
●●●

●

●
●●
●
●
●
●

●

●●●
●●●
● ●

●
●

●●

●

●

●

●

●

●

●

●

●

●●●●
●
●●

●

●
●
●●
●●
●
●●

●
●
●

●
●
●

●

●

●

●

●
●

●

●

●
●

●
●
●

●
●●●
●

●
●
●●●

●

●

●

●

●

●

●

●●

●●●●
●
●
●

●

●

●●

●

●
●
●●
●●●●●
●
●

●

●●

●
●
●

●

●●

●●●●
●●●●●

●●●●●

●

●

●
●
●●●
●
●
●
●

●●

●

●

●

●

●

●●
●●●

●●
●●●●
●
●●

●●

●

●

●
●
●

●●●

●

●

●●
●●

●
●

●
●

●●
●

●

●

●

●

●

●●
●
●●
●

●●

●

●

●
●
●

●●

●

●
●
●●
●
●●●
●

●●

●

●

●

●

●
●
●

●

●
●●

●
●
●

●
●

●

●

●
●●

●
●●●●●●●
●
●
●

●

●
●●●

●

●
●●
●●
●●
●
●●●●●
●
●

●
●
●●●●
●●●
●
●●●
●
●
●●●
●
●
●
●
●●●
●
● ●

●●

●

●

●●
●●
●●
●●
●

●
●
●●●

●

●
●●●●
●

●

●

●
●●●●●
●

●
●●
●
●●
●●●
●
●●
●●
●●
●●●●●●
●●●
●● ●●●

●

●

●●
●●
●●
●

●
●●●●●●

●

●●●
●
●
●

●

●●●●
●
●

●●
●●●
●
●
●●●●●
●
●●●●●
●

●

●
●
●●●●●
●
● ●●

●

●

●●
●
●●
●●
●

●
●
●
●●●●
●

●●●
●
●

●●

●●●
●
●
●
●●
●

●●●●
●
●
●●●
●
●●
●●
●
●
●●
●
●●

●

●●

●

● ●●

●

●

●●

●
●
●●●
●

●●
●●●●●

●

●
●
●●●

●
●

●●
●

●
●●

●●●

●
●
●
●●
●

●●

●●

●●●●●

●

●●
●●
●
●
●●
●●

●●
●

●
●
●●
●●
●●

●

●●

●

●
●
●
●●●●

●
●

●

●
●

●●
●

●
●●

●

●

●

●
●●
●●
●
●
●

●
●
●
●●●

●

●
●●

●

●
●●●
●

●● ●●
●

●

●●

●

●

●●●
●
●●

●

●
●

●●●
●●

●
●

●

●

●●
●

●●
●
●

●

●

●

●

●
●

●●

●●●

●
●
●

●

●
●

●

●
●●

●

●
●●
●●
●
● ●●

●

●

●
●

●
●●●●

●

●
●

●
●●●
●●
●●
●●

●

●

●●●●●

●

●

●
●●

●

●
●
●●

●
●

●●●
●
●●●●●
●●

●

●
●●●●●

●
●
●

●

●

●●

●●

●

●●

●

●●

●●●
●
●
●●
●
●●●

●

●
●●●●
●●●●

●●
●
●●
●
●

●
●
●●
●
●
●●●

●

●
●

●

●

●
●
●
●
●
● ●●

●
●
●●

●

●●

●●
●
●●
●●
●●

●

●
●●
●●●

●

●

●●●●●
●

●
●
●

●

●●
●
●
●

●
●●
●●●
●
●
●
●●●
●
●

●

●●

●
●●

●
●
●

●

●
●●

●
●

●●●
●
●

●

●
●●●●●●●

●

●

●●
●
●●

●
●

●

●

●

●

●●
●
●
●
●

●

●
●

●
●
●
●●
●
●
●
●
●

●

●●●

●

●
● ●●

●

●

●
●
●●●
●
●

●
●

●

●●●
●

●

●
●●
●

●

●
●
●●●●
●●

●

●
●●●
●
●

●
●●

●
●
●

●●●
●
●●●
●

●●

●●

●●
●

●
●

●●
●

●

●

●
●●●
●●●
●

●●
●

●

●
●●

●

●●●●
●

●

●
●

●
●●●●

●
●
●●

●

●
●

●

●

●

●

●●●
●●●

●
●●
●
●

●

●

●●
●

●

●
●●
●

●●●
●

●●

●●

●●

●

●

●●

●

●
●

●

●●
●

●

●

●
●

●●

●●
●
●

●
●
●●
●
●

●

●

●

●
●●
●
●●
●●

●

●●●
●
●

●
●
●●

●

●
●

●

●

●

●

●
●
●

●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●
●

●
●

●
●
●●

●

●

●●
●●●

●

●

●

●

●

●
●

●●
●●
●

●
●

●

●

●●

●

●
●

●

●

●

●

●●●

●

●
●

●

●
●
●●
●

●

●
●
●●

●

●

●
●●●

●●
●

●

●

●
●
●

●●

●
●

●
●●

●

●●

●●
●
●
●

●●
●

●

●●●●●

●

●

●
● ●●

●

●

●

●

●

●●

●

●●

●●

●
●●
●

●
●

●
●

●

●

●
●

●

●●

●
●
●

●

●
●

●
●●
●

●●

●

●●●

●

●●●●
●
●

●
●

●

●●

●
●

●

●

●
●
●
●

●

●●

●
●
●

●

●●

●
●

●

●●●●●

●

●

●
●
●
●●●

●

●
●●

●

●
●

●

●

●●●

●
●

●
●

●●

●

●
●

●●

●

●

●
●

●

●

●

●●

●

●

●
●●
●
●
●

●●●

●

●
●

●

●
●●●●
●●

●

●

●
●

●

●

●
●

●

●
●

●

●

●●
●
●●
●

●●
●

●

●

●
●

●●

●

●

●

●

●
●
●

●●

●

●

●

●
●

●
●
●

●
●●

●

●

●
●
●
●

●●

●
●

●

●

●

●

●●

●

●

●

●
●

●

●

●

●

●●●

●●
●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●●●●●●

●
●●●
●
●●
●
●

●
●●●

●

●●●

●●●
●●

●
●
●

●
●●
●
●●
●
●
●

●
●●●

●

●
●●●

●

●

●●●●
●●●
●

●
●

●

●●●●●
●
●
●●

●●

●
●●
●

●

●
●

●

●

●●

●
●●●●
●
●

●●

●●●
●
●
●●●
●●
●
●●●
●

●

●
●

●

●

●●

●
●

●●
●
●●

●●

●●●
●
●
●●

●

●
●

●●
●

●●●

●●

●●●

●

●

●
●

●
●

●
●

●
●

●

●
●
●
●●●

●●●

●

●
●

●
●

●
●

●
●

●
●

●
●
●

●
●
●
●●
●
●

●

●

●

●

●
●●

●

●●●
●●●●

●●

●

●

●

●

●●

●

●●
●
●●

●

●

●

●

●

●
●●●

●
●

●
●

●

●●

●

●

●

●●
●

●
●●

●●●

●
●
●
●

● ●

●

●●●
●

●

●

●
●

●

●
●
●
●

●

●

●●

●

●

●●

●

●
●

●

●
●

●

●

●

●

●

●●
●
●
●

●
●
●●●

●

●
●

●

●●

●

●

●●●
●

●●
●
●●

●
●●

●

●

●

●

●●

●●●
●
●
●

●

●
●

●●
●
●
●

●

●

●

●

●

●
●●

●

●
●

●

●
●

●

●

●

●

●●

●

●

●

●
●

●

●

●●
●

●

●

●

●

●

●

●●

●

●
●

●

●

●
●
●

●

●

●

●
●

●
●
●
●●

●

●

●

●
●
●

●

●

●●●

●●●●

●

●

●
●
●
●

●●

●

●

●

●

●
●

●

●

●

●
●
●

●

●

●

●

●

●

●●

●

●
● ●

●

●

●

●●●
●●●

●

●

●
●

●

●

●
●

●

●

●

●
●
●●

●

●

●

●●

●
●

●●

●

●●●

●●
●
●

●

●
●
●

●

●●
●
●

●●

●

●

●●

●

●

●
●●

●

●●●

●
●●

●
●
●●

●

●

●

●

●
●
●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●
●

●

●●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●
●
●

●

●
●

●

●●●

●
●

●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●

●

●

●

●
●
●

●

●●

●

●

●●
●
●

●
●
●

●

●
●

●

●●

●

●

●

●

●

●

●

●

●●

●
●
●
●

●
●

●

●

●

●

●

●●

●

●

●●
●

●

●

●

●

●
●

● ●
●

●

●

●●

●

●

●

●

●●

●

●
●

●

●

●

●
●
●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●
●

●

●

●

●
●

●

●

●●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●●●
●

●

●

●●
●
●
●

●

●●●●

●
●

●●●
●●

●

●

●●
●●●
●
●●●
●●●
●●

●
●●●●
●●●●●●
●● ●●

●●
●
●●
●●●
●
●

●●
●
●
●

●
●
●

●

●●
●●
●

● ●●
●●●
●
●●●
●
●
●

●●●

●
●●
●●●●
●

●

●
●

●
●●
●
●
●●●●

●
●●
●

●
●●
●●●●●●
●
●
●
●
●

●
●●●●

●●●●
●
●●
●
●
●
●
●●●
●
●

●

●
●
●
●
●

● ●
●●
●
●
●

●●
●●

●●●
●●●●
●●●
●
●
●
●●

●

●

●●
●●
●
●●

●●●

●●
●

●●
●●●
●

●●
●
●

●
●
●

●

●●
●

●
●●
●●

●●

●●
●

●

●●●●

●

●

●

●●

●

●
●

●
●

●
●
●
●
●

●

●
●●
●●●

●●
●●

●●

●
●
●●●
●
●
●

●
●

●●
●
●
●

●

●●

●

●●

●
●
●●●
●

●●●●●●●
● ●

●

●
●
●●

●

●
●●●

●
●

●
●●●●
●

●
●

●

●

●

●

●
●

●●●●

●
●

●●●

●
●

●
●●

●

●
●

●

●

●
●
●

●●
●

●

●

●

●
●

●

●
●●

●
●
●

●
●
●

●●
●●

●

●

●

●

●

●
●●

●

●

●
●

●●

●
●●
●

●●
●
●●
●
●●
●

●
●

●

●
●●

●

●

●

●

●

●

●

●●
●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●
●
●
●

●

●

●

●

●

●
●

●
●

●

●

●

●●

●

●

●●

●

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●
●

●

●

●●
●
●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●

●●

●

●

●

●

●

●●●

●
●

●

●●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

●

●
●

●

●

●
●●

●

●●

●

●
●
●●
●●●●●
●
●
●
●

●●
●●
●

●

●●
●

●
●●●
●

●
●●● ●●●●●

●●
●
●●
●
●●●

●

●●
●
●●●
●

●
●●
●
●

●

●●●

●●●
●●
●
●●
●
●
●

●●
●
●
●●

●

●
●
●

●

●

●

●
●
●●

●

●

●

●

●

●
●

●●

●
●●
●
●●

●●

●●
●

●

●
●

●

●

●●
●
●●●
●
●
● ●●

●●

●
●

●
●

●●
●
●
●

●

●
●●

●

●
●
●
●
●●●●
●●
●
●●

●
●
●
●

●●

●

●

●
●
●

●

●●●
●●

●

●

●
●
●
●
●

●
●
●●

●●
● ●●

●●
●
●
●

●
●
●
●

●

●●
●●

●
●
●

●

●●

●

●

●

●

●●

●●●

●●

●●

●

●●●

●

●●
●

●

●

●
●

●●

●
●

●●

●

●
●
●

●●●

●

●
●

●

●
●

●

●

●

●

●

●
●

●
●

●
●

●
●

●

●
●●●●●●
●

●
●
●

●
● ●

●

●
●

●

●

●

●

●●

●

●

●

●

●●

●

●●
●●

●

●

●●●

●
●

●

●
●

●

●

●

●●

●
●●
●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●●

●●

●

●●

●
●
●●

●
●

●

●

●

●
●
●

●

●

●
●●
●
●

●
●

●
●

●

●●

●

●

●●

●

●
●
●

●

●

●

●

●

●
●●●

●

●

●

●
●

●●

●

●●

●
●

●
●

●●●●●
●

●

●●
●
●
●●
●

●

●

●

●

●
●

●
●

●

●

●

●

●
●●●
●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●●

●

●
●
●

●

●

●

●

●

●●

●
●

●
●

●

●
●

●

●

●

●

●

●

●●
●

●

●
●●

●

●

●●

●

●

●
●

●

●

●

●

●

●
●
●●

●

●

●

●●

●

●
●●

●
●●
●●
●

●

●

●

●

●

●
●

●
●
●

●
●

●

●

●

●

●

●

●●

●

●

●
●
●

●

●

●

●●●
●

●

●

●

●

●
●
●

●

●
●

●
●

●

●

●

●

●
●
●
●●

●●

●

●
●●●

●
●
●

●

●

●

●
●●

●●

●

●

●

●

●

●●

●

●

●
●

●
●

●

●
●●

●

●●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

Low−sine (n = 70) Mod.−sine (n = 31) High−sine (n = 31)

Low−ascending (n = 77) Mod.−ascending (n = 62) High−ascending (n = 27)

Linear (n = 21) Low−bell (n = 55) High−bell (n = 7)

5 10 15 20 5 10 15 20 5 10 15 20

0

1

2

3

0

1

2

3

0

1

2

3

Segment

M
ea

n 
rin

g 
w

id
th

 (
m

m
)

A

Low−sine (n = 70) Mod.−sine (n = 31) High−sine (n = 31)

Low−ascending (n = 77) Mod.−ascending (n = 62) High−ascending (n = 27)

Linear (n = 21) Low−bell (n = 55) High−bell (n = 7)

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

2

3

4

5

6

7

8

9

10

0.0 0.5 1.0
SSI criterion

N
um

be
r 

of
 c

lu
st

er
s

B

2



P
os
te
d
on

A
u
th
or
ea

18
A
u
g
20
20

—
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
59
77
43
17
.7
63
87
55
5
—

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
.

●

●

●
●

●●

●●

●

●

●

●

●

●

●

b ab ab a ab ab a ab a

0

50

100

150

200

250

ye
ar

A: Tree age

●

●
●
●

●●

●●

●

●
●

●

eg f a g fg cd de bc ab

10

15

20

25

30

cm

B: Tree DBH

● ●

●

●

●

●

●

●

●

●

●

ed e ab e e bd cd ab a

0

5

10

15

20

m

C: Tree height

●

●

●

●

●
●

c d a e c b c b ab

0.00

0.25

0.50

0.75

1.00

1.25

m
m

D: Mean ring−width

●

●

●
●●

●
●

●●

●●●
●

●

●

d e ab e b a c bc a

0.00

0.25

0.50

0.75

1.00

m
m

E: Ring−width standard deviation

●

●

●

●

●

●

●

●

●

cd cd a e e cd d ab bc

0.0

0.1

0.2

0.3

0.4

0.5

m
m

F: Ring−width 5th percentile

●

●

●

●●

●

●
●

e f ab g cd a de bc a

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Lin
ea

r

Bell
-lo

w

Bell
-h

igh

Asc
en

din
g-

low

Asc
en

din
g-

m
od

er
at

e

Asc
en

din
g-

hig
h

Sine
-lo

w

Sine
-m

od
er

at
e

Sine
-h

igh

Growth pattern

m
m

G: Ring−width 95th percentile

Growth pattern Growth pattern

Lin
ea

r

Bell
-lo

w

Bell
-h

igh

Asc
en

din
g-

low

Asc
en

din
g-

m
od

er
at

e

Asc
en

din
g-

hig
h

Sine
-lo

w

Sine
-m

od
er

at
e

Sine
-h

igh

Lin
ea

r

Bell
-lo

w

Bell
-h

igh

Asc
en

din
g-

low

Asc
en

din
g-

m
od

er
at

e

Asc
en

din
g-

hig
h

Sine
-lo

w

Sine
-m

od
er

at
e

Sine
-h

igh

●

●

●

●

●
●

●

●

●

●

●
● ●

● ●

●● ●

●

●

●

●

●

●
●

●

●

●●
●

●

●
●

●
●

●

●

●

●

●●

●
●

●

●

●

● ●

●

● ●

●

● ●
●

●

●

●

●

●

●●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●
●

●

●
●

●
●

●

●

●

●

●

● ●

●

●
●

●

● ●● ●

●

●

●

●

●●
● ●
●●

●●

●

●
●●

●

●

●
●

●

● ●
●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

● ●
●

● ●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●●

●

●
●

●
●

●

●

●
●●

●

●

●

●● ●
● ●

●

●

●

●●

●

●

● ●

●

●

●

●
●

●

●●

●

●
●

●●

●

●
●
●

●

●
●
●●

●
●●

●

● ●

●

●

●

●
●●

●

●

●●
●

●●

●

●

●

●

●
●

●

●
●

●

●●

●

●10.0

12.5

15.0

17.5

20.0

22.5

25.0

27.5

30.0

50 75 100 125 150 175 200 225 250 275
Tree age (year)

D
ia

m
et

er
 a

t b
re

as
t h

ei
gh

t (
cm

)

Mean growth (mm/year)

●

●
●
●
●

0.25

0.50

0.75

1.00

1.25

Growth pattern

●
●
●
●
●
●
●
●
●

Linear

Low-bell

High-bell

Low-ascending

Moderate-ascending

High-ascending

Low-sine

Moderate-sine

High-sine

3



P
os
te
d
on

A
u
th
or
ea

18
A
u
g
20
20

—
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
59
77
43
17
.7
63
87
55
5
—

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
.

Suppressed

Intermediary

Codominant

Dominant

0 20 40 60 80 100

C
an

op
y 

la
ye

r

Occurrence (%)

Growth pattern

Linear

Low-bell

High-bell

Low-ascending

Moderate-ascending

High-ascending

Low-sine

Moderate-sine

High-sine

4



P
os
te
d
on

A
u
th
or
ea

18
A
u
g
20
20

—
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
59
77
43
17
.7
63
87
55
5
—

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

20

40

60

80

1850 1875 1900 1925 1950 1975 2000
Year

n

A: Number of trees

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●
●

●

●●●
●
●

●
●

●
●

●

●●

●

●

●
●

●

●

●
●

●

●

●●

●

●
●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●●
●

●

●

●

●
●

●

●

●●

●●

●

●

●

●
●
●●

●

●

●

●
●●

●

●

●●

●
●

●

●

●

●
●

●

●
●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●●

●
●

●●
●

●

●

●
●
●

●
●

●

●

●●

●●

●

●

●

●
●●
●●

●

●

●

●
●
●
●

●

●

●●
●
●

●
●
●

●

●
●

●

●

●
●
●

●

●
●

●

●

●
●
●

●
●

●

●

●

●
●

●

●

●
●
●

●

●
●

●

●●

●

●

●

●●

●

●●

●

●

●

●●

●

●
●

●

●

●

●●

●

●
●

●

●

●

●
●

●

●

●

●

●●
●

●

●

●
●

●

●
●

●

●

●

●●

●

●●

●
●

●

●●

●

●
●

●
●

●

●
●

●

●
●

●

●
●

●
●

●

●
●

●

●
●

●
●

●

●

●

●●
●

●
●

●

●

●

●●●

●
●

●

●

●

●

●●

●
●

●

●
●
●
●
●

●
●

●

●●

●
●●●●

●●
●

●
●
●●●

●
●
●

●
●
●
●

●

●

●
●

●●●

●
●

●

●

●

●

●●

●

●

●

●●

●
●●

●

●

●
●
●
●

●●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●●

●

●

●

●●

●

●
●

●

●
●

●

●

●

●
●

●

●●

●

●●

●
●

●

●

●
●

●

●
●●

●

●●
●

●●

●
●

●

●
●
●

●●

●

●

●

●

●
●

●

●
●

●

●

●

●●

●
●●
●

●

●
●
●
●●●
●

●

●●
●
●
●
●

●

●

●
●
●●
●

●●

●

●●
●
●●
●
●
●

●
●
●

●●●
●●

●

●

●
●
●●
●●
●

●

●
●●
●
●
●●

●

●

●

●
●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●●
●

●

●

●

●
●

●●

●

●
●

●
●

●

●

●

●

●
●

●
●

●

●

●
●

●
●

●

●
●

●

●●

●

●

●

●
●

●

●
●

●

●

●

●
●

●

●●

●●

●
●●●

●●

●
●

●●●
●
●

●

●

●

●

●●
●
●

●

●
●

●

●●

●
●

●

●

●●

●●

●
●
●

●

●●

●
●

●

●

●
●
●●

●
●

●

●

●

●

●

●

●
●
●

●

●●

●

●

●●

●

●

●
●
●

●

●
●

●

●

●
●

●

●

●
●

●

●

●
●

●

●

●
●
●

●
●
●
●

●●
●

●●

●

●
●

●●

●

●

●

●

●
●
●
●

●

●

●

●

●●●
●

●

●

●
●

●●
●●

●

●

●

●

●●
●
●

●

●●

●

●

●

●●

●

●●

●
●

●

●●
●
●●
●
●

●

●
●●●

●

●
●

●

●
●●
●

●

●●●
●
●
●
●

●

●
●●
●●●●

●

●

●
●
●●●●

●

●

●●●
●●
●

●

●
●●
●
●

●

●

●

●●
●
●
●

●

●

●

●●
●
●●

●

●

●

●
●
●
●●

●

●

●
●
●
●●●

●

●

●●

●
●●●

●

●

●
●

●

●●●

●

●

●●

●

●
●●

●

●

●
●

●

●
●
●

●

●
●

●

●

●

●●
●

●
●
●

●

●

●●●

●
●

●

●

●

●

●
●●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●
●
●

●

●

●

●

●

●
●
●

●

●
●

●

●

●
●●

●

●●●

●

●

●●

●

●●●

●
●

●●

●

●●
●

●
●

●

●

●

●●●
●●

●

●

●

●
●●

●
●

●

●

●

●●

●●

●

●
●
●

●
●

●●

●

●●●

●
●

●●

●

●●
●

●

●
●●

●

●●
●

●

●

●●

●

●●
●●●

●●

●
●●
●●●

●●

●
●●
●●
●
●
●

●●
●

●
●●
●●

●
●●

0

25

50

75

100

1850 1875 1900 1925 1950 1975 2000
Year

P
er

ce
nt

ag
e 

of
 tr

ee
s 

(%
) B: All releases

●

●

●

●

●

●

●

●

●
●
●
●
●

●

●

●

●

●●●
●
●

●

●

●

●

●

●

●
●
●

●●
●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●●
●

●

●●●
●●

●

●●
●●
●●
●●

●●

●
●

●

●
●
●●

●

●●

●
●
●
●

●

●●

●
●

●
●

●
●
●

●

●
●●
●
●
●

●

●●●●
●

●

●

●

●

●●●

●

●

●

●

●
●●●

●

●

●

●
●●

●
●

●
●

●
●
●

●

●

●
●

●●
●

●
●

●

●

●●
●
●
●

●

●

●●●

●
●

●

●

●
●●●

●
●
●

●

●

●
●
●

●●

●

●
●

●

●

●

●
●

●

●●

●

●●●
●

●

●
●

●
●

●

●
●
●
●
●

●

●

●

●●

●

●
●

●

●●●●

●

●
●

●

●
●

●
●

●

●●

●

●●

●●

●

●
●

●

●●●
●

●

●●

●
●
●●
●
●

●●
●●●
●●
●

●●
●
●●
●
●

●

●
●
●
●●
●
●
●
●●

●

●
●

●

●●●
●

●

●
●

●
●
●

●
●

●

●●

●
●●
●
●
●

●●●●●●
●
●

●●●●●●●
●
●●●●
●
●●
●
●●●●
●
●●
●●●●●●●●

●
●
●●

●
●
●
●
●●
●●

●
●
●
●
●

●
●●

●
●

●

●

●

●●
●

●●

●

●
●
●
●●
●●

●

●

●

●

●

●●

●
●

●

●

●●
●

●

●
●

●

●

●

●

●

●

●
●

●

●●
●

●

●

●●

●

●
●
●

●

●

●
●

●

●
●●

●●
●●

●

●
●

●

●

●

●

●

●

●

●
●

●

●
●
●

●

●
●●

●

●

●●

●

●
●
●

●

●

●●

●

●
●

●●●

●●

●

●
●
●●●
●
●
●

●

●
●
●
●●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

●
●

●

●

●

●

●●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●●

●

●

●

●
●

●
●●
●

●

●
●●

●●
●

●

●

●
●
●

●
●
●

●

●

●

●●

●

●
●

●

●

●

●●

●

●
●

●

●

●

●●
●
●

●
●
●

●
●●
●●

●
●
●

●●●●●

●●●

●●●●●
●
●●

●●●
●
●
●
●●

●●●
●
●
●
●●

●●●
●●●

●
●
●
●●

●
●
●●●●
●●

●

●
●
●
●●
●●

●

●

●
●●●
●
●

●

●

●

●
●
●

●
●
●

●

●

●
●●
●
●
●
●

●
●
●
●●●
●●
●●●
●
●●

●
●●
●●
●

●●

●

●●

●
●

●●

●

●

●●

●

●●
●

●

●
●

●

●

●
●
●

●

●
●
●

●
●
●●

●
●●

●

●●

●●
●●●
●

●●
●●●●●●●●●●
●●
●
●
●
●
●●
●
●
●

●●
●
●●
●
●●●●
●
●●
●●
●
●●
●
●●
●●
●

●●●●●
●●
●

●●
●
●●
●
●

●

●●

●
●●
●
●

●

●●
●

●●
●
●
●
●●●●●
●
●
●●●●●●

●

●
●●
●●●●

●

●
●●
●
●
●●

●

●
●●
●
●
●●

●

●
●
●
●

●
●●

●

●
●
●
●

●

●●
●
●●
●
●
●

●●
●●
●●
●

●

●
●●●●

●

●

●

●
●
●●●

●

●

●

●

●

●●

●

●

●

●

●
●
●

●

●

●

●

●

●
●

●

●

●
●

●

●

●
●●

●

●●

●

●

●

●●●

●●●

●

●

●
●

●

●
●
●

●
●

●

●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●
●

●
●

●

●●●
●
●

●●

●

●●●
●●
●●
●

●●●
●●
●●

●

●●
●
●●
●●

●
●●●
●●
●●
●●
●●
●●
●●
●●●●
●●
●●
●●●
●
●
●
●●
●●●
●●
●●●

●

●●0

25

50

75

100

1850 1875 1900 1925 1950 1975 2000
Year

P
er

ce
nt

ag
e 

of
 tr

ee
s 

(%
) C: Major releases

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●●
●
●●

●
●

●
●

●
●

●
●
●
●
●
●
●
●

●
●●●
●
●●●
●
●

●●
●

●

●●●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●●

●●

●

●

●●

●
●

●

●

●

●●

●
●
●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●●

●

●

●

●
●
●
●

●

●

●

●

●

●
●

●

●
●

●

●

●

●●
●●

●

●

●

●●
●
●●●

●

●

●●
●
●
●●
●

●
●
●

●

●●●
●
●

●
●

●●
●●
●
●

●

●

●
●●●●

●

●

●
●●●
●●

●

●

●

●●●
●
●

●

●

●
●●

●●●

●

●

●

●●

●

●
●

●

●

●
●

●

●

●●

●

●

●●

●

●

●●

●

●

●
●●

●

●●

●

●

●

●
●

●

●●

●

●

●

●●

●

●●

●

●

●●●
●

●
●

●

●

●

●●
●

●
●

●

●
●
●

●

●
●
●

●

●
●●

●
●

●
●

●

●

●
●

●

●●
●

●

●

●●
●

●

●●

●

●

●

●
●●

●●

●

●●
●

●

●

●

●
●

●

●

●

●

●

●

●
●
●●
●

●

●

●

●●

●

●

●

●
●

●

●
●

●

●●

●

●

●

●
●
●

●●

●

●

●

●●●

●
●

●

●

●

●
●●

●

●
●

●

●

●

●
●

●

●●
●
●
●
●
●

●

●●
●●●●

●

●

●
●

●

●
●●

●

●
●

●

●

●
●
●
●
●
●
●

●

●
●
●
●
●●
●

●
●
●
●
●
●●●

●●
●●
●
●●●

●
●●●
●
●●●

●

●●●
●
●●●

●

●●●
●
●●●
●
●●●●●●●
●●●●●●●●●●●●●●●●●

●
●●●●●●
●●
●●●●●●
●●●●●●
●●
●●●●●●
●
●●●●●●●
●
●●●●●●●
●●●
●●
●●●
●●●●●
●
●
●

●
●
●●
●
●

●●
●
●

●
●
●●
●●
●
●●●●●

●●●
●●
●
●●

●●
●
●●
●
●●

●

●
●●●

●

●

●

●

●

●●●

●
●
●

●

●

●●●

●
●●
●

●
●
●●

●
●
●●

●
●
●●

●

●

●
●

●●
●●
●

●

●
●

●●

●

●●

●
●

●
●
●

●

●
●

●
●

●
●

●

●

●●

●

●

●●
●
●

●●

●
●

●●

●●

●
●

●●

●
●

●●

●
●

●
●

●
●

●●
●●
●

●

●

●

●
●

●
●●
●

●

●

●●●
●●●
●

●

●
●●●●●●

●

●
●
●
●●●●
●
●
●
●●●●●●●
●
●●●●●
●●●
●●●
●
●
●●●●
●
●
●
●
●●
●●●●
●
●●
●
●

●

●

●
●●●

●

●

●

●

●
●
●●
●

●

●

●

●
●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●
●

●

●

●

●

●

●

●●

●●

●

●

●

●
●
●

●●

●

●

●

●
●

●
●
●

●

●

●

●

●

●●

●

●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●
●

●
●●

●

●

●

●●
●●●

●

●

●

●
●
●
●●

●

●
●

●
●
●●
●
●

●
●
●
●●
●●
●

●
●
●●
●

●
●●
●
●
●
●
●

●
●●
●
●
●
●

●

●●●
●
●●
●
●

●●
●

●
●●

●
●

●●●●
●●

●
●

●●●●●
●●

●

●●
●
●●

●
●

●

●●
●
●●

●

●

●

●●

●●●

●

●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●
●

●

●
●
●

●

●

●●

●

●●
●

●

●

●●

●

●●●

●

●

●

●

●

●●●

●

●

●

●

●

●
●●

●

●

●●

●

●●
●

●

●

●●
●

●●●
●●●●

0

25

50

75

100

1850 1875 1900 1925 1950 1975 2000
Year

P
er

ce
nt

ag
e 

of
 tr

ee
s 

(%
) D: All suppressions

●
●
●
●
●
●
●
●
●
●
●
●●●●

●
●●
●●
●●
●●
●●
●●●
●
●●●
●
●●●●

●

●●●

●

●●●

●

●●●

●

●●●
●
●●●
●
●●●
●
●●
●

●●●●

●

●●●●

●

●

●●●●

●

●

●

●●●●

●

●

●

●
●●●●

●
●

●
●
●●●●

●

●
●
●●●●●●●●●●●
●
●●●●●
●
●●●●●●
●●
●●●●
●●●
●●●●●
●●
●●●●●
●●●●●●●

●

●●●●●●

●

●●●●●●
●
●●●●●●●●●●●●●

●
●
●●●●●●

●

●
●●●●●●

●
●
●

●

●●●●

●

●●●●●●●
●
●●●●●●●
●
●●●●●
●
●

●

●●
●
●●
●
●●●●
●
●●
●
●●●●
●
●●
●
●
●
●●
●
●●
●
●
●
●
●●●●
●
●
●
●●
●
●●
●
●

●
●●●
●●
●
●

●
●
●
●
●●●●
●●
●
●

●●●●
●●
●
●
●
●●●
●●

●

●●
●●●●
●

●

●

●
●●●
●
●
●

●●
●
●●
●
●●

●●
●
●●●
●
●
●●
●●●●●
●●

●
●
●●●●●

●

●

●
●●●●●
●
●●
●●
●●●

●

●●
●●●●●

●
●●
●●
●
●●

●
●
●

●●●●●

●
●●●●●●●

●
●●●●●●●
●
●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●●●●●●●●
●●●●●●●●
●●●●●●●●
●
●●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●
●
●
●
●●●●●
●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●
●●●●●●●
●
●●●●●●●
●
●●●●●●●
●
●●●●●
●●●●●●●
●●●
●
●●●●
●
●

●
●
●●●
●●
●

●
●

●●

●●
●
●

●

●

●●
●●●
●

●

●
●●
●●●●
●
●
●●

●

●●●
●
●
●
●

●

●
●●●
●
●
●

●

●●●
●●●●

●

●●
●

●●
●●

●

●●
●
●
●●●
●

●●●●
●●●
●
●●●●
●●●
●
●●●●
●●●●●●●●●●●●●●●●

●●●●●
●
●●
●●●●●
●
●●
●●●●●
●●●●●●●●
●
●●●●●●●
●●●●●●●
●●
●
●
●●●
●●
●●●
●●
●●
●●●●
●●
●
●●
●●
●●●
●
●
●●●●●●
●

●
●●●●●●

●

●●
●●●●●

●

●●
●●●
●●

●

●●
●
●
●

●●

●

●●●
●●
●●

●

●●

●

0

25

50

75

100

1850 1875 1900 1925 1950 1975 2000
Year

P
er

ce
nt

ag
e 

of
 tr

ee
s 

(%
) E: Major suppressions

5



P
os
te
d
on

A
u
th
or
ea

18
A
u
g
20
20

—
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
59
77
43
17
.7
63
87
55
5
—

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
.

●

●

●

●

●
●

●

●

●

●

●
● ●

● ●

●● ●

●

●

●

●

●

●
●

●

●

●●
●

●

●
●

●
●

●

●

●

●

●●

●
●

●

●

●

● ●

●

● ●

●

● ●
●

●

●

●

●

●

●●
●
●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●
●
●

●

●
●

●
●

●

●

●

●

●

● ●

●

●
●

●

● ●● ●

●

●

●

●

●●
● ●
●●

●●

●

●
●●

●

●

●
●

●

● ●
●

●

●

●
●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●●

●
●

●

●

●

●
●

●

●

●

●

●
●

●
●

●

●

●

●

●

● ●
●

● ●

●

●

●

●

●

●●

●

●

●
●

●

●

●

●

●●

●

●
●

●
●

●

●

●
●●

●

●

●

●● ●
● ●

●

●

●

●●

●

●

● ●

●

●

●

●
●

●

●●

●

●
●

●●

●

●
●
●

●

●
●
●●

●
●●

●

● ●

●

●

●

●
●●

●

●

●●
●

●●

●

●

●

●

●
●

●

●
●

●

●●

●

●10.0

12.5

15.0

17.5

20.0

22.5

25.0

27.5

30.0

50 75 100 125 150 175 200 225 250 275
Tree age (year)

D
ia

m
et

er
 a

t b
re

as
t h

ei
gh

t (
cm

)

Mean growth (mm/year)

●

●
●
●
●

0.25

0.50

0.75

1.00

1.25

Growth pattern

●
●
●
●
●
●
●
●
●

Linear

Low-bell

High-bell

Low-ascending

Moderate-ascending

High-ascending

Low-sine

Moderate-sine

High-sine
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