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Criteria and indicators for sustainable forest
management. Helsinki 1993, Lisbon 1998,
Vienna 2003, Warsaw 2007

Criteria for sustainable
forest management

Indicators

Forest resources

timber resources, area of forest,
extension of area

Health and vitality

stability, fitness, elasticity

Productive functions

growth, yield, net return

Biological diversity

habitat quality, richness
flora/fauna, conservation

Protective functions

soil, water, climate, noise, protection

Socio-economic
functions

employment, recreation,
esthetics, proximity to nature
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Growth and yield of mixed-species versus
pure forest stands

1 Introduction: Experimental set-up, data, evaluation
2 Overview of mixing effects in temperate forests

3 Spatial and temporal variation of mixing effects

4 Effects on stand density or tree growth efficiency
5 Tracing mixing effects from stand to tree level

Summary and perspective

Seminar held on June 6%, 2013 at the University of Palencia, Spain
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1 Experimental set-up, data, evaluation
substitutive resp. initially substitutive design
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1 Experimental set-up, data, evaluation

spruce
pure

10 20m

P12 =PP1,2) TPP1),2

Pretzsch (2009) Forest Dynamics, Growth and Yield, Springer, 653 p.
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1 Experimental set-up, data, evaluation
ratio of productivity in terms of absolute performance

P1 P12
3 ha-lyr-1
20 (m3 ha-Tyr-1)
18 |
16 |
14 ] enz® PP1,2) T PP)2
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P <4g L7
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6 | 1,2) = PP1,2) /My /Py
4 T Ty
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productivity in the mixed stand : pp;),, PPy 2y, Mit P, = PP(1)2 + PP12)
mixing proportions : m;, m,

productivity of pure stands:p;, p,

Pretzsch, H., Block, J., Dieler, J., Dong, P. H., Kohnle, U., Nagel, J., Spellmann, H., and Zingg, A. (2010):
Comparison between the productivity of pure and mixed stands of Norway spruce and European beech along an
ecological gradient. Annals of Forest Science, 67, DOI:10.1051/forest/2010037

TUT
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1 Experimental set-up, data, evaluation

cross diagrams: productivity (left) and ratio of
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Pretzsch, H., Block, J., Dieler, J., Dong, P. H., Kohnle, U., Nagel, J., Spellmann, H., and Zingg, A. (2010):

Comparison between the productivity of pure and mixed stands of Norway spruce and European beech along an

ecological gradient. Annals of Forest Science, 67, DOI:10.1051/forest/2010037

TUT
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1 Experimental set-up, data, evaluation

&
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1 Experimental set-up, data, evaluation
variation of mixing effects during stand
development

&
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1 Experimental set-up, data, evaluation
overyielding, transgressive overyielding

Growth (m3ha-1yr-1
20 ( yr-1)
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1 Experimental set-up, data, evaluation

Periodic annual increment (m3 ha-1 year-1)

Periodic annual increment (m3 ha-1 year-1)

Periodic annual increment (m3 ha-1 year-1)

16 Total 0% Acacia @ 25% Acacia O A. mearnsii 0% Acacia @ E. globulus
25% Acacia O 50% Acacia A 25% Acacia O
50% Acacia A 75% Acacia A 50% Acacia A
75% Acacia A 100% Acacia & 75% Acacia A
12 | 100% Acacia &
8 4
4 - f
0
0 5 10 15 0 5 10 15 0 5 10 15
Age (years) Age (years) Age (years)
Mean annual increment (m3 ha-1 year-1) Mean annual increment (m3 ha-1 year-1) Mean annual increment (m3 ha-1 year-1)
16 4 Total 25% Acacia O A. mearnsii 0% Acacia @ E. globulus
50% Acacia A 25% Acacia O
75% Acacia A 50% Acacia A
100% Acacia # 75% Acacia A
12 |
8
0% Acacia ® M
4 - 25% Acacia O
50% Acacia A
75% Acacia A
100% Acacia #
0 5 10 15 0 5 10 15 0 5 10 15
Age (years) Age (years) Age (years)

Forrester et al. (2006) Mixed-species plantations of Eucalyptus ..., Forest Ecology and Management 233:211-230
Forrester, unpublished data from Cann River Exp., precip. 850 mm yr', mean temp. 14.4 °C, Southeastern Australia

TUT



/4' Waldwachstum
Systemanalyse

1 Experimental set-up, data, evaluation

&

MAI (m3 ha-1yr-1) MAI (m3 ha-1yr-1) MAI (m3 ha-1yr-1)
2 12 12 12 12 12
pure mixed pure pure mixed pure pure mixed pure
Eucalyptus globulus Acacia mearnsii Eucalyptus globulus Acacia mearnsii Eucalyptus globulus Acacia mearnsii
10 =110 10 1 10 10 L 10
Age 4 o Age 9 Age 15
8 o 8 81 8 8 8
6 6 6y 6 B e i 6
4 4 4] N 4 4 4
2 : 2 2 N 2 2 2
0¥ . . . 10 ol . . — o ol . . . N o
0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0 0 0.2 04 06 0.8 1.0
Macacia mearnsii Macacia mearnsii MAcacia mearnsii
Forrester et al. (2006) Mixed-species plantations of Eucalyptus ..., Forest Ecology and Management 233:211-230 m
Forrester, unpublished data from Cann River Exp., precip. 850 mm yr', mean temp. 14.4 °C, Southeastern Australia
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1 Experimental set-up, data, evaluation
Survey over 50-100 years as exception
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1 Experimental set-up, data, evaluation

20

15

10

growth versus yield for evaluation

Trial Age first - | sur- Relative growth Relative total vield
last survey | veys RPA RYA
year n
n mean min age max age final age min max
WAB 105
S. oak 33-105 10 1.38 1.24 105 1.84 49 1.10 105 1.05 1.18
E. beech 33-105 10 0.87 0.75 105 1.10 49 1.02 105 1.02 1.35
total 33-105 10 (.95 .84 91 1.24 49 1.04 105 1.04 1.28
WAB 106
S. oak 44-116 10 1.04 0.92 60 1.20 109 0.92 116 0.81 0.92
E. beech 44-116 10 (.85 0.76 102 0.95 60 0.96 116 0.96 1.14
total 44-116 10 0.92 0.85 102 (.95 116 0.94 116 0.94 (.95
WIE 114
N. spruce 46-103 10 0.96 0.76 80 1.14 54 0.97 103 0.97 1.05
E. beech 64-121 10 1.16 1.00 74 1.28 106 1.17 121 0.97 1.17
total 10 1.05 0.88 98 1.14 121 1.04 121 1.02 1.05
MIT 101
N. spruce 50-123 7 1.03 0.86 57 1.60 123 0.92 123 0.92 1.05
E. beech 50-123 7 1.01 0.91 57 1.08 69 1.32 123 1.06 1.34
total 50-123 7 .98 .88 57 1.07 117 1.14 123 1.05 1.14
ZWIL111/1
N. spruce 59-113 9 1.01 0.79 74 1.43 102 1.03 113 1.02 1.12
E. beech 78-132 9 1.14 0.97 93 1.42 111 1.11 132 1.07 1.12
total 9 1.05 0.85 74 1.35 102 1.06 132 1.03 1.12
Growth (m3ha-1yr-1) Yield (m3ha-1)
1600
Yi2
1400 1 A
1200 4 Y12
1000 1
P2 800 1
ral <
P12 600
400 1
tq ta ts ts 202 i to ta tg
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

Stand age

Stand age

TUT
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1 Artificial age series FRE 813 in mixed Norway

spruce and European beech stands
(plot 1 = SFB 607 - Experiment)

&

plot 5 plot 1

plot 2 plot 4 plot 3
spruce 82 a., beech 102 a. spruce 93 a., beech 108 a. spruce 125 a., beech 155 a.
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1 Experimental set-up, data, evaluation
Mixing effects may become obvious especially in
fully stocked stands

&

5 Yield (m3 ha-1) 12 RPA
Western hemlock Douglas fir " | Western hemlock Douglas fir
1.729 trees hal 1729 trees ha-!
100{ __—7 _------ }" =5 10 = —
80- \\\ 1.729 trees ha! //’ 0_8-
60 - 4 0.6
40- /// \\\ 0‘4_ /// \\\
A g . 1.729 trees ha! > - p ’ &
20 - 7 ~. 0.2 -
0 : . . . 0+= . ' . . -
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Mpouglas fir Mpouglas fir
Amorosos M. M. and Turnblom, E. C. (2006) Comparing productivity of pure and mixed Douglas-fir and western “.m
hemlock plantations in the Pacific Nothwest, Can. J. For. Res. 36:1484-1496
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1 Design of the long-term mixing experiment in
Norway spruce and European beech Zwiesel 111/1-8

R

ZWI 111 “Scheuereckriegel” und “Hollbachschlag”,
Anlage 1954, 8 Parzellen, 2.04 ha

@ Fichte
(O Buche
@ Tanne
@ SLbh.

Pretzsch (2009) Forest Dynamics, Growth and Yield, Springer, 653 p. TuTI
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1 Design of the long-term mixing experiment in
Norway spruce and European beech Zwiesel 111/1-8

Sumr}\_ary 1:

 Relative productivity is good, relative yield even
better for evaluation of mixing effects.

 Cross diagrams visualize mixing effects.

* Triplets should cover different mixing proportions
and stand densities.

o b =
A & RS 'a \
\ /& B . o, -
J ,.cg' e 5 = % . @ Fichte
Vo@ 5\ O Buche
A

\ RO L @ Tanne
- - @ SLbh.

Pretzsch (2009) Forest Dynamics, Growth and Yield, Springer, 653 p. TuTI
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Growth and yield of mixed-species versus
pure forest stands

2 Overview of mixing effects in temperate forests

Seminar held on June 6%, 2013 at the University of Palencia, Spain
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2 Overyielding in mixed versus pure stands of
Eucalyptus globulus Labill and
Acacia mearnsii De Wild.

&

RYA MAI (t ha-Tyr-1)

2 2 10 10
pure mixed pure pure mixed pure
Eucalyptus globulus Acacia mearnsii Eucalyptus globulus Acacia mearnsii

0 . . . . 0 r . T . N
1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0
ME. globulus ME. globulus
Forrester et al. (2006) Mixed-species plantations of Eucalyptus ..., Forest Ecology and Management 233:211-230 m
Forrester, unpublished data from Cann River Exp., precip. 850 mm yr', mean temp. 14.4 °C, Southeastern Australia
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2 Overview of mixing effects in temperate forests

Psp, (be) (m3 ha-1 yr1)
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2 Relative productivity of mixed Norway spruce/
European beech versus pure stands

&

Fal
. PAIBgp, be / PAIBgp, be - PAIBsp, (be)/ PAIBsp . B PAIB(sp), be / PAIBpe 5
Norway spruce + European beech Norway spruce European bgech :
RPA =118 %
2 2

1 +1.22thatyrt [??] &

." L] 2
0 : : : . 00 ; : : . 0 ok : : : 0
0 0.2 0.4 0.6 0.8 1.0 1.0 0.8 0.6 0.4 0.2 0 0 0.2 0.4 0.6 0.8 1.0
mixing portion mpe mixing portion mgp mixing portion mpe

RIDsp,be = RI:’Psp,(be) + RI:Psp,(be) =msp x RI:P(sp),be =My, x
RPP ;) b (1-0.013 x m,), (1+1.115 x m,),

n =236, R2=0.12, p<0.05 n =221, R2=0.33, p<0.001

Pretzsch (2005) Ecological Studies 176 TI.ITI

Pretzsch et al. (2010) Ann. For. Sci. 67
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2 Relative productivity of mixed oak/
beech versus pure stands

Fal
3 F"f“ﬁl\"'oak, be / PANoak, be

* " Oak + European beech

RPA =117 %
21 . +15thatyr!

*
&+

O 02 04 06 08 10
mixing portion mpe

0

3 PAIVoak, {be) J'Ir F'AIVOEK

Oak

10 08 06 04 02 0
mixing portion mgak

PAIV(OEK), be J'Ir PAIVbe
3

——— — —y— e — — —————— —

O 02 04 06 08 10

European beech

mixing portion Mpe

Pretzsch et al. (2013) Productivity of mixed versus pure stands of oak and European beech

Eur J Forest Res, DOI 10.1007/s10342-012-067 3-y

TUT
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2 Productivity of mixed stands with three species
versus pure stands
Norway spruce, Silver fir, and European beech

|
RPA=124% [ 4
+1.6 t ha! yr

RP: sp/fir/be 1.24 (+ 0.05)
AP: sp/fir/be 1.60 t ha! yr-1
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2 Overyielding of mixed stands compared with
pure stands of spruce, pine, fir beech, and, oak

N. spruce/ S./C. oak/ S. fir/ S. pine/ S./ C. oak/ N. spruce/
E. beech E.beech N.spruce E.beech E. beech/ S. fir/
n=213 n=217 n=21 n=32 S. pine E. beech

n=9 n =66
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2 Notorious overyielding of beech in mixture

N. spruce/ S./C. oak/ S. fir/ S. pine/ S./ C. oak/ N. spruce/
E. beech E.beech N.spruce E.beech E. beech/ S. fir/
n=213 n=217 n=21 n=32 S. pine E. beech

o) n=9 n =66
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1
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1
1
|
1

Relative productivity 1.0

1.0 }
85 B 5 8 5 85 & §
o) °o = ol O_mg 2 0
Szuw Swnuw Swnz Svnuw Svnwm Szwuw



/7, Waldwachstum
_&/ Systemanalyse

2 Pure and mixed species stands of Sessile/Common
oak and European beech along an ecological transect
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2 Pure and mixed species stands of Sessile/Common
oak and European beech along an ecological transect
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Growth and yield of mixed-species versus
pure forest stands

3 Spatial and temporal variation of mixing effects

Seminar held on June 6%, 2013 at the University of Palencia, Spain
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3 Mean height of the pure oak and beech stands at
age 100 as indicator for site quality

h . Top height (m
5o Natoo (m) 1:1 45 p height (m) —
European beech i
= 10 s g 35 | / .
© S 30 1 28
Y o $ 3 ; 24
= 30 . / ' i é
. 1 | <> _ 5 - [T 20
el _ / 15
20 - /.'  o 10 4
Oak 5
10 T T T 0 L} L] 1 L} 1
10 20 30 40 50 0 20 40 60 80 100 120 140
oak: 20-35 m Rg100 (M) stand age (yrs)
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3 Site index (hg in m at age 100) as modifier of mixing
reactions between oak and beeh

&

5 PAIV oak, (be)/PA'Voak 3 PA|V(oak)’ be / PAIVpe

Oak European beech

0 , . . ; =% 0 . . , .
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Oak mixing portion mpe Beech Oak mixing portion Mpe Beech
RPPoak,(be) =m°ak X (1 + 4.685 X mbe - RPP(oak),be= mbe x (1 + 4.033 x moak -
0.145 x Mpe ¥ hqoak) 0.122 x Myak * hqbe )
n =296, R2= 0.46, p<0.01 n = 428, R2= 0.37, p<0.01

TUT
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3 Site index (hg in m at age 100) as modifier of mixing
reactions between oak and beech

5 I:1|_""""‘|Voak, (be) |:“:”D\N(oak), be ® 5 I:“:)""“\*'oak, be
g e Oak + European beech
L]
4 -
3
ot 1 ____-'___.-.m-..._._:_:__
T L] L 0 T L] L
10 20 30 40 50 10 20 30 40 50
hQoak » NApe (M) hadpe (M)

RPoak,(be) - 2.250 - 0-038 X hqoak
n = 289, R2=0.14, p<0.001,***

RP(oak),be - 1.841 - 0.023 x hqbe
n = 420, R2=0.05, p<0.01, **

RP yaicpe =1.816 -0.025 % hq
n = 242, R2=0.07

1.816 ( 0.165), p<0.001, ***
-0.025 (+ 0.006), p<0.001, ***
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3 Facilitation and competition in dependence on
site conditions (hq) at age 50

2.0

0.5

hq,.=25m

RPA hq,.x =21 m

Oak Beech

+55 %

06 08 10
mixing portion mpe
Py Pz P2

0.4

5 (m3 ha-1yr1)

10

Oak *+4 mha’lyr! Beech

04 06 08 10

mixing portion Mpe

2.0

hgq,=29m

BPA hqy. =26 m

Oak

+259% Beech

06 08 10
mixing portion mpe
Py Pz P2

0.4

m3 ha-1 yr-1
15( yr)

10

Oak +2 m3hayr! Beech

0 0.2

04 06 08 10

mixing portion Mpe

hq,.=36 m
prb Goa™= 33 M
2.0
Oak -10 % Beech
1.5
e —————— — — =
-
-
-~
e -~
0.5 _
-~
-~
-~
-
0 . . .
0 0.2 04 06 08 10
mixing portion Mpe
Py Pz P2
m3 ha-1 yr1
15 yr)
Oak -1 m*ha’lyr! Beech
0 _————"__—
z
s
Ve
Ve
5
PP
Ve =
Ve
7
Z
0
0 0.2 04 06 08 10

mixing portion Mpe

Pretzsch et al. (2011) Productivity of pure versus mixed stands of oak (Quercus petraea (Matt.) Liebl. and
Quercus robur L.) and European beech (Fagus sylvatica L.) along an ecological gradient, submitted

TUT
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3 Spatial and temporal variation of mixing effects

&

RPA RPA RPA
5 5 - 5
Norway spruce Sessile / Common oak
4 4 a 4 4
3 4 34 3
24 24 24
E. be
14 14 % i [ P . o
ER "'n
0 . ; . 0 - ’ 0 . v ’
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Site index (m) Site index (m) Site index (m)
RPA RPA
5 5
v Scots pine Silver fir
4 4

10 20 30 40 50 40 50
Site index (m) Site index (m)



Study sites

=

Characteristics Pure pine Mixed pine-spruce
min max | min max

Number of 3 3

experiments (n)

Number of plots [8 6

(n)

Number of 125 91

observations (n)

First survey (year) I 1911 § 1932 | 1923 1928

Last survey (year) | 2008 2010 | 2008 2010
pre—

Number of 14 16 15 16

surveys (n) —

Age at last survey | 131 132 124 133

(yr)

ho (m) last survey | 29.7 36.0 | 33.1 36.3

N (ha')la.surv. | 165 324 | 123 324

SDI (ha') la. surv. | 396 755 548 807

Site index (m) la. | 28.3 32.1 28.3 32.1

surv.

dq (cm) la. surv. 39.1 47.0 38.8 453

PAI (m’ha’yr)1. | 2.4 7.0 4.0 12.5

surv.

V (m® ha) la. 332 714 | 452 721

surv.

Overview on the observational plots
included in the study

N Ny |

N ! 124§
L0s9 M Loee Y 2 81 §
i i ) 5 LSt 8S0101-11f
016 20 (0 Ry 610 BQL NN ,’t-',ﬂ.l 9,52
, ) 406 " Db B3 NN N2, &
X N 38 ) A
- Example of selected experiment: S ol:
1309 ol
Maskulinskie Forest District o0 foo % i
3,93 v 14,3U o UO?
//—kr\-j‘ &2 qud 55073 ?2[‘ 5 :
=3 , ~
(bSob6-11 AT 9Dn73 ' B
02 ’l‘aerm 0- o 3
: 027
g\ 14 SCH 10 13 o
4 \ 2597 - 1 W
I \s \, 230 75098 16h=
Y [ LKA 3 o 15 (113,37 7]
307N o = ~ 15 .
(6m | | > 0 a i3 4
; | 850113 |9 foiofix Iz 3 | 7
A\ 0,93 fSD[,-; 50 ‘\—'.D"";' B
. R v <] | -F g
S 0,06’\; 0,28 Ll m {asl
71, 3 8So71- 11 %\ _a_ Lim]])
¥ 7;;,=SCI_=II-;1@‘9 1 iPo108-1,1 ¢ 0% 8305 | 0gl) N
— 0.26 2 oy /
é) or. 2 el 3 3 /4
22 ; Vo AESo 0P
P s K/ V566
‘11.80 =
) 50 it
. L 13 ! Gr ZPP
TR g ﬂsgoggs 2 . Nida
N 7 : g la 14659
00 3 81Md .'1—12 5 (253
i BN (2807
07 ¢ | p
% 12003 | 75693-0.9 4651
Ll Sob8-114 127 2323 iR (s
Y AT 0m 695 00 i 0428
00 12022 i O}?S I f?SO
eSe o pure pine stand 0, 8
eSE g p1ne-sp C cd

TUM, Freising, 27.05.2013 - Kamil Bielak, WULS, Department of Silviculture
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Comparison of periodic mean annual increment

Data

(PAI)
PAI pi, (sp) [m311a-lyr1] 12 PAI (pi). sp [mSha-lyrl] 1.2
30 30 /
a5 |  Mixed Scots pine W= ™ wa o* Norway spruce g
: ot :
A A
20 20 A
A A A
A a ‘i N
. . * B ‘A*‘ * A
4 #33 . A :‘ ‘A
» & a
10 1 " S . 10 A “‘l
*” 4, * :
*e 4 *
3 z o 5 “
pure pure
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
PAT ,; [m*ha-lyr!] PAT , [m’hayr']
PAT ; o [m*hatyr] 12
30 /'_
. Scots pine + Norway spruce 4 .
- p Y SP 03 PAI mixed PAI pure PAI ratio
20 | Species mean + SD mean + SD | mean + SD
(m3halyr?) (m3halyr!)
P ‘g Scots pine 79+23 6.6+2.7 | 1.34£0.56
ol B D Norway spruce  15.3 £5.9 8.7+25 | 1.83£0.65
g" * Pine and spruce 9.6 +2.3 72+23 1.42+0.41
PP My =0.75£0.09
’ 0 5 10 15 20 25 30

. G
PAL ; o, [mha'yr']

TUM, Freising, 27.05.2013 - Kamil Bielak, WULS, Department of Silviculture



Martonne’s Index of Aridity (I,,)

Methodology

PAI [m*ha'ly!]

15
rd 7N
M Ed * 5\ N\
. ~ \\ h
10 s . JETRY 10
- '\\‘- o ~
\: » — 7 S N
S T S\ /N
See_ " LN / A \
- v/ - \
A w -~ \
5 \ e RETSPT RN 5
\ ’ - - .,
L ’ L
= = Periodic mean annual incriment of pine in pure stand N
—— Periodic mean annual incriment of pine in mixed stand
0 0
1910 1930 1950 1970 1990 2010
T[°C P [mm
15 (€l [ ] 1000
} 800
/\ / .‘ [ I' i ~1 \
[\ .l | AL .l r,- | N, ;!:‘ [ ,,s"‘ "‘:‘_.- | _‘\ 600
LWV p \WAPN'Y ““I'.-I1 _.':-"':‘\ . . ‘J,\"f", = :
.‘, hov g ..|f“-;j ) Jl'| W vt p : "".r
| Y il L L] l‘ 400
5
200
- - Mean annual temperature
0 —— Annual sum of precipitation 0
1910 1930 1950 1970 1990 2010

Years

P P — Sum of precipitation (mm)
I _ T — Mean temperature (°C)
ar
T+10

Included months: June, July, August

TUM, Freising, 27.05.2013 - Kamil Bielak, WULS, Department of Silviculture



Stress reaction growth pattern

Results in mixed verus pure stands
RPAL ;i ) @ RPAL; (o) A ] RPAT pi, sp
¢ @ - Scots pine Scots pine + Norway spruce
4 * A - Norway spruce 4

0 0
4 6 8 10 12 14 4 6 8 10 12 14
Martonne index [mm°C] Martonne index [mm°C']
RPAI | ()=2.703 - 0.153%*% x| RPAT |,  =2.470 - 0.112%%* x T
RPAI (i) sp 2.375-0.072* x L,

n =180, ***p < 0.001, *p <0.05
I,,- Martonne’s Index of Aridity

TUM, Freising, 27.05.2013 - Kamil Bielak, WULS, Department of Silviculture
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3 Temporal variation of mixing effects:
Analyses on stand level

&

18 PAl (m3 ha-1yr-1) fa PAl (m3 ha-1yr-1) 1.8 RPA
16 - Waldbrunn 105 pure 16 Waldbrunn 105 mixed 1.6 | Waldbrunn 105
14 PR 1.4 1
12 12 - 1.2 1
total
10 4 10 - 1.0 4
8 1 8 beech| 981
B 6 - 0.6 4
4 4 4 1 0.4 -
2 4 ! 2 4 0.2 -
0 T T - T 0 T T T T 0 . . -
20 40 60 80 100 120 20 40 60 80 100 120 30 40 50 80 70 80 90 100 110 120
Age Age Age
1.400 Precipitation (mm yr-1) Temperature (°C) 14 15 RPA
o Bavaria
1.200 4 Prempltatm;n ; 4 12
1.0001 10 M4 ;
beech o ®
800+ 8
6001 Temperature 6
4004 4 0.751
2001 2
0 : - 0 05 .
1870 1920 1970 2020 850 900 950 1,000
Age precipitation (mm yr-1)

TUT
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3 Temporal variation of mixing effects:
Retrospective analyses based on increment cores

&

baim - baip baim - baip
0.5 0.5
0.4 | oak, (beech) 0.4 spruce, (beech)
554 KEH 804 &5 " ARN 851
02 02{ A aA
0.1 1 0.1 1 A A
0.0 0.0 ]
A
o -0.1
SR 02 | -0.2 1 =
S Ay At
~~\.\,_.Jf—\\\_) -0.3 4 -0.3 L A
\./’(”— J.-/Ir/_-\ -0.4 1 -0.4 1
— 05 —_— 05 —_—
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18
baip baip
Rio del, M., Schiitze, G. & Pretzsch, H. (2013) Temporal variation of competition and facilitation in mixed species m
forests in Central Europe, Plant Biology, doi:10.1111/plb.12029
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3 Temporal variation of mixing effects:
Retrospective analyses based on increment cores

05 baim - baip 05 baim - baip
04 | oak, (beech) 0.4 beech, (oak)
g:g ROT 801 g:g o
ILL 38

0.1 RIM 102 0.1 RIM 102
0.0 J N 0.0 | —
-0.1 4 -0.1 4 .
-0.2 4 -0.2 4
-0.3 4 -0.3 ]
-0.4 - -0.4 4
-0.5 ; . - . . r - - -0.5 ' ' . . . r - -

00 02 04 06 08 10 12 14 16 138 00 02 04 06 08 10 12 14 16 18

baip baip

Be baim - baip Be baim - baip
0.4 spruce, (beech) 0.4 beech, (spruce)
0.3 | FRE 813 03 . FRE 813
iy NOR 811 - SON 814
0.14 ARN 851 0.1 NOR 811
0.0 4 0.0 4 :
0.1 i 01 1 R
-0.2 4 -0.2 4
031 03]
0.4 -0.4 |
05 — 05 ——

00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

baip baip
Rio del, M., Schiitze, G. & Pretzsch, H. (2013) Temporal variation of competition and facilitation in mixed species m
forests in Central Europe, Plant Biology, doi:10.1111/plb.12029
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3 Temporal variation of mixing effects:
Retrospective analyses based on increment cores

baim - bai im - bai
0.5.28m p 05 baim - baip

0.4 oak, (beech) 04 beech. (oak

Summary 3:

 Species interaction can change from overyielding on
poor sites to neutral-negative effects on fertile sites.

* Low growth periods may trigger positive interactions
and high growth periods foster competition.

* Behaviour according to stress-gradient hypothesis.

. ARN 851
&y \ NOR 811 0.2 4
0.1 ARN 851 0.1 NOR 811
0.0 - 0.0
-0 Y 0.1 _—
02 024
0.3

0.3
-0.4 4 -0.4

-0.5 T T T T T T b ¥ -0.5 T T T T T T v T
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

baip baip

Rio del, M., Schiitze, G. & Pretzsch, H. (2013) Temporal variation of competition and facilitation in mixed species m
forests in Central Europe, Plant Biology, doi:10.1111/plb.12029
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Growth and yield of mixed-species versus
pure forest stands

4 Effects on stand density or tree growth efficiency

Seminar held on June 6%, 2013 at the University of Palencia, Spain
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4 Analyzing the components of mixing effects:
Change in stand density and/or growth of trees

(]

NALDAN

+ Change in growth rate of mean tree — slower/faster growth —
indicates better nutrition of trees.
Requires adaptation of thinning intensity (e.g., return intervals).

® Change in stand density — higher/lower carrying capacity —
indicates long-term improvement of resource supply.
Requires adaptation of stand density management (e.g., SDMD).
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4 Effects on stand density rN or mean tree growth
efficiency rp

45 Relative growth of mean tree

| v I PZﬁXN

0 0.5 1.0 1.5 2.0
Relative stand density
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4 Effect of mixing on stand density rN" and mean
tree volume growth riv’ of Norway spruce and
European beech

rv'=riv'xrN'

Norway spruce
rN'=0.92 4

riv'=1.32 o

European beech
N'=1.23

riv'=1.09




/4' Waldwachstum
Systemanalyse

4 Effects on stand density or tree growth efficiency

&

Relative productivity of mean tree rp

— 5
N. spruce 1] ll : S. oak Il

E. beech

N. spruce

o T 3 3 4 s 0 1 3 5 & s
Relative stand density rN
Pretzsch et al. (2013) Mischung und Produktivitat von Waldbesténden. Ergebnisse langfristiger ertragskundlicher m
Versuche, AFJZ, 184 Jg.
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4 Effects on stand density or tree growth efficiency

&

n RN
N. spruce + E. beech 157 00 +0.0
N. spruce 157 0.89 £0.04
E. beech 157 1.27 £0.05
E.beech+ S.oak 156 1.64 £0.08
S.oak 156 0.99 +0.04
E.beech 156 2.34 0. 14
5 Relative growth of mean tree
S.fir+ N . spruce 15 [[1.15£0.10 '
S.fir 15 1.90 £0.21
N. spruce 15 0.78 £0.04
S. pine + N. spruce 12 1.54 0. 19
S. pine 12 0.99 +0.08
N. spruce 12 1.87 £0.22
S. pine + E. beech 33 1.44 +0.13
S. pine 33 1.22 £0.12 Y, m
E. beech 33 1.68 £0.18 0 . : .
0 0.5 1.0 1.5 2.0

Relative stand density
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4 Effects on stand density and mean tree
growth rate

In (tree number)

maximum stand density

7/

\ A growth rate

1 A stand density

In (tree size)

TUT
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1 Experimental set-up, data, evaluation
Mixing effects may become obvious especially in
fully stocked stands

&

5 Yield (m3 ha-1) 12 RPA
Western hemlock Douglas fir " | Western hemlock Douglas fir
1.729 trees hal 1729 trees ha-!
100{ __—7 _------ }" =5 10 = —
80- \\\ 1.729 trees ha! //’ 0_8-
60 - 4 0.6
40- /// \\\ 0‘4_ /// \\\
A g . 1.729 trees ha! > - p ’ &
20 - 7 ~. 0.2 -
0 : . . . 0+= . ' . . -
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Mpouglas fir Mpouglas fir
Amorosos M. M. and Turnblom, E. C. (2006) Comparing productivity of pure and mixed Douglas-fir and western “.m
hemlock plantations in the Pacific Nothwest, Can. J. For. Res. 36:1484-1496
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1 Experimental set-up, data, evaluation
Mixing effects may become obvious especially in
fully stocked stands

Summary 4:

» Species mixing can increase both growth rate of
mean tree and stand density.

* Trees can grow quicker and denser in mixture.

» Species-mixing effects can only partly be ,thinned

0 02 04 06 08 10 0 02 04 06 08 10

Mpouglas fir Mpouglas fir
Amorosos M. M. and Turnblom, E. C. (2006) Comparing productivity of pure and mixed Douglas-fir and western “.m
hemlock plantations in the Pacific Nothwest, Can. J. For. Res. 36:1484-1496
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5 Tracing mixing effects from stand to tree level

Seminar held on June 6%, 2013 at the University of Palencia, Spain
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5 Notorious overyielding of beech in mixture

N. spruce/ S./C. oak/ S. fir/ S. pine/ S./ C. oak/ N. spruce/
E. beech E.beech N.spruce E.beech E. beech/ S. fir/
n=213 n=217 n=21 n=32 S. pine E. beech

o) n=9 n =66

e 2.0

: ¥

whud

w —

0 v

S

: -

Q.

w
1
|
|
|
o
|
|
|
|
|
1
|
|
|
|
|
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|
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1
1
|
|
|
|
|
|
1
1
|
|
|
1
1
|
1
1
|
1

Relative productivity 1.0

1.0 }
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5 Classical measurement of tree and stand
structure

N N
W,
SwW
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5 TLidar Riegl Z420i for measuring crown
morphology and space occupation

measurement range: 2 — 1,000 m, accuracy (dist 50 m): <10 mm
minimum angle stepwidth: 0.004°, field of view: 80° x 360 ° TI.ITI
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5 TLidar provides voxel patterns and canopy
space occupation by plants

&

« radiation profile
and shading

« biomass allocation

e air corridors for birds
and bats

Bayer, Seifert, Pretzsch (2012) Structural crown properties of Norway spruce and European beech in mixed versus m
pure stands revealed by terrestrial laser scanning, Trees, DOI: 10.1007/s00468-013-0854-4
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5 TLidar for measuring tree-tree interaction
spruce-beech beech-beech

crown penetration
crown shyness
mechanical abrasion
canopy roughness and
stability
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5 TLidar for measuring crown morphology after
tree structure skeletonization

Crown hull

BranEH'-h_uII

= Doz

Height of max, crown width

» convex hull of crown or branches
« stem diameter, height, inclination
* branch number, length, angle ..

» wood quality
] Detailed crown projectiohn m
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5 Crown allometry of beech in mixed stands:
csa= f(SDI, species, d), SDI const. =463 N ha-'

csa (m?)
300 Data base:
E. beech / S. pine
2504 — E. beech/ S. oak 88 experiments
— E. beech / N. spruce 147 plots
— E. beech / E. beech 182 surveys
200 - 4,035 beeches:
1,977 be-be,
66 beech solitairs
150 - 1,020 be-oak
833 be-sp
139 be-pi
100 -
50 I I
0 1 1 T 1 T
0 20 40 60 80 100 120
d (cm)
Dieler, J. and Pretzsch, H. (2013) Morphological plasticity of European beech (Fagus sylvatica L.) in pure and m
mixed-speceis stands, Forest Ecol. Manage. http://dx.doi.org/10.1016/j.foreco.2012.12.049
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5 Morphological differences in intra- vs. inter-
specific environment despite of equal biomass

branch number
beech/beech 19 vs. 36 beech/spruce

branch length
4.8mvs. 4.3 m

branch angle
139° vs. 128°

branch straightness
96 vs. 94

stem inclination
2° vs. 3.5°

crown volume
25 m3vs. 59 m3

Bayer, Seifert, Pretzsch (2012) Structural crown properties of Norway spruce and European beech in mixed versus
pure stands revealed by terrestrial laser scanning, Trees, DOI: 10.1007/s00468-013-0854-4
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5 Overyielding of beech in mixture by wider
crown expansion and surpression of neighbours
during continuous stand development

In (growth) Relative growth rate

e

~120 %

In (size) Size
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5 Gap filling by Norway spruce and European
beech from 2006-2010
plasticity after disturbances

&

Norway % E : o r\;l‘of\iva‘)(‘_'Ji-"=
spruce N . TEAreesa s SPruce




/7, Waldwachstum
_&/ Systemanalyse

5 Gap filling by Norway spruce and European
beech from 2006-2010

» Mixing can trigger crown plasticity.
2 * In case of beech crown area increase, growth per

] crown area is constant, so growth rate increases.
1+ Continuous overlap or spontaneous expansion of
* crown can improve resource supply and yield.
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Summary and perspective

Seminar held on June 6%, 2013 at the University of Palencia, Spain
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Synopsis and perspective

Py Py Mean tree volume growth In(iv) Tree number In{N)

stand productivity
modified by
species mixing

1] 0.5 Mixing proportion 1.0 Mean tree volume In(v)

Py Py Py Py
Site conditions

environmental
conditions
as modifier

Periodic weather conditions.

0 0.5 Mixing proportion 1.0 0 0.5 Mixing proportion 1.0 —  Environmental conditions ~ +

Py Py

stand density
as modifier

0 0.5 Mixing proportion 1.0 m
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Synopsis and perspective

« Analoguous evaluation of additional mixtures.

« Causes with respect to environmental conditions
(experiments, transects).

 Causes in terms of structural traits of crown and root.

 Effect of density modification by spacing, thinning, and
other disturbances.

* Integration of mixing effects into process-based models
and individual tree hybrid models.

TUT
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Functions for regulation of the individual tree
growth in the SILVA 3.0 simulator

A height
At

crown -

diameter =1 »( height, diameter)

crownbase =f ,( height, diameter)

Adiameter
At

A diameter

height, diameter,
5

mortality , ,=f

competition, site conditions

=f  (height, crown, competition, site conditions)

Quantification of
competition

" KQF,
KKLj=i=218ETAii-KOFj-TMi

i#

=f 4(diameter, crown, competition, site conditions)
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Synopsis and perspective

relative growth rate In (tree number)
<~
NG R N
\ \ \ - - "
NN \s\.elf—thlnnlngllne
1.5 1 NN
obs. \
N
NN
NN
NN
NN N
NN
low density high In (tree size)

initial stand prognosis
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Criteria and indicators for sustainable forest
management. Helsinki 1993, Lisbon 1998,
Vienna 2003, Warsaw 2007

Criteria for sustainable
forest management

Indicators

Forest resources

timber resources, area of forest,
extension of area

Health and vitality

stability, fitness, elasticity

Productive functions

growth, yield, net return

Biological diversity

habitat quality, richness
flora/fauna, conservation

Protective functions

soil, water, climate, noise, protection

Socio-economic
functions

employment, recreation,
esthetics, proximity to nature
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Supplement 1: Growth curve in mixed vs. pure
stands in schematic representation:
slowing down (left) and acceleration (right)

Stand growth Stand growth

pure stand /" L= ==~ _mixed stand
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Supplement 1: Diminishing validity of the pure
reference plots for a causal analysis of mixing
effects
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Supplement 1: Interspecific effect on course of
growth, site index, and size development

Mischbestand

Reinbestand

1) Verschlechterung der Ertragsklasse durch Aushieb herrschender Buchen
?) Schlechtes Wachstum durch ilibermiBige Konkurrenz der Nadelhdlzer

Misch- 1.'Im- _Ertragsklasse dgsz Ertrags- L‘Im- sdti‘;;n- d d";’SZ
bestandstafel tr;e!as- der'einzelnen Holzarten Ml;se'?]- tafel [triebs-f prerags. Re:l_
zeit it . Jahren standes zeit | klasse | giandes
Jahre | 30 ' 60 !100 E{Zﬂﬁ"' fm Jahre fm
a.

Eiche/Buche 1939 140  Eiche I 1 | | 2,9 | Eiche 1920 140 | 6,9
|__L Ertragsklasse Buche!) 0,5 L5 III1 IILO 4,6 | Buche1931 140 I 89 |
b Summe 7,5 | Buche1931 140 I 7,4
Kiefer Fichte 1939 120 Kiefer I I 1 1 42 | Kiefer1908 120 I 7.5
I. Ertragsklasse Fichte 11,6 11,6 16 1,6 4,3 | Fichte19ss42 120 I 11,9

Summe B85 = 120 11 9,3
L I 120 I 74
Kiefer/Buche 1939 140 Kiefer | I I I 57 | Kiefer1908 140 [ 7,0
1. Ertragsklasse Buche?) - L6 19 NL6 2,5 | Buche1931 140 I 8,9
i Summe 8,2 = 140 11 7,4
Fichte/Buche 1942 120 Fichte 09 11 09 [ 8,0 | Fichte1936/42 120 I 11,9
g’;ﬁeﬂwﬁdﬂlw Buche 05 07 12 13 36 | Buche 1931 120 1 8,9
I. Ertragsklasse SR e " 208 o
- 190, IIF . 56

e.

Fichte/Buche 1942 120 Fichte 08 09 09 1 83 | Fichte1936/42 120 | 11.9
[ mit mattwiichsiger Buche?) I3 18 112 Il4 16 fBuche1931 120 1 89 |
DUChe Summe 99 5 1003 NI 7,4
I. Ertragsklasse ] 120 I 56

Wiedemann, E. (1951, p 132) Ertragskundliche und waldbauliche Grundlagen der Forstwirtschaft.

Frankfurt, J. D. Sauerlander’s Verlag

TUT
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Supplement 1: Mean tree volume in mixed versus
pure stand

&
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5 V (m3) 121 144 11 . V (m3) 121 144 11
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mixed ; e oak
4 i 081 4 mixed
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31 3 4
2 1 2
1 1
b A
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0 0-
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Supplement 1: Development of stand growth, tree
growth and tree number in dependence on mean
tree size:The problem of included allometric drift

Stand growth rate iv meam tree growth rate iv Tree number N

V@) ; 51'{2)

(2 | iv1

Vi Vi  mean Vi Vi@  mean Vi Viz  mean
SiZze v size v size v



@' Waldwachstum
Systemanalyse

Supplement 1: Elimination od allometric drift for
comparing mixed vs. pure stand attributes

&

In(iv) In(N)

V1,(2)

iV'1,(2)

vy
?I1 V1|(2) In(G)

ivocv® Nocv™
a, =0.42,0.61,0.44,0,59,0.58 a, =—0.62,-0.62,-0.68,—0.69,—0.54
for for
Norway spruce Norway spruce
Silver fir Silver fir
Scots pine Scots pine
Europeanbeech European beech

Sessile/Common oak Sessile/Common oak
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Supplement 1: Elimination od allometric drift for
comparing mixed vs. pure stand attributes

In(iv)

V1,(2)

V'1,2)
iv4

In(v)
unadjusted:
— v
vy (o) = ,i@)
IV
N _ Nl-{E}
1.(2) Nl

In(N)

VI1 V1|(2) In(ﬁ)
adjusted:
— v’ 7 — —ob v .
['lvll_{z} — _1{—j n_;rL(z) — ].V?_{Ez) X (_ 1 }Ct._
Nie - AY
ATH A2) obs 1 o
Ny @)= N o) =Ny x ()"
N, Vi)
L —obs L 5 |
TiV'y (5 = N;’E) X 1V, 2) % (Vy /9y ()7 fivy
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Supplement 1: Elimination od allometric drift for
comparing mixed vs. pure stand attributes

In(iv) In(N)

Summary Supplement 1:

» descriptive vs. causal analysis of mixing effects,
» size effect should be separated from mixing effects,
» allometric theory provides methods for adjustment.

unadjusted adjusted:
1\ — iv' —ob v

iV o) = —=2 TV (5) = —lm V' () = V1.2 ><( )%
N, N'

: (2) A L(2) obs u
IN) o) = IN'| )= Nl @ =Ny X( '
) N; ) N, 1(?)

. . —aobs
1iV; () = 1V; () /1Vy Iiv'y () = = NS () X 1V1,(2) X (V1 /) (9)) 172 /ﬁl



