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Cultivation of Norway spruce far beyond its natural
range
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Kélling et al. (2009) Uberlegungen zum Risiko des Fichtenanbaus in Deutschland vor dem Hintergrund des Tlm
Klimawandels, Forstarciv 80: 42-54
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Back to complex mixed-species forests.
From the idea to realization in Bavaria

Increasing calamities,
climate change, J/
Extended forest functions 73 0

and services
|dea of ,Dauerwald Idea of close-to-nature /

forestry 66 %
Moller v. Keudell  Krutzsch, Wobst
1920 1932/35 1950

1930-40

Mixing proportions (>10 % stand area) according to inventories GRI 1971, BWI | 1987, BWI 2 2002,

BWI

3 2014 in Bavaria

TUT
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Experimental setup for scrutiny of mixing effects
Zwiesel 111/3,4.,5 Bavarian Forest

spruce beech
ure

-30m

0 10 20m

1o =P xmMy+p,xm,  rel.productivity = p; ,/p; ,

TUT
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Cross diagrams: Overyielding in mixed versus
pure stands of Eucalyptus globulus Labill and
Acacia mearnsii De Wild.

&

0 MAI (t ha-Tyr-1)

10
pure mixed pure
Eucalyptus globulus Acacia mearnsii

8 - - 8

+ 3.0t halyrt
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45~ 4

2 4 L 2

0 . . . . 3 0
1.0 0.8 0.6 0.4 0.2 0
ME. globulus

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Forrester, unpublished data from Cann River Exp., precip. 850 mm yr', mean temp. 14.4 °C, Southeastern Australia
Harper, 1977, pp 255-267



Meta-analysis on overyielding of mixed versus
pure stands in boreal and temperate forests
29 publications, 78 case studies

Overyielding in mixed stands (%)

450%
350% -

250%

150% -
mean effect size + 26.5 %

50% -

SO T 111111111111
-50%

Gritti, E. S. et al. 2015: Diversity-productivity relationships in Forests, a Meta-Analysis,
in preparation
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Meta-analysis on overyielding of mixed stands of
sessile oak and European beech versus pure
stands in Europe based on long-term experiments

\\

oak-beech
experimental plot relative difference [95% CI]
Concise —e— 0.73[0.60,0.89]
Waldbrunn 106 2] 0.84[0.81,0.87]
Gryfino 35 L 0.86[0.78,0.94]
Dhronecken —e 095[0.81,1111]
Gryfino 33 - 0.96[0.86,1.07]
Ebrach 132 e 0.97[0.75,1.25]
Waldbrunn 105 e 1.00[0.81.,1.11]
Main-Tauber 86 - 1.04[0.99,1.10]
Jossgrund 151 - 1.12[1.02,1.22]
Ebrach 133 B 1.23[0.96, 1.58]
Hochstift 619 —— 1.24[1.07,1.43]
Schluechtern H——— 1.27[0.95,1.69]
Hochstift 618 1.30[1.19,1.42]

- .
Balmis - 1.42[1.32,1.52]
Hochstift 617 = 1.48[1.35,1.63]
Eichbuehl , —_— 1.80[1.30,2.49]
Rothenbuch 801 —— 2.24[1.88,2.67]
—
| S |

Kelheim 804 243[1.96,3.01]
Rohrbrunn 314 253[1.80,3.37]

RE Model --- 1.24[1.06,1.45]

| 1 i | I |
037 061 100 165 272 448

mixed stand/ pure stand
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Meta-analysis on overyielding of mixed stands

of Norway spruce, European beech, silver fir in
Europe based on long-term experiments

experimental plot

spruce-beech

relative difference [95% CI]

experimental plot

spruce-fir-beech

relative difference [95% CI]

Ehingen 51 — 0.87[0.71,1.08]
Wiedemann - 0.95[0.85,1.06]
Mitterteich 101 L] 0.98[093,1.02]
Westerhof 131b37 - 0.99[0.91,1.07]
Westerhof 131b31 —_—— 0.99[0.81,1.21]
Wieda 114 } 1.05[1.00, 1.11]
Zwiesel 111 — 1.07[0.89,1.16]
Uslar 57 —— 1.11[0.94 ,1.31]
Daun 1207 —_— 1.13[0.94,1.37]
Zwiesel 134 —— 1.14[0.95,1.36]
Knobben 44 1/2 i 1.14[1.05,1.24 ]
NP 602 [ 1.15[1.03,1.28]
Daun 1206 i 1.18[1.03,1.35]
Zwiesel 135 H 1.19[1.13,1.26]
Geislingen 76 —— 1.25[1.00, 1.56 ]
Morbach 1501 e 1.30[0.98,1.72]
Freising 813 : ——t 1.59[1.30,1.95]
Nordhalben 811 —— 1.70[1.50,1.94]
Murten 20 — 2.00[1.68,238]
Schongau 814 —_— 202[1.81,272]
RE Model - 1.19[1.08,1.31]

| i I |
0.61 1.00 165 272

mixed stand / pure stand

Kreuth 120 — 0.71[0.64,0.79]
Partenkirchen 115 '—-—'—l 0.75[0.50, 1.11]
Kreuth 125 —— 0.85[0.73,098]
Ruhpolding 113 I 0.99[0.95,1.03]
Kreuth 123 :—-—l 1.01[0.77 ,1.32]
Ruhpolding 116 '——-—- 1.21[0.71,2.05]
Kreuth 126 {—'—1 1.22[0.99,1.51]
Kreuth 124 . 1.34[1.30,1.38]
Freyung 129 —-— 1.48[1.34 ,1.64]
Bodenmais 130 —-— 148[1.37 ,1.61]
Kreuth 122 p——a— 149[1.18,1.88]
Kreuth 824 L ———— 1.49[1.07,2.08]
Traunstein 147 —— 1.58[146,1.72]
Margquartstein 108 —— 1.69[1.50,1.90]
RE Model -—- 1.20[1.03,1.40]

|
0.37

T i T
061 100 165

mixed stand / pure stand

1
272
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Decrease of the overyielding of mixed versus pure
stands with increase of the site index

\§

g Relative productivity mixed versus pure

Norway spruce . European beech Sessile / Common oak Scots pine Silver fir

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

Target species sp; N. spruce E. beech S. oak S. pine S. fir
Admixed species S.fir. E.be S oak N.sp. E. be N.sp. S. N.sp
SP2. SPa. SPa S. pine S. pine pine
_TPIL(:)
ntercept 1.54 -0.03 1.84 4.45 3.30
mz 0.88 1.42 -0.33 -1.82 1.02
ha - 0.02 0.02 - -
hq/hqs - 1.01 - - -
site index spy -0.03 -0.31 -0.03 -0.07 -0.10
dummy sps 0.10 0.33 - 0.52 -
dummy sp, 1.19 0.60 - - -
n total 223 648 215 49 32
whole model R? 0.38 0.18 0.14 0.24 0.42
Pretzsch et al. 2013: Species mixing and productivity of forests, German Journal of Forest Research, m
184 (7/8): 177-196
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Decrease of the overyielding of mixed versus pure
stands with increase of the site index

\§

g Relative productivity mixed versus pure

Norway spruce . *. .European beech Sessile / Common oak N Scots pine Silver fir

Summary 1.

» overyielding of 15-30 % in mixed vs. pure stands
« admixture of N-fixing species causes up to + 60 %
e gains can be higher on poor compared with fertile site

* Norway spruce shows a plus of 0-30 % in mixture (with
pine, alder, beech, larch, fir) compared with monocultures

Pretzsch et al. 2013: Species mixing and productivity of forests, German Journal of Forest Research, m
184 (7/8): 177-196
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Tracing tree species mixing effects from the
stand to the tree level

o WAMMLATATAY YT
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Tree and
organ level
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More trees, wider size range, stronger right-
skewness in mixed stands; often species 1
ahead, species 2 behind the pure stand

tree number

frequency
Species 2 Species 1
pure pure

\

m<p m=p p<m size

min mean max

stem volume
Species n tree number (ha™) tree number mixed pure

mean mixed mean pure min max mean SE

MN.sp. /Ebe 22 571=72 65568 0.39 1.68 0.98 0.07
Sc.p./Ebe 14 1093268 1057185 051 401 1.32 023
D-fir. /Ebe 36 1051=218 002=136 0.32 3,83 1.30== 0.13
MN.sp. / Sc.p. 12 1075=78 046=04 0.65 1.84 1.26* 0.13
total 84 935=109 86970 032 401 1.25 0.07

Pretzsch, H., Schitze, G. (2014) Size-structure dynamics of mixed versus pure forest stands,

Forest Systems, 23(3):560-572.
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Meta-analysis of stand density in fully stocked
mixed versus pure stands (left) and effect on
the self-thinning line (right)

species / data source

ratio mixed/pure [95% CI]

sp+be_A 1.00[0.82,1.23]
sp+pi_A —— 1.03[0.92,1.16]
pitbe_G — 1.07[0.90, 1.26]
pitbe_A 1.07[0.80, 1.42]
sp+beech_L e 1.13[0.96,1.33]
sp+ir_L - 1.43[1.00, 1.27]
be+doug_A : 1.16[0.89,1.53]
sp+pi_L —— 1.24[1.07, 1.43]
oak+beech L —— 1.32[1.08,1.61]
pi+be_L — 1.39[1.23,1.58]
RE Model — 1.15[1.07,1.24]

0.67

082 1.00 122 149

SDI mixed stand / pure stand

1.82

100,000

tree number N (ha-1)

10,000 1

1,000 1

100 1

10 1

srpixed stand
pure stand

|
|
|
i
|
|
1
|

1

1

10

100 1,000

mean tree diameter dq (cm)
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More trees, wider size range, stronger right-
skewness in mixed stands; often species 1
ahead, species 2 behind the pure stand

tree number

frequency
Species 2 Species 1
pure pure

\

m<p m=p p<m size

min mean max

stem volume
Species n tree number (ha™) tree number mixed pure

mean mixed mean pure min max mean SE

MN.sp. /Ebe 22 571=72 65568 0.39 1.68 0.98 0.07
Sc.p./Ebe 14 1093268 1057185 051 401 1.32 023
D-fir. /Ebe 36 1051=218 002=136 0.32 3,83 1.30== 0.13
MN.sp. / Sc.p. 12 1075=78 046=04 0.65 1.84 1.26* 0.13
total 84 935=109 86970 032 401 1.25 0.07

Pretzsch, H., Schitze, G. (2014) Size-structure dynamics of mixed versus pure forest stands,

Forest Systems, 23(3):560-572.
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Cumulative distribution of stem volume (above) and
stem growth (below) over cumulative tree count
(Lorenz-curve Gini-coefficient)

0 Cumulative stem volume 10 Cumulative stem volume

)

GCy pure A GCy mixed

0.0 + —— - 0.0 W= :
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Cumulative tree count Cumulative tree count
10 Cumulative stem volume growth 10 Cumulative stem volume growth
GCiy pure R GCiy mixed
0.8 | o8-
0.6 | 0.6 1
0.4 0.4
0.2- < 02{ .7 72 )
0.0 - : . 0.0 - —— : :
0.0 02 4 06 0.8 1.0 00 02 04 06 08 1.0 m

Cumulative tree count Cumulative tree count
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Complementary in light ecology enables more
smaller trees to survive and grow efficiently

mixed pure

T T T
e

Norway spruce ropean beech N rw y spru
pure pu bee h

Pretzsch, H. (2014) Canopy space filling and tree crown morphology in mixed-species stands
compared with monocultures. Forest Ecology and Management, 327: 251-264.
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Denser canopy space filling in mixed stands: higher
sum of crown area and multiple ground coverage

250

2001

150

100

50

Sum of crown area (%) Ground coverage (%)

250 250
2001 200+
150; 150;
1001 % 100+

75%
50 1 50
0
1 2 3 1 2 3 0

Species richness Species richness

E Ry

European beech Norway spruce /
pure European beech

mixed

Norway spruce
pure

Sum of crown area (%)

60 80 100
Ground coverage (%)

20 40

Pretzsch, H. (2014) Canopy space filling and tree crown morphology in mixed-species stands

compared with monocultures. Forest Ecology and Management, 327: 251-264.
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Denser canopy space filling in mixed stands: higher
sum of crown area and multiple ground coverage

950 Sum of crown area (%) = 250 Ground coverage (%) 5e0 Sum of crown area (%)

.n
200 % 23 species

Summary 2

Mixed stands can have compared with pure stands:
* higher stand density

ds * wider size range

* right skewness, left steepness

» stronger size and growth asymmetry

» denser canopy space fllllng and stand denS|ty

: o ". i | S

Norway spruce European beech Norway spruce /
pure pure European beech

mixed

1001

50

Pretzsch, H. (2014) Canopy space filling and tree crown morphology in mixed-species stands
compared with monocultures. Forest Ecology and Management, 327: 251-264.
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Tracing tree species mixing effects from the
stand to the tree level

o WAMMLATATAY YT
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Tree and
organ level
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Effect of species mixing on the crown allometry of
European beech and Norway spruce

7

&

cpa (m2) heb (m) h (m)
4001 European beech 4001 European beech 4001 European beech
100 1003 1003
507 507 507
10 1 101 10 1
5- 5- 5-
1 T rrTTTTn L) L) 1 L T T mrTrrrrm T T 1 L LB EBAALLI Ll T
1 5 10 50 100 400 1 5 10 50 100 400 1 5 10 50 100 400
@) d (cm) d (cm) d (cm)
cpa (m2) hcb (m) h (m)
4001 Norway spruce 4001 Norway spruce 4001 Norway spruce
100 100 2 1003
507 507 50
101 104 104
51 51 5
1 ¥ LA LA L L L 1 T T T T T TToPorT T T 1 T T T rrrrr T T
1 5 10 50 100 400 1 5 10 50 100 400 1 5 10 50 100 400
d (cm) d (cm) d(cm)

(b)

Pretzsch, H. (2014) Canopy space filling and tree crown morphology in mixed-species stands

compared with monocultures. Forest Ecology and Management, 327: 251-264.
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Allometry between crown projection area and
stem diameter of European in pure stands
and when mixed with other tree species

&

cpa (m?) cpa (m?)
1000+ 10004
be,(oak) e
be,(ash) e . S. oak
sixdh be,(sp)
100- be’(sb‘:g . e 100 | E. ash
@ T =,
50- 50 be.@sh) E Jarch
N. spruce
10 - 10 4
be,(oak) ‘
be,(la) be
1 - ey - 1 - i -
1 10 50 100 1 10 50 100
d (cm) d (cm)
(a) (b)
Pretzsch, H. (2014) Canopy space filling and tree crown morphology in mixed-species stands m

compared with monocultures. Forest Ecology and Management, 327: 251-264.
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Allometry between coarse root and stem growth
of E. be. in pure stands and mixed with N. sp.

\§

—— E. beech pure
E. beech mixed (with N. spruce)

n=230 trees — E. beech pgre—model
—— E. beech mixed - model
(nbe=63’ r](sp),be_56)
sampled along the
ecological gradient from
Arnstein to Kelheim,
Allershausen,
Wasserburg, Traunstein

50
1

20
L

d.root [cm]
10
|

10 20 30 40 50 60

d.shoot [cm]

Pretzsch, H., Heym, M., Pinna, S., and Schneider, R. (2014) Effect of variable retention cutting on the relationship m
between growth of coarse roots and stem of Picea mariana. Scand. Journal of Forest Research, 29(3), 222-233.
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Allometry between coarse root and stem growth
of E. be. in pure stands and mixed with N. sp.

\§

2 —— E. beech pure

E. beech mixed (with N. spruce)
n=230 trees — E. beech pure - model /
—— E. beech mixed - model
(nbe=63’ n(sp),be_56) E. be, pure

Sllds Summary 3:

ecolo o :
Amstg  Mixing can modify stem, crown, and root allometry

IEE) » Allometric reactions depend on both the tree species

MEES  and the neighbouring species
* For E. beech neighbouring beeches are most

» Strongest competitors, other species mean relieve

f N 7
/ /

1.3m

o /
o0 T | T T T T

") 10 20 30 40 50 60

d.shoot [cm]

Pretzsch, H., Heym, M., Pinna, S., and Schneider, R. (2014) Effect of variable retention cutting on the relationship m
between growth of coarse roots and stem of Picea mariana. Scand. Journal of Forest Research, 29(3), 222-233.
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Overall summary: Mixing reaction patterns
at the stand, size distribution and tree level

0 0.5 Mixing proportion 1.0

Tree number In(N)

Mean tree volume In(v)

stand productivity
and stand density
can be increased by
species mixing

size-asymmetry, crown extension

and canopy space filling
can be increased by mixing

TUT
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Discussion and perspectives: Improving the
strength of evidence of mixing effects

\§

Relative stand productivity mixed vs. pure

S.pi,
E.be B s. pine in mixture

|:| E. beech in mixture
S. pine + E. beech together
i), S.pi,

S.pi, (S.pi), S.pi,
S (E.be) (E.Ee) E.Ee

2.0

Long-term experiment Triplets Germany Triplets Europe

Forrester, D. |., Pretzsch, H. (revised) On the strength of evidence when comparing ecosystem functions
of mixtures with monocultures, Forest Ecology and Management, A. Tamm Review “m
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Discussion and perspectives: Revelation how
stand density modifies mixing effects

rel. stand growth

rel. stand growth

rel. stand growth

P12
P12 P12 "
,’// sh 8D /,/’ sb sD ,f’/ SD SD
0.0 &= ' . ' | | z . ' . | | ' ' ' . } |
00 02 04 06 08 10 12 00 02 04 06 08 10 12 00 02 04 06 08 10 1.2
rel. stand density rel. stand density rel. stand density
(a) (b) (c)

Pretzsch, H., Baushus, J. (in review) Forest Ecology and management of mixed-species forests
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Discussion and perspectives: Revelation how
stand density modifies mixing effects

stand density (%)
100

AL
A0/A0[A®
AV/AVIAY
evjevjev

80

block 1 &£

20

block 2

block 3
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Discussion and perspectives: Analyzing how
site conditions modify mixing effects

1.51
1.41
1.31
1.2
1.11
1.01
0.91
0.8+
0.7 1

0.6

5 modification of light conditions

overyielding
underyielding
low nutrient and high

water availability

modification of nutrient / water

availabilit
16 y

1.51
1.41
1.31
1.2
1.11
1.01
0.91
0.81
0.7 1

0.6

overyielding

underyielding

low nutrient and

water availability

<

high

1.5+
1.41
1.31
1.2+
1.11
1.0+
0.91
0.8+
0.7 1

0.6

6 nutrient / water conditions

combined effect of light and

overyielding

underyielding

low nutrient and high
water availability

Forrester, D. 1., (2014) The spatial and temporal dynamics of species interactions in mixed-species forests:

From pattern to process. Forest Ecology and Management 312: 282-292.

Pretzsch, H., del Rio, M., Ammer, Ch., ....Bravo-Oviedo, A. (2015) Growth and yield of mixed versus pure stands of
Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.) analysed along a productivity gradient
through Europe. Eur F Forest Res, DOI 10.1007/s10342-015-0900-4.

TUT
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Map of the 32 tnplets of pure and mixed stands
(temeff 6-10.5°C, preC| 520 1.175 mm yr-1)
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Pretzsch H, Schitze G. (2009) Transgressive overyielding in mixed compared with pure stands of Norway spruce and European beech in Central
Europe: evidence on stand level and explanation on individual tree level. Eur J Forest Res 128: 183-204.

Pretzsch, H., Block, J., Dieler, J., Dong, P. H., Kohnle, U., Nagel, J., Spellmann, H., and Zingg, A. (2010) Comparison between the productivity of
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