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1. Why enhanced tropospheric ozone
of global concern ?

Rationale :

2. Risks for forest ecosystems: 
- previous knowledge
- current knowledge

3. Relevance for forest products/services ?

4. Needs, Perspectives & Conclusions
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Land-use change through forest burning
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Verstraeten et al. (2015)

5-year trend

lower troposphere lower troposphere

whole troposphere

China mitigates U.S. efforts
in tropospheric O 3 reduction

Similarly : 
Ireland within the

long -range O3 plume
of N-America



O3 mitigates global C sink strength
& enhances water run-off

Sitch et al. (2007)

based on modeling, not empirically validatedSo far: 

O3 impact on 
gross primary productivity (GPP)  &     water run-off

Relevance for Kyoto
concept

Change as „m 3 m-2 yr -1“

Huntingford et al. (2011)

Prognoses for the 21 st century
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Ozone  impact on forest ecosystems

1980/90s: Prognoses of discussions
on Novel Forest Decline

Belief:  Ozone = sudden tree killer,
leaving savannas only
in Central Europe

French program Deforpa

1995

Krause et al. (1986) 
Forest decline in Europe, 

Development and possible causes
Water, Soil & Air Pollution 31: 647–668 



Knowledge about
O3 effects dominated by

juvenile trees
under chamber conditions

Up until 2000: 

Knowledge from chamber studies

General conclusion: 

Trees highly O 3-sensitive

HOWEVER: Representativeness
for forest ecosystems doubtful !

Betula pendula Advanced O3 injury

Matyssek et al. (1990, 1998)

Declines in
photosynthesis

&
water-use efficiency;
premature shedding



Matyssek et al. (1992)

Progressive 
O3 injury

.... from chamber studies: 

Stagnation of
biomass

production

„slimming“
stem shape

Reduced root
relative to

shoot growth



Often high O 3 sensitivity under chamber conditions: 

���� non-limiting conditions (water, nutrients)

���� fast-growing, juvenile individuals

� absence of competition

�light-demanding pioneer tree species

Questions: 

���� similar outcome under free-air O 3 release systems ?

�with competing forest trees under stand conditions ?

� adult trees of climax species ?
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Experimental site „Kranzberg Forest“

2000 - 2008



Experimental site „Kranzberg Forest“
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Incipient O 3 injury



shade sun shade sun

Kitao et al. (2009)
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Fagus sylvatica



1xO3 2xO3

Matyssek et al. (2015)

Fagus sylvatica

Enhanced O 3 lowers water comsumption

Canopy level 2006



Nevertheless: distinct belowground O3 effects

Nikolova et al. (2010)

soil temperature

soil temperature

O3 effect

O3 effect



Fagus sylvatica
Mycorrhization

Grebenc & Kraigher (2007)
Nikolova et al. (2010)

1xO3

Belowground Ozone Effects

from Matyssek et al. (2010)



Contact type

Lactarius cf. uvidus Genea hispidula

Short-
distance type

Medium-
distance type

Long-distance
type

Suillus ploransCortinarius alboviolatius Agerer et al. (2012)

Picea abies : O3 changes expolaration types
O

3
effect



Changes in height-diameter relationship

0.5 m3 ha-1 yr -1

Effect after eight years
of 2xO 3 exposure: 

Spruce:      +/- stable

- 10 m3 ha-1 yr -1Beech:      loss of

- 44 %
Pretzsch et al. (2010)
Matyssek et al. (2010a,b)

Black = 1xO3 ���� both tree species

Red    = 2xO3 ���� Picea abies

Green=  2xO3 ���� Fagus sylvatica



Zeatin

The role of cytokinins
in explaining the O3 effect on tree stem growth 

for example

Molecules with high
N demand

if soil N-rich,

cytokinins

SHOOT

ROOT

inhibiting

stimulating



Root growth not 
inhibited anymore,
now strong C sink 

after Matyssek et al. (2014)

Synopsis: O 3 effects on adult beech trees

Effect not strong
enough

X
Cytokinins
destroyed

Belowground drains
carbon from stem



Ozone mitigates global carbon sink strength

after Sitch et al. (2007)

1 Pg = 1015g ���� 1 Gt

50 – 100 Gt

C not bound by
forest ecosystems, 
left in atmosphere

since 1900

annually „missing C“
1 Gt

modelled
sensitivity range



Pretzsch et al. (2014)

Speeding up of stand development today driven by
N deposition and extending growing seasons

Conflict with conclusions about O 3 impact ?

Central Europe across
Switzerland, Germany, Poland

Beech forests
(Fagus sylvatica )
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Increase in production (Mt)

Global increase in 
productivity

upon 100 % reduction
of NOx emissions

in
Europe
SE Asia

N America

Wheat

Potato

Cotton

(2012)

Reconciling explanatory model
as assumed for crops ?

without O 3 precursors
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Example of socio -economic assessment
for forests

AMBIO 34: 32-40 (2005) 

Sweden : 

Loss of 
56 million Euro
per year

Otherwise:
O3 effects on

forest ecosystem
services

hardly known
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How safely can we predict

tree & forest ecosystem response
to ozone ?



Free-air O 3 
fumigation 
for beech, birch 
& oak
in Sapporo/Japan

Photos: 
Prof. Dr. T. Koike, 
University of Sapporo

Fagus
sylvatica

Fagus
crenata

Hoshika et al. (2015)
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In both cases : 

significant decline in
stomatal conductance

but no decline
in photosynthesis

(not shown)



Aspen FACE

Free-air canopy
fumigations

Kranzberg Forest

O3
O3

CO2

Fagus sylvatica
Picea abies

Populus tremuloides
Betula papyrifera
Acer saccharum

Above
&

belowground
assessments



CO2

O3

CO2

O3

Populus tremuloides

no CO 2 effect

no O3 effect

Kubiske et al., Plant Biol. (2007)

Genotype determines
sensitivity

Populus tremuloides

Starting with the genotype ....



Kind of competition
determines

effects of O 3, 
and CO2, 

on 
„relative 

competitiveness“

Aspen/Birch Aspen/Maple

„r
el

at
iv

e 
co

m
pe

tit
iv

en
es

s“
Aspen

Aspen

Birch
Maple

control
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YearKubiske et al., Plant Biol. (2007)
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in stress response

Ozone Part of Factorial Complexes

Climate Change
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Matyssek et al. (2013)



Functional understanding requires
focus on mycorrhizal-bacterial interactions

Kellermann, unpubl., 
in Agerer et al. (2012)

Lactarius subdulcis
surface view

Fagirhiza pallida
emanating hyphae

α-,β-Proteobacteria
= yellow

Holobiontic
approaches
mandatory

Tree
Micro-

organisms

Holobiont

zu Castell et al. (2015)

co-evolutionary
unity



Expanding the Kranzberg Forest
Free-Air O 3 Fumigation Approach

towards
forest ecosystem (i.e. „hectare basis“) 

& long-term scales

2xO3

1xO3

This is NOT science fiction –
it is feasible !



Climate
Change

Food 
security

Human health

Socio-economy

C storage &
C emission trading

Forestry & forest
Ecosystems

Post-Kyoto
strategies

Population growth 
of mankind

Agronomy

Medical provision

Breeding &
yield optimization

Food
distribution

Land &
energy use
concepts

?

Anthropogenic Ozone
as global risk

Risk abatement
concepts ? 

„Clean Development
Mechanism “ ?

Knowledge
& research?

Sustainability & birth control ?

Evaluation & defining
ecosystem services

Mixed-management
concepts

Reconciling stakeholder conflicts

Balanced concepts for policy making

Conclusions
& Challenges : 



More political
awareness &

research required !

2013

2016

Thank you

very much !


