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Summary

The “German Forest Sector under Global Change” stugyfinte%ractgc‘i] (f(r;::tcs: is:cﬁc;j:)l((;er;iig;of\::‘:x{i) 3 1ie(l)df
projections, decision-making in forest management, and forest ¢ o s in a modelling framework &
coupled simulation models. National forest inventory and regional forest s were linked with
intcrr)polatcd climate data to obtain comparable an‘:i consnstgn; l:p;:_; ein:ii f(:}:ed:;,zl(ni‘:jp?,rmm odels.
Based on a stratfiation o1 T ;“P“l[ dal:;, ?fimcf?c:rz::ﬂ:ar:; %?m:.ll};tor NI {”A and the forest scenario
types of German forests was developed. 1he forest § s 1 b e e,
ioSilva were linked to the forest estate model to project stand growt -
::Sf:ﬁ;?;;:i() vears into the future, using the current climate and aCchmate chl:iagéget:cicnrlyacr‘lggi(t)z
the second half of the 21 century. The process-based forest modgl)i{Mwasl aﬁ);:ed & Iicm;)m e
changes in forest productivity and the forest product market mOdgl'F(Ij h \ c_;l;.: a ed i dpcqmbes.(hc
the changes in forest growth for the timber market and the-wno 1ln us J)Aigcussss l:he ac};icvemcms
conceptual approach for the integrated assessment, presents key r;:sx;vts M; Cha.n ’e.in the achicvemts
and limitations of the study. The results indicate that impacts of climat x L n G dmug'h, il be
1 ies-specific. Negative growth changes are likely to occur on sites w gures
e e, Is'peCl hange. Where precipimrion is not the limiting gmwtb factor, howgver, orest
products _Uf'ldc" 'Cl;natienzreasi 'Diffcrem assessment methods produced sometimes contrasting results,
Prl'(\)'damv'm nt‘i}da\;:ced fo-r 'further testing and improvcmer.n.of‘the applied method()logﬁ/. Thc'z::):i
:arlicsonp(())l?(:vo climate change scenarios with different precipitation tye_nds sh(;\ws tha:u:r (;n[:;(;]nn:n]
- 5 forest se very sensitive to the amo :
impalcts -Of climatc) c’h?ng'c ;lmlr:htch:’?:r:j': ?l:;;rtc%?‘\[(c:ot;ng to the f()rc§t product market rp()de],
d1smb|?m()r'1 of pnc‘g“at}() in Germany increased in the baseline projccthn under current chmarnc/».
p‘menm} tlmbﬂ. P ulc‘nonclimate chani;e resulted in a further increase of nmb;r pr'(')ducuon by Sh o
f*"mP“'Cd to .thls bas; me: scenario and a decrease of 9% in the dry scenario. We Con‘cludc tdar
i the wet climare i mg‘L ‘manageable risk to the German forest sector. H(?wc.ver, especially ugblcr
Ch‘?"“c Chgfgiig)zizzii:ni significant negative ecological and socio-economic IMpacts ar¢ posst .
unfavourable s s )
The paper concludes with an outlook on further research rTeLds. I
Keywords: climate change, forest sector, inter-disciplinary impact assessment, integrated assess

Zusammenfassung |
ft Deutschlands im globalen Wandel* integrierte Auswirkungen

: “ntschei rsverhalten bei der
namik, Waldwachstum, Ln[sCh(.ldun;.'Sthha
klungsds N iner modellgestutzten Wirkungsanalyse.

Die Studie ,,Wilder und For‘s'rwirtscha
von Klimainderungen aut Waldentwic

ot i l uenzen in € rku k
J i forstokonomische Konseq . . en mit Standortsin.
}xaldbt‘w‘;rtSChﬂftUSg ul;dndcswaldinventur und dem Datenspeicher W aldfonds wurd
nventurdaten aus der Bu

i inheitliche und metho-
. . T -erkniipft, um einheitlic r ctho
m i olierten Klimadaten verkn X S
- Bundeslinder und interp ¢ ) o Ausgehend von einer ¢
:?r hﬂ:(mgn der Eingangsdaten fiir die Simulationsmodelle zu genetiere 2
1SC onsistente b
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fizierung der Waldinventur- und Standortsdaten wurde ein Modellbetrieb bestchend aus den wichtigsten
Wnldbcstandestypcn Deutschlands gebildet. Der Wachstumssimulator SIT.VA und der Forstbetriebssi-
mulator ActioSilva wurden genutzt, um die Bestinde des Modellbetriebs mit unterschiedlichen Bewirt-
schaftungsstrategien unter heutigen und verinderten Klimabedingungen iiber 30 Jahre zu simulieren,
Mit dem prozessbasierten Modell 4C wurden Produktivitﬁtsverénderungen unter verindertem Klima
untersucht und mit dem Holzmarktmodell FPMM die Konsequenzen des verinderten Wachstums fiir
den Holzmarkt und die Holzindustrie analysiert. Der methodische Ansatz der integrierten Wirkungsana-
lyse sowie ausgewihlre Ergebnisse der Teilprojekte werden dargestellt und die Einsatzméglichkeiten
und Grenzen der Simulationsmodelle diskutiert. Die Resultate weisen auf unterschiedliche Auswirkun-

gen der Klimainderung in Abhingigkeit von Standort und Baumart hin, Wachtumsreduktionen sind

abweichende Resultate, daher ist cine weitergehende Validierung und Verbesserungen der angewendeten
Methoden sinnvoll. Der Vergleich zweier Klimainderungsszenarien mit gegensitzlichen Niederschlags-
trends unterstreicht, dass die simulierten Auswirkungen von Kﬁmaénderungen in der de
wirtschaft sehr sensibel auf die Hihe und die jahreszeitliche Verteilung der Niederschlige im kiinftigen
Klima reagieren. Das Holzmarktmodell simulierte in einem Basisszenario mit heutigem Klima einen
Anstieg der Holzproduktion in Deutschland. Im Vergleich hierzu fithreen die Klimainderungen zu
einem weiteren Anstieg der Holzproduktion um 5 % jm feuchten Kﬁmaﬁnderungsszenario und zu einer
Reduktion um 9 % im trockeneren Szenario, Wir folgern, dass die Auswirkungen der Klima:'inderungeﬂ
von der deutschen Forstwirtschaft generell zu bewiltigen sind, Besonders unter ungiinstigen Standorts-
verhaltnissen sind allerdings auch gravierendere 6kologische und sozioGkonomische Konsequenzen
méglich. Basierend auf den Erfahrungen der Studie werden Empfehlungen fiir weitergehende For-
schungsaktivititen im Bereich Waldwirtschaft und globale Klimaéinderungen gegeben.

Schliisselwérter: Klimainderung, Forstwirtschaft,

interdisziplinire Simulationsstudie, integtierte
Bewertung

1 Introduction

Anthropogenic climate change will not only affect ecos
exchange and disturbance regimes, it is also likely

associated scientific disciplines, including tree physiology, genetics, forest ecology, growth
and vield, silviculture, forest planning, and forest economics. The overall nature of pos-
sible climate change impacts was summarised in LINDNER and CRAMER (2002), more de-
tailed reviews can be found in a wide body of literature, such as Kirscupaum et al. (1 996)
or Purr and Utricu (2001). The complexity of interactions between €cosystem processes,
forest management, and €cosystem services such as biodjversiry, water and soil protection,
and recreation is challenging decision—making. This is especially
ment in Central Europe where long rotation times of between 80 and more than 200
vears are typical. Over the last few vears there has been gro
support for policy making by Integrating impact assessments
ies (BinkLiy and van KoOOTEN 1994, Jovce 1995, KARJALAINEN et al. 1997, WiNNETT 1998,
Jovce and Birpsky 2000, Jovcr et al. 2001). A recent review of
forest impact assessment studies (LINDNER et al, 2002) has
integrate cross-disciplinary impact assessments: linking,
Most of the reviewed studies applied a “one-way” lin

models were used as input in a different set of

experiences with integrated
discussed different ways to
coupling and integrated modelling.
king where results from one set of
models. More advanced methods like
tween models or integrated modelling,
model framework, have not been used
in forest impact assessment efforts to date. The German Forest Sector under Global
Change (GFYS) study attempted an integrated assessment, by
network of seven German forest research groups working in
work over a period of three vears. This paper synthesizes the

using an interdisciplinary
4 common project frame-
results of the study, details
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i 1s j :IMER 2002, DOBBELER and

i ented elsewhere in this journal supplement (BARTELHEIMER , Dot
E:é?%»f:fi 2002, DURSKY 2002, DuscHr. and Supa 2002, LascH et al. 2002, F!r;.sw,\(,]g ?:002,
LinoneR and CRaMER 2002, Pott and Fasrika 2002, PRETZSCH 2003, Pkggzs(,l;{ and ° L ;;;:1

‘N N Worrr 2002). Here we describe the conce
2002, ScHLoTT and GUNDERMANN 2002, : _

: i Its, and discuss the achievements

h for the integrated assessment, present key results, .
Zggr(l)i?rclitat(i)c:ms eof thge approach. The paper ends with some general conclusions and

research recommendations.

2 Methodological approach

i i ry in Germany,

To assess the possible impacts of ghmanc change orz] fo‘;eestiiltaenfatf;)ée;(t)rist Successio,i
different processes need to be cogs@ered. I.n thls study, o fmem O eeaon,
growth and yield projections, decision-making in forecslt m ]a%ion m(,) dets Fig 1), The
omics in a consistent modelling framework cf)g crzsglzndsgswthqelatcd e e
svalable depcnc'ls O? (%:—t{gf:i?iffiiit;odaz bases at the national fmd rcgif)nal level
;V::iﬂiblcl);nl'flz:r:aot:i);edr because eastern and western Germany usedfdxéfer;x;:tlrgz?;);z
c;nce(;)ts up undl 1990, Also, forest 'SOﬂS 'datal fi(;rtat}s]:tslot;i:twunsidoinioensistent classifi-
m‘ﬂ:‘)ﬂal et inv?moryZ(;:()){;S)te’(lj*hoenzsﬁtrce)%?;:data processing was the ﬁrst comparal:ﬁ(e:
and Schemes o 0; i nal. forest stand and forest soil data on the ba51s of s(}i/stcrriléed
ar{d conSlSten't P natfo ig. 2). The applied climate data and scenarios were escrl o
grld safnplﬁs n Germacfll )Cl(kli\%ik 62002). The data for the current climate was lstélgp(f)’fathc
n dcta1'l n LIANDNZR fa § st sitles based on a dataset of Fhe Chmgte Resc;jnrc ;1(1) o the
E) 'the l‘nves?%atet Ar?;a UK (NEv et al. 1998). Two different chrlna1te9 ()cs)ar;gr;lz pEéHAMIt

versity of Eas , : o .
bar;led or:y the global circulation models HadCM2 MIT(‘}}:E”‘:;ri?)s project a temperature

{CKNE 1. 1996) were used in the assessment. Both sce: O
'(ROEU\NP‘Rf “ ;)r.()xima)telv 3K, but they differ in the amount and regional dis
Increase of ap y ,

—1%).
precipitation (on average HadCM2 +20 %, ECHAM4 0)

limate change
2.1 Simulating forest growth and tree responses to ¢ nace change
Th .d lied as far as possible on the application of already existing S
e GFS study relied as far as
lation models.

Fig. 1. Model applica-
tions in the GF'S study.
The grey arrows repres-
ent model linkages that

————-)S’g‘{'mgzzz" et have only been tested so
ad escntative T ere mor A
R;({‘:m s Snrectlhm the presented

results.

- ) Abb. 1. Modelanwen-

FORSKA-M dungen im Pmigkt Wil-

Species der und F()rsr\ylrtszl'n:gt-

Forest Estate Model selection Deutschlands im Globa

len Wandel. Graue Pfeile
charakterisicren Mo- .
dellverkniipfungen, die
konzipiert und getestet
wurden, aber in den vor-

]

Germany™

Actio Silva
Management decision making

n 4C SILVA o ]
< ivi tand growth projection liegenden Resultaten
E’ Producti s nifht zur Anwendung
Forest product market model Changes

kamen.
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]

Climate Data

Data Integration

National forest
inventory data
(NF1)

BwI

- CRU gridded
monthly climate
data 1961-1990

First set of
consistent forest
stand and forest
soll data based
on systematic grid
sampiles for
Germany,
complemented by
climate data and
climate change

Fig. 2. Overview of
the processing of soil
and climate data to
enerate consistent
the HadCM2 and f;;lput data for the
ECHAM4 GCMs model applications in
l the GFS study.

Abb. 2. Ubersicht

- Climate change
scenarios from

Forest site survey data

(inconsistent methods) scenarios Interpolation of 3 i i
T climate data and iiber die Verarbeitung
scenarios to the von Boden- und Kli-

National site condition key NFI plot madaten zur Bereitstel-

locations lung von Modellein-
gangsdaten im
Verbundprojekt.

pR}T?i,?lzfg;féi :zgcr}:gfng andf sxt}cl»scnsmve single tree simulator SILVA was first introduced by
torese e ‘q recn ul:t er developed into a'ﬂexible tool for different planning tasks in
porest manage BIN,R C.t ;] lc;;;rc pm»?l gnd for educatllonal purposes (KanN and PretzscH 1997,
e 99 B e al a, PRETZSCH 2002). The simulator applies a spatial modelling approach

1 explicitly takes into account single tree competition effects. It has been fitted using | ’
cxpenmgnrall pll)r.s in pure and mixed stands. SILVA was calibrated f()r»the importont Cosman
tree species in mixed and pure stands under a variety of management conce “:0“ iimponam P
year ume steps. The site sensitivity of SILVA is provided by its sire~growth—pﬁtz:t?al ;g)lf:n::)‘:elo?lis\m‘\l

1994). which ool N .
4), which relies on a set of nine climate and soil parameters. The mathematical model is formulated

accordi i- i isti
e jm‘]g to a quasi-causal gppr(fach‘ but fitted statistically, The data used for this fit represents wide
spread climate-growth relationships including data from research plots from th;e Adanptic amj Baltic

coasts in Northern Germany to the Swiss Alps. The SILVA model has been shown to be applicable

Ln':‘(:::c Za(:(e':’); (l)tf “CLI:" ;r::’liizpaahrcs(ef;f:h (E:]IBFR et al. 1998b, Pretzsch et al. 2000, Pretzsch and
SCHIG . as cd In the GES study to project forest rrowth and ¢ » ion i
forest esta “ . ) ; growth and timber production in the
mnm[)sn::t r;;())(d;[ (Dl 5"”; a‘nd St D“V 20('2), to ‘""?Sflgatc silvicultural adaptation sFrategics in forest
ma agen BBELER and SPELLMANN 2002), and in a sensitiviry study that also included th
ation of cconomic parameters (PreTzscH and Drrsky 2002) ’ ’ *0 Included the caleu-
, Forest patch models (Botkix et al. 1972, Braaans 2001 .
tveness and growth potential under different climatic c¢

(LINDNER 1999, LINDNER et al. 2000). In this study, the envi i

FORSKAN (T ot 1099, Lin g i study, Wironmental response‘ fux?cnons of the model
spe;ics f()lr stand regeneration under chnnging) ;;i:i(?rﬁ’slc;ia[;)cii:iel:f;fmﬁzzitll?deltc Cj tg()s(;:ZICCt suttable
o plzri:au"nsjc?};;scl;:&?:ﬂI(je(t;“ri;t ch‘manc ch?nge on tree growth (e.g. increased u?a;er usg.efﬁciencv
of plants und f(,rmu]a‘[,‘()ﬁ « {rw ER ct al. 1995), derailed process-based simulation models including
- anistic : g?()wth are needed (RYAN et al. 1996). In thi . g
( I:()RES[,I: Forest Ecosystems in a Changing Environme o vty e mode 4C
of forest growth to changes in CO,, temperature, oo used
simulates the establishment, growth and mortaliry
such as photosynthesis, respiration, and carbon all})cati()n

) ca.nlbe used to evaluate species competi-
onditions in managed forest ccosystems

2.2 Simulating decision-making in forest management

T}:L .C(')m[;.osxtmn mlld structure of German forests has been strongly influenced by human
activities for several centuries. As past fi < g
& 18 past forest management practi i
. S 0 S _ ces have determined our
tc.urrcm slpccus composition, decnslon-makmg of present day owners and mana f th
orests - 4 i i 1 g ‘ y Kin thus
fores pfa_x a cr;:cnal role in shaping the future forest composition, Decisi()n‘m%kin thus
§ a key tactor that needs to be considered in the assessment of climate impacts ingman
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aged forests. Linking model approaches from social and economic sciences with natural
sciences was a special challenge in the GFS study. While economic modelling has already
developed many quantitative approaches based on optimisation techniques, qualitative
studies dominate in the social sciences. There are approximately 1.3 million forest owners
in Germany with diverse ideas on how to manage their forests. Such diversity causes
problems for optimisation approaches, because they need to presume a deterministic
behaviour of the forest manager. We analysed possible consequences of management
decisions by linking a forest scenario model with the forest growth simulator SILVA. The
forest scenario model describes alternative management strategies, which reflect the differ-
ent values and ideals of the forest owner, and projects their consequences into the future
using the forest growth simulator. Since legal regulations and statutory orders restrict
decision-making in German forestry, one objective of the GFS s'tudy was to gather and
to operationalise them in such a way that they could also be applied in the integrated as-

sessment.

2.3 The integrated assessment approach of the GFS study

Based on a stratification of forest inventory data (Port and Fasrika 2002), a mcth_od was
developed that allows representative forest estate models to be generated for different
spatial or focal units (Duschr 2001, DuscHr and Stba 2002). The f(.)re.st estate models
consist of 200 model stands, which are described in terms of one principal tree species,
one secondary, and one tertiary admixed species. In addition, thc. model stgnds are allo-
cated to a particular age class and state of thinning apd regeneration. The site chlafa’clfgr-
istics comprise water supply, altitude, grade of continentality and nutrient supply. ‘15
study focused on the forest estate model ‘Germany’, other examples include a forqt
estate model for the Black Forest or the small privately owned forestlands of Bavaria

. . p ]
’ t rest €S Odel 1S the forest scenarto ]11()del Il\C“O va,
(]:l CHI 20“1) (,()Ll led to he f() est estate m Sl a

which models the decision-making processes ofa for;st ;nterprlse. feren manageren:
objectives can be specified and several economic indices a_@ -c\alczu(%tze Au;lsocembed‘
(Duscin, and Supa 2002). The stand simulator SILVA 2.2 (PRETZSCH 202)15 nbed:
ded into the forest estate model. It projects the stand growth of the re[;resen ? N

model stands into the future. After every time step <>f five years, mvcnt(:jry a: of t g
forest estate model and economic indices are updated in ActloSllva.vBa'seY onndtt }T::n?:,
the chosen management strategy, ActioSilva selgcts stands for S'HFWST}?? gmcsq e L;_;
When stands are regenerated under changing environmental condition, s

cies for stand regeneration.
v Lasc can be used to select new spe
calculated by Lasch et al. (2002) | is the forest product market model

Also directly coupled to the forest estate mpde iffe timber assortments, which
(B:\RTI‘II,HI-‘.I‘\IIl;R 2002). This model computes prices for dif! erentl 1mbe! o mana em’cnf de-
are needed in ActioSilva to calculate costs and revenues for 2 t:j:mia t: of thegsimulati(m
cisions. Test simulations showed, however, thgt the CLll:rte rrlrtlodcesl gbecau%e the flow of
. ; oduct marke > " o
experiment caused problems in the forest pr ongly, causing unrealistic

. str
timber generated by the forest estate model fluctuated too

ies wi - a few representative stands in
! ally species with only 2
the » dCVCI()PmCmS: CSPCCMH) for those ¢ nsequcntlv, the current results of the forest

the model estate (e.g oak (Quercns spec.)- Co e e e e other hand,
estate model were based on the assumption of constant o p()f o O o
the forest product market model had to use other estimates

change on the supply of timber (BARTELHEIMER 2002)

ing i est genetics and
2.4 Linking process oriented studies rega dmg lmp::::e(:: :?:dy g
ivity to the integrated asse .
B N es (L) Karst.) under changing

. spruce (Picea abi > o
o sing( individual genetic variability with data

1

Adaptation and adaptability r
climatic conditions was investigated by analy
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from the international IUFRO) Norway spruce provenance experiment. The objective here
was to provide parameters with genetic variability to the models that were applied in the
GFES study. However, the implication for the explanation of model uncertainty in the
SILVA and 4C models has not vet been analysed. A greenhouse experiment with Euro-
pean beech (Fagns sylratica 1.) provenances was analysed to study the response of different
provenances to increased temperature and elevated CO, (KrieBrtzsch et al. 1998). Fur-
thermore, simulation studies were run to estimate possible effects of an increasing annual
mean temperature and a decreasing annual mean precipitation on the genetic structure
based on inventories of isozyme gene loci for Norway spruce (Lisesach 2002).

Increasing atmospheric CO, concentrations are expected to enhance forest productivity
(Jarvis 1998, Norsy et al. 1999), rising temperatures could result in positive growth re-
sponses, especially in high latitudes and high clevations (Jarvis and Linpir 2000, Rustap
ctal. 2001), or in growth declines because of drought effects, especially near the southern
distribution limit of drought-sensitive tree species (Hanson and WerTzin 2000). In this
study, the process-based forest patch model 4C was used to investigate the sensitivity of
forest growth to changes in CQ,, temperature, and precipitation (Lasch et al. 2002). The
results of this sensitivity analysis will be compared in this paper with the simulation results
of the forest estate model, and some sources of uncertainty in the current climate impact
assessment will be discussed.

2.5 Forest Management under Climate Change

One prerequisite for the simulation and evaluation of management strategies is the quanti-
tative description of silvicultural concepts. A methodological approach was developed that
defines target basal areas in relation to the possible maximum stand density for different
forest development stages (Dossrirr and SPELIMANN 2002). This approach was applied
with the forest growth simulator SILVA 2.2 to investigate the effects of alternative treat-
ments on growth, stability and structure for the representative stands of the forest estate
model under current climate and under the HadCM2 climate change scenario.

Many management decisions are made at the level of management units. Therefore the
forest estate model and the forest scenario model ActioSilva were developed to analyse
the effects of different management scenarios at this strategically important scale (DuscHr
and Stpa 2002). Stand characteristics such as age class, state of thinning, and regeneration
are considered in the model initialisation, and different management strategies are applied
with the growth simulator SILVA 2.2 to project the forest estate into the future. ActioSilva
then comprehensively analyses the effects of the simulated stand treatments and the regen-
eration of harvested sites at the level of the forest estate and uses this information in the
further decision-making process. Three prototypical management strategies, investment
oriented management (MS1), net forest vield oriented management (MS2), and semi-
natural management (MS3) span a wide range of management objectives. MS1 — MS3
have been devised as somewhat extreme strategies, which are not meant to represent
current management practices. Most management strategies in reality try to base their
decision-making on multiple objectives and thus can be considered mixtures of the three
extreme strategies applied in the GFS study.

To simulate the management of legally established conservation areas under changing
climatic conditions a method was developed based on content analyses of regulations in
various conservation area categories (SCHLOTT and GUNDERMANN 2002). This approach
could be combined with MS3 to simulate a management strategy that optimises ecosystem
services from the forest.

2.6 Effects of climate change on Forest Product markets

No existing timber market model was found to be applicable to simulate the effects of
climate change on German forest product markets. A new simulation model was devel-
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coniferous stand types, and little change in average stocking or age class distribution, MS1
resulted in drastic changes of the forest estate. The species composition shifted to a much
larger dominance of spruce, average stocking declined sharply to 35 % of the initial values,
and the age class distribution was skewed towards the youngest age classes.

Under the HadCM2 climate change scenario, the proportion of spruce stands was
reduced significantly with all three management strategies compared to current climate.
In MSI spruce was partly replaced by pine (Pinus sylvestris L), and the average cut and the
net revenues from the harvested wood declined by approximately 15 %. With MS2 and
MS3 there was a strong shift from coniferous to deciduous stand types. The average cut
doubled compared to the current climate and the age class distribution changed into a
skewed distribution similar to the one that MS1 produced for both current and future
climate conditions. Average stocking under MS2 and MS3 was reduced by approximately
30 %, but stocking under MS1 was much lower still.

MS3 simulated a marked increase in the share of oak and beech under both climate
scenarios. Oak stands covered more than 40 % of the forest estate in the HadCM2 sce-
nario. In contrast, with MS1 and MS2 oak played only a very minor role.

DosBELER and SpELLAMANN (2002) investigated the growth of Norway spruce, Scots pine,
and beech with and without management under current climate and the HadCM?2 sce-
nario. Climate change affected the growth of Norway spruce on all sites, leading to a
lower height and diameter increment, but the results showed large regional differences
(Table 1). In the forest growth regions (FGR — see Table 1) 54 and 18, climate changes
resulted in longer thinning periods and delayed target diameter harvesting. In contrast to
Norway spruce, Scots pine showed a positive growth response to the changed climatic
conditions (Table 1). In FGR 9 and FGR 64 the thinning period was reduced by two
simulation periods, and in FGR 65 target diameter harvesting started several simulation
periods earlier. Beech did not show significant changes under the climate change scenarios,

except for a slightly decreased height performance in one FGR. Stem density and diameter
increments remained unaffected.

Table 1. Climate change induced growth changes of spruce and

‘ r pine in different forest growth regions.
Simulation results of the SILVA model without thinning treatm

ents (DoBBELER and SPELLMANN 2002)
Tabelle 1. Durch Klimainderung bedingte \‘\'hchstumsverﬁndcrungcn von Fichte und Kiefer in aus-

gewihlten Wuchsgebieten. Simulationsergebnisse des Models SILVA ohne Durchforstungseingriffe
(DosBrrEr and SPELIMANN 2002)

Total Growth over 100  Relative
simulation years (m?/ha) Growth

Species  Forest growth region Current HadCM2 Change (%)

Climate Climate Change
Scenario
Spruce 14 (‘Niedersichsischer Harz) 2136 2081 -3
Spruce 18 (‘Sauerland’) 2082 1586 —24
Spruce 54 (“Tertiires Higelland’) 2758 1801 —35
Spruce 7T (“Thiiringer Gebirge?) 2010 1830 -9
Pine 9 (‘Ostnicdersichsisches Tiefland?) 1092 1245 +14
Pine 64 (‘N()rdbmndcnhurger_lun;m’xoriinenland') 1072 1318 +23
Pine 65 (*Mittelbrandenburger Talsand- und 847 1353 +60

Morinenland’)

PriTzscH and Dersky (2002) studied the sensitivity of spruce to climatic change using
SILVA at representative sites for the 17 eco-regions described in Worpr (2002). Only one
mountainous region showed an increase in the projected growth of spruce, whereas in
the other regions total increment declined by 2% — 58%. For three eco-regions, the

model projected environmental conditions outside of the ecological amplitude for spruce

. ) . o
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demand compared with the simulated growth of supply. The results of the scenario simu-
lation with the forest products market model indicate how the different sectors of the
forest industry could change their production in correlation with the expected consump-
tion and demand and the supply of timber from domestic forests. Under the simulated
climate change scenarios no dramatic development is expected for the forest sector. The
changes in the roundwood distribution showed larger fluctuations in single years as a
consequence of the model intrinsic decision rules to extend or cut back the production
after price changes. However, on average over the 30 years of the simulation period the
production volume of most forest products responded in the same order of magnitude
as the +9 to —6 % changes in projected forest growth. Scenarios with increased yield,
like HadCM2 for spruce, pine, and beech, led to lower roundwood prices. On the other
hand, reduced growth vields a lower supply of roundwood on the market, which results

in higher prices (Figure 4). But the increase of the prices is not large enough to fully
compensate the losses of the forest enterprises.

4 Discussion
4.1 Integrating inter-disciplinary impact assessments

A key to the successful integration of different disci
assessments is the concept of balance (LiNDNER et al.
as far as possible all disciplines should be treated at the same level of precision or genet-
ality. However, balance often proves difficult to achieve, because the disciplines involved
in an integrated assessment study do not start at a comparable stage of methodological
development. For example, growth and yield research has a long tradition in the develop-
ment of simulation models and forest inventories have been specifically devised to calcu-
late the potential vield of the forest in terms of wood supply. Other disciplines are less
advanced in this respect. The various ecosystem services from forests have only recently
been generally recognised as an important objective of multifunctional forest management,
and consequently they are more difficult to represent in an integrated assessment study.
The GFS study tried to put emphasis on a balanced representation of the different effects
of climate change. To better analyse the socio-economic implications of climate change,
new simulation approaches had to be developed. Some of these approaches will need
further evaluation and refinement, but this should not impair the achievements of the
GFS network. Firstly, the database of consistent gridded forest inventory data and site
information proved reliable and useful for the application of simulation models at the
national scale. Secondly, the impact assessment integrated a broad range of disciplinary
simulation approaches that is unparalleled in current forest impact studies. Thirdly, this
was achieved in a well co-ordinated modelling framework that has great flexibility for

the investigation and assessment of environmental changes and their effects on forests
in Germany.

plines in integrated climate change
2002). One important aspect is that

4.2 Scenario analysis enables impact assessments in complex systems

The complexity of processes and interactions in the forest sector under changing environ-
mental conditions makes simplifications necessary in the design of any integrated forest
impact assessment study. The inter-disciplinary GFS team jointly decided on how complex
the integrated assessment system should be, what simplifications were necessary, and
how the disciplinary components could be incorporated in the methodology. Numerous
scenarios were considered in the different disciplinary assessments of the GFS study: (i)
scenarios of climate change, (ii) alternative management strategies, (iii) economic scenarios
affecting timber prices, and (iv) scenarios determining the area of forests with protection
status and management constraints. Theoretically, the integrated assessment methodology
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pl?y:m()]ogical growth limits of tree species (i.e. the fundamental niche) is relativel

While the parabolic response function assumes that the fundamental ecological ni,c}?;) 01}
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sponses to temperature gradients, ’ ) prowi e

4.4 Model comparisons can help to assess uncertainties in climate
impact assessments
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ever, we need to be aware of the limitations of the models and consider them in the
interpretation of the results. An alternative approach was used in the EU funded project
“Long-term effects of climate change on European forests: impact assessment and conse-
quences for carbon budgets” (LTEEF II), where process-based model projections were
used to change the empirical growth functions implemented in the EFISCEN forest
scenario model (KARJALAINEN et al. 1997, KARJALAINEN et al. 2002, Kramer and MOHREN
2001). KARJALAINEN et al. (2002) projected overall gains in productivity of 8 % for German
forests, under the same HadCM2 climate change scenario that was applied in this study.
Their simulation showed, however, that the increase of growing stocks would decline later
in the 21%* century, because of unfavourable changes in the age structure of the national
forest resources. These results are similar to the 4C projections for the same climate
change scenario, and they underline the importance of longer-term simulation studies to
assess the likely consequences of climate change. .

4.5 Climate change impacts on forest management and economic
implications
The impact assessment with the forest estate model showed that changing Flimatic con-
ditions will lead to shifting species preferences in forest management, plt()VldL’d that the
same rules are used in the decision-making process. However, this analysis was ba}scd on
only one climate change scenario. The results of the sensitivity analysis wi'th the 4("mndcl
stress the importance of analysing different climate change scenarios in fgrcst impact
assessments, because the differences in the projected changes in precipitation between
two GCMs may result in opposed growth responses. Currently, t}\c uncertainty about‘ the
future trends in precipitation is high, cspecially with resP'CCt to (‘entm} European rcgl.(?ns
for which different GCM scenarios projected both positive and negative trends (Hovai

TON et al. 2001).

The present study focused on a small
Only forest types that cover more than 5
sidered and thus the species composition 0

than 60 % of the whole forest area in Germany. INeV iR forest types. It
because they cover the most common, and economically most significant forest types.

is important to recognise, however, that the climate change impacts unldbbs(?;()& :[(,\::i
on marginal sites and at the ecotones of the current forest species 1strli uhI’ na]v;-i; t})
1993, Spikckir et al. 2000). The next logical step W()u.h.i be to 'gxften 2(;0; amn_l. s
include regional and local variability in the forest Sondmons. Dt .s(.ul,f( )qtatC g()dd
forest estate models at different aggregation levels. Figure 5 shows the ores;e‘ e mode
‘Bavaria’. Compared to the national forest estate m(?dcl there is ai] gl;‘c;étcrrql :);rzc ance Of
coniferous species and a larger number of mixed species stands in t ed e C",ir;mn Bavart
The variability of site conditions increases. For cxgmple, spruce §mnf qn(l)lrrl‘y, na :I,mn ™o
different forest growth regions include poor, medu_lm, and rlcb Slltei:::()nc’éi\vﬁblé an foue
different water supply categories from slightly moist to stag?(ljc. ) fld, e results,
analysis of climate change impacts at the r?glonal level would yie e bl
especially at the level of a forest growth region of S )
and local species combinations can be better repre

of the methodology at the regional scale would produce t

isi Frestry practice, because
more easily into management decision support for forestry p

f rest estate lll()(l(' Wi >y S W gre 1 si i i V' the re ron: H\ ()CCl.llfiﬂ 4
1 ) o lmllﬁnt\' A l[h h(. rt(‘ql nall) .

>S ()Uld 111\(,1\' S h() %ftﬁt(. S ) T ’ : (}

0 \Xhlle thcrc iS Little h()pe thﬂt Unctltdl(lnﬂs IL(L,’a“dlllg IL},’]UnJl

i <iderable evidence that

climate projections can be removed in the neat future, there 1s cqn?feThcwfmc gpma]]v

; 1 > S. y § 3

the sensitivity of the forests to climate change differs b{cnvalegl;feg:;ccq e crons
explicit impz;ct assessments are needed tO analyse regional ditte s

. i jections.
Germany, using a larger set of regional climate proje

number of sites in the integrated assessment.
% of the national forest area have been con-
f the forest estate model represents not more
Nevertheless, the results are meaningful,

forest growth area, whe iabil
sented. Certainly, such an npphc_mu)n
esults that could be transferred
the structure

forest management units.
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Beech Special
Spruce areas
Pine 8 (4%) 7 (4%) . . .
15:1(;2/9 Fig. 5. The species composition of the forest estate
o) mpdcl ‘Bavaria’, representing 72 % of the approx. 2.5
million ha of forest in the state Bavaria (Duscr 2001).
Spruce ?hc numbers mdlcgre the number of stands for each
Pine 93(a6%) forest type and their relative share (in brackets).
38 (18%)
~1bb. 5. Baumartenzusammensetzung im Modellbettieb
,»Bayern . der 72 %.der ungefihr 2,5 Millionen ha umfas-
Sone senden Waldfliche in Bayern reprisentiert (DUSCHL.
Soruce 2001). Dargestellt sind die nach Baumarten aufgeteilte

17(6%)  Spruce Anzahl der Modellbestinde sowie ihre Flichenanteile
Pine 19 (10%) (in Klammern).

The fflrs‘t res'ults of the newly developed forest product market model suggest that the
economic implications of forest growth changes induced by climate chan\ei%e not negli-
glbl;, although th_e uncertaintics in the scenario projections were high gThis underlir%cs
the importance of considering both ecological and economic impacts o.f climate change
The‘(JFb study successfully developed a simulation approach that integrates these difffr:
ent impacts at the national scale for Germany. Further investigations are recommended
to extend and validate the methodological approach. "

5 Conclusions

()n'e of the objectives of the GFS study was to demonstrate the potential of th tl
a}’mlable fiata and simulation approaches to investigate the effect of global Ehcaunrr:noz
German forests and forestry. Climate impact research is a relatively ne%v scientiﬁcgdisci-
pline and it is not surprising that we still face considerable limitations ;n our ;ent
m_ethodo]ogws. Nevertheless, we believe that the GFS study furthered d curd'
,Ot how climare change affects the forest sector and how we can assess t(;lirselln erSt:n “zl%
integrated simulation approaches. The GFS study was the first integrated clilrrnniacirsnwjlct
Z::”e:;:l;l;t srgdy_ tor the German i:)rest sector and it demonstratedgthat interdisiiplif:arv
llaboration is important in synthesising our current knowledge ab he eff f
climate change on forests and the forest ; odge about ¢ < cgts ¢
useful for df:cisi()n-making in forestry in Stice“;:ct(a: erngr]:l;eg?:lvz:jisrfj;:ents1hke ;hls s
()ur_r.esults lndlcate that impacts of climate change in Germa%]v will be ?ma cc(:{m m‘?“s-
specific. Ncgatx\_'c growth changes are likely to occur on sites where drosufl-t an SPCC‘ES'
c‘hmate changet increases. Where precipitation is not the limiting rowrhu% stre}fs unrcr
torest pmduct}vlt_v may also increase. Overall, the projected im ifts of cli aeon howe& o
the F:;rn_mn forest sector are very sensitive to the amount fnd ann C;n?te 'i)m‘lge 0‘;
precipitation in the futtjre climate. Compared to the baseline ro-ecltlia 1s;r1 hutl(;n 0
product market .mode'l tor the national timber production underpcul're ?nl'o the liorest
cl}an{.{c .resuhe(% in an increase of timber production by 5% in the HadCR/IZc lmc? te,dc rense
of 9 %% in the lx(‘H:\f\M climate change scenario. We conclude that li a}r: a decrease
tutes a managgqblc risk to the German forest sector. However es C_fﬁate Cd e fCOﬂSU‘
ablc site conditions significant negative ecological and socio-;coﬁqu y under untavout-
sible. NIaq;' open questions remain to be investigated in further I—)mlc ‘T:Pafi_ts areros—
our experience in the GFS study we identified the followin researeliearcd .C o Tem
=xPe“n}¢‘mﬂl dﬂ.tﬂ' on responses of forest ecosystems to z(i;rlc;casiri ?ee . CO
aqd changing precipitation are key for validating,; our existing si;nu!lganémperamrcsﬁ zf,‘
chmate. changt; impact assessments. Whereas our understandin of C((;n a?fproaC. e o
stantly improving, very few experiments have observed long~termg effects éfili:;ielfmfromn:
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ing on forest growth and soil carbon dynamics in pure and mixed stands. Particularly
important is a better understanding of species-specific responses at the current southern
distribution limits of economically important tree species. In this context disturbance
effects need to be considered in integrated assessment studies, and the impacts of climate
change on the frequency and intensity of disturbances such as storms, insect outbreaks,
and forest fire deserves further investigation.

The integrated assessment approach of the GFS study should be elaborated in several

ways:

— the national application should be complemented by regional impact assessments (@)
to analyse the climate sensitivity of a broader variety of forest types under different
site conditions and (ii) to investigate possible regional differences in climate change im-
pacts

— the applicability of results in decision-making could be increased by studying more
realistic management strategies in the forest scenario model ActioSilva .

— investigating more scenario combinations, including different climate change scenarios,
would help to capture better the uncertainties in the impact assessment

— transient simulation studies over longer time periods than 30 years are nceded to
evaluate long-term consequences of alternative management strategies '

— the coupling of the forest estate and forest product market models shogld be 1mp1.'0'vcd
to investigate feedbacks between forest growth changes and economics on decision-

making in the forest scenario model

The SILVA growth simulator should be tested with alternative environmental response
functions. The effect of the current temperature response function outside _of the chrrymc
conditions for which ngth measurements are available could be analysed in comparison
with simulations using an asymptotic response function. ‘

Spatially explicit model applications with the 4C and SILVA mgdels across all ,ores(;
inventory plots are important to identify particularly vulnerable regions, f(?rest tyscs ’-ll’tl)
site conditions. More species and 2 choice of forest manag?ment strategies ne; ;g be‘
incorporated into the process-based modet approac}} of 4.(‘ and the model s ()}:1 | e
tested against observed data at a greater number of mten.swely measured re§eag P ots’
(eg of the European Level II program). Existing forest inventory systems in ercrlnan}
should be continued and further developed according to present apd future dcmar}x] th

Adaptation and mitigation strategies in forest management require more _r;sc?rCCIimatZ
potentials of forest management to increase ca_rbon storage in fores‘ts tohmltg;a} cV hmate
change should be investigated with more detail. ForesF policy studl;s s ;)u mv e;a c%icc
how suitable adaptation measures could be successfully 1mpl§mente§l into orelstr) ;:i et
to ensure the sustainability of forest atilisation under changing environmental con s.
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