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by
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Systems Ecology, Institute of Terrestrial Ecology, Department of Environmental Sciences
Swiss Federal Institute of Technology Zürich (ETHZ), CH-8952 Schlieren/Switzerland

Abstract

The temporal behaviour of three forest gap models built to simulate species succession in
central Europe is compared in the current as well as future climates.  The first model,
FORECE, represents a conventional forest gap model, the second, FORCLIM 1.1, is an
ecologically simplified descendant of the first, and the third model, FORCLIM 1.3, was
derived from the second by avoiding any implicit climate dependencies.  The species
compositions produced by the three models were studied along an altitudinal gradient in
the European Alps while manipulating climatic parameters.  First, the equilibrium states of
the models were calculated for the present climate.  Second, starting from the equilibrium
states, the step responses of the models were explored by imposing an instantaneous
climatic change based on regional projections, which have been statistically downscaled
from transient GCM simulations for the next century.  According to similarity coefficients
all three models produce similar equilibrium species compositions in the present climate.
In a changed climate the results suggest that central European forests at high altitudes are
more susceptible to temperature changes and that lower forests are more susceptible to
precipitation changes.  However, some models produce a markedly differing behaviour in
a changed climate.  Hence, contrary to wide-held expectations, this type of models needs
to be thoroughly revised before forest gap models may be applied to assess in details the
impacts of climatic change impacts on forests.

INTRODUCTION

In mountainous regions forests fulfil a multitude of functions.  They protect settlements from
avalanches or landslides; they regulate runoff, thereby helping to prevent erosion;  forests and
meadows make a varied mountain landscape and provide the environment necessary for various
recreational activities;  they hold a large fraction of the world's terrestrial carbon, and are also
important carbon sequestering systems;  finally, and not least, forests are exploited for fuel,
pulpwood, and timber.  Climatic changes may impact on all these functions (e.g. BOLIN et al.,
1986; DAVIS, 1990).  However, the complex topography in mountains leads to a large spatial
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variability of climate, soil, and other site factors, which makes it difficult to assess their influence
on forest dynamics.  Moreover, via the tree species composition edaphic factors such as soil
organic matter and nutrient availability may have large effects on above functions (PASTOR &
POST, 1985; SHUGART et al., 1986; DAVIS, 1990; SHUGART, 1990).  Therefore, in mountains it
is more important to study the processes involved explicitly and in more details than in flat
terrain.

Models of forest succession which are based on the gap dynamics hypothesis (BOTKIN et al.,
1972a,b; SHUGART, 1984) operate on similar temporal and spatial scales.  These "gap models"
simulate the establishment, growth, and death of individual trees partly as a deterministic, partly
as a stochastic process confined within small, often 1/12 ha, plots.  The actual forest succession
on the ecosystem level is then averaged from the successional patterns simulated for many plots.
These models offer the following advantages for studying the impact of climatic change:  First,
they are based on a well documented ecological theory of tree growth and plant competition
(WATT, 1947; BRAY, 1956; CURTIS, 1959; FORMAN & GODRON, 1981). Second, it has been
shown that these models incorporate many essential mechanisms and exhibit realistic features of
species succession in forest ecosystems (BOTKIN et al., 1972a,b; SHUGART, 1984).  Moreover,
since forest gap models operate on small spatial scales from 10 m to 1 km, it appears
particularly feasible to apply such models to mountainous forests in a complex topography.

Many authors have constructed forest gap models for a wide range of test sites, but all have
assumed a constant climate (BOTKIN et al., 1972a,b; SHUGART & WEST, 1977; DOYLE, 1981;
PASTOR & POST, 1985; KIENAST, 1987; LEEMANS & PRENTICE, 1989; BONAN, 1992).  From
the realistic behaviour of forest gap models under current climates some authors have inferred
that the models can be used to simulate the impacts of future climatic changes on species
composition (e.g. PASTOR & POST, 1988; KIENAST, 1991).  Other authors have tried to
enhance the trustworthiness of these models by applying them for past constant climates (e.g.
SOLOMON et al., 1981; LOTTER & KIENAST, 1992) or for scenarios of past climatic change
(e.g. SOLOMON et al., 1980, 1981; SOLOMON & THARP, 1985).  However, there remains still a
considerable uncertainty concerning the appropriateness of the "facts and concepts"
incorporated in gap models, a view shared by some authors such as SOLOMON (1986, p. 568):
"…the errors become amplified (…), generating flaws that are large enough to preclude direct
application of the model…".  Moreover, applying these models to a changing climate we found
evidence pointing at a considerable input and structural sensitivity of forest gap models in terms
of their temporal behaviour (FISCHLIN et al., 1993).  Yet, we are not aware of any previous study
that explicitly explores the applicability of these models for assessing the impact of climatic
change.

Comparing the consistency and robustness of the results produced by several models applied to
the same climate might be a means to explore the strengths and limits of forest gap models.
This approach requires us to compare closely related members of the same family of models;
from a viewpoint of systems theory, each of these models has the same base model and the same
experimental frame (ZEIGLER, 1976; FISCHLIN, 1991).  Such a study is especially interesting if
we do not have unanimously accepted reasons for favouring a priori one of the models over the
others.  These prerequisites are met exactly by the family of models used in this study.  The
three forest gap models FORECE (KIENAST, 1987), FORCLIM 1.1, and FORCLIM 1.3
(FISCHLIN et al., 1993) can all simulate forest succession for European conditions.  The models
are built for the same experimental frame, i.e. the same degree of resolution and the same
temporal and spatial scales, and differ from each other only in the formulation of climatic
influences and with respect to the modelling of some ecological processes.

Models of this type usually require climatic input parameters, such as monthly temperature plus
precipitation means and variances.  For exploring the applicability of such a model to climatic
change, the models should be scrutinized under current and future climates.  For the current
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climate within the Swiss Alps it is easy to derive these parameters from long-term measurements
of weather.  However, future climates must be estimated by additional means, for instance by the
new methods of downscaling (GYALISTRAS et al., submitted).  They allow us to scale down
global climates as projected by General Circulation Models (GCM) to a particular weather
station.  Not only does this downscaling allow for "best estimates" of a future changed climate,
e.g. based on the scenarios for greenhouse gas emissions (HOUGHTON et al., 1990), but also to
quantify its variability.

Such comparisons have to concentrate on the most interesting impacts of climatic change, i.e.
those on which the listed functions of mountainous forests obviously depend strongest.  Among
those falls the temporal behaviour of the species-specific biomasses, which must not differ
beyond certain ranges from model to model if the models are to be considered reliable and
applicable to climate change.  In case the projected forests should differ substantially from
model to model, it may at least be necessary to understand the reasons.  Are the differences due
to the location, the number of factors incorporated in the model, or the climate parametrization?

In this paper we compare and evaluate the behaviour of the chosen family of models with respect
to the following questions:  how similar – or how different – are the species compositions
simulated by the three models (1) under present climates, (2) under future "best estimate"
climates downscaled from GCM results, and (3) under the variability of the downscaled best
estimates?  Since the downscaling yields site-specific data, we chose several representative test
sites along an altitudinal gradient within the European Alps.  We found that some models yield
similar and consistent results, in particular for current climates, but that they can disagree
considerably in other situations.

MATERIAL AND METHODS

The following three forest gap models were used:

The first model, FORECE (KIENAST, 1987), is a conventional gap model derived from
LINKAGES (PASTOR & POST, 1985) to accommodate European conditions and species.

The second model, FORCLIM 1.1, is a simplified descendant of FORECE and comprises fewer,
i.e. only the most fundamental, ecological processes (BUGMANN, 1991; BUGMANN &
FISCHLIN, 1992).  Based on a structural sensitivity analysis under the current climate the
following processes were dropped:  The modification of the rates of sapling establishment by
(1) the annual mean and annual amplitude of monthly temperatures (temperature indicators after
ELLENBERG, 1986);  (2) degree-days;  (3) the influence of frost;  (4) sprouting from tree
stumps, a factor often of little importance in unmanaged forests;  (5) the positive feedback of the
presence of adult trees on seed availability ("scoring system" after KIENAST, 1987).  Moreover,
instead of tracking individual trees FORCLIM 1.1 simulates only size cohorts.  The
parametrization of the climate is done in the same way as in FORECE.

The third model, ForClim 1.3, was developed from ForClim 1.1 by altering the mathematical
formulations of the climatic factors (FISCHLIN et al., 1993).  The only difference to FORCLIM
1.1 is that it adopts a more reliable parametrization of climate by avoiding any implicit
temperature and precipitation dependencies:  (1) The calculation of the annual sum of degree-
days is corrected for site-specific bias by linear regression;  (2) sapling establishment is limited
by the minimum of the actual mean temperatures of December, January, and February instead of
the long-term mean January temperature, which avoids unrealistic threshold effects when climate
changes;  (3) the carrying capacity for above-ground biomass (parameter SOILQ in



C o m p ari n g t h e B e h a vi o ur of M o u nt ai n o u s F or e st S u c c e s si o n M o d el s i n a C h a n gi n g Cli m at e 4
                                                                                                                                                       

c o n v e nti o n al g a p m o d els) is n ot ass u m e d t o b e c o nst a nt b ut is c al c ul at e d b as e d o n l o n g-t er m
t e m p er at ur e a n d pr e ci pit ati o n d at a t o all o w f or si m ul ati o ns of cli m ati c c h a n g e ( O' N EI L L &
D E A N G E LI S , 1 9 8 1);  ( 4) dr o u g ht str ess is c al c ul at e d a c c or di n g t o t h e o utli n es b y P R E N TI C E &
H E L MI S A A RI  ( 1 9 9 1) i nst e a d of usi n g t h e " dr y d a ys " a p pr o a c h ( P A S T O R & P O S T , 1 9 8 5), a g ai n
a v oi di n g t hr es h ol d eff e cts.  FI S C H LI N et al.  ( 1 9 9 3) h a v e d es cri b e d t h e e x a ct m at h e m ati c al
f or m ul ati o ns f ull y.

T a b. 1:  C h ar a ct eri sti c s a n d m aj or c urr e nt cli m at e p ar a m et ers of t h e t est sit es us e d t o si m ul at e t h e t hr e e f or est
s u c c esi o n m o d els.

Sit e  L o c ati o n  El e v ati o n
[ m a b o v e
s e a l e v el]

a n n u al m e a n
t e m p er at ur e

[° C]

a n n u al pr e ci-
pit ati o n s u m

[ c m]

p ot e nti al n at ur al v e g et ati o n
( EL L E N B E R G & K L ö T Z LI , 1 9 7 2)

B er n S wiss Pl at e a u 5 4 0 8. 4 1 0 0. 1  mi x e d d e ci d u o us f or ests d o mi n at e d
b y b e e c h ( F a g us sil v ati c a L.) a n d
sil v er fir ( A bi es al b a Mill er)

D a v os  N ort h er n Al ps 1 5 6 0 3. 0 1 0 1. 1 c o nif er o us f or ests d o mi n at e d b y
l ar c h ( L ari x d e ci d u a  Mill er) a n d
s pr u c e ( Pi c e a a bi es L.)

B e v er C e ntr al Al ps 1 7 0 8 1. 5 8 3. 8 c o nif er o us f or ests d o mi n at e d b y
l ar c h ( L ari x d e ci d u a  Mill er) a n d
S wiss St o n e pi n e ( Pi n us c e m br a
L.)

T h e f oll o wi n g r e as o ns l e a d t o t h e s el e cti o n of t h e t est sit es B er n, D a v os, a n d B e v er ( T a b. 1):
T h es e t hr e e sit es r e pr es e nt t hr e e d o mi n a nt b elts of v e g et ati o n d et er mi n e d b y altit u d e ( T a b. 1;
pl a nt n o m e n cl at ur e a c c or di n g t o H E S S  et al. , 1 9 8 0), a n d l o n g t er m cli m at e r e c or ds h a v e b e e n
c o m pil e d b y t h e S wiss M et e or ol o gi c al A g e n c y ( B A N T L E , 1 9 8 9; S M A, 1 9 0 1- 1 9 9 0), w hi c h all o w
us t o c al c ul at e r eli a bl e l o n g-t er m m e a ns a n d st a n d ar d d e vi ati o ns of m o nt hl y t e m p er at ur es a n d
pr e ci pit ati o n s u ms ( F I S C H LI N et al., 1 9 9 3).

S c e n ari os f or f ut ur e cli m at es at t h e t est sit es ( T a b. 2) w er e o bt ai n e d b y st atisti c al d o w ns c ali n g
w hi c h r el at es l ar g e-s c al e t e m p er at ur e a n d pr ess ur e a n o m ali es ( N ort h Atl a nti c, E ur o p e) t o l o c al
w e at h er a n o m ali es b y m e a ns of pri n ci p al c o m p o n e nt a n al ysis a n d c a n o ni c al c orr el ati o n a n al ysis
( GY A LI S T R A S  et al. , s u b mitt e d).  T h e d at a f or t his d o w ns c ali n g w er e pr o vi d e d b y a 1 0 0 y e ar
( 1 9 8 6- 2 0 8 5) u n c orr e ct e d tr a nsi e nt r u n of t h e E C H A M G e n er al Cir c ul ati o n M o d el ( CU B A S C H  et
al. , 1 9 9 2) f or t h e I P C C " B usi n ess As Us u al " S c e n ari o A ( H O U G H T O N  et al. , 1 9 9 0).  Usi n g t h e
d o w ns c al e d tr e n ds ( T a b. 2) w e c o m p ut e d t h e a n o m ali es of t h e m e a n wi nt er ( D e c- F e b) a n d
s u m m er (J u n- A u g) t e m p er at ur e ( T) a n d pr e ci pit ati o n ( P).  T h e v al u es o bt ai n e d w er e a d d e d t o t h e
sit e s p e cifi c c urr e nt m o nt hl y m e a ns a n d a p pli e d d uri n g 6 m o nt hs e a c h (s u m m er - A pr- S e p,
wi nt er - O ct- M ar).  Si n c e a n y s c e n ari o of cli m ati c c h a n g e is b as e d o n ess e nti all y u n k n o w n
ass u m pti o ns a b o ut t h e f ut ur e ( HO U G H T O N  et al ., 1 9 9 0), w e c o m p ar e d t h e b e h a vi o ur of e a c h
m o d el wit hi n t h e r a n g e of c a. 9 5 % ( ± 2σ)  of t h os e 8 4 d o w ns c ali n g m o d els w hi c h p erf or m e d
b est i n t h e v ali d ati o n p eri o d ( G Y A LI S T R A S et al. , s u b mitt e d).  Fi g. 1 ( c e ntr e) gi v es a n e x a m pl e
of t y pi c al si m ul ati o n r es ults as o bt ai n e d wit h t h e t hr e e m o d els f or t h e b est esti m at e of cli m ati c
c h a n g e, w h er e as t h e eff e ct of v ar yi n g t his esti m at e b y ± 2 σ  is s h o w n i n t h e c or n ers ( Fi g. 1).

At e a c h sit e, t h e e q uili bri u m st at es of t h e g a p m o d els w er e c al c ul at e d f or t h e pr es e nt cli m at e
d uri n g t h e first 1 5 0 0 si m ul ati o n y e ars.  S e c o n d, st arti n g fr o m t h e e q uili bri u m st at es, t h e st e p
r es p o ns e of t h e m o d els w as e x pl or e d b y i m p osi n g a n i nst a nt cli m ati c c h a n g e b as e d o n t h e
d o w ns c al e d pr oj e cti o ns d es cri b e d a b o v e, a n d t h e si m ul ati o ns e n d e d aft er 3 0 0 0 y e ars ( Fi g. 1).
A v er a g e s p e ci es bi o m ass es w er e c al c ul at e d fr o m 2 0 0 st o c h asti c r u ns ( B U G M A N N & F I S C H LI N,
1 9 9 2).  T h e e q uili bri u m st at es w er e esti m at e d b y a v er a gi n g t h e r es ults o v er t h e p eri o ds 1 0 0 0-
1 5 0 0 a n d 2 5 0 0- 3 0 0 0 si m ul ati o n y e ars f or c urr e nt a n d f ut ur e cli m at es, r es p e cti v el y.  T h e
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ForClim models were simulated on an Apple Macintosh IIfx computer using the simulation
software ModelWorks and RAMSES (FISCHLIN et al., 1990; FISCHLIN, 1991).  Simulations
with the model FORECE are less efficient and were thus executed on a SUN SS630
workstation.

Tab. 2: Site specific winter and summer temperature (T) resp. precipitation (P) changes projected for the year
2100 relative to current climatic conditions (1901-1990 for Bern and Davos, 1901-1980 for Bever).  These
climatic scenarios are based on downscaled trends from a "Business As Usual" transient ECHAM GCM run
(CUBASCH et al., 1992; GYALISTRAS et al., submitted).  Trend(µ): linear trend of the mean (1986 to 2085);
Mean(s): standard deviation in 2036 (= average of period 1986-2085); Trend(s): linear trend of the standard
deviation (1986 to 2085).  To Po : "best estimate" of changes for year 2100 extrapolated from Trend(µ).  X± :
lower/upper end of confidence interval for variable X, X± = Xo±2·s2100, where s2100 is the standard deviation
for 2100 extrapolated from Trend(s) and Mean(s).

Site Winter (Dec-Feb) Summer (Jun-Aug)
T [°C] P [cm ·month-1] T [°C] P [cm ·month-1]

Bern Trend(µ) 3.27 2.73 2.30 3.46
Mean(s) 0.37 0.57 0.30 1.06
Trend(s) 0.46 0.44 0.48 1.42
ToPo 3.76 3.13 2.64 3.98
T+P+ 5.09 4.85 3.85 7.94
T+P- 5.09 1.42 3.85 0.02
T-P+ 2.43 4.85 1.43 7.94
T-P- 2.43 1.42 1.43 0.02

Davos Trend(µ) 2.61 1.86 2.85 0.79
Mean(s) 0.35 0.96 0.20 0.58
Trend(s) 0.43 0.96 0.27 0.60
ToPo 3.00 2.14 3.28 0.91
T+P+ 4.26 5.32 4.02 2.86
T+P- 4.26 -1.03 4.02 -1.05
T-P+ 1.74 5.32 2.53 2.86
T-P- 1.74 -1.03 2.53 -1.05

Bever Trend(µ) 1.28 2.21 3.62 3.32
Mean(s) 0.27 0.35 0.36 0.64
Trend(s) 0.32 0.38 0.67 0.86
ToPo 1.48 2.54 4.16 3.82
T+P+ 2.42 3.74 5.75 6.21
T+P- 2.42 1.35 5.75 1.43
T-P+ 0.53 3.74 2.57 6.21
T-P- 0.53 1.35 2.57 1.43
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Fi g. 1: S p e ci e s c o m p o siti o n s si m ul at e d b y F O R C LI M  m o d el v ersi o n 1. 3 at D a v os ( T a b. 1):  First 1 5 0 0 y e ars
of pri m ar y f or est s u c c essi o n i n t h e c urr e nt cli m at e, s e c o n d 1 5 0 0 y e ars of s e c o n d ar y f or est s u c c essi o n i n r es p o ns e
t o a d o w ns c al e d b est esti m at e ( To P o ) st e p c h a n g e i n t h e gl o b al cli m at e ( c e ntr e).  T h e p a n els i n t h e c or n ers s h o w
t h e m o d el's s e c o n d ar y s u c c essi o n al st e p r es p o ns es ( c or n ers) t o t h e u n c ert ai nti es i n h er e nt i n t h e cli m ati c c h a n g e
s c e n ari o s ( T a b. 2).
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T h e diff er e n c es b et w e e n t h e e q uili bri u m st at es of s p e ci es bi o m ass es pr o d u c e d b y t h e v ari o us
m o d els a n d cli m at e s c e n ari os w er e q u a ntifi e d usi n g a p er c e nt a g e si mil arit y c o effi ci e nt ( P S) ( e. g.
P R E N TI C E & H E L MI S A A RI , 1 9 9 1), w hi c h r el at es a n y t w o s ets of d at a X = { x1 , x2 , …, xn } a n d Y
= { y 1 , y2 , …, yn } as f oll o ws:

P S = 1 – 

| xi – yi |∑
i = 1

n

( xi + yi )∑
i = 1

n
( 1)

w h er e 0 ≤  P S ≤  1.  T his c o effi ci e nt c a n b e i nt er pr et e d as t h e fr a cti o n of v al u es c o m m o n t o b ot h
s ets of d at a.  It off ers t h e f oll o wi n g a d v a nt a g e:  n ot o nl y d o es it tr a c k diff er e n c es i n t h e r el ati v e
distri b uti o ns of t h e x i a n d yi v al u es ( e. g. s p e ci es-s p e cifi c bi o m ass es), b ut it als o d e cli n es t h e
l ar g er t h e diff er e n c e b et w e e n t h e s u ms Σ x i a n d Σ y i ( e. g. t ot al bi o m ass) b e c o m es.

R E S U L T S

I n t his st u d y w e f o c us e d o n t h e c o m p aris o n a m o n g st e a d y st at es of bi o m ass es c o m p ut e d as t/ h a
p er tr e e s p e ci es.  All t hr e e m o d els c a n r e a c h a si n g ul ar st e a d y st at e.  Si m ul ati o n e x p eri m e nts
s h o w e d t h at t h e e q uili bri u m bi o m ass es c al c ul at e d fr o m 2 0 0 si m ul ati o n r u ns h a v e a st a n d ar d
err or s m all er t h a n 1 0 % of t h eir m e a n.  T h es e st e a d y st at es ar e r e a c h e d aft er a r at h er l o n g
tr a nsi e nt b e h a vi o ur l asti n g b et w e e n 4 0 0 ( Fi g. 3 l eft) a n d m or e t h a n 7 0 0 y e ars ( Fi g. 1, Fi g. 3
ri g ht).

F O R E C E- F or Cli m 1. 1

F or Cli m 1. 1- 1. 3

F O R E C E- F or Cli m 1. 3

0. 0

0. 5

1. 0

C u r r e nt cli m at e

B er n  D a v o s  B e v er
0. 0

0. 5

1. 0

“ B e st e sti m at e ” cli m ati c c h a n g e

Fi g. 2: Si mil arit y c o effi ci e nt s c o m p ut e d f or all p ossi bl e p airs of t h e t hr e e m o d el v ersi o ns at t h e
t hr e e t e st sit e s:  (t o p) u n d er c urr e nt cli m at e, ( b ott o m) u n d er t h e d o w ns c al e d b est esti m at e ( To P o )
of t h e c h a n g e d cli m at e pr oj e ct e d b y t h e E C H A M G C M f or t h e e n d of t h e n e xt c e nt ur y ( T a b. 2).
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T h e esti m at e d st e a d y st at es a p p e ar n ot t o d e p e n d o n t h e i niti al st at es.  T his all o ws us t o c o m p ar e
t h e r es ults o bt ai n e d wit h s p e ci es c o m p ositi o ns o bs er v e d i n r e al f or ests, alt h o u g h t h er e e xist n o
pr e cis e fi el d d at a o n t h e tr u e i niti al st at es at t h e t hr e e t est sit es.

F or t h e c urr e nt cli m at e t h e st e a d y st at es si m ul at e d b y t h e t hr e e m o d els s h o w r e alisti c s p e ci es
c o m p ositi o ns at all t hr e e sit es:  T h e mi x e d d e ci d u o us f or est at B er n is d o mi n at e d b y c o m m o n
b e e c h ( F a g us sil v ati c a  L.) a n d sil v er fir (A bi es al b a  Mill.);  s u b al pi n e c o nif er o us f or ests at
D a v os ar e c o m p os e d m ai nl y of N or w a y s pr u c e ( Pi c e a a bi es  L.) a n d E ur o p e a n l ar c h (L ari x
d e ci d u a  Mill er) ( Fi g. 1 c e ntr e);  si m ul at e d f or ests at B e v er ar e d o mi n at e d b y E ur o p e a n l ar c h a n d
S wiss st o n e pi n e ( Pi n us c e m br a L.) ( Fi g. 3).  M or e o v er, t h e si m ul at e d s p e ci es c o m p ositi o ns
c o m p ar e w ell wit h p h yt os o ci ol o gi c al d es cri pti o ns b y E L L E N B E R G & K L ö T Z LI  ( 1 9 7 2) a n d
E L L E N B E R G  ( 1 9 8 6).  F or t h e F O R E C E m o d el, t his h as b e e n dis c uss e d i n d et ail b y K I E N A S T &
K U H N  ( 1 9 8 9).  T h e l ar g e p er c e nt a g e si mil arit y c o effi ci e nts ( Fi g. 2 t o p) s h o w t h e g o o d
a gr e e m e nt a m o n g all t hr e e m o d els f or t h e c urr e nt cli m at e.

D e p e n di n g o n t h e t est sit e, w e o bs er v e d di v er gi n g si mil arit y c o effi ci e nts a m o n g pr oj e ct e d st e a d y
st at es u n d er t h e b est esti m at e s c e n ari o f or t h e cli m at e at t h e e n d of t h e n e xt c e nt ur y:  T h e
s m all est diff er e n c es b et w e e n t h e m o d els w er e f o u n d at B er n ( 5 4 0 m a.s.l.), m e di u m o n es at
D a v os ( 1 5 6 0 m a.s.l.), a n d m ar k e d diff er e n c es w er e f o u n d at B e v er ( 1 7 0 8 m a.s.l.; Fi g. 2
b ott o m).  T h us, t h e d e gr e e of di v er g e n c e a m o n g t h e t hr e e m o d els c orr el at es p ositi v el y wit h
el e v ati o n.  M or e o v er, t h e si mil arit y c o effi ci e nts b et w e e n t h e s p e ci es c o m p ositi o ns i n t h e c urr e nt
cli m at e a n d t h os e i n t h e f ut ur e b est esti m at e cli m at e als o d e cr e as e wit h i n cr e asi n g altit u d es
( Fi g. 4, c ol u m n B E), i. e. t h e hi g h er t h e sit e t h e m or e diff er e nt t h e c o m m u niti es mi g ht b e c o m e
d u e t o t h e cli m ati c c h a n g e.

3 0 0 02 4 0 01 8 0 01 2 0 0

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0 F O R E C E

Y e a r

t / h a

3 0 0 02 4 0 01 8 0 01 2 0 0

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

Pi n u s c e m b r a

Pi c e a a bi e s

L a ri x d e ci d u a

Pi n u s m u g o

Pi n u s  sil v e s t ri s

A c e r pl a t a n oi d e s

A c e r p s e u d o pl a t a n u s

C a r pi n u s b e t ul u s

C a s t a n e a s a ti v a

P o p ul u s t r e m ul a

Q u e r c u s p u b e s c e n s

F o r Cli m  V 1 . 1

Y e a r

t / h a

Fi g. 3: S p e ci es c o m p ositi o ns si m ul at e d b y t h e f or est s u c c essi o n m o d el F O R E C E (l eft)
r es p e cti v el y F O R C LI M  m o d el v ersi o n 1. 1 (ri g ht) at B e v er ( T a b. 1).  B ot h si m ul ati o ns r e pr es e nt
st e p r es p o ns es t o t h e d o w ns c al e d b est esti m at e ( T o P o ) of t h e c h a n g e d cli m at e as pr oj e ct e d b y t h e
E C H A M G C M f or t h e e n d of t h e n e xt c e nt ur y ( T a b. 2).

N ot o nl y is t h e d o w ns c al e d v ari a bilit y i n t h e i n p ut d at a of t h e s a m e or d er of m a g nit u d e as t h e
esti m at es of t h e u n c ert ai nt y i n h er e nt i n G C M si m ul ati o ns, b ut t h e r es p o ns e of t h e f or est m o d els
r e m ai ns wit hi n a si mil ar r a n g e ( FI S C H LI N et al. , 1 9 9 3).  T h e si m ul ati o ns wit h e a c h m o d el
p erf or m e d at e a c h t est sit e al o n g t h e b or d ers of t h e s c e n ari o r a n g es s h o w e d t h e f oll o wi n g.  T h e
hi g h er t h e sit e, t h e l ess si mil ar ar e a m o d el's st e a d y st at es, w hi c h w er e g e n er at e d w hil e t h e
cli m ati c s c e n ari o w as m o difi e d ( Fi g. 1, Fi g. 4):
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Pr e ci pit ati o n c h a n g es a p p e ar t o i nfl u e n c e s p e ci es c o m p ositi o n m ai nl y at l o w er el e v ati o ns ( Fi g. 4,
c ol u m n ∆ P).  O nl y at B er n d o t h e si mil arit y c o effi ci e nts di v er g e.  T his b e h a vi o ur c a n b e
e x pl ai n e d b y a t hr es h ol d eff e ct ass o ci at e d wit h t h e w a y dr o u g ht eff e cts ar e m o d ell e d ( F I S C H LI N

et al. , 1 9 9 3).  M or e o v er, si n c e w e f o u n d i n ot h er st u di es t h at l o w dr y sit es ar e s e nsiti v e t o
c h a n g es of pr e ci pit ati o n, w e e x p e ct t h at t h e r es p o ns e of t h e m o d els at B as el or Si o n t o c h a n gi n g
pr e ci pit ati o n s u ms c o ul d b e e v e n str o n g er t h a n t h at f o u n d at B er n ( Fi g. 4, ∆ P t o p).
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Fi g. 4: Si mil arit y c o effi ci e nts c o m p ut e d b et w e e n p airs of s p e ci es st e a d y st at es si m ul at e d b y t h e
s a m e m o d el w hil e m o dif yi n g cli m ati c c o n diti o ns:  B E : Si mil arit y b et w e e n c urr e nt cli m at e a n d
d o w ns c al e d b est esti m at e ( T o P o ).  ∆ T : Si mil arit y b et w e e n T- P + a n d T + P + s c e n ari os (t e m p er at ur e
gr a di e nt).  ∆ P : Si mil arit y b et w e e n T + P + a n d T + P- s c e n ari o s ( pr e ci pit ati o n gr a di e nt) ( T a b. 2).

T e m p er at ur e c h a n g es h a v e str o n g i nfl u e n c es o n s p e ci es c o m p ositi o n at hi g h er el e v ati o ns ( Fi g. 4,
c ol u m n ∆ T).  T h e si mil arit y c o effi ci e nts ar e l ar g e a n d diff er littl e at l o w altit u d es ( Fi g. 4, t o p).
T h e y b e c o m e s m all er a n d di v er g e m or e wit h i n cr e asi n g el e v ati o n of t h e t est sit es.  T his
a u g m e nt e d t e m p er at ur e s e nsiti vit y w as f o u n d i n all m o d els, a n d it c orr o b or at es t h e e x p e ct e d
t e m p er at ur e d e p e n d e n c y of t h e al pi n e tr e eli n e.  At t h es e el e v ati o ns t h e diff er e nt f or m ul ati o ns of
d e gr e e- d a ys a n d wi nt er t e m p er at ur e ar e r es p o nsi bl e f or m o d el di v er g e n c e, w h er e as t h e y ar e of
littl e si g nifi c a n c e at l o w er el e v ati o ns.
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Discussion

Not only do the three models produce in 8 out of 9 comparisons for current climate (89%)
consistent results with large inter-model similarity coefficients (PS>0.75; Fig. 2 top), but their
behaviour appears also to be in good accordance with field data wherever they are available and
have been produced by model equations which conform with the current ecological theory of the
processes governing the species composition of a forest stand.  These findings corroborate the
results and expectations of many other authors (BOTKIN et al., 1972a,b; SHUGART & WEST,
1977; DOYLE, 1981; SHUGART, 1984; PASTOR & POST, 1985; K IENAST, 1987; LEEMANS &
PRENTICE, 1989; BONAN, 1992).  On this basis alone it would not be possible to favour one
model over another, especially since they all have been built for similar purposes and are all
applicable to central European forests.

On the other hand, the comparisons among the three models did reveal that their response to
climatic change differ markedly in 23 out of 45 cases (51%).  Thus, their application to
assessing the impact of climatic change might not be as easy as some authors have thought.

What were the causes for the different behaviours?  Under a changed climate the models
respond more strongly to the complete elimination of factors that depend on the ecology or the
climate (FORCLIM 1.1) than to slight modifications of model equations (FORCLIM 1.3).
Especially the elimination of the temperature indicators after ELLENBERG (1986) in the model
FORCLIM 1.1 has strong effects at the sites Davos and Bever.  The use of these indicators in
FORECE may be questioned:  First, many species are excluded arbitrarily because of the
indicators' discrete nature.  Second, it is the current weather which really influences the
establishment of saplings, not the long-term mean difference of the temperature between the
warmest and the coldest month.  FORCLIM 1.1 does not require us to assume such statistical
relations, and is based to a larger extent on plausible, causal mechanisms.

Moreover, the steady state species compositions for current climate as simulated by the
FORCLIM models are often more realistic (ELLENBERG & KLöTZLI, 1972; ELLENBERG, 1986),
e.g. for Acer platanoides L. at Bern and Larix decidua  L. at Bever.  The behaviour of the
FORCLIM 1.3 model at sites closer to the precipitation limited treeline simulates the climatic
influences more realistically.  It avoids threshold effects due to discrete functions (FISCHLIN et
al., 1993), which are responsible for some of the observed strong dissimilarities (Fig. 4) and
appear rather to be artefacts.  Based on these findings we favour FORCLIM 1.3 over the other
two models.
Although some results are contradictory and the exact species compositions might not always be
predictable, it is possible to draw several conclusions from the results.  As a consequence of
assessed climatic changes strong responses in species composition can not be ruled out, and in
certain environmental conditions they are even likely.  This conforms again with the findings
from earlier studies, although they have not been able to use GCM downscaled climate scenarios
(SOLOMON, 1986; PASTOR & POST, 1988; OVERPECK et al., 1990; K IENAST, 1991; FISCHLIN
et al., 1993).

In particular, as expressed by the sequence of sites Bever, Davos, and Bern (Fig. 4 left), the high
forests appear to be more susceptible than the lower ones.  This pattern supports findings by
IPCC that subalpine forests might be especially susceptible (IZRAEL et al., 1990) and also
corroborates the climatological interpretation of tree-rings from subalpine zones (e.g. KIENAST
& SCHWEINGRUBER, 1986).
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Conclusion

Within a large range of altitudes the models of forest succession studied respond to a climatic
change by adapting their species compositions.  The response of the models to climates
downscaled from transient GCM simulations (CUBASCH et al., 1992; GYALISTRAS et al.,
submitted) for the end of the next century based on the IPCC "Business As Usual" scenario
contrasts in some cases sharply with the steady states for current climatic conditions.  Since the
steady states of all the models appear to be globally stable, this statement can be made
independently of the exact course of the primary succession in a constant climate (Fig. 1) as
well as of the secondary succession following climatic changes.  The successional transient
response to a step in the climate abates only after about 400 up to a maximum of 700 years
(Fig. 1, Fig. 2 right).  This is of the same order of magnitude as abyssal oceans respond
(FLOHN & FANTECHI, 1984; CUBASCH et al., 1992).

The results suggest for forests within the European Alps that those at lower altitudes might be
most susceptible to a drier climate, whereas at higher altitudes, especially in the subalpine zone,
species compositions might be more susceptible to a warmer climate (Fig. 4).  In general we
tentatively conclude that the forests least susceptible to climatic change are at mid altitudes, i.e. in
the montane zone.  However, these findings may not generally hold in other climates, since the
three test sites represent only a small fraction of possible climates in the parameter space of
temperature and precipitation.  More thorough and systematic sensitivity analysis would be
necessary before general conclusions could be drawn (FISCHLIN et al., 1993).

The members of our family of forest gap models show similar results under present climate
(Fig. 3), but may produce markedly diverging steady state species compositions under a
changed future climate.  The observed differences depend partly on the exact mathematical
formulations of the climate parametrization, the kind of ecological processes encapsulated in the
models, and the assumed climatic scenarios plus their range of uncertainty (Fig. 1, scenario T-
P+ vs. scenario T+P-).  Thus, the fact that a gap model performs well in the present climate is
not sufficient to furnish it equally applicable for a detailed study of the impact of climatic change
on forests.

Sound criteria are needed to select the best performing member from a model family; this is
particularly important if the members' behaviour diverge substantially in some conditions.
Besides judging the validity of a model by comparing its behaviour with site specific field data
under the current climate, the following additional criteria could be advanced:  We favour the
youngest member of the family over the other two models because FORCLIM 1.3 exhibits a
realistic behaviour at more sites, its mathematical formulation is more rigorous, and it depends to
a larger extent on causal relationships (FISCHLIN et al., 1993).

From the observed discrepancies among models and their explanations, we surmise that many
conventional forest gap models are not robust and sound enough to be used for detailed
assessments of the impact of climatic change.  Yet, it appears promising to improve and revise
them by first analyzing the causes of inconsistencies, secondly reformulating their equations,
and thirdly validating them against various, e.g. past, changing climates before they are applied
in future impact studies of climatic change.
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