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Abstract. Models based on generalized plant physiological theory represent a promising 
approach for describing vegetation responses to environmental drivers on large scales but 
must be tested for their ability to reproduce features of real vegetation. We tested the capability 
of a generalized vegetation model (LPJ-GUESS) to simulate vegetation structural and com
positional dynamics under various disturbance regimes at the transition between prairie, 
northern hardwoods, and boreal forest in the Great Lakes region of the United States. 

LPJ-GUESS combines detailed representations of population dynamics as commonly 
used in forest gap models with the same mechanistic representations of plant physiological 
processes as adopted by a dynamic global vegetation model (the Lund-Potsdam-Jena [LPJ] 
model), which has been validated from the stand to the global scale. The model does not 
require site-specific calibration. The required input data are information on climate, at
mospheric C02 concentration, and soil texture class, as well as information on generally 
recognized species traits (broad-leaved vs. needle-leaved, general climatic range, two fire
resistance classes, shade-tolerance class, and maximum longevity). 

Model predictions correspond closely to observed patterns of vegetation dynamics and 
standing biomass at an old-growth eastern hemlock (Tsuga canadensis)/hardwood forest 
(Sylvania Wilderness, Michigan), an old-growth forest remnant from the "Great Lakes 
Pines Forest'' (Itasca State Park, Minnesota), and a presettlcment savanna (Cedar Creek 
Natural History Area, Minnesota). At all three sites, disturbance (wind or fire) strongly 
controls species composition and stand biomass. 

The model could be used to simulate vegetation dynamics on a regional basis or under 
past or future climates and atmospheric C02 levels, without a need for reparameterization. 

Key words: Cedar Creek Natural History Area, Minnesota, USA; ecosystem model; fire distur
bance: forest gap models; Great Lakes region, North America; Itasca State Park, Minnesota. L//)'A: 
LPJ-GUESS; old-growth forest; savanna; Sylvania Wilderness, Michigan, USA: vegetation dynamics. 

INTRODUCTION 

The mechanisms underlying vegetation dynamics 
have concerned ecologists for a long time (e.g., Watt 
1947, Connell and Slatyer 1977, Shugart 1984). In the 
1970s, scientists began to integrate the different hy
potheses and theories into mathematical models. While 
ecology has been criticized for becoming an increas
ingly segregated discipline (e.g., Pickett et al. 1994), 
this work synthesized knowledge from the llelds of 
plant physiology, population ecology, and ecosystem 
ecology and tightened the coupling between empirical 
studies and models. Model development has followed 
two main streams, which differ in terms of model gen
erality and the spatial scale at which they are applied. 

Models of tree population dynamics based on the gap
phase dynamic concept (Watt 1947) have been widely 
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used as tools for exploring theories of ecological suc
cession at small scales, i.e., pmiicular study sites (e.g., 
Botkin et al. 1972, Prentice et al. 1993, Bugmann 1996, 
Bugmann et al. 1996, Pacala et al. 1996, Sykes and 
Prentice 1996). ''Gap models'' include detailed descrip
tions of population dynamic processes: establishment, 
mortality, and effects of resource competition on indi
vidual growth. In most gap models, potential growth 
rates are species-specific and based on correlations be
tween species' geographical distributions and environ
mental variables (Botkin et al. 1972, Prentice et al. 1993, 
Bugmann 1996. Bugmann et al. 1996), i.e., on realized 
niches. This empirical approach does not explicitly treat 
the physiological mechanisms of photosynthesis, auto
trophic respiration, carbon allocation, etc., underlying 
growth and their responses to environmental conditions. 
Future changes in climate, atmospheric C02o and other 
factors may lead to altered growth rates (IPCC 2001, 
Norby et al. 2001) and thereby changed realized niches 
(Loehle and LeBlanc 1996). For these reasons, the in
clusion of mechanistic plant physiology in gap models 
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has been strongly advocated (Bugmann et al. 1997, Hurtt 
et al. 1998, Moorcroft et at. 2001 ), yet relatively little 
progress has been achieved so far. Empirical data with 
which to parameterize physiological processes for in
dividual species, such as the biochemistry of photosyn
thesis, are very limited. In the absence of species-spe
cific data, it may be necessary to base the parameteri
zation ofthesc models on easily recognizable plant traits 
(Norby et al. 2001 ). 

The family of ecosystem models known as dynamic 
global vegetation models (DGVMs) has been devel
oped to simulate vegetation dynamics and biogeo
chemical cycling at scales from the region to the globe 
(e.g., Foley et al. 1996, Kucharik et al. 2000, Cramer 
ct al. 2001, Sitch et al. 2003; Bachelet eta!. 2003). In 
these models, species are aggregated into broadly de
fmed plant functional types (PFTs), such as "boreal 
evergreen needle-leaved tree," and, in most models, 
vegetation growth is modeled based on mechanistic 
physiological principles that apply in all climates. Pop
ulation dynamics, competitive interactions among the 
modeled entities, and successional replacement are rep
resented in less detail than in gap models, and these 
models have so far not been applied to predict vege
tation dynamics on the species level. 

In this study, we applied a model (LP.J-GUESS, 
Smith et a!. 200 I) that combines detailed representa
tions of population dynamic processes as commonly 
used in gap models with the same mechanistic repre
sentations of plant physiological processes as adopted 
by a DGVM (the Lund-Potsdam-lena [LP.I] model; 
Sitch et al. 2003 ). 

We explore the extent to which the general ecological 
theory included in LPJ-GUESS can account for ob
served patterns of vegetation structure and dynamics 
on the species level at the transition between prairie, 
northern hardwoods, and boreal forest in the western 
Great Lakes region of the United States. To our knowl
edge, this is the first attempt to simulate natural veg
etation dynamics on the species level with a model 
including the same mechanistic representations of plant 
physiological processes as a generalized model adapted 
for large-scale analyses. 

An aim was to maintain a high level of generality 
in the combined model, to allow it to be applied on a 
spatially extensive basis, without a need for additional 
parameterization. The modeling approach is designed 
to simulate mean vegetation in a number of grid cells, 
being part of a larger region. Grid cell size may depend 
on the resolution of environmental input data, such as 
climate and soil texture. All species parameters were 
derived from just a few plant characters that are gen
erally recognized for a large number of species: com
pared with the global version of the model that uses 
PFTs, the only additional parameters necessary to mod
el vegetation dynamics on the species level were based 
on shade-tolerance class, fire resistance, and maximum 
longevity. 

MATERIAL AND METHODS 

Study sites 

,~vlvania Wilderness.-The primary forests at Syl
vania Wilderness (western Upper Michigan, USA, 
46°!3 1 N, 89°18 1 W) are composed of 1-20 ha patches 
dominated either by eastern hemlock (Tsuga canaden
sis) or by hardwoods. The most abundant hardwoods 
are sugar maple (Acer saccharum), yellow birch (Bet
ula alleghaniensis), and American basswood (Tilia 
americana) (Davis et al. 1994). K. Walker and S. Sugita 
(unpublished data) have sampled the overall species 
composition in a large number of plots spanning a range 
of compositional types (Fig. lA). 

Windstorms are the main source of disturbance. 
Storms that typically remove -1 0% of the canopy oc
cur approximately every 50 years, while catastrophic 
storms that remove 30% or more have a return time on 
the scale of centuries (Frelich and Lorimer 1991 ). 
Windstorms typil:ally create large multi-tree gaps by 
trees falling against one another (Davis 2001 ). The gaps 
are often colonized by yellow birch and American bass
wood (Davis et al. 1994 ). 

Itasca State Park.-ltasca State Park (Minnesota, 
USA, 47°2' N, 95°2 1 W) is located within the vegetation 
zone ''Great Lakes Pine Forest" of Kuchler (1964). 
Before settlement, the greater part of the forest was 
dominated by red and white pine (Pinus resinosa, Pinus 
strobus). llardwoods (e.g., quaking aspen [Populus tre
moiloides], bigtooth aspen [Populus grandidentata], 
and paper birch [Betula papyrifera]) also covered a 
substantial part of the park (Hansen et al. 1974). 

Fire suppression in the 20th century has impacted 
forest types by allowing disturbance-dependent pine 
forests to succeed to more shade-tolerant species such 
as sugar maple and balsam fir (Abies balsamea) (Tester 
ct al. 1997). Dominance by sugar maple/American 
basswood and balsam fir/white spruce vegetation 
would be expected in the total absence of fire distur
bance (Buell and Gordon 1945, Westman 1968, Tester 
et al. 1997). The overall species composition of the 
old-growth forest within Itasca, based on samples from 
different vegetation types, is shown in Fig. 2A (K. 
Walker, S. Sugita, and R. R. Calcote, unpublished 
data). 

Frissel (1973) reconstructed a fire chronology based 
on fire scars. From 1650 to 1922, any specific location 
in the park was affected by fire every 22 years on 
average ( Frisscl 1973 ). In a reconstruction of the fire 
history of Itasca based on charcoal samples, Clark 
( 1988) likewise reported a 22-year mean fire interval, 
but concluded that large stand-destroying crown 1ires 
could occur with an interval of 80-90 years. For ap
proximately 30-60 years following a major fire, there 
is generally insufficient fuel to support more than light 
surface fires (Heinselman 1973). 

Cedar Creek Natural History Area.-'l'he Cedar 
Creek Natural History Area (Minnesota, USA, 45°4 1 
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TABLE I. Summary of the mean climate data at the study sites in the Great Lakes region of 
the United States for the period 1950-1980 (Thompson et al. 1999) used to' drive the model 
simulations. 

Temperature ("C) 

Study site Annual January July 

Annual 
precipitation 

(mm) 

Sylvania Wilderness 
Itasca State Park 
Cedar Creek Natural History Area 

4.2 
4.0 
6.1 

N, 93°2' W) lies at the prairie-forest boundary. Before 
settlement, natural fire breaks, such as rivers, were the 
most important factor controlling vegetation compo
sition in this area. Sites with virtually identical physical 
characteristics supported different vegetation types be
cause of local differences in fire regimes (Grimm 
1984 ). Very sharp boundaries were found between prai
ries, fire-tolerant oak woodlands (bur oak [Quercus ma
crocarpa], red oak [Quercus rubra], white oak [Quer
cus alba], and pin oak [Quercus ellipsoidalis]), and 
closed hardwood forests composed of non-fire-tolerant 
species. Sugar maple, which is very susceptible to fire 
(A. M. Prasad and L. R. Iverson, 1999-ongoing; avail
able online),S typically dominated areas well protected 
from fire (Grimm 1984). It is unclear how often the 
prairies and oak savannas burned before settlement 
(White 1983 ), but fire must have occurred frequently 
to maintain the low tree cover described in historical 
accounts (Curtis 1959, White 1983). 

Pin oak and bur oak are the dominant oak species 
in the savanna patches at Cedar Creek (Peterson and 
Reich 2001 ). In a long-term burning experiment (1964-
200 I) it has been shown that canopy ingrowth is sup
pressed and no sapling layer can develop if fire is pre
scribed with a fire interval of less than three years 
(Peterson and Reich 2001 ). After I 0 years without fire, 
the savanna openings are filled with trees and shrubs 
(Peterson and Reich 2001). 

All three study sites experience continental climates. 
Some features of the climate of each site for the period 
1950-1980 are shown in Table 1 (Thompson et al. 1999). 
Of the three sites, Sylvania has the highest yearly pre
cipitation and Itasca the lowest. The coldest winter tem
peratures occur at Itasca and the warmest temperatures 
at Cedar Creek. Cloudiness is similar at all sites. 

The model 

We applied the model LPJ-GUESS (Smith et al. 
2001 ), which is similar to a gap model in its represen
tation of tree populations and their dynamics but also 
includes mechanistic representations of the physiolog
ical and biophysical processes underlying plant growth 
and resource competition among individuals. The mod
el uses the same representations of the processes gov
erning plant carbon balance, allocation of assimilated 

5 URL: (http://www.fs.fed.us/ne/delaware/atlas/web_atlas. 
html) 

-12.6 
-16.7 
-12.7 

18.6 
20.6 
21.6 

817 
585 
718 

carbon, and exchange of water between the soil, plant, 
and atmosphere as the LPJ DGVM (Sitch et al. 2003). 
Formulations of population dynamic processes are 
based on the gap model FORSKA2 (Prentice et al. 
1993). The biological entities modeled are individuals 
for trees and populations for graminoids. 

Photosynthesis, canopy conductance, plant mainte
nance and growth respiration, heterotrophic respira
tion, transpiration, plant root-weighted uptake of water, 
and soil hydrology are simulated on a daily time step. 
Individual tree growth is implemented on an annual 
time step by allocating the annually accrued net pri
mary productivity (NPP) to leaves, sapwood, and fine 
roots based on a set of allometric rules (which are 
influenced by the level of water stress) and by simu
lating litterfall, fine root turnover, conversion of sap
wood to heartwood, and a fixed fractional allocation to 
reproduction. The vegetation dynamic processes of es
tablishment, mortality, and disturbance are imple
mented each simulation year. 

A modified Farquhar photosynthesis scheme (Far
quhar et al. 1980, Collatz et al. 1991, Haxeltine and 
Prentice 1996) is adopted to calculate carbon assimila
tion. The amount of carbon fixed by each individual each 
year is influenced by temperature, atmospheric C02 con
centration, absorbed photosynthetically active radiation 
(FPAR) and stomatal conductance, the latter being re
duced when transpirative demand (Monteith 1995) ex
ceeds a plant-controlled water ·'supply" rate influenced 
by soil water content and root distribution, i.e., in the 
presence of water stress. PAR intercepted by vegetation 
is partitioned among individuals according to the vertical 
distribution of their leaf area within the vegetation can
opy and light extinction within the canopy. 

Overall dynamics for a given region are derived by 
simulating a number of patches and averaging the re
sults, each patch corresponding in size to the maximum 
area of influence of one large adult individual on its 
neighbors. The number of new saplings of a particular 
species established in each patch each year is drawn at 
random from the Poisson distribution, with a maximum 
expectation influenced by a shade-tolerance-class-spe
cific maximum establishment rate and by the "propagule 
pool," which is related to total allocation to reproduction 
by the species population among all patches the previous 
year. Actual establishment is reduced as the canopy clos
es and hypothetical net primary production (NPP) at the 
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TABLE 2. Species parameters used in the model (also see the Appendix). 

a) Longetivity 
Parameter 

Maximum nonstressed longevity 

b) Leaf morphology 
Parameter 

Minimum canopy conductance (mm/s) 
Leaf turnover rate (yr- 1) 

Fine root turnover rate (yr-') 

c) Climatic range 
Parameter 

Optimal temperature range for photosynthesis (°C) 

d) Shade tolerance 

Details 

species-specific (see Appendix) 

Needle-leaved 

() 3 
0.33 
0.5 

Boreal 

10-25 

Broad-leaved 

0.5 
1.0 
1.0 

Temperate 

15-25 

Parameter Very tolerant Tolerant Intermediate Intolerant 

Sapwood to heartwood conversion rate (yr 1 ) 0.1 0.12 
136 
2.0 
3.0 
1.0 

0.15 
153 
3.0 
5.0 
2.0 

0.2 
170 
40 
7.0 
3.0 

Growth efficiency threshold (g c-m-2 ·yr-') 119 
Maximum establishment rate (saplings ·yr- 1 ·patch-')t 1.0 
Minimum PAR at forest floor for establishment (W /m2)! 1.0 
Recruitment shape parameter§ 0.3 

c) Fire sensitivity 
Parameter Species with fire resistanccll Remaining species 

Fire resistance shape parameter~ 0.04 0.07 

t Relative values; total maximum background establishment of all spe.cies together was in the range 0.068 saplings/m2 (all 
shade-tolerant species) to 0.272 saplings/m 2 (all shade-intolerant species). 

t PAR, photosynthetically active radiation. 
§High values indicate strongly reduced establishment as growth conditions at the forest floor become unfavorable as a 

result of low PAR levels (Fulton 1991 ). 
II White oak, bur oak, northern red oak, white pine, and red pine. 
~Definitions: p""~ =I- {1/[1 + (D/R) 15] + 0.05}, with p'"" =individual probability of surviving a surface fire, D = 

stem diameter, and R = fire resistance shape parameter. 

forest floor decreases as a result of reduced PAR levels 
at the forest floor (as a surrogate for juvenile growth 
rates: Fulton 1991). No saplings are established in a 
given patch if forest-floor PAR falls below a shade
tolerance-class-specific threshold, which is higher for 
more light-demanding species. All individuals within a 
tree cohort (i.e., a group of individuals of the same spe
cies establishing in the same year) are assumed to be 
identical in size and response to driving conditions. 

The expected mortality within each tree cohort each 
year is the sum of a constant background rate, inversely 
related to maximum nonstresscd longevity (Shugart 
1984 ), and a stress-related rate, which increases steeply 
as five-year mean growth efficiency (NPP per unit leaf 
area) declines and approaches a shade-tolerance-class
specific threshold. Actual mortality is drawn at random 
from a normal distribution whose mean is the expected 
fraction of individuals killed. 

A complete description of LPJ-GUESS is given by 
Smith ct a!. (2001 ); further details of the physiological, 
biophysical, and biogeochemical components of the 
model arc given by Sitch ct a!. (2003). 

Parameter estimation 

Species parameters (sec Table 2 and Appendix) were 
derived as follows. Maximum nonstrcsscd longevity 

was the only species-specific parameter, values for 
which were taken from A. M. Prasad and L. R. Iverson 
( 1999-ongoing; available online)5 and Burns and Hon
kala ( 1990). All other species parameters were based 
on generally recognized plant characteristics: leaf mor
phology (broad-leaved or nccdlc-lcavcd), climatic 
ranges (temperate or boreal), fire resistance (resistant 
or not), and four shade-tolerance classes (intolerant of 
shade, intermediate, tolerant, very tolerant) as given in 
A. M. Prasad and L. R. Iverson ( 1999-ongoing; avail
able online)5 and Burns and Honkala (1990). Species 
parameters related to needle morphology and climatic 
range were taken as for the PFT corresponding to the 
respective species in the global version of the model 
LPJ (Sitch eta!. 2003). 

Trees that are known to be resistant to fire (white 
oak [Quercus alba], bur oak, northern red oak [Q. rub
ra], white pine, and red pine) were assigned a higher 
resistance to surface fires than the remaining species. 
Species parameters related to shade tolerance class 
were based on the hypothesis that tree species face a 
strategic trade-off: species can either allocate to fast 
growth and high maximum recruitment or to functions 
that permit survival at low growth rates resulting from 
intense shading by neighbors. The existence of a gen
eral trade-off between investment into survival under 
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competition on the one hand and reproduction on the 
other has been asserted by several authors (e.g., Tilman 
1994, Pacala et al. 1996, Ehrlen and van Groenendael 
1998). Trade-offs between fast growth and survival un
der shade were shown for eastern hemlock/American 
beech (Fagus grandifolia)-dominated stands in the 
northeastern United States by Pacala eta!. ( 1996). who 
hypothesized that species cannot allocate both to rapid 
growth and to functions that permit survival at low 
growth rates (Kobe et al. 1995 ). 

In LPJ-GUESS, this trade-off is implemented as fol
lows (Smith et al. 200 I; see Table 2 for parameter 
values). Trees with low shade tolerance are assigned a 
higher yearly conversion rate of sapwood to heartwood 
(leading to fast growth) and a higher maximum estab
lishment rate compared to shade-tolerant species. 
Shade-intolerant species are assumed to suffer greater 
mortality under light stress than shade-tolerant species 
and are therefore assigned a higher growth-efficiency 
threshold for stress motiality. Finally, the decline in 
sapling recruitment with decreasing potential forest 
floor NPP (Fulton 1991) is steeper for shade-intolerant 
than for shade-tolerant species. 

Modeling protocol 

The model was run from '·bare ground" with 20 
replicate patches for 1000 simulation years. the max
imum required for vegetation biomass to saturate in the 
absence of disturbances. The climate data set of 
Thompson et al. ( 1999) was used to drive the simu
lations. utilizing mean monthly temperature, precipi
tation, and cloudiness values (Table I). Daily values 
for the climatic drivers were derived by linear inter
polation between monthly values. Mean soil texture 
was also specified for each study site (Jordan 1973, 
Origal et al. 1974, Hansen et al. 1974). Atmospheric 
C02 concentration was set to a global mean value of 
340 ppmv. 

For Sylvania and Itasca, the model was run with the 
species recorded by K. Walker, S. Sugita, and R. R. 
Calcote (unpublished data). For Cedar Creek, the mod
el was run with the species that could potentially grow 
at Cedar Creek according to their geographical distri
bution as given by Burns and Honkala ( 1990). Tama
rack (Larix laricina) was excluded as it is known to 
be restricted to wooded wetlands. Different species of 
Populus were not distinguished. Consistent with the 
very similar ecology of the four Populus species that 
grow at the study sites (Burns and Honkala 1990; A. 
M. Prasad and L. R. Iverson, 1999-ongoing; available 
online),5 the model was run with one generic Populus 
sp., which represents bigtooth aspen and quaking aspen 
at Sylvania (K. Walker, personal observation); bigtooth 
aspen. quaking aspen, and balsam popular (Populus 
balsamifera) at Itasca (K. Walker, personal observa
tion); and bigtooth aspen, quaking aspen, and eastern 
cottonwood (Populus deltoides) at Cedar Creek (Burns 
and Honkala 1990). 

Aboveground biomass of each tree species was cal
culated as a constant fraction of the simulated total bio
mass for the species. This fraction was assumed to be 
0.76. the mean for boreal forests, temperate coniferous 
forests, and temperate deciduous forests given by Jack
son et al. ( 1996). Oraminoids were assumed to allocate 
70% of their biomass to belowground structures. 

Fire and wind disturbance 

At Itasca and Cedar Creek, the occurrence of fire 
was modeled stochastically, actual fire frequencies be
ing drawn at random from a normal distribution about 
the expected frequency. Expected fire return times were 
prescribed according to observations from each site; 
22 years at Itasca, following Frissel ( 1973 ): I, 3, 5. 
and 10 years at Cedar Creek, in order to include a 
number of possible presettlement fire regimes (Curtis 
1959, White 1983, Peterson and Reich 200 I). The Wei
bull function (Johnson and Outsell 1994) was used to 
calculate the expected temporal pattern of fire occur
rence: the probability of fire occurrence increases in 
an S-shaped manner with time since the last fire, in 
accordance with the assumption that fire probability 
increases as the fuel available for combustion accu
mulates (Johnson and Outsell 1994 ). 

If a fire occurred, it was assumed to become an in
tensive crown flre only if fuel biomass in terms of above
ground deadwood (litter and heartwood) was 5 kg/m2 or 
more and stand tree leaf area index (LA I, leaf area per 
unit ground area), as a measure of crown density, was 
higher than 2.5. Fuel loading and crown density are 
commonly used variables to model fire effects, in par
ticular if fires occur either as surface or crown fires (e.g., 
.Johnson 1992, Van Wagner 1993), but the quantitative 
basis for defining general thresholds for the occurrence 
of crown fires is lacking (Keyes and O'Hara 2002). We 
consider the threshold values used here to be an expert 
estimate based on the available literature. Simulated fire 
behavior (surface vs. crown fire) with these parameter 
values corresponded closely to observations: at Itasca, 
crown fires were simulated to occur approximately with 
the same frequency as reconstructed by Clark ( 1988), 
and fires at Cedar Creek were simulated to occur as 
surface fires (Reich et al. 2001 ). 

If a crown fire occurred. all trees in the patch were 
killed and their aboveground biomass removed. If a 
surface fire occurred, the proportion of individuals of 
a given cohort surviving the fire was drawn at random 
from a normal distribution centered on an expected 
proportion influenced by the species-specific fire re
sistance shape parameter and individual stem diameter 
(Table 2). 

At Sylvania, the occurrence of windstorms remov
ing ~10% of the canopy was modeled stochastically, 
actual wind frequencies being drawn at random from 
a normal distribution about the expected frequency. 
Expected return times of wind disturbance were pre
scribed according to observations from Davis (200 I), 
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FIG. I. (A) Observed vegetation composition and (B) simulated vegetation dynamics at Sylvania Wilderness, western 
Upper Michigan, USA, in the absence of wind disturbance and (C) with wind disturbance. 

with, on average, one windstorm occurring every 50 
years. If a windstorm occurred in a given patch, the 
patch was cleared with a probability of 0.1 (all trees 
removed). It was thus assumed that windstorms create 
large gaps rather than killing individual trees (Davis 
2001). 

RESULTS 

Sylvania 

The model predicts species of low or intermediate 
shade tolerance (paper birch, white pine, white spruce 
[Picea glauca], yellow birch, Populus spp.) to domi
nate for approximately 200 years, and species that are 

either tolerant or very tolerant of shade (eastern hem
lock, sugar maple, balsam fir, northern white-cedar 
[Thuja occidentalis], American basswood and eastern 
hornbeam [Ost1ya virginiana]) to increase in biomass 
as succession proceeds (Fig. lB, C). 

Without wind disturbance, the late-successional for
est is composed of shade-tolerant species (mainly east
ern hemlock, sugar maple, and balsam fir) and white 
pine (Fig. IB). With wind disturbance, all species occur 
at least occasionally during the entire simulation period 
(Fig. I C). The model underestimates the importance of 
yellow birch and American basswood as components 
of the late-successional forest. 



February 2004 MODELING VEGETATION DYNAMICS 525 

TABLE 3. Comparison of simulated aboveground stand biomass with estimates for similar 
vegetation in the same region. 

Study site and 
disturbance regime 

Sylvania Wilderness 
With wind disturbance 
Without wind disturbance 

Itasca State Park 
With natural fire regime 
In the absence of fire 

Simulated 
biomass 
(kg/m2 ) 

=60 
=80 

=4.1 
=37 

Cedar Creek Natural History Area 
In the absence of fire =50 

Simulated aboveground tree biomass reaches a max
imum of~ 55 kg/m 2 after 600 years with wind distur
bance, and ~80 kg/m 2 after 600 years in the absence 
of wind disturbance (Fig. 18, C). The 11rst estimate 
corresponds closely to an estimate by Crow ( 1978), 
who projected an upper limit of 57.2 kg/m 2 for old
growth eastern hemlock/hardwood stands (Table 3). 

Itasca 

The model predicts dominance of white and red pine 
with frequently occurring fire disturbance and after 80 
years in the absence of fire disturbance (Fig. 28). With 
fire disturbance, the forest is mainly composed of spe
cies with low or intermediate shade tolerance (red pine, 
white pine, jack pine, and paper birch; Fig. 28). In the 
absence of fire disturbance during the last 80 years of 
the simulation period, shade-tolerant species (e.g., sug
ar maple) increase in importance relative to shade-in
tolerant species (e.g., red pine) (Fig. 28). 

Fire disturbance strongly controls simulated stand 
biomass, which rapidly increases from, on average, 4.1 
kg/m2 during the first 920 years of simulation to 21.7 
kg/m2 after 80 years without 1lres. Botkin and Simpson 
( 1990) estimated a mean standing crop of 6.34 ::':: 3.67 
kg/m 2 for boreal forests immediately north of Itasca, 
including a variety of stands with different disturbance 
histories (Table 3). 

In the absence of1lre disturbance, the model predicts 
replacement of the pines by sugar maple and balsam 
1lr (Fig. 2C). Modeled stand biomass reaches a maxi
mum of ~37 kg/m2 after 200 years, which is slightly 
higher than the estimate of 28.4-32.5 kg/m 2 by Mroz 
et al. ( 1985; Table 3), based on two sugar maple stands. 
However, Mroz et al. (1985) suggested that higher bio
mass could be achieved under the same climatic con
ditions if soil conditions were more favorable, rooting 
depth having been limited by shallow soils at one site 
and fragipan at the other. 

Cedar Creek 

With fire intervals of 1lve or 10 years, the model 
predicts a hardwood savanna dominated by oaks (Fig. 
3A, Table 4 ). When 1lre is prescribed to occur every 

Estimated 
stand biomass 

(kg/m2) 

57.2 

6.34 :t 3.67 
28.4-32.5 

28.4-32.5 

Source 

Crow (1978) 

Botkin and Simpson ( 1990) 
Mroz et al. ( 1985) 

Mroz et al. ( 1985) 

year. a treeless prairie is predicted (not shown). With 
a fire interval of three years, an open savanna with a 
very small tree component is predicted (Fig. 3A, Table 
4 ). In the absence of 1lre, the model predicts dominance 
of sugar maple (Fig. 38). 

With a 1ire interval of I 0 years, aboveground biomass 
is comparable to a closed forest (Table 4), but most of 
the biomass is concentrated in a few large old trees. 
lienee, simulated tree LAI is low (Table 4), and sim
ulated canopy density is rarely sufficient to carry crown 
fires. These effects of surface 1lres on vegetation struc
ture would be expected because fire mortality of many 
fire-resistant oak trees is concentrated in early life stag
es, while older trees commonly survive surface tires 
because of their thick bark (White 1983, Peterson and 
Reich 200 I). 

In the absence of fire, the model predicts aboveground 
biomass to reach a maximum of -50 kg/m2, which is 
about 65% higher than the value estimated by Mroz et 
a!. ( 1985) for sugar maple stands with limited rooting 
depth in the western Great Lakes region (Table 3). 

DISCUSSION 

LP.J-GUESS successfully predicts the dominant spe
cies at Sylvania Wilderness and observed patterns of 
succession at Itasca State Park and Cedar Creek Natural 
History Area under natural fire regimes and in the ab
sence of fire disturbance. Simulated equilibrium above
ground biomass predicted for Sylvania and Itasca is 
comparable to observations. 

Simulated succession follows the same pattern as 
generally observed in temperate and boreal forests of 
North America: in the absence of external disturbance, 
succession proceeds from light-demanding, fast-grow
ing, short-lived pioneer species to shade-tolerant, slow
growing, long-Jived species with low mortality under 
intense light competition (Bergeron and Dubuc 1989, 
Pacala et al. 1996). However. species replacement is 
not solely determined by shade tolerance and longevity. 
It is also influenced by differences in growth rates, 
which depend on functional characteristics related to 
leaf morphology and climatic range (see Table 2). the 



526 

9 

8 

Iii 7 

~ 6 
.§. 

5 Ill 
!!? 4 Ill 

iii 
3 II) 

l8 2 

0 

3 

~ 
~ 

~ 2 
Ill 
E 
0 
:c 
"0 
c: 
:::1 e 

I 
< 

0 

I<' 
.E 40 
~ 
~ 
Ill 
E 
0 
:c 
"0 
c: 

20 :::1 e 
Cl 
(I) 
> 
0 
.0 
< 

0 
0 

A 

8 

c 

200 

THOMAS HICKLER ET AL. 

400 600 
Simulation year 

800 1000 

Ecology, Vol. 85, No. 2 

Ill American basswood 
Bill American elm 
II Balsam fir 
urn Black ash 
~ Black cherry 
Ill Black spruce 
EEl Bur oak 
II Eastern hornbeam 
!!ill European alder 
~Green ash 
Ill Jack pine 
II Northern red oak 
II Northern white cedar 
~ Paper birch 
0 Populus spp. 
Ill Red maple 
0 Red pine 
D Sugar maple 
~White pine 
~ White spruce 
!l:ll Yellow birch 

FIG. 2. Observed and simulated vegetation at Itasca State Park, Minnesota, USA: (A) observed composition; (B) simulated 
mean aboveground biomass of each species over 920 simulation years with frequent fire disturbance (hatched bars) and after 
920 years with fire disturbance followed by 80 years in the absence of fire disturbance (white bars); (C) simulated vegetation 
development in the absence of fire disturbance. 
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FIG. 3. (A) Simulated equilibrium vegetation composition at Cedar Creek Natural History Area, Minnesota, USA, assuming 
three-, five-, or I 0-year mean fire intervals. (B) Simulated vegetation development in the absence of fire disturbance. 

prevailing environmental conditions, as well as fire re
sistance. 

The results for Sylvania suggest that creation oflarge 
gaps by wind disturbance is an important mechanism 
controlling stand biomass and for maintaining a mix-

TABLE 4. Simulated vegetation structure at Cedar Creek for 
different expected fire intervals. Values are averaged over 
1000 simulation years. 

Fire 
interval (yr) 

3 
5 

10 

Tree LAit 

0.36 
0.56 
1.53 

Tree aboveground 
biomass 
(kg/m2) 

0.17 
0.75 
3.81 

t LAI = leaf area index (ratio of leaf area to ground area 
covered). 

ture of shade-tolerant trees and gap species. However, 
the model does not predict the same gap species as 
observed (yellow birch and American basswood). In
stead, species such as white pine, white spruce, and 
black ash are most strongly advantaged by gap for
mation in the simulations. White pine regeneration may 
be more dependent on fire disturbance than assumed 
in the model used here. Exposure of mineral soil seed 
beds after fire favors the establishment of white pine 
(Frissel 1973, Frelich 2002). 

The simulated strong control of stand biomass by 
fire disturbance at Itasca supports the conclusion of 
Botkin and Simpson (1990) that estimates of boreal 
forest biomass that do not take into account fire dis
turbances are too high to be representative. Based on 
a survey of 760 plots throughout the boreal forest in 
North America, including areas with significant dis-
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turbance, Botkin and Simpson ( 1990) estimated a mean 
standing biomass of 4.18 ::!:: 1.01 kg/m 2 for the whole 
of the boreal forest and 6.34 ::!:: 3.67 kg/m2 for the region 
of boreal forest immediately north of Itasca. Earlier 
estimates, which were based on investigations in par
ticular forest stands with relatively little disturbance, 
were in the range 12-18 kg/m2 (Ajtay et al. I 979). 

The high predicted stand biomass at Cedar Creek in 
the absence of fire disturbance is consistent with 
Grimm's ( 1984) hypothesis that the presence of a mo
saic of savanna and forest in this area is not a primary 
result of direct climatic effects on the vegetation: cli
matic conditions do not limit the growth of dense for
ests in this area according to the model. Rather, the 
simulations suggest that fire may be the single most 
important factor explaining the mosaic of vegetation 
types in the area (Grimm 1984), while fire frequencies 
are influenced not only by climate, but also by fuel 
type and load, landscape structure, including the pres
ence of fire breaks, and human activity. 

The strong control of simulated stand biomass by 
disturbance at all three study sites confirms that carbon 
storage in the Lake States is highly related to stand age 
and that forest management has a large potential to 
increase carbon storage in forests, e.g., by reducing fire 
frequency ( Grigal and Ohmann 1992). These results 
show that modeling studies in the study area must treat 
the different disturbance agents explicitly. 

Limitations of the model 

Yellow birch, American basswood, and the three spe
cies of Populus growing at Itasca (bigtooth aspen, 
quaking aspen, and balsam popular) can reproduce vig
orously by sprouting after disturbance (Burns and Bon
kala 1990: A. M. Prasad and L. R. Iverson, 1999-
ongoing; available online). 5 Vegetative reproduction by 
sprouting is not included in LPJ-GUESS. The model 
underestimates the abundance of these species, and this 
might be because their abundance in nature is influ
enced by their ability to resprout or other processes 
that are not included in the model. The high actual 
abundance of Populus spp. at Itasca may also be a result 
of wind disturbance, which probably favors early suc
cessional species like Populus spp.: in 1953, 6 ha of 
forest west of Lake Itasca were cleared by a blow-down 
(Hansen ct al. 1974). Because of the scarcity of data 
on the frequency and effects of wind disturbance at this 
site, the model was run without wind disturbance. 

The model overestimates the actual abundance of 
white pine at Itasca. White pine has recently declined 
at this site because of a number of factors that arc not 
included in the simulations: Since the establishment of 
the park (1891 ), pine regeneration has been largely 
suppressed owing to large deer populations. White pine 
has also been impacted by the prevalence of the path
ogen white pine blister rust (Hansen et al. 1974 ), and 
the species is particularly vulnerable to windstorms 
(Tester ct al. 1997). 

The aim of this study was to simulate average veg
etation at the study sites, as influenced by climate, av
erage soil texture, gap dynamics, and disturbance by 
wind and fire. Between-patch variability as a result of 
stochastic variation in establishment, mortality, fire, 
and wind disturbance was not considered, although it 
is a feature of the natural vegetation and is simulated 
by the model. 

Small-scale heterogeneity in soil texture and nutri
tional status are thought to in11uence the competitive 
balance between sugar maple/American basswood and 
white spruce/balsam fir vegetation types at ltasca in the 
absence of 11re disturbance (Hansen et al. 1974, Tester 
et al. 1997). However, between-patch environmental 
heterogeneity and species-specific nutrient require
ments were not included in the model simulations. in 
part because the necessary process understanding and 
data are quite limited (Reynolds et al. 200 I). Species 
differences in nutrient response could only have been 
included by adopting empirical rules, and this was de
liberately avoided. At Sylvania, the mechanisms lead
ing to the patchy pattern of vegetation at the study sites 
are either not well understood (Pastor and Broschart 
1990) or include processes that are difficult to imple
ment without a loss of model generality, for example, 
the effect of mature trees on seedbed conditions (Fre
lich et al. 1993). 

As the model does not treat processes peculiar to 
wetlands, such as waterlogging, it would be unsuitable 
for simulating vegetation in regions in which wetlands 
are an important landscape component. 

Model applicability 

An earlier version of the model applied here suc
cessfully reproduced the PFT composition of a number 
of old-growth forests (Badcck et al. 2001) and potential 
vegetation (Smith et al. 2001) across Europe. Respons
es of modeled net ecosystem carbon exchange (NEE) 
to seasonal and interannual variation in climate have 
been validated against eddy-covariance measurements 
over a range of European forests (Valentini et al. 2000; 
P. Morales, B. Smith, and M. T. Sykes, unpublished 
data), while the response of NPP to elevated atmo
spheric C02 has been validated by comparison with 
results from the Duke Forest Free Air Carbon Dioxide 
Enrichment (FACE) experiment (DeLucia et al. 1999: 
T. Bickler, I. C. Prentice, B. Smith, and M. T. Sykes, 
unpublished manuscript). This study shows that LPJ
GUESS also can be applied to simulate vegetation dy
namics on the species level. As the model does not 
require site-specific calibration, it would be possible to 
test the capability of the model to predict vegetation 
dynamics at additional sites or on a regional scale with
out altering the internal parameterization. Since plant 
growth is modeled mechanistically, the model can also 
be applied to project dynamics under changed envi
ronmental conditions, such as increased temperatures 
and atmospheric C02• 
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APPENDIX 

A table presenting maximum non stressed longevity and classification into functional groups of tree species in three Great 
Lakes region, USA, study areas is available in ESA's Electronic Data Archive: Ecological Archives E085-0 II-A 1. 


