A | andscape Ecologyl5: 383-400, 2000.
'ii‘ © 2000Kluwer Academic Publishers. Printed in the Netherlands. 383

A frame-based spatially explicit model of subarctic vegetation response to
climatic change: comparison with a point model

T. Scott Rupp*, Anthony M. Starfield & F. Stuart Chapin, 14

1Department of Ecology, Evolution, and Behavior, University of Minnesota, St. Paul, MN 55108, USA

2Institute of Arctic Biology, University of Alaska, Fairbanks, AK 99775, USA

*Current address: Forest Soils Laboratory, University of Alaska, Fairbanks, AK 99775, USA; e-mail:
psulions@alaska.net)

Received 13 November 1998; Revised 27 April 1999; Accepted 23 July 1999

Key words:boreal forest, climatic change, explicit, fire, insects, landscape dynamics, model, spatially subarctic,
transient dynamics, treeline

Abstract

An important challenge in global-change research is to simulate short-term transient changes in climate, distur-
bance regime, and recruitment that drive long-term vegetation distributions. Spatial features (e.g., topographic
barriers) and processes, including disturbance propagation and seed dispersal, largely control these short-term
transient changes. Here we present a frame-based spatially explicit model (ALFRESCO) that simulates landscape-
level response of vegetation to transient changes in climate and explicitly represents the spatial processes of
disturbance propagation and seed dispersal. The spatial model and the point model from which it was developed
showed similar results in some cases, but diverged in situations where interactions among neighboring cells (fire
spread and seed dispersal) were crucial. Topographic barriers had little influence on fire size in low-flammability
vegetation types, but reduced the average fire size and increased the number of fires in highly flammable vegetation
(dry grassland). Large fires were more common in landscapes with large contiguous patches of two vegetation types
while a more heterogeneous vegetation distribution increased fires in the less flammable vegetation type. When
climate was held constant for thousands of years on a hypothetical landscape with the same initial vegetation, the
spatial and point models produced identical results for some climates (cold, warm, and hot mesic), but produced
markedly different results at current climate and when much drier conditions were imposed under a hot climate.
Spruce migration into upland tundra was slowed or prevented by topographic barriers, depending on the size of
the corridor. We suggest that frame-based, spatially explicit models of vegetation response to climate change are a
useful tool to investigate both short- and long-term transients in vegetation at the regional scale. We also suggest
that it is difficult to anticipate when non-spatial models will be reliable and when spatially explicit models are
essential. ALFRESCO provides an important link between models of landscape-level vegetation dynamics and
larger spatio-temporal models of global climate change.

Introduction tion and magnitude of change, but reveal little about
the rate and pattern of change (Neilson 1993). Veg-
A major challenge in predicting ecosystem response etation is seldom in equilibrium with climate (Davis
to global change is the adequate representation of the1981, 1986; Prentice et al. 1991), and the factors
transient dynamics of vegetation change (Loehle and that regulate climate are changing at an unprecedented
LeBlanc 1996; Chapin and Starfield 1997). Equilib- rate (Houghton et al. 1990; Cattle and Crossley 1995;
rium models of vegetation based on correlation with Robinson et al. 1998). In addition, even the long-
climate (Prentice et al. 1992; Cramer and Leemans term direction of vegetation change is sensitive to
1993; Lenihan and Neilson 1995) indicate the direc- the patterns and processes that occur during transient
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vegetation change (Turner et al. 1994a, 1997; Fastie
1995). Because vegetation strongly affects the rate and
nature of climatic change (Bonan et al. 1992, 1995;
Foley et al. 1994), an equilibrium approach may also
result in inaccurate predictions of the drivers of future

gests that simulation of the spatial processes of dis-
turbance propagation and seed dispersal will also be
important in modeling transient responses of vegeta-
tion to climatic change (Dale 1997). Several models

of transient vegetation change have been developed

vegetation distribution.
Models that simulate community composition in

(Neilson et al. 1992; Noble 1993; Smith and Shugart
1993; Nikolov 1995), but none of these simulate
response to plant physiological (Bonan 1990; Kel- the interaction between disturbance and vegetation
lomaki and Kolstrom 1992; Keane et al. 1996) dynamics at a landscape-level with realistic scenar-
and biogeochemical processes (Pastor and Postios of climate change. Starfield and Chapin (1996)
1986, 1988; Running and Coughlan 1988; Running developed a non-spatial model that calculates the tran-
and Gower 1991) realistically simulate successional sients of vegetation change from upland tundra to
change following disturbance (Pastor and Post 1986; boreal forest in response to scenarios of altered cli-
Bonan 1990) and long-term vegetation responses to mate, seed availability, and disturbance frequency.
climatic change (Solomon and Shugart 1984; Davis The major weakness of their model is the inability to
and Botkin 1985). However, these models assume accurately simulate seed availability and propagation
disturbance and seed availability are either random of disturbance, which requires the development of a
(Bonan 1990; Kellomaki and Kolstrom 1992), or they geographically explicit model (Noble 1993).
are not modeled spatially (Solomon 1986; Shugart Here we present a frame-based, spatially explicit
et al. 1992), although both disturbance and seed avail- model ALFRESCO (Alaskan Frame-based Ecosystem
ability will likely change in the future (Flannigan and Code) of subarctic vegetation response to transient cli-
Van Wagner 1991; Torn and Fried 1992; Starfield and matic change in Alaska, based on the earlier point
Chapin 1996) as in the past (Davis 1981; Clark 1988). model (Starfield and Chapin 1996). A frame-based
Recent developments in disturbance modeling pro- model partitions the temporal changes in vegetation
vide a framework for integrating the influence of into a set of states or frames (Noble and Slatyer 1980;
landscape-level disturbance on vegetation distribution Noble 1987). Each frame runs as an independent sub-
into models of larger spatial and temporal scales model, simulating processes important to a particular
(Turner et al. 1989, 1993, 1994b; Turner and Romme frame and which may cause a switch to a different
1994; Ratz 1995). Gardner et al. (1996) developed a frame (Starfield et al. 1993). This model combines
landscape-scale model of fire spread that simulates thedisturbance events, seed dispersal, and succession on
effect of temporal variability in weather conditions on a landscape at a spatio-temporal scale appropriate for
the spatial heterogeneity and extent of the area burned.investigating both transient and long-term effects of
Their results showed that climate-induced changes climatic change. We describe how the point model
in fire regime significantly altered age structure and is developed into a spatially explicit model. We then
spatial arrangement of forest stands. address the calibration of the spatial model. Finally,
Mechanistic models of seed dispersal provide in- we perform a series of controlled model experiments
formation on local or long-distance dispersal patterns on hypothetical landscapes to investigate the differ-
(Greene and Johnson 1995, 1996), identifying species-ences between the two models. The emphasis in this
specific dispersal limitations and the effect of seed- paper is on the strengths and weaknesses of the point
source proximity and configuration on patterns of and spatial models. In a follow-up paper we explore
seed rain. Turner et al. (1997) found post-disturbance the implications for vegetation change in northwest
species distribution and densities were strongly tied to Alaska (Rupp et al. Submittelol-
proximity of a seed source, suggesting the dispersal
process influences community dynamics and vegeta-
tion trajectory in response to disturbance (Clark 1991,
1996; Clark et al. 1996). Current dispersal theory iden-
tifies the need to represent both local and long-distance
dispersal dynamics in models of landscape-level veg-
etation change (Clark et al. 1998a, b).
The demonstrated importance of spatial processes
in determining landscape-scale vegetation pattern sug-
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Methods Topography exerts a strong influence on vegetation
distribution and successional trajectory at northern lat-
Model overview itudes, through its effects on microclimate (Van Cleve

et al. 1991, 1996). The probability of high moose
We simulate vegetation distribution using frames that prowse pressure is a model input that influences rate of
represent alternative states of upland vegetation (uUp-succession (Pastor and Naiman 1992; Kielland 1997)
land tundra, white spruce forest, broad-leaved decid- and hence fuel loads. In this study, we assume that

uous forest, and dry grassland) found in subarctic moose browse probability is identical for each grid cell
Alaska (Figure 1). The model consists of a suite of jn the landscape.

individual frame submodels. Within each submodel All model simulations were conducted on virtual

frame, those factors (biotic and abiotic) that may be landscapes (2406« 240 km or 42 x 20 km) that
responsible for a switch to another ecosystem type represent a typical Alaskan subarctic forest-tundra
(frame) are simulated. When a switch in ecosystem ecotone. The driving variables in ALFRESCO are cli-
type occurs, the new frame model is activated. The mate (growing-season temperature and precipitation),
ecosystem types were chosen as the simplest possigjsturbance, and seed dispersal (Figure 1). These vari-
ble representation of the complex vegetation mosaic gples, each discussed below, then determine tree estab-

occupying uplands in the circumpolar arctic and bo- Jishment, succession, and other processes controlling
real zones (Solomon 1992), and ignore the substantial|andscape-level vegetation change.

variation in species composition within these and other
intermediate vegetation types (Payette 1992; Starfield Spatial model driving variables
and Chapin 1996). The model operates on a 10-
yr time step and a spatial scale ofx2 2 km grid Climate
cells; each cell has eight immediate neighbors (the Climate input to the model is provided as a series of
‘queen’ option for cellular automata). The time step alternative maps of temperature and precipitation. In
is the average frequency of severe fire years in the this paper each map is uniform across the landscape.
North American boreal forest (Flannigan and Harring- When the model is applied to real landscapes, we
ton 1988) and allows replicated modeling of vegeta- will use geographic patterns of climate that are con-
tion change over time scales of decades to centuriessistent with topography and latitude (e.g., colder in
(NRC 1994; Starfield and Chapin 1996). The spa- mountains and to the north) and with observed synop-
tial scale is appropriate for interfacing with mesoscale tic climatology (e.g., more precipitation near coastal
climate models (Starfield and Chapin 1996). We de- moisture sources). The model generates growing sea-
liberately chose temporal and spatial scales that areson climate (May—September) based on four climatic
larger than those used to simulate the behavior of in- regimes representing (1) colder than current climate,
dividual fires, because our primary objective was to (2) current climate, (3) warmer than current climate
simulate the long-term average changes in regional or (4) significantly hotter than current climate. Each
vegetation rather than responses to specific fires. Ourclimatic regime has an associated probability distribu-
model is calibrated to provide realistic values of fire tion of choosing a particular map of temperature and
number and area burned for particular combinations precipitation, which are assumed to be independent
of vegetation and climate at the temporal and spatial of one another and independent of the climate from
scales used in ALFRESCO. The model is a step for- the previous time step (Starfield and Chapin 1996).
ward toward including disturbance in dynamic global The temperature and precipitation in each grid cell is
and regional vegetation models that operate at a coarsethen converted to a temperature and precipitation class
scale (0.8). These coarse-scale models cannotinclude (1 =< 6.5°, 2 = 6.5 - 9.5°, 3 = 95 — 125°,
realistic topographic effects on fire probability and or 4 => 125°) that have defined effects on vege-
spread (Kittel et al. in press). tation (Starfield and Chapin 1996). For example, the
Maps of climate, initial vegetation type, and topog- colder than current climate regime generates tempera-
raphy (elevation) can be hypothesized or input into ture class 1 with probability 0.8 and temperature class
the model from data sets in a geographic information 2 with probability 0.2.
system (GIS) database. In our model, elevation data
are used to identify barriers to migration (seed dis-
persal) and disturbance (fire spread) (Hadley 1994).
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Figure 1. Model structure showing ecosystem types (boxes) and the potential switches (arrows) that occur among ecosystems (adapted from
Starfield and Chapin 1996). Disturbance and climate are the driving external variables in the model.

Disturbance vegetation types, due to factors that are specific to each
Climate, vegetation type, canopy cover, and time since ecosystem, as described below.
last disturbance drive disturbance events. Fire spread Upland tundra flammability is affected by conifer
across the landscape is simulated using a cellular au-canopy cover (a measure of available fuels) and time
tomaton approach, where an ignited grid cell may since last fire, with fire probability being low during
spread to any of its eight neighboring cells. Fire ig- the first 40 yr following fire, reflecting low fuel loads
nition within a cell is determined stochastically with  (Clark 1988; Bonan 1990). The probability of fire in
a random number generator as a function of the flam- broad-leaved deciduous forest is low, similar to that
mability of the cell. The flammability of the receptor of upland tundra (Sylvester and Wein 1981) without
cell and the effects of topographic barriers (elevation trees and only 20% of the probability of fire in white
> 600 m) control fire spread from one cell to another. spruce forest (Johnson 1992). Fire probability in white
In all ecosystem types, fire probability (the probability spruce forest is high due to the high surface area and
of a fire that kills the majority of trees in a cell) is high flammability of conifer needles and fine branches
assumed to be an inverse function of an ‘effective wet- (Susott 1982; Chrosciewicz 1986) on the forest floor.
ness’ index (Trigg 1971; Clark 1988), which increases During the first 20 yr following a switch from broad-
with decreasing temperature and increasing precipi- leaved deciduous forest to white spruce forest, fire
tation (Thornthwaite and Mather 1957; Starfield and probability is the same as that of the broad-leaved de-
Chapin 1996). The shape of the relationship between ciduous forest, due to the less flammable nature of
fire probability and effective wetness is assumed to broad-leaved deciduous forest fuels (Johnson 1992).
be the same among ecosystems (based on data fronMountain cells (elevation- 600 m) are assumed to
boreal forests), but actual probabilities differ among contain little or no fuels and function as barriers to fire
spread.
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We currently assume insect outbreaks do not White spruce forest
spread to neighboring cells and function as described In western North America white spruce is the primary

by Starfield and Chapin (1996). forest type to develop on upland tundra in response
to climatic warming (Brubaker et al. 1983). White
Seed dispersal spruce is the dominant tree species found at both el-

Seed dispersal is limited to a distance of 4 km (well evational and latitudinal treeline in Alaska (Viereck
beyond any observed dispersal distance for boreal 1979) and is the successional climax species in the
conifer tree species). Mountains (elevatisr600 m) uplands (Van Cleve et al. 1991). Following fire, early
act as physical barriers to dispersal. For example, an successional broad-leaved deciduous shrubs and trees
upland tundra cell will first look around to its eightim-  (Larsen 1965; Viereck 1973; Payette and Gagnon
mediate neighbors for barriers and seed sources. If n01985) replace white spruce forests (Figure 1). Un-
seed source is found, then the neighbors of that cell’s der unfavorable climate conditions for white spruce
neighbors are checked for seed sources. However, if aseedling establishment, upland tundra (cold condi-
barrier is encountered, the barrier cell’'s neighbors are tions) or dry grassland (hot, dry conditions) may
not searched. At this point, if no forest seed sources invade the site (Viereck and Van Cleve 1984).

have been found, the seed source parameter is set to

0. The number of neighboring forested cells deter- Broad-leaved deciduous forest

mines the availability of seed to a given cell, which Willow, birch, and aspen, with an understory of white
along with climate controls canopy cover growth. If spruce seedlings dominate early successional boreal
no forested neighbors exist and tree canopy cover is forest. As stand age increases, spruce becomes co-
< 1%, then no increase in canopy cover occurs in that dominant with the hardwoods whose density begins

cell for that time step. to decline due to age-related tree mortality. Eventu-

ally white spruce becomes the dominant species on

Ecosystem Types the site (Figure 1). The less flammable broad-leaved
] vegetation will burn only in extremely dry conditions,

Overview being replaced by a new cohort of hardwoods from

The submodels (frames) used in ALFRESCO are poth vegetative regrowth and seedlings. During the
identical to those described by Starfield and Chapin jnjtial establishment period, under unfavorable climate
(1996). We provide a general overview of each for recolonization, a switch to either upland tundra
frame and refer the reader to Starfield and Chapin (cold conditions) or dry grassland (hot, dry conditions)
(1996) for detailed justification of model struc- may occur. Both heavy moose browsing pressure and
ture, parameters, and rules for switching among extremely cold climate can accelerate the successional
frames (a detailed description can be found at — switch to white spruce forest (Kielland et al. 1997).
http://www.lter.alaska.edu/pubs/ALFRESCO.html).

Dry grassland
Upland tundra Dry grassland is not a current vegetation type in the
Moist upland tundra (tussock and shrub tundra) is the upland tundra zone, but was the dominant type during
predominant vegetation type on gently rolling hills the pleistocene (Hopkins et al. 1982). Grasslands do
in the North American Arctic (Bliss and Matveyeva occur under dry conditions in the boreal forest zone
1992; Starfield and Chapin 1996). Other major arctic (Edwards and Armbruster 1989). Under cold climatic
tundra types are wet meadow tundra, which we ignore conditions dry grassland may switch to upland tun-
because itis uncommon in the Alaskan treeline region, dgra (Starfield and Chapin 1996; Chapin and Starfield
and heath, which occupies higher elevations. The most 1997: Figure 1). Once established, grassland persists
plausible change from upland tundra in response 1o on the landscape due to its short fire return interval
climatic warming is to conifer forest due to invasion (i.e., burns every 10 yr). However, dry grassland will
of white spruce forest (Figure 1), because this is the switch to a broad-leaved deciduous forest type under
forest type that most commonly occurs south of the climate conditions that are favorable for deciduous

Alaskan arctic tree line (Bliss and Matveyeva 1992; seedling establishment (not too dry), if a seed source
Starfield and Chapin 1996). A switch to dry grassland, exists.

which occurred during the Pleistocene (Hopkins et al.
1982), may also occur under extremely dry conditions.
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Model calibration the spatial model to operate at ax22 km scale. We
therefore had to ask how the parameters should change
Most parameter values are identical to those in iy a landscape divided into 2 2 km instead of 5x
the point model and have been justified previously 5 km cells. Most of the point model parameters re-
(Starfield and Chapin 1996) based upon comparison main the same. For example, imagine a;2@0 km
with field observations. Two major phases of model |andscape Wherp represents the probabmty of an in-
calibration were necessary. The first was extrapolation gect outbreak that reduces canopy cover by 50% in an
from the point model to the spatial model, and sec- ypland tundra cell. If it is divided into 16 cells (&
ondly scaling from one spatial scale {55 km point 5 km grid cells) then, on average, insects will affect
model) to another (X 2 km spatial model). The cal-  16p x 25 kn? = 400. If it is divided into 100 cells
ibration of the spatial model is, in effect, one of our (2 x 2 km grid cells) and we keepconstant, insects

experiments and is described below. will affect 100p x 4 km? = 400p. It follows thatp is
. . scale-independent. We therefore focused our study of
Model analysis and experiments scale effects on fire, which is clearly a scale-dependent

. . rocess as we have modeled it.
We addressed the following questions: P

1. How does one compare the results from a point
model with those from a spatially explicit model?

2.How does one calibrate one model against the
other and against available data?

3.0nce calibrated, how do the two models dif-
fer with respect to fire patterns under different
circumstances?

4. How do the two models differ in their vegetation
predictions for long term equilibrium climates?

5. Finally, how do the models compare in their pre-
dictions of shorter term transient dynamics of
vegetation?

The first question is addressed in the analysis
section below; the remaining questions are then ad-
dressed, directly or indirectly, in a series of simulation
experiments that are described following the analysis
section.

Fire ignition and spread experiments

The probability of a fire in the point model concate-
nates two probabilities: (a) the probability that a fire
will be initiated and spread through the cell, and (b)
the probability that a fire will be initiated in an imag-
inary neighboring cell and will spread into the cell of
the point model. Since the point model cannot know
anything about the flammability of the neighboring
cells, it assumes (in its calibration) some average ef-
fect. In contrast, ALFRESCO models fire ignition and
spread within a cell and fire spread between neighbor-
ing cells as two separate processes. Consequently, the
flammability parameters in ALFRESCO have a differ-
ent meaning to those in the point model and therefore
have different values. In order to compare the point
model with ALFRESCO, it is essential that the flam-
mability parameters should in some way be equivalent.
It is unlikely that one could find a set of equivalent
parameters that would produce identical results in all
situations, but one can strive to match certain gross
characteristics (such as percentage of the landscape
that burns) in certain simple situations (such as homo-
geneous landscapes). We investigated this in our first
three sets of experiments.

Analysis

The point model is identical to the spatial model, ex-
cept that explicit contagion processes (seed dispersal
and fire spread) represented implicitly in the point
model rather than explicitly simulated. Consequently,
the point model is not sensitive to neighboring cells. It
follows th_at the impli_cit rep_resentation of seed disper- Set A- Fire ignition and spread parameters in the
sal and fire spread is static and crude. We comparedpoint model had previously been calibrated against

the models by running identical versions of the point o)y 4ata (Starfield and Chapin 1996). In this set of
thdeI |nd|epedndently n eECh ngC_I <I:ell %ZI km) on experiments we calibrated the spatially explicit fire
the Sﬁme an Scipfs as tf. eljpatéa r;:o el spread routine so that ALFRESCO yielded similar av-
T € point mode _(Star leld and Chapin 1996) was erage total area burned (Figure 2), to that predicted
originally -parameterlzed to represent processes at aby the point model on homogenous landscapes. There
Iar_ge|_(|arb|trary_5x S "”_‘) scale on "’} hodmogenou_s teL’ was a strong linear relationship between the calibrated
rain. Fowever, Interactions among landscape units that spatial flammability values and predicted average total
involve fire spread and seed dispersal typically occur area burned (Figure 3). Linear regression was there-

at smaller scales (2 2 km or less) so we developed fore used to develop a calibration equation (Figure 3)
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Figure 2. Comparison of average area burned for the point (circles) and spatial (triangles) model fire-spread routines. Each simulation assumed
identical flammability values for all grid cells and was replicated 100 times (for each flammability level) on a hypothetical landscape 200

200 km using 2x 2 km grid cells. The dashed lines and arrows show how the equivalent flammabilities of the point and spatial models were
determined.
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Figure 3. Regression of predicted spatial fire probabilities and point model probabilities that yield the same average area burned (Figure 2).
The spatial model calibration equation ws= 0.036+ 0.373(X). R2 = 0.99 andp < 0.001.

for conversion of point model flammability parame- leaved deciduous — low flammability; dry grassland —

ters (Starfield and Chapin 1996) to equivalent spatial high flammability) distributed in a chessboard manner

model flammabilities. The point model cannot sim- for vegetation patch sizes ofX 1, 2 x 2, 3x 3,4 x

ulate fires of different sizes; the spatial model can. 4,5x 5,6 x 6,10x 10, 15x 15, 20x 20, and 30x

Having calibrated to preserve the average total area30 cells.

burned we then used the spatial model to generate  Set C— The objective of the final set of fire ex-

the distribution of individual fire sizes for different periments was to identify the influence of barriers

flammability levels (0.10-0.40). on fire spread. Average number of fires and average
Set B— We next explored how the two models individual fire size were measured for 100 replicate

might differ with respect to fire spread on a hetero- simulations on a homogeneous landscape with no bar-

geneous landscape. In this set of experiments, therier, a continuous barrier running the width of the

influence of vegetation patch size was investigated by landscape, and barriers extending 1/2 and 2/3 the

creating different vegetation patterns on the landscape.width of the landscape (Figure 4).

We measured the average number of grid cells burned

(by vegetation type) and the average number of large Seed dispersal experiments

fires ( 30 grid cells or 120 krf) on a landscape (120  Since the point model does not recognize neighboring

x 120 grid cells) with two vegetation types (broad- cells, it assumes a constant (user-specified) seed rain.

This is a restrictive assumption and limits the scenar-
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(@) (b) sion of upland tundra cells to white spruce forest was
calculated with respect to distance from the initial
forest-tundra ecotone.

Set E— On the same hypothetical landscape we
measured the influence of topographic barriers to seed
dispersal. The probability and time to conversion of
upland tundra to white spruce forest were measured
for 3 different cells on the landscape (Figure 5b) with-
out a barrier, a continuous barrier, and with barriers
1/2 and 2/3 the width of the landscape.

Equilibrium climate experiments on a hypothetical
landscape

The next objective was to compare the pattern of veg-
etation change for the two model versions on a simple
hypothetical landscape under equilibrium conditions
(constant climate for 10,000 yr). The initial landscape
(21 x 10 cells) was composed of white spruce forest
in the 3 southernmost rows and upland tundra in the
remainder of the landscape.

Set — We measured equilibrium vegetation distri-
bution on the hypothetical landscape under four con-
stant climate regimes (cold, current, warm, and hot).
Each scenario was replicated 500 times. Herbivore
browsing pressure was kept low (0.1).

Set G— High moose browse pressure directly af-
fects the rate of succession by increasing the rate
of change from early successional broad-leaved de-
ciduous forest to white spruce forest. The indirect
effects of herbivory influence the disturbance regime
through changes in vegetation distribution that directly
Figure 4. Hypothetical landscape used in barrier experiments show- influence the flammability of the landscape (herbivory

ing landscape with () complete barrier, (b) 2/3 barrier, (c) 1/2 Increases the proportion of highly flammable spruce
barrier, and (d) no barrier. The barriers are shaded in black. The gray forest on the landscape). We set the probability of high

(white spruce forest) and white (upland tundra) cells indicate the moose browse pressure first to 0.1 and then 1.0, and

?e'ﬂ?; vegetation distribution. Landscape was 840%(@ x 2 km measured the distribution of white spruce and broad-
leaved deciduous forest as well as the average number
of grid cells burned each decade.

(c) @

---J

i

ios one can simulate with the point model. In the next
two sets of experiments we investigated how the spa-
tial model could be used in two such scenarios. Fire Results
was excluded in both sets of experiments to isolate the

influence of seed dispersal. Fire Ignition and Spread
Set D- We measured white spruce forest migration _ N
rate on a north-south transect on a landscape 40 Set A— The point model makes the decision to burn

cells for both the point and spatial models (Figure 5a). €ach grid cell independently, one cell at a time; one
The 3 southern-most rows were initially set to white C€an count how many cells are burned on a landscape
spruce forest with the remainder of the landscape setbut there is no basis for assessing fire size. In contrast,
to upland tundra. Climate for the entire landscape was fire spread is explicitly simulated in the spatial model,
kept at a constant warm climate (conditions conducive allowing an estimate of the number of separate fire
to forest migration). The time required for conver- €vents and the extent (number of grid cells burned)
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Figure 6. Frequency distribution of the size of fires (number of grid cells burned) in the spatial model for a homogenous landscape of 14,400
cells with flammabilities of 0.1, 0.2, 0.3, and 0.4 (bars). Each simulation was replicated 100 times. Number of fires is on a logarithmic scale.

of each event. In the spatial model the frequency dis-
tribution for fire sizes in a homogeneous landscape
depended on the flammability value (Figure 6). Low
flammability resulted in many small fires (never ex-
ceeding 30 grid cells in size), while high flammability
resulted in fewer small fires with several large fires.
The calibration of ALFRESCO yielded flammability
values that were generally 0.10 for upland tun-

for as much as 80 percent of the total area burned. This
is consistent with observations in Canada (Van Wagner
1983; Stocks 1991) and Alaska (Alaska Fire Service

1992; Kasischke and French 1995).

Set B- The point model is sensitive to the propor-
tion of cells with different flammabilities, but insen-
sitive to how they are clustered on the landscape and
therefore to vegetation pattern. In contrast (Figure 7)

dra and broad-leaved deciduous forest, suggesting thatthe spatial model suggests that different scales of het-

these vegetation types could generally support only
small fires (Figure 6). In contrast, white spruce for-
est and dry grassland with flammabilities of 0.19 and
0.26, respectively, under extremely dry conditions,
also produced mostly small fires, but large fires30
grid cells or 120 krR) occurred regularly, accounting

erogeneity of broad-leaved deciduous forest and dry
grassland distribution lead to major differences in the
spatial extent of fires as well as the relative proportion
of vegetation types that burn. When patch sizes are
large, the number of broad-leaved deciduous cells that
burn is similar to predictions of the point model but,
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Figure 7. Average number of broad-leaved deciduous forest cells burned (bars) and the average number of large fires (solid line) for different
patch sizes of dry grasslang & 0.26) and broad-leaved deciduous forgst=£ 0.07) in the spatial model. Large fires are defined as fire size

> 120 kn?. Replicated 100 times on a hypothetical landscape 2220 km (2x 2 km cells) with 50% grassland and 50% deciduous forest

cells arranged in a chessboard pattern.

as patch size decreases, more deciduous cells are adjariers and patterns of flammability (Turner et al. 1993;
cent to flammable grassland cells so that the number of Hadley 1994).
deciduous cells that actually burn increases by a factor
of 2. As patch size decreases, so too does the pro-Seed dispersal and migration rate
portion of large fires on the landscape. These results
are consistent with other model experiments on the in- Set D—The point model cannot test neighbors for seed
teraction of disturbance and vegetation pattern (GreenSources. Instead, the number of forested neighbors
1989; Turner et al. 1989; Ratz 1995). Similar results IS an input to the model, and it is assumed that this
were obtained when the experimentwas repeated, sub-number does not change throughout the simulation.
stituting white spruce forest for dry grassland (results Furthermore, even if the number of forested neighbors
not shown). is set to zero, all upland tundra cells are assumed to
Set C— The point model has no mechanism to de- have at least a minimal white spruce forest canopy
tect barriers, so we used the explicitly spatial modelto cover (1-7%). This assumption allows further canopy
investigate the role of topography in fire dynamics. We development under a favorable climate for tree estab-
tested the influence of barriers (restricting fire spread) lishment and results in eventual conversion of upland
in the spatial model by setting the landscape to a single tundra to white spruce forest. This may be appropri-
Vegetation type and running simulations with no bar- ate if the pOint model is restricted to the forest-tundra
rier, a complete barrier, and a barrier 1/2 and 2/3 the €cotone (the original purpose of the model) but can be
width of the landscape (Figure 4). As expected, fire Misleading if the model is used to predict the rate of
spread showed little response to barriers in the spa-forest migration beyond the ecotone (Figure 8).
tial model except at high flammability values. Only In contrast, ALFRESCO allows seed input to up-
the most flammable vegetation type (dry grassland) land tundra cells only within 4 km (2 cells) of spruce
was sensitive to barriers on the |andscape (Tab|e 1) cells. Upland tundra cells farther than 4 km from the
As the degree of vegetation connectivity decreased Nearest spruce cell are assumed to have no canopy
(going from no barrier to a complete barrier) in this development (0%). Consequently, the time for conver-
highly flammable vegetation type, the average number sion of upland tundra to white spruce forest increased
offires increased, and average fire size decreased. Thigvith distance from the initial forest-tundra ecotone
suggests that landscapes without topographic barriers(Figure 8). The spatial model yielded an average
to fire spread, under warmer climates (and associatedsPruce forest migration rate of approximately 4 km
increased fire frequency), will produce more homoge- Per 100 yr, under a warm climate regime. The model
nous landscapes when burned, whereas |andscape§nderestimated the rate of forest migration compared
with barriers will produce patterns of vegetation that to past (10-45 km per 100 yr; Davis 1983) and pre-
are more heterogeneous and sensitive to landscape bardicted future (20-30 km per 100 yr; Solomon 1992)
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Table 1. (a) Average number of fires and (b) average fire size (# of 2
x 2 km cells) for the spatial model with homogenous vegetation types
(broad-leaved deciduous forest, white spruce forest, or dry grassland) in a
landscape with a continuous barrier the width of the landscape, a barrier
two-thirds the width of the landscape, a barrier half the width of the land-
scape and, no barrier (see Figure 4). The landscape was 24D km

(14400 cells). Each scenario was replicated 100 times.

Vegetation  Full Barrier ~ 2/3 Barrier ~ 1/2 Barrier  No Barrier
(@) # Fires
Deciduous 728 730 733 733
Spruce 392 388 382 375
Grassland 24 20 19 18
(b) Fire Size (# cells)
Deciduous 1.8 1.8 1.8 1.8
Spruce 20.6 20.9 21.3 21.9
Grassland  441.3 535.6 571.4 624.5
900 —
?.s: 800 + Spatla‘l}ii‘odel
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Figure 8. Comparison of time to conversion of upland tundra to white spruce forest for the point (solid line) and spatial (dashed line) models.

Landscape was 840 Kwith a north-south transect (see Figure 4x 22 km (2x 2 km cells).

forest migration rates. In simulations with the point 3 different cells on the hypothetical landscape (Fig-
model, tundra was converted to forest within 200 yr, ure 5) for the spatial model. A continuous barrier (the
regardless of the distance from treeline (Figure 8). The width of the landscape) completely eliminated the mi-
spatial model can be used to estimate forest migration gration of spruce forest north of the barrier (Figure 9),
rates; the point model cannot, except close to tree- whereas partial barriers slowed conversion of upland

line (the situation for which it was originally intended

(Starfield and Chapin 1996)).

Set E- The spatial model views cells with an ele-

tundra to white spruce forest by 300—400 yr (compar-

ison of cells 120 and 111). For the partial barriers,

as landscape connectivity increased (number of bar-

vation of > 600 m as a barrier to dispersal and ceases rier cells decreased) the time for conversion to spruce
to search for seed sources beyond barrier cells. In forest decreased.

contrast, the point model does not recognize barriers
and allows for the conversion of upland tundra cells to
spruce forest even beyond a continuous high-elevation
mountain range. We measured the effect of barriers on
seed dispersal and subsequent forest establishment at
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Equilibrium vegetation distribution on a hypothetical a slight increase in total area burned each decade,
landscape whereas the spatial model predicted a 40% decrease in
total area burned (Table 2). This resulted in more cells

Set F— The previous experiments highlight both dif-  sycceeding to spruce, which increased the fire size in
ferences and similarities between the spatial and point the spatial model.

models with respect to fire spread and seed dispersal as
separate processes. In this set of experiments, we in-
vestigated how the similarities and differences (when piscussion
fire spread and seed dispersal interact) influenced
|Ong-tel’m (eqUIllbrIum) Vegetation under different cli- Comparison of point and Spatia' models
mate regimes on a hypothetical landscape without
barriers. Under cold conditions (an upland tundra cli- The equilibrium distribution of vegetation predicted
mate) the entire landscape switched to upland tundraby ALFRESCO on a hypothetical landscape (with
in both the point and spatial models (Figure 10), dueto a uniform climate) for different climatic regimes
climatic (temperature) constraints (Hobbie and Chapin was similar to observed subarctic and boreal vegeta-
1998). There was also agreement between the twotion patterns (Selkregg 1974a, b; Anonymous 1994;
models under warm (typical northern boreal forest) Starfield and Chapin 1996). However, ALFRESCO
and hot (similar to southern boreal forest) climates; predicted a greater abundance of white spruce for-
in both cases the equilibrium landscape resulted in est cells and less upland tundra cells than the point
a mix of deciduous (approximately 65%) and white model, under current climate. This reflects differences
spruce (approximately 35%) forests. However, the two between the point and spatial models in the represen-
models differed substantially (Figure 10) at current tation of spatially dependent processes such as fire
climate (forest-tundra ecotone) and if one postulates spread and seed dispersal (Baker et al. 1991).
a much drier hot climate (frequent drought). In the An important limitation to point models of tran-
latter case, the spatial model predicted a higher pro- sient vegetation dynamics (Starfield and Chapin 1996)
portion of dry grassland cells (approximately 90% of is that they assume constant seed availability or dis-
the landscape compared to 50% in the point model). regard entirely the process of seed dispersal, ger-
In the point model, cells switched from forest to dry mination, and survival. Spatially explicit models of
grassland when forest fires coincided with drought; seed dispersal identify neighboring seed sources and
grassland fires maintained grassland cells if they oc- employ a maximum dispersal distance threshold (Mc-
curred during drought conditions, but switched cells Caughey et al. 1986; Green 1989; Keane et al. 1996).
back to forest under more mesic conditions. In the ALFRESCO identifies seed sources up to 4 km away
spatial model, grassland fires during drought spread (2 grid cells) and views elevatios-(600 m) as a phys-
into neighboring forest cells, converting them to grass- ical barrier to seed dispersal and germination (Zasada
land and thereby increasing distance to surviving seed et al. 1978; Viereck 1979). Therefore, we assume seed
sources. This led to the establishment of extensive does not disperse across high mountain barriers on up-
grasslands maintained by fire, that did not switch back slope winds (Greene and Johnson 1995) or along the
to forest. Grassland in the spatial model perpetuated snowpack (Greene and Johnson 1997).
itself while in the point model it appeared and disap- A common technique for spatial modeling of fire
peared stochastically as precipitation levels changed.ignition and spread is the ‘cellular automaton’ (Wol-
We suspect a similar interplay between disturbance fram 1984). Green (1989) ignited fires at random
and climatic events underlies differences between the locations and chose an elliptical shape of fixed size
two models at current climate, as discussed below. and frequency as determined by a negative exponential
Set G- In both the point and spatial models, and Poisson distribution, respectively. Flammability
white spruce forest extent doubled (Table 2) when the was determined by successional stage (time since last
probability of moose browse increased. We expected disturbance). Ratz (1995) modeled both the ignition
both models to respond with increased area burned,and spread of fire through a landscape of grid cells,
since the effect of moose browsing is to increase the using random numbers and the flammability of each
rate of successional change from low flammability cell that was a function of successional stage. Similar
broad-leaved deciduous forest to highly flammable algorithms of fire spread can be found in other models
white spruce forest. In fact, the point model predicted dealing with fire (Antonovski et al. 1992; Baker 1992,
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Table 2. Comparison of vegetation distribution, total area burned and the proportion of
deciduous and white spruce cells burned each decade for (a) the spatial model and (b)
point model. High moose browse probability set to 0.1 and 1.0 were compared for 5000 yr
(replicated 100 times) on a hypothetical landscape (210 grid cells) under a warm climate

regime.
Probability # Deciduous  # White Percentof Percentof Percent
high moose forest cells spruce deciduous  white total
browse forestcells cells spruce forested
burned cells cells
burned burned
(a) Spatial Model
0.10 125.2 84.5 7.2 14.4 10.1
1.00 60.1 149.2 6.5 6.3 6.3
Probability Ave. # Ave. # Percent of Percent of Percent
high moose deciduous # White deciduous  white total
browse forest cells spruce cells spruce forested
forestcells  burned cells cells
burned burned
(b) Point Model
0.10 129.5 80.5 4.3 13.7 7.9
1.00 62.3 147.7 45 10.2 8.5

1993). More complicated models of fire ignition and These are the kinds of interactions that can only be
spread incorporate the additional effects of wind speed simulated in a model that is explicitly spatial and con-

and direction, moisture, and spatial distribution of fu-
els (Rothermal 1972; Albini 1976; Keane et al. 1996;
Finney 1998).

ALFRESCO follows the automaton approach,
where flammability of an individual cell is a function

tribute to differences in predictions of vegetation dis-
tribution between ALFRESCO and the point model.
The experiment with high moose densities illustrates
the complexity that can arise from such interactions.
The development and testing of point models is a

of a wetness index (proxy for drought severity), time useful first step towards embedding them in a spatially
since last disturbance, ecosystem type, fuel load (asexplicit landscape because the lack of spatial effects in
determined by insect outbreak and herbivore brows- point models make them easier to understand. How-
ing), and topographic relief (elevational barriers). The ever, point and spatial models can only be partially
model realistically simulated patterns of fire frequency calibrated against one another (for homogeneous but
and proportion of landscape burned typical of interior not heterogeneous landscapes).

Alaskan ecosystems. These disturbance patterns, in It follows that point models can only be partially
turn, influence (in the model and reality) vegetation calibrated against landscape data. For example, in the
type and pattern. Post-fire establishment patterns areoriginal point model (Starfield and Chapin 1996), the
strongly affected by both the severity and extent of relative abundance of forest types on a landscape were
the disturbance and the proximity to potential seed compared with the frequency of those same forest
sources, (Turner et al. 1997). The degree of vegetationtypes in replicate runs of the point model. However,
heterogeneity across the landscape then again influ-when the point model is used in ALFRESCO, even
ences the shape and extent of future fires in both the after fire parameters have been calibrated, a different
model and reality (Turner et al. 1997). ALFRESCO abundance of forest types is produced at equilibrium in
produced fewer but larger fires as heterogeneity in- some climates (Figure 10). Therefore, it can be risky to
creased, suggesting large fires may act as a negativeconvert from frequency in the landscape to frequency
feedback to landscape-level vegetation heterogeneity.of point simulations because the landscape frequency
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might have been produced by spatial interactions the under some circumstances (e.g., when climatic influ-

point model cannot simulate. ences are overriding) give similar results. However,
there are many situations where the two models dif-
Future model uses and development fer and where explicit modeling of spatial processes

(fire spread and seed dispersal) is essential for under-
standing and predicting both transient and equilibrium
vegetation distribution in response to a warming cli-
mate. It is possible to argue, with hindsight, when
a point model is adequate and when it is essential to
use an explicitly spatial model. Unfortunately it is not
always possible to make this determination ahead of
time, and, as in the example of high moose prob-
abilities (Table 2), relying on intuition and a point
model that agrees with intuition can be misleading. We
conclude that accurate models of landscape-level veg-
etation response to climatic change must be spatially
explicit because only spatial models can reliably sim-
ulate fire spread and seed dispersal, two of the driving
processes of vegetation change.

The results obtained with ALFRESCO on hypothetical
landscapes suggest that its spatially explicit attributes
are critical to modeling real landscapes. The Brooks
Range, positioned in the same region as current lat-
itudinal treeline (Viereck 1979), may restrict forest
establishment under a warming climate. The pollen
record supports importance of this geographic bar-
rier; during the last climatic optimum white spruce
forest did not migrate north of the Brooks Range
(Brubaker et al. 1983; Anderson 1988; Hu et al. 1993).
In a follow-up paper we will look closely at both
short- (50-150 yr) and long-term (500 yr) implica-
tions of climatic warming in northwest Alaska with
special reference to the potential overriding control of
topography on vegetation distribution.

Other exercises on real landscapes will require
some modifications of the model. Currently the model
only simulates insect outbreaks at the forest-tundra
ecotone, where they are likely to be relatively isolated.
However, the spatial dynamics of insects (dispersion
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