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Simulating the dynamics of linear forests in Great
Plains agroecosystems under changing climates

Qinfeng Guo, J. Brandie, M. Schoeneberger, and D. Buettner

Abstract: Most forest growth models are not suitable for the highly fragmented, linear (or linearly shaped) forests in
the Great Plains agroecosystems (e.g., windbreaks, riparian forest buffers), where such forests are a minor but ecologi-
cally important component of the land mosaics. This study used SEEDSCAPE, a recently modified gap model designed
for cultivated land mosaics in the Great Plains, to simulate the effects of climate change on the dynamics of such linear
forests. We simulated the dynamics of windbreaks with different initial planting species richness and widths (light
changes as the selected resulting factor) using current climate data and nested regional circulation models (RegCMs).
Results indicated that (i) it took 70-80 simulation years for the linear forests to reach a steady state under both normal
(present-day) and warming climates; (if) warming climates would reduce total aboveground tree biomass and the spatial
variation in biomass, but increase dominance in the linear forests, especially in the upland forests; (iif) linear forests
with higher planting species richness and smaller width produced higher aboveground tree biomass per unit area; and
(iv) the same species performed very differently with different climate scenarios, initial planting diversity, and forest
widths. Although the model still needs further improvements (e.g., the effects of understory species should be included),
the model can serve as a useful tool in modeling the succession of linear forests in human-dominated land mosaics un-
der changing climates.and may also have significant practical implications in other systems.

Résumé : La plupart des modeles de croissance ne sont pas adaptés aux foréts fortement fragmentées et linéaires (ou
de forme linéaire) dans les agro-écosystémes des Grandes Plaines (p. ex., les coupe-vents ou les bandes riveraines) ol
de telles foréts représentent une composante mineure mais non moins écologiquement importante de la mosaique du
paysage. Dans cette étude, les auteurs ont utilis€ SEEDSCAPE, un modgle de trouée récemment modifié et congu pour
la mosaique du paysage agricole, pour simuler les effets des changements climatiques sur la dynamique de telles foréts
linéaires. 11s ont simulé la dynamique des coupe-vents de différentes largeurs (la lumiére change en conséquence) et di-
versités spécifiques au moment de la plantation initiale, & I'aide de données climatiques actuelles et de modéles hiérar-
chisés de circulation régionale (MCRég). Les résultats ont montré (i) que I'état d’équilibre a ét€ atteint dans les foréts

-linéaires aprés 70-80 ans de simulation, tant sous le climat normal (actuel) que sous un climat plus chaud; (ii) qu'un cli-

mat plus chaud réduirait la biomasse aérienne des arbres et sa variabilité spatiale mais augmenterait la dominance dans
les foréts linéaires, plus spécifiquement dans les for8ts des hautes terres; (iif) que les foréts linéaires plus étroites avec
une plus grande richesse spécifique au moment de la plantation produiraient plus de biomasse ligneuse aérienne par
unité de surface; et (iv) que les mémes espdces se comportent de facon trés différente selon le scénario climatique, la
diversité au moment de la plantation et la largeur de la for8t. Méme si le modgle requiert certaines améliorations (p.
ex., I’effet des espéces du sous-bois devrait &tre inclus). ce dernier peut tre utilisé pour modéliser la succession fores-
titre des foréts linéaires dans des mosaiques du paysage dominé par I’homme sous des conditions climatiques chan-
geantes et peut également avoir d’autres implications pratiques importantes dans d’autres systémes.

[Traduit par la Rédaction]

of the agricultural land mosaics, yet provide many vital

lntroduction

Human-dominated ecosystems in the Great Plains are spe-
culated to be especially sensitive to climate changes because
of their highly fragmented nature. In the Great Plains, woody
areas, predominantly agroforestry plantings (such as riparian
forest buffers and windbreaks, but also natural woody draws
and fences and field borders) make up only a small portion

services. These woody areas enhance crop protection and
production through their sheltering effects, provide habitats
and travel corridors for plants and wildlife, and protect water
quality (Kort 1988; Guertin et al. 1997, Rosenberg et al.
1997; Guo 2000; Easterling et al. 2001). However, the suc-
cession and functions of these Great Plains forests under
varying climates have been largely overlooked and little in-
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Fig. 1. A fraction of a hypothetical, spatially explicit agricultural
land mosaic (1 km?) that contains the three major spatial compo-
nents in the agricultural land mosaics of the Great Plains (wider
solid, riparian zone; narrower solid. windbreak; open: crop land).
Each simulated area (1 km? contains ten-thousand 10 m x 10 m
plots.

formation on temporal changes in community structure is
available (Easterling et al. 2001).

Individual-based, spatially explicit gap models designed
to simulate the effects of climate change on forest growth
have been well developed and broadly used (e.g., Prentice et
al. 1993; Liu and Ashton 1993, 1998; Guertin et al. 1997).
In these models, the establishment, growth, reproduction,
and death of individual trees on a small plot of land (e.g.,
10 m x 10 m) are simulated. In many studies that use these
models. the forest dynamics in the plots are assumed to rep-
resent the surrounding forest. Since these models were de-
signed for contiguous upland forests, direct application to
the highly fragmented, linear forests in the Great Plains pres-
ents a number of problems.

For forested regions in which a single plot is assumed to
represent a large area, gap models usually include ubiquitous
seed dispersal, that is, where the plot receives seeds of all
species that might occur in the land mosaics (Shugart 1984).
Establishment of trees depends entirely on the survival of
seedlings rather than on their arrival on the plot. In reality,
the location of any plot in the land mosaics will affect its
probability of receiving seeds that disperse from other plots
in the land mosaics. Therefore, a single plot cannot be as-
sumed to represent the entire forest accurately (Lin and Ashton
1998; Easterling et al. 2001).

Linear forests, especially windbreaks and riparian forest
buffers, result in a greater proportion of trees in the land mo-
saics that are on the forest’s edge. Therefore, the edge effect
(i.e., greater light availability) dominates in these systems in
contrast to nonlinear forest stands. In addition, the Great
Plains comprises a mixture of upland and riparian linear for-
ests that experience very different water regimes. In many
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parts of the Great Plains, the water table in upland areas is
extremely deep, and trees gain their water predominantly
from precipitation. In riparian areas, water is also available
from groundwater that occurs closer to the surface in the
land adjacent to streams or rivers. The availability of this
water fluctuates over time.

To accommodate the unique features of the growth of linear
forests in agricultural land mosaics, we developed and tested
a new model, SEEDSCAPE (Guertin et al. 1997; Easterling
et al. 2001). Based on existing gap models, SEEDSCAPE
was constructed to overcome the limitations of existing for-
est models and to provide a starting point for understanding
ecological processes in these heavily human-dominated land
mosaics. In our earlier work, we simulated the forest growth
under land use changes and normal climates (Easterling et
al. 2001). Possible effects of large forest edge/width ratio on
light penetration into the linear forests had not yet been in-
corporated into the model for this earlier simulation. In the
present study, we have modified our model to take such po-
tential effects into account.

To provide better guidelines for on-the-ground management
of these woody components and to better direct conservation
programs that promote and provide assistance to establish
new plantings, we need to understand the ecological impli-
cations of both future climate change and dimensional varia-
tion of linear forests. Warming climates are likely to alter
the existing forest structure and dynamics, and linear forests
with varying widths may support different biodiversity values
and crop productions. Information derived from modeling
efforts such as SEEDSCAPE will assist with development of
design criteria (such as ideal size (length and width), spatial
arrangement, and optimal density over time) that can better
balance the production and conservation demands being made
on these lands.

In this paper, we report our resuits of using SEEDSCAPE
to simulate the dynamics of windbreaks having different spe-
cies richness and widths and under different climatic scenarios.
For this study, we asked the following questions: (i) How
would global climate change affect the growth of linear for-
ests in the Great Plains? (if) How would planting species
richness (i.e., the number of species) affect the forest growth
under different climatic scenarios? (iif) How would forest
width affect aboveground tree biomass and evenness?-

Materials and methods

The SEEDSCAPE model
The SEEDSCAPE model is derived from a gap model,

JABOWA II (Botkin et al. 1972; Botkin 1993). Details on

the development and initial testing of the model are available

in Easterling et al. (2001). The main features of this model
are described next.

(i) Extends the single-plot approach to an entire land mo-
saic of multiple plots (10 m x 10 m) over a 100 x 100
grid (1 km? Fig. 1). This feature can incorporate the
fundamental differences between forest stands with small
edgefarea ratios (e.g., large forested tracts) and ones
with large edge/area ratios (e.g., riparian forest buffers).
In addition, because the 1-km? land mosaic is not a
closed system, plots along the edges of the mosaic can
be designated as seed sources. These plots contain spe-
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Table 1. Values of ¢ for each dispersal agent used
in dispersal equation.

Dispersal agent i @

Wind (short distance) 1 1.07
‘Wind (intermediate) 2 1.04
Wind (intermediate) 3 1.01
Wind (long distance) 4 0.90
‘Mammal 5 1.02
Bird (blue jay) 6 0.94
Bird (other) 7 0.99
Gravity 8 10 000.00

Note: Dispersal agents are based on Malanson and
Armstrong (1996) (revised from Easterling et al. 2001).

cies that are found outside the 1-km? area, but are close
enough to deliver seeds to the entire mosaic. Within this
mosaic, each plot is assigned particular values for soil
type, initial vegetation, and location (i.e., whether the
plot is in a riparian or upland area). The soil type deter-
mines moisture capacity, available nitrogen in the soil,
so0il depth, and the depth to the water table. The species
and diameter at breast height (DBH) of all trees in each
wooded plot are assigned at the start of the model run.

(i) Allows seed dispersal among all plots in the simulated
land mosaics. This feature links the entire array of spe-
cies that occur in a given area, connecting all simulated
plots. SEEDSCAPE uses the dispersal algorithm from
the SEEDFLO model (Hanson et al. 1990). In this algo-
rithm, each plot is used as a potential seed source if it
contains trees large enough to produce seed and if those
trees actually produce seeds in a given year as deter-
mined by the species-specific probability of seed pro-
duction. Each species can have up to three dispersal
mechanisms within a total of eight dispersal categories
(Table 1). Initially, each tree’s age is set to the minimum
age for seed production (though some are explicitly set
to another age). For each tree in each plot, the probability
of seeds reaching each of the other potentially wooded
plots in the mosaics is determined by the simple dis-
tance-decay function, Py = 4;%, where i is a species-
specific dispersal agent, Py is the probability of a seed
dispersing to plot j given a dispersal agent i, d; is the
distance in metres to plot j, and ¢ is the dispersal pa-
rameter for a dispersal agent i (Okubo and Levin 1989).
Once seeds have arrived on a plot, the seedling estab-
lishment, growth, and mortality functions are similar to
those in other existing gap models. The specific equations
in SEEDSCAPE are the same as those in JABOWA-II
(Botkin 1993).

(iii) Allows locally variable water tables. For upland plots,
the availability of water is the same as in JABOWA-II
and is determined by precipitation and by depth to the
water table. Because the water table in our study area is
extremely deep in upland locations, it is not a major fac-
tor influencing tree growth. In riparian plots, however,
the soil may be completely saturated because of a shallow
water table, the result of flooding along watercourses af-
ter precipitation events. SEEDSCAPE therefore allows
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for variable local water tables in riparian plots. The wa-
ter table varies with water volume in the streams, which
is in turn a function of runoff from surrounding agricul-
tural fields. SEEDSCAPE uses the curve number method
developed by the USDA - Natural Resources and Con-
servation Services (USDA - NRCS 1972) to calculate
runoff volume following precipitation events.

(v) Incorporates edge effects. Forest width greatly affects
the levels of light penetration in the simulated plots.
Light levels for each plot change according to the num-
ber of neighboring plots surrounding the focal plot. Each
plot has the possibility of having two, three, or four
neighboring plots, depending on the planted forest width.
For a single plot without any neighbors, assuming the
light level on the south-facing edge to be one, light lev-
els on the east-, west-, and north-facing edges will be
calculated as 0.5, 0.5, and 0.25. However, if a plot has a
neighbor, the light level at the edge that connects to the
neighbor plot will be designated as zero. Although we
do not have field measurement data on light levels, we
believe that such assumptions are sufficient and reason-
able for the purpose of showing the light effects on the
forest edges in the Great Plains region.

We used vegetation reference data from Easterling et al.
(2001), which included the number of stems of each tree
species and DBH for 10 species found in both riparian zones
and windbreaks in 1-km” land mosaics of Mead, Saunders
County, Nebraska (Table 2). The data were based on a survey
made of the surrounding area to estimate the number and
DBH of the potential seed source trees in 1995 (for details
regarding the field data collection, see Easterling et al. 2001).

Ten iterations of a 400-year simulation for both wind-
breaks and riparian zones with three different forest widths
(10, 20, and 30 m) were simulated under both current (here-
after referred to as “normal™) climatic conditions and clima-
tic change scenarios. For simulations under normal climate,
we used monthly weather data for 1967-1995 from the near-
est weather station (located near Mead, Nebraska). For simu-
lations under warming climate, we used a second-generation
regional climate model (RegCM2), which is a nested re-
gional climate model developed by the National Center for
Atmospheric Research (NCAR) for the MINK region (Mis-
souri, lowa, Nebraska, Kansas). In the warming scenario,
seasonal near-surface warming of 4-6 K (or 4-6 °C) and
seasonal precipitation increases of 6%-24% were simulated
for doubled atmospheric carbon dioxide concentration (2 X
CO,) conditions.

The NCAR second-generation RegCMs are driven by out-
puts from control and equilibrium 2 x CO, simulations pro-
duced by the general circulation model (GCM) of the Australian
Commonwealth Scientific and Industrial Research Organiza-
tion (CSIRO) described by Watterson et al. (1995). RegCMs
include improved formulations of boundary layer, radiative
transfer, surface physics, cumulus convection, and time inte-
gration technique; and they model numerous climate vari-
ables such as monthly maximum (7,.), minimum (7).
and mean temperature (T + Tmin)/2), precipitation, relative
bumidity (RH), wind, and cloudiness (for details about this
model, see Giorgi et al. 19934, 1993b, 1998). The 5-year-
long normal (present-day) and 2 x CO, simulations using
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Table 2. Reproductive parameters and dispersal agents of the species in a Nebraska forest

corridor (modified from Easterling et al. 2001).

Dispersal agent

Species SAP  Ageny, Ager.e  Pleeasy  Primary  Secondary
Acer negundo 3 30 100 1.0 1

Celtis occidentalis 3 35 200 0.8 5 7
Fraxinus pennsylvanica 10 15 150 0.8 2 8
Juniperus virginiana 3 10 150 0.8 6

Morus alba 3 5 125 1.0 6

Populus deltoides 10 25 150 0.9 4 7
Prunus americang 60 10 40 1.0 5 7
Salix amygdaloides 10 10 85 0.9 4

Ulmus pumila 15 15 70 0.5 2

Ulmus rubra 3 15 200 0.5 2

Note: Dispersal agents are based on Malanson and Armstrong (1996). SAP, the maximum number of
saplings added per year; age, and age,., the minimum and maximum ages at which a tree can pro-
duce seeds; P, the probability that a tree will produce seeds in a given year.

Table 3. Summary of the major physical and biotic variables used in the simulation.

Variable Description

Climate (the whole simulated land
mosaic, 1 km?)

Monthly temperature (maximum, minimum, mean, and total), precipitation, radiation, relative
humidity (RH), wind, light, and CO, level: for each grid, the weather data were corrected

to its specific elevation and latitude

Soil (each grid, 10 m x 10 m; total,
100 x 100 grid, each cell = 1 km?)

Vegetation

Biology (each tree species)

Soil type, depth, water content, % rock, nitrogen, water balance

Crop land, riparian, or upland forest
Dispersal (Table 1), reproduction (Table 2), shade-tolerant type, nitrogen-tolerant type, density,

diameter at breast height (DBH), maximum diameter, maximum height, maximum age,
maximum growing degree days, maximum number of saplings added each year (SAP),
root depth, minimum age of seed production

RegCM was completed at a horizontal grid-point spacing of
50 km (Giorgi et al. 1998). )

We chose RegCM for our simulation because it produced
better normal (or present-day) climatological conditions over
the central United States than other available GCM models
{Giorgi et al. 1998). In our simulation, values of all the climate
variables listed above for each month (January-December)
were modified using the local elevation and latitude in each
grid point for all grid points within the focal land mosaic,
plus the corresponding observed monthly climatological data
(1969-1992) from the Mead Weather Station. The forests
were initialized to have trees of the component species with
minimum ages of seed production at the start of the simula-
tion. Soil data used in the model came from a Saunders
County soil survey (USDA - NRCS, unpublished data). A
brief summary of the major physical and biological variables
used in the simulations is presented in Table 3.

We made cross-comparisons in forest dynamics (7)) under
present-day climatic conditions and projected global warming
scenarios; (if) with different forest widths (i.e., 10, 20, 30 m);
and (iii) between a species-rich community (10 spp.) and a
less diverse community (4 spp.; randomly chosen from the
original pool of 10 species). We also simulated the population
dynamics of each individual species under these different
conditions.

Finally, we compared our simulation results with field in-
ventory data collected from the same study site but with different
windbreaks at Mead, Nebraska (M. Schoeneberger, R. Straight,
J. Brandle, and X.H. Zhou, unpublished data). Validation of the
simulation results using either the SEEDSCAPE model with a
realistic test or direct comparisons between our simulation
results and the field data was not possible at this stage for
several reasons. First, long-term biomass data of the linear
forests in the Great Plains are mostly unavailable, especially
for each individual species. Second, the linear forests in the
Great Plains are only 20-100 years old and the forest at our
field site is only about 20-30 years old (Easterling et al.
2001). By contrast, our simulations are much longer (i.e.,
400 years). This meant that no time-series field data were
comparable with our simulation results. Third, we were sim-
ulating the dynamics of forest with two fixed initial diversity
categories across the entire land mosaic (i.e., 10 and 4 spe-
cies), while the actual numbers of species in the field linear
forests are quite different over space (i.e., from plot to plot).
And fourth, the biomass of a particular species can be very
different when it is planted with different numbers of species
or in species assemblages (i.e., some species are present in
our simulation but not in the field, and vice versa). The field
windbreaks included three fast-growing tree species (Juniperus
virginiana, Pinus nigra, and Fraxinus pernsylvannica) and

© 2004 NRC Canada



2568

Fig. 2. Temporal variation of aboveground tree biomass in the
simulated forests with 10 and 4 species under both normal and
projected warming climates (forest width = 10 m). Vertical bars
indicate the spatial variation (SE) of aboveground biomass
among simulated plots (paired Student’s ¢ tests on SE of tree
biomass across plots, P < 0.0001).
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one (Pinus nigra) that was not present in our simulation. For
these reasons, we did not attempt to compare individual spe-
cies’ performance in the simulation and in the field.

Simulation results

Our modeling results showed that it took at least 70-80
simulation years for both riparian zones and windbreaks to
reach a steady state under current climatic conditions and
under climatic warming. After that period, aboveground tree
biomass and species composition were relatively constant
over the other 320 simulation years.

Effects of climatic warming

Given a certain level of species richness or width, the lin-
ear forests produced significantly lower aboveground bio-
mass under warming climatic scenarios than under current
climatic conditions (Fig. 2; paired Student’s ¢ tests, df = 40,
P < 0.0001 in all cases with different species richness levels
and widths). This trend was especially apparent in planted
windbreaks (data not shown). Projected climatic warming
caused smaller spatial variation in tree biomass among simu-
lated plots after 250 years (Fig. 2), but higher dominance in
the forests (Fig. 3; paired Student’s 7 tests on the coefficient
of variation (CV) of biomass across species over the 400
simulation years, 1 = 4.60, df = 40, P < 0.0001, and ¢ = 3.13,
df = 40, P = 0.003, for 10 and 4 species forests, respec-
tively). However, for both species richness levels (10 or 4
species) there was a short period early in succession in which
CV values were higher under normal climates than under
climatic warming (Fig. 3).

Effects of species richness

The linear forests with higher species richness did pro-
duce higher aboveground biomass under both normal (current)
and projected warming climates (Fig. 2; paired Student’s ¢
tests, df = 40, P < 0.0001 in all cases). However, there was
no clear evidence that higher species richness could lead to
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Fig. 3. Community dominance measured by coefficient of varia-
tion (CV) among species under normal and projected warming
climates (forest width = 10 m).
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lower spatial (among simulated plots) and temporal (among
simulated years) variation in tree biomass. Simulations on
other random combinations of any 4 species drawn from the
species pool (10 species) produced similar results (data not
shown). In the forest with 10 species, the CV for biomass
across species increased in-the first 3040 simulation years
and then gradually declined. In the forest with four species,
the CV peaked after 120 years and then declined (Fig. 3).

Effects of forest width

When total forested area and species composition were
kept constant, narrower forests produced higher aboveground
biomass than wider forests (Fig. 4; paired Student’s ¢ tests,
df = 40, P < 0.0001), but the spatial variation in biomass
across simulated plots was smaller in wider forests than in
narrower forests (Student’s f test on standard deviation of
biomass among plots; P < 0.001). Similar to the findings
shown in Fig. 2, when forest width was the same, forests un-
der normal climates or with higher species richness pro-
duced higher biomass (data not shown). We did not see any
evidence that forest width affected community evenness
(paired Student’s ? test, df = 40, P > 0.05). Forest width did
not show any effects on the performance of individual spe-
cies. Although the trajectory of each species was somehow
different in narrower (10 m) and wider forests (20 m), there
was no significant difference in the relative importance of
each species measured by biomass (data not shown). Among
the forests with different widths, forests with higher species
richness (10 species) showed great differences in biomass
than those with only 4 species.

Another notable change was the difference in the switches
of species dominance when the forests were designed with
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Fig. 4. Effects of forest width (10, 20, 30 m) on aboveground tree
biomass in the simulated forests with 10 species, under normal
climate conditions. Vertical bars indicate the spatial variation
(SE) of biomass among simulated plots. The forests with 4 spe-
cies showed the same pattern with width, except the above-
ground biomass was lower than the forests with 10 species under
each width category (data not shown) (see also Fig. 2).
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different widths, even though the forest species composition
remained unchanged (data not shown).

Responses of individual species

For the 10 species planting, under normal climate simula-
tions, Populus deltoides increased dramatically in the first
70-80 years, then its dominance was replaced by Prunus
americana around year 100. Following the decline of Populus
deltoides, biomass of Acer negundo and Fraxinus pennsylvanica
also increased. Ulmus rubra and Ceitis occidentalis showed
a dramatic decline following the dramatic increase of the
first two dominant species (i.e., Populus deltoides, Prunus
americanad) and were almost totally eliminated from the lo-
cal community around year 70 and 150, respectively. Under
warming climate simulations, Populus deltoides also increased
dramatically in the first 70-80 years but its dominance was
gradually replaced by F pennsylvanica around year 170.
Prunus americana first increased with Populus deltoides up
to 40 years, then declined quite rapidly. Celtis occidentalis
showed sharp decline following the dramatic increase of
Populus deltoides and Prunus americand and was almost to-
tally eliminated from the local community around year 20
(Fig. 5).

In the windbreak with 4 species, Populus deltoides and
Prunus americana were the two dominant species under both
normal and warming climates. However, the latter showed a
unique pattern in that it first increased up to year 30, before
declining until around year 80, when it recovered. Under
normal climate simulations, Morus alba declined following
the dramatic growth of the two dominant species, Populus
deltoides and Prunus americana, around year 70, and then it
maintained a relatively stable population. Celtis occidentalis
was low in biomass but relatively stable throughout the 400
simulation years. Under a warming climate, however, M. alba
showed a sharp decline in the first 20 years while Celtis
occidentalis did not appear (Fig. 6).
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Fig. 5. Temporal variation of aboveground biomass of individual
species in the simulated forests with 10 species. under both nor--
mal and projected warming climates (forest width = 10 m).
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Comparison with inventory data

Because of the limitations mentioned earlier, we could not
compare individual species’ performance between our simu-
lation and field data. However, using 50 years of field inven-
tory data collected from the same site, but different windbreaks
with varying species diversity and composition, we found
some similarities and differences in the curves of biomass
accumulation over time. Although the overall shapes of the
biomass curves were similar, our simulation showed a slower
rate of biomass accumulation over time (especially in the
forest with a four-species planting) than was evident in field
observations. In year 50, the forest with 10 species produced
higher biomass (approx. 35-40 t/ha) than the field wind-
break, while the one with 4 species produced lower biomass
(approx. 60-65 t/ha). Also, the increase of biomass in the
simulation was more gradual, although there was a larger
jump between 20-30 years in the field (Fig. 7).

Discussion

Although various forest growth models have been devel-
oped and applied to study the effects of climate change on
ecosystems (e.g., Solomon 1986; Shugart et al. 1992; Prentice
et al. 1993; Bugmann 1996), a suitable model that could ad-
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Fig. 6. Temporal variation in aboveground biomass of individual
species in the simulated forests with four species, under both
normal and projected warming climates (forest width = 10 m).
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equately address the highly fragmented linear-shaped forests in
the Great Plains has only recently become available (Easterling
et al. 2001). The modified forest gap model, SEEDSCAPE,
is the first example of using a spatially explicit, individual-
based forest gap model to simulate successional processes in
the linear forest types (riparian zones and windbreaks) of the
Great Plains.

* This study, using the latest version of SEEDSCAPE that
takes light effects into better account, is a further successful
development. Our simulation results indicate that the model
could identify the effects of climatic warming, differential
initial species richness, forest width, and enhanced light lev-
els (because of the highly fragmented linear nature of the
forests) on' the forests of the Great Plains agricultural eco-
systems. The model also clearly revealed the shifts in spe-
cies dominance under different climatic scenarios over time
and the highly individualistic responses of the different spe-
cies. The simulated successional trends in total aboveground
biomass after planting with different initial species richness
and forest widths and under both current and projected cli-
mates are very similar to commonly observed patterns in
many other systems (Guo 2003).

Effects of climatic warming

Using different RegCM models to examine the effects of
global climate change would certainly produce different re-
sults. Our study using RegCM?2 (Giorgi et al. 1998) suggests
that lower biomass and community evenness would be pro-
duced under warming climates regardless of the original spe-
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Fig. 7. Comparison between our simulation results and field in-
ventory data from the same study site but with different wind-
breaks and different species composition and richness.
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cies richness and forest shape (e.g., width). The RegCMs
have proven to be useful tools to examine the effects of cli-
mate change, especially in agroecosystems because of their
relatively high spatial resolution relative to other climate and
agricultural models (Giorgi et al. 1998). However, it is not
yet clear from our model structure why spatial variation
(standard deviation) in biomass across simulated plots be-
came greater after 225 simulation years in linear forests with
10 species under both a normal climate and a warming cli-
mate (Figs. 2, 4).

Effects of species richness

Our simulation results support those from earlier studies
that demonstrated a species-richer community would pro-
duce higher aboveground biomass and community evenness
than a community lacking such richness (e.g., Lehman and
Tilman 2000). However, in contrast to the findings in several
recent studies (e.g., McCann 2000), we failed to identify a
clear relationship between initial species richness and com-
munity stability (measured as CVs on biomass over time) in
our simulation results.

Effects of forest width

Edge effect on forest growth is complex because it in-
cludes light, wind, humidity, snow deposition, eolian sedi-
ment, and seeds. Here we simply examine how forest width
affects the growth of linear forest, by changing the propor-
tion of edge in the forest and therefore the level of light. Our
simulation results suggest that forest corridor width in the
Great Plains agroecosystems will have a significant effect on
the successional characteristics of those linear forests. How-
ever, this effect will be greatly reduced when the linear for-
ests become considerably wide (i.e., when the edge area is
only a small portion of the total forest area). In our simula-
tion, when the forest width is much greater than 30 m, the
edges do not impose much effect on the forest growth. The
greater amount of light reaching the ground at the forest
edge can stimulate germination of many understory species
so that they can coexist with overstory species, leading to
higher species richness and higher biomass (Kupfer and
Malanson 1993; Matlack 1994). There is no evidence from
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our simulation that wider corridors support higher plant com-
munity evenness. However, the reason for this may be that
the model structure currently does not simulate all species
that can potentially occur in these systems, which is a defi-
nite weakness of the SEEDSCAPE model.

The greater than expected effect of light penetration on
the growth of linear forests was contrary to earlier reports
regarding width effects (Easterling et al. 2001). Such effects
of edge increase significantly as forest width decreases and
the ratio of edge/interior area increases. Conversely, as the
forest width increases, the relative proportion of the forest
edge area will become smaller and the light and other edge
effects should correspondingly decline.

Responses of individual species
The growth trajectories and responses of species under the

same climate regime (normal vs. warming) were clearly highly -

individualistic, and even the same species performed differ-
ently under different climate conditions or when it was planted
with different species (e.g., Populus deltoides). (Figs. 5, 6).
Given the range of physiological characteristics in the spe-
cies we used in our simulations, individuoalistic responses of
the species to both normal climatic fluctuation and climatic
warming were expected. We do not have enough data to de-
termine why some species showed more dramatic responses
or fluctuations than others. However, such information will
be critical for selecting the more adaptive species for future
windbreak planting (Huston and Smith 1987).

“Testing with inventory data

Validation of the long-term simulation results with realis-
tic testing was not unfeasible. Using 50 years of inventory
data, we found some similarities and differences in the curves
of forest biomass accumulation over time. The smaller rate
of biomass increase with time in our simulation could be the
result of to several factors. First, our sirnulation started with
trees of minimum seed production ages, while the first field
observation was made 10 years after planting (assuming no
tree was present at the beginning). Second, the species com-
position and richness in the field windbreaks were quite dif-
ferent from our simulation. Our simulation contained 10 or 4
species, but the field windbreaks contained only 3 species
(including one, Pinus nigra, never presented in our simula-
tion).

Limitations and future improvements

Several components in the SEEDSCAPE model need further
development. Feedback between trees and the environment
has not yet been incorporated into the model; forest growth
itself will modify the local and regional environments (Chen
et al. 1999). For example, the reduced aboveground tree bio-
mass under projected future warming climates (doubled CO,
concentration) will likely impact future forest environments
detrimentally by reducing the ecosystem carbon storage ca-
pacity. Furthermore, the present model only includes trees
and dominant shrubs and does not fully consider all understory
species. This constraint will be more difficult to address be-
cause of the great expense in terms of computing time and
space and the lack of empirical data. Ideally, all component
species in different plant life forms (i.e., shrubs and herb
species) should be included in the modeling efforts. One

25671

means of accomplishing this would be to use a design of
smaller patches for shrubs and herbaceous plants nested within
the original large patches for trees. .

Wooded corridors are expected to expand throughout muc
of the Great Plains as a result of planting, suppression of
wildfire (Knight et al. 1994), and reduced river flows in
some riparian areas (Johnson 1994). After new windbreaks
are planted, understory species are likely to invade from
nearby riparian forest zones (species pool). Future revisions
of the model will need to focus on the potential effects of
this forest expansion over time and the effect of the spatial
arrangements (e.g., connectivity or proximity) of riparian
zones relative to windbreaks across the agricultural land mo-
saics to the regional level. Some limitations (e.g., light ef-
fects) stated in Easterling et al. (2001) have been addressed
in this simmlation effort. However, additional work such as
sensitivity analysis on the reciprocal effects of moisture, tem-
peratre, wind, and related biological factors in the model
are needed for further improvements.

In summary, SEEDSCAPE is a tool to improve our under-
standing of forest succession in Great Plains agroecosystems.
The ultimate goal is to assist ecosystem management in terms
of species selection and spatial forest arrangements so that
plantings can better meet biodiversity conservation and crop
production objectives under current and projected climatic
scenarios (Easterling 1996). The simulation results show.that
the structure and dynamics in the linear forests (riparian
zones and windbreaks) were significantly different under dif-
ferent climatic conditions. Forest design (i.e., planting spe-
cies richness and width) and management practices can
significantly affect future forest structure and dynamics (Burke
et al. 1991; Liu and Ashton 1995; Guo 2000). This modified
model] presents a good example of using spatially explicit,
individual-based forest gap models to simulate the largely
fragmented linear forest types in the region. It shows prom-
ise in various applications and will serve as a valuable start-
ing point for modeling biclogical diversity and forest succession
in human-dominated land mosaics of the Great Plains.
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