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Abstract. We developed a nutrient-based, plant community and ecosystem model
(ArcVeg) designed to simulate the transient effects of increased temperatures on the biomass
and community composition of a variety of arctic ecosystems. The model is currently
parameterized for upland, mesic ecosystems in high Arctic, low Arctic, treeline, and boreal
forest climate zones. A unique feature of ArcVeg is that it incorporates up to 18 plant
functional types including a variety of forbs, graminoids, shrubs, and nonvascular plants
that are distinguished by a set of five parameters. Timing and rate of growth, as well as
nutrient use, are particularly important in defining competitive interactions in the model
and in explaining coexistence in complex communities.

Simulations of climatic warming, which increase nitrogen mineralization and growing
season length, suggest an increase in total biomass for high and low Arctic zones over 200
yr, and an increase in shrub biomass at the expense of other plant functional types. The
initial community response to warming was a function of the initial dominance structure,
whereas the long-term response reflected adaptations of plant functional types to the new
environment. Therefore, long-term responses (decades to centuries) differed in both direc-
tion and magnitude from initial responses. In addition, warming resulted in the formation
of novel, stable plant communities after 200 simulation years that were not typical of
current zonal vegetation types in the Arctic of northwestern North America.

Key words: Arctic; climate change; dynamic vegetation modeling; moist acidic tundra; nitrogen;
plant functional types; transient dynamics; tussock tundra.

INTRODUCTION

Mean circumarctic air temperatures have increased
by �1.5�C since 1840, with much of this increase at-
tributed to human-induced changes in atmospheric con-
centrations of greenhouse gases, such as carbon dioxide
(CO2) (Overpeck et al. 1997). Concomitant with these
increases in air temperatures and atmospheric CO2 are
observed increases in annual precipitation (Maxwell
1997), and decreases in extent of snow cover (Robinson
and Dewey 1990, Robinson et al. 1993) and sea ice
(Chapman and Walsh 1993, Serreze et al.,in press).
General circulation models (GCMs) reproduce these
empirical observations and predict substantial future
increases in temperature and precipitation in the west-
ern North American Arctic (Maxwell 1992, Rowntree
1997). These changes in climate will likely have im-
portant effects on many properties of arctic terrestrial
ecosystems (Chapin et al. 1992, Billings 1997); in-
cluding soil carbon (C) and nitrogen (N) stocks (Shaver
et al. 1992, McGuire et al. 1995, Johnson et al. 1996,
McKane et al. 1997), permafrost distribution, the thick-
ness of the soil active layer (Anisimov and Nelson
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1996, Anisimov et al. 1997), and plant biomass and
community composition (Chapin et al. 1995).

Direct effects of increased air temperatures on the
photosynthesis of arctic plants may be limited (Miller
et al. 1976, Stoner et al. 1978, Oechel and Billings
1992), and the same may be true for elevated CO2 (Ob-
erbauer et al. 1986, Tissue and Oechel 1987, Grulke et
al. 1990). Yet several field studies do demonstrate pos-
itive effects of increased temperature on growth of arc-
tic plants, particularly for dwarf evergreen and decid-
uous shrubs (Chapin et al. 1995, Graglia et al. 1997,
Shevtsova et al. 1997). These results may be partially
due to indirect effects of increased temperature by in-
creasing nutrient mineralization rates (Post 1990, Na-
delhoffer et al. 1992); responses of arctic plants to el-
evated CO2 may also be dependent on nutrient avail-
ability (Oechel and Strain 1985).

Many studies have shown that increases in temper-
ature yield greater nitrogen mineralization rates (e.g.,
Nadelhoffer et al. 1991, Binkley et al. 1994, Hobbie
1996) and greater levels of inorganic N (Chapin et al.
1995, Hobbie 1996) in arctic soils over annual time
scales. Nutrient availability may be the most limiting
factor for growth of arctic plants (Tissue and Oechel
1987, Chapin 1991), and it has been demonstrated that
increased nutrient availability can lead to increased
plant biomass and productivity (Chapin and Shaver
1985, Shaver and Chapin 1986, Shaver et al. 1996), as
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well as changes in species composition (Henry et al.
1986, Binkley et al. 1995, Chapin et al. 1995). Other
indirect effects of increased temperatures on arctic eco-
systems include greater nutrient uptake rates by plants
(Chapin 1983) and possibly a lengthening of the grow-
ing season (Myneni et al. 1997). It is therefore likely
that changes in climate will produce noticeable changes
in arctic ecosystems over time scales of years to de-
cades, and that these changes will be mediated in part
by changes in nutrient dynamics.

Computer simulations suggest that global climatic
change will lead to a reduction in the extent of arctic
tundra and a northward movement of forested ecosys-
tems (Prentice et al. 1992, Cramer and Leemans 1993,
Lenihan and Neilson 1995). These predictions are
based on current relationships between vegetation and
climate, and the model output represents the equilib-
rium result of climatic changes. If biome shifts do oc-
cur, they would likely take centuries (MacDonald et al.
1993, Pastor and Post 1988). These equilibrium models
are therefore not useful in predicting vegetation dy-
namics that occur over decades, a time scale that is
relevant to the sustainability of grazing mammals (e.g.,
caribou [Russell et al. 1993]) and human populations
(Kruse 1991) in the Arctic. Transient models of veg-
etation responses to climatic change will need to be
developed to capture dynamics over decadal time scales
and to assess the influence of other environmental con-
straints, such as substrate, disturbance, and migration
(Starfield and Chapin 1996, Cramer 1997).

Our objective was to develop a model that would
simulate temporal dynamics of arctic vegetation in re-
sponse to climatic change. Earlier work on transient
dynamics in northern ecosystems has either focused on
successional changes within communities (Bonan et al.
1990) or has been at the level of community shifts
(Pastor and Post 1988, Starfield and Chapin 1996). The
paleorecord, however, clearly indicates that vegetation
change results from the distinct responses of individual
species to environmental forcings (Davis 1981, Bru-
baker et al. 1995). Simulations of temporal dynamics
may therefore require more detailed plant components
than those found in the currently available suite of
ecosystem models (Starfield and Chapin 1996, Chapin
et al. 1996, Shaver et al. 1997). The use of plant func-
tional types facilitates the modeling of changes in com-
munity composition, particularly at spatial scales where
it may not be practical to model dynamics of every
species. Another motivation for focusing on the dy-
namics of plant functional types in regional-scale mod-
els is that it provides an opportunity to incorporate
biogeochemical feedbacks between plant types and
ecosystems (Pastor and Post 1988). Changes in plant
functional type composition are also useful in evalu-
ating implications of climatic change for wildlife.

METHODS

Model scope
We developed a nutrient-based, plant community and

ecosystem model (ArcVeg) to simulate the transient

effects of climatic warming on the biomass and com-
position of a variety of arctic ecosystems. We decided
that our model should be nutrient-based, because many
arctic ecosystems are limited by plant-available nutri-
ents, especially nitrogen (Shaver et al. 1992, Shaver
and Chapin 1995, Schimel et al. 1996) and respond
relatively quickly to changes in nutrient availability.
The scope of the model is a latitudinal temperature
gradient, encompassing five climatic–ecological zones:
polar desert, high Arctic, low Arctic, treeline, and bo-
real forest. Our classification is similar to other
schemes used for arctic zones (Bliss and Matveyeva
1992). We designed the initial version of the model to
simulate only moist acidic vegetation, as this type has
been well studied (e.g., Oechel et al. 1994, Chapin et
al. 1986, Shaver and Chapin 1986) and thus offered
the best prospects for data with which to parameterize
and validate our model. Because the polar desert sub-
strate is predominantly alkaline (Tedrow 1966, Bliss et
al. 1984, Bay 1997), we have not fully parameterized
the polar desert ecosystem type in this version of the
model.

Because we were interested in the short-term (decadal)
dynamics of vegetation, we designed the model to include
a fairly detailed list of plant functional types (Table 1).
Our main functional type groupings were identical to
those derived by a cluster analysis of 37 species, based
on over twenty plant attributes (Chapin et al. 1996). We
used the cluster analysis of species in Chapin et al. (1996)
to further subdivide the sedge, forb, deciduous shrub, and
evergreen shrub groups into ecologically distinct sub-
types. This was essential because one long-term objective
of the model development was to estimate climatic effects
on forage availability to caribou, a grazer that selects
forage based on differences among species within the
functional types of forbs, sedges, and deciduous shrubs
(Russell et al. 1993). In addition, we distinguished groups
of species whose distributions suggest strongly contrast-
ing responses to climate and soil acidity.

Ecosystem properties along the temperature gradient

Spatial patterns of ecosystem attributes along the tem-
perature gradient were used to generate model parameters
and to develop model functions. Because our focus was
on temperature change, we looked for data to support
relationships between temperature and vegetation prop-
erties of arctic ecosystems. Spatial vegetation patterns
show total biomass (above-plus belowground) in the cir-
cumpolar Arctic increasing exponentially with increasing
summer temperature (data summarized by Gilmanov
1997). The mean and range in total biomass for vegetation
in each of our five climate zones were calculated from
this relationship (Table 2). For each of the climate zones
along the temperature gradient, we additionally summa-
rized data on plant community composition (Table 3) and
aboveground biomass by plant functional type (Tables 3
and 4) from the literature. Data available from most stud-
ies were limited to aboveground biomass, or aboveground
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TABLE 1. Plant functional types and associated model parameters.

Plant functional type
Mean biomass : nitrogen ratio

(g biomass/g N)

Proportion
of biomass

senescing (annual)

Nutrient uptake
efficiency

(g N/g biomass)†

Moss
Lichen
Forb

130 (91–159) [a,e,l]
200 (200–455) [a,e]
(22–77) [a,e,k]

0.10
0.05

(0.83) [k]

0.0018
0.0006

High Arctic acid
Low Arctic acid
Disturbance-related
Equisetum spp.

40
40
40
45

0.55
0.50
0.55
0.55

0.0400
0.0400
0.0400
0.0400

Sedge
Eriophorum spp.
Carex spp.

Grass

70 (43–113) [c,d,l]
70 (32–102) [a,b,c,l]
75 (56–90) [a,c,i]

(0.37) [k]
0.30
0.35
0.40

0.0350
0.0350
0.0350

Deciduous shrub
Salix spp.
Betula spp.
Alnus spp.

Evergreen shrub

65 (61–65) [a,e]
90 (103) [l]
110
(77–125) [a,d,e,i,l,k]

(0.15) [k]
0.20
0.15
0.10

(0.10) [k]

0.0350
0.0350
0.0350

Cassiope and Empetrum spp.
Ledum spp.
Vaccinium spp.

100
100 (85) [l]
100 (87–125) [e,l]

0.15
0.15
0.15

0.0300
0.0300
0.0300

Dryas spp.
Deciduous tree
Evergreen tree

95 (80) [a]
140
150

0.17
0.08
0.05

0.0300
0.0250
0.0200

Note: Values in parentheses are ranges of data found in the literature. Letters in square brackets refer to references: (a)
Babb and Whitfield (1977), (b) Muc (1977), (c) Bunnell (1981), (d) Heal et al. (1981), (e) Tieszen et al. (1981), (f) Wielgolaski
et al. (1981), (g) Miller et al. (1982), (h) Tryon and Chapin (1983), (i) Aerts (1990), (j) Henry et al. (1990), (k) Shaver and
Chapin (1991), (l) Hobbie (1996), (m) Hobbie and Chapin (1998).

† Varies throughout the growing season (N uptake efficiency is zero during PGPs below the minimum required for that
plant type).

‡ Minimum PGP for plant growth to occur (during PGPs below this value, the plant type does not take up nitrogen; the
lower the value, the greater is the cold tolerance of the plant type).

biomass plus belowground stem and rhizome biomass.
Data on root biomass for arctic ecosystems are scarce and
highly variable (Shaver et al. 1996). However, there were
a few studies that provided data for estimates of root
biomass of plant functional types (Wielgolaski et al. 1981,
Miller et al. 1982, Tryon and Chapin 1983, Henry et al.
1990, Hobbie and Chapin 1998). A comparison of these
studies showed no consistent differences in above- to
belowground biomass ratios across ecosystems for a given
plant type, so we assumed that this ratio was constant
along the temperature gradient for each functional type.

Total soil nitrogen to 20 cm depth increases along the
temperature gradient from polar desert to low Arctic and
then plateaus with greater temperatures (data from Vi-
ereck 1970, Chapin et al. 1980, Gersper et al. 1980,
Dowding et al. 1981, McGuire et al. 1992, Ping et al.
1997, Shaver et al. 1997, Bockheim et al. 1998) (Table
2). Estimates of net N mineralization rates in the Arctic
are sparse and variable (Kielland 1990, Giblin et al. 1991,
Nadelhoffer et al. 1991, Schimel and Clein 1996), and
many of the published values for net N mineralization do
not adequately support plant production in models of arc-
tic plant growth (Reynolds et al. 1996). A reasonable
explanation is that soil inorganic N is only one source of
N for arctic plants; other important sources include soil
organic N in the form of amino acids (Kielland 1994,
Kaye and Hart 1997) and resorption of N from senescing
plant tissue (Jonasson and Chapin 1985, Schimel et al.

1996). To determine net N mineralization parameters for
the model, we therefore calculated the annual quantity of
N necessary to sustain the range of biomass for each of
our vegetation types (Table 2). At an equilibrium biomass,
it can be assumed that

new biomass � biomass senescing.

Therefore, in an N-limited ecosystem,

available N � biomass:N ratio

� total biomass � proportion senescing

or

available N

� total biomass

� proportion senescing/biomass:N ratio

with biomass : N ratio and proportion senescing averaged
across the plant community. We expressed available N as
a proportion of the total soil N to 20 cm (Table 2). Inputs
of N from biological N2 fixation are added to this amount
(see Model structure section). We do not consider re-
sorbed N explicitly in our model.

Plant growth periods

Plant growth periods (PGPs) are a construct of the
model that allows for intraseasonal and interseasonal
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TABLE 1. Extended.

Probability of establishment (annual)

High Arctic Low Arctic Treeline

Growing season
requirements
(min. PGP)‡ Proportion of live biomass aboveground

0.30
0.20

0.30
0.20
0.30
0.30

0.50
0.20

0.50
0.50
0.50
0.50

1.00
0.20

1.00
1.00
1.00
1.00

1
1

1
1–2

1
1

1.00
1.00

0.30 (0.06–0.53) [f,g,j,m]

0.05
0.10
0.20

0.05
0.05
0.00

0.25
0.25
0.50

0.20
0.20
0.20

0.50
0.50
0.50

0.50
0.50
0.50

2
2
2

2–3
3
4

0.20 (0.17) [f,m]
0.15 (0.04–0.17) [f,g,m]
0.40 (0.16–0.71) [g,j]

0.30 (0.28–0.33) [f,g]
0.20 (0.11–0.33) [f,g,m]

0.10
0.05
0.10
0.20
0.00
0.00

0.20
0.10
0.20
0.25
0.00
0.10

0.50
0.50
0.50
0.50
0.00
0.10

3
3
3
3
5
5

0.40 (0.24–0.44) [f,g,m]
0.25 (0.24) [f,g]
0.40 (0.24–0.50) [f,g,m]

0.60 (0.43–0.70) [f,h]
0.85 (0.85) [h]

variability in plant activity, climate, and nitrogen avail-
ability. Each growing season is subdivided into a max-
imum of five PGPs. PGPs can be thought of as discrete,
temperature-related time periods within a growing sea-
son. The coldest (earliest) part of the growing season
is PGP(1). The model includes a matrix of probabilities
of each PGP occurring in a given year (this varies by
climate zone), such that PGP(1) always occurs, and the
occurrence of PGP(i) is conditional on the occurrence
of PGP(i � 1) (Table 5). The final PGP in a given year
encompasses the time of peak temperatures and in-
cludes the remainder of the growing season. Therefore,
we can simulate a relatively cold, short growing season
(maximum PGP of 1; some years in polar desert cli-
mates) or a relatively warm, long growing season (max-
imum PGP of 5; most years in boreal forest climates).

The amount of soil nitrogen mineralized varies by
PGP (Table 5). The proportion of total soil N miner-
alized annually (Table 2) was distributed among PGPs
based on the assumptions that (1) PGP(i � 1) is warmer
than PGP(i), and (2) warmer PGPs are shorter in du-
ration in cold climates compared to warm climates. The
maximum number of PGPs achieved in a given year is
therefore an indicator of annual temperatures and grow-
ing season length, and also determines the total N min-
eralized. A year with a low maximum PGP will have
low total N mineralization and might not be conducive
for growth of plants that require a long, warm growing
season. In contrast, a year with a high maximum PGP
will have high N mineralization, and should be con-
ducive for growth of most plant types. Even though we
divide the growing season into several time periods
using the PGP construct, the model output is still gen-
erated on an annual timestep.

Plant functional type parameters

We distinguish among plant functional types in the
model with a set of five parameters (Table 1): (1) mean
biomass:nutrient ratio, (2) proportion of total biomass
that senesces each year, (3) probability of establish-
ment, (4) nutrient uptake efficiency, and (5) timing of
growth/temperature tolerance. Our goal was to choose
a simple set of plant parameters that would encompass
a wide range of growth, competition and survival strat-
egies, and also allow for the coexistence of many dif-
ferent plant functional types (see Savile 1960). Because
plant growth is limited predominantly by available ni-
trogen in many arctic ecosystems (Shaver and Chapin
1995 and references therein), and data on N are rela-
tively abundant for the region, we use N as our sur-
rogate nutrient in the model. We first define each pa-
rameter then describe how parameter values were es-
timated for each plant functional type.

Mean biomass: nitrogen ratio is plant biomass di-
vided by total mass of plant nitrogen (g biomass/g N).
This is the inverse of average tissue N concentration
and the conversion factor used to generate plant bio-
mass from nitrogen taken up by the plant. These values
remain constant throughout model execution.

Proportion of biomass senescing represents the pro-
portion of biomass that is removed from total plant
biomass pools as litterfall (all plant parts included) at
the end of each growing season. These values also re-
main constant throughout model execution.

Probability of establishment is the annual probability
of establishing new individuals for each plant func-
tional type. Probability of establishment varies with
climate zone (thus can change under a warming sce-
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TABLE 2. Ecosystem properties along the temperature gradient.

Climate zone

Mean summer
temperature

range
(�C)

Total biomass range
(g/m2)†

Total soil N
to 20 cm

(from literature)
(g/m2)‡

Calculated range of
plant-available N

(i.e., net N
mineralized)
(g·m�2·yr�1)§

Percentage of
total soil

N mineralized
(annual)�

Polar desert
High Arctic
Low Arctic
Treeline
Boreal forest

�3
3–6
6–9
9–12
�12

200–450
450–975
975–2400

2400–4600
4600–�10 000

150
500

1000
1000
1000

0.21–0.33
0.84–1.22
2.14–2.74
3.64–4.14
3.64–7.64

0.14–0.22
0.17–0.24
0.21–0.27
0.36–0.41
0.36–0.76

† Total biomass � 212.25 � e0.26T, where T � mean summer temperature (Gilmanov 1997)
‡ Sources: Viereck (1970), Chapin et al. (1980), Gersper et al. (1980), Dowding et al. (1981), McGuire et al. (1992), Ping

et al. (1997), Shaver et al. (1997), and Bockheim et al. (1998).
§ Calculated from total biomass (this table), proportion of biomass senescing (Table 1), and biomass:N ration (Table 1).

See Methods: Ecosystem properties along the temperature gradient.
� Calculated from total soil N and plant available N (this table).

TABLE 3. Data sources for moist upland ecosystems along a temperature gradient.

Climate zone

References

Plant community composition Plant functional-type biomass

Biomass
reference
number

Polar desert Bliss (1981)
Bliss et al. (1984)
Aleksandrova (1988)

Bliss et al. (1984)
Henry et al. (1990)

1
2

High Arctic Muc and Bliss (1977)
Bliss (1981)
Walker (1985)
Walker (1990)
Jorgenson et al. (1994)
Elias et al. (1996)

Svoboda (1977) (non-acid)
Bliss (1977)
Andreev (1966)†
Aleksandrova (1958)†

3
4
5
6

Low Arctic D. Walker et al. (unpublished data)
D. Walker and N. Barry (unpublished data)

Marion et al. (1982)
Stoner et al. (1982)

7
8

Auerbach (1992)
Walker et al. (1994)

Shaver and Chapin (1986)
Chapin et al. (1988)‡
Hastings et al. (1989)§
Shaver and Chapin (1991)

9
10
11
12

Treeline Drew and Shanks (1965) Chapin et al. (1979)� 13
Brock and Burker (1980) Shaver and Cutler (1979)�

Shaver and Chapin (1986)�
14
15

Boreal forest Viereck (1970)
Viereck et al. (1983)
Viereck et al. (1992)

Cole and Rapp (1981)
Van Cleve et al. (1983)
Yarie and Van Cleve (1983)

16
17
18

† In Tikhomirov et al. (1981).
‡ Only vascular biomass data.
§ Only certain species sampled.
� Tundra locations near treeline.

nario), but it is not affected by interannual variability
in temperatures. The biomass of new individuals is also
a parameter in the model and was set at 0.1 g/m2 for
all plant types.

Nitrogen uptake efficiency is the maximum mass of
nitrogen that can be taken up per unit of plant biomass
(g N/g biomass). This is a maximum value that may
not be realized under conditions of nitrogen limitation
or competition with other plants. Nitrogen uptake ef-
ficiency of each plant type can vary among PGPs (i.e.,
intraseasonally).

Timing of growth/temperature tolerance is repre-
sented by the minimum PGP at which a plant type is
active. Nitrogen uptake efficiency for a plant type is
zero during PGPs below the minimum required for ac-

tivity. This parameter allows for differences among
plant functional types in cold tolerance and intrasea-
sonal patterns of growth.

The model is currently parameterized for 18 plant
functional types (Table 1). Values for plant functional
type parameters are our best estimates based on the
literature in combination with unpublished observa-
tions of plant attributes. Mean biomass : N ratio was
calculated as the inverse of whole-plant nitrogen con-
centration (Babb and Whitfield 1977, Muc 1977, Bun-
nell 1981, Heal et al. 1981, Tieszen et al. 1981, Aerts
1990, Shaver and Chapin 1991, Hobbie 1996). Pro-
portion of biomass senescing was assumed (at steady
state) to equal net primary production divided by total
biomass (Shaver and Chapin 1991). We estimated an-
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nual probability of establishment (from 0 to 1) based
on unpublished, qualitative observations of seed pro-
duction and seedling densities in the field, and on quan-
titative seedling densities recorded during biomass har-
vests (e.g., Shaver and Chapin 1991; D. Walker and N.
Barry, unpublished data). Nitrogen uptake efficiency
was calibrated from the other parameters and the ex-
pected plant community composition and biomass by
plant functional type (Tables 3 and 4). We estimated
the minimum PGP required for growth (timing of
growth /temperature tolerance) based on the latitudinal
distribution of functional types (Hultén 1968, Young
1971), assuming that the northern distributional limit
of a plant functional type is related to the number of
PGPs required to sustain biomass. For example, more
PGPs (longer growing season) are required for boreal
trees than for low arctic species which, in turn, require
more PGPs than high arctic species.

Stochastic inputs: climate and disturbance

Climate is a qualitative variable in the model that is
directly related to the number of PGPs. The mean num-
ber of PGPs for each climate zone was estimated based
on a latitudinal gradient of plant functional type com-
position. The stochastic nature of the number of PGPs
in a growing season allows for interannual variability
in climate, with warm years (�average number of
PGPs) and cool years (�average number of PGPs) oc-
curring randomly based on the probabilities in Table
5. This qualitative index of climate is therefore directly
related to plant functional type activity, as plant types
differ in their minimum PGP required for growth (Table
1), and is also related to a quantitative rate of net ni-
trogen mineralization (Table 5).

The model simulates two types of stochastic distur-
bance. The first type removes a proportion of the bio-
mass of each plant functional type. This is a selective
disturbance in that the proportion of biomass removed
decreases linearly with increasing plant biomass : N ra-
tio (i.e., the disturbance is most intense for plants with
the greatest N concentrations). Examples of this type
of disturbance are caribou grazing (White and Trudell
1980) and frost damage (Walker and Walker 1991). The
model user defines the probability of this disturbance
occurring in a given year (same value for all plant
functional types) and the maximum proportion of bio-
mass removed. For this analysis, the probability of oc-
currence in a given year was 0.10, and the maximum
proportion of biomass removed was 25%. Only 5% of
the nitrogen in the disturbed biomass is considered lost
from the system; the remaining 95% is returned to the
total soil nitrogen pool. These values all remain con-
stant throughout model execution.

The second type of disturbance is a non-selective,
intense disturbance that exposes mineral soil. An ex-
ample of this type of disturbance is a frost scar. The
annual occurrence probability of this type of distur-
bance decreases from 0.10 in the polar desert to 0.01

in the boreal forest and therefore will change under a
warming scenario. This type of disturbance results in
the mortality of all live plant biomass, however, most
of the nitrogen in the disturbed biomass (90%) is re-
turned to the total soil nitrogen pool. In order to sim-
plify our first analyses using this model, all disturbance
parameters were set to be typical of native, moist acidic
tundra.

Model structure

The model has three main pools (Fig. 1): (1) total
soil organic nitrogen, (2) plant available nitrogen, and
(3) total nitrogen in plant biomass for each of the 18
plant functional types. There are also three major pro-
cesses in the model: (1) nitrogen mineralization, (2)
plant uptake of nitrogen and the concomitant plant
growth, (3) return of organic nitrogen to the soil via
senescence and mortality of plant biomass. The model
executes on an annual time step at a spatial scale of
one square meter. The model can be run for up to one
hundred independent square meter patches to incor-
porate spatial heterogeneity among patches. Differenc-
es among patches occur as a result of two spatially
stochastic processes. First, during a year in which in-
tense disturbances occur (e.g., frost scars), the proba-
bility of disturbance for each individual patch (i.e., the
average proportion of area affected) was set to 0.10;
therefore the simulated landscape will have spatial het-
erogeneity induced by differences in the time since last
disturbance. Second, seedling establishment is deter-
mined each year on a patch by patch basis (probabilities
in Table 1); therefore additional spatial heterogeneity
will result from random differences in establishment
of new individuals.

In each simulation year, the number of PGPs is de-
termined stochastically based on probabilities appro-
priate for the current climate (Table 5). During each
PGP, a proportion of the total soil nitrogen pool is
mineralized, as a function of climate zone and PGP
(Table 5). Inorganic N resulting from N2 fixation is
added to the mineralized N pool during each PGP. N2

fixation increases linearly in the model with increasing
biomass; maximum N2 fixation in a PGP of 0.035 g N/
m2 (independent of climate zone) occurs at 1000 g bio-
mass/m2. The maximum possible annual value of 0.175
g N/m (in a year with 5 PGPs and �1000 g biomass/
m2) is consistent with values of N2 fixation from other
studies (Chapin et al. 1980, Gersper et al. 1980, Chapin
and Bledsoe 1992, McKane et al. 1997).

During each PGP, plant functional types that are ac-
tive compete for available soil nitrogen. The N demand
for each plant functional type is calculated as the N
uptake efficiency (g N/g biomass) times the total bio-
mass of the plant type (g biomass). If the total N de-
mand across all active plant functional types exceeds
the available N during a PGP, then plant N uptake for
each plant type is adjusted to be proportional to its
demand. Plants increase biomass based on the N ac-
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TABLE 4. Plant functional-type aboveground-biomass data (g/m2) from the literature.

Functional type

Polar desert

1 2

High Arctic

3 4 5 6

Low Arctic

7 8

Total biomass
Moss
Lichen

Total vascular
Forb

High-Arctic acid
Low-Arctic acid
Disturbance-related
Equisetum spp.

261.08
222.45

5.38

33.25
15.22

65.70
18.60

47.10
0.50

257.54
77.30†
70.80

109.40
36.00

280.00
194.00

86.00

124.00
49.00

1.00

65.00
22.00

185.00
114.00††

71.00

1207.70
607.70

600.00

1436.87
1155.00

50.50

231.37

Monocots
Sedge

Eriophorum spp.

11.13 41.50

13.20

5.60 42.00
37.00

17.90

11.60
Carex spp.

Grass

Woody dicots 6.90

18.40
0.20

5.10

5.60

67.80

5.00

10.00

6.30

213.47
Deciduous shrub

Salix spp.
Betula spp.
Alnus spp.

0.60 4.40
31.70

Evergreen shrub
Cassiope and Empetrum spp.
Ledum spp.
Vaccinium spp.
Dryas spp.

Trees
3.50 63.40

20.30
51.77

105.80

Note: Numbers in column headings refer to biomass reference numbers in Table 3.
† Mainly on lower slopes
‡ Mosses and lichens.

FIG. 1. ArcVeg flow diagram. Model pools are in boxes. The main processes are in italics inside the arrows, and the
controls on these processes are in bold outside of the arrows. The dashed arrow and box represent the conversion of plant
nitrogen to plant biomass in order to report the results as plant biomass.
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TABLE 4. Extended.

Low Arctic

9 10 11 12

Treeline

13 14 15

Boreal forest

16 17 18

465.71
248.20

61.94

155.57
2.60

186.00

186.00

546.65
414.00

132.65

637.94
248.20

61.94

327.80
1.40

549.00
225.00

26.00

298.00

654.00
288.30

14.50

351.20

300.90
64.00
25.00

211.90

9743.79 11 156.00 9840.00

2.30 1.40

14.60

10.20

42.00

36.00

13.98

10.36

63.30

55.30

43.00

30.00

130.00

122.70

25.90

18.70
4.40

138.37

6.00

144.00

3.62

118.67

7.90
0.10

263.10

13.00

255.00

7.30

221.20

7.20

186.00

15.83
48.70

17.00
51.00

14.54
42.08

7.80
76.10 5.00

2.70
18.90 28.60

12.90
26.20
33.40

1.00
30.00
32.00

29.26
32.79

7.50
84.30
74.10

6.00
92.00

145.00

5.60
97.80

101.40

12.80
107.10

36.80

9734.29 11 156.00 9840.00

TABLE 5. Probability of PGP(i) occurring given that PGP(i � 1) occurs.

Climate zone

Probability

PGP 1 PGP 2 PGP 3 PGP 4 PGP 5
Mean no.
of PGPs

Polar desert 1.0
(0.140)
[0.000]

0.8
(0.060)
[0.065]

0.1
(0.020)
[0.030]

0.0

[0.026]

0.0 1.9

High Arctic 1.0
(0.042)
[0.000]

1.0
(0.125)
[0.000]

0.8
(0.050)
[0.080]

0.1
(0.026)
[0.009]

0.0

[0.025]

2.9

Low Arctic 1.0
(0.021)
[0.000]

1.0
(0.063)
[0.000]

1.0
(0.130)
[0.000]

0.5
(0.035)
[0.115]

0.1
(0.025)
[0.025]

3.6

Treeline 1.0
(0.021)
[0.000]

1.0
(0.063)
[0.000]

1.0
(0.130)
[0.000]

1.0
(0.150)
[0.000]

0.8
(0.050)
[0.350]

4.8

Boreal forest 1.0
(0.021)

1.0
(0.063)

1.0
(0.130)

1.0
(0.150)

0.9
(0.400)

4.9

Notes: Percentage of total soil N mineralized is in parentheses (see Table 2 for total annual ranges). Additional percentage
of total soil N mineralized (under warming equivalent to the next warmest climate zone) is in brackets.

quired and the biomass:N ratio of the plant type. Es-
tablishment of new individuals can also augment plant
functional type biomass.

Any available N not used in PGP(i) remains available
in PGP(i � 1). Plant-available N that remains in the
soil at the end of the growing season is assumed to be
lost from the system. N losses in the model are minimal
given that an average patch of low arctic tundra in the
model will take up all of the available N when total
biomass is greater than �100 g biomass/m2; this value
is small relative to the mean total biomass of low arctic
tundra. Therefore most of the N lost will come from

recently disturbed patches with low plant biomass. Our
low simulated N losses are also consistent with other
findings (Chapin et al. 1980, Schimel et al. 1996). At
the end of each growing season, a proportion of the
total biomass senesces for each plant functional type.
Organic nitrogen from senescent plant material is re-
turned to the soil organic nitrogen pool. See the Ap-
pendix for a more detailed description of the model;
the code for ArcVeg is available from the lead author.

Baseline climate and climate change simulations
Because the availability of data for parameterization

and validation of the model was best for the high and
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TABLE 6. Dominance rankings of plant functional type by total biomass.

Climate
Zone Scenario Year

Dominant plant functional types
(ranked by total biomass)

1 2 3

Occurrence
percentage

(across model
runs)

High Arctic
Low Arctic

baseline
baseline

Mosses
Dec. Shr.
Ev. Shr
Dec. Shr.

Sedges
Ev. Shr.
Dec. Shr.
Mosses

Lichens
Mosses
Mosses
Ev. Shr.

100
55
40

5
High Arctic warming 10

25
50

75

Mosses
Mosses
Mosses
Mosses
Mosses
Mosses

Sedges
Sedges
Sedges
Sedges
Sedges
Sedges

Lichens
Lichens
Lichens
Dec. Shr.
Dec. Shr.
Lichens

100
100

98
2

62
38

100 Mosses
Mosses
Sedges

Sedges
Dec. Shr.
Mosses

Dec. Shr.
Sedges
Dec. Shr.

82
16

2
125 Mosses

Mosses
Mosses
Mosses
Dec. Shr.
Dec. Shr.

Dec. Shr.
Dec. Shr.
Sedges
Sedges
Ev. Shr.
Mosses

Sedges
Ev. Shr.
Ev. Shr.
Dec. Shr.
Mosses
Ev. Shr.

72
20

2
2
2
2

150 Mosses
Mosses
Dec. Shr.
Mosses

Dec. Shr.
Dec. Shr.
Mosses
Dec. Shr.

Ev. Shr.
Sedges
Ev. Shr.
Lichens

86
6
4
4

175 Mosses
Dec. Shr.
Mosses
Mosses

Dec. Shr.
Mosses
Dec. Shr.
Dec. Shr.

Ev. Shr.
Ev. Shr.
Sedges
Lichens

88
6
4
2

200 Mosses
Dec. Shr.
Mosses

Dec. Shr.
Mosses
Dec. Shr.

Ev. Shr.
Ev. Shr.
Lichens

90
8
2

Low Arctic warming 10
25

50

Dec. Shr.
Dec. Shr.
Dec. Shr.
Ev. Shr.
Dec. Shr.
Ev. Shr.

Ev. Shr.
Ev. Shr.
Mosses
Dec. Shr.
Ev. Shr.
Dec. Shr.

Mosses
Mosses
Ev. Shr.
Mosses
Mosses
Mosses

100
94

4
2

96
4

75

100

Dec. Shr.
Ev. Shr.
Dec. Shr.
Ev. Shr.

Ev. Shr.
Dec. Shr.
Ev. Shr.
Dec. Shr.

Mosses
Mosses
Mosses
Mosses

96
4

96
4

125
150

175

200

Dec. Shr.
Dec. Shr.
Ev. Shr.
Dec. Shr.
Ev. Shr.
Dec. Shr.

Ev. Shr.
Ev. Shr.
Dec. Shr.
Ev. Shr.
Dec. Shr.
Ev. Shr.

Mosses
Mosses
Mosses
Mosses
Mosses
Mosses

100
98

2
98

2
100

Note: ‘‘ Dec. Shr.’’ � deciduous shrub; ‘‘ Ev. Shr.’’ � evergreen shrub.

low Arctic, we present model output for these two cli-
mate zones. To determine the baseline biomass of each
plant functional type at high and low arctic climates,
we executed 20 separate simulations of the model for
1000 yr and 100 independent patches for each climate
zone, starting with bare ground. Differences among
model executions are a result of the stochastic nature
of climate and disturbances in the model, in addition
to all the patch-level stochasticity (frost scars and es-
tablishment of new individuals). Plant functional type
biomass was averaged across the 100 patches for the
last 200 yr of each simulation; this ensures that the
model has reached a stochastic equilibrium plant com-
munity (after 800 yr) and incorporates interannual var-

iability into the mean. We then calculated mean bio-
mass of each plant functional type across the 20 model
runs and used these values for initial conditions in all
simulations. We used two different methods to evaluate
variability among model runs. The first method was to
calculate the 95% confidence intervals for biomass of
each plant functional type across the separate model
runs. The second method was to examine the rank order
of plant functional types based on their total biomass
for the replicate runs of the model, essentially illus-
trating ‘‘ alternative realities’’ of plant community com-
position.

Validation of plant functional type biomass was dif-
ficult considering the lack of data and the necessity to
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FIG. 2. Simulated total biomass (g/m2) of
plant functional types in high and low Arctic
under current climate. Values are means of 20
replicate model runs. Error bars are 95% con-
fidence intervals across the 20 runs.

use most of the available data in model development.
Six studies (two high Arctic and four low Arctic), not
used in model development, were saved for model val-
idation. We validated our regional representation of
tundra vegetation (g biomass/m2) as simulated by
ArcVeg against the six, site-specific observations. For
the high Arctic, we compared our aboveground plant
functional type biomass output to aboveground peak
season biomass of plant types collected at the Inter-
national Biological Program site in Barrow, Alaska
(Webber 1978) and of plant types in the northern Yukon
(Russell et al. 1993). We compared our low arctic mod-
el output to plant functional type data from several
sources (Chapin et al. 1995, Shaver et al. 1996, Hobbie
and Chapin 1998, Walker et al. 2000).

We conducted climate change (warming) runs for
both high and low arctic ecosystems. To impose climate
change, we shifted the climate to the next warmest
climate zone (i.e., the high Arctic received a low Arctic
climate, and the low Arctic received a treeline climate).
The changes in climate were simulated to occur over
a 100-yr transition period; during this period the prob-
ability of the new (warmer) climate occurring in a given
year increases linearly from 0 to 1 over time (Starfield
and Chapin 1996). For example, in year 40 of the 100-
yr transition period, the probability of that year exhib-
iting the warmer climate is 0.4. After 100 yr, the prob-
ability of experiencing the warmer climate is 1. There
are four important model elements that change with a
changing climate: (1) the occurrence probabilities of
PGPs (Table 5), (2) the proportion of the total soil
nitrogen pool mineralized in each PGP (Table 5), (3)
the occurrence probability of the second type of dis-
turbance, and (4) the probabilities of plant functional
type recruitment (Table 1).

All climate change runs started with the baseline
functional type biomass values, identical for each of
the 100 independent patches. Climate change was ini-
tiated in year 1 and was finalized after 100 yr. We
performed 50 separate simulations for both the high
and low Arctic warming scenarios. Plant functional
type biomass values were averaged for the 100 inde-

pendent patches and were aggregated into the following
seven types: mosses, lichens, forbs, sedges, grasses,
deciduous shrubs, and evergreen shrubs. Means and
95% confidence intervals across the 50 replicate sim-
ulations were calculated for total biomass by plant
functional type at year 10, and at 25-yr intervals
through year 200. We additionally examined the var-
iability in functional type rankings, as we did for base-
line conditions. We also executed a single run of the
model for both the high and low Arctic for 500 yr,
again with warming transitioned from year 1 to year
100, to illustrate the interannual variability of model
output associated with stochastic climate and distur-
bance regimes.

RESULTS

Current plant communities and biomass

ArcVeg simulates the equilibrium total biomass of
high Arctic moist acidic tundra to be 424 	 18 g/m2

(mean 	 95% confidence intervals for 20 model runs),
approximately 200 g/m2 of which is moss biomass (Fig.
2). The next most dominant plant functional type is
sedges with 121 	 3 g/m2. Forb, grass, and shrub bio-
mass are relatively low. The three dominant plant func-
tional types, in rank order of total biomass, are mosses,
sedges, and lichens for 100% of the model runs (Table
6). The equilibrium total biomass of low Arctic moist
acidic tundra is simulated to be 1274 	 30 g/m2. Most
of this biomass is from mosses and from evergreen and
deciduous shrubs, each of which is �250 g/m2. Sedge
biomass is 92 	 4 g/m2. Forb and grass biomass are
again relatively low. Deciduous shrubs, evergreen
shrubs, and mosses are the three dominant plant func-
tional types, however, the rank order of dominance var-
ied among model runs (Table 6).

Validation of current plant communities and biomass

The simulated range in total biomass of the high
Arctic (424 	 18 g/m2) overlaps the low end of the
expected range of values (Table 2), whereas the range
in total biomass of the low Arctic (1274 	 30 g/m2)
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FIG. 3. Relationship between observed aboveground biomass for different plant functional types (g/m2) and simulated
aboveground biomass for plant functional types (g/m2) for the (a) high and (b) low Arctic zone. The solid line is the regression
line; the dashed line is the 1:1 line. Note that scales are different in the two panels.

falls within the expected range. There is a favorable
correlation between modeled aboveground biomass by
plant types and observed aboveground biomass by
plant type (r � 0.78, P � 0.01) (Fig. 3a). Based on a
regression analysis, the y intercept is not significantly
different from zero. However, the model does over-
estimate values of aboveground biomass, possibly due
in large part to a single point (mosses; with �100 g/
m2 modeled and observed biomass) driving the re-
gression.

There was also a favorable relationship between
modeled biomass by plant type and observed biomass
by plant type for the low Arctic (r � 0.66, P � 0.01)
(Fig. 3b). Regression analysis showed the y intercept
was significantly greater than zero, and the model
slightly underestimated aboveground biomass values.

Responses of plant communities and biomass to
climatic warming

Simulated total biomass of both the high and low
Arctic increases with warming. Total biomass of the
high Arctic increases over 200 g/m2 during the 100-yr
transition period and continues to increase for approx-
imately an additional 100 yr following this period (Fig.
4). Mean total biomass from years 200–500 (post cli-
mate change) in the single-run simulation is 771 g/m2;
however, the range is �600–900 g/m2. Total biomass

of the low Arctic increases over 1000 g/m2 during the
100-yr transition period (Fig. 4). Mean total biomass
from years 200–500 is 2571 g/m2, and the range is from
�2000 g/m2 to 3000 g/m2.

Simulated warming altered the plant community
composition (Table 6) and biomass (Fig. 5) of the high
Arctic. Both mosses and sedges responded initially to
warming with increased biomass, however their bio-
mass began to decline after 50–75 yr. Sedge biomass
declined to below its initial level, whereas moss bio-
mass remained greater after warming compared to ini-
tial biomass. Mosses remained the dominant plant func-
tional type in terms of biomass following climate
change. Evergreen and deciduous shrubs were slow to
respond, yet their biomass increased substantially be-
tween years 50 and 150. Biomass values of evergreen
and deciduous shrubs were eventually both greater than
sedge biomass after year 150. Lichen biomass in-
creased slightly with warming, and there was little re-
sponse of forbs and grasses.

Simulated warming in the low Arctic had large ef-
fects on biomass and some effects on plant functional
type composition. Biomass of deciduous and evergreen
shrubs increased substantially with warming (Fig. 6a),
and deciduous shrubs remained the dominant plant
functional type in terms of biomass (Table 6). Moss
biomass increased slightly and then declined after year
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FIG. 4. Simulated warming effects on total
biomass (g/m2) for high and low Arctic. Data
represent a single run of the model. Climates
are transitioned linearly from year 1 to year 100.

FIG. 5. Simulated warming effects on total biomass (g/m2) of seven plant functional types in the high Arctic. Climates
are transitioned linearly from year 1 to year 100. Data are averaged across 50 replicate runs of the model. Error bars represent
95% confidence intervals across the 50 replicate runs.

50 to initial levels. Lichen biomass increased, whereas
sedge biomass declined (Fig. 6b). Grass biomass de-
clined slightly, and forb biomass remained relatively
unchanged.

Validation of responses to climatic warming

There are obvious constraints in validating a simu-
lation of long-term ecosystem responses (Rastetter
1996). One common method, albeit insufficient to val-
idate long-term models, is to compare short-term ob-
servations to short-term predictions of the model (Ras-
tetter 1996). Given that this is our only reasonable op-
tion for validating predicted ecosystem responses, we
compare 10-yr model results to data from temperature
and nitrogen manipulation field studies. Experimental
warming studies in the Arctic have produced a variety
of results. One trend in the data is a growth response
of shrubs to warming, demonstrated in several low arc-
tic studies with treatment lengths ranging from 3 to 9
years (Chapin et al. 1995, Graglia et al. 1997, Shev-
tsova et al. 1997, Hobbie and Chapin 1998). In a meta-
analysis of the International Tundra Experiment (ITEX)
(Arft et al. 1999), near-surface air and soil warming
induced a vegetative response in both the high and low

Arctic, for both woody and herbaceous species, after
two years. However, by the fourth year of the warming
treatments, there were no longer any significant re-
sponses of vegetative growth to increased tempera-
tures. Robinson et al. (1998) found that increased tem-
peratures yielded no change in plant community com-
position of a high Arctic semidesert after five years.
Other observed effects of warming were decreases in
moss and sedge biomass in the low Arctic after 3 and
9 years respectively (Chapin et al. 1995). The decrease
in moss biomass may have been due in part to the
exclusion of precipitation from the warming treatment.

Our model output concurs with the most common
trend reported from field data, that shrub biomass in-
creases in the low Arctic with increased temperatures.
Based on 95% confidence intervals calculated over 50
runs, our model suggests a significant increase in de-
ciduous shrub biomass in the low Arctic after 10 yr.
By 25 yr after present, both deciduous and evergreen
shrubs have significantly increased biomass with in-
creased temperatures. Other significant trends for our
low Arctic simulation after 10 yr are declines in forb
and grass biomass, and an increase in moss biomass;
our predicted increase in moss biomass is opposite the
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FIG. 6. Simulated warming effects on total biomass (g/m2) of (a) dominant and (b) subdominant plant functional types
in the low Arctic. Climates are transitioned linearly from year 1 to year 100. Data are averaged across 50 replicate runs of
the model. Error bars represent 95% confidence intervals across the 50 replicate runs.

trend found for Hylocomium splendens by Chapin et
al. (1995).

DISCUSSION

Comparison of ArcVeg to other plant community
and ecosystem models

ArcVeg joins elements of plant community dynamics
and biogeochemical cycling into a simple model that
can be applied at a landscape to regional scale. Its
structure is similar to those of existing gap models,
however we have focused less on successional dynam-
ics and more on the stochastic and transient nature of
equilibrium communities. The combination of plant
community dynamics and ecosystem processes is com-
parable to the approach being taken in the development
of dynamic global vegetation models. However, our
smaller spatial extent may allow us to simulate a more
detailed plant community than global models.

Several features of our model make it unique in com-
parison to other models of arctic ecosystems. The first
is its detail regarding plant functional types. Until re-
cently, ecosystem models that focused on fluxes and
stocks of carbon and nitrogen had generally considered
vegetation as a single pool and, when parameterized
for northern ecosystems, rarely distinguished beyond
the vegetation types of polar desert, arctic tundra, and
boreal forest (McGuire et al. 1995, McKane et al.
1997). These models considered species composition
implicitly through differences in C : N ratio and allo-
cation patterns. Models of arctic plant growth had pre-

viously been focused at wet meadow sites and often
concentrated on a single plant species (Leadley and
Reynolds 1992, Reynolds and Leadley 1992, Leadley
et al. 1997). There were a few models developed that
explicitly simulated a heterogeneous plant community
in the arctic. Prentice et al. (in the physiologically
based biogeographic model, BIOME 1.1 [1992]) de-
fined six northern plant functional types; however, only
two of these were tundra plant types. The GAS-FLUX
model (Tenhunen et al. 1994), which simulated eco-
system gas exchange, used four plant functional types:
deciduous shrubs, evergreen shrubs, graminoids, and
mosses (Reynolds et al. 1996), and Miller et al. (1994)
modeled tussock tundra with 10 plant species. Our
model takes a more detailed approach to plant com-
munity dynamics, incorporating up to 18 plant func-
tional types, allowing the opportunity to model pro-
cesses such as herbivory that are sensitive to species
traits or species diversity.

The second unique feature of the model is its tran-
sient nature. ArcVeg addresses the interannual dynam-
ics of arctic plant communities, and it does so from a
process-based, ecosystem perspective. Other models of
northern vegetation responses to climate change largely
focused on predicting the new equilibrium distribution
of vegetation types (Lenihan and Neilson 1995, Cramer
1997). Starfield and Chapin (1996) modeled the tran-
sient dynamics of treeline vegetation in response to
climate, focusing on switches among four major eco-
system types (upland tundra, grassland, coniferous for-
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est, and broad-leaved deciduous forest) but ignoring
the underlying biogeochemistry and species composi-
tion.

Nature of simulated vegetation change

There are several assumptions in our model that are
crucial to understanding the predicted responses in our
climate change simulations. First, warming increases
the proportion of the total soil nitrogen pool that be-
comes available to plants each year. The response of
nutrient mineralization rates to increased temperatures
in the Arctic has been well documented (e.g., Nadel-
hoffer et al. 1991, Binkley et al. 1994, Hobbie 1996).
While we do not explicitly model many soil pools and
processes, we recognize that the additional minerali-
zation can be achieved through several pathways. In-
creased nutrient mineralization can be caused by an
increase in microbial activity and decomposition rates
in the active layer as well as by an increase in the depth
of the active layer, exposing more organic substrate.
Increased temperatures may also increase the uptake
of organic N by roots and root symbionts.

Second, climate change in the model incorporates an
increase in the length of the growing season. Myneni
et al. (1997) used remotely sensed, normalized differ-
ence vegetation index data to document a lengthening
of the active growing season, with the greatest increase
found between 45� N and 70� N. We express this in the
model as an increase in the number of plant growth
periods (PGPs) within a growing season; this situation
favors plant functional types that are not very cold
tolerant, but are good competitors for nutrients during
longer, warmer growing seasons.

Third, there are no constraints on the migration or
dispersal of plant functional types. A plant type can
essentially be established in a community once the cli-
mate becomes suitable. The processes of migration and
dispersal need to be incorporated into dynamic vege-
tation models in order to assess more accurately the
plant community changes under new environmental
conditions.

Fourth, climates are transitioned over a 100-yr pe-
riod, and the probability of occurrence of the new cli-
mate increases linearly over this time period. Because
each year during this period can be either the old or
the new climate, the variability in climate is inherently
greatest during this time.

Our model output suggests several points to consider
regarding the nature of change in arctic ecosystems.
The first is that climate change may induce the for-
mation of an ecosystem that presently is absent or un-
common. For example, when a low Arctic climate was
imposed on a high Arctic ecosystem, the new plant
community composition and biomass were not repre-
sentative of either the zonal low or high Arctic. This
occurred because the soil nitrogen pool in the model
imposed a constraint on the response of the high Arctic
to warming, since initial soil N in the high Arctic was

parameterized to be 50% of the soil N in the low Arctic.
Over millennia in our model, N2 fixation may increase
total soil N and eliminate this constraint. A deepening
of the active layer as a result of warming may increase
available soil nutrients more rapidly than predicted by
our model, but it is still likely to be a long-term process.

The second point is that there may be lags in the
response of vegetation, and initial responses may not
reflect the long-term directional changes. For our high
arctic simulations there were substantial lags evident,
such that the short-term (0–50 yr) responses differ from
the long-term (100–200 yr) effect. This is due to the
nature of competition in our model, which gives the
plants with greatest current biomass an advantage in
obtaining nutrients. Therefore, plant types that are cur-
rently dominant have the best opportunity to capitalize
initially on any increase in mineralization rates. Sub-
dominant plant types may take some time to augment
their biomass and increase their nutrient uptake capac-
ity. Additionally, our model predicts changes in only
50% of the plant functional types simulated after 10
yr, and these changes are minimal. Combined with the
potential for lags, this suggests that changes over de-
cadal time scales may be difficult to predict.

Last, our model predicts long-term increases in total
biomass and in shrub biomass for both the high and
low Arctic, due to increased plant-available nitrogen
and a longer growing season. Field studies on the ef-
fects of increased temperature have yielded a variety
of results, however a common finding is a growth re-
sponse of shrubs, which is consistent with our model
output.

Next steps

Our model is simple, limited in environmental scope,
and may or may not be lacking some important pro-
cesses, such as light competition, soil organic matter
transformations and functional type-specific N2 fixa-
tion. Our immediate objectives for the model will be
to further examine the sensitivity of the model output
to plant attributes and disturbance parameters. We
eventually hope to expand the environmental scope of
the model to include variation in moisture and pH re-
gimes. We also may be missing some key functionality
regarding nutrient cycling, such as the allocation of
carbon and nitrogen to different plant parts and the use
of different forms of N by plants (NH4

�, NO3
�, amino

acids, and resorbed N).
We hope, however, that our model will fill an im-

portant gap in efforts to predict arctic ecosystem dy-
namics by simulating the transient nature of arctic plant
communities under scenarios of a changing climate.
We believe our approach will also be applicable to
ecosystems outside of the Arctic. Using a relatively
simple set of parameters to define a comprehensive set
of key plant functional types, in addition to simulating
the spatial and temporal variability of a limiting re-
source, is a methodology that could advance the state
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of dynamic vegetation modeling for a variety of eco-
systems.
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E. Lévesque, G. M. Marion, U. Molau, P. Mølgaard, U.
Nordenhäll, V. Raszhivin, C. H. Robinson, G. Starr, A.
Stenström, M. Stenström, Ø. Totland, L. Turner, L. Walker,
P. Webber, J. M. Welker, and P. A. Wookey. 1999. Response
patterns of tundra plant species to experimental warming:
a meta-analysis of the International Tundra Experiment.
Ecological Monographs 69:491–511.

Auerbach, N. A. 1992. Effects of road and dust disturbance
in minerotrophic and acidic tundra ecosystems, northern
Alaska. Thesis, University of Colorado, Boulder, Colorado,
USA.

Babb, T. A., and D. W. A. Whitfield. 1977. Mineral nutrient
cycling and limitation of plant growth in the Truelove Low-
land ecosystem. Pages 589–606 in L. C. Bliss, editor. True-
love Lowland, Devon Island, Canada: a high arctic eco-
system. The University of Alberta Press, Alberta, Canada.

Bay, C. 1997. Floristical and ecological characterization of
the polar desert zone of Greenland. Journal of Vegetation
Science 8:685–696.

Billings, W. D. 1997. Challenges for the future: Arctic and
alpine ecosystems in a changing world. Pages 1–20 in W.
C. Oechel, T. Callaghan, T. Gilmanov, J. I. Holten, B. Max-
well, U. Molau, and B. Sveinbjörnsson, editors. Global
change and arctic terrestrial ecosystems. Springer-Verlag,
New York, New York, USA.

Binkley, D., R. Stottlemyer, F. Suarez, and J. Cortina. 1994.
Soil nitrogen availability in some arctic ecosystems in
northwest Alaska: responses to temperature and moisture.
Ecoscience 1:64–70.

Binkley, D., F. Suarez, C. Rhoades, R. Stottlemyer, and D.
W. Valentine. 1995. Parent material depth controls eco-
system composition and function on a riverside terrace in
northwestern Alaska. Ecoscience 2:377–381.

Bliss, L. C. 1977. General summary, Truelove Lowland eco-
system. Pages 655–676 in L. C. Bliss, editor. Truelove
Lowland, Devon Island, Canada: a high arctic ecosystem.
The University of Alberta Press, Alberta, Canada.

Bliss, L. C. 1981. North American and Scandinavian tundras
and polar deserts. Pages 8–24 in L. C. Bliss, O. W. Heal,
and J. J. Moore, editors. Tundra ecosystems: a comparative
analysis. Cambridge University Press, Cambridge, UK.

Bliss, L. C., and N. V. Matveyeva. 1992. Circumpolar Arctic
vegetation. Pages 59–90 in F. S. Chapin III, R. L. Jefferies,
J. F. Reynolds, G. R. Shaver, J. Svoboda, and E. W. Chu,
editors. Arctic ecosystems in a changing climate: an eco-
physiological perspective. Academic Press, San Diego,
California, USA.

Bliss, L. C., J. Svoboda, and D. I. Bliss. 1984. Polar deserts,
their plant cover and plant production in the Canadian High
Arctic. Holarctic Ecology 7:305–324.

Bockheim, J. G., D. A. Walker, and L. R. Everett. 1998. Soil
carbon distribution in nonacidic and acidic tundra of Arctic
Alaska. Pages 143–155 in R. Lal, J. M. Kimble, R. F. Fol-
lett, and B. A. Stewart, editors. Soil processes and the car-
bon cycle. CRC Press, Boca Raton, Florida, USA.

Bonan, G. B., H. H. Shugart, and D. L. Urban. 1990. The
sensitivity of some high-latitude boreal forests to climatic
parameters. Climatic Change 16:9–29.

Brock, S., and I. Burke. 1980. Vegetation. Pages 147–202 in
N. Farquhar and J. Schubert, editors. Ray Mountains, Cen-
tral Alaska: environmental analysis and resource statement.
Middlebury College Press, Middlebury, Vermont, USA.

Brubaker, L. B., P. M. Anderson, and F. S. Hu. 1995. Arctic
tundra biodiversity: A temporal perspective from late Qua-
ternary pollen records. Pages 111–126 in F. S. Chapin III
and C. Körner, editors. Arctic and alpine biodiversity: Pat-
terns, causes, and ecosystem consequences. Ecological
Studies Series, Volume 113. Springer-Verlag, New York,
New York, USA.

Bunnell, F. L. 1981. Ecosystem synthesis—a ‘ fairytale. ’ Pag-
es 637–646 in L. C. Bliss, O. W. Heal, and J. J. Moore,
editors. Tundra ecosystems: a comparative analysis. Cam-
bridge University Press, Cambridge, UK.

Chapin, D. M., and C. S. Bledsoe. 1992. Nitrogen fixation
in arctic plant communities. Pages 301–319 in F. S. Chapin
III, R. L. Jefferies, J. F. Reynolds, G. R. Shaver, J. Svoboda,
and E. W. Chu, editors. Arctic ecosystems in a changing
climate: an ecophysiological perspective. Academic Press,
San Diego, California, USA.

Chapin, F. S., III. 1983. Direct and indirect effects of tem-
perature on arctic plants. Polar Biology 2:47–52.

Chapin, F. S., III. 1991. Integrated responses of plants to
stress. BioScience 41:29–36.

Chapin, F. S. III, S. M. Bret-Harte, S. E. Hobbie, and H.
Zhong. 1996. Plant functional types as predictors of tran-
sient responses of arctic vegetation to global change. Jour-
nal of Vegetation Science 7:347–358.

Chapin, F. S. III, N. Fetcher, K. Kielland, K. R. Everett, and
A. E. Linkins. 1988. Productivity and nutrient cycling of
Alaskan tundra: enhancement by flowing soil water. Ecol-
ogy 69:693–702.

Chapin, F. S. III, R. L. Jefferies, J. F. Reynolds, G. R. Shaver,
and J. Svoboda. 1992. Arctic plant physiological ecology:
a challenge for the future. Pages 3–10 in F. S. Chapin III,
R. L. Jefferies, J. F. Reynolds, G. R. Shaver, J. Svoboda,
and E. W. Chu, editors. Arctic ecosystems in a changing
climate: an ecophysiological perspective. Academic Press,
San Diego, California, USA.

Chapin, F. S. III, J. D. McKendrick, and D. A. Johnson. 1986.
Seasonal changes in carbon fractions in Alaskan tundra
plants of differing growth form: implications for herbi-
vores. Journal of Ecology 74:707–731.

Chapin, F. S. III, P. C. Miller, W. D. Billings, and P. I. Coyne.
1980. Carbon and nutrient budgets and their control in
coastal tundra. Pages 458–486 in J. Brown, P. C. Miller,
L. L. Tieszen, and F. L. Bunnell, editors. An arctic eco-



June 2000 839TRANSIENT MODEL OF ARCTIC TUNDRA

system: the coastal tundra at Barrow, Alaska. Dowden,
Hutchison and Ross, Stroudsburg, Pennsylvania, USA.

Chapin, F. S. III, and G. R. Shaver. 1985. Individualistic
growth response of tundra plant species to environmental
manipulations in the field. Ecology 66:564–576.

Chapin, F. S. III, G. R. Shaver, A. E. Giblin, K. J. Nadelhoffer,
and J. A. Laundre. 1995. Responses of Arctic tundra to
experimental and observed changes in climate. Ecology 76:
694–711.

Chapin, F. S. III, K. Van Cleve, and M. C. Chapin. 1979. Soil
temperature and nutrient cycling in the tussock growth form
of Eriophorum vaginatum L. in Alaskan tussock tundra.
Journal of Ecology 74:167–196.

Chapman, W. L., and J. E. Walsh. 1993. Recent variations
of sea ice and air temperature in high latitudes. Bulletin of
the American Meteorological Society 74:33–47.

Cole, D. W., and M. Rapp. 1981. Elemental cycling in forest
ecosystems. Pages 341–409 in D. Reichle, editor. Dynamic
properties of forest ecosystems. Cambridge University
Press, Cambridge, UK.

Cramer, W. 1997. Modeling the possible impact of climate
change on broad-scale vegetation structure: examples from
northern Europe. Pages 312–329 in W. C. Oechel, T. Cal-
laghan, T. Gilmanov, J. I. Holten, B. Maxwell, U. Molau,
and B. Sveinbjörnsson, editors. Global change and arctic
terrestrial ecosystems. Springer-Verlag New York, New
York, USA.

Cramer, W., and R. Leemans. 1993. Assessing impacts of
climate change on vegetation using climate classification
systems. Pages 190–217 in A. M. Solomon and H. H. Shu-
gart, editors. Vegetation dynamics and global change.
Chapman and Hall, New York, New York, USA.

Davis, M. B. 1981. Quaternary history and the stability of
forest communities. Pages 132–153 in D. C. West, H. H.
Shugart, and D. B. Botkin, editors. Forest succession: con-
cepts and application. Springer-Verlag, New York, New
York, USA.

Dowding, P., F. S. Chapin, III, F. E. Wielgolaski, and P. Kil-
feather. 1981. Nutrients in tundra ecosystems. Pages 647–
684 in L. C. Bliss, O. W. Heal, and J. J. Moore, editors.
Tundra ecosystems: a comparative analysis. Cambridge
University Press, Cambridge, UK.

Drew, J. V., and R. E. Shanks. 1965. Landscape relationships
of soils and vegetation in the forest-tundra ecotone, Upper
Firth River Valley Alaska-Canada. Ecological Monographs
35:285–306.

Elias, S. A., S. K. Short, D. A. Walker, and N. A. Auerbach.
1996. Final report: historical biodiversity at remote Air
Force sites in Alaska. Department of Defense, Washington,
D. C., USA.

Gersper, P. L., V. Alexander, S. A. Barkley, R. J. Barsdate,
and P. S. Flint. 1980. The soils and their nutrients. Pages
219–254 in J. Brown, P. C. Miller, L. L. Tieszen, and F. L.
Bunnell, editors. An arctic ecosystem: the coastal tundra
at Barrow, Alaska. Dowden, Hutchison and Ross, Strouds-
burg, Pennsylvania, USA.

Giblin, A. E., K. J. Nadelhoffer, G. R. Shaver, J. A. Laundre,
and A. J. McKerrow. 1991. Biogeochemical diversity along
a riverside toposequence in arctic Alaska. Ecological
Monographs 61:415–435.

Gilmanov, T. G. 1997. Phenomenological models of the pri-
mary productivity of zonal Arctic ecosystems. Pages 402–
436 in W. C. Oechel, T. Callaghan, T. Gilmanov, J. I. Hol-
ten, B. Maxwell, U. Molau, and B. Sveinbjörnsson, editors.
Global change and arctic terrestrial ecosystems. Springer-
Verlag, New York, New York, USA.

Graglia, E., S. Jonasson, A. Michelsen, and I. K. Schmidt.
1997. Effects of shading, nutrient application and warming
on leaf growth and shoot densities of dwarf shrubs in two
arctic-alpine plant communities. Ecoscience 4:191–198.

Grulke, N. E., G. H. Riechers, W. C. Oechel, U. Hjelm, and
C. Jaeger. 1990. Carbon balance in tussock tundra under
ambient and elevated atmospheric CO2. Oecologia 83:485–
494.

Hastings, S. J., S. A. Luchessa, W. C. Oechel, and J. D.
Tenhunen. 1989. Standing biomass and production in water
drainages of the foothills of the Philip Smith Mountains,
Alaska. Holarctic Ecology 12:304–311.

Heal, O. W., P. W. Flanagan, D. D. French, and S. F. MacLean
Jr. 1981. Decomposition and accumulation of organic mat-
ter in tundra. Pages 587–634 in L. C. Bliss, O. W. Heal,
and J. J. Moore, editors. Tundra ecosystems: a comparative
analysis. Cambridge University Press, Cambridge, UK.

Henry, G. H. R., B. Freedman, and J. Svoboda. 1986. Effects
of fertilization on three tundra plant communities of a polar
desert oasis. Canadian Journal of Botany 64:2502–2507.

Henry, G. H. R., J. Svoboda, and B. Freedman. 1990. Stand-
ing crop and net production of sedge meadows of an un-
grazed polar desert oasis. Canadian Journal of Botany 68:
2660–2692.

Hobbie, S. E. 1996. Temperature and plant species control
over litter decomposition in Alaskan tundra. Ecological
Monographs 66:503–522.

Hobbie, S. E., and F. S. Chapin, III. 1998. The response of
tundra plant biomass, aboveground production, nitrogen,
and CO2 flux to experimental warming. Ecology 79:1526–
1544.

Hultén, E. 1968. Flora of Alaska and neighboring territories.
Stanford University Press, Stanford, California, USA.

Johnson, L. C., G. R. Shaver, A. E. Giblin, K. J. Nadelhoffer,
E. R. Rastetter, J. A. Laundre, and G. L. Murray. 1996.
Effects of drainage and temperature on carbon balance of
tussock tundra microcosms. Oecologia 108:737–748.

Jonasson, S., and F. S. Chapin III. 1985. Significance of se-
quential leaf development for nutrient balance of the cotton
sedge, Eriophorum vaginatum L. Oecologia 67:511–518.

Kaye, J. P., and S. C. Hart. 1997. Competition for nitrogen
between plants and soil microorganisms. Trends in Ecology
and Evolution 12:139–143.

Kielland, K. 1990. Processes controlling nitrogen release and
turnover in arctic tundra. Dissertation, University of Alas-
ka, Fairbanks, Alaska, USA.

Kielland, K. 1994. Amino acid absorption by arctic plants:
implications for plant nutrient and nitrogen cycling. Ecol-
ogy 75:2373–2383.

Kruse, J. 1991. Alaska Inupiat subsistence and wage em-
ployment patterns: understanding individual choice. Hu-
man Organization 50:317–326.

Leadley, P. W., and J. F. Reynolds. 1992. Long-term response
of an arctic sedge to climate change: a simulation study.
Ecological Applications 2:323–340.

Leadley, P. W., J. F. Reynolds, and F. S. Chapin, III. 1997.
A model of nitrogen uptake by Eriophorum vaginatum roots
in the field: ecological implications. Ecological Mono-
graphs 67:1–22.

Lenihan, J. M., and R. P. Neilson. 1995. Canadian vegetation
sensitivity to projected climatic change at three organiza-
tional levels. Climatic Change 30:27–56.

MacDonald, G. M., T. W. D. Edwards, K. A. Moser, R. Pienitz,
and J. P. Smol. 1993. Rapid response of tree line vegetation
and lakes to past climate warming. Nature 361:243–246.

Marion, G. M., P. C. Miller, J. Kummerow, and W. C. Oechel.
1982. Competition for nitrogen in a tussock tundra eco-
system. Plant and Soil 66:317–327.

Maxwell, B. 1992. Arctic climate: potential for change under
global warming. Pages 11–34 in F. S. Chapin III, R. L.
Jefferies, J. F. Reynolds, G. R. Shaver, J. Svoboda, and E.
W. Chu, editors. Arctic ecosystems in a changing climate:
an ecophysiological perspective. Academic Press, San Di-
ego, California, USA.



840 HOWARD E. EPSTEIN ET AL. Ecological Applications
Vol. 10, No. 3

Maxwell, B. 1997. Recent climate patterns in the Arctic.
Pages 21–46 in W. C. Oechel, T. Callaghan, T. Gilmanov,
J. I. Holten, B. Maxwell, U. Molau, and B. Sveinbjörnsson,
editors. Global change and arctic terrestrial ecosystems.
Springer-Verlag, New York, New York, USA.

McGuire, A. D., J. M. Melillo, L. A. Joyce, D. W. Kicklighter,
A. L. Grace, B. Moore III, and C. J. Vorosmarty. 1992.
Interactions between carbon and nitrogen dynamics for es-
timating net primary productivity for potential vegetation
in North America. Global Biogeochemical Cycles 6:101–
124.

McGuire, A. D., J. M. Melillo, D. W. Kicklighter, and L. A.
Joyce. 1995. Equilibrium responses of soil carbon to cli-
mate change: empirical and process-based estimates. Jour-
nal of Biogeography 22:785–796.

McKane, R. B., E. B. Rastetter, G. R. Shaver, K. J. Nadel-
hoffer, A. E. Giblin, J. A. Laundre, and F. S. Chapin III.
1997. Climatic effects on tundra carbon storage inferred
from experimental data and a model. Ecology 78:1170–
1187.

Miller, P. C., R. Mangan, and J. Kummerow. 1982. Vertical
distribution of organic matter in eight vegetation types near
Eagle Summit, Alaska. Holarctic Ecology 5:117–124.

Miller, P. C., P. M. Miller, M. Blake-Jocobsen, F. S. Chapin,
III, K. R. Everett, D. W. Hilbert, J. Kummerow, A. E.
Linkins, G. M. Marion, W. C. Oechel, S. W. Roberts, and
L. Stuart. 1994. Plant-soil processes in Eriophorum vagin-
atum tussock tundra in Alaska: A systems modeling ap-
proach. Ecological Monographs 54:361–405.

Miller, P. C., W. A. Stoner, and L. L. Tieszen. 1976. A model
of stand photosynthesis for the wet meadow tundra at Bar-
row, Alaska. Ecology 57:411–413.

Muc, M. 1977. Ecology and primary production of sedge-
moss meadow communities, Truelove Lowland. Pages 157–
184 in L. C. Bliss, editor. Truelove Lowland, Devon Island,
Canada: a high arctic ecosystem. The University of Alberta
Press, Alberta, Canada.

Muc, M., and L. C. Bliss. 1997. Plant communities of True-
love Lowland. Pages 143–154 in L. C. Bliss, editor. True-
love Lowland, Devon Island, Canada: a high arctic eco-
system. The University of Alberta Press, Alberta, Canada.

Myneni, R. B., C. D. Keeling, C. J. Tucker, G. Asrar, R. R.
Nemani. 1997. Increased plant growth in the northern high
latitudes from 1981 to 1991 Nature 386:698–702.

Nadelhoffer, K. J., A. E. Giblin, G. R. Shaver, and J. A.
Laundre. 1991. Effects of temperature and substrate quality
on element mineralization in six arctic soils. Ecology 72:
242–253.

Nadelhoffer, K. J., A. E. Giblin, G. R. Shaver, and A. E.
Linkins. 1992. Microbial processes and plant nutrient
availability in arctic soils. Pages 281–300 in F. S. Chapin
III, R. L. Jefferies, J. F. Reynolds, G. R. Shaver, J. Svoboda,
and E. W. Chu, editors. Arctic ecosystems in a changing
climate: an ecophysiological perspective. Academic Press,
San Diego, California, USA.

Oberbauer, S. F., N. Siniot, S. J. Hastings, and W. C. Oechel.
1986. Effects of CO2 enrichment and nutrition on growth,
photosynthesis, and nutrient concentration of Alaskan tun-
dra plant species. Canadian Journal of Botany 64:2993–
2998.

Oechel, W. C., and W. D. Billings. 1992. Effects of global
change on the carbon balance of arctic plants and ecosys-
tems. Pages 139–168 in F. S. Chapin III, R. L. Jefferies, J.
F. Reynolds, G. R. Shaver, J. Svoboda, and E. W. Chu,
editors. Arctic ecosystems in a changing climate: an eco-
physiological perspective. Academic Press, San Diego,
California, USA.

Oechel, W. C., S. Cowles, S. Grulke, S. J. Hastings, B.
Lawrence, T. Prudhomme, G. Riechers, B. Strain, D. Tis-

sue, and G. Vourlitis. 1994. Transient nature of CO2 fer-
tilization in arctic tundra. Nature 371:500–503.

Oechel, W. C., and B. R. Strain. 1985. Native species re-
sponse to increased atmospheric carbon dioxide concen-
tration. Pages 118–154 in B. R. Strain and J. D. Cure,
editors. DOE/ER-0238. National Technical Information
Services, Springfield, Virginia, USA.

Overpeck, J., K. Hughen, D. Hardy, R. Bradley, R. Case, M.
Douglas, B. Finney, K. Gajewski, G. Jacoby, A. Jennings,
S. Lamoureux, A. Lasca, G. MacDonald, J. Moore, M.
Retelle, S. Smith, A. Wolfe, and G. Zielinski. 1997. Arctic
environmental change over the last four centuries. Science
278:1251–1256.

Pastor, J., and W. M. Post. 1988. Responses of northern for-
ests to CO2-induced climate change. Nature 334:55–58.

Ping, C. L., G. L. Michaelson, and J. M. Kimble. 1997. Car-
bon storage along a latitudinal gradient in Alaska. Nutrient
Cycling in Agroecosystems 49:235–242.

Post, W. M. 1990. Report of a workshop on climate feedbacks
and the role of peatlands, tundra, and boreal ecosystems in
the global carbon cycle. ORNL/TM-11457. National Tech-
nical Information Service, Springfield, Virginia, USA.

Prentice, I. C., W. Cramer, S. P. Harrison, R. Leemans, R. A.
Monserud, and A. M. Solomon. 1992. A global biome
model based on plant physiology and dominance, soil prop-
erties and climate. Journal of Biogeography 19:117–134.

Rastetter, E. B. 1996. Validating models of the ecosystem
response to global change. BioScience 46:190–198.

Reynolds, J. F., and P. W. Leadley. 1992. Modeling the re-
sponse of arctic plants to climate change. Pages 413–438
in F. S. Chapin, III, R. L. Jefferies, J. F. Reynolds, G. R.
Shaver, J. Svoboda, and E. W. Chu, editors. Arctic eco-
systems in a changing climate: an ecophysiological per-
spective. Academic Press, San Diego, California, USA.

Reynolds, J. F., J. D. Tenhunen, P. W. Leadley, H. Li, D. L.
Moorhead, B. Ostendorf, and F. S. Chapin, III. 1996. Patch
and landscape models of Arctic tundra: potentials and lim-
itations. Pages 293–324 in J. F. Reynolds and J. D. Ten-
hunen, editors. Landscape function and disturbance in arc-
tic tundra. Springer-Verlag, Berlin, Germany.

Robinson, C. H., P. A. Wookey, J. A. Lee, T. V. Callaghan,
and M. C. Press. 1998. Plant community responses to sim-
ulated environmental change at a high arctic polar semi-
desert. Ecology 79:856–866.

Robinson, D. A., and K. F. Dewey. 1990. Recent secular
variations in the extent of Northern Hemisphere snow cov-
er. Geophysical Research Letters 17:1557–1560.

Robinson, D. A., K. F. Dewey, and R. R. Heim Jr. 1993.
Global snow cover monitoring: an update. Bulletin of the
American Meteorological Society 74:1689–1696.

Rowntree, P. R. 1997. Global and regional patterns of climate
change: recent predictions for the Arctic. Pages 82–112 in
W. C. Oechel, T. Callaghan, T. Gilmanov, J. I. Holten, B.
Maxwell, U. Molau, and B. Sveinbjörnsson, editors. Global
change and arctic terrestrial ecosystems. Springer-Verlag,
New York, New York, USA.

Russell, D. E., A. M. Martell, and W. A. C. Nixon. 1993.
Range ecology of the Porcupine Caribou Herd in Canada.
Rangifer Special Issue No. 8.

Savile, D. B. O. 1960. Limitations of the competitive exclu-
sion principle. Science 132:1761.

Schimel, J. P., and J. S. Clein. 1996. Microbial response to
freeze-thaw cycles in tundra and taiga soils. Soil Biology
and Biochemistry 28:1061–1066.

Schimel, J. P., K. Kielland, and F. S. Chapin, III. 1996. Nu-
trient availability and uptake by tundra plants. Pages 203–
221 in J. F. Reynolds and J. D. Tenhunen, editors. Land-
scape function and disturbance in arctic tundra. Springer-
Verlag, Berlin, Germany.

Serreze, M. C., J. E. Walsh, F. S. Chapin, III, T. Osterkamp,



June 2000 841TRANSIENT MODEL OF ARCTIC TUNDRA

M. Dyurgerov, V. Romanovsky, W. Oechel, F. Morison, T.
Zhang, and R. G. Barry. In press. Observational evidence
of recent change in the northern high-latitude environment.
Climatic Change.

Shaver, G. R., W. D. Billings, F. S. Chapin III, A. E. Giblin,
K. J. Nadelhoffer, W. C. Oechel, and E. B. Rastetter. 1992.
Global change and the carbon balance of arctic ecosystems.
BioScience 42:433–441.

Shaver, G. R., and F. S. Chapin, III. 1986. Effect of NPK
fertilization on production and biomass of Alaskan tussock
tundra. Arctic and Alpine Research 18:261–268.

Shaver, G. R., and F. S. Chapin, III. 1991. Production : bio-
mass relationships and element cycling in contrasting Arc-
tic vegetation types. Ecological Monographs 61:1–31.

Shaver, G. R., and F. S. Chapin, III. 1995. Long-term re-
sponses to factorial NPK fertilizer treatments by Alaskan
wet and moist tundra species. Ecography 18:259–275.

Shaver, G. R., and J. C. Cutler. 1979. The vertical distribution
of phytomass in cottongrass tussock tundra. Arctic and Al-
pine Research 11:335–342.

Shaver, G. R., A. E. Giblin, K. J. Nadelhoffer, and E. B.
Rastetter. 1997. Plant functional types and ecosystem
change in arctic tundras. Pages 153–173 in T. M. Smith, I.
A. Woodward, and H. H. Shugart, editors. Plant functional
types. Cambridge University Press, Cambridge, UK.

Shaver, G. R., J. A. Laundre, A. E. Giblin, and K. J. Nadel-
hoffer. 1996. Changes in live plant biomass, primary pro-
duction, and species composition along a riverside topo-
sequence in Arctic Alaska, USA. Arctic and Alpine Re-
search 28:363–379.

Shevtsova, A., E. Haukioja, and A. Ojala. 1997. Growth re-
sponse of subarctic dwarf shrubs, Empetrum nigrum and
Vaccinium vitis-idaea, to manipulated environmental con-
ditions and species removal. Oikos 78:440–458.

Starfield, A. M., and F. S. Chapin, III. 1996. Model of transient
changes in Arctic and boreal vegetation in response to climate
and land use change. Ecological Applications 6:842–864.

Stoner, W. A., P. Miller, and P. C. Miller. 1982. Seasonal dy-
namics and standing crops of biomass and nutrients in a sub-
arctic tundra vegetation. Holarctic Ecology 5:172–179.

Stoner, W. A., P. C. Miller, and W. C. Oechel. 1978. Simu-
lation of the effect of the tundra vascular plant canopy on
the productivity of four moss species. Pages 371–487 in
L. L. Tieszen, editor. Vegetation and production ecology
of the Alaskan arctic tundra. Springer-Verlag, New York,
New York, USA.

Svoboda, J. 1977. Ecology and primary production of Raised
Beach communities, Truelove Lowland. Pages 185–216 in
L. C. Bliss, editor. Truelove Lowland, Devon Island, Can-
ada: a high arctic ecosystem. The University of Alberta
Press, Alberta, Canada.

Tedrow, J. C. F. 1966. Polar desert soils. Proceedings of the
Soil Science Society of America 30:381–387.

Tenhunen, J. D., R. Siegwolf, and S. F. Oberbauer. 1994.
Effects of phenology, physiology, and gradients in com-
munity composition, structure, and microclimate on tundra
ecosystem CO2 exchange. Pages 431–460 in E. D. Shulze
and M. Caldwell, editors. Ecophysiology of photosynthe-
sis. Springer-Verlag, Berlin, Germany.

Tieszen, L. L., M. C. Lewis, P. C. Miller, J. Mayo, F. S.
Chapin, III, and W. Oechel. 1981. An analysis of processes
of primary production in tundra growth forms. Pages 285–
356 in L. C. Bliss, O. W. Heal, and J. J. Moore, editors.
Tundra ecosystems: a comparative analysis. Cambridge
University Press, Cambridge, UK.

Tikhomirov, B. A., V. F. Shamurin, and V. D. Aleksandrova.
1981. Phytomass and primary production of tundra com-
munities, USSR. Pages 227–238 in L. C. Bliss, O. W. Heal,
and J. J. Moore, editors. Tundra ecosystems: a comparative
analysis. Cambridge University Press, Cambridge, UK.

Tissue, D. T., and W. C. Oechel. 1987. Response of Erio-
phorum vaginatum to elevated CO2 and temperature in the
Alaskan arctic tundra. Ecology 68:401–410.

Tryon, P. R., and F. S. Chapin, III. 1983. Temperature control
over root growth and root biomass in taiga forest trees.
Canadian Journal of Forest Research 13:827–833.

Van Cleve, K., C. T. Dyrness, L. A. Viereck, J. Fox, F. S.
Chapin III, and W. Oechel. 1983. Taiga ecosystems in in-
terior Alaska. BioScience 33:39–44.

Viereck, L. A. 1970. Forest succession and soil development
adjacent to the Chena River in interior Alaska. Arctic and
Alpine Research 2:1–26.

Viereck, L. A., C. T. Dyrness, A. R. Batten, and K. J. Wen-
zlick. 1992. The Alaska vegetation classification. General
Technical Report PNW-GTR-286. U. S. Department of Ag-
riculture, Forest Service, Pacific Northwest Research Sta-
tion, Portland, Oregon, USA.

Viereck, L. A., C. T. Dyrness, K. Van Cleve, and M. J. Foote.
1983. Vegetation, soils, and forest productivity in selected
forest types in interior Alaska. Canadian Journal of Forest
Research 13:703–720.

Walker, D. A. 1985. Vegetation and environmental gradients
of the Prudhoe Bay region, Alaska. Cold Regions Research
and Engineering Laboratory Report 85–14, Hanover, New
Hampshire, USA.

Walker, D. A., J. G. Bockheim, F. S. Chapin, III, W. Eugster,
F. E. Nelson, and C. L. Ping. 2000. Calcium-rich tundra,
wildlife, and the ‘‘ Mammoth Steppe.’’ Quaternary Science
Review, in press.

Walker, D. A., and M. D. Walker. 1991. History and pattern
of disturbance in Alaskan arctic terrestrial ecosystems: a
hierarchical approach to analysing landscape change. Jour-
nal of Applied Ecology 28:244–276.

Walker, M. D. 1990. Vegetation and floristics of pingos, cen-
tral Arctic coastal plain, Alaska. Dissertationes Botanicae,
Band 149. J. Cramer, Berlin, Germany.

Walker, M. D., D. A. Walker, and N. A. Auerbach. 1994.
Plant communities of a tussock tundra landscape in the
Brooks Range Foothills, Alaska. Journal of Vegetation Sci-
ence 5:843–866.

White, R. G., and J. Trudell. 1980. Habitat preference and
forage consumption by reindeer and caribou near Atkasook,
Alaska. Arctic and Alpine Research 4:511–529.

Wielgolaski, F. E., L. C. Bliss, J. Svoboda, and G. Doyle.
1981. Primary production of tundra. Pages 187–226 in L.
C. Bliss, O. W. Heal, and J. J. Moore, editors. Tundra eco-
systems: a comparative analysis. Cambridge University
Press, Cambridge, UK.

Webber, P. J. 1978. Spatial and temporal variation of the
vegetation and its productivity, Barrow, Alaska. Pages 37–
112 in L. L. Tieszen, editor. Vegetation and production
ecology of an Alaskan arctic tundra. Springer-Verlag, New
York, New York, USA.

Yarie, J., and K. Van Cleve. 1983. Biomass and productivity
of white spruce stands in interior Alaska. Canadian Journal
of Forest Research 13:767–772.

Young, S. B. 1971. The vascular flora of the St. Lawrence
Island with special reference to floristic zonation in the
Arctic regions. Contributions from the Gray Herbarium
201:11–115.

APPENDIX

The ArcVeg program pseudo-code is available in ESA’s Electronic Data Archive: Ecological Archives A010-004.


