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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 avariety 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 isthat it incorporates up to 18 plant
functional typesincluding a variety of forbs, graminoids, shrubs and non-vascular plants
that are distinguished by a set of five parameters. Timing and rate of growth, aswell as
nutrient use, are particularly important in defining competitive interactions in the model
and in explaining coexistence in complex communities.

Simulations of climate warming, which increase nitrogen mineraization and
growing season length, suggest an increase in total biomass for high and low Arctic over
200 years, and an increase in shrub biomass at the expense of other plant functional types.
Theinitial 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 direction 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 typesin the Arctic of northwestern North America.

INTRODUCTION

Mean circum-arctic air temperatures have increased by approximately 1.5 °C since
1840, with much of this increase attributed to human-induced changes in atmospheric
concentrations of greenhouse gases, such as carbon dioxide (CO,) (Overpeck et a. 1997).
Concomitant with these increases in air temperatures and atmospheric CO, are observed
increases in annual precipitation (Maxwell 1997), and decreases in extent of snow cover
(Robinson and Dewey 1990, Robinson et al. 1993) and seaice (Chapman and Walsh 1993,
Serreze et d. in press). Genera circulation models (GCMs) reproduce these empirical
observations and predict substantial future increases in temperature and precipitation in
the western North American Arctic (Maxwell 1992, Rowntree 1997). These changesin
climate will likely have important effects on many properties of arctic terrestrial
ecosystems (Chapin et a. 1992, Billings 1997), including soil carbon (C) and nitrogen (N)
stocks (Shaver et a. 1992, McGuire et al. 1995, Johnson et al. 1996, McKane et al.
1997), permafrost distribution, the thickness of the active soil layer (Anismov and Nelson
1996, Anisimov et a. 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 a. 1978, Oechel and Billings 1992), and the
same may be true for elevated CO, (Oberbauer et a. 1986, Tissue and Oechel 1987,
Grulke et al. 1990). Yet several field studies do demonstrate positive effects of increased
temperature on growth of arctic plants, particularly for dwarf evergreen and deciduous
shrubs (Chapin et a. 1995, Gragliaet al. 1997, Shevtsova et a. 1997). These results may
be due to indirect effects of increased temperature by increasing nutrient mineralization



rates (Post 1990, Nadelhoffer et al. 1992); responses of arctic plantsto elevated CO, may
also be dependent on nutrient availability (Oechel and Strain 1985).

Many studies have shown that increases in temperature yield greater nitrogen
mineralization rates (e.g. Nadelhoffer et al. 1991, Binkley et a. 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 well as changesin
species composition (Henry et a. 1986, Binkley et a. 1995, Chapin et al. 1995). Other
indirect effects of increased temperatures on arctic ecosystems include greater nutrient
uptake rates by plants (Chapin 1983) and possibly a lengthening of the growing season
(Myneni et al. 1997). It istherefore likely that changes in climate will produce noticeable
changes in arctic ecosystems over time scales of years to decades, and that these changes
will be mediated in part by changes in nutrient dynamics.

Computer ssmulations suggest that global climatic change will lead to a reduction
in the areal extent of arctic tundra and a northward movement of forested ecosystems
(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 equilibrium result of climatic changes. If biome shifts do
occur, they would likely take centuries (MacDonald et al. 1993, Pastor and Post 1988).
These equilibrium models are therefore not useful in predicting vegetation dynamics that
occur over decades, atime scale that is relevant to the sustainability of grazing mammals
(e.g. caribou, Russdll et a. 1993) and human populations (Kruse 1991) in the Arctic.
Transient models of vegetation responses to climatic change will need to be developed to
capture dynamics over decadal time scales and to assess the influence of other
environmental constraints, such as substrate, disturbance and migration (Starfield and
Chapin 1996, Cramer 1997).

Our objective was to develop amodel that would simulate tempora dynamics of
arctic vegetation in response to climatic change. Earlier work on transient dynamicsin
northern ecosystems has either focused on successional changes within communities
(Bonan et a. 1990) or has been at the level of community shifts (Pastor and Post 1988,
Starfield and Chapin 1996), whereas the paleorecord clearly indicates that vegetation
change results from the distinct responses of individual species to environmental forcings
(Davis 1981, Brubaker 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 a. 1997). To
capture transient changes in arctic plant communities we used a detailed set of plant
functional types similar to the one described by Chapin et al. (1996). Another motivation
for focusing on the dynamics of plant functiona typesin regional-scale modelsisthat it
provides an opportunity to incorporate biogeochemica feedbacks between plant types and
ecosystems (Pastor and Post 1988). Changes in plant functional type composition are also
useful in evaluating implications of climatic change for wildlife.



METHODS
Model Scope

We devel oped a nutrient-based, plant community and ecosystem model (ArcVeg)
to smulate the transient effects of climatic warming on the biomass and composition of a
variety of arctic ecosystems. We decided that our model should be nutrient-based,
because many arctic ecosystems are limited by plant-available nutrients, especialy nitrogen
(Shaver et al. 1992, Shaver and Chapin 1995, Schimel et al. 1996) and respond relatively
quickly to changesin nutrient availability. The scope of the modd is alatitudina
temperature gradient, encompassing five climatic-ecological zones. polar desert, high
Arctic, low Arctic, treeline, and boreal 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 moist acidic ecosystems, as these types have been well
studied (e.g. Oechel et al. 1994, Chapin et al. 1986, Shaver and Chapin 1986) and offered
the best prospects for data with which to parameterize and validate our model. Because
the polar desert substrate is predominantly alkaline (Tedrow 1966, Bliss et a. 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 afairly 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
anaysis of speciesin Chapin et a. (1996) to further subdivide the sedge, forb, deciduous
shrub, and evergreen shrub groups into ecologicaly distinct sub-types. This was essentia
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 contrasting responses to climate and soil acidity.

Ecosystem Properties along the Temperature Gradient

Spatial patterns of ecosystem attributes along the temperature gradient and
throughout the circumpolar Arctic 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 properties of arctic
ecosystems. Spatial vegetation patterns show total biomass (above- plus belowground) in
the circumpolar Arctic increasing exponentialy with increasing summer temperature (data
summarized by Gilmanov 1997). The mean and range in total biomass for each of our five
climate zones were calculated from this relationship (Table 2). For each of the five
vegetation types aong the temperature gradient, we additionally summarized 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 studies were limited to
aboveground biomass, or aboveground 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 afew 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 ratio
among ecosystems for a given plant type, so we assumed that this ratio was constant along
the temperature gradient for each functional type. Six studies (two high Arctic and four
low Arctic), not used in model development, were used for model validation.

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 Viereck
1970, Chapin et al. 1980, Gersper et al. 1980, Dowding et al. 1981, McGuire et al. 1992,
Shaver et a. 1997, Bockheim et a. 1998, Michael son and Ping unpublished data).
Estimates of net N mineralization ratesin the Arctic are sparse and variable (Kidland
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 arctic plant growth (Reynolds et a. 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). 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. 1)
Therefore in an N-limited ecosystem,

Avail. N * biomass.N ratio = Total biomass* proportion senescing (2)
or, Avail. 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 N-fixation are added to this amount (see Model Sructure section). We
do not consider resorbed N explicitly in our model.

Plant Growth Periods

Plant growth periods (PGPs) are a construct of the model that allows for
intraseaonal and interseasona variability in plant activity, climate, and nitrogen availability.
Each growing season is subdivided into a maximum of five PGPs. PGPs can be thought of
as discrete, temperature-related time periods within a growing season. The coldest
(earliest) part of the growing season is PGP(1). The model includes a matrix of
probabilities of each PGP occurring in agiven year (this varies by climate zone), such that
PGP(1) always occurs, and the occurrence of PGP(i) is conditiona on the occurrence of
PGP(i-1) (Table 5). The maximum PGP in agiven year encompasses the time of peak
temperatures and includes the remainder of the growing season. Therefore, we can
simulate arelatively cold, short growing season (maximum PGP of 1; some yearsin polar
desert climates) or arelatively warm, long growing season (maximum PGP of 5; most
yearsin boreal forest climates).

The amount of soil nitrogen mineralized varies with PGP, and this amount
increases from the coldest PGP (1) to the warmest possible PGP (5) (Table 5). All plants
that are active during a PGP compete for the mineral nitrogen available during that time
period. The maximum PGP in agiven year is therefore an indicator of annual



temperatures and growing season length, and aso determines the total N mineralized. A
year with alow maximum PGP will have low total N mineralization and might not be
conducive for growth of plants that require along, warm growing season. In contrast, a
year with a high maximum PGP will have high N mineralization, and should be conducive
for growth of most plant types. Even though we divide the growing season into several
time periods, the model output is still generated 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) nutrient use efficiency (sensu Agren 1983, Berendse and Aerts
1987), or average biomass:nutrient ratio, (2) proportion of total biomass that senesces
each year, (3) probability of establishment, (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 strategies, and
also allow for the coexistence of many different plant functional types (see Savile 1960).
Because plant growth is limited predominantly by available nitrogen in many arctic
ecosystems (Shaver and Chapin 1995 and references therein), and dataon N are relatively
abundant for the region, we use N as our surrogate nutrient in the model. We first define
each parameter then describe how parameter values were estimated for each plant
functional type.

Nitrogen use efficiency, or average biomass. nitrogen ratio, is the mass of total plant
biomass per unit mass of total plant nitrogen (g biomass/g N). Thisisthe inverse of
average tissue N concentration and the conversion factor used to generate plant biomass
from nitrogen taken up by the plant. These values remain constant throughout model
execution.

Proportion of biomass senescing represents the proportion of biomass that is removed
from total plant biomass pools as litterfall (including roots) at the end of each growing
season. These values also remain constant throughout model execution.

Probability of establishment is the annual probability of recruitment for each plant
functional type into a disturbed site in the absence of competition. Probability of
establishment varies with climate zone, but it is not affected by interannua variability of
climate. The biomass of newly recruited individualsis also a parameter in the model and
was set at 0.1 g/m? for al plant types.

Nitrogen uptake efficiency is the maximum mass of nitrogen that can be taken up per unit
mass of total plant biomass (g N/g biomass). Thisis amaximum value that may not be
realized under conditions of nitrogen limitation or competition with other plants. Nitrogen
uptake efficiency of each plant type can vary as afunction of PGP (i.e intraseasonally).

Timing of Growth / Temperature Tolerance is represented by the minimum PGP at which
aplant typeisactive (i.e. taking up nutrients). This parameter allows for differences
among plant functional types in cold-tolerance and intraseasonal patterns of growth.



The model is currently parameterized for 18 plant functional types (Table 1): low
arctic acid forbs, high arctic acid forbs, disturbance-related forbs, Equisetum spp.,
Eriophorum spp., Carex spp., grasses and other monocots, Cassiope and Empetrum spp.,
Ledum spp., Vaccinium spp. (evergreen), Dryas spp., Sdix spp., Betula spp., Alnus spp.,
mosses, lichens, evergreen trees, and deciduous trees. Vaues for plant functiona type
parameters are our best estimates based on the literature in combination with unpublished
observations of plant attributes. Nutrient use efficiency was calculated as the inverse of
whole-plant nitrogen concentration (Babb and Whitfield 1977, Muc 1977, Bunnell 1981,
Heal et a. 1981, Tieszen et al. 1981, Aerts 1990, Shaver and Chapin 1991, Hobbie 1996).
Proportion of biomass senescing was assumed (at steady state) to equal production
divided by biomass (Shaver and Chapin 1991). We estimated probability of establishment
(from O to 1) based on unpublished, qualitative observations of seed production and
seedling dengities in the field and on quantitative seedling densities recorded during
biomass harvests (e.g. Walker and Barry 1991, Shaver and Chapin 1991). Nitrogen
uptake efficiency was calibrated from the other parameters and the expected plant
community composition and biomass by plant functional type (Tables3 and 4). The
combination of the five plant parameters allows for a variety of differencesin plant growth
rate, tissue nutrient concentration, nutrient use efficiency, recruitment potential, cold-
tolerance and competitiveness. We estimated the minimum PGP required for growth
based on the latitudinal distribution of functional types (Hult¥an 1968, Y oung 1971),
assuming that the northern distributional limit of a plant functional typeis 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.

Sochastic Inputs: Climate and Disturbance

Climate is a qualitative variable in the model and is related to the number of plant
growth periods. The mean number of plant growth periods for each climate zone was
estimated based on alatitudinal gradient of plant functional type composition. The
stochastic nature of this variable allows for interannual variability in climate with warm
years (> average number of PGPs) and cool years (< average number of PGPs) occurring
randomly, based on the probabilitiesin Table 5. This qualitative index of climateis
directly related to plant functiona type activity, as plant types differ in their minimum PGP
required for growth (Table 1). This climatic index is aso related to a quantitative rate of
net nitrogen mineraization in the modd (Table 5).

The model simulates two types of stochastic disturbance. The first type removes a
proportion of the biomass of each plant functional type. Thisisa selective disturbancein
that the proportion of biomass removed decreases linearly with increasing plant biomass:N
ratio (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 (Waker and Walker 1991). The probability of this disturbance occurring in
agiven year (for al plant functional types) and the maximum proportion of biomass
removed can be defined by the model user prior to execution. For this analyss, the
probability of occurrence in agiven year was 0.10, and the maximum proportion of



biomass removed was 25%. Only 5% of the nitrogen in the disturbed biomassis
considered lost from the system; the remaining 95% is returned to the total soil nitrogen
pool.

The second type of disturbance is a non-selective, intense disturbance that exposes
mineral soil. Anexample of thistype of disturbanceisafrost boil. The annua occurrence
probability of thistype of disturbance decreases from 0.10 in the polar desert to 0.01 in
the boreal forest. Thistype of disturbance resultsin the mortality of al live plant biomass,
however, most of the nitrogen in the disturbed biomass (90%) is returned to the total soil
nitrogen pool.

Substantial aterations of the disturbance regime in model executions would likely
change both the equilibrium plant communities and the response of these communities to
changesin climate. In order to smplify our first analyses using this model, the values for
disturbance frequency and intensity were held constant as being typical of native, moist
acidic tundra. The probability of occurrence of our second type of disturbance (e.g. frost
boil) does change in the model in response to a changing climate.

Model Sructure

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 aso three major processes 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 spatia scale of a square meter. The model can be run
for up to one hundred independent square meter patches to incorporate spatial
heterogeneity among patches. Differences among patches occur as aresult of two
gpatially stochastic processes. First, during a year when intense disturbances occur (e.g.
frost boils), the probability of disturbance for each individua patch (i.e. the average
proportion of area affected) is 0.10; therefore the simulated landscape will have spatial
heterogeneity induced by differences in the time since last disturbed. Second, seedling
establishment is determined each year on a patch by patch basis (probabilitiesin Table 1);
therefore additional spatial heterogeneity will result from random differencesin
recruitment.

In each year, the number of PGPs is determined stochastically based on
probabilities appropriate 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 N-fixation is added to the mineralized N pool during each
PGP. N-fixation increases linearly in the model with increasing biomass; maximum N,-
fixation in a PGP of 0.035 g N/m? (independent of climate zone) occurs at 1000 g
biomass/m?. The maximum possible value of 0.175 g N/m?, in ayear with 5 PGPs and
greater than or equal to 1000 g biomass/m?, is consistent with values of No-fixation from
other studies (Chapin et al. 1980, Gersper et al. 1980, Chapin and Bledsoe 1992, McKane
et a. 1997). Any available N not used in PGP(i) remains available in PGP(i+1). Plant-
available N that remainsin the soil at the end of the growing season is assumed to be lost
from the system. N lossesin the model are minimal given that an average patch of low
arctic tundrain the model will take up all of the available N when total biomass is greater



than ~100 g biomass/m?; 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 aso consistent with other findings (Chapin
et al. 1980, Schimel et a. 1996).

During each PGP, plant functional types that are active compete for available soil
nitrogen. The N demand for each plant functional typeis calculated as the N uptake
efficiency (g N/g biomass) times the total biomass of the plant type (g biomass). If the
total N demand 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 acquired and the nutrient use efficiency of the
plant type. Plant functional type biomass can also be augmented by recruitment of
individuals. 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 returned
to the total soil nitrogen pool. See Appendix A for amore detailed description; the code
for ArcVegisavailable from the lead author.

Baseline Climate and Climate Change Smulations

Because the availability of datafor parameterization and validation of the model
was best for the high and low Arctic, we present model output for these two climate
zones. To determine the baseline biomass of each plant functional type at high and low
arctic climates, we executed 20 separate ssimulations of the model for 1000 years and 100
independent patches for each climate zone. Differences among model executions are a
result of the stochastic nature of climate and disturbances in the model, in addition to al
the patch-level stochasticity described above. Plant functional type biomass was averaged
across the 100 patches for the last 200 years of each simulation; this ensures that the
model has reached a stochastic equilibrium plant community (after 800 years) and
incorporates interannual variability into the mean. We then calculated mean biomass of
each plant functional type across the 20 model runs and used these values for initial
conditionsin al simulations. We used two different methods to evaluate variability anong
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 groups based on their total biomass for the
replicate runs of the model, essentially illustrating “alternative realities’ of plant
community composition.

Vaidation of plant functional type biomass was difficult considering the lack of
data and the necessity to use most of the available datain model development. We
validated our regional representation of tundra vegetation (g biomass/m?) as simulated by
ArcVeg against data from a number of 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 International Biosphere Program sitein
Barrow, Alaska (Webber 1978) and of plant types in the northern Y ukon (Russell et al.
1993). We compared our low arctic model output to plant functional type data from
severa sources (Chapin et al. 1995, Shaver et a. 1996, Hobbie and Chapin 1998, Walker
et a. in press).



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 alow Arctic climate, and the low Arctic
received atreeline climate). The changesin climate were simulated to occur over a 100-
year period; during this period the probability of the new (warmer) climate occurring in a
given year increases linearly from O to 1 over time (Starfield and Chapin 1996). For
example, in year 40 of the 100-year climate change period, the probability of that year
exhibiting the warmer climate is 0.4. After 100 years, the probability of experiencing the
warmer climateis 1. There are four important model elements that change with 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 disturbance, 4) the probabilities of plant functional type recruitment.

All climate change runs started with the baseline functional type biomass values.
Climate change was initiated in year 1 and was finalized after 100 years. We performed
50 separate ssimulations for both the high and low arctic warming scenarios. Plant
functional type biomass values were averaged for 100 independent 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 replicates were calculated for total biomass by plant functional type at year 10, and at
25-year intervas through year 200. We additionally examined the variability in functional
group rankings, as we did for baseline conditions. We also executed a single run of the
model for both the high and low Arctic for 500 years, again with warming transitioned
from year 1 to year 100, to illustrate the interannual variability of model output associated
with stochastic climate and disturbance regimes.

RESULTS
Current Plant Communities and Biomass

ArcVeg simulates the equilibrium total biomass of high Arctic moist acidic tundra
to be 424 + 18 g/m? (mean + 95% confidence intervals for 20 model runs), approximately
200 g/m? of which is moss biomass (Fig. 2). The next most dominant plant functional type
is sedges with 121 + 3 g/m” Forb, grass and shrub biomass are relatively low. The three
dominant plant functiona types, in rank order of total biomass, are mosses, sedges and
lichens for 100% of the runs (Table 6). The equilibrium total biomass of low Arctic moist
acidic tundrais simulated to be 1274 + 30 g/m”. Most of this biomassis from mosses,
evergreen and deciduous shrubs, each of which is greater than 250 g/m?. Sedge biomass is
92 + 4 g/m?. Forb and grass biomass are again relatively low. Deciduous shrubs,
evergreen shrubs and mosses are the three dominant plant functiona types, however, the
rank order of dominance varied 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/m?) 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/n?) falls within the expected range. Thereis afavorable
correlation between modeled aboveground biomass and observed aboveground biomass (r
=0.78, P<0.01) (Fig. 3a). Based on aregression anaysis, the y-intercept is not
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significantly different from zero. However, the model does overestimate values of
aboveground biomass, due in large part to a single point (mosses) with > 100 g m™
modeled and observed biomass. One outlier isin the study of Russell et al. (1993), who
measured deciduous shrub biomass to be substantially greater than the model output.
Vegetation of the northern Y ukon may not be a good representation of the "true" High
Arctic and may be more characteristic of atransition between high and low Arctic
(Markon et a. 1995). If we remove this outlier, the correlation improves (r = 0.95, P <
0.01).

There was aso a favorable relationship between modeled biomass and observed
biomass 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 dightly underestimated
aboveground biomass values.
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Figure 3 - Relationship between observed aboveground biomass for different plant functional types (g/m?)
and simulated aboveground biomass for plant functional types (g/m?) for a) high and b) low Arctic. Solid
lineistheregression line. Dashed lineisthe 1:1 line.

Responses of Plant Communities and Biomass to Climate Warming

ArcVeg simulates the interannual variability in total plant biomass associated with
stochasticity of climate and disturbance. Total biomass of both the high and low Arctic
increases with warming. Total biomass of the high Arctic increases over 200 g/m? during
the 100-year transition period and continues to increase for approximately an additional
100 years following this period (Fig. 4). Mean total biomass from years 200 - 500 (post
climate change) in the single-run simulation is 771 g/m?; however, the range is
approximately 600 - 900 g/m®. Total biomass of the low Arctic increases over 1000 g/m?
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during the 100-year transition period (Fig. 4). Mean total biomass from years 200 - 500 is
2571 g/m?, and the range is from approximately 2000 g/m? to 3000 g/m?.

Simulated Warming
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Figure 4 — Simulated warming effects on total biomass (g/m?) for high and low Arctic. Datarepresent a
single run of the model. Climates are transitioned linearly from year O to year 100.

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 biomass began to decline after 50 - 75
years. Sedge biomass declined to below itsinitial level, whereas moss biomass remained
greater after warming compared to initial biomass. Mosses remained the dominant plant
functional typein terms of biomass following climate change. The biomass of evergreen
and deciduous shrubs increased substantially between years 50 and 150. Biomass values
of evergreen and deciduous shrubs were both greater than sedge biomass after year 150.
Lichen biomass increased dightly with warming, and there was little response of forbs and
grasses.

Simulated warming in the low Arctic had large effects on biomass and some effects
on plant functiona 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
dightly and then declined after year 50 to initia levels. Lichen biomass increased, whereas
sedge biomass declined (Fig. 6b). Grass biomass declined dightly, and forb biomass
remained relatively unchanged.
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Figure 5 — Simulated warming effects on total biomass (g/m?) of seven plant functional types in the high
Arctic. Climates are transitioned linearly from year 0 to year 100. Data are averaged across 50 replicate
runs of the model. Error bars represent 95% confidence intervals across the 50 replicate runs.
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Validation of Responses to Climate Warming

There are obvious constraints in validating a simulation of long-term ecosystem
responses (Rastetter 1996). One common method, albeit insufficient to validate long-term
models, is to compare short-term observations to short-term predictions of the model
(Rastetter 1996). Given that thisis our only reasonable option for validating predicted
ecosystem responses, we compare 10-year model results to data from temperature and
nitrogen manipulation field studies. Experimental warming studies in the Arctic have
produced a variety of results. Onetrend in the data is a growth response of both
evergreen and deciduous shrubs to warming, demonstrated in several low arctic studies
with treatment lengths ranging from 3 to 9 years (Chapin et a. 1995, Gragliaet a. 1997,
Shevtsovaet al. 1997, Hobbie and Chapin 1998). In a meta-analysis of the International
Tundra Experiment (ITEX) (Arft et a. submitted), 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 responses of vegetative growth to
increased temperatures. Robinson et al. (1998) found that increased temperatures yielded
no change in plant community composition of a high Arctic semi-desert 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 a. 1995).

Our model output concurs with the most common trend reported from field data,
that shrub biomass increases in the low Arctic with increased temperatures. Based on
95% confidence intervals calculated over 50 runs, our model suggests a significant
increase in deciduous shrub biomass in the low Arctic after 10 years. By 25 years after
present, both deciduous and evergreen shrubs have increased significantly with increased
temperatures. Other significant trends for our low Arctic simulation after 10 years are
declinesin forb and grass biomass, and an increase in moss biomass; the predicted increase
in moss biomass is opposite the trend found for Hylocomium splendens by Chapin et al.
(1995).

For our high arctic smulations, predicted changes after 10 years are declinesin
forb and grass biomass, and increases in sedge and moss biomass. There are substantia
lags evident, however, in our high arctic climate change scenario, such that the short-term
(0-50 year) responses differ from the long-term (100-200 year) effect. Mosses and sedges
respond to warming with initial increases in biomass followed by declines after 100
simulation years. The new equilibrium moss biomass remains greater than itsinitial value,
however sedge biomass declines below itsinitial value. Deciduous and evergreen shrubs
are slow to respond, however they show substantial increases after 50 years. These lags
are apparent because an important control over nitrogen uptake and plant growth in the
model is the current plant biomass. Therefore, plant types that are currently dominant
have the best opportunity to capitalize initially on increases in available nutrients.
Subdominant plant types may take some time to augment their biomass and increase their
nutrient uptake capacity.
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DISCUSSION
Comparison of ArcVeg to Other Arctic Ecosystem Models

There are two unique features of our model, when compared to other models of
arctic ecosystems. Thefirst isits detail regarding plant functional types. Ecosystem
models that focus on fluxes and stocks of carbon and nitrogen generally consider
vegetation as a single pool and, when parameterized for northern ecosystems, rarely
distinguish beyond the vegetation types of polar desert, arctic tundra and boreal forest
(McGuire et a. 1995, McKane et al. 1997). These models consider species composition
implicitly through differencesin C:N ratio and alocation patterns. Models of arctic plant
growth have previously been focused at wet meadow sites and often concentrate on a
single plant species (Reynolds and Leadley 1992, Leadley et al. 1997). There are afew
models that explicitly simulate a heterogeneous plant community in the arctic. Prentice et
al. in the physiologically based biogeographic model, BIOME 1.1 (1992), define six
northern plant functiona types; however, only two of these are tundra plant types. The
GAS-FLUX model (Tenhunen et a. 1994), which simulates ecosystem gas exchange, uses
four plant functional types. deciduous shrubs, evergreen shrubs, graminoids and mosses
(Reynolds et a. 1996), and Miller et a. (1994) model tussock tundrawith 10 plant
gpecies. Our model takes a more detailed approach to plant community dynamics,
incorporating up to 18 plant functional types, yet we simplify soil nutrient pools and
transformations among these pools.

The second unique feature of the model isits transient nature. ArcVeg addresses
the interannual dynamics of arctic plant communities, and it does so from a process-based,
ecosystem perspective. Other models of northern vegetation responses to climate change
largely focus on predicting the new equilibrium distribution of vegetation types (Lenihan
and Neilson 1995, Cramer 1997). Starfield and Chapin (1996) model the transient
dynamics of treeline vegetation in response to climate, focusing on switches among four
major ecosystem types (upland tundra, grassland, coniferous forest and broad-leaved
deciduous forest) but ignore the underlying biogeochemistry and species composition.
Our mode will hopefully fill an important gap in efforts to predict arctic ecosystem
dynamics by simulating the transient nature of arctic plant community composition and
plant functional type biomass under scenarios of changing climate.

Nature of Smulated Vegetation Change
There are several assumptionsin our model that are crucial to understanding the

predicted responsesin our climate change simulations:

1) Warming increases the proportion of the total soil nitrogen pool that becomes
available to plants each year. The response of nutrient mineralization rates to
increased temperatures in the Arctic has been well documented (e.g. Nadelhoffer
et al. 1991, Binkley et a. 1994, Hobbie 1996). While we do not explicitly model
many soil pools and processes, we recognize that the additional mineraization can
be achieved through severa pathways. Increased nutrient mineralization can be
caused by an increase in microbial activity and decomposition rates in the active
layer aswell 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.
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2)

3)

4)

Climate change incorporates an increase in the length of the growing season.
Myneni et a. (1997) used remotely-sensed, normalized difference vegetation index
(NDV1) data to document a lengthening of the active growing season, with the
greatest increase found between 45 °N and 70 °N. We express thisin the model as
an increase in the number of plant growth periods (PGPs) within a growing season;
this situation favors plant functiona types that are not very cold tolerant, but are
good competitors for nutrients during longer, warmer growing seasons.

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 climate becomes
suitable. The processes of migration and dispersal need to be incorporated into
dynamic vegetation models in order to assess more accurately the plant community
changes under new environmental conditions.

Climates are transitioned over a 100-year period, and the probability of occurrence
of the new climate increases linearly over thistime period. Because each year
during this period can be ether the old or the new climate, the variability in climate
isinherently greatest during thistime.

Our model output suggests several points to consider regarding the nature of

change in arctic ecosystems. Thefirst is that climate change may induce the formation of
an ecosystem that presently is absent or uncommon at present. For example, when alow
Arctic climate was imposed on a high Arctic ecosystem, the new plant community
composition and biomass were not representative 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 millenniain our model, N,
fixation may increase total soil N and eliminate this constraint. A deepening of the active
layer as aresult of warming may increase available soil nutrients more rapidly than
predicted by our model, but it is still likely to be along-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. Thisis due to the nature of
competition in our model, which gives plants with the greatest current biomass an
advantage in obtaining available nutrients. Additionally our model predicts changesin
only 50% of the plant functional types smulated after 10 years, and these changes are
minor. Combined with the potential for lags, this suggests that changes over decadal time
scales may be the most difficult to predict. Last, our model predicts long-term increasesin
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 effects of
increased temperature have yielded a variety of results (see above), however acommon
finding is a growth response of deciduous shrubs, which is consistent with our model

output.

Next Steps

This model was developed as one part of a project to assess the sustainability of

arctic human communities, caribou populations and vegetation over decadal to century
time scales. Our desire was to take afairly unigue approach to modeling the transient
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nature of both community and ecosystem properties of the Arctic. Our model issimple,
limited in environmental scope and may or may not be lacking some important processes,
such as light competition, soil organic matter transformations and functional type-specific
N-fixation. In the future we hope to expand the environmental scope of the model to
include different moisture and pH regimes (in addition to temperature); these factors are
also likely to vary with global change. Before adding complexity to the model, we need to
examine the benefits and costs of adding or subtracting certain ecosystem processes. The
next immediate goal will be to perform comprehensive sensitivity analyses on plant
functional type parameters and disturbance parameters in an attempt to address ecological
guestions related to these issues.
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