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Boreal Evergreen Biome Experiments
(modeled at 61.75 latitude, 85.25 longitude)

The boreal evergreen biome showed a somewhat contrasting response to elevated atmospheric carbon dioxide and
temperatures than the tundra biome. Doubling the atmospheric carbon dioxide concentration (to 710ppm) has a
similar effect on photosynthesis as 7 degrees of warming. Compared to the tundra biome, an increasing carbon
dioxide concentration plays a larger role in increasing photosynthesis. Fig. 5c shows that simulations with higher
carbon dioxide concentrations have higher rates of photosynthesis.

Figure 5. 50-year averages of tundra gross primary production (GPP). (a) CO2 simulations. (b) Temperature simulations. (c) Combination simulations.

Biomass also increases slightly with elevated atmospheric carbon dioxide and temperatures, showing a similar
relationship to gross primary production.

Figure 6. 50-year averages of tundra biomass. (a) CO2 simulations. (b) Temperature simulations. (c) Combination simulations.

Soil Carbon content increases with a greater atmospheric concentration of carbon dioxide. However, soil carbon
decreases with elevated temperatures due to higher rates of soil respiration. Fig. 6c shows that when these are
combined, soil carbon content is highest with high atmospheric carbon dioxide concentrations and low
temperatures.

Figure 7. 50-year averages of tundra soil carbon content. (a) CO2 simulations. (b) Temperature simulations. (c) Combination simulations.

Net ecosystem exchange shows the culmination of the relationships described above. In Fig. 1a NEE is increasing
since GPP, biomass, and soil carbon are all increasing. With increasing temperatures, there are competing forces
influencing NEE. Even though GPP and Biomass are sequestering more carbon at higher temperatures, soil carbon
is decreasing because of elevated soil respiration. It is important to note the non-linearity between the NEE values
for the carbon dioxide scenarios and the temperature scenarios; the values for the combined runs are different from
the sum of the separate scenarios. For example, the carbon dioxide response will be different if the temperature
response is also included since the parameters influence one another in biogeochemical processes.

Figure 8. 50-year averages of tundra net ecosystem exchange (NEE). (a) CO2 simulations. (b) Temperature simulations. (c) Combination simulations.

Introduction

An increase in atmospheric carbon dioxide is contributing to planetary warming
that is strongest over high latitude land areas of the Northern Hemisphere.
Elevated levels of atmospheric carbon dioxide and strong warming have led to
changes in vegetation distribution, permafrost depth, and snow cover, which
significantly affect the interactions between terrestrial ecosystems and the
climate through biophysical and biogeochemical processes. With a continued
rise in greenhouse gas emissions and additional warming in the high latitudes,
uncertainty exists as to how the Arctic biosphere will respond in the coming
decades and whether Arctic ecosystems will remain a carbon sink or instead
become a source of carbon to the atmosphere. Elevated carbon dioxide and
climate change can affect vegetation growth through changing the assimilation
of carbon dioxide and the respiration of carbon from the vegetation and soil.
Using a dynamic global vegetation model (IBIS, see Methods), potential
changes in both the biophysical and biogeochemical processes of Arctic
vegetation were analyzed to determine how future climate change and
elevated atmospheric carbon dioxide may alter their functioning and ability to
store carbon.

Methods

The IBIS Model
The Integrated Biosphere Simulator (or IBIS—Foley et al. 1996; Kucharik et al.
2000) is a comprehensive model of terrestrial ecosystem processes (Figure 1).
It was developed for the purpose of studying the response of natural
vegetation, carbon, nitrogen and water cycles to various environmental drivers.

Figure 1. Schematic of the Integrated Biosphere Simulator

Approach
Select high latitude regions were modeled using a variety of temperature and
carbon dioxide scenarios. These simulations included increasing temperature
and atmospheric carbon dioxide independently, and simulations of these two
variables combined.
In order to analyze the response of a particular biome, 0.5° by 0.5° grid cells
representing two large Arctic biomes were modeled. Changes in gross and net
primary production, net ecosystem exchange, soil carbon, soil respiration, leaf
area index, and biomass content were analyzed. Results presented are
averages of the last 50-years of the simulated period.
The control experiment was set at 355ppm of atmospheric carbon dioxide.
Simulation parameters were chosen based on mid to high level warming
estimates of the Arctic climate (ACIA, 2005). The simulations of elevated
carbon dioxide concentrations alone included a 30% increase (461.5ppm), a
50% increase (532.5ppm), and a 100% increase (710ppm) in carbon dioxide
from the control. Temperature simulations increased the temperature by 3
degrees C and 7 degrees C. The combination simulations included 3 degrees
C warming and 710ppm, 7 degrees C warming and 461.5ppm, 7 degrees C
warming and 710ppm.

Tundra Biome Experiments
(modeled at 67.25 latitude, 170.25 longitude)

The tundra biome exists in an environment of low temperatures, a short growing season, and permanently frozen
sub-soils. Tundra vegetation consists of grasses, sedges and dwarf-shrubs. When modeled under scenarios of
elevated carbon dioxide alone, tundra photosynthesis increases slightly (Fig. 2a). Scenarios including only elevated
temperatures, however, show greater increases in photosynthesis (Fig. 2b).

Figure 2. 50-year averages of tundra gross primary production (GPP, or photosynthesis). (a) CO2 simulations. (b) Temperature simulations. (c)
Combination simulations.

Tundra biomass increases slightly with elevated atmospheric carbon dioxide. With respect to temperature, biomass
increases greatly with 7 degrees C of warming, but less so for moderate warming. This suggests that there is a
temperature threshold somewhere between 3 and 7 degrees C that needs to be further investigated. From the
simulations that combine elevated atmospheric carbon dioxide and temperature (Fig. 3c), we can see that while
temperature is the dominant contributor to biomass accumulation, the combination of high temperatures and high
levels of carbon dioxide produces the most biomass.

Figure 3. 50-year averages of tundra biomass accumulations. (a) CO2 simulations. (b) Temperature simulations. (c) Combination simulations.

Net ecosystem exchange (NEE) can be thought of as the net carbon exchange of a biome with the atmosphere.
Positive values of NEE correspond to an ecosystem that is sequestering more carbon (it is a carbon sink) than it is
putting back into the atmosphere. In all of the modeled scenarios, the tundra biome becomes more of a net carbon
sink.

Figure 4. 50-year averages of tundra net ecosystem exchange (NEE). (a) CO2 simulations. (b) Temperature simulations. (c) Combination simulations.

Even though the tundra biome may have the capacity to be a carbon sink with future climate change, there may be
positive feedback mechanisms that counteract this climate benefit. A higher biomass content and greater leaf-area
(not shown) results in a lower surface albedo (reflectivity). This means that as the tundra becomes more productive
in terms of biomass, leaf-area, and thus sequestration potential, it will also absorb more solar radiation, contributing
to surface warming. Greater surface warming contributes to further plant growth and snow and ice loss, thus
resulting in additional warming.
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Conclusions
The tundra biome was shown to increase productivity and sequester more carbon in high temperature, high atmospheric
carbon dioxide scenarios. The boreal evergreen forest biome did not increase productivity as much as the tundra under
high levels of carbon dioxide and elevated temperature because boreal forest productivity drops off with extreme
warming. The boreal evergreen forest biome’s productivity was somewhat counteracted by the increase in soil respiration
of carbon. This study also shows that the impact temperature and carbon dioxide have on the biosphere are non-linear
when combined. Even though elevated levels of atmospheric carbon dioxide alone may improve plant productivity, when
also including temperature changes, the potential benefits to biome productivity may be less than expected. Changes in
the surface energy budget were not considered in this study. With the modeled changes in biomass and leaf area—
especially in the tundra biome—the changes to the surface energy budget will likely counter the beneficial effects of
carbon sequestration with greater Arctic biome productivity. In order to investigate the Arctic ecosystem’s response to
future climate change, it will be important to understand not only the biogeochemical changes, but the biophysical
changes as well. This study incrementally adds to our knowledge of Arctic ecosystem processes and their potential
response to climate change. Knowledge gained from this study will be used to further investigate the global impacts of
Arctic climate change.
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Figure 9. 9(a) shows the biosphere as represented by IBIS with climate conditions for the year 2000. 9(b) shows the Arctic with 3 degrees C of warming.
According to the IPCC, this amount of warming can be expected in the year 2050 in high latitude regions under the SRES A2 scenario (IPCC, 2007).
Vegetation types: reddish-brown = tundra, green = boreal forest, tan = grassland, blue = temperate forest.
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These pan-hemispheric IBIS simulations
illustrate the influence of a modest 3 degree C
warming on Arctic ecosystems. Warming
contributes to expansion of the boreal
evergreen forest and grassland to the north, and
a reduction in the tundra biome. These changes
in the vegetative landscape of the Arctic have
the potential to amplify warming through a
reduction in surface albedo and may play an
important role in future climate change.

Pan-Hemispheric Simulations
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