Recent changes in boreal and arctic vegetation and their feedbacks to the climate system
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The warming observed at high latitudes in the last 50 years exceeds the global average by as much as a factor 5, that is, 2-3 °C in Alaska and Siberia versus 0.53 °C global mean (from 2001-2005 relative to 1951-1980 baseline) 


(ACIA 2004; Hansen et al. 2006) ADDIN EN.CITE . Such a dramatic change in climate influences the partitioning of energy throughout ecosystems, and results in changes in the output of energy from ecosystems back to the climate system, either amplifying the initial changes (positive feedback) or dampening them (negative feedback).

High latitude warming is associated with greater growth and density of shrubs (Tape et al. 2006), latitudinal and elevational forest expansion (Lloyd 2005), and a range of other vegetation responses (Walker et al. 2006). The accumulation of biomass associated with increased productivity is a negative feedback in that it reflects a net removal of carbon (CO2) from the atmosphere, but can also act as a positive feedback by decreasing the amount of solar energy reflected back to space (albedo) and thus increasing the thermal absorption of energy at the surface.  In the arctic environment, shrubs increase snow depth by trapping drifting snow and decreasing sublimation (Sturm et al. 2002), and the greater snow depth delays spring snow melt and albedo (Chapin et al. 2005) and promotes winter soil decomposition and CO2 emissions by elevating winter soil temperatures (Nobrega and Grogan 2007).  Similarly, warmer summers result in deeper thawing of the active layer and mobilization of previously frozen soil organic carbon, promoting greater microbial CO2 respiration and anerobic methane (CH4) production, and increased evapotranspiration of water vapor – all of which are powerful greenhouse gases (Christensen et al. 2004). In addition to the biotic responses and feedbacks to climate at high latitudes, the degradation of permafrost increases heat fluxes to the atmosphere in the absence of a once substantial thermal heat sink. 

Similar interactions and directional feedbacks occur in the response of high latitude forest vegetation to warming, with successional changes between deciduous and conifer species altering the trade-offs between productivity, respiration, and albedo related radiative forcing (Randerson et al. 2006, Goetz et al. 2007).  Moreover, because warming and drying increases the frequency, intensity and the extent of fire disturbance (Stocks et al. 1998), a multitude of legacy effects result from fire disturbance that influence the directionality and magnitude of feedbacks.   For example, fires emit enormous quantities of CO2 into the atmosphere in a short time, and influence regional climate in the following years via changes in spring and summer albedo (Randerson et al. 2006), as well as rates of canopy conductance and associated evapotranspiration (Amiro et al. 2006). Increases in boreal forest fire disturbance thus have the potential of altering the global carbon cycle, not only because these areas store some 78 Pg of carbon in above-ground vegetation that can be rapidly transported to the atmosphere by fire, but also because the majority of the Earth’s soil organic carbon (703 Pg) stored at high latitudes can be mobilized fire as well as by the increased thawing and microbial decomposition that lasts for many years after the fire event (Kasischke and Stocks 2001).  Thus large carbon stores in high latitude soil organic matter, resulting from the slow accumulation of peat under cold and wet conditions over millennia, is prone to more rapid decomposition and mobilization in the warmer and drier conditions characteristic of climate change over the next few decades (the so called “carbon bomb”). 

The trajectory of forest succession is also strongly influenced by fire, particularly fire severity.  The classic paradigm of boreal forest succession following stand replacing fire is of one that moves from early pioneer forb and shrub species to an intermediate phase with deciduous tree species dominating, and finally into a mature coniferous forest after 5 or 6 decades. Changes in climate-induced fire severity, however, change this paradigm because more severe fires consume greater amounts of soil organic matter (peat), which facilitates the establishment and persistence of deciduous trees (Figure 1). There are negative climate feedbacks to the climate system associated with these changes (i.e. mitigating further warming), such as greater net productivity and shortwave albedo.  The latter is most pronounced in winter when deciduous forest canopies are leafless and do not absorb as much incident solar radiation as a conifer canopy, but also because deciduous canopies do not impede the shortwave radiation reflected by snow back to space. Over large areas these albedo change have substantial consequences on energy balance and radiative forcing on climate, as the low winter albedo of coniferous boreal forest is replaced by high albedo deciduous forest (Randerson et al. 2006).  Other forcings, such as increased evapotranspiration and lower sensible heat flux, are likely to be reduced under climate change at high latitudes because deciduous trees have higher canopy conductance than coniferous trees (Baldocchi et al. 2000). Together, these negative feedbacks act to offset, to some extent, the short-term positive feedbacks associated with direct carbon emissions from forest fire, but over much longer time scales. 

The responses and feedbacks described thus far are well understood in many ways, but the magnitude of the feedbacks under a changing climate and the implications and trade-offs of those are currently poorly constrained. For example, satellite observations of high latitude vegetation indicated a ubiquitous ‘greening’ of areas above 45° N laitude between 1982 and 1991 (Myneni et al. 1997).  A number of related studies, both observational and from model simulations, supported this view. More recently, however, satellite observational analyses of North America showed that this overall trend changed after 1990, with tundra continuing to green (increase in productivity) but boreal forest areas declining in productivity (“browning”), even excluding all areas burned in recent decades (Goetz et al. 2005).  This decline has been attributed to drought, specifically higher vapor pressure deficit associated with warmer and drier air masses, which limits stomatal conductance and photosynthesis in boreal forests better adapted to cooler conditions. The same trends and patterns were also documented across the circumpolar arctic, with distinctly different responses in tundra versus boreal forest areas (Figure 2). 

The vegetation-climate feedbacks described above demonstrate the variety of mechanisms through which changes in terrestrial ecosystems can affect the climate system, resulting in a wide range of vegetation responses and trade-offs between positive and negative feedbacks.  The contrasting recent trends in vegetation productivity at high latitude, the variety of feedbacks related to vegetation succession after fire disturbance, and the interacting effects of vegetation and snow cover on albedo radiative forcing illustrate how vegetation-climate feedbacks vary under a changing climate. The temporal dynamics of high-latitude vegetation feedbacks is therefore a critical aspect of understanding its influence on the climate system, and the need to track high latitude ecosystem change has never been greater.
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Figure legends
Figure 1. Hypothesized effects of fire severity and drainage on post-fire successional trajectories in boreal forests of interior Alaska. Predictions for carbon-energy trade-offs in young, intermediate-aged, and mature forest stands over approximately 100 years are indicated. Two possible successional trajectories are indicated for simplicity; in general stand types are highly variable and span the full range of broadleaf deciduous tree densities described by these two end members. NPP = Net Primary Production, SOC = Soil Organic Carbon (from Goetz et al. 2007) 

Figure 2. Trends in satellite observations of vegetation photosynthetic activity derived from a 1982–2005 time series of GIMMS-G AVHRR vegetation indices, with significant positive trends show in yellow and negative trends in red. The trends map is overlaid on a 1 km resolution background mosaic of MODIS imagery and ocean bathymetry derived from several data sources (see www.esri.com/data). From Goetz et al. 2007.   
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Figure 1. Hypothesized effects of fire severity and drainage on post-fire successional trajectories in boreal forests of interior Alaska. Predictions for carbon-energy trade-offs in young, intermediate-aged, and mature forest stands over approximately 100 years are indicated. Two possible successional trajectories are indicated for simplicity; in general stand types are highly variable and span the full range of broadleaf deciduous tree densities described by these two end members. NPP = Net Primary Production, SOC = Soil Organic Carbon (from Goetz et al. 2007) 
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Figure 2. Trends in satellite observations of vegetation photosynthetic activity derived from a 1982–2005 time series of GIMMS-G AVHRR vegetation indices, with significant positive trends show in yellow and negative trends in red. The trends map is overlaid on a 1 km resolution background mosaic of MODIS imagery and ocean bathymetry derived from several data sources (see www.esri.com/data). From Goetz et al. 2007.   
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