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Vulnerability of the boreal forest

• The boreal forest is facing rapid climate 
change and more frequent and severe 
disturbances.



Vulnerability of the boreal forest

• The boreal forest is facing rapid climate 
change and more frequent and severe 
disturbances.

• These environmental changes can 
precipitate boreal forests toward abrupt 
ecological shifts.

(Beck et al. 2011)
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(Johnstone et al. 2010)
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Vulnerability of the boreal forest

• The boreal forest is facing rapid climate 
change and more frequent and severe 
disturbances.

• These environmental changes can 
precipitate boreal forests toward abrupt 
ecological shifts.

• Changes in the state of the boreal forest 
can drastically affect major ecosystem 
services at the local and the regional 
scales.

Wildlife habitat and subsistence

Human Health

Carbon sequestration



Modeling ecosystem state-change

(Koven et al. 2015)

• Most models are designed to efficiently represent 
marginal variations around a steady state.

(Genet et al. 2016)



Modeling ecosystem state-change

(Johnstone et al. 2016)

• Most models are designed to efficiently represent 
marginal variations around a steady state.

• With change in disturbance regimes, models need also to represent 
non-linear, infrequent ecosystem state-change and their ecological 
consequences.



Integrative analysis of 
thermokarst disturbances 
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Thermokarst disturbance in boreal forest

In addition to widespread active layer deepening, ice rich permafrost can 
thaw laterally and trigger abrupt ground surface subsidence, forming 
thermokarst, and thermal erosion.

• Vegetation composition

• Hydrological regime

• Carbon dynamic



Thermokarst disturbance in boreal forest

• What are the environmental drivers controlling thermokarst 
disturbance?

• What are the consequences of thermokarst on land cover 
trajectory?

• How will thermokarst disturbance affect the carbon dynamic  at 
the regional scale?



• Repeated imagery analysis used to 
characterize land cover trajectory and static 
historical rates of change associated with 
thermokarst disturbances.

The environmental drivers of thermokarst 
disturbance 

(Jorgenson et al. 2005)



• Repeated imagery analysis used to 
characterize land cover trajectory and static 
historical rates of change associated with 
thermokarst disturbances.

• However, recent repeated imagery analysis 
suggest an acceleration of permafrost plateau 
degradation over time.

The environmental drivers of thermokarst 
disturbance 

(Baltzer et al. 2013)



• Evaluation of long-term land cover change in 
unburned boreal forest, from 1949 to 2009

 Tanana Flats (~2,600 km2)

 5 dates: 1949 (aerial, black and white), 1978 and 
1986 (aerial, color infrared), 1998 (aerial, black and 
white), and 2009 (satellite, SPOT 5).

 Fifteen 500 x 500 m sites for model development 

 Ten 500 x 500m sites for model validation

The environmental drivers of thermokarst 
disturbance 

Lara et al. 2016 

• Birch permafrost plateau forest was 

degrading actively, particularly along 

the edge of the plateau



• A gradient boosting algorithm was used to explain birch 
permafrost plateau annual change

The environmental drivers of thermokarst 
disturbance 

Lara et al. 2016 



• The Alaska Thermokarst model is a state-and-transition model 
developed to track land cover change resulting from thermokarst 
disturbance.

Modeling thermokarst dynamic
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Consequences of thermokarst on land cover

• Model application from 1950 to 2100 in 
the Tanana Flats (~2,600 km2).

 Land cover initialization – NLCD 2001

 Historical backward simulations [1950-2000]

 CRU TS3.2

 Model verification and validation

 Future projections [2001-2100]

 Four AR5 emission scenarios (RCP 2.6, 
4.5, 6.0 and 8.5)

 Five climate models (CCSM4, GISS-E2, 
MRI-CGC, GFDL-CM, IPSL-CM)



Consequences of thermokarst on land cover

• Comparison between observed and modeled rates of loss of permafrost 
plateau in 15 verification plots and 10 validation plots from 1950 to 2009.

R2 = 0.963

P<0.001



Consequences of thermokarst on land cover

• The proportion of wetlands in the Tanana Flats increased by 26.5% 
(s.d. 7.2%) from 1950 to 2100, i.e. ~ 36,000 ha.
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Toward the representation of thermokarst 
disturbance in ecosystem model

• The Alaska thermokarst model was asynchronously coupled with a process-based 
ecosystem model that simulate the response of vegetation and soil C and N dynamics to 
climate, atmospheric CO2 and fire disturbance.

Alaska Thermokarst
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Implications for the regional carbon balance

• DOS-TEM parameterization were developed for deciduous 
lowland forest, spruce lowland forest, fen and bog.

• Alaska Peatland Experiment started in 2004 in the Tanana Flats. 
Sites were monitored to assess the effects of drought, flooding, 
and soil warming on peatland vegetation, greenhouse gas 
fluxes, and hydrology.

• Eddy covariance estimates of GPP and ER, and quantification 
of vegetation biomass and soil C and N stocks were used to 
calibrate the rate limiting parameters of DOSTEM. 

Euskirchen et al. 2014

Churchill et al. 2014

Finger et al. 2016



Implications for the regional carbon balance

• The carbon sink of the Tanana Flats increased by 28 % due to the conversion of 
permafrost plateau forest to thermokarst bogs and fens between 1950 and 2100. 

• Overall, 12.3 TgC were sequestered in the Tanana Flats from 1950 to 2100.

C Sink



Conclusion

• Integrative, multi-disciplinary approach can be used to represent non-
linear, infrequent ecosystem state-change in terrestrial ecosystem models 
in order to assess their implications for local and regional ecosystem 
services.

• Boreal peatlands in Interior Alaska are facing increasing rates of 
thermokarst disturbance, causing significant loss of permafrost plateau 
forest to wetland and lake expansions (i.e. 26.5% increase in wetland 
proportion). Increase in wildfire regime may reinforce this trend.

• The increase in wetland distribution resulting from thermokarst 
disturbance induced an increase in the regional carbon sink of the 
Tanana Flats (i.e. cumulated NEE 12.3 TgC from 1950 to 2100). Yet 
biogenic methane emissions were not included in this assessment.



Supports

Data available at:



Limitations

• The interactions between fire and thermokarst disturbances are not 
represented in the model.

2008	fire1980	false	color	aerial	image

2011	false	color	aerial	image

Repeated imagery analysis in the 

Yukon Flats to assess the impact of 

wildfire on thermokarst and 

associated land cover change.



Limitations

• The interactions between fire and thermokarst disturbances are not 
represented in the model.

• Methane dynamics needs to be represented in the model

• Change in wetland age distribution will affect rates of carbon 
accumulation.

(O’Donnell et al. 2012)


