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Introduction 
The Yamal LCLUC project was part of the International Polar Year (IPY) Greening of the 
Arctic effort (GOA: IPY project no. 139), which aimed at examining the circumpolar linkages 
between climate, sea-ice, terrain, and the consequences to human and wildlife land use in 
Yamal Peninsula region of the arctic Russia. The International Polar Year (IPY) 2007-2008 
was the largest coordinated research program ever undertaken in the Earth’s polar 
regions. IPY generated intensive research and observations in the Arctic between 1 March 
2007–1 March 2009, with some activities continuing up to the present, including GOA. 
 
The Yamal LCLUC synthesis project began in 2007 and included three main activities that 
correspond to the first three sections of this report:  
• Section I. Mapping, remote sensing, shrub studies, and modeling: Develop tools including 

modeling and remote-sensing approaches that can be used to help Arctic people, government 
agencies and policy makers predict and adapt to the impending rapid climate change and resource 
development. 

• Section II. Eurasia Arctic Transect: Develop a better understanding of variations in Arctic ecological 
systems (vegetation, soils, permafrost) along a 1700-km Eurasia Arctic Transect through all five 
Arctic Bioclimate subzones (A–E).  

• Section III. Cumulative effects of rapid arctic transitions due to infrastructure and climate (RATIC): 
Develop an understanding of the long-term effects of large-scale hydrocarbon development in the 
central Yamal region focused on effects to terrain and local people and comparison with the North 
Slope of Alaska. 

• Section IV. List of synthesis publication 
 
 
The major conclusions from each section of the report are listed at the end of each section:  

Section  I, Mapping, remote sensing, shrub studies, and modeling:  p. 15  
Section II, Eurasia Arctic Transect:      p. 33-35  
Section III, Cumulative effects of RATIC:      p. 53–55.   
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Section I. Mapping, remote sensing, and modeling 
The GOA IPY project and the Yamal 
LCLUC are directed at examining the 
linkages between climate, sea-ice, 
changes to terrestrial ecosystems, and 
the consequences to human and 
wildlife land use (Fig. 1). The rationale 
for examining these linkages is to 
better understand the spatial and 
temporal changes in vegetation 
greenness in northern regions that 
were being detected from space-based 
satellites during 1980-2000 using the 
Normalized Difference Vegetation 
Index (NDVI) (Myneni et al. 1997; Jia et al. 2003; Goetz et al. 2005).  
GOA had several contributing components funded by different U.S. funding opportunities, 
including: the North America Arctic Transect (NAAT) (NSF 2002–2006); Synthesis of Arctic 
System Science - Greening of the Arctic (SAAS GOA) (NSF 2005–2007), the Toolik-Arctic 
Geobotanical Atlas (TAGA) (NSF, 2005–2007), Seasonality of Circumpolar Tundra (SCT) (NSF 
2009–2012), development of an arctic vegetation archive (NASA PreABoVE 2014–2018), 
and  Land-Cover Land-Use Change on the Yamal Peninsula, Russia (Yamal LCLUC) (NASA 
LCLUC 2006–2019).  
 
The Yamal LCLUC mapping, remote sensing, and modeling activities were: 
• Spatial and temporal patterns of circumpolar NDVI. These studies included annual 

evaluation of arctic tundra Maximum NDVI (MaxNDVI) and time-integrated NDVI 
(TINDVI) with respect to minimum sea-ice distribution land temperatures using the 
circumpolar AVHRR time series (1982–present). Annual updates of the circumpolar 
greening patterns are reported in NOAA’s annual Arctic Report Card. 

• A roadmap for circumpolar arctic vegetation surveys, archives, and classification. This 
component developed an integrated framework for sampling, mapping, classifying 
arctic vegetation data. Key elements of this component included a new raster version 
of the circumpolar arctic vegetation map, and a framework for the Arctic Vegetation 
Archive (AVA), and  Circumpolar Arctic Vegetation Classification (AVC). 

• Modeling. These studies examined the effects of changes to warming and herbivory on 
tundra productivity. 

• Russian shrub studies. These studies included: (1) ground-based examination of shrubs 
in relationship to patterned ground and ground temperatures; (2) and use of 1960s-era 
Corona imagery and recent imagery to examine and changes in the alder shrub 
distribution across northern Russia.  

 

 
Figure 1. Conceptual framework for GOA and the Yamal LCLUC 
initiatives. 
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I.1. A roadmap for circumpolar arctic vegetation maps, surveys, archives, and 
classification  

Maps and satellite-derived remote-sensing products at circumpolar scales provide a 
modern perspective of Arctic vegetation and its changes across the entire Arctic, but this 
view of the Arctic from space is dependent on a long heritage of ground-based 
observations. Several products of the Conservation of Arctic Flora and Fauna (CAFF), the 
biodiversity working group of the Arctic Council, are key to our current understanding. 
These include PanArctic Flora (Elven et al. 2011), the Circumpolar Arctic Vegetation Map 
(CAVM Team 2003, Walker et al. 2005), the Arctic Biodiversity Assessment (Daniëls et al. 
2013; Dahlberg and Bültman 2013), and the Arctic Vegetation Archive (AVA) (Walker et al. 
2016). Cornerstones for all these tools are ground-based plant-species and plant-
community surveys. There is a need for more consistent standards of plot-based 
observations and methods to archive and classify arctic vegetation data. The AVA is in 
progress and will store plot-based vegetation observations in a public-accessible database 
for vegetation classification, modeling, diversity studies, and other applications.  

Raster circumpolar arctic vegetation map  
An updated 1-km pixel raster version of the 
CAVM (RCAVM) (Figure 2) now provides 
much finer resolution than was possible 
with the original hand-drawn vector map 
(Raynolds et al. 2019 in press). The format is 
convenient for models using raster-format 
data. The final map will be published at the 
same 1:7.5 million-scale and using the same 
treeline boundary, map projection, legend, 
and colors developed for the CAVM. The 
map units show a similar distribution as the 
original, with similar class characteristics of 
summer temperature, elevation and NDVI, 
but shows larger total area of finely 
dispersed cover types such as lakes and 
erect shrubs in lowland areas and prostrate 
dwarf shrubs in mountainous areas.  

 
Figure 2. The raster Circumpolar Arctic Vegetation Map 
(RCAVM) (Raynolds et al. 2019 in press).  Rasters (pixels) 
are 1 x 1 km. The map will be printed at a scale of 1: 7 500 
000. 
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Arctic vegetation archive (AVA) and arctic vegetation classification (AVC) 
A consistent classification of arctic plant species and vegetation and accurate delineation 
of arctic vegetation patterns are essential to arctic biodiversity studies and interpretations 
the spatial variations in NDVI. Russian geobotanists defined circumpolar north-south Arctic 
bioclimate subzones, based on vegetation structure, floristic, and summer-temperature 
criteria (Yurtsev 1994). The east-west phytogeographic subprovinces are based on floristic 
distribution patterns. Modifications of the initial Russian zonal and phytogeographic 
boundaries were used to develop the framework being proposed for the circumpolar 
Arctic. 
The Arctic Vegetation-plot Archive (AVA) and Arctic Vegetation Classification (AVC) are 
modeled after the European Vegetation Archive and Classification. Approximately 30,000 
vegetation plots from across the Arctic have been identified for inclusion in the AVA. The 
units of the classification are organized according to their associated habitat types, similar 
to the approach used in the European Vegetation Archive). A prototype AVA was produced 
for Alaska (the AVA-AK) (Breen et al. 2014, Walker et al. 2016) and is publicly accessible via 
a web-based portal, the Alaska Arctic Geobotanical Atlas and 
(http://alaskaaga.gina.alaska.edu). The next step will be to assemble similar archives for 
other regions of the Arctic. New data are currently being added from Canada and Russia. 
The archive, classification and hierarchy of maps provide a framework to examine change 
across the Arctic bioclimate gradient. We organized arctic vegetation archive (AVA) 
workshops at the Arctic Science Summit Week (ASSW) in Krakow (2013), Prague (2016), 
and Arkhangelsk (2019). The workshops took advantage of the ASSW venue to bring 
together Russian, Canadian, Greenland, Svalbard and U.S. contributors to discuss recent 
progress and steps to needed to develop a consistent Arctic Vegetation Classification 
(AVC). The 2013 meeting in Krakow was the first international gathering AVA participants. 
Forty participants, presenting 25 papers, reviewed of the numbers and quality of plot 
samples in each of the countries. A consensus was developed regarding the geographic 
scope of the database, the types of data that will be included, the general approach for 
building the database, and the initial steps for 
recruiting people and resources to complete the 
database. At the 2016 meeting in Prague, fourteen 
presentations provided a summary of Arctic plot data 
and data management approaches from around the 
Arctic. The authors summarized approximately 31,000 
plot distributions onto a map that was published in a 
paper summarizing the status of vegetation 
classification in the circumpolar Arctic (Walker et al. 
2018) (Fig. 3). The 2019 AVA workshop in Arkhangelsk, 
provided an opportunity for many Russians to 
participate that have otherwise been unable to attend 
previous AVA workshops. Topics of the workshop 
included: (1) strategies to complete the Arctic 
Vegetation Archive (AVA) and Arctic Vegetation 

 
Figure 3. Distribution of the known arctic 
vegetation plots. 30,980 vegetation plots 
are well distributed across the 22 floristic 
sectoral Arctic subdivisions of Elvebakk et al. 
(1999).  
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Classification (AVC), with emphasis on Russian data sets; (2) strategies to begin work on 
the available portions of the AVA and AVC for regional vegetation classifications; (3) the 
use of available species and environmental data to develop key questions on biodiversity 
and vegetation distribution at regional and pan-arctic scales. A training workshop was 
provided for Turboveg, the primary software used for archiving data in the AVA. 
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I.2. Spatial and temporal patterns of circumpolar NDVI 

Perhaps the item of largest impact from the GOA initiative has been the annual update of 
circumpolar greening patterns reported in the State of the Climate report of the Bulletin of 
the American Meteorological Society (BAMS), NOAA’s Arctic Report Card (e.g. Epstein et al. 
2019) and the AMAP Snow, Water, Ice, and Permafrost in the Arctic (SWIPA) report  
(Romanovsky et al. 2017,  Mård et al. 2017). This monitoring study employs remote 
sensing data: Global Inventory Modeling and Mapping Studies (GIMMS) Normalized 
Difference Vegetation Index (NDVI), Special Sensor Microwave Imager (SSM/I) sea-ice 
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concentrations, and Advanced Very High-Resolution Radiometer (AVHRR) radiometric 
surface temperatures. The reports trace the response of Arctic terrestrial NDVI to changes 
in late spring arctic sea-ice extent and summer land temperatures. The initial patterns first 
reported in 2010 indicated coherent temporal relationships between near-coastal sea ice, 
summer tundra land-surface temperatures, and vegetation productivity during the period 
of satellite observations (1982-2008), a period when the extent of early ice breakup 
declined an average of 25% for 
the Arctic as a whole, and the 
summer warmth index (SWI = 
sum of the annual mean 
monthly temperatures above 
freezing) increased an average 
of 24% (30% in North America 
and 16% in Eurasia). The 
corresponding increases in the 
annual Maximum NDVI 
(MaxNDVI) were 2% in Eurasia, 
9% in North America, and 5% 
for the circumpolar Arctic. The 
Time-Integrated NDVI (TI-NDVI) 
had a more-subtle increase (2% 
in Eurasia, 3% in North 
America, and 2% for the whole 
Arctic (Bhatt et al. 2010).  

The most recent update (1982–
2018) (Epstein et al. 2019) (Fig. 
4 top) shows that the overall 
trend of NDVI continues to be 
positive, but there is a general 
flattening of the trend since 
about 2000 and a more variable 
spatial pattern with large areas 
of the Arctic showing negative 
NDVI trends, including the 
Yukon-Kuskokwim Delta of 
western Alaska, the High Arctic 
of the Canadian Archipelago, 
and the northwestern and 
north-coastal Siberian tundra 
(Fig. 4 middle). These more 
negative trends in recent years 
appear to be in response to 

 

 
Figure 4. Top: Temporal trends (1982-2018) of MaxNDVI and TI-NDVI for the 
Arctic North America and Eurasia.  Middle: Spatial distribution of trends in 
MaxNDVI and TI-NDVI. Bottom: MaxNDVI spatial trends for 1982–1993, 1994–
2005, and 2006-2018. 
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large areas of the Arctic basin showing less open water in recent years , particularly in the 
Canadian Archipelago (Fig. 4, bottom). 
To explore the possible causes of the 
reverses in the Arctic NDVI trends, we are 
exploring a larger diversity of climate 
parameters in the context of drivers of 
tundra changes. The continentality index 
(CI) is defined as the difference between the 
annual maximum mean monthly air 
temperature and the annual minimum 
mean monthly air temperature. Figure 5 
shows the CI trends at key climate stations 
in each bioclimate subzone along the 
Eurasia Arctic Transect calculated from 
AVHRR-derived ground surface 
temperatures. The northernmost point in 
the transect, Krenkel in bioclimate subzone 
A, had over a 50% reduction in CI since 
1998. This is also in proximity of the area of 
largest sea ice decline in the Arctic. More 
southern points in the transect have larger 
mean values and weak trends of CI. 

A related study has examined scale and characteristics of the dominant coupling 
mechanism between paired sea-ice and tundra-productivity spatial signatures in the 
Svalbard Archipelago (Macias-Fauria et al. 2017). The project identified local/sub-regional 
and large-scale modes of variability that are explained by the spatial arrangement of sea 
ice in the ocean areas surrounding tundra-covered land masses. Presence of abundant sea 
ice near the coast during the growing season favors local control of tundra productivity by 
sea ice, very likely through cold sea-breeze effects; but the controls are not so apparent 
where sea ice is more distant from vegetated land masses. 

Several key publications by the Arctic Monitoring and Assessment Program (AMAP) have 
used the circumpolar greening studies as a framework for analysis, including the AMAP 
Biodiversity Assessment (e.g. Ims 2013) 
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Figure 5. Continentality Index (CI) trends for each 
bioclimate subzone of the Eurasia Arctic Transect. The 
annual CI is defined as the difference between the mean 
monthly maximum and minimum temperatures for each 
calendar year.  Continentality decreases from south 
(Laborovaya, subzone E) to north (Krenkel, subzone A), 
with a major decline of continentality between 1998 and 
2016 in subzone A, where there has been very strong 
reduction in September sea ice extent; whereas there has 
been a recent (2012-2016) increase in continentality in 
subzones B–E (Bhatt et al. 2017b).  
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I.3. Russian shrub studies 

Shrubs in relationship to patterned-ground and 
ground-temperatures  
Although satellite remote sensing and repeat 
photography have documented the connections 
between ‘greening’ and ‘shrubification’ in the arctic 
tundra (e.g., Tape et al. 2006, Myers-Smith 2015), 
shrub research became a significant component of the 
project only in 2011 with the discovery near the forest-
tundra transition at Kharp of alder (Alnus viridis) 
patterns showed clear distribution patterns in 
relationship to small patterned-ground features called 
frost boils. The development of “alder savannas” (Fig. 
6a), a common landcover type near treeline in many 
parts of the Arctic, had previously been attributed to 
interactions between the alders in competition for soil 
nutrients (Chapin et al. 1989). Subsequent studies at 
Kharp verified that tall alder stands are strongly 
facilitated by small, widely distributed cryogenic 
disturbances associated with patterned-ground 
landscapes (Frost et al. 2013); furthermore, alder 
savanna landscapes exhibit a pattern of succession that 
strongly affects soil temperatures and active layer 
thickness, with large implications for total ecosystem 
function (Frost et al. 2012, 2018) (Fig. 6b). 
References  
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Figure 6. Alder shrub dynamics. a. Alder 
savanna, northwest Alaska. b. Air and soil 
temperatures along an alder succession 
gradient: Open tundra with no alders, frost 
boils with colonizing alders, mature alders, 
and paludified tundra with deep moss and 
sensescent alders.  
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Application of Corona imagery to 
analysis of shrub expansion 
The studies at Kharp initiated two 
broader investigations to examine 
the long-term expansion of alder 
shrublands and trees across 
northern Russia.  
 
The first study focused in north-
west Siberia, and examined the 
trends of NDVI that occurred in 
newly established shrublands 
compared to older shrublands 
(Frost et al. 2014) (Figure 7).  
 
The second study examined 
treeline ecotones across all of 
northern Russia by comparing very 
high-resolution photography from 
the Cold War-era ‘Gambit’ and 

a

 
b

 

Figure 7.  a. Corona (left) and QuickBird (center) imagery for part of 
the Kharp landscape showing areas (red x’s) where alder shrublands 
(dark patches) have colonized between 1968 and 2003.  Landsat 
time-series for 1985–2010 (right)  shows pixels with significant NDVI 
(greening) trends occurring mostly in  newly established shrublands. 
b. (a) NDVI response curves for pixel stacks in pre-existing and newly-
established shrublands identified in 1960s and modernVHR imagery 
at the five studied landscapes. Curves are plotted as a percentage of 
all pixel stacks for the two categories. (b) Accuracy assessment of 
Landsat estimates of the spatial extent of newly-established 
shrublands, and the extent observed in VHR imagery comparisons for 
the intensive study landscapes. Estimates were computed 
independently for each intensive landscape, using NDVI response 
curves generated from the other four intensive landscapes. (Frost 
and Epstein 2014) 

 



 

 
12 

‘Corona’ satellite surveillance systems (1965–1969) with modern imagery, (Frost and 
Epstein 2014).  (Fig. 8a).  
 
The study found the total cover of 
tall shrubs (Alnus viridis and Pinus 
pumila) shrubs increased 6.1–25.9% 
in nine of 10 studied ecotones and 
declined in only one site (white 
boxes in Fig. 8b). The total cover of 
larch (Larix spp.) also generally 
increased (black boxes in Fig. 8b). 
Within most landscapes, shrub and 
tree increases were linked to 
specific geomorphic settings, 
especially those with active 
disturbance regimes such as 
permafrost patterned-ground, 
floodplains, and colluvial hillslopes. 
Mean summer temperatures 
increased at most ecotones since 
the mid-1960s, but rates of shrub 
and tree canopy cover expansion 
were not strongly correlated with 
temperature trends and were 
better correlated with mean annual 
precipitation. In general, shrub and 
tree cover is increasing in tundra 
ecotones across most of northern 
Siberia, but rates of increase vary 
widely regionally and at the 
landscape scale. Extensive changes 
can occur within decades in moist, 
shrub-dominated ecotones, as in 
northwest Siberia, while changes 
are occurring more slowly in the 
highly continental, larch-dominated 
ecotones of central and eastern 
Siberia. 
 
References  
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a

 
b 

 
 

 
Figure 8. Tall shrub expansion near treeline, northern Russia. 
a. Comparison of 1966 (Gambit; left) and 2009 (GeoEye-1; 
right) imagery showing alder shrubland expansion on hilltops at 
Dudinka study landscape, northwest Siberia; alder abundance 
increased 25.9%. GeoEye-1 image © Digital Globe, Inc. b. 
Summary of net changes in tall shrub (white boxes) and larch 
(black boxes) cover at 11 tundra ecotones in northern Siberia. 
Negative values are given in parentheses (Frost et al. 2014). 
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I.4. Modeling 

Determining the causes of the observed satellite-estimated ‘greening’ is challenging, 
because remote sensing captures the totality of all of the factors that influence the 
vegetation on the ground. The dynamics of vegetation across circumpolar arctic 
ecosystems is due to changes in numerous natural abiotic factors, such as temperature, 
precipitation, and soils, as well as biotic factors, such as wild herbivores and interactions 
within plant, and anthropogenic factors, such as land use, human-induced climate 
warming, and animal husbandry (Chapin et al., 1992; Forbes et al., 2001). Most of these 
factors are operating at multiple spatial scales, many of which are finer than the scale of 
the satellite sensors. Studies of these multiple factors would provide important insights 
into tundra vegetation dynamics across the Arctic region, but controlled experiments that 
would examine the effects of each of these and combinations of factors, are constrained 
by time, space, and available funds (Elmendorf et al., 2012). Dynamic vegetation models 
can offer considerable insights to how simultaneous changes in multiple factors affect 
vegetation composition and productivity.  

The modeling component of the Yamal LCLUC project examined arctic tundra biomass and 
productivity dynamics in response to projected climate change and herbivory, a 
widespread yet variable process throughout the Arctic, in relationship to the ‘greening’ 
signal at regional to circumpolar scales. ArcVeg (Epstein et al. 2000), an arctic tundra 
vegetation dynamics model, was used to estimate potential changes in vegetation biomass 
and net primary production (NPP) at the plant community and functional type levels (Yu et 
al. 2009; 2017).  The model was driven by soil nitrogen output from the Terrestrial 
Ecosystem Model, existing densities of Rangifer (caribou and reindeer) populations, and 
projected summer temperature changes derived from the NCAR CCSM 4.0 general 
circulation model across the Arctic.  
Input herbivory parameters included grazing frequency and percent of biomass removal. 
CCSM 4.0 projected July surface temperature changes for 2005–2010 were used to the 
create the modified patterns of potential arctic bioclimate subzones in 2100 (Fig. 9a). The 
model quantified the changes in aboveground biomass and NPP resulting from (i) observed 
herbivory only; (ii) projected climate change only; and (iii) coupled effects of projected 
climate change and herbivory. The model was used to evaluate outputs of the absolute 
and relative differences in biomass and NPP by country, bioclimate subzone, and floristic 
province.  
 
The modelled estimates of potential increases of biomass resulting from temperature 
increase alone generally were approximately 5% greater than the biomass modeled due to 
coupled warming and herbivory (Fig. 9b). Such potential increases were greater in areas 
currently occupied by large or dense Rangifer herds. For example, in the Yamal Peninsula 
region, where reindeer were estimated to remove 16–20% of the biomass annually, the 
model indicated 27% greater vegetation increase without herbivores. In addition, 
herbivory also creates shifts in plant community structure. Plant functional types such as 
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shrubs and mosses were affected to a greater degree than other functional types by either 
warming or herbivory or coupled effects of the two.  

The importance of herbivory for tundra vegetation dynamics has been substantiated by 
field studies in northern Fennoscandia, where reindeer grazing was found to reduce the 

positive shrub (particularly deciduous shrubs) response to warming (Olofsson et al., 2009). 
However, there are many complexities of vegetation dynamics and reindeer grazing 
patterns that are not incorporated in the model.  The environmental factors in ArcVeg 
include the latitudinal temperature gradient, soil organic nitrogen, grazing, and projected 
the ‘greening’ signal detected by satellite remote sensing. 
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a. b.  

Figure 9. a. CCSM 4.0 projected July surface temperature change from 2005 to 2100 across the arctic 
tundra based on the RCP 8.5. (a) July temperature difference calculated from mean July temperature 
between 2005 and 2100 binned as discrete number of bioclimate subzones; (b) projected potential 
bioclimate subzones in 2100. b. Changes in aboveground biomass (a) and NPP (b) caused by projected 
climate change only across the arctic tundra, and changes in aboveground biomass (c) and NPP (d) 
caused by herbivory only across the arctic tundra between 2005 and 2100.  
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I.5. Conclusions from the mapping, remote sensing, and modeling studies 

• The new raster version of the Circumpolar Arctic Vegetation Map (Raynolds et al. 2019), which will 
be reproduced at 1:4 million scale, is a major contribution to panarctic analyses of vegetation 
monitoring and change.  

• A prototype archive was developed for Alaska (Walker et al. 2016b) and is now being extended to 
the circumpolar scale (Walker et al. 2018). Several international workshops were organized in 
Europe and North America toward a roadmap for developing an integrated road map  to 
circumpolar vegetation sampling, archiving of plot data, vegetation classification, and analysis 
(Walker et al. 2016a) that follows to a large degree the approach to sampling, archiving and 
classification used in Europe.  

• The Greening of the Arctic (GOA) project of IPY has produced several key papers (e.g., Bhatt et al. 
2010, 2013, 2017) and the Greening theme for the Arctic Report Card (e.g., Epstein et al. 2019). The 
products have been widely applied in numerous papers and have provided a framework for studies 
by the Arctic Monitoring and Assessment Program (AMAP) of the Arctic Council, including the Arctic 
Biodiversity Assessment (AMAP 2013, e.g. Ims et al. 2013) and the Snow, Water, Ice and Permafrost 
in the Arctic 2017 (SWIPA 2017) report (Mård et al. 2017, Romanovsky et al. 2017). 

• Shrub studies near Kharp in the Polar Urals produced major new insights regarding the distribution 
of tall shrubs in relationship to patterned ground (Frost et al. 2012, 2018), and developed a tool for 
examining changes in shrub distribution using 1960s-era Corona imagery (Frost and Epstein 2014). 

• ArcVeg (Epstein et al. 2000), an arctic tundra vegetation dynamics model, was used to estimate 
potential changes in vegetation biomass and net primary production (NPP) at the plant community 
and functional type levels (Yu et al. 2009; 2017). The modelled estimates of potential increases of 
biomass resulting from temperature increase alone generally were approximately 5% greater than 
the biomass modeled due to coupled warming and herbivory. Such potential increases were greater 
in areas currently occupied by large Rangifer herds. 

 
Section II. Eurasia Arctic Transect  

II.1. Background 

• The main goal of the EAT studies was to provide ground-based information to support remote-
sensing interpretations of the tundra along the maritime Arctic bioclimate gradient in 
northwestern Siberia. The rationale for EAT studies was that ground-based studies along the 
length of the Arctic bioclimate gradient were needed to better understand the spatial and 
temporal changes in vegetation greenness in northern regions that were being detected from 
space-based satellites using the Normalized Difference Vegetation Index (NDVI).  

• The EAT provides a comparison with the North America Arctic Transect (NAAT), which was in a 
more continental part of the Arctic. Ground-based observations of ground-surface conditions 
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were needed to interpret satellite-based observations. The ultimate goal of the project was to 
use the ground-based observations and remote-sensing products to develop predictive models 
to achieve a holistic understanding of arctic ecosystems. 

• Four of the five Arctic bioclimate subzones defined by Russian geobotanists and the 
Circumpolar Arctic Vegetation Map form parallel bands across the Yamal peninsula. The Yamal 
Peninsula in combination with a site in the extreme High Arctic in Franz Josef Land thus 
provides an excellent framework to study the transitions in permafrost conditions, soils, and 
vegetation across the full Arctic bioclimate gradient in a maritime portion of the Arctic. The 
parallel transect in North America provided a comparison with a relatively continental part of 
the Arctic. 

• The Yamal Peninsula is reasonably accessible compared to other areas of the Russian Arctic; it 
already had a long heritage of ground-based studies and an integrated geoecological 
geographic-information-system (GIS) database 
developed by the Earth Cryosphere Institute in 
Moscow. 

• Another key reason to choose the Yamal Peninsula 
for an Arctic transect was the opportunity to contrast 
the cumulative landscape and cultural effects of 
climate change and resource development in two of 
the largest industrial complexes in the Arctic — the 
Prudhoe Bay oilfield in North America, and the 
Bovanenkovo gas field on the Yamal Peninsula.  

II.2. Description of the EAT 

The EAT extends from the Krenkel Hydro-
meteorological Station on Hayes Island (80˚ 37’ N, 58˚ 
03’ E) in the maritime polar desert of Franz Josef 
Land, to Nadym (65˚ 19’ N, 72˚ 53’ E) in the forest-
tundra transition of West Siberia (Fig. 10). Six study 
locations were selected along the EAT to represent 
zonal vegetation conditions in each of the five Arctic 
bioclimate subzones as mapped on the Circumpolar 
Arctic Vegetation Map (Walker et al. 2005; Yurtsev, 
1994b) and the forest-tundra transition (Fig. 10, Table 1). Full descriptions of the study 
locations and sites are in the project data reports  (Walker et al. 2008, 2009a, b, 2011) and 
a paper devoted to the description of the vegetation (Walker et. al 2019).  
Marine and alluvial terraces of varying age occur at all the EAT locations on the Yamal and 
Franz Jozef Land. These terraces are related to the postglacial emergence of northern 
Eurasia and the Franz Jozef Land archipelago and are critical for understanding the 
distribution of permafrost, soils, and vegetation in the region. The ages of these terraces 
are disputed, but a general consensus of the timing is presented in the footnote of Table 1. 
These terraces provided an opportunity to compare differences in vegetation growing on 
sandy vs. loamy substrates along the full bioclimate gradient. The older terraces (terraces 
III to V) are generally more stable with fine-grained loamy soils, whereas the younger 
terraces (modern fluvial terraces and Terraces I and II) often have sandy soils.  

 
Figure 10. The Eurasia Arctic Transect.  The 
inset map shows circumpolar distribution of 
the subzones according to the Circumpolar 
Arctic Vegetation Map (CAVM Team 2003). 
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II.3. Methods 

The sampling design sought to achieve coordinated vegetation, soil, and active layer 
observations at all the research sites. Large (mostly 50-m x 50-m areas) of more or less 
homogeneous mesic vegetation were selected for the study sites (Figure 11). The objective 
was to select large areas of zonal vegetation that could be recognized by their 
homogeneous spectral signatures on aerial photographs and satellite images. At most 
study sites there was adequate space for a sample site that corresponded approximately to 
the 30-m to 70-m pixel size of the Landsat satellite sensors. At each location we chose at 
least two study sites — one on mesic loamy soil and one on mesic sandy soil (Figure 12, 
Table 1). Generally, except at Nadym and Vaskiny Dachi sandy site, each study site had five 
50-m transects and five 5-m x 5-m study plots (Figure 10). Cover of plant species, 
Normalized Difference Vegetation Index (NDVI), and leaf-area index (LAI) were measured 
at 0.5-m intervals along the transects. Species cover-abundance was estimated in the plots, 
along with measurements of a suite of environmental and soil factors, NDVI, LAI, and 
aboveground biomass. 

 
Figure 11. Typical transect and plot. Five 50-m transects and five 5-m x 5-m plots were sampled at loamy and 
sandy sites at each EAT study location. 
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Subzone A, Krenkel: 
          Loamy                                   Sandy 

   
Subzone B, Ostrov Belyy: 
          Loamy                                   Sandy 

   
  Subzone C, Kharasavey: 
          Loamy                                   Sandy 

   
Figure 12. Loamy and sandy study sites along the EAT. Full descriptions of the locations 
and study sites are in Walker et al. (2019). 
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Subzone D, Vaskiny Dachi: 
          Loamy                                   Sandy 

   
Subzone E, Laborovaya: 
          Loamy                                   Sandy 

   
Forest-Tundra Transition, Nadym 
          Loamy                                   Sandy 

   
Figure 12 (cont’). Loamy and sandy study sites along the EAT.  
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Table 1. Study site summary information. Study sites in most cases are 50-m x 50-m grids except where there was not sufficient area 
of homogenous vegetation to place a 50-m x 50-m grid. The geological settings are explained in the footnote. The study plots are 
generally 5-m x 5-m, except in areas of patterned ground, where species cover and environmental factors were determined 
separately for each the patterned-ground element.  More complete descriptions of the locations and study sites are in Walker et al. 
(2019). 

 

 
1 Terraces of the Yamal region:  Local stratigraphic unit names (Saks 1953), approximate western European equivalents, approximate ages, 
marine isotope stages (Svendsen et al. 2004), and terrace elevations above mean sea level on the Yamal Peninsula: Terrace I, Sartansky-age 
(Last Glacial Maximum, Late Wiechselian), ≈ 10-25 ka, Marine Isotope Stage MIS 2, 7-12 m a.s.l.; Terrace II, Karginsky-Zyransky-age (Middle 
Weichselian), ≈ 25-75 ka, MIS 3 to 4, 10-25 m a.s.l.; Terrace III, Ermanovsky-age (Early Weichselian), ≈ 75-117 ka, MIS 5a to 5d, 26-40 m a.s.l.; 
Terrace IV, Kazantsevskaya-age (Eemian interglacial), ≈ 117-130 ka, MIS 5e, 40-45 m a.s.l.; Terrace V, Salekhardskaya age  (Saalian), ≈130- 200 
ka, MIS 6, 45-58 m a.s.l.  
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II.4. Results 

Vegetation 
The results of the EAT studies are contained in several 
data reports (Walker et al. 2008, 2009a, 2009b, 2011) 
and publications (Walker et al. 2019;  Epstein et al. 
2016, 2019 in prep.; Leibman et al. 2012a,  2012, 
2015; Vasiliev et al. 2008). Some of the key 
vegetation findings are summarized in the legends of 
Figures 13–17 and Table 2. 

 

Figure 13. Cluster analysis of EAT plots. The hierarchical dendrogram is based 
on similarity of species composition, including all identifiable vascular plants, 
mosses, and lichens, within the 76 plots. The plots are linked by the flexible 
beta method (β = −0.25) using Sørensen's coefficient of similarity distance 
measure and square root data transformation (McCune and Grace 2002). Plots 
linked toward the left side of the diagram have high levels of species similarity. 
Groups of plots linked toward the right side of the dendrogram have lower 
levels of similarity. The background colors shade branches of the diagram 
containing plots in each of the bioclimate subzones. Soil texture groups (Loamy 
and Sandy) are indicated by bold black labels on branches of the dendrogram). 
The numbers on the left side of the diagram are consecutive plot numbers 
assigned in the Turboveg program. The vertical red dashed line shows the 
second optimal level of clustering based the Crispness of Classification 
approach (Botta-Dukát et al., 2005) available through the Optimclass function 
in JUICE (Tichý, 2002), which resulted in the six clusters (red numbers 1, 2, 3, 4, 
5+6, and 7). The red solid line is where the line optimal clustering was adjusted 
to seven clusters, based on field knowledge that indicated clusters 5 and 6 had 
distinct and ecologically meaningful species composition. Also shown are loamy 
and sandy groups of plots (black Roman labels), and micro-topographic groups 
of plots in patterned ground complexes (italics). (From Walker et al. 2019).  

Table 2. Synoptic table. Taxa with high fidelity (modified phi 
coefficients ≥ 0.5, light gray) were interpreted as diagnostic 
for the group; taxa with very high fidelity (modified phi 
coefficients ≥ 0.8, dark gray) were interpreted as highly 
diagnostic. Numeric values are percent frequency of the 
taxon within the cluster. The table was prepared using 
the combined synoptic table function in JUICE (Tichý 2002). 
(From Walker et al. 2019). 

 

Cluster nr. 1 2 4 5 6 7 3
Subzone(s) 
soil texture

FT
lom

FT
snd 

E+
D 

snd

D
lom
+C

B
lom

B
snd A

Number of plots 5 6 15 20 10 10 10
Diagnostic taxa for cluster 1 Growth 

form
Pinus sylvestris                                  tne 100 .
Betula pubescens                                  tbd 100 .
Larix sibirica                                    tnd 100 .
Vaccinium myrtillus                               sdd 100 .
Juniperus communis                                sle 80 .
Peltigera malacea                                 lfo 60 .
Pleurozium schreberi                              bmp 100 17 47 5 . .
Peltigera leucophlebia                            lfo 100 . 13 50 20 .
Cladonia stellaris                                lfr 100 83 20 . . .
Empetrum nigrum                                   sde 100 17 80 10 . .
Vaccinium uliginosum                              sdd 100 33 67 15 . .
Diagnostic taxa for cluster 2
Carex globularis                                  gs . 100 . . . . .
Andromeda polifolia sde . 83 7 . . . .
Rubus chamaemorus                                 sdd . 83 7 . . . .
Rhododendron tomentosum sle 100 100 73 . . . .

Diagnostic taxa for cluster 4
Flavocetraria nivalis lfr . . 93 25 . . .
Salix phylicifolia                                sld . . 67 10 . . .
Eriophorum vaginatum                              gs . 17 87 25 . . .
Pedicularis labradorica                           fe . . 53 . . . .
Asahinea chrysantha                               lfr . . 40 . . . .
Pertusaria dactylina                              lc . . 47 . . 10 .
Cladonia grayi                                    lfr . . 40 5 . . .
Schljakovia kunzeana                              bl . . 33 . . . .
Luzula wahlenbergii                               gr . . 33 . . . .

Diagnostic taxon clusters 5&6
Arctagrostis latifolia                            gg . . 20 95 100 10 .
Diagnostic taxa for cluster 5
Lophozia ventricosa                               bl . . 40 80 . . .
Alopecurus borealis gg . . . 60 . . 10
Salix reptans                                     sdd . . 13 55 . . .
Eriophorum angustifolium                          gs . . 27 60 . . .
Tephroseris atropurpurea                          fe . . 7 45 . . .
Peltigera canina                                  lfo . . . 35 . . .
Peltigera aphthosa                                lfo . . . 40 10 . .
Lichenomphalia hudsoniana                         lfo . . . 30 . . .

Diagnostic taxa for cluster 6
Blepharostoma trichophyllum                       bl . . . 5 100 . .
Salix polaris                                     sdd . . . 50 100 . .
Tomentypnum nitens                                bmp . . 13 20 90 . .
Dryas octopetala                                  sde . . . 40 100 50 .
Poa arctica                                       gg . . 7 40 80 . .
Juncus biglumis                                   gr . . . . 60 20 .
Bryum cyclophyllum                                bma . . . . 40 . .
Stellaria longipes                                fe . . . 25 60 . .
Sphenolobus minutus                               bl . . 73 80 100 20 .

Diagnostic taxa for cluster 7
Pogonatum dentatum bma . . 13 . . 80 .
Oxyria digyna fm . . . . . 80 20
Gymnomitrion corallioides                         bl . . 33 25 10 100 .
Luzula confusa                                    gr . . . 60 10 100 .
Salix nummularia                                  sdd . . 27 50 . 100 .
Lloydia serotina                                  fe . . . . . 50 .
Solorina crocea                                   lfo . . . . . 50 .
Polytrichum piliferum                             bma . . 7 . 10 50 .
Pohlia crudoides                                  bma . . 7 . . 40 .
Gowardia nigricans                                lfr . . 40 60 20 90 .

Diagnostic taxa for cluster 3
Stellaria longipes taxon edwardsii fe . . . . . . 100
Papaver dahlianum agg. fm . . . . . . 100
Phippsia algida gg . . . . . . 100
Cochlearia groenlandica fm . . . . . . 100
Lecidea ramulosa lc . . . . . . 100
Orthothecium chryseum bmp . . . . 10 . 100
Cladonia pocillum lfr . . . . 10 . 100
Cetrariella delisei lfr . . 20 . . . 100
Cerastium nigrescens v. laxum                     fm . . . . . . 80
Fulgensia bracteata lc . . . . . . 80
Saxifraga cernua fe . . . 5 . . 80
Draba subcapitata fm . . . . . 20 90
Cirriphyllum cirrosum bmp . . . . . . 70
Cerastium regelii                                 fm . . . . 10 . 70
Encalypta alpina bma . . . . . . 60
Solorina bispora                                  lfo . . . . . . 60
Bryum rutilans bma . . . . . . 60
Saxifraga cespitosa                               fm . . . . . . 60
Distichium capillaceum bma . . . . 30 . 80
Cetraria aculeata lfr . . . . . 20 70
Pohlia cruda bma . . . . 40 . 80
Gowardia arctica                                  lfr . . . . . . 50
Saxifraga oppositifolia                           fm . . . . . . 50
Cladonia symphycarpia lfr . . . . . . 50
Stereocaulon rivulorum lfr . . . . . . 50
Polytrichastrum alpinum bma . . . 30 10 60 100
Bartramia ithyphylla bma . . . . . 10 50
Callialaria curvicaulis                           bmp . . . . . . 40
Campylium stellatum v. arcticum                   bmp . . . . . . 40
Ditrichum flexicaule bma . . . 5 40 . 70
Protopannaria pezizoides                          lc . . . 5 . . 40
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Soil properties

 
Plant-canopy properties

 
Figure 14. Trends in selected soil properties of the top 
mineral horizon of loamy and sandy sites along the summer-
warmth-index (SWIg) gradient. Variables include percent 
sand, volumetric soil moisture, soil pH, cation exchange 
capacity (CEC), soil sodium, thickness of organic soil horizons, 
percent soil carbon, percent soil nitrogen, and depth of 
summer thaw at time of measurement. Blue trend lines are for 
loamy soils and red lines are for sandy soils. Equations of the 
trend lines are in Supplemental Information, Appendix S9 of 
Walker et al. 2019.  

 
 
 

 

Figure 15. Plant-growth-form (PGF) cover and species richness trends 
along the summer-warmth (SWIg) gradient. a–c. PGF cover in the three 
layers of the plant canopy (tree and shrub, herb and cryptogam). Left: Bar 
graphs of mean cover of plant growth forms at each location in loamy and 
sandy sites. Right: Trend lines of mean cover of major PGF groups 
(deciduous shrubs, evergreen shrubs, graminoids, forbs, bryophytes and 
lichens) vs. SWIg. d. Mean species richness vs. summer warmth (SWIg). 
Left: Mean total species richness on loamy and sandy sites. Middle: Mean 
species richness of major PFG groups on loamy sites. Right:  Mean species 
richness of major PFG groups on sandy sites. Equations of the trend lines 
are in Walker et al. (2019), Supplementary Information, Appendix S9).   
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Soils 

The main soil research questions were: How do soils vary along the Latitudinal EAT 
transect? What are the main factors in the development and properties of soils? What is 
the relationship between the soil properties and plant biomass? 

Features of soil formation along the EAT. The development of the soils of along the EAT 
(Fig. 18) is due to a diverse combination of soil formation factors, but is generally subject to 
a hydrothermal gradient. The terrain is mostly flat or gently rolling with low elevations and 
poor dissection of the terrain. The presence of permafrost causes excessive moisture in 
most soils. Mineral soils with islands of relict peatlands dominate along the transect, 
except in the forest-tundra transition, where peatlands are dominant. Sands and silts 
dominate the mineral fractions, with a low content of microelements. Sometimes the soils 
are saline.   
  

 

Figure 16. Ordination of EAT plots. The plots are ordered 
according to the similarity of the species composition. Brown 
ellipses and red numeric codes denote clusters of plots 
derived from the dendrogram (Fig. 4). Plot symbol colors and 
shapes are according to bioclimate subzones and soil texture 
as in the legend. Small letters (a, b) within the plot symbols 
denote microhabitats: e.g., Brown squares — Nadym Site 
ND-2 (sandy) — a: hummocks, b: inter-hummocks. The group 
of arrows denote direction and strength of correlations with 
environmental variables (p ≤ 0.05). The ordination method is 
Detrended Correspondence Analysis in PC-Ord (McCune et al. 
2002). Units along the axes are SD units, an indicator of the 
amount of species turnover along the axis. Four SD units 
correspond to approximately one complete turnover in 
species composition. (From Walker et al. 2019). 

 
 

 

Figure 17. Species ordination. Centers of 
distributions are shown for the top five 
diagnostic taxa in each cluster. The alphabetic 
taxon codes are abbreviations containing the 
first four letters of the genus and first three 
letters of species names. Colors of taxa labels 
correspond to dominant bioclimate subzones of 
the clusters for which the taxa are diagnostic 
(Dark purple, cluster 1, FT-Forest; light brown, 
cluster 2, FT-tundra; red, cluster 4, subzone E & 
subzone D, sandy; green, cluster 5, subzone D, 
loamy & subzone C; dark blue, cluster 6, subzone 
B, loamy; light blue, cluster 7, subzone B, sandy; 
purple, cluster 3, subzone A. (From Walker et al. 
2019).  
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Figure 18. Soils of the loamy and sandy sites at each EAT location.  

Most of the EAT are in the Gelisol order (permafrost soils) of the U.S. soil taxonomy, except 
at the Nadym forest site (ND-1), where there is no permafrost and Spodosols soils, typical 
of cold coniferous forests, are dominant. Cryogenic processes including freezing-thawing, 
cracking, heaving and cryoturbation, determine the formation and high heterogeneity of 
the transect soils (Fig. 19). Various types of pattern-ground features, including frost boils, 
polygons, palsas, and pingos) are widely distributed, and affect the complexity of the soil 
cover and soil properties. Cryogenesis plays a dual role: sometimes bringing chaos, 
sometimes ordering structure of the ecosystem. In any case, it has the highest influence on 
the soils properties and soil formation.  
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Figure 19. Cryogenic heterogeneity of the transect soils. 

In soils, cryogenic processes form fine angular and  platy structure (Fig. 20), cryoturbation 
and horizon disturbances (Fig. 18), and a special distribution of substances (accumulation 
over permafrost). Nevertheless, the soils along the entire transect have a similar set of soil 
formation processes, reducing their intensity when approaching to the north.  

  
Figure 20. Fine angular and platey soil structures. 

Organic matter accumulation and transformation, gleyic processes, podzolization, transfer 
and accumulation of  iron and manganese, clay translocation, and decalcification are the 
main processes of soil formation. However, the peculiarity of the soil is the weak 
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development of gley processes and peat accumulation and weak soil structure at all sites 
because of the predominance of sand fraction in sediments.  

Organogenic soils are widespread only in the taiga subzone (ND) and occasionally met at 
other sites (VD,B) in the form of relict peatlands. The average thickness of the organogenic 
horizon of mineral soils was generally less than 6 cm except at Nadym, where it was more 
than 14 cm) (Fig. 21). The thickness of the organogenic layer decreased to the north. At the 
same time, the thickness of the organogenic layer in depressions (IP) and on zonal loamy 
sites was always higher (by 2-3 times) (Fig. 22 and 23).   
                              

   
Figure 21. Soil organic layer thickness along the EAT. (a) loamy sandy sites; (b) within and between 
patterned-ground features.  

 

 
Figure 22. Organic matter accumulation within a frostboil and between frost boils, Ostrov Belyy. 
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Figure 23. Organic horizons along the EAT transect. 

 

The thaw depth declined to the north and is always approximately 10-15% less at the 
“loamy” sites than sandy (Fig. 24). The Laborovaya loamy site had approximate twice the 
thaw depth of the Krenkel site sandy site, and the Laborovaya sandy site had nearly four 
times more thaw depth than the Krenkel sandy site.  

 
Figure 24. Thaw depths associated with loamy and sandy soils along the EAT. 

Features of the geological structure of the north of Western Siberia predetermined mainly 
sand composition of sediments. All the “sandy” sites had a strong predominance of the 
sand fraction (Fig. 25 left).  And all the “loamy’ sites except the northernmost site at 

Plot of Means and Conf. Intervals (95,00%)

Thaw depth, cm

 S i t e  t y p e
 S a n d y
 S i t e  t y p e
 L o a m y

Krenkel
Belyy

Kharasavey
Vaskiny Dachi

Laborovaya
Nadym

Site

0

20

40

60

80

100

120

140

              Krenkel                     Ostrov Belyy                    Vaskiny Dachi                  Nadym 



 

 
28 

Krenkel had a predominance of the silt fraction (Fig. 25 right). Finding the zonal “loamy” 
site every time caused some difficulties at the northern location. At the zonal loamy sites, 
there is a prevalence of the silt fraction. A main peculiarity of transect and locations is that 
there is low content of clay at all sites. 

 
Figure 25. Particle size distribution in sandy and loamy soils along the EAT. 

 

On the sandy sites of all locations, clay translocation processes are clearly visible not only 
morphologically but and after PSDA analysis. The granulometric composition of the soil 
profiles of Bely Island and Krenkel showed a significant increase in fractions or clay with 
depth, which indicates ongoing soil formation processes and the transformation of mineral 
deposits (Fig. 26).  

 
Figure 26. Vertical profile particle size distribution (%) in Turbel soil horizons at Belyy Island.  

 

Despite the slight period of thawing and the functioning of the soil, soil formation 
processes also take place here, and this is confirmed by traces of podzolization that are 
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well noticeable in microdepressions (IP) (Fig. 27).

 
 
Figure 26. Evidence of podzolization in soil profiles along the EAT. 

 

Soil moisture and their bulk density varied slightly and sandy sites have always been drier 
and warmer than loamy sites (Fig. 28).   

 
Figure 28. Gravimetric soil moisture along the EAT. 

 

Chemical properties of the EAT soils. The studied soils can be divided into 2 parts - 
continental and coastal. The location of the 3 northernmost sites near the ocean had an 
impact on soil properties. 
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Figure 29. Soil pH and soil nutrient trends for loamy and sandy soils along the EAT. 
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The acidity of the studied loamy soils varies not widely, characterized by low values (4-5), 
which is typical for Western Siberia (Fig. 29 upper left). The only exceptions are the soils of 
northernmost sites at Krenkel, where pH values approach neutral. In all places, sandy soils 
are more acidic than zonal ones (with an average of 4.0 and 4.8, respectively). The 
decrease in acidity from south to north is noticeable on both types of sites (on zonal and 
sandy). At the same time, a significant decrease in acidity begins with coastal areas 
(Kharasavey). Acidity in micro-depressions always lower. The content of exchangeable 
calcium (Fig. 29 upper left) varies more widely and increases with movement to the north 
(starting with VD site), correlating well with pH. Maximum values are typical for soils of the 
Arctic Islands (up to 1500 mg / kg). There is also a noticeable trend in which the soils of the 
zonal sites are characterized by significantly higher values than for sandy (almost 2 times). 
The content of exchangeable sodium and potassium (Fig. 29, upper middle frames) has low 
values and the tendency of increasing content to the northern areas is also noticeable 
(except the loamy soils at Krenkel) which are somewhat older and possibly more leached of 
Na and K. The content of exchangeable cations is greatest in the northern part of the 
transect, which is due to the proximity of the sea and the property of deposits. The loamy 
sites generally less acidic and had significantly higher values of these cations compared to 
the sandy sites. 

 

The content of total carbon in mineral soils varies widely (from 1 to 3%). The content of 
nitrogen and carbon increases toward the south in the organic horizons and decreases in 
the mineral horizons (Fig. 29, TN frame, and lower left frame). This may be due to low 
biological activity, accumulation of organic matter and its weak decomposition and 
removal, as well as shallow permafrost in the northern areas. Carbon and nitrogen 
accumulate in locations with the shallow thaw depth and micro-depressions (IP) (Fig. 29, 
lower right).  

There is big difference between southern and northern part of the transect in relationship 
C/ N ratio (Fig. 30). For all northern (coastal) sites, the C/N ratio are minimal, regardless of 
the type of site. The described patterns are probably related to changes in vegetation type 
and soil formation conditions. The distribution of TC and TN in the soil profile of the 
northern sites shows an increase in their content over the permafrost, due to its close 
occurrence. There is no such tendency in the southern sites (Fig. 31). 
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Figure 30. C/N ratios in soils of loamy and sandy sites along the EAT.  

 

 
(a)                                                                  (b) 

 
Figure 31. Total organic carbon (%) soil profile distribution. Turbels, Belyy Island (a), Orthels, Krenkel (b) 

Soils in relation to plant biomass. Peculiarities of soil formation determine their low 
biological activity, low content of organic matter, and predominance of acid reaction. We 
attempted to analyze the relationship of soil properties and living biomass. Significant 
relationships were found only for such soil properties as soil texture, pH and thaw depth. 
Sandy soil is warmer, drier, soil formation is more intensive, more biomass of plants is also 
noted here 

II.5. EAT conclusions  

1. Summer temperature showed strong correlations with species composition and 
vegetation structure if the entire gradient is considered from subzone A to the forest 
tundra. In general, forbs and lichen cover peaked in subzone A. Graminoid and moss 
cover and diversity peaked in the middle part of the temperature gradient; and the 

Plot of Means and Conf. Intervals (95,00%)

C/N

 Site type
 Sandy
 Site type
 LoamyKrenkel

Belyy
Kharasavey

Vaskiny Dachi
Laborovaya

Nadym

0

20

40

60

80

100

120

140

0,00 1,00 2,00 3,00

О

Bh

BW

BC
1

BC
2f

TC,%

0,00 0,50 1,00 1,50

О

BW

BC1

BСf

TC,%

loamy	site	
 
sandy	site 



 

 
33 

cover and species richness of evergreen and deciduous shrubs increased with higher 
summer temperature. However, there were rather gradual transitions in species 
composition in mesic sites along the central part of the transect on the Yamal Peninsula 
in subzones B through E.  

2. There was generally clear floristic and structural separation of vegetation occurring on 
loamy and sandy plots within each bioclimate subzone. The clearest trends of plant-
growth-form cover and species richness along the summer-warmth gradient occurred 
on the loamy sites. The sandy sites were generally more heterogeneous and less stable.  

3. The dataset currently includes the only vegetation data from Hayes Island, Franz Josef 
Land. Low floristic similarity between the Krenkel plots and those along the rest of the 
transect reflected the geographic isolation of Franz Jozef Land. The unique vegetation 
properties of subzone A at Krenkel included the relatively high cover of forbs, lichens, 
and biological soil crusts; the lack of all woody plants, sedges, and Sphagnum; and the 
preponderance of forbs, mosses and lichens. Cushion and mat-forming growth forms 
were abundant across all plant-growth-form groups.  

4. Subzone A should be considered an endangered bioclimate subzone because of its small 
geographic extent and the likely strong impact that even small increases in the amount 
of summer warmth would have on species diversity and structure of the vegetation.  

5. The vegetation units described in this study at the ends of the transect were clearly 
aligned with described classes of the European Vegetation Checklist (Mucina et al. 
2016) (Drabo corymbosae–Papaveretea dahlilani in subzone A, and Vaccinio–Piceetea 
and Oxycocco–Sphagnetea in the forest-tundra transition). However, Vegetation units 
in the middle portion of the EAT bioclimate gradient were only weakly aligned with 
previously described Br.-Bl. classes. There is a need for new Br.-Bl. class corresponding 
to zonal acidic tundra in the middle part of Arctic bioclimate gradient. A formal 
association-level classification for the Yamal region should await a broader analysis that 
would include new data collected within the past few years.  

6. Reindeer have had a major effect on the vegetation. The only locations that were free 
of recent reindeer foraging were at the extreme north and south ends at Krenkel and 
Nadym. Both these sites had high cover of lichens, suggesting that reindeer at the 
other sites have reduced the lichen cover. Quantifying this effect is difficult because of 
lack of reindeer-exclusion areas.  

7. With regard to the active layer, thaw depth in zonal sites increased from the north to 
the south as expected. Variations of the average thaw depth were clearest on the zonal 
loamy sites with increases of 2–2.5 cm per 100 km for the whole transect 
(approximately 1500 km along the meridian) and up to 10 cm per 100 km for Yamal 
Peninsula. However, vegetative cover also had a very large local influence. For 
example, Krenkel in the northern coldest extreme of the gradient in Subzone A, had 
very sparse insulative vegetative cover, and the summer thaw depth was comparable 
to the thaw depth in peat in mossy sites of Central Yamal, and was greater than the 
thaw in the very peaty southernmost sandy site at Nadym. Thus, although the zonal 
change of climatic controls influences the seasonal thaw depth in similar zonal terrains, 
the thaw depth associated with the particularities of local natural conditions within one 
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bioclimatic subzone were up 30–40 cm, the same as was encountered in zonal sites 
along the entire length of the 1500-km EAT.  

8. The database of vegetation, soil, permafrost, and remote-sensing information from this 
study will aid remote-sensing interpretations and vegetation-change modeling along a 
full maritime Arctic climate gradient. The research sites are permanently marked and 
provide a baseline against which to measure future vegetation change. The data should 
prove useful for interpretations of change to a wide variety of ecosystem properties 
and functions, including shrub growth, permafrost changes, land-use changes, and 
biodiversity. As arctic temperatures continue to increase, it will be important to 
continue ground-based measurements to document the vegetation changes 
corresponding to changes in the remote-sensing data. 

9. For soils the main conclusions are:  
• The EAT is characterized by a small set of soil types (mostly mineral) with similar processes.  
• Soil forming processes driven by the hydrothermal gradient, such as leaching and weathering, 

increase in intensity from north to south.  
• Organic matter accumulation and  transformation, gleyic processes, podzolization, transfer and 

accumulation of R2O3 (Fe, Mn), clay translocation, decalcification are the main processes of soil 
formation. However, the peculiarity of the soil is the weak development of gley processes and peat 
accumulation and weak soil structure at all sites because of the predominance of sand fraction in 
sediments.  

• Cryogenic processes, determine the formation and high heterogeneity of the transect soils structure 
and properties. 

• Soils are mainly acidic, with a low carbon content. 
• Most soils have low percentages of clay. 
• The northern part of EAT has more exchangeable cations, pH, TC, TN. This is due to the proximity of 

the sea and deposits features and weak leaching of elements due to a small thaw depth. 
• Soil texture is important. Sandy sites are warmer, drier, have more thaw depth. The loamy sites 

generally had significantly higher values of exchangeable Ca, Mg, and K. There is a high correlation of 
biomass and soil texture. 

• The soil properties showing the highest correlation with for vegetation biomass are temperature, 
soil texture, thaw depth and pH. 
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Section III. Cumulative effects of rapid 
arctic transitions due to infrastructure 
and climate 

III.1. Background 

The Arctic is experiencing the most severe 
climate changes of any of the Earth’s major 
biomes (IPCC, 2018). Climate projections predict 
that the mean annual temperatures of Arctic 
land areas will increase 2–3 times more than the 
global means (IPCC, 2018). The Arctic will also 
experience the highest percentage increases in 
precipitation of any area outside of the tropical 
Pacific Ocean (AMAP, 2017). At the same time, 
widespread expansion of Arctic infrastructure is 
occurring in association with resource extraction 
and local community development (AMAP, 
2010). Thus, both infrastructure and climate 
change are both affecting arctic social ecological 
systems in complex ways (Figure 32a), and new 
approaches are needed to develop sustainable 
methods of development. The Yamal LCLUC 
project conducted case studies of the cumulative 
changes in the in the Bovanenkovo gas field, 
Russia, compared them with cumulative effects 
in the Prudhoe Bay oilfield in northern Alaska, 
and developed a new initiative called RATIC 
(Rapid Arctic Transitions due to Infrastructure 
and Climate) that is addressing the issues at a 
circumpolar scale. Much of the focus is on the 
effects of roads and consequences to ice-rich 
permafrost systems (Figure 32b). 
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Figure 32.  a. Arctic-social-ecological 
system (SES). The social and ecological 
subsystems have strong interactions 
between them and the entire SES is affected 
by external factors (eg international 
markets). Climate operates direction both 
subsystems, and the triad of climate, 
Infrastructure, and permafrost factors are 
the primary actors in the ice-rich-permafrost 
system (IRPS). Based on Whiteman et al. 
2004. b. The ice-rich permafrost system 
(IRPS). Ground ice is placed at the center of 
the IRPS where it acts as a keystone factor. 
Double arrows linking components of the 
system indicate that the interactions involve 
feedbacks. Not all linkages between system 
and subsystem components are shown. 
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III.2. Bovanenkovo gas field, Yamal Peninsula, Russia 

Historical changes in infrastructure 
 

a  b  

c  

d  e  
Figure 33. The Bovanenkovo gas field. a.  Location on the Yamal Peninsula (Gasprom image). b. 
Extent of the gas field as of 2015 and interaction with reindeer herd migration corridors (Brigades 
1, 2, 4, 5, and 6). c.  Development in central portion of the gas field.  Yellow areas denote 
anthropogenic disturbances visibly affecting landcover. Image on the right shows detail of area 
outlined in black on the left-hand figure (Sentinel-2 image, September 1, 2016). d. Historical 
expansion of visibly affected terrain as of 2011.  e. Historical expansion of roads, pipelines, quarries, 
and other forms of infrastructure (Kumpula et al. 2012). 
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The Bovanenkovo gas field was discovered in 1972 and is presently the Yamal’s largest 
natural gas production field (Fig. 33a). The gas field causes considerable conflict with 
migration routes of several Nenets’ reindeer herds (Fig. 33b, Brigades 4, 5, and 8). Kumpula 
et al. (2011, 2012, 2019) trace the history of infrastructure development (Fig. 33c–e) and 
Liebman et al. (2012, 2015) trace the history of the nearby Vaskiny Dachi research station. 
In the late 1980’s gas field construction began, but when the economy of the Soviet Union 
collapsed in early 1990’s, development paused.  Construction was resumed in late 1990s, 
and Gasprom, a large natural-gas company majority-owned by the Russian government, 
began the ongoing heavy construction phase in 2007 (Fig. 18c and d).  The main gas field is 
no longer an isolated island of infrastructure. The 572-km Obskaya – Bovanenkovo – 
Karskaya railroad was completed in 2011 and now connects the development at 
Bovanenkovo to continental Russia. A new airfield at Bovanenkovo provides daily jet 
service to Moscow and other Russian cities, and two major Bovanenkovo – Ukhta pipelines 
beneath Baidarata Bay now connect Bovanenkovo directly to southern gas transportation 
networks (Gazprom 2019).  
 
The impacts in the Bovanenkovo gas field include the direct impacts of infrastructure such 
as roads, railways, and pipelines, to indirect ecological impacts, such as changes in 
vegetation and hydrology and the local Nenets reindeer herders (Table 3). (See Section III.3 
for North Slope, Alaska, comparison.) 

 
Pipeline construction and other impacts have increased significantly on lands used by 
herders south of the Mordy-yakha River. In central Yamal peninsula both natural and 
anthropogenic changes have occurred during the past 40 years and are exacerbated by 
highly erodible sands, and the presence of massive tabular ground ice near the surface, 
which contributes to landslides, thermo-denudation of slopes, and the presence of gas-
emission craters (next sections). 
 

Table 3. Estimations of Bovanenkovo infrastructure extent. Satellite images used are Landsat 
MSS/TM/ETM, SPOT, ASTER VNIR, Quickbird-2, and GeoEye. (Kumpula et al. 2012). 

 
 



 

 
39 

 
Regular monitoring of human infrastructure is needed to track the rapid spread of 
infrastructure over the entire peninsula and to separate this information from other 
changes. This is addressed within the European HORIZON2020 project Nunataryuk (lead by 
AWI) by the team of A. Bartsch (b.geos, Austria). Sentinel-1 and Sentinel-2 data are jointly 
analyzed in a two-step approach. First a machine learning algorithm is applied and then 
manual editing. Eventually this information is combined with the trend product of 
GlobPermafrost to map and quantify human impact within the 21st century on Yamal. The 
Yamal peninsula has been a focus area of the European Space Agency project 
GlobPermafrost. A transect of Landsat data covering the entire peninsula has been 
processed for the years 1999-2015 in order to obtain trends LCLUC at the land surface. 
Changes in lake cover and fire activity have been revealed (Nitze et al. 2018). These types 
of records also reflect human activities. 
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Cryogenic landslides and recent climate fluctuations 
The Yamal LCLUC project built on a long heritage of research on the Yamal Peninsula 
regarding active layer thicknesses the cryogenic landslides of the Yamal Peninsula (Fig. 
34a). These landslides are the result of unusual tabular permafrost and saline soil 
conditions that create highly dissected landscapes that are typical of the central Yamal 
region and that present hazards to gas development and other land uses in this region.  
Marina Leibman and her colleagues at the Earth Cryosphere Institute in Moscow and 
Tyumen have studied these features since 1989 during annual expeditions to Vaskiny Dachi 
and other key research sites on the Yamal and Yugorsky peninsulas. These expeditions 
have examined the strong impact of cryogenic landslides on all components of the 
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geosystem including the active layer, ground water, vegetation, and soils. Until recently, 
much of the key research was published only in Russian and was largely unknown outside 
of Russia and the international permafrost community (e.g., Leibman & Kizykov 2007, 
Ermokhina et al. 2009, 2013; Khomutov & Khitun 2014; Khomutov et al. 2016; Khomutov & 
Leibman 2016; Telyatnikov et al. 2019; Ukraintseva & Streletskaya1999).  
 
Much of the recent more information presents good English language overviews of the 
issues. For example, four chapters in a new book (Shan et al. 2014) and papers presented 
at the 10th and 11th International Conferences on Permafrost and other international 
conferences describe the long heritage of ECI landslide research, including: the 
classification, mechanisms, and landforms related to the landslides (Liebman et al. 2012, 
2014); slope and channel processes involved in the forming the Yamal landscapes 
(Gubarkov et al. 2014); assessment of landslide hazards (Khomutov et al. 2014, 2016b); 
and information on plant communities of landslides (Ukraintseva et al. 2000, 2008, 2009, 
2014; Khitun et al. 2015). Figure 34b-d shows some of the map products that display the 
spatial and temporal changes in the landslides and themocirques near Vaskiny Dachi. 
Periods of very active landslide activity are linked to warm summer temperature and 
deep active layers (Fig. 34e). 
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Figure 34. Cryogenic landslides . a. Examples of cryogenic landslides. b. Map of the cryogenic feature in the 
vicinity of Vaskiny Dachi research site. c.and d. Time series monitoring of thermocirque area. e. Active layer 
thickness and summer warmth index (SWI, 1999–2015) at Vaskiny Dachi Circumpolar Active Layer 
Monitoring CALM site. (Liebman et al. 2012a, b, c; Khomutov & Khitun 2014).  
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Gas-emission craters 
In the summer of 2014, a new permafrost-related feature called a gas-emission crater was 
discovered in central Yamal 40 km northeast of Vaskiny Dachi (Fig. 35). Investigators from 
the Earth Cryosphere Institute investigated the crater and published several papers 
describing it and its possible origins (Ermokhina 2016; Kizyakov et al. 2014, 2015a, 2015b, 
2015c, 2015d, 2016, 2017; Liebman & Plekhanov 2014, Liebman et al. 2014, 2014b, 2016a, 
2016b).  
 
The crater is located within the zone of continuous permafrost on a hillslope about 45 m 
above sea level in bioclimatic subzone D about 17 km west of the Mordy-Yakha River and 
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about 11 km south of Halev-To Lake. The slopes are densely vegetated by willow shrubs up 
to 1.5 m high. The average ground temperature may be as low as -7°С, and the active layer 
is up to 1 m deep. The geological section is represented by silty-clayey deposits, rich in ice 
and organic matter, bearing several layers of tabular ground ice several meters thick.  
 
As determined from a time series of LANDSAT-8 images, the crater formed in the late fall of 
2013. At the time of its discovery, the crater was surrounded by a raised rim approximately 
30 m in diameter. A high concentration of methane measured soon after the discovery 
indicated that methane was involved in its formation. Since its discovery, the crater filled 
with water, and a small lake formed making it similar to other lakes in the region. Water 
The thaw of the permafrost at the top of the hole initiated a rapid erosion process that 
expanded the hole and formed a lake. Possibly, some Yamal lakes formed during the 
Holocene climatic optimum about 10,000 years ago and previously considered to be 
thermokarst lakes, formed through an analogous process. Similar temperature anomalies 
may increase in number in future decades, presenting risks for human activities in the 
region. 
 

 

 
Figure 35. Gas-emission craters (GECs).  Gydan Peninsula (a & b) and Yamal Peninsula (c & d). GECs are newly described 
permafrost features and potential geohazards in areas of gas and oil development (Liebman et al. 2014, Kizyakov et al. 2017). 

 
 

  
 



 

 
44 

No landform like the crater in Central Yamal has been reported previously. Yet similar 
forms, seabed pockmarks, have been known and discussed since the 1970's. The origin of 
this crater is still unknown, but the least inconsistent mechanism explaining all the 
observed manifestations is as follows. Increasing ground temperatures in the last decade, 
particularly in 2012, could have released gas from the permafrost and the ground ice. The 
formation of a pingo-like mound prior to the explosion was likely caused by high pressure 
produced by gas-hydrate decomposition within permafrost. Such a mechanism is known in 
subsea conditions (pockmarks).  

Effects to Nenets people 
The human-dimension component of the 
Yamal LCLULC study focused the effects 
of the Bovanenkovo gas field to reindeer-
herding culture of the Yamal Nenets 
people. The study relied heavily on 
remote-sensing information to trace the 
history of development and determine 
local perceptions of change (Forbes et al. 
2009, Kumpula et al. 2010).  
 
Direct and indirect impacts of 
Bovanenkovo gas field and climate 
change have affected summer pastures 
of the migratory Nenets reindeer herders 
in numerous ways, including creating 
favorable economic conditions that have 
increased Nenets and reindeer 
population sizes (Stammler 2004, Forbes 
& Stammler 2009), limiting access to 
traditional pasture lands, rain on snow 
events (Forbes et al. 2017, 2018), and 
changes to the pastureland composition 
including shrubs and lichens (Pajunen et 
al. 2008, 2009, 2010, 2011, 2012; J. 
Kumpula et al. 2012).  
 
The effects have been greatest in the territories used by brigades 4 and 8 (Fig. 33b). 
Brigade 2 had been relatively unaffected until 2011, when the railway to the gas field was 
completed. An important synthesis paper is part of a special feature in the journal Ecology 
and Society called “Heterogeneity and Resilience of Human-Rangifer Systems: A 
CircumArctic Synthesis” (Forbes 2013) (Fig. 36).  The paper presents an integrated view of 
two groups of Nenets situated in specific tundra landscapes that face significantly different 
prospects for adaptation depending on existing or planned infrastructure associated with 
oil and gas development. The Nenets on the Yamal are affected by a suite of positive 

 

 
Figure 36. Paper published in special feature of  Ecology 
and Society “Heterogeneity and Resilience of Human-
Rangifer Systems: A CircumArctic Synthesis”. (Forbes 
2013).  
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environmental factors that have contributed to their relatively positive success compared 
to the Nenets in another region just to the west of the Yamal —including an abundance of 
food resources on the Yamal, intact nuclear families with high retention among youth, the 
accepting attitudes toward climate change and industrial development, consciousness of 
their role as responsible stewards of the territories, Russian institutions administering 
reindeer herding accommodate decision-making that is sensitive to herders’ needs and 
timetables, and smaller, privately managed herds that can better utilize available pastures. 
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III.3. North Slope, Alaska  

Historical infrastructure change 
The Prudhoe Bay oilfield (PBO) was the first large-scale industrial development in the 
Alaskan Arctic and is now part of a much larger network of Alaska North Slope oilfields that 
rapidly developed after discovery of the PBO in 1968 (Figure 37a). The pre-development 
landscapes of the Prudhoe Bay region were documented in US Navy aerial photographs 
taken in 1949 (e.g., Fig. 37b, left). The history of North Slope infrastructure expansion after 
1968 is recorded in nearly annual high-resolution aerial photographs and regular updates 
to the oil industry’s GIS database (Table 5) (Ambrosius, 2003; NRC, 2003; Raynolds et al, 

a  

b  
Figure 37. The Alaska North Slope oilfields. a. The Prudhoe Bay Oilfield was discovered in 1968, and 
expanded across the North Slope to the extent shown by 2011. Since then, development has extended 
somewhat farther to the west, into the National Petroleum Reserve - Alaska (NPR-A). b. Eastern portion of 
the Prudhoe Bay oilfield showing areas of the most intensive development. Aerial photos show pre-
development (1949, U.S. Navy BAR aerial photograph) and the extent of development as of 2010 (SPOT 
satellite image courtesy of Alaska Statewide Digital Mapping Initiative). in the oldest part of the Prudhoe 
Bay Oilfield (black outline box on map). This area has not changed much since 2010 (Raynolds et al. 2014). 
Gray boxes on map and yellow boxes (A, B, C) on photos correspond to areas of landscape-level GIS 
analyses.  



 

 
47 

2014) and also by remote sensing products that have steadily improved in resolution 
during the history of the oilfield (e.g., Fig. 37b, right).  

Table 5. Infrastructure in the North Slope oilfields, 1968–2011. Data courtesy of BP Alaska Exploration and 
Aerometric Geospatial, Inc.  
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Climate change 
The climate in the Prudhoe Bay region has warmed 
over the length of record (Figure 38). The mean 
annual permafrost temperature at 20-m depth 
(MAPT, Figure 38, purple line), increasing from -8.7 ˚C 
in 1978 to -5.5 ˚C in 2017 and has a very strong 
correlation with time (R2 = 0.96). The mean annual air 
temperature (MAAT; Figure 38, blue line) is more 
variable than MAPT and increased from -13.6 ˚C in 
1987 to -9.6 ˚C in 2017. The summer warmth index 
(SWI = Sum of the monthly mean temperatures 
above freezing; Figure 38, red line) is most relevant 
to plant growth and has increased from 
approximately 17 ˚C mo in 1971 to approximately 23 
˚C mo in 2016. The active-layer thickness (ALT, Figure 
38, brown line) is the depth of summer thaw and is 
most relevant to ice-wedge thermokarst and 
increased from 53 cm in 1987 to 72 cm in 2017. Very 
warm summers, such as those of 1989, 1999, 2004, 
and 2012 (Figure 38, dashed vertical lines), often 
correspond to years with deep soil thaw and 
noticeable expansion of ice-wedge thermokarst. 

Thermokarst  
Thermokarst is the process whereby the ground 
surface, upon thawing of the excess ice in the soil, 
subsides and develops characteristic collapse 
features, such as 
thermokarst pits, 
thermokarst lakes, and 
irregular terrain 
consisting of 
depressions and 
mounds. The terrain 
adjacent to most roads 
in the Prudhoe Bay 
region has developed 
pronounced ice-wedge 
thermokarst, whereby 
ice-wedge-polygon 
boundaries became 
more distinct with time 

 
Figure 38. Temperature and active-layer, 
Deadhorse, AK. Red line: Summer 
warmth index (SWI = Sum of the monthly 
mean temperatures above freezing). 
Purple line: Mean annual permafrost 
temperature (MAPT) at 20-m depth. Blue 
line: Mean annual air temperature 
(MAAT) at 2 m height. Brown line: Active-
layer thickness (ALT). Black dashed 
vertical lines:  warm summers with high 
SWI and deep active layer thickness. 
(Data: SWI — Western Regional Climate 
Center, Prudhoe station (1970–1986) and 
Deadhorse station (1987–2016); MAPT, 
MAAT, and ALT – Romanovsky, 
Deadhorse Station.) 

 

 
Figure 39. Thermokarst, Lake Colleen study site, Prudhoe Bay Oilfield 
(1968–2013). The band in the center of photos after 1968 is the Spine Road. 
Vertical yellow lines are 200-m study transects on both sides of the road. 
Aerial photographs, courtesy of the BP Alaska Exploration. Thermokarst is 
widespread near roads and since 1990 in areas unimpacted by 
infrastructure. Thermokarst was slow to develop between 1968 and 1989 but 
expanded rapidly after 1990. (Photos courtesy of BP Alaska). 
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as ice at the tops of ice wedges melts and water fills the subsiding troughs that frame the 
polygons (Fig. 39).  

Method of landscape-scale analysis 

A landscape-scale (1:6000 scale) GIS-based change analysis was conducted in three areas 
of the most heavily-impacted portions of the PBO (A, B, and C; Fig. 40). The analysis used a 
historical geoecological mapping and historical change mapping approach to record the 
history of direct infrastructure-related impacts, indirect infrastructure-related impacts, and 
climate-related impacts during 1949–2011 (Fig. 41). The direct infrastructure-related 
impacts (the footprint of the planned infrastructure) in Areas A, B, and C included roads, 
gravel pads, pipelines, powerlines, and gravel mines, as in the regional-scale analysis.  

  

 
Figure 40. Integrated geoecological and historical change map (IGHCM) method. Illustrated for landscape-level 
change analysis in Area C. Boundaries for geoecological features, historical infrastructure, and natural changes 
(including climate-related change) were drawn on a single map at 1:6000 scale (the Master Map). Each map 
polygon on the Master Map is coded with 9 geoecological attributes; 9 years of historical infrastructure-related 
changes; and non-infrastructure-related change (lake-shores, stream channels, major vegetation changes, and 
new areas with thermokarst ponds).  The IGHCM method and legends are is explained fully in Walker et al, 
(2014). 
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Infrastructure- and climate-related impacts  

• As of 2011, the total footprint of all North Slope oilfields (Table 5, Fig. 41a) included 
433 gravel pads of various types, 27 bridges, and 2,037 culverts. There were 985 km of 
roads, 790 km of pipeline corridors, and 541 km of transmission lines. The total 
footprint of all infrastructure was 7429 ha (74.3 km2). The total area enclosed by the 
network of North Slope roads and pads in 2011 was approximately 2600 km2. 

• The infrastructure footprint increased rapidly during the early phase of development 
(1968-1988), then slowed between 1988 and 2011 as changes in technology reduced 
the footprint of newer oilfield developments (NRC, 2003; Truett & Johnson, 2000).  

• By 2010, within the heavily impacted Areas A, B, and C (67.4-km2), the total area of 
direct impacts was 12.8 km2 or 19.1% (Fig. 41b).  

• The total area of mappable indirect infrastructure-related impacts was 17.5 km2 or 
25.9% — 37% more area than the direct impacts (Fig. 41c).  

• Nearly all the indirect impacts mapped between 1968 and 1983 were restricted to 
areas immediately adjacent to infrastructure features or off-road vehicles trails, but the 
area of indirect impacts grew more rapidly than the direct impacts, especially during 
the first phases of development, and by 1983 had exceeded the area of direct impacts.  

• “Flooding” was the most common form of mapped indirect infrastructure-related 
impact. Roads and other forms of infrastructure often acted as dams to the natural 
flow of surface water, especially in drained thaw-lake basins where they interrupt the 
natural flow of water across the drained basins. The area of infrastructure-related 
flooding stabilized after 1983 when most of the PBO road network was complete (Fig. 
26c). 

• “Thermokarst” was the second most common form of indirect infrastructure-related 
impact (Fig. 41c). Unlike flooding, infrastructure-related ice-wedge thermokarst was 

     a      b                                             c                                            d 

	
Figure 41. Historical trend of North Slope impacts. (a) Total direct infrastructure-related impacts 
(footprint) of North Slope oilfields (1968-2010). (b) Historical trend of direct infrastructure-related 
impacts in areas A, B, C. Note the change in y-axis scale compared to a. (c) Historical trend of indirect 
infrastructure-related impacts in intensive study areas A, B, C. (d) Climate-related impacts. Based on 
Raynolds et al. (2014).   
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slow to develop between 1968 and 1989 but expanded rapidly after 1990 (Fig. 41c). Up 
until 1989, most new thermokarst occurred in small areas immediately adjacent to 
roads and gravel pads (Walker et al. 1987), indicating that most of the landscape 
change in the PBO prior to 1989 was from local ground warming and disturbance 
caused by the presence of the infrastructure.  

• The climate-related changes (Fig. 41c) included thermokarst distant from 
infrastructure, increases in lake-shore erosion, and changed vegetation that had no 
apparent link to infrastructure. Climate-related ice-wedge thermokarst in areas distant 
from roads affected 5 km2, or 7.4% of the total mapped area (areas A, B, C) by 2011.  

• Climate-related regional ice-wedge thermokarst was apparent on remote sensing 
images after 1990, when widespread new thermokarst features were noted in areas 
distant from infrastructure (Fig. 41d).  

• The effect of the thermokarst (many new small ponds) and increases in the abundance 
of barren roads appears to be reducing the NDVI in the Prudhoe Bay region (Raynolds 
et al. 2016). 
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III.4. Looking to the future 

The AMAP Snow Water Ice and Permafrost in the Arctic (SWIPA 2017) report  
SWIPA 2017 is an update of the 2011 assessment coordinated by Arctic Monitoring and 
Assessment Programme (AMAP 2017). The report presents key findings conducted from 
2010 to 2016. Contributions by the Yamal LCLUC project included circumpolar assessment 
of permafrost changes (Chapter 4) (Romanovsky et al. 2017a, p. 65–102), that included 
discovery of a new type of permafrost feature and potential geohazard on the Yamal 
Peninsula (See Section III.2), documentation of very rapid infrastructure- and climate-related 
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thermokarst along roads in the Prudhoe Bay oilfield, Alaska (See Section III.3), and 
unprecedented flooding and catastrophic erosion of ice-wedges.  

Chapter 10, Section 10.3 of the SWIPA report Mård et al. (2017, p. 235–241) provides a 
overview of the cross-cutting scientific issues facing a future Arctic. These include 
continuation and irreversible nature of the warming trend, and the likelihood of more 
frequent disturbance events such as wildlife fire, flooding, and more widespread 
thermokarst. The changes to SWIPA systems are occurring across all spatial scales and 
require a hierarchy of monitoring tools to document past changes and help predict future 
patterns (Fig. 42).  

 
Figure 42. Hierarchy of linkages between vegetation greenness (NDVI) and snow, water, ice and permafrost factors 
at plot, landscape, region, and circumpolar scales. Reading downwards within a hierarchy level gives an impression 
of the main snow, water, ice, and permafrost factors affecting tundra greening patterns at each scale. The horizontal 
arrow below the graphic show scales of the common ground-based and remote-sensing monitoring tools used to 
observe patterns at each scale. (From Mård et al. 2017).  
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Rapid Arctic Transitions due to Infrastructure and Climate (RATIC) workshops  
The Rapid Arctic Transitions due to Infrastructure and Climate (RATIC) initiative is a forum 
for developing and sharing new ideas and methods to facilitate the best practices for 
assessing, responding to, and adaptively managing the cumulative effects of Arctic 
infrastructure and climate change (Walker & Pierce 2015).  

Several RATIC workshop, starting in 2014 helped to define interested parties and scope of 
the initiative. These were facilitated by workshop funds from the International Arctic 
Science Committee, NSF Arctic Science, Engineering, and Education for Sustainability 
(ArcSEES), and this NASA Yamal LCLUC project. Most of the meeting occurred at Arctic 
Science Summit Weeks in 2015 (Toyama, Japan), 2016 (Fairbanks, AK), 2017 (Krakow, 
Poland), 2018 (Prague, Czech Republic), and 2019 (Arkhangelsk, Russia). The meetings 
were organized so that international scientists who have been working independently on 
issues related to Arctic infrastructure in several areas of the Arctic could network with each 
other and share their findings.  

The case studies from Bovanenkovo and Prudhoe Bay (Section III.3) were a key 
contributions RATIC. Other contributions included two Canadian initiatives that address 
multiple aspects of Arctic infrastructure called Arctic Development and Adaptation to 
Permafrost in Transition (ADAPT) and the ArcticNet Integrated Regional Impact Studies 
(IRIS), an analysis of road infrastructure and climate change in subarctic Norway; and a 
study of urban infrastructure in the vicinity of Norilsk, Russia. 

III.5. Conclusions from the studies of the cumulative effects of rapid arctic transitions due 
to infrastructure and climate 

• There is a need to examine the cumulative effects of infrastructure in the context of Arctic social-
ecological systems. Understanding the emergence and consequence of cumulative effects of 
infrastructure and climate change on high-latitude social-ecological systems requires the consideration 
of a number of dimensions. These include 1) accounting for the drivers of infrastructure and 
infrastructure change including the interaction of biophysical and social dynamics in Arctic Social-
Ecological Systems; 2) evaluating the effects on ecosystem services, human residents and industry; and 
3) crafting effective systems of governance to support adaptation to and mitigation of change. Framing 
these dimensions holistically requires transdisciplinary approaches that link science with policy.  

• Permafrost response to a combination of infrastructure and climate change is a pressing ecological issue 
that has large social costs. Permafrost thawing and its associated impacts on natural and built 
environments were clearly identified as priority issues across all regions of the Arctic, but the specific 
issues related to permafrost differ in each region studied. In communities and urban environments, 
changes to the thermal regimes of soils that support houses, roads, airports, and large buildings have 
large economic and social consequences. Ecological changes caused by thermokarst and other 
permafrost-related geomorphic processes are exacerbated by the soil-warming effects of infrastructure 
and are affecting the structure of landscapes, hydrological patterns, snow distribution, ecosystems, and 
the use of the land by northern residents and industry. These cumulative permafrost changes come at a 
time of intense demographic and socio-economic development in the Arctic.  

• The indirect effects of infrastructure exceed the direct effects of the planned footprints. Evaluating and 
predicting the effects of infrastructure and climate must extend beyond the direct area covered by 
roads, pipelines and facilities. Assessments of effects should include cumulative impacts of climate 
change and infrastructure on the adjacent ecosystems, local communities, regions, and areas outside the 
Arctic.  
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• New tools are needed to monitor infrastructure and landscape changes and to develop sustainable 
approaches for future development. These include but a are not limited to: 1) integrated, 
interdisciplinary, whole-system approaches for examining the drivers and effects of infrastructure and 
climate change; this echoes the conclusions from the 2003 report by the U.S. National Research Council 
calling for regional ecosystem-level studies (NRC 2003); (2) advanced GIS and remote sensing tools for 
studying change over large areas and in landscapes beyond the direct footprint of the infrastructure, for 
tracing small-scale disturbances that individually cover relatively small areas but which in total affect 
large landscapes, and for detecting changes to permafrost-related landforms such as landslides and 
thermokarst; (3) new techniques to model and predict the effects of fragmentation of large intact 
ecosystems, which have potentially large, long-term effects on fish and wildlife habitat, subsistence use 
of the land by indigenous people, and wilderness values; and (4) new scenario modeling approaches that 
involve the details of the affected landscapes and ecosystems, as well as foreseeable changes due to 
climate, economies, politics, demographics, land-use, and technological factors.  

• Infrastructure issues are not adequately addressed by any of the IASC working groups nor in many 
national-level Arctic science plans. However, several programs in different countries provide examples of 
scientific approaches to sustainable infrastructure, including IRIS and ADAPT programs in Canada; the 
Finnish-sponsored Environmental and Social Impacts of Industrialization in Northern Russia (ENSINOR); 
the U.S. interagency North Slope Science Initiative (NSSI); the NSF ArcSEES and the NEESPI and NASA 
LULUC initiative in Alaska and Russia. Many other examples are available from industry and governments 
that are continuing to explore and develop useful approaches for sustainable infrastructure 
development. 

• Regular monitoring of human infrastructure is needed track the rapid spread of infrastructure over the 
entire peninsula and to separate this information from all other changes. This is addressed within the 
European HORIZON2020 project Nunataryuk (lead by AWI) by the team of A. Bartsch (b.geos, Austria). 
Sentinel-1 and Sentinel-2 data are jointly analyzed in a two-step approach. The Yamal peninsula has been 
a focus area of the European Space Agency project GlobPermafrost. A transect of Landsat data covering 
the entire peninsula has been processed for the years 1999-2015 in order to obtain trends LCLUC at the 
land surface. Changes in lake cover and fire activity have been revealed (Nitze et al. 2018). These type of 
records also reflect human activities. 

• While many performance standards have been developed to guide cumulative impact assessments 
globally (e.g., IFC, 2013), there is a need for more guidance on the assessment and mitigation of 
potential impacts specific to the Arctic (e.g., NRC 2003, AMAP 2010). Some of these uniquely Arctic 
issues include: (1) assessment of the sensitivity of ice-rich permafrost systems to both infrastructure- and 
climate-related changes, including for example, estimation of the potential risk of ice-wedge degradation 
(e.g., Kanevskiy et al. 2017) and compiling sensitivity maps for land planning (e.g., Vincent et al. 2017); 
(2) approaches to reduce or mitigate fragmentation of intact natural Arctic landscapes by networks of 
gravel roads, ice roads, seismic trails, and pipelines that impact vegetation, hydrology and ground ice in 
IRP systems through complex interactions; (3) development of standardized methods to map and 
monitor the progression of direct and indirect impacts of infrastructure and climate change in Arctic 
landscapes; (4) consideration of the full diversity of impacts to Arctic social-ecological systems caused by 
changes to ice-rich-permafrost systems; (5) development of robust strategies to help local communities 
plan, develop, and manage Arctic infrastructure in ice-rich permafrost systems; and (6) engagement of 
early-career Arctic scientists to provide new energy and ideas to assure continuity of the effort through 
the next decades of Arctic climate change and development. 

• At ASSW 2019 in Arkhangelsk, RATIC became the infrastructure action group of T-MOSAiC, the terrestrial 
component MOSAIC, (Multidisciplinary drifting Observatory for the Study of Arctic Climate, which is the 
first year-round expedition into the central Arctic in 2019–2021. MOSAiC has been recognized by Science 
as one of the top science stories to watch in 2019 https://www.sciencemag.org/news/2019/01/science-
stories-likely-make-headlines-2019. The objective of T-MOSAiC is to coordinate complementary activities 
that will both aid and benefit from MOSAiC (especially the modelling components) by extending the 
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work to the lands surrounding the Arctic Ocean and to the northern communities who live on those 
lands. The RATIC action group has the following T-MOSAiC objectives that draw on existing 
infrastructure-related observations; improve permafrost monitoring in associations with built 
environments; identify risks associated with infrastructure-permafrost dynamics; and observe and 
communicate unusual changes in local climate, permafrost, hydrology, terrestrial ecosystems, and 
infrastructure that are likely related to MOSAiC observations in the Arctic; and provide terrestrial-
system-level information that is relevant to other T-MOSAiC action groups.  
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