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ABSTRACT 

Patterns of tree and tall shrub occurrence form conspicuous and dynamic ecological 

boundaries at the interface of the Arctic tundra and boreal forest biomes. Reports from 

the North American and European Arctic indicate that climatic warming over the last 

century is promoting circumpolar tree and tall shrub increase in tundra ecotones, but little 

evidence exists for northern Siberia, despite its immense geographic extent. Here I 

address this knowledge gap, by examining recent changes in ecotonal landscapes 

spanning the Siberian Low Arctic utilizing three approaches: (1) spatially-explicit 

comparisons of high-resolution satellite imagery from the mid-1960s, and recent years for 

eleven Siberian tundra ecotones; (2) field studies of landscape-scale mechanisms that 

facilitate shrub proliferation in permafrost patterned-ground ecosystems; and (3) spatio-

temporal analyses of Landsat-observed trends in tundra vegetation productivity and 

shrub-driven land-cover change in northwest Siberia since 1984. Tree and tall shrub 

abundance increased in nine of eleven Siberian ecotones since the 1960s; however, most 

land-cover changes were driven by the proliferation of tall shrubs, particularly alder 

(Alnus), rather than trees. Alder increase was greatest in the northwest Siberian region, 

and was largely linked to permafrost disturbance processes that facilitate shrub 

recruitment within widespread mosaics of small, disturbed microsites in patterned-ground 

landscapes. Landsat time-series of the normalized difference vegetation index (NDVI), a 

spectral metric of vegetation biomass, indicate increasing tundra productivity in most of 

northwest Siberia since 1984, but there was high regional variability linked to differences 

in landscape physiography, soil properties, and permafrost geomorphology. Increases in 
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shrubland productivity were ubiquitous, however, indicating that shrubland expansion is 

occurring throughout the region. The primary conclusions I reached are that (1) recent 

tree and shrub expansion is virtually ubiquitous in Siberian ecotones, with rapid changes 

evident in moister, shrub-dominated regions; (2) disturbed landforms in general, and 

patterned-ground landscapes in particular, are highly susceptible to shrub expansion; and 

(3) at least in the near-term, increasing shrub abundance within the present-day tundra 

biome is likely to be a dominant form of high-latitude environmental change, rather than 

shifts in the spatial extent of the Arctic tundra and boreal forest biomes per se.   



iv 

 

 

 

 

 

ñThe power and enchantment of the taiga lie not in giant trees or the silence of the 

graveyard, but in the fact that only birds of passage know where it ends.ò 

- Anton Chekhov, The Island: A Journey to Sakhalin (1890) 
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CHAPTER 1 ï GENERAL INTRODUCTION  

 

The Arctic tundra biome constitutes the worldôs northernmost terrestrial biome, 

bound by the Arctic Ocean to the north and by the northern ñtreelineò of the boreal forest 

biome to the south. At the circumpolar scale, the southern latitudinal limit of Arctic 

tundra varies considerably, but is everywhere characterized by proximity to Arctic 

coastlines and associated strong gradients in summer temperature that exist from 

landward regions to the ocean (Alexandrova, 1974). The Arctic tundra biome extends as 

far south as ~55° N in Canada among the largely ice-covered inlets and straits separating 

the islands of the Canadian Arctic Archipelago, but is only found above ~70° N in central 

Siberian regions with a highly continental climate regime (Figure 1.1). Tundra vegetation 

also occurs at high elevation at temperate latitudes of the northern and southern 

hemispheres; these tundras are termed ñalpine tundra,ò and share many of the attributes 

of Arctic tundra. The tundra biome is unique among the worldôs biomes, in that its 

geographic extent is driven by temperature alone and is not appreciably linked to 

gradients of precipitation. Climatic warming observed globally over the last ~150 years 

has been most pronounced at high latitudes (Figure 1.2), bringing widespread attention to 

Arctic tundra ecosystems as bellwethers of global environmental change.  

The Arctic tundra biome is characterized by low-growing, treeless vegetation, but 

there is considerable latitudinal zonation within the biome (Alexandrova, 1974; Walker et 

al., 2005). The stature and biomass of tundra vegetation progressively decreases from 

landward to seaward, and there is a shift in the relative abundance of plant functional  
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Figure 1.1. The geographic extent of the Arctic tundra biome (shaded area), portrayed in 

the Circumpolar Arctic Vegetation Map (CAVM Team, 2003). 

 

types. In the warmer, southernmost parts of the biome, often referred to as the ñLow 

Arctic,ò woody shrubs are a dominant component of the vegetation and often form an 

erect canopy of ~1 m or more in height. ñHigh Arcticò tundra describes tundras in the 

coldest parts of the biome, where woody shrubs have a prostrate growth form or are 

absent altogether. High Arctic tundra is closely linked to areas in which offshore sea-ice 

is most persistent (Walker et al., 2005); however, dramatic declines in the seasonal 

duration and extent of Arctic sea-ice have amplified recent increases in regional and 

global temperature (Serreze and Barry, 2011) (Figure 1.3), with increases in the 

productivity of vegetation evident virtually throughout the Arctic tundra biome (Bhatt et 

al., 2010). Given that Arctic tundra biome extent is strongly dependent on temperature, 

these observations have prompted hypotheses regarding the poleward displacement of 

Arctic tundra, and its replacement in southern areas by boreal forest.  
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Figure 1.2. Global trends of mean annual temperature for 1962-2012, the approximate 

observational period of satellite-based remote-sensing applied in this dissertation, derived 

from reanalysis of global instrumental datasets. The colored scale is in units of °C. Figure 

courtesy of NASA Goddard Institute for Space Studies.  

 

The boreal forest biome is one of the most extensive biomes globally, 

encompassing broad swaths of northern Eurasia and North America. The northern limit 

of the boreal forest coincides fairly closely with the 10°C July isotherm (Holtmeier, 2003). 

Circumpolar-scale maps of the worldôs biomes portray Arctic tundra and boreal forest as 

more or less contiguous circumpolar belts separated by a latitudinal ñtreeline,ò but the 

forest-tundra transition is almost never characterized by abrupt shifts from treed to 

treeless vegetation. Rather, the Arctic-boreal transition encompasses a broad ecotone of 

ñforest-tundraò vegetation, in which the relative abundance of trees diminishes from 

south to north (Figure 4). This gradual spatial transition is frequently termed a ñdiffuseò  
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Figure 1.3. Time-series of anomalies of Arctic sea-ice extent in the month of September 

derived from satellite observations since 1979, indicating dramatic decreases in the 

persistence of sea-ice cover. Figure courtesy of the National Snow and Ice Data Center 

(NSIDC).  

 

treeline, in contrast to the ñabruptò treelines frequently observed in montane regions 

(Figure 1.4).  

The encroachment of tall shrubs and trees into tundra-dominated areas has a broad 

range of implications at local, regional, and potentially global scales. Increased shrubland 

and forest canopy cover promotes local and regional climatic warming by altering the 

exchange of radiant and energy between the land and the atmosphere, particularly in late 

winter and in spring, when solar insolation is high and there are strong contrasts in the 

absorptive properties of snow cover and exposed vegetation (Bonan et al., 1992; Chapin 

et al., 2005; Loranty et al., 2011). Widespread tree and shrub expansion within the 

present-day tundra biome also has the potential to influence global climate by altering 

atmospheric circulation (Bonan, 2008; Bonan et al., 1992; Chapin et al., 2002). Tree and 

shrub proliferation in tundra can also affect a wide range of biophysical system-properties



5 

 

 

 

 

 

Figure 1.4. Examples of forest-tundra ecotones. Clockwise from upper left: (1) abrupt, 

elevational treeline, Polar Ural Mountains, Russia; (2) diffuse treeline zone with patches 

of tundra in a matrix of forest, western Alaska; (3) diffuse treeline zone with patches of 

forest in a matrix of tundra, southern Yamal Peninsula, Russia; and (4) isolated riparian 

tall alder shrubs (dark patches) in tundra, central Yamal Peninsula, Russia.  

 

of Arctic landscapes, including hydrological processes (Sturm et al., 2005), permafrost 

temperature (Blok et al., 2010), and nutrient cycling (Kaarlejärvi et al., 2012); these 

alterations also have potentially significant, indirect impacts on the global climate system, 

because large pools of carbon are stored in live vegetation, and permafrost soils which 

underlie virtually all of the Arctic tundra domain (Oechel et al., 2000; Ping et al., 2008). 

Changes in tall shrub and tree abundance also fundamentally alter wildlife habitat 
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characteristics (e.g., Ehrich et al., 2012) and can impact traditional human activities 

(Forbes et al., 2009).  

Current lines of evidence regarding recent shifts in the extent of Arctic tundra and 

boreal forest come from field-based studies (Esper and Schweingruber, 2004; Lloyd et al., 

2002; Suarez et al., 1999) and observations from earth-observing satellites (e.g., Beck et 

al., 2011; Kharuk et al., 2006; McManus et al., 2012), as well as projections derived from 

processed-based simulation models (e.g., Kaplan and New, 2006; Shuman et al., 2011). 

Other lines of evidence regarding environmental change in Pan-Arctic terrestrial 

ecosystems, however, have highlighted the role of tall (> 2 m height), canopy-forming 

shrubs in driving structural changes both in forest-tundra, and within the matrix of 

present-day Low Arctic tundra (e.g., Sturm et al., 2001; Tape et al., 2006) (Figure 1.5). 

Tall shrubs are widespread in the boreal forest biome, and also in Low Arctic tundra; 

perhaps for this reason, changes in shrubland extent have not been viewed in the context 

of biome shifts until relatively recently (Myers-Smith et al., 2011). Observational 

evidence of changes in the abundance of trees, and especially tall shrubs in Arctic tundra 

overwhelmingly comes from North America and Fennoscandia. Inferences regarding 

circumpolar changes in tree and tall shrub abundance on the basis of observations in these 

regions are frequently encountered in the literature, but little direct evidence exists for the 

Siberian Low Arctic, a geographically immense region that has traditionally posed 

considerable political and logistical obstacles for scientific research. Although the 

Siberian boreal forest and tundra domains are similar in many ways to those of the North 

American and European Pan-Arctic, there are significant differences pertaining to   
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Figure 1.5. Forest-tundra near King Salmon, southwest Alaska in 1918 (left) and 2005 

(right). Birch (Betula) shrubs have become much more widespread within this ecotone. 

1918 photo by P. Hagelbarger, courtesy of National Geographic Society; 2005 photo by 

G. Frost. 

landscape history and biogeography that are highly relevant to discussions of recent and 

future vegetation dynamics. For example, in contrast to much of northern North America 

and Europe, most of the northern Siberian region remained unglaciated during the 

Pleistocene, and so the development of modern treelines has occurred over a relatively 

long period of time across most of the region. In light of the Siberian regionôs geographic 

extent, the lack of direct, observational evidence of recent vegetation dynamics and land-

cover change in the region represents a large gap in global change studies.  

The primary motivation for my dissertation is to shed light on recent vegetation 

dynamics and land-cover change in northern Siberia (Table 1). In this dissertation, I 

applied three general approaches to examine recent changes in ecotonal landscapes 

spanning the Siberian Low Arctic: (1) spatially-explicit comparisons of high-resolution 

satellite imagery from the mid-1960s, and recent years for eleven Siberian tundra 

ecotones; (2) field studies of landscape-scale mechanisms that facilitate shrub 

proliferation in permafrost patterned-ground ecosystems; and (3) spatio-temporal 
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Table 1.1. Summary of dissertation research components, questions, and approaches.  

Component Major questions Approaches 

   
I. Changes in 

ecotonal shrub and 

tree cover 

1. Is recent shrub and tree 

expansion a ubiquitous 

phenomenon in the Siberian 

Low Arctic? 

Quantify changes in shrub and tree cover over 

the last ~45 years at widely-distributed Siberian 

ecotones through visual interpretation of 1960s 

and modern satellite photography  

   
 2. What parts of ecotonal 

landscapes are most 

susceptible to shrub and tree 

expansion? 

Stratify each study area by physiographic units 

in a GIS, and assess changes in shrub and tree 

cover by stratum 

   
 3. To what extent can changes 

in shrub and tree cover be 

explained by temporal 

anomalies of seasonal 

temperature and precipitation? 

Generate time-series of mean summer 

temperature, mean winter temperature, and 

annual precipitation from instrumental records 

and correlate the magnitude of vegetation 

change with climatic trends  

   
II. Role of 

permafrost 

processes in 

ecotonal vegetation 

dynamics 

4. Is shrub expansion 

facilitated by disturbance 

processes in permafrost 

patterned-ground? 

Measure soil stratigraphic attributes in 

expanding, and stable alder shrublands, and map 

the locations of alders in relation to periglacial 

landforms 

   
 5. What is the role of 

disturbance in driving recent 

vegetation dynamics?  

Evaluate the disturbance history for two 

northwest Siberian sites, and evaluate spatial 

relationships between shrub expansion areas, 

and footprints of disturbance 

   
II I. Contribution of 

shrub expansion to 

ñgreeningò 

observed in NDVI 

time-series 

6. To what extent do recent 

changes in shrub and tree 

cover explain NDVI 

anomalies at the sites?  

Generate NDVI time-series using Landsat data 

for northwest Siberian ecotones and isolate 

NDVI trends for newly-established, and pre-

existing alder shrublands  

   
 7. Is the shrub increase 

observed in ecotones with 

1960s imagery representative 

of changes occurring across 

the northwest Siberian Arctic? 

Using findings from Component I, generate 

empirical functions that predict the spatial extent 

of newly-established shrublands across large 

areas, based on the magnitude of Landsat NDVI 

trends observed in shrublands since 1984 

   
 

analyses of Landsat-observed trends in tundra vegetation productivity and shrub-driven 

land-cover change in northwest Siberia since 1984.  
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CHAPTER 2 ï TALL SHRUB AND TREE EXPANSION IN SIBERIAN TUNDRA 

ECOTONES SINCE THE 1960ôS
1
 

 

Abstract 

Circumpolar expansion of tall shrubs and trees into Arctic tundra is widely thought to be 

occurring as a result of recent climate warming, but little quantitative evidence exists for 

northern Siberia, which encompasses the worldôs largest forest-tundra ecotonal belt. We 

quantified changes in tall shrub and tree canopy cover in eleven, widely-distributed 

Siberian ecotonal landscapes by comparing very-high-resolution photography from the 

Cold War-era ñGambitò and ñCoronaò satellite surveillance systems (1965-1969) with 

modern imagery. We also analyzed within-landscape patterns of vegetation change to 

evaluate the susceptibility of different landscape components to tall shrub and tree 

increase. The total cover of tall shrubs and trees increased in nine of eleven ecotones. In 

northwest Siberia, alder (Alnus) shrubland cover increased 5.3 ï 25.9% in five ecotones. 

In Taymyr and Yakutia, larch (Larix) cover increased 3.0 ï 6.7% within three ecotones, 

but declined 16.8% at a fourth ecotone due to thaw of ice-rich permafrost. In Chukotka, 

the total cover of alder and dwarf pine (Pinus) increased 6.1% within one ecotone and 

was little-changed at a second ecotone. Within most landscapes, shrub and tree increase 

was 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 

                                                 
1
Frost, G. V. and Epstein, H. E. In review, Global Change Biology. 
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and were better correlated with mean annual precipitation. We conclude that 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. Our results indicate that 

extensive changes can occur within decades in moist, shrub-dominated ecotones, as in 

northwest Siberia, while changes are likely to occur much more slowly in the highly 

continental, larch-dominated ecotones of central and eastern Siberia.  

 

Introduction  

Patterns of boreal tree and tall shrub occurrence form conspicuous and dynamic 

ecological boundaries along the southern margin of the Arctic tundra biome. The 

distribution of trees and tall shrubs in forest-tundra ecotones can change within multi-

decadal timescales in response to climatic changes, geomorphic processes, and many 

forms of natural and anthropogenic disturbance (Holtmeier & Broll, 2005; Myers-Smith 

et al., 2011). Climatic warming is widely expected to promote the northward and upslope 

expansion of trees and tall shrubs into tundra-dominated areas in the coming decades. 

These predictions are largely based on observations of warming-induced increases in the 

secondary growth and reproduction of boreal trees and shrubs (Esper & Schweingruber, 

2004; Kullman, 2007; Danby & Hik, 2007b; Devi et al., 2008; Forbes et al., 2010), and 

space-based observations that indicate widespread increases in the productivity of forest-

tundra and Low Arctic tundra since the 1980s (Bhatt et al., 2010; Beck et al., 2011; 

Lloyd et al., 2011; McManus et al., 2012). The most direct and spatially-explicit 

observational evidence of tree and tall shrub increase comes from comparative 
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assessments of tree and shrub canopy cover in vertical and oblique aerial photography 

over multi-decadal timescales. Such assessments primarily come from plot- to regional-

scale studies in Alaska (Sturm et al., 2001; Tape et al., 2006; Naito & Cairns, 2011) and 

Canada (Danby & Hik, 2007a; Tremblay et al., 2012; Ropars & Boudreau, 2012; Lantz et 

al., 2012). The Siberian Low Arctic, however, encompasses the longest contiguous belt 

of forest-tundra vegetation globally (>5,000 km), but nonetheless remains greatly 

understudied. Here we address this knowledge gap, by quantifying changes in the cover 

of tall shrubs and trees since the 1960s across a network of ecotonal landscapes spanning 

the Siberian Low Arctic.  

Changes in tree and tall shrub abundance are a critical component of high-latitude 

environmental change, because changes in the areal cover of erect plant canopies strongly 

modify system properties of tundra-dominated lands that feed back to the climate system 

(Foley et al., 1994; Levis et al., 2000). There is therefore a pressing need to characterize 

the susceptibility of Low Arctic ecosystems to tall shrub and tree advance, and to better 

constrain the rates at which changes in erect canopy cover are likely to occur in coming 

decades. Recent model-based simulations of circumpolar vegetation are largely driven by 

temperature, and project changes in potential vegetation that do not account for 

constraints on seedling recruitment and species migration rates (ACIA, 2005; Kaplan & 

New, 2006; Tchebakova et al., 2009); these projections therefore appear to greatly 

overestimate the potential for large-scale vegetation changes in the present-day Arctic 

tundra biome. Although most recent studies in Pan-Arctic ecotones have reported 

increases in tree and especially tall shrub abundance, and there are virtually no reports of 
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decline (Harsch et al., 2009; Myers-Smith et al., 2011), a high degree of heterogeneity 

exists in the magnitude of vegetation change observed regionally and within landscapes. 

A range of abiotic and biotic factors can create strong contrasts in the local responses of 

vegetation to a shared climatic forcing, such as differences in geomorphology (Gamache 

& Payette, 2005; Frost et al., 2013) and disturbance history (Lantz et al., 2009, 2012). 

Elucidation of the relative importance of, and the dynamic linkages among, large-scale 

climatic forcing, landscape-scale processes, and the resilience of existing tundra 

vegetation is therefore necessary in order to more accurately predict the susceptibility of 

the Low Arctic to boreal vegetation advance in space and time.  

Observational studies of shrub and tree dynamics are challenging in the Pan-

Arctic in general, and northern Siberia in particular, because of the large size and 

inaccessibility of these regions, and the multi-decadal time periods required for 

observable changes in vegetation structure to become manifest in cold ecosystems that 

are dominated by long-lived species. Dendrochronological studies provide strong 

evidence for increased secondary growth rates of Siberian trees (Briffa et al., 1995; 

Kharuk et al., 2006) and tundra shrubs (Forbes et al., 2010) that are contemporaneous 

with climate warming over the last century. Dendroecological techniques have also been 

used to document recent tree expansion in elevational ecotones of the Polar Ural 

Mountains (Shiyatov et al., 2005; Devi et al., 2008) and Putorana Mountains (Kirdyanov 

et al., 2012), and recent increases in tree recruitment have been recorded in northwest 

Siberian forest-tundra since the mid-20
th
 century (Esper & Schweingruber (2004). It is 

difficult, however, to extrapolate areal changes in tree and tall shrub cover over large 
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areas based on in situ measurements of individuals. Additionally, climate-induced 

increases in the productivity and fecundity of mature trees may not be accompanied by 

areal expansion of tree cover, because suitable sites for seedling recruitment may be 

lacking (Walker et al., 2012b). Retrospective studies of ecotonal vegetation using high-

resolution image pairs offer a straightforward means to assess areal changes in tree and 

tall shrub canopy cover, and to distinguish the magnitude of vegetation changes in 

landscape components that are stratified by geomorphic and topographic attributes of 

interest.  

Our objectives in this study were threefold: (1) to quantify changes in the cover of 

tall shrubs and trees since the mid-1960s in eleven ecotonal landscapes distributed across 

the Siberian Low Arctic; (2) to assess and compare the landscape-scale heterogeneity of 

vegetation changes within the eleven ecotonal landscapes; and (3) to assess the extent to 

which variability in rates of change of tall shrub and tree canopy-cover between 

landscapes can be explained by climatic variables associated with summer temperature, 

winter temperature, and annual precipitation.  

 

Materials and Methods 

We quantified changes in tall shrub and tree cover within eleven ecotones 

spanning the Siberian Low Arctic, by comparing very-high-resolution (VHR; Ò 2 m 

spatial resolution) satellite photographs from the 1960s with VHR imagery from recent 

years (Table 2.1, Fig. 2.1). We also applied ancillary remote-sensing datasets to delineate 

geomorphic and physiographic properties of the study landscapes, and compare the  
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Table 2.1. Summary of study landscape location, elevation, area, mean annual 

temperature (MAT), mean June-July-August temperature (JJA), mean December-

January-February temperature (DJF), and mean annual precipitation (MAP) for 1965-

2010.  

Landscape 

Latitude 

(°N) 

Longitude 

(°E) 

Elevation 

(m) 

Area 

(km
2
) 

MAT 

(°C) 

JJA 

(°C) 

DJF 

(°C) 

MAP 

(mm) 

         
Kharp 66.84° 65.99° 225 64 -7.5 10.1 -23.4 450 

Obskaya 66.92° 66.59° 210 59 -7.4 10.2 -23.3 450 

Tanlova 67.53° 69.67° 20 50 -7.2 10.2 -23.4 404 

Taz 67.23° 74.04° 30 72 -7.7 9.9 -23.4 371 

Dudinka 69.61° 86.53° 50 58 -9.8 10.5 -27.1 515 

Hatanga 72.16° 102.68° 15 34 -12.6 9.7 -31.3 275 

Lukunsky 72.48° 105.20° 30 34 -12.6 9.7 -31.3 275 

Uyandi 69.45° 141.65° 300 54 -14.2 10.5 -36.5 268 

Kolyma 68.93° 161.36° 10 45 -11.2 10.9 -32.0 198 

Pekulney 65.39° 174.20° 150 73 -8.6 9.8 -24.0 325 

Velikaya 63.73° 175.10° 50 78 -7.7 10.9 -23.5 378 

         
 

 

 

Fig. 2.1. Map of northern Siberia showing locations of the study areas. The hatched area 

shows the extent of the warmest, southern bioclimate subzone of the Arctic tundra biome 

(CAVM Team 2003). 
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susceptibilities of different landscape components to tall shrub and tree increase. Finally, 

we evaluated the influence of summer and winter temperatures, and annual precipitation 

on ecotonal vegetation dynamics using ground-based meteorological records.  

 

Data sources and study areas 

Spatially-explicit, retrospective studies of ecotonal vegetation changes require 

baseline data sources that possess both the spatial resolution necessary to distinguish 

vegetation canopies, and a period-of-record adequate to detect directional changes in 

vegetation. Aerial photographs have been successfully used to quantify multi-decadal 

vegetation changes in forest-tundra and Low Arctic tundra in North America (Tape et al., 

2006; Danby & Hik, 2007a; Dial et al., 2007; Naito & Cairns, 2011; Tremblay et al., 

2012; Ropars & Boudreau, 2012; Lantz et al., 2012), but virtually no readily-accessible 

sources of aerial photography exist for Russian ecotones. We exploited a heretofore little-

used archive of 1960s imagery from two declassified, Cold War-era satellite surveillance 

systems, KH-7 ñGambitò and KH-4B ñCorona.ò Gambit (1963-1967) marked the 

beginning of space-based VHR remote-sensing, acquiring panchromatic photography at a 

spatial resolution of ~75 cm (U.S. Department of the Air Force, 1967); no publicly-

available satellite imagery achieved comparable resolution until the launch of the 

IKONOS commercial satellite in 1999. Gambit was replaced by the KH-4B Corona 

system (1967-1972), which acquired panchromatic photography of much larger swath-

widths, at lower spatial resolution (~2 m). When paired with modern VHR imagery, 

Gambit and Corona offer a readily-available source of baseline data for landcover-change 
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studies with a period-of-record of almost fifty years. Gambit and Corona have yet to be 

widely applied in landcover-change studies in northern ecosystems, although a case study 

concluded that it had high potential (Rees et al., 2002). Imagery from KH-4A, an earlier 

variant of Corona (~3-7 m spatial resolution), has been used to study forest-tundra 

dynamics on the Taymyr Peninsula (Kharuk et al., 2006), coastal tundra in Chukotka (Lin 

et al., 2012), and industrial impacts to boreal forest in European Russia (Rigina, 2003).  

Gambit and Corona are well-suited for landcover change studies in tundra 

ecotones, because tall shrubs and trees form abrupt transitions in vegetation structure that 

create unambiguous, readily-interpreted photo-signatures. These photo-signatures result 

from the shadowing projected by the canopies of tall shrubs and trees, which greatly 

overtop tundra vegetation and create areas of high contrast in panchromatic imagery. For 

example, Siberian alder (Alnus viridis ssp. fruticosa), a common tall shrub in tundra 

ecotones, tends to form dense thickets that are readily distinguished (Fig. 2.2). Boreal 

conifers such as larch (Larix spp.) tend to form columnar canopies with areal footprints 

that are too small to distinguish in Corona imagery, but are readily detected in Gambit 

imageryðparticularly because the high angle-of-incidence of sunlight at high latitudes 

produces long canopy shadows (Fig. 2.3). We therefore only applied Corona imagery to 

track changes in shrub cover, and relied on Gambit imagery for ecotones in which larch 

was abundant.  

Prospective study areas were greatly constrained by the availability of historical 

imagery with appropriate seasonal timing and lack of cloud cover. We restricted our 

imagery search to the warmer, southernmost parts of the Arctic tundra biome (Bioclimate  
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Fig. 2.2. 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.  

 

Subzone E of the Circumpolar Arctic Vegetation Map [(CAVM Team, 2003), but in an 

attempt to maximize longitudinal coverage in Yakutia, we also evaluated one elevational 

ecotone (Uyandi) that is ~100 km south of Bioclimate Subzone E. A series of Corona 

satellites acquired extensive cloud-free, mid-summer photography in northwest Siberia in 

August 1968, and for Chukotka in July 1969 (Table 2.2). The spatial extent of Gambit 

photography is much more limited, but useful images exist for the Taymyr Peninsula and 

Yakutia, mainly along major rivers. Prospective study areas were further constrained by 

the availability of co-incident modern imagery; we therefore made opportunistic use of 
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Fig. 2.3. Comparison of 1966 (Gambit; left) and 2009 (WorldView-1; right) imagery 

showing larches on rims of ice-wedge polygons at Hatanga study landscape, eastern 

Taymyr region. Tree shadows produce strong contrast against snow in the 1966 image. 

Tree abundance increased 5.0% at the Hatanga landscape. WorldView-1 image © Digital 

Globe, Inc.  

 

archives from four commercial multi-spectral sensorsðIKONOS, QuickBird, GeoEye-1, 

and WorldView-2ðand one panchromatic sensor, WorldView-1. All five of these 

sensors have a panchromatic band with spatial resolution comparable to each other (50-

80 cm) and to Gambit (~75 cm); the four multi-spectral sensors collect data with spatial 

resolution comparable to Corona (~2 m).  
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Table 2.2. Period-of-record, acquisition dates, and sources of historical and modern VHR 

satellite imagery used to compare tall shrub and tree canopy cover at the study landscapes.  

Landscape 

Area 

(km
2
) 

Study 

period 

(yrs) Historical imagery Modern imagery
1
 

     
Kharp 64 42 19 Aug 1968 (KH-4B) 24Jul2003 (QB), 21Jun2010 (WV-1) 

Obskaya 59 43 19 Aug 1968 (KH-4B) 29 Jul 2004 (IK), 3 Jun 2011 (WV-2) 

Tanlova 50 43 21 Aug 1968 (KH-4B) 22 Jul 2011 (WV-2) 

Taz 72 42 21 Aug 1968 (KH-4B) 9Aug2002 (IK), 20Aug2010 (WV-1) 

Dudinka 58 43 15 Jul 1966 (KH-7) 9 Jul 2009 (GE-1) 

Hatanga 34 43 04 Jun 1966, 13 Jul 1966 (KH-7) 29 Jul 2009 (WV-1) 

Lukunsky 34 44 13 Mar 1965 (KH-7) 11 Jul 2009 (GE-1) 

Uyandi 54 44 13 Jul 1966 (KH-7) 28 May 2010 (GE-1) 

Kolyma 45 45 1 Jun 1965, 1 Oct 1965 (KH-7) 16Sep2003 (QB), 7Jul2010 (WV-1) 

Pekulney 73 41 25 Jul 1969 (KH-4B) 29 Jul 2010 (GE-1) 

Velikaya 78 40 25 Jul 1969 (KH-4B) 22 Jun 2009 (GE-1) 

     
1
IK = IKONOS, GE-1 = GeoEye-1, QB = QuickBird, WV-1 = WorldView-1, WV-2 = WorldView-2 

 

After we identified overlapping historical and modern imagery, we delineated 

study landscapes in which some boreal vegetation was already present in the 1960s. 

Siberian alder tends to be the dominant tall shrub in ecotonal communities of the southern 

Yamal (Khitun, 1995), western Taymyr (Kozhevnikov, 1996), and Chukotka regions 

(Belikovich, 2001; Lozhkin et al., 2006), whereas two larch species are dominant in the 

drier, highly continental climate regime of the eastern Taymyr Peninsula (L. gmellini) and 

Yakutia (L. cajanderi) (Vargina, 1976; Abaimov, 2010). Siberian dwarf pine (Pinus 

pumila) is also present in Yakutia and is common in Chukotka (Belikovich, 2001); we 

treat it as a tall shrub because of its multi-stemmed, thicket-forming growth habit. For 

alder-dominated ecotones, imagery had to come from the growing season (~June to 

August). For larch-dominated ecotones, we also used imagery from other seasons, 

because shadows cast by the trees contrast strongly with snow. We did not attempt to 
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quantify changes in larch cover in six ecotones for which no Gambit imagery was 

available, but modern imagery indicates that larch is absent from four of these ecotones, 

and is much less abundant than alder in the Kharp and Obskaya ecotones. Additionally, 

we did not record changes in tall shrub cover at one ecotone (Lukunsky), because 

baseline Gambit imagery came from the winter. 

Once we identified ecotonal areas with useful imagery, we delineated study 

landscapes ~60 km
2
 in size that maximized coverage of ecotonal vegetation; however, 

some study landscapes were smaller due to limited overlap between historical and 

modern imagery. All study landscapes are at least 10 km (and usually much farther) from 

populated areas; direct human disturbance is absent or limited to off-road vehicle trails. 

We scrutinized 1960s imagery with intent to analyze recent fire scars in treeless tundra 

areas, because fire is known to promote tall shrub recruitment in Low Arctic tundra 

(Racine et al., 2004; Lantz et al., 2012), but we found no suitable imagery. We 

recognized that older wildfires that occurred well before the remote-sensing period-of-

record could confound analyses of ecotonal vegetation change and their cause, 

particularly in larch-dominated ecotones in central and eastern Siberia. Fire frequency is 

much lower, however, at the forest-tundra boundary in these regions compared to the 

interior of the boreal forest biome (Furyaev et al., 2001; Soja et al., 2004); published 

estimates of fire return intervals exceed 300 years in the vicinity of our sites on the 

eastern Taymyr ((Kharuk et al., 2012) and near the Kolyma River ((Berner et al., 2012). 

We reasoned that ecotones showing dramatic and/or highly patchy changes to vegetation 

(particularly in tree cover) were likely to have experienced recent fire.  
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Retrospective analysis of VHR imagery 

We used a point-intercept sampling approach to compare the cover of tall shrubs 

and trees between historical and modern imagery. We first ortho-rectified modern 

imagery using digital elevation models (DEMs) from the European Space Agency Data 

User Element Permafrost Project, that had been derived from Russian topographic maps; 

these DEMs have a nominal horizontal resolution of ~70 m. We then co-registered the 

historical photos to the modern ortho-images, by establishing control points on persistent 

landscape features, such as the intersections of ice-wedge polygons, individual trees, and 

rock outcrops. We co-registered baseline photographs to the modern ortho-images using a 

spline transformation with GIS software (ArcMap v. 10.0; Environmental Systems 

Research Institute, Redlands, USA). Although it is not possible to compute registration 

errors for spline transformations, the high spatial resolution of the imagery allowed us to 

rigorously assess co-registration across a multitude of landscape features, and insert 

additional control points as needed. High-resolution DEMs and ground control points 

would have been desirable, but these data do not exist for northern Eurasia. We stress, 

however, that a point-intercept sampling approach is well -suited for comparative 

purposes under these conditions.  

After image co-registration, we generated a grid of uniformly-spaced sampling-

points for each study landscape. We spaced sampling-points at intervals of either 30 m or 

50 m; we sampled alder-dominated landscapes at higher resolution to support a separate 

study using 30 m resolution Landsat satellite data. We then visually assessed the 

sampling-points and recorded the presence/absence of tall shrub and larch cover; we took 
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care to distinguish vegetation canopies from their projected shadows. From the point-

intercept data, we calculated the areal cover of tall shrubs and trees in baseline and 

modern imagery for each ecotone. We then calculated the net change in shrub/tree cover 

on an area basis, and a percent basis. Finally, because the period-of-record was not the 

same for all landscapes, we normalized the percent change values into normalized shrub 

expansion rates (NSER; % decade
-1

) and tree expansion rates (NTER; % decade
-1

). 

NSER and NTER express the decadal rate of canopy cover change, as a percentage of the 

total canopy cover present at the beginning of the study period for each landscape.  

 

Physiographic stratification of landscapes 

At each landscape, we stratified the vegetation sampling-points into five 

physiographic units: upland, lowland, inactive floodplain, active floodplain, and 

waterbody (Table 2.3). The physiographic units integrate multiple state-factors related to 

soils, moisture regime, permafrost, and disturbance regime, yet are simple enough to be 

applied across widely-distributed study areas. We digitized physiographic units through 

visual photo-interpretation of modern imagery for each site; we also referred to historical 

imagery to delineate active floodplains. We utilized DEMs to assist in distinguishing 

lowland and upland physiographic units, such that only areas with slope angles Ò 2Á 

could be assigned to the lowland unit. We then calculated NSER and NTER for each 

physiographic unit, within each landscape.  

 

 



27 

 

Table 2.3. Descriptions of physiographic units used to stratify the vegetation sampling-

points.  

Physiographic unit Description 

  
Upland Slopes (Ó2Á) and plateaus with high position in local topography 

Lowland Non-floodplain areas occupying low position in local topography, flat or with 

low relief (<2° slope) 

Active floodplain Riverine landforms and channels in which active deposition and erosion 

occurred during the study period 

Inactive floodplain Floodplains and riverine terraces lacking direct fluvial disturbance during the 

study period 

Waterbody Perennial ponds, lakes, and river channels 

  
 

Field validation 

We accessed two ecotones in the southern Yamal Peninsula region on the ground 

(Kharp and Obskaya), and undertook an aerial reconnaissance of a third ecotone 

(Tanlova). We utilized these field visits to validate our photo-interpretation of vegetation 

and physiographic units in modern imagery. Additionally, we made general observations 

of soil stratigraphy and permafrost features to characterize the recent disturbance history 

of the Kharp and Obskaya ecotones; detailed descriptions of these landscapes can be 

found in (Frost et al., 2013).  

 

Climate effects on ecotonal vegetation dynamics 

We compiled mean monthly temperature and precipitation data from 

meteorological stations to assess the degree to which inter-landscape variability in NSER 

and NTER can be explained by differences in trends of growing-season temperature 

(June-August; hereafter, ñJJA temperatureò), winter temperature (November-March), and 

mean annual precipitation. We focused on these three climatic variables, because 
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although the growth of trees and tall shrubs in tundra ecotones is largely limited by 

summer temperature (Alexandrova, 1974), treeline dynamics are often more strongly 

linked to winter temperature trends (Harsch et al., 2009), and moisture regime is known 

to strongly affect temporal dynamics of tree productivity and recruitment in forest-tundra 

(Lloyd & Fastie, 2002; Devi et al., 2008; Beck et al., 2011; Lloyd et al., 2011).  

We acquired station data from the National Climatic Data Center at 

<http://www.ncdc.noaa.gov/land-based-station-data> and calculated annual values of JJA 

temperature, winter temperature, and precipitation for the remote-sensing period-of-

record for each ecotone; we also included three preceding years, to account for short-term 

lags in seed production and seed viability arising from climatic conditions in previous 

years. We converted the temperature and precipitation values to anomalies with respect to 

a 1981-2010 base period, and conducted least-squares linear regression to determine the 

magnitude and significance of temporal trends. We then conducted least-squares 

regression between NSER and NTER, and climatic variables for which significant trends 

were found. Additionally, because the study landscapes span a wide gradient in mean 

annual precipitation (MAP) (198 ï 515 mm year
-1

; Table 2.1), we conducted regressions 

between NSER and NTER, and MAP. Five of the ten ecotones are located within 45 km 

of a meteorological station, and all are within 200 km of one or more stations; when 

possible, we averaged anomalies from two stations within 250 km for ecotones that 

lacked a nearby (<45 km) station (Fig. S1 in Supplementary Information).  

 

 

http://www.ncdc.noaa.gov/land-based-station-data
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Results 

Continental-scale vegetation changes 

Across the network of eleven ecotonal landscapes, the total cover of tall shrubs 

and larch (if present) increased in nine landscapes (+3.0 ï +25.9%; median +8.4%), 

declined in one landscape (-5.9%), and remained about the same in one landscape (-

0.8%) (Table 2.4). Tall shrub cover increased in nine landscapes (+5.3 ï +25.9%; median 

+11.4%), and there was little net change in one landscape (-0.8%) (Fig. 2.4); we did not 

assess changes in shrub cover in one landscape (Lukunsky) due to the seasonal timing of 

1960s imagery. Larches occurred in seven of the eleven landscapes; larch cover increased 

in four landscapes (+3.0% ï +18.2%; median +5.9%) and declined in one landscape (-

16.8%). We did not quantify changes in larch cover in two additional landscapes that had 

trees (Kharp and Obskaya), because higher-resolution Gambit imagery was not available.  

The most extensive landcover changes, on both a percent and especially an area 

basis, occurred in shrub-dominated ecotones. At Velikaya, the one ecotone in which total 

shrub cover stayed about the same, there was a net loss of riparian shrublands, but tall 

shrub cover increased slightly in other parts of the landscape. Among the four larch- 

dominated ecotones, modest increases in larch cover occurred at Hatanga, Lukunsky, and 

Uyandi, while larch cover declined markedly at Kolyma due to thaw of ice-rich 

permafrost and subsequent ponding. The largest percent increases in larch cover occurred 

at Dudinka; however, larch is not common in this ecotone, and the great majority of 

landcover change at this site was the result of tall shrub increase. In the four ecotones in 

which we assessed changes in both tall shrub and larch cover, percent increases in shrub 
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Table 2.4. Summary of areal and percent change in tall shrub and tree canopy cover at 

eleven Siberian ecotones, and the total area of the ecotones excluding waterbodies. 

Negative values are shown in parentheses. We did not analyze changes in tall shrub cover 

at Lukunsky, and we did not analyze changes in larch cover for the six landscapes that 

lacked Gambit historical imagery; modern shrub and tree cover values are given for these 

landscapes.  

 Tall shrub cover (ha)  Tree cover (ha)  Total 

land 

(ha) Site 1960s 2000s ȹ %ȹ 
 

1960s 2000s ȹ %ȹ 
 

            
Kharp 713 771 58 8.4  - 59 - -  6,198 

Obskaya 484 585 102 21.0  - 43 - -  5,887 

Tanlova 331 395 65 19.5  - 0 - -  4,274 

Taz 1,213 1,277 64 5.3  - 0 - -  6,894 

Dudinka 1,284 1,617 333 25.9  6 7 1 18.2  5,130 

Hatanga 153 161 8 5.4  136 142 7 5.0  2,778 

Lukunsky - 18 - -  245 262 17 6.7  2,910 

Uyandi 2 2 <1 14.3  550 566 17 3.0  5,356 

Kolyma 236 263 27 11.4  378 315 (62) (16.5)  3,494 

Pekulney 1,230 1,305 75 6.1  - 0 - -  7,287 

Velikaya 1,607 1,594 (13) (0.8)  - 0 - -  7,190 

            
 

 

Fig. 2.4. Summary of net changes in tall shrub (white boxes) and larch (black boxes) 

cover at eleven tundra ecotones in northern Siberia. Negative values are given in 

parentheses.  




























































































































































































































