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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 |
address this knowledge gap, by examining recent changes in ecotonal landscapes
spanning the Siberian Low Arctic utilizing three approaches: (1) spagapicit
comparisons of highesolution satellite imagery from the ml®60s, and recent yedos

eleven Siberian tundra ecotones; (2) field studies of landstgbde mechanisms ah
facilitate shrub proliferation in permafrost patterrggdund ecosystems; and (3) spatio
temporal analyses of Landsaltserved trends in tundra vegetation productivity and
shrubdriven landcover change in northwest Siberia since 1984. Tree and taib shr
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
(Alnug, rather than trees. Alder increase was greatest in the northwestSitegion,

and was largely linked to permafrost disturbance processes that facilitate shrub
recruitment within widespread mosaics of small, disturbed microsites in patgmoetd
landscapes. Landsat tirseries of the normalized difference vegetatiorexan(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 permafrosh@phology. Increases in



i
shrubland productivity were ubiquitous, however, indicating that shrubland expansion is
occurring throughout the region. The primary conclusions | reached are that (1) recent
tree and shrub expansion is virtually ubiquitous ine8@n ecotones, with rapid changes
evident in moister, shrudominated regions; (2) disturbed landforms in general, and
patterneeground landscapes in particular, are highly susceptible to shrub expansion; and
(3) at least in the ned@erm, increasing shbuabundance within the presatdy tundra
biome is likely to be a dominant form of higgtitude environmental change, rather than

shifts in the spatial extent of the Arctic tundra and boreal forest bipaerese
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graveyard, but in the fact that only birds

- Anton ChekhovThe Island: A Journey to Sakhalih890)



TABLE OF CONTENTS

AB ST RA T et et I.
TABLE OF CONTENTS ...ooiiiiiii e rrisesis e
LIST OF TABLES ...t e e IX
LIST OF FIGURES ... Xi
ACKNOWLEDGEMENTS oot re e Xiv
CHAPTER 17 GENERAL INTRODUCTION ....coiiiiiiiiiieiicemee e 1

CHAPTER 21 TALL SHRUB AND TREE EXPANSION IN SIBERIAN TUNDRA

ECOTONES SI NCE .T.HE...1.9.6.0.8.S.ccccccvvvvvvrrirrrnnne. 13
ADSITACT ... et e e eas 13
pYigoTe [FTol 1 o] o FO PP O PP PP PP 14
Materials and MethQEI............ooiiiiiiiiii e 17

Data sources and StUdY ar€as...........ccooeuuuuumimmrriaiiiiiiiie e eeeeeeeeeeeeeeeeees 19
Retrospective analysis of VHR imagery...........ooooiiiiiiemmn e 25
Physiographic stratification of landSCapes..........cccceeeeeiiiiiecciiiiicicce e 26
Field validation...........oooiii e 27
Climate effects on ecotonal vegetation dynamicCs..............cceeeviieeereeeeeernnnnnnnn. 27
TS U3 29

Continentalscale vegetation changes. ... 29



Landscape heterogeneity of ecotonal vegetation change..................ccceeeee. 32
Climate effects on ecotonal vegetation dynamiCs...........cccoeveiiiieameeiiieeeeeeennns 33
DISCUSSION. ...ttt ettt ettt e e eeeet ettt ettt e e e e e e e e e e e e s st e e e e e e e e e e e e e e s s e s e snnne s e e e s s e e nnanes 35
Continentalscale vegetation Changes...........cceeeiiiiie e cceeiiee e eee 35
Landscape heterogeneity of ecotonal vegetation change..................oeeeeeuvee 37
Climate effects on ecotonal vegetation dyNamiCS...........ccoouviiiiieamieiiiieeeeeeenns 41
Landscape susceptibility to advance of boreal vegetation..................ccooeeen... 43
ACKNOWIEAGEMENLS. ... ..ot eeee e e e e e e e e e e eemee e 45
RETEIENCES. ... .ttt nrne e 46
Supplemental INfOrMation...............uuiiiii e e 55

CHAPTER 317 PATTERNED-GROUND FACILITATES SHRUB EXPANSION IN

LOW ARCTIC TUNDRA ettt 66

Y 013 = Lo AP PP P PP PR PPPPUPPPPPPPPPP 66
Yo o[8[ i o] o P PSP PP PP PP ITPPTPPPPR 67
AV =71 g oo ST PP PPPPPPPPPRPOY 4i
Y10 [0 V= 1T 1 USRI 71
IMEENOTS. ...t e ettt e e e e e e e s et e e e e e e e e e e an 73
RESUILS. ...ttt 78

(DR o1 53] (] o FER TR T RO RO OPRPROPROPRPY 82



(040 g 1o (117 To] o 1= UTR TP 88
ACKNOWIEAGEMENLS.... ..o eee e eeeea bbb e e e e e e e e e eeemee e 89
REIEIENCES. . ..o e e et 89

CHAPTER 41 LANDSCAPE AND REGIONAL -SCALE VARIABILITY OF

VEGETATION DYNAMICS AND SHRUB PROLIFERATION IN

NORTHWEST SIBERIAN ARCTIC TUNDRA ... 99
ADSITACT ... et e e eas 99
Yoo [T o] o P PP PP PP PP URUTPPPPPPP 100
1171 0o 6 K3 PP PP PP PPPPPPPPPPP 104

Data SOUICES......ciiiiiiiciiiiiieeee e s 104
Y (00 YA T =T 1 USSP 105
IMAagEry analYSIS........ccooiiiiiiiiiiieee e e e e e enena 106
RESUILS. ...ttt 111
Landscapenide NDVItrends..........oooiiiiiiiiiiiiimenn s 111
Shrubland spectral trends............oooooiiiiccc 112
DISCUSSION. ...ttt ettt et e e e e e e e e s e e e e e e e e e e e e e e e e e e ne e e e e e 116
Landscape NDVIrersl........cooooiiiiiiii e eeme e 116
Alder shrubland spectral trends............coooi oo 121

Agreement with other NDVI tIFBERIES........uuuiiiiiiiiiiiiiie e 123



ACKNOWIEAGEMENLS. ... .o ee e e r e e e e e e e e e eenes 124
REFEIENCES. ...ttt 124
CHAPTER 57 SYNTHESIS AND CONCLUSIONS ... 131
Shrubdriven changes in ecotonal lagdver.............cccceoiviiiiiiccceciiciieee e, 132
Quaternary perspectives on recent vegetation changes..............cccovveeeeeeeennn. 132
FULUIE dIFECTHIONS ... e 139

R ETBIEINCES. ... oo ettt e e e e rema e e e e e aanas 139



11

2.1

2.2

2.3

2.4

2.5

3.1

3.2

3.3

4.1

4.2

LIST OF TABLES
Summary of dissertation research 8 ompon

Summary of study landscape locatiagievation, area, and means of annual
temperature, Jurduly-August temperature, DecembianuaryFebruary

temperature, and annual precipita8ti onéé

Periodof-record, acquisition dates, and sources of historical VHR satellite

imageryused o compare tall shrub and t2Bee co\V

Descriptions of physiographic units used to stratify the vegetation sampling

,,,,,,,,,,,,,,,,,,,,,,,,,,

pointsééééeeéééeeééeecééeceééeeceéecécececprée.

Summary of areal and percent change in tall shrub and tree abwdeven

Siberian ecotones, and the total3Oarea o

Summary of normalized canopy expansion rates (% d&gafde tall shrubs

(NSER) and trees (NTER) by | ands®83pe an

Total alde cover in 1968 and 2010, and areal and relative changes in alder cover
(19682 010) , at Kharp and Obskaya sttr&idy si't
Median values of soil organic depth, mineral soil thickness, and sample sizes
measured along transects and at adjagdntd e r s at Khar pég ééé é é é
Relative abundance of shrub age classes, by shrubastgned, at KBG&r pééeée.
Summary of locations, historical and modern VHR imagery attributes, and

Landsat perio#bf-r e cor d f or the el even stil0dy | and

Physiographic units used to strdlldi fy th



4.3

4.4

X

Summary of Landsat NDVI trends at the study landscapes for alder shrublands

rrrrrrrrrrrrrrrrrrrrrr

and tundraéééééééeéeéceececéeecececeecelaxece.

Decadal rate of change in alder shrubland extent astanfrom Landsat NDVI
trends for all landscapes, and observed from comparisons of VHR imagery from

the 1960s and recent years for tlhee f i

vV e



11

1.2

1.3

1.4

15

2.1

2.2

2.3

Xi
LIST OF FIGURES

The geographic extent of the Arctic tundrarbe, portrayed in the Circumpolar

Arctic Vegetation Map (CAVM Team,2 2003)

Global trends of mean annual temperature for 198210, the approximate

observational period applied in this dissertation, derived from reanalysis of global

,,,,,,,,,,,,,,,,,,,,,,,

Time-series of anomalies of Arctic s&e extent in the month of September

derived from satellite observati ons sin

Examples of forestundra ectones. Clockwise from upper left: (1)rug,
elevational treeline; (2) diffuse treeline zone with patches of tundra in a matrix of
forest; (3) diffuse treeline zone with patches of forest in a matrix of tundra; and

(4) isolated riparian tall alder 5 hrubs

Foresttundra near King Salmon, southwest Alaska in 1918 (left) and 2005 (right);

birch shrubs have become much mor7e wi de
Map of northern Siberia showing 18¢catio

Comparison of 1966 (Gambit; lefthd 2009 (GeoEy4; right) imagery showing

alder shrubland expansion on hil2ltops a

Comparison of 1966 (Gambit; left) and 2009 (WorldVigwright) imagery
showing larches on rims of isgedge polygons at Hataagstudy landscape,

rrrrrrrrrrrrrrrrr

eastern Taymyr regionéééééééééeéeéerRéécéeéceécd



2.4

2.5

2.6

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Xii
Summary of net changes in tall shrub (white boxes) and larch (black boxes) cover

at el even tundra ecotones i n nor8hern S

Normalized expansion rate of talhrubs and trees in four physiographic units,
and percent of the total modern shrub and tree cover that occurred in each
physiographic unit, by study | an88scapeé

Linear regression of normalized expansion rate of tall shrubs and ¢y@esta(a)

,,,,,,,,,,,

Aeri al view of al der shrubl and or isava
Sel awi k River ar ea, nort hwest Al @9s kaééé
Patterneeground with younglad er s growing on <c¢ci r70l es, C

Map of southern Yamal Peninsula region, Russia, showing locations of Kharp and

Obskaya study sites and other pl &ces me

Comparison of 1968 (Corona) and 2003 (QuickBirdelit# images showing

representative area of recent shvdub exp

Soil characteristics in alder stands of varying age, shown as frequency
distributions of organic thickness and total mineral horizon thickness along

transecta nd at alders in three shrubl8&nd s u«
Maps of circle distribution and @&ll der d

Mid-summer 5 cm soil temperatures taken at Kharp at circles aneirties, by

rrrrrrrrrrrrrrrrrrrrrr



3.8

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

Xiii
Time-series of mean JurnRily-August temperature for Kharp and Obskaya for

,,,,,,,,,,,,,,,,,,,,,,,,,,

Ground photo of recentlgy st abl i shed al ders i nlOBRharp s

Map of nortlwest Siberian Low Arctic showing locations of the study landscapes.

|l ntensive | andscapes are outlined” in re

Proportion of Landsat pixel stacks with significant NDVI trends by physiographic

unit, and the proporto of each | andscape conmp3r i sed

Corona (left) and QuickBird (center) images of shtuhdra at the Kharp
landscape. Landsat data for 198BL0 (right) show disproportionately high

rrrrrrrrrrrrrrrr

greening in shrublandsééeééecéecécéeélddéeéeée

NDVI response curves for Landsat pixel stacks in-gqsting and newly

,,,,,,,,

established shrublandsééééééeéédrhééeeécéeé
Upland and lowland terrain at Gydan landscape (left), and overlay of significant
trends of Landsat NDVI (right) ééd¥ééeéeecéé

(a) Cryogenic landslide at Taz landscape shown in 2002 and 2010, and significant
trends of Landsat NDVI; (b) Patterngdound area at Laborovaya; widespread

greening occurred in patternrgdr ound and especiall2¢y i n al

Scatterppt of mean NDVI, versus mean NDVI trend for peisting and

expanding alder shrublands at KRBA2Zrp stu



Xiv

ACKNOWLEDGEMENTS
This research would not have been possible witlgoldgt of help frommany special
people Foremost) thank Howie Epstein for his support, encouragemerd,sarentific
insight both asamentor and friend. | also owe a special debt of gratitude to Jay Zieman,
who provided crucial financial support that allowed me to attend the University of
Virginia. | also thank my other committee members, Hank Shugart, Jennie Moodie, and
Laura Galloway, for theicounselalong the way.Skip Walker, at the University of
Alaska providedinvaluable insights and feedbaclknd helpedo supportfield studiesat
Kharp. I also thank my Russian colleagues Marina LeibmamniskaErmokhina, Pasha
Orekhov, and Roma Ivanov at the Earth Cryosphere Institute, and Gosha Matyshak at
Moscow State University, whonade essentiallogistical arrangements and scientific
contributiors during field expeditionsin Siberia.l will never forget these experiences;
fis ts dz! hntf JO i dfissteh tc Iz 10 ‘Over the years| received alot of help from
undergraduatdkesearchAssistants atJVa, including Shalane Carlson, Bert Racls,
Kate Boles, Dana Lillard, John Tran, Carolyn Relton, Brandon Groves, Abby Credicott,
Sarah Medley, Nicole Koren, Emma Siegfried, Wes Andrews, Alfred Hdblgamily
Kangas, and Kelcy Kent graciously thank my funding sources at the Department of
Environmental Scienceshe Alaska Geobotany Centéng NASA LandCover LandUse
Change Initiative, the Virginia Space Grant Consortitand the U.S. Permafrost
Association.| thankthe entire EVSC communityfor making my time in Charlottesville
so fun and engaging. Findly, | thank my parents, Marge and Jerry Frost, and my wife,

Shalane Frost, faheir love friendship,and support



CHAPTER 17 GENERAL INTRODUCTION

The Arctic tundra biome constitutésh e  w ortHerdndosterrestrial biome
bound by the Arctic Ocean to the northandfwn or t h e e e | i rberenl favekt t h e
biome to the south At the circumpolar scale, the southern latitudinal limit ottdsr
tundra varies considerably, but is everywheteracterized by proximity tdrctic
coastlinesand associated strong gradients in summenpégaturethat exist from
landwardregionsto theocean(Alexandrova, 1974)The Arctic tundrabiome extends as
far south as ~59\ in Canadaamong thdargely icecoveredinlets and straitseparating
the islands of the Canadidmctic Archipelago, but i®nly found above-70° N in central
Siberianregions with a highly continentalimate regimgFigurel1.1). Tundra vegetation
also occursat high elevationat temperate latitudes of thaorthern and southern
hemispherg these tundraar e t er me d f a khare many df thenadtribatesd a n ¢
of Arctic tundra.The tundra biome i ni que among the worl dos
geographic extent is driven by temperature alone and is not appreciably linked to
gradients of pecipitation Climatic warming observed globally over the last ~150 years
has been most pronounced at high latis@&gure1.2), bringingwidespread attention to
Arctic tundraecosystems as bellwethers of global environmental change.

The Arctic tundrabiome is characterized by legrowing, treeless vegetatiobut
there is considerable latitudinal zonatwithin the biome(Alexandrova, 1974; Walker et
al., 2005) The staure and biomas®f tundravegetationprogressively decreaséom

landward to seaward, arigere is ashift in the relative abundance of plant functional



Figure 1.1. The geographic extent of the Arctic tundra biofsleaded areaportrayed in

the Circumpolar Arctic Vegetation MgEAVM Team, 2003)

types.In the warmer, southernmost parts of the bioofeen referred to as thé L o w
Arctic, 0 woody shrubs are a doafienfoannan ¢ o mp ¢
erect canopyf ~1 mor more inheight A Hi gh Ar cti co0 t unndlrea desc
coldest parts of the biome, where woody shrubs have a prostrate growth fama or

absent altogetheHigh Arctic tundra is closely linked tareas in whictoffshoreseaice

is most persistenfWalker et al., 200%)however, dramatic declines in the seasonal
duration and extent of Arctic séee have amplifiedrecent increases in regional and

global temperaturgSerreze and Barry, 2011(Figure 1.3), with increases in the
productivity of vegetation evident virtually theghout the Arctic tundra biom@hatt et

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

these observations have promptegothesegegarding thepoleward displacement of

Arctic tundra, and its replacement in southern areas by boreal forest



[ |
-41 -2-1-5 2.5 1 2 441

Figure 1.2. Global trendsof mean annual tempeure for 1962012, the approximate
observational period of satelliteased remotsensing applied in this dissertation, derived
from reanalysis of global instrumental dataséte colored scale is in units oE. Figure

courtesy of NASA Goddard Instieifor Space Studies.

The boreal forest biome is one of the most extensive biomes globally,
encompassing broad swaths of th@rn Eurasia and North Americéhe norhernlimit

of the boreal forest coiiaes fairly closely with the 1€ July isotherm(Holtmeier, 2003)

Circumpolars cal e maps of the wor | daddsborbal faresteas por t

more or less contiguousrcumpolarbelts separatedy a latitudinalfi t r e,debltithe e
foresttundra transitionis almost never characterized by abrupt shifts from treed to
treeless vegetatiolRather the Arcticboreal transition encompassaroadecotoneof

Af ot esadr aod ,mnemiehttleetrelative abundance of trees diminishesnf

south to nort{Figure ) Thi s gradual spatial transit.i

on
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slope = -13.0(+/-2.9) % per decade

Figure 1.3. Time-series of anomalies of Arctic sé& extent in the month of September
derived from satellite observations since 1979, indicating dramatiedses in the
persistence of seae cover. Figure courtesy of the National Snow and Ice Data Center

(NSIDC).

treeline, i n cont r afeguentlyoobsénre@d ménsaberregprnso t
(Figureld).

Theencroachmentf tall shrubs and treasto tundradominated areas has a broad
range of implications at local, regional, gmatentiallyglobal scalesincreased shrubland
and forest canopy cover promotes local and regional climatic warming by altering the
exchange of radint 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 vege(@&@mran et al., 1992; Chapin
et al.,, 2005; Loranty et al., 2011\Widespread tree and shrub expansiathiw the
presemday tundra biome also has the potential to influence global climate by altering
atmospheric circulatio(Bonan, 2008; Bonan et al., 1992; Chapin et al., 20D0@e and

shrub proliferation in tundreanalso affect a wide range of biophysical sys{gmperties



Figure 1.4. Examples of forestundra 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, westeAlaska; (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, includingydrological processeéSturm et al., 2005)permafrost
temperaturg(Blok et al., 2010) and nutrient cyclingKaarlejarvi et al., 2012)these
alterations also have potentially significant, indirect impacts on the global climate system,
because laye pools of carbon are storedlive vegetation, anghermafrost soilsvhich
underlievirtually all of the Arctic tundra domaifOechel et al., 200®ing et al., 2008)

Changes in tall shrub and tree abundance also fundamentadly véltllife habitat
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characteristicye.g., Ehrich et al., 2012jand can mpact traditional human activities
(Forbes et al., 2009)

Currentlines ofevidence regarding recent shifts in the extent of Arctic tundra and
boreal forest come from fieldased studieEsper and Schweingruber, 2004; Lloyd et al.,
2002; Suarez et al., 1998hd observations from eaftioserving satellitege.g.,Beck et
al., 2011; Kharuk et al., 2006; McManus et al., 20&a8)well as projections derived from
processedased simulation mode(g.g.,Kaplan and New, 2006; Shuman et al., 2011)
Other lines of evidence regarding environmental change inARaT terrestrial
ecosystems, howevenave highlighted the role of tall (> 2 m height), canoffgrming
shrbs in driving structural changes both in forestidra, and within the matrix of
preserdday Low Arctic tundrge.g.,Sturm et al., 2001Tape 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 recentlyMyers-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 abundanteedrasis 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 tradlty posed
considerable political and logistical obstacles #mientific researchAlthough te
Siberian boreal forest and tundra domairs similar in many ways to those of the North

American and European Ractic, there are significant differencpertaining to



Figure 15. Foresttundranear King SalmonsouthwestAlaska in 1918 Ieft) and 2005
(right). Birch (Betulg shrubshave become much more widesprew@thin this ecotone
1918 photdby P. Hagelbargeiourtesy of National Geograph®8ociety 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 negiemained unglaciated during the
Pleistocene, and so the development of modern treelines has occurred over a relatively
|l ong period of time across most of the reg
extent, the lack of direct, observationgidence of recent vegetation dynamics and4and
cover change in the region represents a largerggipbal changstudies

The primary motivatiorfor my dissertation is to shed light on recent vegetation
dynamicsand landcover change in northern Siberi@able 1) In this dissertation, |
applied three general approaches to examine recent changes in ecotonal landscapes
spanning the Siberian Low Arctic: (1) spatiafiyxplicit comparisons of highesolution
satellite imagery from the mi#l960s, and recent ges for eleven Siberian tundra
ecotones; (2) field studies of landscamale mechanisms that facilitate shrub

proliferation in permafrost patterngplound ecosystems; and (3) spagmporal



Table 11. Summary of dissertatioresearclcomponents, questisnand approaches.

Component

Major questions

Approaches

I. Changes in
ecotonal shrub and
treecover

Il. Role of
permafrost
processes in
ecotonal vegetation
dynamics

II1. Contribution of
shrubexpansion to
figreening
observed in NDVI
time-series

1. Isrecent shrub and tree
expansion a ubiquitous
phenomenon ithe Siberian
Low Arctic?

2. What parts of ecotonal
landscapes are most
susceptible to shrub aricte
expansion?

3. To what extent can change
in shrub and tree cover be
explained by temporal
anomalies of seasonal
temperature angrecipitation?

4. 1s shrub expansion
facilitated by disturbance
processes in permafrost
patterneeground?

5. What is the role of
disturbance in driving recent
vegetation dynamics?

6. To what extent do recent
changes in shrub and tree
coverexplainNDVI
anomaliesat the sites?

7. Is the shrub increase
observed in ecotonedth

Quantify changes in shrub and tree cover ove
the last ~45 years at widetlistributed Siberian
ecotones through visuadterpretation 0fL960s
and modern satellite photography

Stratify each study arday physiographic units
in a GIS andassesshangs in shrub and tree
cover by stratum

Generate timeseries of mean summer
temperature, mean winter temperature, and
annual precipitation from instrumental records
and correlate the magnitude of vegetation
change with climatic trends

Measure soil stratigraphic attributes in
expanding, and stable alder shrublands, and r
the locations of alders in relation to perigéc
landforms

Evaluate the disturbance history for two
northwest Siberian sites, and evaluate spatial
relationships between shrub expansion areas,
and footprints oflisturbance

Generate NDVI timeseries using Landsdata
for northwest Siberian ecotonasdisolate
NDVI trends for newlyestablished, and pre
existing alder shrublands

Using findings from Component I, generate
empirical functions that predict the spatial exte

1960s imagery representative of newly-established shrublands across large

of changes occurring across

the northwest Siberian Arctic*”

areas, based on the nmitgde of Landsat NDVI
trends observed in shrublands since 1984

analyses of Landsatbserved trends in tundra vegetation productivity and stirivien

land-cover change in northwest Siberia since 1984.
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CHAPTER 21 TALL SHRUB AND TREE EXPANSION IN SIBERIAN TUNDRA

ECOTONES SI NCE 'THE 19606S

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 Igtlantitativeeviderce exists for
northern Siberia, whi ¢ h e ntondrenpecatenal bedt. Wwleh e wo
guantified changes in tall shrub and tree canopy cover in eleven, wid&ijputed

Siberian ecotonal landscapes by comparing -igirresolution photogphy from the
ColdWarera fAGambito and ACoronad sl@eQewithH i t e s
modern imagery. We also analyzed withamdscape patterns of vegetation change to
evaluate the susceptibility of different landscape components to tall simadikiree
increase The total cover of tall shrubs and trees increased in nine of eleven ecotones. In
northwest Siberia, aldeAlnug shrubland cover increased 5.25.9% in five ecotones.

In Taymyr and Yakutia, larch_&rix) cover increased 3106.7% wthin three ecotones,

but declined 16.8% at a fourth ecotone due to thaw efictepermafrost. In Chukotka,

the total cover of alder and dwarf pinirfug increased 6.1% within one ecotone and

was littlechanged at a second ecotone. Within most lanéscahrub and tree increase

was linked to specific geomorphic settings, especially those with active disturbance
regimes such as permafrost pattergesund, floodplains, and colluvial hillslopes. Mean

summer temperatures increased at most ecotones beno@d1960s, but rates of shrub

and tree canopy cover expansion were not strongly correlated with temperature trends

YFrost, G. V. and Epstein, H. E. In revieGiobal 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 acrass of northern Siberia, but rates of
increase vary widely regionally and at the landsesgade. Our results indicate that
extensive changesan occurwithin decades in moist, shrdominated ecotones, as in
northwest Siberia, while changes are likelyowcur much more slowly in the highly

continental, larckdominated 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 forastdra ecotones can change within multi
decadal imescales in response to climatic changes, geomorphic processes, and many
forms of natural and anthropogenic disturba(tdeltmeier & Broll, 2005; MyersSmith
et al, 2011) Climatic warming is widely expected to promote the northveaud upslope
expansion of trees and tall shrubs into tuatlveninated areas in the coming decades.
These predictions are largely based on observations of waintdnged increases in the
secondary growth and reproduction of boreal trees and sfiEspsr & Schweingruber,
2004; Kullman 2007; Danby & Hik, 2007b; Det al, 2008; Forbet al, 2010) and
spacebased observations that indicate widespread increases in the productivity ef forest
tundra and Low Arctic tundra since the 198@hatt et al, 2010; Becket al, 2011,
Lloyd et al, 2011; McManuset al, 2012) The most direct and spatialgxplicit

observational evidence of tree ardll shrub increase comes from comparative
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assessments of tree and shrub canopy cover in vertical and oblique aerial photography
over multtdecadal timescales. Such assessments primarily come frontgplegional
scale studies in Alask@&turmet al, 2001; Tapest al, 2006; Naito & Cairns, 201nd
CanadgDanby & Hik, 2007a; Tremblagt al, 2012; Ropars & Boudreau, 2012; Lastz
al., 2012) The Siberian Low Arctic, hogwer, encompasses the longest contiguous belt
of foresttundra 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 1960®ss a network of ecotonal landscapes spanning
the Siberian Low Arctic.

Changes in tree and tall shrub abundance are a critical component-tdthigte
environmental change, because changes in the areal cover of erect plant canopies strongly
modify system properties of tundidominated lands that feed back to the climate system
(Foleyet al, 1994; Leviset al, 2000) There is therefore a pressing néedharacterize
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 mod®hsed simulations of circumpolar vedeta are largely driven by
temperature, and project changes potential vegetation that do not account for
constraints on seedling recruitment and species migration (A8, 2005; Kaplan &

New, 2006; Tchebakovat al, 2009) these projections therefore appear to greatly
overestimate the potential for largeale vegetation changes in the presky Arctic
tundra biome. Although most recent studies in -Restic ecotones have reported

increases in tree and especially tall shrub abundance, and there are virtually no reports of
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decline(Harschet al, 2009; MyersSmith 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, Isws differences in geomorpholoffyamache
& Payette, 2005; Frost al, 2013)and disturbance historf.antz et al, 2009, 2012)
Elucidation of the relative importance of, and the dynamic liekagmong, largecale
climatic forcing, landscapscale 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 amel ti

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 mdécadal time periods required for
observale changes in vegetation structure to become manifest in cold ecosystems that
are dominated by lonlived species. Dendrochronologicatudies provide strong
evidence for increased secondary growth rates of Siberian (Bed® et al., 1995;
Kharuk et al, 2006)and tundra shrub@orbeset al, 2010)that are catemporaneous
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(Shiyatovet al, 2005; Deviet al, 2008)and Putorana Mountair{&irdyanov
et al, 2012) and recent increases in tree recruitment have been recorded in northwest
Siberian forestundra since the mi@d" century (Esper & Schweingruber (2004). It is

difficult, however, to extrapolate areal changedree and tall shrub cover over large
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areas based o situ measurements of individuals. Additionally, climateuced
increases in the productivity and fecundity of mature trees may not be accompanied by
areal expansion of tree cover, because suitaipds 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 oétaBgn 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 mi@b0s in eleven ecmnal landscapes distributed across
the Siberian Low Arctic; (2) to assess and compare the landscalgeheterogeneity of
vegetation changes within the eleven ecotonal landscapes; and (3) to assess the extent to
which variability in rates of change of ftathrub and tree canompver 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 withinealescotones
spanning the Siberian Low Arctic, by comparing veighr e s ol uti on ( VHR;
spatial resolution) satellite photographs from the 1960s with VHR imagery from recent
years (Table.1, Fig.2.1). We also applied ancillary remegensing datasete delineate

geomorphic and physiographic properties of the study landscapes, and compare the
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Table 21. Summary of study landscape location, elevation, area, mean annual
temperature (MAT), mean Judely-August temperature (JJA), meabdecember

JanuaryFebruary temperature (DJF), and mean annual precipitation (MAP) for 1965

2010.

Latitude Longitude Elevation Area MAT JJA DJF MAP
Landscape (°N) (°E) (m) (km?)  (°C) (°C) (°C) (mm)
Kharp 66.84° 65.99 225 64 -7.5 101 -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 99 -234 371
Dudinka 69.61° 86.53° 50 58 -9.8 105 -27.1 515
Hatanga 72.16°  102.68° 15 34 -126 9.7 -31.3 275
Lukunsky 72.48°  105.20° 30 34 -126 9.7 -31.3 275
Uyandi 69.45°  141.65° 300 54 -142 105 -36.5 268
Kolyma 68.93°  161.36° 10 45 -11.2 109 -32.0 198
Pekulney 65.39°  174.20° 150 73 -8.6 9.8 -24.0 325
Velikaya 63.73°  175.10° 50 78 -7.7 109 -235 378

100°E  120°E  140°E 160° E

)

# ' (5 w )ﬁ
\A

RCTICCIRCLE ____—

160° E
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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susceptibilitiesof 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 grebaded meteorological records.

Data sources amhstudy areas

Spatiallyexplicit, retrospective studies of ecotonal vegetation changes require
baseline data sources that possess both the spatial resolution necessary to distinguish
vegetation canopies, and a permferecord adequate to detect directibchanges in
vegetation. Aerial photographs have been successfully used to quantifydeualdal
vegetation changes in forgsindra and Low Arctic tundra in North Ameri€gapeet al,
2006; Danby & Hik, 2007a; Diagét al, 2007; Naito & Cairns, 2011; Tremblayt al,
2012;Ropars & Boudreau, 2012; Langt al, 2012) but virtually no readilyaccessible
sources of aerial photography exist for Russian ecotones. We exploited a heretofore little
used archive of 1960s imagery from two declassified, Cold-&kasatellite sueillance
systems, KH7 A Gambi t-d B amc€orKdna. 0 -1969 miarked thg 1 9 6 3
beginning of spacbased VHR remotsensing, acquiring panchromatic photography at a
spatial resolution of ~75 cr(U.S. Department of the Air Force, 196fo publicly
available satellite imagery achieved comp&rabesolution until the launch of the
IKONOS commercial satellite in 1999. Gambit was replaced by the4dBHCorona
system (19671972), which acquired panchromatic photography of much larger swath
widths, at lower spatial resolution (~2 m). When paired witbdern VHR imagery,

Gambit and Corona offer a read#éyailable source of baseline data for landcarenge
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studies with a pericdf-record of almost fifty years. Gambit and Corona have yet to be
widely applied in landcovechange studies in northern sgstems, although a case study
concluded that it had high potent(fdeeset al, 2002) Imagery from KH4A, an earlier
variant of Corona (=& m spatial resolution), has been used to study fiwesira
dynamics on the Taymyr Peninskharuket al, 2006) coastal tundra in ChukotKhin
et al, 2012) and industrial impacts to boreal forest in European R{Rgjmna, 2003)

Gambit and Corona are weluited for landcover change studies in tundra
ecotones, because tall shrubs and trees form abrupt transitions in vegetation structure that
creat unambiguous, readiinterpreted photsignatures. These phesignatures 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 aldeAlpus viridis ssp. fruticosg, a common tall shrub in tundra
ecotones, tends to form dense thickets that are readily distinguishe@.@igBoreal
conifers such as larch.drix spp.) tend to form columnar canopies with areatgants
that are too small to distinguish in Corona imagery, but are readily detected in Gambit
imagery particularly because the high angikincidence of sunlight at high latitudes
produces long canophadowgFig. 2.3). We therefore only applied Commmagery 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 clooder. 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 (Geckyeight) imagery
showing alder shrubland expansion on hilltops at Dudinkdystandscape, northwest

Siberia; alder abundance increased 25.9%. Gedkymge © Digital Globe, Inc.

Subzone E of the Circumpolar Arctic Vegetation MEPAVM 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 Bioclim&8tgzone E. A series of Corona
satellites acquired extensive clefrde, midsummer photography in northwest Siberia in
August 1968, and for Chukotka in July 1969 (Tab2). The spatial extent of Gambit
photography is much more limited, but useful imagest for the Taymyr Peninsula and
Yakutia, mainly along major rivers. Prospective study areas were further constrained by

the availability of ceincident modern imagery; we therefore made opportunistic use of
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Fig. 2.3. Comparison of 1966 (Gambit; lefgnd 2009 (WorldViewd; right) imagery
showing larches on rims of isgedge 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 pelsd/orldViewl image © Digital

Globe, Inc.

archives from four commercial multpectral sensodslIKONOS, QuickBird, GeoEy4,
and WorldView2d and one panchromatic sensor, WorldVigéwAll five of these
sensors have a panchromatic band with spatialutsolcomparable to each other {50
80 cm) and to Gambit (~75 cm); the four mugitiectral sensors collect data with spatial

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

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

Study

Area period
Landscape (km®  (yrs) Historical imagery Modern imagery
Kharp 64 42 19 Aug 1968 KH-4B) 24Jul2003 (QB), 21Jun2010 (W)
Obskaya 59 43 19 Aug 1968(KH-4B) 29 Jul 2004 (IK), 3 Jun 2011 (W®)
Tanlova 50 43 21 Aug 1968KH-4B) 22 Jul 2011WV-2)
Taz 72 42 21 Aug 1968KH-4B) 9Aug2002 (1K), 20Aug2010 (W\)
Dudinka 58 43 15 Jul 1966KH-7) 9 Jul 2009GE-1)
Hatanga 34 43 04 Jun 196613 Jul1966(KH-7) 29 Jul 2009WV-1)
Lukunsky 34 44 13 Mar 1965 (KH7) 11 Jul 2009 (GR)
Uyandi 54 44 13 Jul 1966KH-7) 28 May 2010(GE-1)
Kolyma 45 45 1 Jun 19651 Oct 1965KH-7) 16Sep2003 (QB), 7Jul2010 (W)
Pekulney 73 41 25 Jul 1969KH-4B) 29 Jul2010(GE-1)
Velikaya 78 40 25 Jul 1969KH-4B) 22 Jun 2009 (GH)

YK = IKONOS, GE1 = GeoEyel, QB = QuickBird, W\1 = WorldView1, 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 aldetendsto be the dominant tall shrub in ecotonal communities of the southern
Yamal (Khitun, 1995) western TaymyiKozhevnikov, 1996) and Chukotka regions
(Belikovich, 2001; Lozhkiret al, 2006) whereas two larch species are dominant in the
drier, highly continental climate regime of the eastern Taymyr Penirlsujgnellini) and
Yakutia L. cajander) (Vargina, 1976; Abaimv, 2010) Siberian dwarf pine Rinus
pumilg) is also present in Yakutia and is common in Chuk¢Belikovich, 2001) we
treat it as a tall shrub because of its mstiémmed, thicketorming growth habit. For
alderdominated ecotones, imagery had to come from the growing season (~June to
August). For larckdominated ecotones, we also used imageoyn 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 fronofdhese ecotones,
and ismuch less abundant than alderthe Kharp and Obskaya ecotonéslditionally,
we did not record changes in tall shrub cover at one ecotone (Lukunsky), because
baseline Gambit imagery came from the winter.

Once we identified ecohal areas with useful imagery, we delineated study
landscapes ~60 Knin 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 at least 10 km (and usually much farther) from
populated areas; direct human disturbance is absent or limitedrmadffvehicle trails
We scrutinized 1960s imagery with intent to analyze recent fire scars in treeless tundra
areas, because fire is knowo promote tall shrub recruitment in Low Arctic tundra
(Racine et al, 2004; Lantzet al, 2012) but we found no suitable imagery. We
recognized that older wildfires that occurred Mzdfore the remotsensing periowf-
record could confound analyses of ecotonal vegetation change and their cause,
particularly in larchdominated ecotones in central and eastern Siberia. Fire frequency is
much lower, however, at the fordsindra boundar in these regions compared to the
interior of the boreal forest biom@uryaevet al, 2001; Sojaet 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 Rive(Rerneret 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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Retrospectivanalysis of VHR imagery

We used a poinntercept sampling approach to compare the cover of tall shrubs
and trees between historical and modern imagery. We first -cetitidied modern
imagery using digital elevation models (DEMs) from the European Spgeack Data
User Element Permafrost Project, that had been derived from Russian topographic maps;
these DEMs have a nominal horizontal resolution of ~70 m. We theegcstered the
historical photos to the modern orthroages, by establishing control pamin persistent
landscape features, such as the intersections-efedge polygons, individual trees, and
rock outcrops. We coegistered baseline photographs to the modern-amhges using a
spline transformation with GIS software (ArcMap v. 10.0; Eowmental 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 a@gistration across a multitude ofntiscape features, and insert
additional control points as needed. Higisolution DEMs and ground control points
would have been desirable, but these data do not exist for northern Eurasia. We stress,
however, that a poirittercept sampling approach is Wweuited for comparative
purposes under these conditions.

After image ceregistration, we generated a grid of uniforrsjyaced sampling
points for each study landscape. We spaced sampdimgs at intervals of either 30 m or
50 m; we sampled aldelomimated landscapes at higher resolution to support a separate
study using 30 m resolution Landsat satellite data. We then visually assessed the

samplingpoints and recorded the presence/absence of tall shrub and larch cover; we took
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care to distinguish vegdtan 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, andparcent basis. Finally, because the penbdecord was not the
same for all landscapes, we normalized the percent change values into normalized shrub
expansion rates (NSER; % decaflend tree expansion rates (NTER; % deCade
NSER and NTER expreskd 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 samplimgfs into five
physiographic units: upland, lowland, inactive floodplain, active floodplain, and
waterbody (Tabl€.3). The physiographic units integrate multiple sfatgors related to
soils, masture regime, permafrost, and disturbance regime, yet are simple enough to be
applied across widelgistributed study areas. We digitized physiographic units through
visual photeinterpretation of modern imagery for each site; we also referred to hastoric
imagery to delineate active floodplains. We utilized DEMs to assist in distinguishing
|l owl and and wupland physiographic wunits,
could be assigned to the lowland unit. We then calculated NSER and NTER for each

physiographic unit, within each landscape.
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Table 2.3. Descriptions of physiographic units used to stratify the vegetation sampling

points.

Physiographianit Description

Upland Slopes( O 2aid)plateaus with high position in local topography

Lowland Non-floodplain aeas occupying low position in local topograpfigt or with
low relief (<2° slope)

Active floodplain Riverine landform&nd channelsiwhich active deposition and erosion

occurred during the study period

Inactive floodplain  Floodplains andiverineterraces lackinglirectfluvial disturbanceduring 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 photerpretation 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(Frostet al, 2013)

Climate effects on ecotonal vegetation dynamics

We compiled mean monthly temperaturend precipitation data from
meteorological stations to assess the degree to whicHantscape variability in NSER
and NTER can be explained by differences in trends of gresgagon temperature
(JuneAugust ; hereafter, i Jelature (Nevempbektaech), ande 0 )

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 temperaturfAlexandrova, 1974)treeline dynamics are often more strongly
linked to winter temperature tren{ldarschet al, 2009) and moisture regime is known
to strongly affect temporal dynamics of tree productivity and recruitment in Hfionesta
(Lloyd & Fastie, 2002; Dewet al, 2008; Beclet al, 2011; Lloydet al, 2011)

We acquired station data from the National Climatic Data Center at

<http://www.ncdc.noaa.gdland-basedstationdata> and calculated annual values of JJA

temperature, winter temperature, and precipitation for the reseoigEng periowf-

record for each ecotone; we also included three preceding years, to account {ftarshort
lags in seed prodtion and seed viability arising from climatic conditions in previous
years. We converted the temperature and precipitation values to anomalies with respect to
a 19812010 base period, and conducted lsagtares linear regression to determine the
magnituéé and significance of temporal trends. We then conducted-dgaates
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 precipition (MAP) (198i 515 mm yeaf; Table2.1), we conducted regressions
between NSER and NTER, and MAP. Five of the ten ecotareekcated 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 Supplementaryniaioon).


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

Across the network of eleven ecotonal landscapes, the total cover of tall shrubs
and larch (if present) increased in nine landscapes (#3:25.9%; median +8.4%),
declined in one landscapes(9%), and remained about the same in one landseape (
0.8%) (Tale 2.4). Tall shrub cover increased in nine landscapes ([+%25.9%; median
+11.4%), and there was little net change in one landse@B94) (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% +18.2%; median +5.9%) and declined in one landscape (
16.8%). We did not quantify changes in larch cover in two additional landscapeadhat h
trees (Kharp and Obskaya), because higlsolution Gambit imagery was not available.

The most extensive landcover changes, on both a percent and especially an area
basis, occurred in shrudominated ecotones. At Velikaya, the one ecotone in whieh tot
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 Hatangakyu&od
Uyandi, while larch cover declined markedly at Kolyma due to thaw ofricte
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
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 24. Summary of areal and percent change in tall shrub andcarespy 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 f@itHandscapes that

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

landscapes.
Tall shrub cover (ha) Tree cover (ha) ':'Ot?
an

Site 1960s 2000s m % 1960s 2000s m % m (ha)
Kharp 713 771 58 84 - 59 - - 6,198
Obskaya 484 585 102 21.0 - 43 - - 5,887
Tanlova 331 395 65 195 - 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 54 136 142 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 27 114 378 315 (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.










































































































































































































































































































































