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Abstract

With a warming climate, Alaska’s arctic tundra vegetation is changing. Here I
use four Landsat satellite images and glacial geology, surficial geomorphology,
vegetation, slope angle, aspect, and elevation maps to examine spatial and temporal
patterns of greenness in the Toolik Lake and Upper Kuparuk River Region in Arctic
Alaska. The 30-m resolution of the Landsat images used in this analysis allowed for
detection of patterns of heterogeneity in the greenness and in the greening of the
landscape. Such studies complement the finer temporal resolution of AVHRR data,
which are more appropriate to detect annual variation in greennes; and greening
across broad regions. This study suggests that the measured changes in AVHRR
derived NDVI values are likely the result of a real change in arctic vegetation and are
not simply due to technical problems with AVHRR sensors. Between 1985 and 1999
the mean Landsat-derived NDVI across the Toolik Lake and Upper Kuparuk Region
increased 0.076 or 15.9%. The greening detected by Landsat data occurred
heterogeneously across the landscape with the most rapid change occurring in well-
vegetated areas such as tussock tundra and shrubby areas, on areas of nonsorted

circles, and at lower elevations.
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INTRODUCTION

Background: A Changing Arctic

Satellite remote sensing studies of changes in. greenness patterns in northern
latitudes have indicated that the tundra in North America is greening earlier and that
maximum greenness values are higher (Myneni et al. 1997; Zhou et al. 2001; Jia et al.
2003; Goetz et al. 2005). Most observations of large-scale patterns of vegetation have
been based on the calculation of the normalized difference vegetation index (NDVI),
which is a commonly used index of vegetation activity derived from multispectral
satellite data (developed by Rouse et al. 1973). Chlorophyll in gréen vegetation
absorbs strongly in the red wavelengths and reflects strongly in the near infrared (NIR)
wavelengths, and the difference of the two is used as an index of vegetation greenness.
When normalized by the sum of the reflectance in the same channels, the influence of
variation in illumination conditions caused by variation in slope or clouds is
minimized. Thus NDVI =(NIR-R)/(NIR+R) (Tucker 1979; Lillesand and Kiefer
1987).

Higher NDVI values are indicative of greater photosynthesis and have been
correlated with tundra biomass, leaf area index, intercepted photosynthetically active
radiation, and other plant biophysical properties such as CO, and methane flux
(Reeburgh er al. 1998, Oechel et al. 2000, Stow et al. 2004). Interannual NDVI
analysis can show variability in plant phenology (timing of green-up and senescence),

changes in standing crop (annual peak NDVI, the maximum greenness that occurs



during one growing season) and ecosystem net primary production (seasonally-
integrated NDVI, the sum of NDVI values over an entire growing season).

Detection of global-scale long-term trends of .vegetation biomass has relied
mostly on the Advanced Very High Resolution Radiometer (AVHRR) sensors aboard
the National Oceanic and Atmospheric (NOAA)-6 through NOAA-16 weather
satellites. Time-series analyses indicate that the two decades following the initial
launch of the AVHRR sensors were a period of rapid increase in the NDVI at northern
latitudes (Myneni 1997; Zhou 2001; Jia et al. 2003). The AVHRR analyses have
involved data at 8-km resolution. For example, Jia et al. (2003) analyzed a time series
of AVHRR satellite data for three bioclimate subzones in northern Alaska and
confirmed a long-term trend.of increase in vegetation greenness for the Alaskan tundra
that has been detected globally for the northern latitudes. Using a 21-yr (1981-2001)
time series of 8-km resolution data, Jia et al. (2003) found a 16.9% (+5.6%) increase
in peak vegetation greenness across Arctic Alaska that corresponds to simultaneous
increases in temperature.

The warming trend in Arctic Alaska is described by the summer warmth index
(SWI), which is the sum of monthly mean air temperatures greater than 0°C,
expressed as °C-mo. During the period of 1981-2001, the Arctic Slope’s SWI
increased 0.16-0.34 °C mo/yr, with greater NDVI values generally coinciding with
warmer temperatures, and drops in NDVI corresponding with colder summers (Jia et

al. 2003). While summer temperatures affect plant growth most directly, global



warming is expected to create an overall increase in air and soil temperatures, more
rapid nutrient release from decomposing soil organic matter, and increased summer
cloudiness as sea ice melts and allows greater evaporation from the ocean (Chapin et ’
al. 1995).

Temporal analysis of NDVI has shown that the arctic is greening, though not
homogeneously. Biotic responses to climate change should vary based on latitude,
vegetation type, site factors, and other ecological variables. AVHRR NDVI analysis
is too coarse to accurately quantify relatively small-scale patterns of landscape
heterogeneity and mechanisms for vegetation change, especially in the arctic tundra
where heterogeneity in moisture, topography, snow accumulation, and dominant plant
growth form can exist over small spatial scales. A single remotely sensed pixel may
contain areas that differ widely in patterns of growth, physiological activity, tissue
turnover rates, leaf structure and pigment content, LAl, stem area, leaf litter,
proportion of exposed soil/rock and, potentially, response to global change (Boelman
2003). Examining vegetation change at a smaller spatial scale can help to characterize
underlying mechanisms responsible for heterogeneity in landscapes and ecosystem
processes, and identify proximate causes of vegetation change related to climate
change.

Furthermore, although the AVHRR data have numerous advantages for studies
of broad regional changes because of their daily global coverage and because CO, flux

data and modeling studies seem to support the greening patterns found using AVHRR



data, there has been considerable debate as to the cause of the NDVI increase and even
if the change has been real because of numerous technical issues related to degrading
orbits of the sensors and calibration of the several satellites involved in the time-series
of data (Fung et al. 1987). An independent analysis of the greening trend would help
evaluate the magnitude and locations of the greening.

For this research 1 used multiple GIS layers and four 30-m resolution Landsat
scenes to describe the relationships between vegetation, glacial geology, surficial
geomorphology, slope angle, aspect, and elevation to analyze spatial and temporal
patterns of greenness in the Toolik Lake and Upper Kuparuk Riv;er Region of Alaska.
The spatial analysis investigated the relationships between vegetation types, terrain
characteristics, and NDVI. The temporal analysis of the Landsat data was compared to
time series that have been developed using AVHRR data. The relatively low temporal
resolution of applicable Landsat data for the Arctic makes it difficult to distinguish
interannual variability in vegetation from directional vegetation change. The 30-m
resolution permits an independent confirmation of the trends shown by other data
sources and allows a more detailed analysis of which parts of the landscape have
greened the most dramatically.

Background: The Toolik Lake and the Upper Kuparuk River Region

The Toolik Lake and Upper Kuparuk River Region is located in the northern
foothills of the Brooks Range in northern Alaska (68°38°N, 149°36’W, elevation 720

m, 254 km north of the Arctic Circle) (Figure 1). The region is treeless and underlain



by continuous permafrost 250-300 m thick (Osterkamp 1983). The Arctic consists of

five bioclimate subzones (A-E); the most southerly three (C-E) occur in the Alaskan

Arctic (CAVM team 2003). The Toolik Lake and Upper Kuparuk River Region is in

bioclimate subzone E, the warmest subzone. Subzone E has a mean July temperature

0f 9-12°C, 80-100% horizontal cover of vascular plants, and 2-3 layers of vertical

plant cover, the tallest shrub layer reaching up to 80 cm height (CAVM Team 2003).

Winds in this area are primarily out of the Brooks Range to the south and southeast.
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I chose this area for the study because of the existence of a 1:25,000-scale GIS
database (Walker and Maier, in prep.) of the region that provided detailed information
regarding glacial geology (Figure 2), surficial geomorphology (Figure 3, Table 1),
vegetation (Figure 4, Table 2), slope angle (Figure 5), aspect (Figure 6), and elevation
(Figure 7). The Integrated Terrain Unit Map (ITUM) of this also area includes
hydrology, topography, percent water cover, surficial geology, and remotely sensed
spectral information. The Toolik Lake and Upper Kuparuk River Region is perhaps
the best studied area in the Arctic with respect to spectral charact_erization of different
aged glacial surfaces (Walker et al. 1995; Hamilton 2003) and the contrasts between
surfaces with different soil pH (Shippert ez al. 1995). Because of the extensive
research that has been conducted on the landscape characteristics of this area, it is an
ideal place to analyze spatial patterns of NDVI and to relate these patterns to temporal
analyses of NDVI that have been conducted at larger spatial scales.

Glacial history and relationship to vegetation

Glaciation is a major disturbance in the arctic that creates patterns of spatial
heterogeneity. Landscape age is often a controlling factor in ecosystem processes
through its effect on soil pH (Jorgenson 1984; Walker and Walker 1996). Soil pH
does not simply reflect the age of the substrate, however. Circumneutral soils may be
maintained on very old surfaces by inputs of loess from rivers (Walker and Everett
1991) and by other forms of disturbance, including dust input from gravel roads

(Auerback et al. 1997).
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Table 1. Description of surficial geomorphology units for the Toolik Lake and Upper

Kuparuk Rivcr Region. (1:25,000-scale) (Walker and Maier, in prep.).

Areas with no discernable pattern at the mapping scale; however, non-sorted circles,
small gelifluction features, and/or poorly developed water tracks can occur in these

;| areas.

1. Blockfields, river gravels, bedrock, talus.
2. Rugged rock-dominated till sheets with <1.5 m microrelief.

Smnall, 0.5-3 m diameter, roughly circular barren patches of fine-grained sediments
spaced from 2 to many meters apart, without a border of stones, caused by frost heave;
ubiquitous on fine-grained sediments; not differentiated here unless they cover more
than 50 % of a map polygon.

| Pattems on hill slopes that have a striped appearance due to elongated, relatively

well-drained stripes 1-3 m wide oriented down the steepest available slope,
alternating with moister inter-stripe areas 1-3 m wide; dry elements are usually
covered by non-sorted circles that may also be elongated downslope; most stripes
are non-sorted with similar grain size of material in the stripe and the inter-stripe
areas; sorted stripes and circles occur in rocky alpine areas.

Small regularly spaced mounds 20-50 c¢m in high and 20-50 cm diameter that occur on

1 gentle to steep slopes, caused by a combination of frost cracking, erosion of the inter-

hummock troughs, and eolian deposition on the hummock tops; often found in snow
bed areas and gelifluction lobes and terraces.

Any of a variety of forms related to the slow movement of water-saturated soil and
colluvium down slope over a layer of frozen ground; includes gelifluction lobes,
streams, sheets, and benches; common on well-vegetated steep hill slopes.

Well-developed hill- '
slope water tracks

Shallow sub-parallel drainages normally spaced tens of meters apart with well-
developed channels giving many slopes so-called “horsetail drainage” patterns; usually
carry water throughout the summer and are usually filled with shrubby vegetation,
most abundant on long lower slopes; deep snow accumulation in the water tracks
contributes to the water flow through the summer.

Indistinct hill-slope
water tracks

Water tracks with shallow indistinct sub-parallel drainages that normally carry runoff
only during the snowmelt season and immediately after rainfall events; recognized
mainly by shrubbier vegetation associated with the drainage; often occur on upper hill
slopes and may turn into well-developed water tracks on lower slopes.

High- or flat-centered.
ice-wedge polygons
and palsas

1. Ice-wedge polygons with a raised central portion 5-15 m in diameter that is elevated
above the trough portion; relief between the center and trough is nonnally about 0.5-1
m; the raised centers are caused by thermal erosion of the ice-wedges in the polygon
troughs; occur marginal to streams, rivers, and lakes, especially on outwash terraces;
flat- and high-centered polygons are present (but not mapped) on many upland
surfaces, but the polygons are often totally masked by tussock-tundra vegetation.

2. Palsas (organic-rich mounds and plateaus with perennial ice-lenses) and other raised
features in colluvial basins often are cracked into high-centered polygons.
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Ice-wedge polygons composed of a central low, usually wet, basin10-15 m in diameter,

{ abetter drained rim 1-2 m m width surrounding the basin, and a trough ofien wet,

overlaying the ice wedge between adjacent polygons; usually have a polygonal shape
with 4-6 sides; the rims may compose 30-6Q % or more of the total area of the polygon
complex; thermokarst ponds commonly occur at the junctions of polygon troughs;
caused by thermal contraction (frost) cracking within the permaftost ; not abundant in
the region, but occur in association with flat drained-lake basins and river floodplains.

Wet areas, often in colluvial basins, with a mixture of strangmoor, disjunct ice-wedge
polygon nims, aligned hummocks, non-aligned hummocks, and lowland water tracks.
Strangmoor consists of strangs, sinuous ridges many meters long that form

| perpendicular to the direction of the local hydrological gradient. The strangs are

normally up to 0.5 m wide and 0.5 m high. Disjunct polygon rims area associated with
incompletely formed or eroded low-centered polygons.

Lakes, ponds, and rivers.

Wetland areas with numerous small lakes and ponds that are too small to map

{ individually.

beaded stream

1. Areas with eroding sub-surface ice that may be buried glacial ice or ice-rich

| permafrost; this occurs marginal to several kettle lakes on Itkillik-age glacial surfaces.

2. Thermokarst pits that occur at ice-wedge junctions and often associated with ice-

;1 wedge polygons.

Trregular microfeljef N

This unit is used for a number of different situations in which there is considerable
microrelief'that cannot be ascribed to any of the above features, including rolling

topography common on till and outwash surfaces, hillslopes and bluffs with irregular
. erosion features, and floodplains with a mixture of channels, bars, ponds.
Disturbed Gravel mines and construction pads.




11

149 307 149
-
%
/_/
/
e m™al Hichwav
s alton Highway
- —— . -
p i
. -
Tc (
! \
Al
3
|
1
68 30 |
. | -
\\
N,
ne o : v dwarl wlo 1 Lb
Eoaa “ ) _ ' e Lo tenlr oo odics
. I rLo v wa osed o,
o 11  Neoen tida o e i
foor s ! DI How owe oW w0y
b . [ i o lchen aandri
N |7 Plorve state uel e stre - v uoy
. ' " L e L en b w
[ ant I oa ndy dee me v
1c I [
o low shruly e cneds
1 o T .
o . Lo
AN TE N . Tk mau

Figure 4. Vegetation of the Toolik Lake and Upper Kuparuk River Region
(Walker and Maier, in press).



12

‘(sopisurean)s Amous)
stuosstupyd xyps-vdipoopod xa4v7) PUB (SaYe] PIUIRIP) SUVXDS

. "Suiseq ayej paulelp Xa4p)-vsopdsapo pisdupyosa(T {(Sedle 1SIBYOULIDY) P2gINISI(])
€0 el A01 SWOS pUB ‘SAPI[SPUE| DONDIS PO4-DIIVIID PONISA,] IPN]OUL SANTUNUITUOD JUBUIWIO( SaNIUNWWOD
‘surSrew weans mous-doop 'Suiseq aye[ paulRIp pue ‘Sedie }SIBYOULISY} PUR SIPI[SPUE] UO 3SOY) qI10J ‘qnuys-jremp
BuIpnjour s3)IS SNOJUBJ[AISIIA]  SUIPNOUI SIOUBGINISIP UO SIIUNUIUOD PAJEUILLOP PIOUIWEIT SNOLIBA ‘prouuIeIs SNOSUB[[IISIIA
" bUOBD4I} ado1ssv) A AIgNS ‘wnudoyds
~11m0]2381q X240y pue suau wnud quawo j-wnpou3oa wnioydorsy
A £96°C1 © "MOUS 3]BIIpOU 0} MOJ[BYS ¢ puoBoayay adoissp) pue vonvy3 xipg ‘asuasap wngasinbiy Aq
U)im SIS [RNNaUWNOIIO pajeuiwop sadAiqns pue pfofiiSajur soliJ-1mofad1q xa4v7) apnjour BIPUN) SSOW ‘qnIYS
‘0113 Aygns 0] 2ISIN sanmunwwod jue[d Jueuiwog - $9x2]dwoo BIPUN) DIPIOBUOU JSION  -JIBMP ‘95Pas J0o0ssn)-UoN
‘(3s01jeuiIad
UoLI-921 U0 J Juozqns
. . 9)RWIJO0I] 10J UOHIEIdFIA
L'ge 62062 [eUOZ) MOUS 9)RIdPOW ‘wnu3oydg-11moa31q xa4v)) pue wnudoydg
0] MO[[BYS IM SIS JIPIOE -wungourSoa winioydor IpnjdUL saNIUNWWOD Jueld JurUIUO( BIpUN) SSOU

‘o1qels ‘oL1SKygns 03 OISO ‘sprourteld £q pajeuruwiop saxa[duros erpunj }o0ssny OIPIOE ISION  ‘quIys-Jiemp ‘08pas yoossu

sedpun) piouiweas JSJo

“Stung3iq a:owx\..cza«n“ag:\ &Rﬁ:v\ ‘nagnd
vomisa,] Yyim sped [oaeIS pale1adanal | vippnvo v3aysv)-wWn1ofiIv]
‘SeIR wmqopds :nzijoyosyosa v3vfixvg-vijofinsoddo p3vafixvg apnjoul

v S08'1 PaZop[Ing ‘Speol pauopurqe sanunwurod juejd JUBUIIO( "SOJOIID PaMIOS-UOU AQ pajeUIWOp seare
‘sped joaeId uo sualreq Seale pue ‘sease aurdie pare1agoa Ajended ‘susireq oY)o pue sjoaeId peqINISIp pajeradanal pue
pagImsIp paIe)adaa Kjjerled IaAu ‘sadors 92108 uo 10s 10 Y001 YIIm uone)adaa Jo soxejdwo)y  ‘suanieq pareradaa Ajjerueg
. . "$O1)R110 WnOYap4 3023 HOAIDIOZIYY
¢l 600°1 Te19'[3 ‘SpJaIIo0[q JLIOX ~SUDOLIZIU DLID4127) BUIPN[OUL “SYO0] UO SINIUNUILIOD USYOF'] S)901 UO SUAYDI']
I L7 R T : , , , suadieg
Joe, ®BH. SONIUNWWIO) Jue]J - AwouSorsiyg

"(*daid ul “JaIBJA] pUR ISN[BA)
(91895-000°5 Z: 1) U013y 1Ay yruednf 1addn) sy Jo dew uonea3aa syl JoJ santunwiwod jue(d Jo uondiiosa(y 'z djqel




13

SMIPUIDUN DILOIUDS-DIOfipUnod X1jos

3

67 $91°C ‘SPAGMOUS DIPIOBUOU  ‘D1]0fii821uz SPAA(T-DUOBDLS] 2dOISSD)) (DIDYI0401 W X24D)-DUOB VL)) BIPUN] UAYDI[-2S001}NI]
0} OIPIOE “0ISOW 0) OHAXQNG  adorsspy) apnour sanunwWwod jueld juemiwo(g saxa]dwos pagmoug  ‘qniys-jremp sjensord-rureyg
‘DI OfLL32jU] SOAL(
£Q POYRUIWIO(] "$POBLIS) IOAL
‘sadins pajios-uou ‘sadojg
Al 568 "JOA0D MOUS JOJUIM MO]JJBYS
0} UMO[Q-pUIm ‘WnIAnjje (orprorUOU) BIPUN] USYDI|
U392 JO WINIAN[[[O9 UO S[I0S ‘SIDjjaquUIn SNID3VAISY ~ 9s0011uJ ‘q10] “a3pas
SIPIoe-UOU 9IS3UW 0} JISIWO0INK -v1joftaBarut Soa(T ‘Sussa431u stdopdx-ovjofii3arut svlug ‘Qruys-Jiemp 21ensoid
" §90RLI9)
I9A11 KIp ‘sadofs pasodxa WNSOIUIULO]
8L 0Z8‘C  “sdoj 93pry "I19A00 MOUS ISJUIM UOINDI0242]$-DINISNGAD DIHOPD])) BIpUN] USYDY| ‘vyjdydoqajyd (o1p1oe)
" MOJJBYS O OU ‘UMOJq PUIMm X1DS-DULdIv Snojody ‘voLtqls vjjauLdn)as-viv1ado1oo sodiy 'IPUN] UDYDI[~S0OI3NI]
3TPIOE “OISOUIOIOX 0} LYK apnpour santunwwod juefd Jueurwo(q ‘saxajdwios eipuny opioe A7 ‘qI0J ‘qnIYS-JEMP 9)181)S0IJ
. G b , selpun) qnJiys-0jes)solg
"SLDZInA stnddi-uimaioqaaddy wnuvdivdg
I'ec $6S°1 ‘SIS pue sup3jna stnddip-vapnf vjiydo4y SpnjoUT SONIUNWLIOD ysIew snooseqioy
pue spuod ‘saye| OUpPAH jue[d Jueurwo ] 1o1eMm Jodaap ut uonjeadaa onenby fIarem 1arem~daap pue 19iep
"SUdJIU WNUAAJU2UWO [ -11 MO]231q X24D]) DUR
'sodojs uononnyijos  susttu wnudAuawo [ -wnsoltdsavo wnioydoyotd | (SISOIdTW PasIey
S'1 8SI°T uo syue[J (¢ y<Hd) ‘stjionbo xa10)-wntjofisn3up wnioydory
sudj ‘surdlew weans ‘syoel} PUR DZIYLLOPAOYD X2D))-SINDRDD X241)) :S)ISOIOTW Jd3MO]
Iayem OLIpAY 0) oIpAYQNg apnjour sapunurwod juejd Jueulwo(q 'saxa[dwos pueom udj yory (susy) expum ssowr ‘@8pag
"SUIISIOSN] XIJUS-ISUIUD]
97 be6T ‘SUISeq [eIAN[oo Ul (§'p>  wmuSpyds (soNsoIolw pasiey wnudovyds-wunijofisn3uv wnioydorryy

Hd) suaj 100d s1poe ‘spuod

pue 2yp1ustio wnudoydg-14ozyonayds wnioydorisy $9)1SOIDIW JOMO]
dpnpu sanrunuwiwod jueld jJuewwoq sax2|duIod pue[lam uaj 100J

(suaj
Jood) vipuny ssow ‘a8pag

‘smopeaw OupAy 03 oupAyqgng

Jd)eM puE seJpunj plonimels oM

panunuod "z d[qe L




14

001 0L0‘SL Te10L

‘(pds1ao snupp) pre 10 (vonvd
X1J0S) MO[[1M snoonel3 AQ pajeuruop spuejqniys puejdn ¢
‘SpPUB[qnIYS MO[ pue SpuE|qnIys
[181 sapnpoul {(pypupy '§) MOJ[Im BUR] PUE ‘(SISUIXDID °§)
MOJ[1Mm Jea)o] Aq pyeutwop saxdjdwos uelredu ui spuejqnIys 'z

'L rE's SISUBPOUDO SUSOL3DUDID)-D4Yoind x1j08 pue
‘mous doap  wnnjofnsn3up wnioydorg-viyoind x1jpg ApNOUT SINIUNWIWOD
M us)jo ‘oupAyqns o) o1sawl  jue(d ajeurwiop oY) d1eyYm (bayopnd x110S) MO[[Im Jed[-puoWEIp
‘sadors Surory yINOS pue ‘syoen AqQ pPAIRUIIOP SHOBI) 19)BM PUE SUIBaS Suoje SpurjqnIys ‘|
Iojem puepdn suidiew weang :Surpn[our sqnuys [[8) pue Mo[ Aq pajeullop SpuejqnIyS SpUB[qnIYS |[8] 0} MO']
suogAjod
. pauas-y3y ‘sesred ‘syoen ‘wnuSvydS-vayomd
80 109 Iojem puejdn jo suiSrew X10§ 10 SRAOWIDWDYD SNGMY-DUDU DJNag SPNJOUI SANIUNUILIOD rIpUn)
‘mous derapowr oudAyqng jue[d JUBUIWO(T "SMO[[IM IO YoIIq JieMp AQ PIIBUILIOP BIPUN} qRIYS  SSOW ‘qNIYS-MOf 0} -JIBMm(]
‘UMO231q Xa4D))-D4YOINd XIS PUR “WmpUI3DA WNLOYAOLLT]
Il ShP's sodo[s 19mof ‘mous -buvy pyM2g PN UL sanrunIod Juefd yurUIWo] '(BIpUN} rIpUM

Jjelapoul ‘ouFAYGNS 0} SISIN

3}908SN) AqQTUIYS) SqQIYS AQ pajeuiWwOp saxajdwiod vIpun) oIPIoe ISIOW ssouwr ‘08pos ‘qniys-Jem(

, SBIPUN) QRIYS-)IALY
“Jsemno
pue 11 [e1oe[8 AIp pue
i . ‘sadLiys aU0)s paYIos-uou pue
8¢ orre 515210 93puI 01pIo® UO ATUIB]N "DUIdID POJYO041H-DUDY DINGa Yd11q Syenisold-1wiay yiim sease Aip BIPUM} UBYII[-ISODIINI}
‘SPaQMOUS MO[[BYS OIPIOBUOU  SIPN[OUI OS] "DSUDdXaUL SPSOLSDWDIL)-pU0SD412] 2dOISSD,) ApNOUL ‘SSOU ‘qJOJ ‘qnIys-jremp

0} DIPIOB “0ISOW 0) OLIIXGNS

SAIIUNIWOD Jue]d JUBUIWO(T 'SPAGMOUS MOJ[BYS Yiim eipun) K17  2jensoid pue ajensord-iwoy

panunuod ‘7 d[qe ],




14 [

D ton Highw y

ST - S

//‘

| Gentle (2-5 )

1 Moderate (5-107)
] Steep (>10%)

Figure 5. Slope angle of the Toolik Lake and Upper
Kuparuk River Region (derived from Nolan 2003).
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Three different aged glacial surfaces occur within the Upper Kuparuk River
area (750 km?, mapped at 1:25,000 scale): Sagavanirktok (mid-Pleistocene), Itkillik I
(1ate- Pleistocene), and Itkillik II (late- Pleistocene) (Hamilton 2003). The
Sagavanirktok River glaciation is a complex of glacial events dating broadly from the
middie Quaternary (about 780,000 to 125,000 yr B.P.) Itkillik I glaciers abutted
divides west, east, and south of the upper Kuparuk drainage, but overflowed those
divides only locally. The subsequent Itkillik II advance dates between about 25 and
11.5 ka yr B.P.

The main factors controlling mesoscale vegetation patterns in the Toolik Lake
and Upper Kuparuk River Region are landscape age and surficial geomorphology. The
complex topography of the region is the result of glacial deposits from these three
major glaciations. Sagavanirktok I surfaces, which make up most of the Upper
Kuparuk watershed, including the Imnavait Creek watershed (Figure 1), are
characterized by rounded, gently rolling hilis rising less than 100 m from valley
bottom to ridge crests, and have few glacial erratics. Itkillik I surfaces have a more
irregular topography, steeper slopes, and many small glacial lakes, kames, and
moraines. ltkillik IT surfaces are the youngest, the most heterogeneous, and are
characterized by rocky terrain, only slightly flattened moraine crests, and steep flanks.
The landscape is also shaped by surficial geomorphological features, which are

created through alluviation, colluviation, and periglacial processes.
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Vegetation characteristics, geomorphology, and various ecosystem processes
differ on the different-aged glacial surfaces within this map area and have been shown
to have important effects on the regional patterns of biomass and NDVI (Walker et al.
1995). Jorgenson (1984) first discussed the relationship between vegetation and
surface age, noting that landscape evolution results in older surfaces that have more
tussock tundra and bogs, whereas younger surfaces tend to have more nonacidic
vegetation.

This observation led to the hypothesis that the development of moist acidic
tundra (MAT) depends on long-term site stability. Vegetation su;:cession is thought to
occur through processes of paludification and ice aggradation, which lead to restricted
drainage, a general acidification of the soils, and the introduction of Sphagnum mosses
to wet hill slopes (Walker et al. 1995). A gradual change in soil chemistry, hydrology,
and soil thermal properties leads to peat formation, extensive water track development,
and tussock tundra on gentle hill slopes (Jorgenson 1984; Walker and Walker 1996).

Analyses of the pollen record by Oswald et al. (2003) suggest that the onset of
moist conditions due to increased summer insolation and augmented glacial runoff and
precipitation between the early and middie Holocene may have triggered processes of
plant succession on previously poorly vegetated surfaces. The increased effective
moisture on the landscape would have been better retained by fine-textured soils and
gentler slopes on Sagavanirktok surfaces, causing paludification and the development

of MAT. Better-drained Itkillik surfaces continued to support relatively xeric, sparse,
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non-acidic vegetation. This is supported by the hypothesis that shifts in effective
moisture may be the proximate cause for many of the impacts that climate change has
in arctic regions (Mann et al. 2002).

Various ecosystem processes also differ on the different vegetation types that
correspond with the different aged surfaces. MAT has greater productivity and net
carbon uptake than moist nonacidic tundra (MNT) (Walker ez al. 1995, Eugster and
McFadden. 2005). MAT and MNT have similar physiognomies, but there are
different species associated with each vegetation type. While both vegetation types
are dominated by sedges and dwarf shrubs, MAT has approximately half the vascular
plant diversity of MNT but significantly greater leaf area, moss, and shrub cover than
the nonacidic vegetation (Walker et al. 1995, Hobbie and Gough 2004). MAT may
promote more rapid decomposition than MNT, possibly due to higher soil N
availability, or due to lower pH, which may promote greater abundance of soil fungi
(Hobbie and Gough 2004).

Biomass, leaf area index, and NDVI data were collected from 60 permanent
plots within the map area (Shippert et al. 1995). Analyses of relationship between field
NDVI and vegetation communities mapped at 1:5000 scale show that areas of MAT
have higher NDVI and above-ground biomass than MNT, at least partially due to the
greater amounts of shrub cover on these surfaces (Walker et al. 1995).

Change in the Toolik Lake and Upper Kuparuk River Region

Characterizing patterns of vegetation and NDVI in the Toolik Lake and Upper
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Kuparuk River region may provide insight into differential responses of different parts
of the landscape to current and future climate. The effects of landscape heterogeneity
on soil texture, moisture, pH, nutrient regime, microclimate, disturbance, and other
terrain characteristics may influence how different parts of the landscape respond to
increased temperatures. There will likely be many complex interactions between these
factors that set the stage for changes in arctic vegetation. One could therefore expect a
variety of landscape level responses to warming.

For example, based on the role of moisture in past vegetation change, one
could expect the most dramatic vegetation changes to occur on a(;idic, older surfaces,
which are typically vegetated by tussock tundra due to their finer grain soils (Oswald
2003; Mann et al. 2002). Because of their water retention capacity, changes in
moisture should have a larger effect on finer-grained soils. However, analyses by Jia
et al. (2003) have suggested that the greatest changes in NDVI on the North Slope of
Alaska have occurred in moist nonacidic, graminoid-dominated tundra.

Alternatively, experimental studies of the temperature response of arctic plant
physiological processes suggest that cold temperatures mainly limit plant growth
indirectly by reducing the length of the growing season and the rates of nutrient input
from weathering and recycling by decomposition (Chapin ez al. 1995). These
observations suggest nutrient limitation is an overriding influence on tundra
production in the low Arctic. Therefore, one might expect the greatest changes in

plant production to occur where increased temperatures would increase nutrient



22

availability. If this occurs broadly across entire landscapes, as with a general
deepening of the active layer and drying of the soils, it might result in a broad,
homogeneous greening. On the other hand, the effects of warming might be more
isolated and confined to areas where nutrient flux is most enhanced, possibly along
streams or water tracks, which receive concentrated flux of nutrients from thawed soils
upslope. If this is the case, the most noticeable change in vegetation may occur in
areas with high nutrient flux, such as watertracks and south-facing slopes, which have
warmer soils and hence more nutrient mineralization through microbial activity.
Conversely, if warming affects the arctic most immediately throu-gh its impact on
nutrient availability, then we may expect the most noticeable change to occur in the
most nutrient limited areas, such as areas of open tundra away from water tracks and
with shallow thaw.

Much of the greening that has been documented by remote sensing data is
likely to be due to shrub expansion in the arctic. This is supported by long-term
experimental plot studies in the Toolik Lake Region. Results from long-term warming
and fertilization studies suggest an increase in the abundance of deciduous shrubs
relative to evergreen shrubs and nonvascular plants (Chapin et al. 1995). In addition to
remote sensing and plot level experimental studies, shrub expansion in the arctic has
been observed through analysis of oblique aerial photography. Using this method in
northern Alaska, Tape et al. (2006) found an increase in alder, willow, and dwarf

birch, with the change most easily detected on hill slopes and valley bottoms. Shrub
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increase occurred through the expansion of shrub patch boundaries, the filling in of
existing patches, and the growth of individual shrubs (Tape et al. 2006). If change in
NDVI in the Upper Kuparuk River Region follows the patterns of change observed by
Tape et al. then we would expect the greatest changes in NDVI to occur in areas with
high NDVI values, which are indicative of shrubs, especially those on hillslopes and
valley bottoms.

Due to these factors, I expect temporal analysis of Landsat NDVI in the Toolik
Lake and Upper Kuparuk River Region to show the most dramatic increases in
greenness to occur on surfaces that are already relatively shrub ri-ch, including older
glacial geology surfaces, shrublands, and watertracks.
METHODS

Vegetation-Terrain Relationships

Using ArcGIS T analyzed how the distribution of vegetation types relate to
surface age, surficial geomorphology, slope angle, aspect, and elevation. Vegetation of
the area was classified according to the Blaun-Blanquet approach, based mostly on 81
permanent plots at Toolik Lake, 73 permanent plots at Imnavait Creek (Walker et al.
1994; Walker and Walker 1996), and an analysis of shrubland vegetation (Schickhoff
et al. 2002). Vegetation and surficial geomorphology were mapped based on acrial
photographs at the 1:500, 1:5000, and 1:25,000 scales. Slope angle, aspect, and
elevation were calculated from an IFSAR-derived Digital Elevation Model (DEM) of

the Kuparuk River Region (Nolan 2003). Slope categories were defined as flat (0-2°)
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gentle (2-10%), moderate (10-20°), and steep (20-907). North was defined as 315°-45°,
East as 45°-135°, south as 135°-225°, and west as 225°-315°.

Calculation of Landsat NDVI
NDVI was calculated for the four Landsat images using Arc Map (Figure 8). The first
two images (August 3, 1985 and August 8, 1995) were acquired by the Landsat TM
sensor aboard the Landsat 5 satellite, which was launched in 1984. The latter two
(August 4, 1999 and July 21, 2002) were acquired by the ETM+ sensor aboard the

Landsat 7 satellite, which was launched in 1999. They all have 30-m pixel resolution.
a) b) ‘
NDVI
| <0.03

[ co03-0.10
Joit-02s
[ o020-040
[ oo3-010
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| . 0.56-0.60
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| oe61-065

| > 0.03

Figure 8. Landsat derived NDVI for the Toolik Lake and Upper Kuparuk
River Region acquired a) August 3, 1985, b) August 8, 1995, ¢) August 4,
1999, and d) July 21, 2002
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Due to persistent cloud cover during arctic summers, there are relatively few
fine-spatial resolution satellite images (such as Landsat) available. The four used in
this analysis were the only ones I found that included the Toolik Lake and Upper
Kuparuk River region, had low cloud cover, and were acquired during the time of
maximum aboveground productivity in the Arctic (late July-early August).

The maps were registered to the DEM of the Kuparuk River Region (Nolan
2003). Georeferencing correction was performed by using over fifty control points to
rectify all four Landsat images, the ITUM, and the glacial geology map to the DEM of
the map area. The root mean sqare error for each rectification wa;s below 30 m. |
disregarded results for map surface types that covered <2 km? of the map area, due to
the possible effect residual registration errors would have on the analyses of these
surfaces. These included miscellaneous graminoid, dwarf shrub, forb communities,
disturbed surfaces, areas of low-centered ice wedge polygons, thermokarst and beaded
streams, and pond complexes. Pixels with NDVI values below 0 and above 1, clouded
areas, disturbed sites, roads, and pipeline were also eliminated from the analyses. 1
present the mean NDVI of all four years for each surface.

NDVI-Terrain Relationships

I used the four Landsat images (1985, 1995, 1999, and 2002), all taken during
phenologically similar times of maximum above-ground productivity of vascular

plants, to examine the spatial patterns of greenness by stratifying the mean NDVI
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values for these four images according to boundaries of mapped glacial geology units,
surficial geomorphology types, plant communities, slope angle, aspect, and elevation.

Change in NDVI

Results of Landsat NDVI temporal analyses between 1985 and 1999 were
compared to the analyses of Jia et al. (2003) of NDVI of northern Alaska from 1981-
2001 using AVHRR data. To complement their 2003 description of change in
AVHRR NDVI for the entire Northern Alaska, I also created a maximum NDVI time-
series within the just the Upper Kuparuk River Region between 1983-2003 using
Gimms AVHRR NDVI (Tucker 2004). The 8-km resolution of tlllis data was too
coarse to use to examine spatial patterns of change within the Toolik Lake and Upper
Kuparuk River Region because the 750 km? of this map area contains only ~12
AVHRR pixels. Time-series of NDVI values were compared to Summer Warmth
Index (SWI) data derived from temperature records from Umiat and Toolik Lake
weather stations (Shaver and Laundre, unpublished).

I then examined how patterns of change in NDVI between 1985 and 1999
related to mapped surface boundaries. I chose to focus on the 1985 and 1999 images
because they represent the period of overlap between our Landsat data and AVHRR
data. Also, the 2001 NDVI image showed unexpectedly low NDVI values, likely
because its relatively early-season acquisition (mid-July as opposed to early August
for the other scenes), when plants typically have not yet reached peak greenness.

Temporal patterns of greenness were examined by analyzing change that occurred
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between 1985 and 1999 in relationship to mapped surface boundaries. This analysis
revealed the average amount of change in NDVI between 1985 and 1999 on each
surface type.

I also examined the amount of change in NDVI that occurred for each pixel
between 1985 and 1999. This analysis showed that between 1985 and 1999 relatively
distinct portions of the map area showed especially high amounts of change. 1
classified pixels according to their amount of change in NDVI, then characterized the

surface types of these pixels in order to investigate additional patterns that may have

not been apparent when amount of changed was averaged by surface type.

RESULTS

Vegetation-Terrain Relationships

Vegetation and Glacial Geology

The most notable relationship between landscape age and vegetation is the increase in
moist acidic tundra and decrease in moist nonacidic tundra over time (Figure 9).
Tussock sedge, dwarf-shrub moss tundra covers (acidic) 24.4% of the total Itkillik 11
area, 38.1 % of the Itkillik I areas, and 61.4% of Sagavanirktok areas. Nontussock
sedge, dwarf-shrub, moss tundra (nonacidic), on the other hand, covers 38.9% of
Itkillik IT surfaces, 16.6 % of Itkillik I areas, and only 2.0% of the Sagavanirktok
areas. Older surfaces also tend to be shrubbier. Dwarf-shrub, sedge, moss tundra
covers 3.7% of Itkillik II surfaces, 10.0% of Itkillik I areas, and 16.8 % of

Sagavanirktok surfaces.
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Figure 9. Proportion of vegetation types on different aged glacial surfaces (see
Table 2 for descriptions of vegetation units).
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Vegetation and Surficial Geomorphology
Featureless areas are 70.7 % tussock sedge, dwarf-shrub moss tundra (Figure
10). Stony surfaces consists mostly of acidic prostrate dwarf-shrub, forb, fruticose- ’
lichen tundra (41.0%), partially vegetated barrens (26.8%), and lichens on rocks
(16.5%). Nonsorted circles are primarily vegetated by nontussock sedge, dwarf-shrub,
moss tundra (74.4%). Well-developed hillslope water tracks tend to be very shrubby
(44.5% dwarf-shrub, sedge, moss tundra and 25.1% low to tall shrublands). Indistinct
hillslope water tracks consist mostly of tussock tundra (75.4 %), with some dwarf-
shrub, sedge, moss tundra (16.3%). High- and flat-centered ice v;'edge polygons are
also relatively shrubby (43.2% dwarf-shrub sedge, moss tundra), while low-centered
ice wedge polygons consist mostly of sedge, moss tundra (rich fens) (57.5%).
Thermokarst and beaded stream areas are 30.6% low to tall shrublands. Disturbed
areas are almost completely vegetated by acidic tussock tundra (95.6%).
Vegetation, Glacial Geology, and Surficial Geomorphology
Sagavanirktok 1, Itkillik I, and Itkillik IT glacial deposit surfaces each have
characteristic surface geomorphological features (Figure 11). Older surfaces tend to
have more well developed and poorly developed hillslope watertracks, shrub tundra,
and poor fens than younger surfaces. Younger surfaces have more lakes, nonsorted

circles, gelifluction features, stripes, and snowbeds.
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Vegetation and Slope Angle
Flat and gentle slopes are mainly vegetated by tussock tundra (34.3% and
44.7%, respectively), with a relatively high proportion of shrubby areas (Figure 12). A
Moderate slopes tend to have more nontussock sedge, dwarf shrub, moss tundra
(27.9%) and dry acidic tundra (16.1% acidic prostrate dwarf-shrub, forb, fruticose-
lichen tundra). Steep slopes are generally partially vegetated barrens (27.4%) and dry
acidic tundra (21.8% acidic prostrate dwarf-shrub, forb, fruticose-lichen tundra).
Moderate and steep slopes also have more snow bed vegetation (9.4% and 9.5% hemi-
prostrate dwarf-shrub, fruticose lichen tundra). |
Vegetation and Aspect
South facing slopes have the least amount of shrubby areas and the most

partially vegetated areas of all the aspects (Figure 13), likely due to steep, exposed
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Figure 12. Proportion of vegetation Figure 13. Proportion of vegetation

types on different slope angles. types on different aspects.
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vegetated by hemi-prostrate dwarf-shrub, fruticose lichen tundra. o
Vegetation and Elevation
The lowest elevations tend to have the most low to tall shrublands and water.
Mid-elevations have the highest proportions of moist tussock and nontussock sedge,
dwarf-shrub, moss tundra, although the proportion of nontussock tundra decreases

rapidly above 950 m (Figure 14). Shrub cover tends to decrease with elevation, while

lichen on rocks, snowbeds, and dry tundra increase with elevation.
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N VI-Terrain Relationships
Glacial Geology
uiaer surfaces tended to have
higher values of NDVI than younger

o~

1 5 (Figure 15). The average

~n Sagavanirktok surfaces
( - _ted 125,000 radiocarbon yr
- 0.530. Itkillik I surfaces (53
iocarbon yr BP) had a mean

© 7 0f 0.509 and the youngest

NDVI1

crt s, Ttkil oI (1.5 ka radiocarbon yr

4 & mean NDVI of 0.492.
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Figure 15. Mean Landsat NDVI on
different aged glacial surfaces.

" ne frequency distributions of NDVI on the three different aged glacial

34

s agree with Walker ef al’s 1995 analysis of SPOT NDVI data (Figure 16). As

ith . i1 alyses, I found that Sagavanirktok surfaces have more high NDVI values

{snuwad w0 the left), and the Itkillik 11 surfaces have more low NDVI values (skewed

.1 aght), indicating a greater proportion of areas with high biomass of the older

than on the younger surfaces.
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['igure 16. Distribution of Landsat NDVI pixels on different aged glacial
surfaces.

Surficial Geomorphology
1l s loped hillslope watertracks and indistinct hillslope watertracks had the
b "IVl values (0.543 and 0.536 respectively) (Figure 17). Featureless areas
"0 v nno discernable surficial geomorphologic patterns at the mapping scale)

. lativel » green (0.521), as were areas of irrcgular microrelief (0.514). Stony
surfaces and low-centered ice wedge polygons were relatively sparsely vegetated, with
mean NDVI values of 0.388 and 0.399 respectively.

Vegetation
Areas of low to tall shrublands had the highest NDVI (0.549), followed by
“areb < dge. moss tundra (0.535) (Figure 18). Tussock sedge areas tended to

>r thar areas of non-tussock sedge (0.527 and 0.509 respectively). Partially
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vegetated barrens, and revegetated disturbed areas had the lowest NDVI (0.294),
¢ vy lichens on rocks (0.378) and acidic prostrate dwarf-shrub, forb, fruticose-
it ndr (0.464).
Slope Angle

Areas with a gentle slope (2-10°) had the highest greenness values (0.513),

o 1 by m-derate slopes (10-207), with a mcan NDVI of 0.495 (Figure 19). Flat
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) had relatively low NDVTI values (0.457), likely because these arcas

much standing water. Steep slopes (>20°) had the lowest NDVI values.
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o1 I'kely due to water cover (Figure 21). The highest elevation bands had the
v NDVI likely because of steep slopes and exposed areas. Shades of blues,
greens, and reds correspond roughly with 333-m elevation bands, which approximate »
adiabatic temperature shifts of 2°C (CAVM Team 2003). Lower NDVI values at
higher elevation are likely related to these cooler temperatures, which suggests that

plant growth is directly or indirectly limited by temperature.
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Figure 21. Mean NDVI at different elevations.
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‘he Arctic Slope’s summer warmth index (SWI) increased 0.09-0.19°C/yr over

.22-50 years and 0.16-0.34°C/yr over the time of the NDVI record (Jia et al.

in the 15-year period between 1985 and 1999, the period of overlap between

K data analysis of Northern Alaska by Jia ef al. (2003) and the Landsat data

re, the mean Landsat-derived NDVI across the Toolik Lake and Upper

t Region increased 0.076 or 15.9% (Figure 22). This trend appears to agree

[.andsat data showed a slightly higher percentage increase

-~ increase of 0.078 (£0.026) or 16.9% (£5.6%) in peak NDVI detected for the

...ctic Slope for the period of 1981-2001 using 8-km AVHRR data (Jia et al.

Toolik Summer
Warmth Index

[ muat Summer
Warmmith Index

. |
1983 Ty [993 20041

2105

WTIRR peath annued NDVT
for To * cFakeand Upper
Kuparuk River Region
(Tucke il 2004

AVEIRR pestk anmal NV
I -Sihzone ' of Aretic
Aleska (Jra et e, 20033

[andsat NDY T or Toolik
1 zike and Upper Kupauk
River Regron

a) summer temp ...t e reco.d ("C) at Toolik Lake and UUmiat, b) AVHRR

1w Landsat NDVI trend between 1981 and 2005.
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than the 0.069 + 0.022 or 12.6% increase in peak AVHRR NDVI detected for Subzone
E of the Alaskan arctic, which includes the Toolik Lake and Upper Kuparuk River
Region.

While AVHRR and Landsat NDVI both showed asimilar increase between
1985 and 1999, AVHRR data tend to give higher overall NDVI values than Landsat
data (Figure 22). This may be due to the sensors themselves. AVHRR sensors were
designed by NOAA primarily to conduct research on the oceans and atmosphere.
These sensors therefore have wider near-infrared channels than sensors designed for
land applications such as Landsat TM/ETM+, SPOT, and some MbDIS channels.
The spatial resolution, or field-of-views (FOVs), of the sensors may impact NDVI
values (Boelman 2003).

The increase in Landsat-derived NDVI found in the Toolik Lake and Upper
Kuparuk River Region corroborated the results found for AVHRR-derived NDVI for
the Alaskan North Slope and for subzone E of the Alaskan arctic (Myneni et al. 1997,
Zhou et al. 2001; Jia et al. 2003; Goetz et al. 2005). Analyses by Hope et al. (2003),
however, which examined temporal patterns of AVHRR NDVI values integrated over
each growing season (SINDVI) between 1989 and 1996, did not show higher NDVI
values during years with longer growing seasons (growing season was defined as the
period when NDVI was above 0.1). This study used 1-km”* AVHRR pixels, which
were aggregated into 3-km” cells, to examine interannual above-ground production

patterns in the Kuparuk River Watershed (9,200 km?). These findings, which are at
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odds with those found by Myneni et al. (1997), Zhou et al. (2001), Jia et al. (2003),
Goetz et al. (2005), and those presented here, may be due to the spatial extent and
areal averaging of NDVI. Local variations or noise at this scale could have obscured ’
temporal NDVI patterns. This study also used half-monthly compositing periods in
their calculations of SINDVI, which may have introduced sufficient uncertainty to
mask any relationship between season length and SINDVI.

The amount of change in Landsat NDVI varied by surface type. Though
sirfaces with high absolute change usually tended to have a high percentage change
and vice versa, apparent change in greenness was slightly diﬁ'eren‘t when expressed as
percentage change vs. absolute change in NDVI. For example, surface types with
relatively high NDVI values, such as shrubby areas, may show a relatively high rate of
actual change, but a low percentage change relative to a surface with a similar rate of
change that began with lower initial NDVI values. I therefore report both absolute and
percentage change in NDVI between 1985 and 1999 on all surface types (Table 3).

Table 3. Change in NDVI between 1985 and 1999 on different surface types.

Absolute change | Percent change
in NDV1 . inNDVI .
between 1985 between 1985
Glacial Geology and 1999 and 1999 (%)
Sagavanirktok 0.082 16.4
Itkillik IT 0.079 16.8
Itkilbik 1 0.077 15.8
Surficial Geomorphology )
Nonsorted circles 0.088 18.9
Turf hummocks 0.086 18.6
High- or flat-centered ice wedge polygons or palsas 0.084 18.0
Featur:less 0.083 16.9
Indistinct hillslope watertracks 0.083 16.2
Well-developed hillslope watertracks 0.080 15.3
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'Wetland microrelief 0.079 17.4
Irregul ar microrelief 0.078 16.0
Thermokarst 0.073 151
Sorted and nonsorted stripes 0.072 14.9
Pond complex 0.059 12.3
Stony surface 0.056 14.8
Vegetation : - .
Tussock sedge, dwarf-shrub moss tundra 0.084 16.8
Dwarf- to low-shrub moss tundra 0.083 163
Hemi-prostrate and prostrate dwarf-shrub, forb, moss tundra 0.079 16.4
Sedge. moss tundra (rich fens) 0.079 17.8
Nontussock sedge, dwarf-shrub, moss tundra 0.078 162
Sedge. moss tundra (poor fens) 0.077 16.3
Prostrate dwarf-shrub, forb, fruticose-lichen tundra (acidic) 0.077 17.2
Dwarf-shrub, sedge, moss tundra 0.075 14.7
Prostrate dwarf-shrub, forb, fruticose-lichen tundra (nonacidic) 0.067 14.7
I_ow to tall shrublands 0.067 129
HHemi-prostrate dwarf-shrub. fruticose-lichen tundra 0.067 14.6
[.ichens on rocks 0.060 16.6
Partially vegetated barrens, and revegetated disturbed areas 0.036 12.6
‘Water and deep-water herbaceous marsh 0.006 10.0
Slope angle e ‘ R
Gentle (2-5%) 0.079 16.1
Flat (<27} 0.074 17.2
Moderate (5-10°) 0.069 14.4
Steep (>10) 0.052 149
Aspect e T :
Hiast 0.083 172
South 0.077 16.6
North 0.075 159
‘West 0.074 154
Elevation (m) .
500-650 0.089 19.3
700-750 0.088 18.3
750-800 0.087 18.1
$550-700 0.087 18.8
300-850 0.075 156
250-900 0.070 143
900-950 0.062 12.5
250-1000 0.056 114
1000-1050 0.055 12.0
1050-1100 0.051 119
550-600 0.050 134
1100-1150 0.049 12.7
1150-1200 0.045 12.5
1200-1250 0.044 14.4
1250-1300 0.034 12.1
> 1300 0.027 12.5




44

Glacial Geology

Sagavanirktok surfaces, the oldest surfaces, which tend to be the most green,
showc;::d the largest increase in NDVI (0.082 or 16.4%), followed by Itkillik IT surfaces,’
which were the most recently deglaciated and tend to be the least green (0.079 or
i6.8%). NDVT on Itkillik I surfaces changed 0.077 or 15.8%.

Surficial Geomorphology

Nonsorted circles showed the most change in NDVI between 1985 and 1999
{0.088 or 18.9%) followed by turf hummocks (0.086 or 18.6%) and high- or flat-
centered ice wedge polygons (0.086 or 18.0%). Featureless areas i-ncreased 0.083 or
16.9%. Indistinct hill slope water tracks and well-developed hill slope water tracks
increased in greenness 0.083 or 16.2% and 0.080 or 15.3%, respectively. Stony
surfaces showed a relatively small amount of change (0.056 or 14.8%)

Vegetation

Tussock sedge, dwarf-shrub moss tundra showed the largest increase in NDVI
between 1985 and 1999 (0.084 or 16.8%). Dwart- to low-shrub moss tundra also
showcd a large increase (0.083 or 16.3%), followed by hemi-prostrate and prostrate
dwarf-shrub, forb, fruticose-lichen tundra (0.079 or 16.4%). Rich fens showed a
relatively high percent increase of change (0.079 or 17.8%), as did areas of acidic
prostrate dwarf-shrub, forb, fruticose lichen tundra (0.077 or 17.2%).

Partially vegetated barrens and revegetated disturbed areas showed the smallest

amount of change in NDVI between 1985 and 1999 (0.036 or 12.65), followed by
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areas Df lichen on rocks (0.060 or 16.6%). Unless they are rapidly being revegetated,
one might expect barren areas to show little or no increase in NDVI. Even at this
relatively fine scale, nearly every mapped polygon actually represents a complex of
many vegetation types. Only the dominant type is shown on the map (Figure 4).
Heterlogeneity of vegetation types within each vegetation polygon may explain
increase in NDVI on barren sites. Hemi-prostrate dwarf-shrub, fruticose-lichen tundra
and 1(31"\.":\’ to tall shrublands, the vegetation type typified by the highest NDVI values,
showed small degrees of change (0.67 or 14.6% and 0.067 or 12.9%, respectively).

Slope angle |

The amount of change in NDVI between 1985 and 1999 varied with slope.

Areas ';Vith gentle slopes (2-10") showed the largest change, 0.079 or 16.0%, followed
by ﬂa.l; surfaces (<2°) (0.074 or 17.2%). Moderately sloped areas (10-20°) and steep
slope; (>20°) showed less change in NDVI (0.069 or 14.4% and 0.052 or 14.9%
respe(::tively).

Aspect

- East-facing slopes showed the largest increase in NDVI (0.083 or 17.2%),

followed by south-facing slopes (0.078 or 16.6%). North-facing slopes changed 0.075
or 15.§ % and west—facing slopes showed a change of 0.074 or 15.4%.

Elevation

The amount of change in NDVI between 1985 and 1999 generally tended to

decrease as elevation increased.
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Pixel-by-pixel characterization of change in NDVI

The mean amount of change in NDVI between 1985 and 1999 for the entire
map area was 0.076 £0.070. I created four classes of pixels: those that experienced
negative change between 1985-1999 (decreased in NDVT), those that changed less
than one standard deviation below the mean (NDVI increased between 0-0.006), those
that changed within one standard deviation above/below the mean (NDVI increased
between 0.006-0.145), and those that changed more than one standard deviation above
the mean (NDVI increased more than 0.145) (Figure 23). The proportions of surface
types for each of these four categories are shown in Table 4. |

Four distinct patches of the map area showed especially large amounts of
change in NDVI between 1985 and 1999 (Figure 24 and Table 5). There appears to be
a varijety of surface types that showed especially high change. The large amount of
change in Area 1 appeared to correspond with upland watertracks, Area 2 appeared to
be related to the effect of dust from the Dalton highway and disturbance due to an
underground gas pipeline that parallels the road, Area 3 is possibly due to human
activity near Toolik Lake, and change in Area 4 is on an alluvial fan of the Atigun

River.



|:| Negative change in NDVI

I:I Below 1 standard deviation of

the mean change in NDVI

I:l Within 1 standard deviation above/below
the mean change in NDVI

‘ Above 1 standard deviation of
the mean change in NDVI

Figure 23. Change in NDVI of each 30 m pixel between 1985 and 1999
relative to the mean amount of change (for the same dates), which was an
increase in 0.076.
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Table 4. Proportion (%) of surface types of pixels with different degrees of NDVI
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change

Sagavanirktok

Itkillik 1

Ttkillik IY

Surficial Geomorphology

Featureless . .
Stony surface 18.1 31.8 42.0 8.3
Non-sorted circles 1.9 20.4 69.6 8.1
Sorted and non-sorted stripes 2.8 33.8 60.9 2.5
Turf hummocks 22 204 71.9 58 |
Gelifluction features 6.4 33.6 55.3 4.7
Well-developed hillslope 21 274 66.4 4
watertracks

Indlsupct hillslope 14 246 70.7 3
watertracks

High- or flat-centered ice 34 26.2 64.3 6.4
wedge polygons and palsas

Low-centered ice wedge 227 43.8 276 6.6
polygons

Wetland surface forms 3.6 28.4 62.7 53
Water 533 11.7 13.6 21.5
Pond complex 6.0 33.8 57.0 2.0
Thermokarst and beaded 58 282 597 73
streaims
 Irregular microrelief 4.0 28.9 60.6 6.6
 Disturbed 26.5 23.8 29.9 20.5
Vegetation »

Lichens on rocks 17.6 36.0 39.8 6.6
Partially vegetated barrens,

and revegetated disturbed 30.1 28.0 29.5 12.4
areas

Tussock sedge, dwarf-shrub 18 225 71 3.6
moss tundra

Nontussock sedge, dwarf-

shrub. moss tundra 3.8 27.6 63.0 5.6
Rfliscellaneous graminoid,

dwarf-shrub, forb 22 274 67.7 2.6
communities

Sedge, moss tundra (poor 3.0 322 589 6.0
fens)

Sedge, moss tundra (rich fens) 5.1 27.7 61.1 6.1
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Water and deep-water

47.0 17.1 22.7 13.1

herbaceous marsh

Prostrate dwarf-shrub, forb,

fruticose-lichen tundra 7.7 29.8 55.6 6.9
(acidic)

Prostrate dwarf-shrub, forb,

fruticose-lichen tundra 5.9 36.8 529 4.4
(nonacidic)

Hemi-prostrate dwarf-shrub,

fruticose-lichen tundra 7.0 365 >1.3 32
Hemi-prostrate and prostrate

dwarf-shrub, forb, moss, 1.9 28.6 65.3 472
fruticose-lichen tundra

Dwarf-shrub, sedge, moss 23 30.6 63.7 34
tundra

Dwarf- to low-shrub moss 30 235 65.9 76
tundra

Low to tall shrublands 6.6 29.8 58.0 5.6
Slope angle -~ - o o R

Flat (<2°) 8.6 21.4 62.8 7.2
Gentle (2-5°) 2.7 27.3 66.0 4.0
Moderate (5-10°) 8.1 324 522 7.3
Steep (>10°) " 278 27.2 324 12.6
Aspect '

North 4.9 29.3 60.9 4.8
| South 5.1 30.9 59.2 4.8
| East 72 23.9 618 7.1
| West 3.2 21.1 70.4 5.3
 Elevation ‘ '
1550-600 22.3 19.1 493 9.3
EOO—&SO 59 13.1 69.8 11.1
650-700 44 154 73.4 6.8
1700-750 3.9 13.8 76.0 6.2
750-800 3.5 15.7 74.9 5.8
1800-850 4.3 26.2 65.8 3.7
850-900 43 35.5 55.7 45
900-950 4.9 44.7 47.4 3.0
950-1000 6.9 51.0 38.9 3.2
1000- 1050 9.5 48.8 37.1 4.6
1050-1100 14.3 459 33.5 6.4
1100-1150 18.5 41.8 325 7.0
1150-1200 24.6 35.6 31.5 8.5
1200- 1250 279 32.0 30.1 10.0
1250-1300 31.6 33.8 259 8.6
[>1300 38.1 32.5 23.1 6.8




50

o

gu ... Locations and descriptions of high-change areas. The patches of amplified
L .7 ange in Area | appear to correspond with upland watertracks and are therefore
kel 7 cv to shrub advance. Area 2 is directly north of and adjacent to the Dalton
ig w -, .his change is likely related to the road’s dust shadow, as most of the area’s
in” ¢, out of the Brooks Range to the south and southeast. The vegetation in this
ca 1 . Iso be affected by the disturbance caused by the installation of an
ad:rg.. 1d pipeline just north of the road in the 1980s. Area 3 is a patch of high
‘D71 - nge just south of Toolik Lake that may be related to the large number of
s« » Hlots and human activity in the area. Area 4 is within an alluvial fan of the
‘t1;,.n _wver. The dramatic increase in NDVI may be due to the draining and
:ve2ee on of an old river channel. See Figure 23 for color legend.
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Table 5. Surface characterization of high-change areas (see Figure 24).

< Surfieisl {owiiine ot Stopef 2
| Geology | Geomorphology | VBN | gl | Aspect
[ ‘Area-|  Mostly
"1~} solifluction
. Well-developed | Snowbeds
with some . South-
bedrock and hillslope and poor | Gentle facing 900-950
. watertracks fens
:| Sagavanirktok
‘ surfaces
L Featureless and Tusdsock Flat East and
Area . indistinct sedge, and ast an
. Sagavanirktok . dwarf- north 750-900
2 hillslope gentle .
watertracks shrub moss slopes facing
) tundra
n Dry and
Area moist Northeast
3 ' Itkillik 11 Featureless acidic Gentle and ° 700-750
S tussock northwest
tundra
B Nontussock
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The three different aged glacial surfaces all have characteristic vegetation and

geomorphology. The results reflect that over long time periods, plant succession in

the arctic trends towards more peaty, wetter upland surfaces and the infilling of lakes

in lowland sites. Different slope angles, aspects, and elevations also differ in

vegetation type proportions. North facing slopes tend to have the most snowbeds,

while steep, windblown south-facing slopes support more sparse, xeric vegetation. In

their analysis of slope, snow, and vegetation relationships at Imnavait Creek, Evans et
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al. (1989) found that the steep, south-facing slopes of E-W trending sandstone strata
are nedtly snow free in the winter because they are biasted by the prevailing catabatic
winter winds out of the Brooks Range. In the summer they are dry and poorly
vegetated (Evans ef al. 1989). Mid-elevations and east/west facing slopes tend to have
the most tussock tundra and shrubby areas.

Terrain-NDVI Relationships

The observed spatial patterns of NDVI reflect the relationships that exist
between vegetation cover, landscape age, and surficial geomorphology. Older surfaces
have greater cover of shrub-rich tussock tundra and shrub-filled w-ater tracks, whereas
younger surfaces have more dry, well-drained sites, stony areas, and irregular
microrelief (Walker et al. 1995). Shrub cover is likely the most important factor that
affects canopy greenness. The highest NDVI values occur in portions of the landscape
with abundant shrubs, such as water tracks, on moderate slopes, and on older glacial
surfaces.

East- and west-facing slopes have higher NDVI values than north- and south-
facing slopes. In addition to their tendency to be steep and rocky, south facing slopes
are also subject to strong winter winds from the Brooks Range, which lies just south of
tﬁe study area. Snow is thereby blown from these slopes, reducing winter insulation
and also limiting potential for the development of summer watertracks, which tend to
be relatively shrubby, from melt-water. The sparser vegetation of these areas has

lower NDVI values. While the north-facing slopes in this area are even steeper than
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tﬁé south-facing slopes, their slightly higher mean NDVTI values is explained by their
protection from winter winds and well-vegetated snowbed areas.
Change in NDVI

| This independent analysis of NDVI data from the Toolik Lake region
Sﬁpports the conclusion of Jia et al. (2003) that a remarkable greening occurred in
ﬁoﬁhem Alaska during the period 1981-1999. At least locally, this was followed in by
a decrease in NDVI corresponding to a summer cooling in 2000-2002. Between 1999
aﬁ‘d 2002 the mean Landsat NDVI decreased 12.1%, from 0.55 in 1999 to 0.49 in
2002 This corresponds to a decline in summer warmth over the s-ame period and may
be related to the short-term declines in AVHRR NDVI observed in 2000-2001 by Jia
et al. 2003. The SWI at the Toolik weather station decreased from 30.1 in 1999 to
25;._6 in 2002. However, while this period showed a decrease in SWI, the lower
Landsat NDVI values in 2002 are more likely related to the earlier acquisition date of
the image (July 21 as opposed to early August for the other three scenes). Plants may

have not yet reached peak productivity, which would create lower NDVI values.

Patterns of NDVI change between 1985 and 1999 on different surface
types

In their analysis of AVHRR NDVI for the Alaskan arctic between 1981 and
2001, Jia et al. (2003) also stratified NDVI change by bioclimate subzone and by the
four main types of tundra vegetation: moist sandy tundra, moist nonacidic tundra,

moist acidic (or tussock) tundra, and shrub tundra. They found that the highest peak
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NDVI increases occurred for Subzone D (0.082 + 0.028, 18.7%), followed by Subzone
E (0.069 + 0.622, 12.6%) and Subzone C (0.056 £ 0.032, 15.1%).

AVHRR data also suggested that temporal changes in peak and time-
integrated greenness were greatest in areas of moist nonacidic tundra, which currently
have relatively low shrub cover (Jia et al. 2003). In my analysis of Landsat data,
however, I found that moist tussock tundra showed both a higher absolute (0.084) and
a slightly higher percent change in NDVI (16.8%) than nontussock tundra (0.078 or
16.4%).

Landsat data showed that densely vegetated areas tended t(.> have higher rates
of change. Low to tall shrublands were a clear exception to this pattern. These areas
havé high NDVI values but showed relatively small amounts of change (0.067 or
12.9%). Growth of vegetation in areas adjacent to streams may not be limited by
warmth énd therefore may not be first to respond to climate change. These areas tend
to have relatively warm soils, with deep thaw, and high nutrient inputs. Growth of
these shrubs may be limited physiologically. Shrubs in open tundra, on the other
hand, tend to grow in areas of colder soils, with shallower thaw, and less available
nutrients. These areas may show more response to warming. Low amounts of change
in areas of low to tall shrublands may be also be due to the nature of the shrubs’
iﬁcr.eased. growth. Because it is an index of greenness, NDVI is unable to detect an
increase in secondary growth. Increase in annual woody growth could be examined

by studying growth rings of streamside willows.
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There is a lack of a clear relationship between surface age and amount of
NDVI change. Oldest surfaces showed the largest absolute change, while the
youngest surfaces showed the largest percent increase in NDVI. Itkillik I surfaces
showed the lowest absolute and percent change of the three different aged surfaces.
These results are likely due to the distribution of vegetation types on the different aged
surfaces.

Areas characterized by nonsorted circles showed a large increase in NDVI
between 1985 and 1999 (0.088 or 18.9%). High-centered ice wedge polygons also
showed relatively high rates of change (0.084 or 18.0%). Both of‘ these surficial
geomorphologic types are subject to continual disturbance, cryoturbation in the former
and thermokarst in the latter.. Perhaps these surfaces are more apt to respond to
climate change because of these disturbances, which promote cycling of nutrients, and
because they lack the thick moss carpet that exists on undisturbed surfaces, which may
serve as a buffer to soil temperature change. The increase in NDVI on these surfaces
may be due to shrub advance or to increased graminoid abundance.

Many of the areas that showed negative change in NDVI between 1985-1999
are bodies of water (Figure 23). This likely does not reflect real change in NDVI
because water typically has an NDVI value approaching 0, and this should not change
from year to year unless water levels change. More likely this negative change in
NDVT is a result of variation in illumination conditions between the 1985 and 1999

satellite images that was not completely normalized in the calculation of NDVI. Also,
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because water has a very low NIR and red reflectance, a small change in reflectance
between years would cause a disproportionately large change in NDVI. There also
may be an issue of calibration between the Landsat 5 satellite, which took the 1985
image, and the Landsat 7 satellite, which took the 1999 image. If satellite calibration
and/or variation in illumination conditions caused water levels to show a decrease in
NDVI, the detected increases in NDVI on other parts of the landscape possibly
underestimate the real amount of change that occurred. This problem could be
remedied through radiometric correction of the different NDVI images. This
correction would calibrate the NDVI change to zero in areas that s‘hould show no
change in NDVI over time, such as water.

The pixel-by-pixel analysis of change in NDVI showed some areas of high
change in NDVI that appear to be related to the presence of well-developed
watertracks on south-facing slopes (Area 1 of Figure 24). This area consists of upland
watertracks. Areas of lowland watertracks, on the other hand, showed small amounts
of change. This is likely why areas characterized as well-developed and indistinct
watertracks didn’t stand out in map analysis as showing exceptionally high degrees of
change. The large amounts of change that correspond with upland watertracks may
have been canceled out by the small amount of change that corresponded with lowland
watertracks. Upland watertracks are typically shrub rich. Lowland watertracks, on the

other hand, are often flowing through colluvial basins, which are typically sedge-rich
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wetlands with few shrubs, and which showed small amounts of change in NDVI
between 1985 and 1999.

The enhanced greening in Area 2 (see figure 24) appears to at least somewhat /
parallel the Dalton Highway. In the early 1980s an underground gas pipeline was
installed, running from Prudhoe Bay to Pump Station 4 just north Atigun Pass. The
disturbance caused by the burial of this pipeline is still visible today. Much of the
revegetation along the buried pipeline consists of various Salix species growing to -
heights over 2 meters. This enhanced shrub growth probably explains much of the
detected increase in NDVI in this area. |

Much of Area 3 (Figure 24) exists on or in close proximity to the extensive
research underway at the Toolik Lake Field Research Station. This research includes
fertilization experiments, greenhouse experiments, snowfences, boardwalks to help
researchers access research plots, and various other human activity. Perhaps the
effects of this research on the vegetation were detectable by Landsat sensors. Area 4
of Figure 24 would be best accessed by a helicopter. A visit to this portion of the
landscape may shed some light on the nature of the greening that has clearly been
occurring in this area.

A Changing Arctic: What does change in NDVI mean for arctic
ecosystems?

Higher NDVI values are indicative of greater photosynthesis occurring in the
arctic, likely due to changes in plant species distribution, especially shrub expansion.

These changes suggest an increase in plant biomass in the arctic. Defining the precise
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relationship between NDVI and biomass is difficult due to a lack of leng-term,
consistent biomass records in the arctic. Correlations between hand-held spectrometer
NDVI values, satellite-derived NDV1 values, and abave-ground plant biomass have
been examined by various researchers (Shippert ef al. 1995; Jia et al. 2003; Boelman
2005) and have been shown to be non-linear. There is an asymptotic relationship
between biomass and reflectance data because as vegetation density increases
absorption of visible light approaches a maximum, beyond which any additional
vegetation density does not contribute to NDVI.

One clear problem with using NDVI as an estimate for changes in biomass is
that many of the changes in the arctic involve an increase in shrubs. This is likely
accompanied by a large increase in woody biomass that would not directly affect the
chlorophyll absorption that is detected by NDVI. Indeed, NDVI vs. biomass curves
that were created based on SPOT data for the Upper Kuparuk River Region and field
biomass samples showed that shrub-rich plant communities, such as Betula nana-Salix
glauca, have lower NDVI values than would be expected from their model (Shippert
et al. 1994). Because NDVI data are unable to take into account changes in woody
biomass, temporal analyses of NDVI likely underestimate changes in vegetation
occurring in the Arctic.

A major implication for change in above-ground plant biomass is the effect
this may have on the Arctic’s carbon budget. Estimates for the amount of carbon

stored in the Arctic vary greatly. Roughly one-third of the global soil carbon pool is
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thought to be stored in northern latitudes, and in the Arctic tundra as much as 90% of
the total ecosystem C resides in organic horizons and frozen mineral soils (Mack et al.
2004). The response of soil organic carbon (SOC) to changes in nutrient availability
will play a critical role in determining net ecosystem C balance in a changing climate.
Investigations into the potential effects of warming on the carbon balance of northern
ecosystems have suggested that projected release of soil nutrients associated with
high-latitude warming may further amplify carbon release from soils, causing a net
loss of ecosystem carbon and a positive feedback to warming (Mack et al. 2004).

In addition to its effect on the carbon budget, vegetation clllange, especially
shrub expansion, has the potential to affect the surface energy balance through altering
surface albedo (Sturm et al. 2005, Chapin 2005), and to affect hydrology by increasing
the amount of winter snow trapping, increasing summer transpiration, and by altering
active layer depth (Tape et al. 2006). Vegetation change will likely be accompanied by
many feedback systems resulting from interactions between temperature, moisture,
paludification, ice aggradation, soil insulation, and permafrost depth.

Changes in vegetation will also affect habitat for caribou and other wildlife, as
has been suggested by interpretations of results of experimental studies near Toolik
Lake. For example, inflorescences of the forb species, which disappeared or were
strongly reduced in experimental treatments simulating climatic warming, are
nutritionally important and selectively grazed by caribou during lactation (White and

Trudell 1980) and are the major plant species used by bumble bees and other
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pollinators (Williams and Batzli 1982). Some treatments of warming and fertilization

experiments also lost entire functional groups (lichens, mosses, and forbs) as Betula

abundance increased. This change is especially significant because lichens are critical

to the over-winter nutrition of caribou (White and Trudell 1980) and mosses strongly

influence the soil thermal regime. Because the tundra has so few species, any loss of

species has a large proportional impact on tundra communities, perhaps leading to

profound ecosystem consequences.

CONCLUSIONS

Analyses of vegetation-terrain relationships showed that different aged glacial
surfaces all have characteristic vegetation and geomorphology, suggesting that
over time, plant succession in the Arctic trends towards peaty, wetter upland
surfaces and the infilling of lakes in lowland sites. In the Toolik Lake and Upper
Kuparuk River Region, north-facing slopes tend to have the most snowbeds, while
steep, windblown south-facing slopes support more sparse, xeric vegetation.

The highest NDVI values occurred in those portions of the landscape with
abundant shrubs, such as water tracks, on moderate slopes, and on older glacial
surfaces.

This independent analysis of NDVI data from the Toolik Lake and Upper Kuparuk
River Region supports the conclusion of Jia et al. (2003) that a remarkable

greening occurred in northern Alaska during the period of 1981-1999.
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* Greening occurred heterogeneously across the landscape, with the most rapid
change occurring in well-vegetated areas such as tussock tundra and shrubby
areas, on areas of nonsorted circles, and at lower elevations.

* Four distinct areas of the map showed the most intensified greening between 1985
and 1999. These vegetation changes appeared to be related to a variety of factors
including shrub advance in upland water tracks, the effects of dust north of the
Dalton Highway, intensive research and human activity near the Toolik Lake

research station, and an alluvial fan of the Atigun River.
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