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Abstract. Two-weekly AVHRR images were used to exam-
ine spatial patterns of the normalized difference vegetation
index (NDV1) and their relationshipswith environmental vari-
ables for moist acidic tundra (MAT) and moist non-acidic
tundra(MNT) alongtwolatitudinal transectsin northern Alaska.
The NDVI database was derived from a 5-yr time series
(1995-1999) of two-weekly AVHRR composites for Alaska.
A digital climate map, digital elevation map and vegetation
map were processed and overlain with the NDV1 grid. Homo-
geneous vegetation patches for both MAT and MNT were
defined as sample sites using infrared aerial photos, MSS
images and the vegetation map along the transects. Linear and
non-linear regression modeling were performed between NDV |
indices and environmental variables, total summer warmth
(TSW) and elevation. It was demonstrated that along both
western and eastern transects, there were obvious latitudinal
trends of peak NDVI (AP-NDVI), average growing season
NDVI (GS-NDVI), and early JuneNDVI (E-NDV1). In most
cases, MNT had lower NDV1 valuesthan MAT throughout the
year. Thereweresignificant (p<0.01) relationsbetween NDV I
(AP-NDVI, GS-NDVI| and E}NDV1) and total summer warmth
(TSW) and elevation in the region. EJNDVI showed the
strongest correlation with TSW or elevation, making it the
most sensitive NDV | indicator along environmental gradients
in northern Alaska. NDV1 was likely controlled by TSW and
elevation, with the former being dominant.
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Nomenclature: Yurtsev (1994).

Abbreviations: AK = Alaska; AP-NDVI = Annual peak
NDVI; AVHRR = Advanced Very High Resolution Radio-
meter; DEM = Digital elevation model; EJ}NDVI = Early
JuneNDVI; GS-NDVI = Growing season NDVI; LAl = Leaf-
areaindex; MAT = Moist acidic tundra; MNT = Moist non-
acidic tundra; NDVI = Normalized difference vegetation in-
dex; TSW = Total summer warmth.

Introduction

There is growing consensus that arctic regions will
experience marked changes in precipitation, tempera
ture, and the timing of seasonal climate events (Billings
et al. 1982, 1997; Bradley et a. 1993). Although the
magnitude and direction of these changes are still un-
clear (Chapin et a. 1996; Oechel et al. 1993, 2000;
Shaver et a. 1992), they are likely to affect a wide
variety of tundra ecosystem properties (Oechel et al.
1993; Weller et a. 1995; Billings et a. 1997). Arctic
vegetation appearsto be particularly sensitiveto climate
changes (Chapin et al. 1995; Arft et al. 1999; Walker et
al. 2002, Epstein et al. 2000). An improved understand-
ing of the controls of tundra vegetation patterns across
the arctic landscape will be an important input to future
climate change studies.

Thenormalized difference vegetation index (NDV1)
has been shown to be akey indicator for the dynamics of
vegetation structure and function (Goward et al. 1991;
Gutman et a. 1994). Because NDV| is gathered daily
and covers large areas, it has been widely used for
monitoring spatial gradients and intra-seasonal dynam-
icsof vegetation, especially in large and remote regions
such as northern Alaska (Hope et a. 1993; Huete &
Jackson 1987; Gutman et al. 1994; McMichael et al.
1997). Walker et a. (1995) even demonstrated a rela-
tionship between geological surface age and NDVI in
northern Alaska.

Two latitudinal transects, a western transect (West-
AK) and an eastern transect (EastAK), are being used by
the Arctic research community to examine spatial pat-
terns of biophysical features along latitudinal gradients
in northern Alaska (Anon. 1997; Weller et al. 1995).
Several studies were conducted that examined the bio-
physical controls of spectral reflectance on the eastern
transect (Stow et al. 1993; Shippert et al. 1995; Walker
et a. 1995; McMichadl et al. 1997). One of the studies
produced biomassand | eaf-areaindex (LAl) mapsof the
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Toolik Lake region derived from SPOT satellite data
(Shippert et al. 1995). Another showed alinear correla-
tion between NDVI and landscape age on three glacial
surfaces spanning ca. 125000 yr (Walker et al. 1995).
McMichael et al. (1999) demonstrated a relationship
between NDVI and measurements of mean site gross
photosynthesis and ecosystem respiration at two sitesin
Arctic tundra ecosystemsin the Toolik Lake area.

Previously, most of the Foothills region in northern
Alaska, and the Low Arctic in general, was assumed to
bemoaist acidic tundra(MAT), or typical tussock tundra
(Shaver & Chapin 1991; Oechel et al. 1993). Since the
description of MNT in the 1990s (Walker et al. 1994,
1998) researches have focused on comparison of eco-
system propertiesof thetwo typesand ontheboundaries
between them (Walker et a. 1998; Bockheim et al.
1998; Muller et a. 1999). However, there has been no
research conducted on the spatial gradients of vegeta-
tion or spectral featuresfor MAT and MNT in northern
Alaska

Therearemany differencesbetween MAT and MNT.
In MNT, the dominant plant association is Dryado
integrifoliae-Caricetum bigelowii. Dominant plant
species include Carex bigelowii, Eriophorum triste,
Dryas integrifolia, Salix reticulata, S lanata, Lupinus
arcticus, Astragal us umbellatus, Tomenthypnum nitens,
Ditrichum flexicaule, D. capillaceum and Thamnolia
subuliformis. The dominant life form is tussock grami-
noid (Walker et al. 1994). The pH of the top mineral
horizon is > 6.5. In MAT, the dominant association is
Sphagno-Eriophoretum vaginati. The dominant plant
speciesare Eriophorumvaginatum, Betula nana, Ledum
palustre ssp. decumbens, Salix planifolia ssp. pulchra,
Rubus chamaemorus, Aulacomium turgidum and
Fphagnumgirgensohnii. Thedominant lifeformisdwarf
shrub (Hansen 1953; Walker et a. 1994), and the pH of
the top mineral horizon is <5.5. A recent study also
indicated important differencesin numerous ecosystem
properties between MNT and MAT, such as gross pri-
mary production (1820 mg CO,-C m? d* in MAT
compared to 940 in MNT), leaf areaindex (0.84 m2m-2
in MAT compared to 0.50 in MNT), and bare soil
coverage (0.8% in MAT compared to 7.5% in MNT)
(Walker et al. 1998). We assume that there should be a
major difference in NDVI between the tundra types
corresponding to their differencein ecosystem structure
and functions.
The objective of this paper isto investigate remotely the
spatial patternsin vegetation along latitudinal transects
in northern Alaska. The questions we address here are:
1.What is the spatia distribution of NDVI across the
North Slope of Alaska? 2. What controls the spatial
patterns of NDV1 in the study area?

M ethods

Sudy sites

The North Slope of Alaska, north of the Brooks
Mountain Range, beyond the Arctic Circle, is domi-
nated by tundra vegetation. From north to south, there
arethree major eco-regions:. the coastal tundra (0 - 50 m
elevation), the foothills tundra (50 - 700 m), and the
Brooks Mountain Range (> 700 m) (Fig. 18). Twoarctic
transects have been established as part of the NSF Land-
Atmosphere-lce Interactions program to conduct inte-
grated tundra research (Weller et a. 1995; Walker et a.
1998). Thewesterntransect startsat Barrow, the northern
tip of the state, and runsthrough Atgasuk and Oumalik to
Ivotuk; the eastern transect, starts at Prudhoe Bay on the
coast, and ends at Toolik Lake, aLong-Term Ecological
Research (LTER) site. Our remote sensing studies are
conducted along these two transects (Fig. 14).

Processing of AVHRR-Derived NDVI

TheNormalized DifferenceVegetation Index (NDV1)
derived from AVHRR imagery (Markon et al. 1995;
Goward et al. 1991) is an index of vegetation green-
ness: NDVI = (NIR-R) / (NIR+R), where NIR is the
spectral reflectance in the near-infrared band (0.725-
1.1 mm), dominated by light scattering from the cano-
pies, and R is the reflectance in the red chlorophyll-
absorbing portion of the spectrum (0.58 - 0.68 mm).
For most biophysical research of the earth’s surface,
cloud-free data are needed. However, daily cloud free
dataare normally not available, especialy inthearctic.
Therefore, a series of images is often collected over a
set timeperiod (14 din our data set), with thoseimages
containing the least cloud cover being used in a
compositing process (Holben 1986; Gutman et al.
1994). The make-up of AVHRR scenes used during
the composite period was based on the maximum NDV |
value within any particular scene.

1995-1999 AVHRR-NDV I time seriesdatafromthe
EROS Data Center of the USGS were used as basic data
sets. The original datawere converted into raster GRID
format, using Arc/Info, for further spatial analysis. The
subset of northern Alaskawastaken from the state-wide
data, so that only the arctic portion was used in the
analysis. The 1995-1999 data sets are based on a 14-day
composite period to match the processing of global data
sets currently being produced. Dataacquisition for each
of the fivetemporal data setswasinitiated on April 1 of
each year. At thistime, over 90% of the state is snow-
covered. The ending date was on October 31 when the
growing season isover, and snow startsto cover most of
the high latitudes (Holben 1986; Markon 1999).



- Spatial characteristics of AVHRR-NDVI aong latitudinal transectsin northern Alaska - 317

Elevation (m)

I Ocean
[_0-20
[ 20-50

I 700 - 1000
I 1000-1500
[ ] Over 1500

Fig. 1. a. Digital Elevation Model (DEM) for northern Alaska. DEM was processed from the GTOPO30 data set developed by the
USGS EROS Data Center. The horizonta grid spacing is 30 arc-sec (or ca. 1km), while the vertical units represent elevation in meters
above sea level, with 1-m resolution. Red points represent the sample sites of field and aerial photo data along both transects (in
color). b. Total Summer Warmth in northern Alaska, caculated from PRISM monthly mean air temperature spatia surfaces (in colour).

Becauseit has been shown that cloud contamination
persistsintwo-weekly composites (Gutman et al. 1994),
the initial two-weekly composite time series were fil-
tered using the BISE (Best Index Slope Extraction)
adaptivefilter (Viovy et a. 2000). Thisfilter determines
NDVI time series data that are contaminated by cloud
cover based on some propertiesof thetemporal signal of
NDVI. In particular, it assumesthat adecrease of NDVI
due to surface change cannot be immediately followed
by an increase of NDVI because vegetation cannot
regrow over a few weeks. Each period throughout the
time series was checked for cloud contamination and
growing season snow. Any pixel with less than a 0.09
NDV| value within the growing season was considered
as contaminated, and was marked and replaced with an
inter-annual mean vaue (Markon et a. 1995). The
advantage of such amethod isthat it allows retention of
theinitial time step (and the rapid increase or decrease

of NDVI at the beginning or end of the cycle) and
eliminates cloudy events during several months. The
filterisalso designed to eliminateregistration errorsthat
can induce short NDV I high peaksthat are then kept by
the compositing process.

From the improved NDVI data set, three major
NDVI indices were calculated during the 1995-1999
period: annual peak NDV1, growing season NDV I and
early June NDVI. Average values from the five-year
time series were calculated for these three indices to
represent the mean greenness during the late 1990s.

Annual pesk NDVI (AP-NDVI) is the maximum
measurable NDV | recorded during the year and is nor-
mally associated with the peak of green during the grow-
ing season (Fig. 28). Annual peak NDVI for each year
was cal culated based on the pixel-by-pixel grid model:

AP-NDVI = MAX (period 1, 2, ..., n) 1)
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Average NDV|1 for the growing season (GS-NDV1)
is the average NDV| value obtained across recording
periods during the growing season. In most of northern
Alaska, the growing season lasts from June to Septem-
ber, so the NDVI two-weekly periods 5 (starts on May
27) to 13 (ends on September 29) were chosen to repre-
sent the val ues during the growing season (Fig. 2b). GS-
NDVI was calculated based on the pixel-by-pixel grid
model:

GS-NDVI = MEAN (period 1, 2, ..., n) @)

Early JuneNDVI (EJNDVI) istheaveragevaluesat
period 5, from May 27 to June 9. Onset of greenness
occursinmost of northern Alaskaby early June, and this
period is considered as one of the most sensitive to
environmental changes(Markon 1999; Hopeet a. 1995).
Early June NDVI (EJ-NDVI) from 1995-1999 was
calculated on a pixel-by-pixel basis (Fig. 2c).
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Fig. 2. Mapsof NDVI in north-
ern Alaska, calculated from
1995-1999 meanvaues. A. An-
nual peak NDVI; B. Growing
Season NDVI; C. Early June
NDVI. Red polygons represent
the spatial extension of both
transects.

MAT/MNT homogeneous vegetation samples

For the purpose of this study, we were interested in
not only environmental controls on tundra types, but
also in greenness and productivity within certain tundra
types. Therefore we needed to define sample sites for
homogeneous tundra types on high-resolution images
such as aerial photos and MSS with ground control
points. For this approach we picked as many sample
sSites as possible to represent the study region.

MAT and MNT are widely distributed on the North
Slope. Combined they cover more than 60% of the area
(Muller et al. 1999). Based on ground-truthing and
image interpretation in 1998 and 1999, we marked 91
homogeneous vegetation patches of MAT and MNT on
14 scenes of infrared aeriad photos taken along both the
western and eastern transect. These aerial photos were
then digitized and geo-registered with Arc/Info software.
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The control points (in total 127) for the registrations
werepicked up from 1 : 63 360 USGStopography maps.
From the geo-registered aerial photos, the 91 polygons
of MAT and MNT were digitized and a scattered veg-
etation map of MAT and MNT on the transects was
created. A comparison analysis between our vegetation
map and a M SS derived land cover map (Muller et a.
1999) shows a high agreement (88.9%) between the
two. Thisisthemost critical step for our analysisinthis
study, so we made every effort to gain a high accuracy
of the vegetation patches.

Total Summer Warmth (TSW)

Total summer warmth is considered an important
indicator of growing season condition (Walker et .
1998). It isthe sum of monthly air-temperatures> 0 °C.
TSW was cal culated from PRISM monthly temperature
GRID data, which was simulated from monthly field air
temperature data (Fig. 1a). PRISM climate data are cre-
ated and provided by the NOAA data center at Oregon
State University; they were derived from point data
(from ground meteorological stations) and some spatial
data sets (distance from coast, elevation, etc), and in-
clude estimates of annual, monthly and event-based
climatic elementsthat are gridded and Gl S-compatible.
The strong variation of climate with distance from coast
and el evationisthemain premiseunderlying the PRISM
model formulationin northern Alaska(Haugen & Brown
1980; Walker et a. 2002).

In northern Alaska, originally only five meteoro-
logical stations were used in the modeling. To verify
PRISM accuracy in our study area, we used measure-
ments from 14 locations throughout the North Slopeto
calculate the correlation between field measurements
of temperature and the PRISM grid values, point-by-
point, and month-by-month. For all 14 points, the r-
value > 0.99; for amonthly comparison from March to
November, ther-value>0.90. The correlationislower
at Atgasuk and Oumalik, which reflect incomplete
field measurements. The PRISM air temperature model
is also supported by the study from Haugen & Brown
(1980). The accuracy assessment shows that in north-
ern Alaska, PRISM dataarevalid asarepresentation of
the spatial distribution of monthly temperature; there-
fore we used PRISM-derived data in our analysis.
Throughout northern Alaska, 91 points were derived
from PRISM in correspondence with our MAT/MNT
vegetation polygons.

Processing a digital elevation model

A GTOPO30 digital elevation model (DEM) was
processed and used as one of the basic data sets (Fig. 1).

The GTOPO30 data set, completed in 1996, was devel-
oped by the USGS EROS Data Center. The horizontal
grid spacing is 30 arc-seconds (or ca. 1 km), while the
vertical units represent elevation in meters above sea
level, with 1-m resolution. Original image data (in Band
Interleaved by Line, BIL, format) were converted to
GRID raster data, and several formulaswere applied to
recognize negative values and adjust the data.

Correlation analysis and regression modeling on
controlling factors of NDVI

Corresponding to the 91 sample sites derived from
infrared aerial photos, grid values from raster data of
NDVI indices, air temperature and geographic features
such as elevation and slope were extracted for each
polygon and formed the basic data set; there were 27
variablesin the original data set. A factor analysis was
performed to group the 27 variables and to find out their
correlations. Based on the results of the factor analysis,
three indices of NDVI (annual peak NDVI, growing
season mean NDVI and early June NDVI) and two
environmental factors (TSW and elevation) were se-
lected for factor analysis (Table 1). These selected vari-
ables were then used to perform correlation analyses
with three approaches: (1) combining all the samples
sites; (2) categorizing vegetation types as MAT and
MNT; (3) splitting samples into two transects. For all
the 91 sample sites on the North Slope, regression
analyses were performed between: (1) AP-NDVI vs.
TSW and elevation; (2) GS-NDVI vs. TSW and eleva
tion; (3) ENDVI vs.TSW and elevation. SPSS soft-
ware was used for the statistical analyses.

Table 1. Pearson correlation coefficients for selected vari-
ables. Calculations were performed for all samples, MAT
samples and MNT samples respectively. Only selected vari-
ables with the highest correlations were shown here.

Variable EJNDVI AP-NDVI GS-NDVI TSW Elevation
All samples (N =91)

EJNDVI 1.000

AP-DNVI 0.850 1.000

GS-NDVI 0.947 0.951 1.000

TSW 0.783 0.560 0.717 1.000

Elevation 0.727 0.566 0.612 0.439 1.000
MAT samples (N =48)

EJNDVI 1.000

AP-DNVI 0.839 1.000

GS-NDVI 0.959 0.940 1.000

TSW 0.856 0.630 0.807 1.000

Elevation 0.763 0.603 0.668 0.502 1.000
MNT samples (N =43)

EJNDVI 1.000

AP-DNVI 0.867 1.000

GS-NDVI 0.915 0.968 1.000

TSW 0.922 0.854 0.893 1.000

Elevation 0.633 0.484 0.473 0.424 1.000
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Results

Soatial patterns of NDVI along the two transects

In early June, vegetation in most of northern Alaska
entered the growing season. Along both transects, NDV |
values increased gradually from north to south, follow-
ing the latitudinal gradient (Fig. 2c). This partly re-
flected the phenology of different plant functional types
(Markon et al. 1995; Vierling et a. 1997). In northern
Alaska, the growing season started earlier with decreas-
ing latitude as temperatures rise and moisture availabil -
ity increase. Consequently, biomassand leaf areaindex,
which were demonstrated to be major contributors of
NDVI (Hopeet al. 1993; Riedel etal. inprep.), could be
expected to follow a similar latitudinal trend in early
June. Thisresult wassupported by Vierling et al. (1997),
who demonstrated that the strongest differencesin arc-
tic tundra vegetation types could be found in the early
growing season. Along both transects, growing season
average NDVI more or less followed the latitudinal
gradient, i.e., lower valuesin the north and higher inthe
south (Fig. 2b); NDVI reached its peak along the foot-
hills and dropped sharply to the north and slightly to the
south where higher elevation causes shorter growing
seasons and reduced plant cover.

Theimagesof peak NDV | calculated from AVHRR-
NDVI time series showed trends in ‘ greenness’ across
both transects that were expected on the basis of
geobotanical and land cover maps of the area (Walker
1999; Muller et al. 1999). Water tracks and south-facing
slopes, both of which have dense shrub vegetation,
showed NDVI values greater than 0.52. Most barren
hilltops and water bodies showed NDV1 values from 0
t00.08. Coastal wetlandsshowed NDV | values between
0.10 and 0.16. These values were consistent with values
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reported in literature for the same region (Hope 1994;
Markon et al. 1995).

We calculated the average values of pesk NDVI
with 0.2° intervals of latitude, along both eastern and
western transects. In the process, large water bodies
were excluded so that only vegetation dominated areas
were considered. Both transects start around 68.5°in the
south, but the western transect extends further north
(71.3°) compared to the eastern one (70.29). Along the
eastern transect, peak NDV1 increased slightly north-
ward from the most southern point, and reached its peak
around 69°. Then thevaluedropped sharply from 0.53to
0.28 on the coastal plain. Along the western transect,
peak NDVI remained as high as 0.53 from Ivotuk to
69.2°, then started to drop sharply northward until 70.2°
(0.29); it continued to drop dlightly to 0.23 at Barrow
(Fig. 3). On both transects, peak NDVI more or less
followed the north-south gradients, and followed the
sametrend, but theslight dropinNDV 1 at their southern
ends may reflect the combined influence of latitude and
elevation. In the east, there are greater topographic
changes than in the west.

Fig. 3doesnot necessarily reflect theNDV I gradient
of pure zonal vegetation (moist tundra), considering the
fact that the moist pixelswere becoming more and more
mixed with wet vegetation aswe movetoward the coast.
Inthefoothillsthe pixelswerefairly unmixed, but aswe
moved onto the coastal plain, there was more and more
mixing that cannot be avoided at such a scale. In the
western transect, oncethewet coastal tundrawasreached,
the NDVI leveled off at about 0.27-0.24. This analysis
thereforeintegrated changesin elevation, site moisture,
and temperature, which were al varying in the same
direction geographically, and cannot be teased apart
easily along 0.2° latitude intervals.

% Fig. 3. Latitudinal gradient of pesk NDVI
along both transects, with 0.2 degreeinterval
of latitude. The NDVI value for each 0.2-
degree patch was derived from the average
values of all pixels within the patch. The
round circle represents the western transect,
whilethe diamond isfor the eastern transect.

715
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The bivariate correlation analysis

Aninitial screening of the datawasdoneto obtain an
idea of the level of correlation within NDVI indices as
well astheinterrelationshipsbetween NDV I indicesand
environmental variables along the transects. In order to
examinethe potential controlling factorsand pick upthe
most representative onesfor further analysis, we started
with the 91 samples from both transects as awhole data
set and analysed the correlation between NDV1 indices
(AP-NDVI, GS-NDVI, E}NDVI) and a set of environ-
mental factors, including monthly air temperature, an-
nual mean temperature, total summer warmth, monthly
precipitation, annual precipitation, elevation and slope.
Based onthe correlation, twofactors, TSW and el evation,
were selected for further analysis (Table 1).

A consistently high correlation was found between
EJNDVI and the two environmental variables (TSW
and elevation), though the correlation coefficients and
therankingsvaried. Thecorrelationsbetween GS-NDV |
and thetwo variableswerelower than that for E-NDVI,
but they were still relatively high (r=0.717, r =0.612,
respectively) and significant (p<0.01). It isinteresting
to notice that as awidely used NDVI index, AP-NDV I

had the lowest correlation with both variables, though
still significant (p<0.01). The best correlation is found
between EJ-NDVI and TSW (r=0.783), followed by the
one between EJNDV I and elevation. While not shown
intable 1, precipitation was highly positively correlated
with elevation (r = 0.868), but had a lower positive
correlation with all three NDVI indices than elevation.
Wetherefore decided to use el evation instead of precipi-
tation for later regressions.

We calculated more detailed correlations by cat-
egorizing vegetation typesas MAT and MNT. For al of
the treatmentsit was still found that E}NDV | was better
correlated to total summer warmth and elevation than
GS-NDVI or AP-NDVI. E}NDVI was strongly corre-
lated to TSW (r = 0.856 for MAT and 0.922 for MNT).
Thiswas followed by elevation (r = 0.763 for MAT and
0.633 for MNT) when data were grouped into plant
community categories. The results also suggest that the
spatial variation of NDV I wasmostly controlled by TSW
for MNT, while NDVI for MAT was almost equaly
controlled by TSW and elevation. The improvement of
correlations between NDVI and the environmental vari-
ables after splitting the data @ so demonstrated the differ-
ent spatial patterns of NDVI between MAT and MNT.

Table 2. NDVI regression modelsin correspondence with Fig. 4. With NDVI indices (E}NDVI, GS-NDVI and AP-NDVI) asthe
dependent variables, single-independent-variable linear or non-linear regressions were run for variables of TSW and elevation. The
regressions were performed for: (1) al samples from both transects; (2) splitting samples into two transects; (3) categorizing
vegetation typesas MAT and MNT.

No. Fig. Approach Model N R? Sig.
1 4a EJ-NDVI vs. TSW, all Y = 0.0088 e 0-1034 91 0.7793 **
2 4a GS-NDVI vs. TSW, all Y = 0.0006 x2 —0.0196 x + 0.3908 91 0.7243 *x
3 4a AP-NDVI vs. TSW, al Y =0.0009 x2 —0.0313 x + 0.6174 91 0.6746 **
4 4b EJNDVI vs. Elevation, all Y = -1E-06 x2 + 0.001 x + 0.053 91 0.7782 *x
5 4b GS-NDVI vs. Elevation, all Y =-6E-07 x2 + 0.0006 x + 0.2665 91 0.6054 **
6 4b AP-NDVI vs. Elevation, all Y = -4E-07 x? + 0.0005 x + 0.3813 91 0.423 *

7 4c EJNDVI vs. TSW, east Y =0.0171x-0.3157 35 0.8919 *x
8 4c GS-NDVI vs. TSW, east Y =0.0107 x + 0.0256 35 0.8226 **
9 4c AP-NDVI vs. TSW, east Y =0.0111x + 0.1085 35 0.7586 **
10 4d EJ-NDVI vs. TSW, west Y = 0.0146 e 0.0904x 32 0.8779 **
11 4d GS-NDVI vs. TSW, west Y = 0.0007 x2 — 0.0228 x + 0.4129 32 0.8068 **
12 4d AP-NDVI vs. TSW, west Y =0.001x2—0.0347x + 0.6413 32 0.8172 **
13 4e EJNDVI vs. Elevation, east Y =-1E-06x? + 0.0011 x — 0.011 35 0.92 **
14 4e GS-NDVI vs. Elevation, east Y =-8E-07 x2 + 0.0008 x + 0.2263 35 0.8769 *x
15 4e AP-NDVI vs. Elevation, east Y = -6E-07 X2 + 0.0007 x + 0.3203 35 0.834 **
16 4f EJ-NDVI vs. Elevation, west Y =0.0603 x—0.0711 32 0.8821 *x
17 4f GS-NDV!I vs. Elevation, west Y =0.0349 x + 0.2022 32 0.704 *x
18 4f AP-NDVI vs. Elevation, west Y=0.0331Y + 0.3464 32 0.5561 **
19 EJNDVI vs. TSW, MAT Y = 0.0128 e 0.0971x 48 0.8753 **
20 GS-NDVI vs. TSW, MAT Y = 0.0006 x? — 0.0164 x + 0.3684 48 0.7586 *x
21 AP-NDVI vs. TSW, MAT Y = 0.0008 x2 — 0.0286 x + 0.5992 48 0.6546 **
22 EJ-NDVI vs. Elevation, MAT Y =0.0578Y — 0.0649 48 0.865 **
23 GS-NDVI vs. Elevation, MAT Y =0.0331Y + 0.2077 48 0.7254 **
24 AP-NDVI vs. Elevation, MAT Y=0.026Y + 0.3496 48 0.5096 **
25 EJNDVI vs. TSW, MNT Y =0.0158 x — 0.2862 43 0.8498 *x
26 GS-NDVI vs. TSW, MNT Y=0.0112x + 0.0115 43 0.797 *x
27 AP-NDVI vs. TSW, MNT Y =0.0128 x + 0.0658 43 0.729 *x
28 EJ-NDVI vs. Elevation, MNT Y = -9E-07 x2 + 0.001 x + 0.0432 43 0.6678 **
29 GS-NDVI vs. Elevation, MNT Y=0.0326Y + 0.165 43 0.5287 **
30 AP-NDVI vs. Elevation, MNT Y =0.0356In x + 0.2508 43 0.4259 *

**Regression is significant at the 0.01 level (2-tailed); *Regression is significant at the 0.05 level (2-tailed).
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Linear and non-linear regression

We used regression models to explore the controls
on patterns of NDVI indices (and hence vegetation)
along the environmental gradients on both transects.
With NDVI indices (E-NDVI, GS-NDVI and AP-
NDVI1) asthe dependent variables, single-independent-
variable linear or non-linear regressions were run for
variables of TSW and elevation. The regressions were
performed for: (1) al samples from both transects; (2)
MAT on the western transect; (3) MNT on the eastern
transect (Table 2).

EJNDVI had strong non-linear or linear relations
with TSW (R2= 0.779) and €elevation (r2= 0.778), dll
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with high significance (p<0.01). Coefficients of deter-
mination (r?) from least squares regression analysis
were in the range of 0.605-0.724 for GS-NDVI (p<
0.01) and 0.423-0.675 for AP-NDVI (p< 0.05). When
wegrouped the samplesinto MNT inthe eastern transect
and MAT in the western transect, more significant re-
gressions were found for both tundra types (Table 2;
Fig. 4). In the western transect, all three NDVI indices
were found to be significantly related to TSW (r2 =
0.807 - 0.878), but EJ-NDVI had a stronger relation to
elevation (r2 = 0.882) than the other two NDV I indices.
Ontheeastern transect, however, all threeNDV | indices
had astrong correlation to both TSW and elevation. The
curves that provide the best fit to these data were quite
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Fig. 4. Scatter plotsand trend linesfor regression modelson NDV 1 in northern Alaska. A. NDV|I vs. TSW for all polygons; B. NDV|
vs. elevation for al polygons; C. NDVI vs. TSW for MNT aong the eastern transect; D. NDVI vs. TSW for MAT aong the western
transect; E. NDVI vs. elevation for MNT along the eastern transect; (F) NDV1 vs. elevation for MAT along the western transect. O
= AP-NDVI; m = GS-NDVI; triangle: ENDV . For equations, see regression modelsin Table 2.
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different (Fig. 4): simplelinear for NDVI vs. TSWinthe
east compared to a non-linear in the west; and polyno-
mial for NDVI vs. elevation in the east compared to
logarithmic in the west. These reflected the different
spatial patternsof both NDV | and environmental factors
between the two transects.

Discussion

NDVI values generally followed alatitudinal gra-
dient, i.e. lower values in the north and gradually
increasing southwards on both western and eastern
transects. EJ-NDV | showed the most significant north-
south gradient for both transects. AP-NDVI dropped
dlightly before reaching the southern end of the
transects, dueto anincreasein elevation. NDV|I values
showed stronger latitudinal trends, i.e. increased south-
wards along both gradients of MAT and MNT, espe-
cially that of early June and peak values. Strong corre-
lations between early June NDVI and TSW or eleva-
tion suggested that this period was most sensitive to
the spatial patterns of climate and may be quite sensi-
tive to temporal variability in climate. GS-NDVI and
AP-NDVI, both considered as major indices of NDVI
and vegetation structure, had less strong correlations
with TSW or elevation than EJ-NDVI, although still
highly significant (p <0.01). These results indicated
that EJNDV I was the most sensitive index for spatial
environmental variations, and therefore may be ause-
ful variable in spatial modeling in the region.

NDVI was generally controlled by air temperature
(i.e. TSW) and elevation. TSW was considered an
integrated indicator of growing season air tempera-
tures, while elevation was considered a major con-
tributor to precipitation patterns on the North Slope of
Alaska (Haugen & Brown, 1980; Walker et al. 2002).
Both TSW and el evation showed significant and strong
correlations with NDVI, but TSW was demonstrated
to be a more dominant control than elevation. On the
western transect, TSW had much greater explanatory
power for NDVI patterns than elevation; however, the
two variables had almost the same importance on the
eastern transect. As many studies suggested, growing
season warmth was adominant factor for plant species
composition and vegetation production between
physiographic regions in high latitudes (Chapin et al.
1996; Oechel et a. 2000; Arft et al. 1999; Epsteinet al.
2000; Billings et al. 1997), and these vegetation-re-
lated variables controlled NDVI variables in Arctic
tundraecosystems (Hopeet al. 1993; Stow et al. 1993).
Moisture regimes may also control patterns of vegeta-
tion and thus NDV I on the North Slope (McMichael et
a. 1999). Considering its importance to radiation and

water balance, slope could also be one of the major
controlling factors on landscape NDVI; further study
is clearly needed on this topic to address finer differ-
encesin NDVI.

Along the western transect, NDV1 indices around
the coastal plain (from Barrow to Atgasuk) showed
poor response to the gradients of TSW and elevation.
In some cases, NDVI in Atgasuk was slightly lower
than that in Barrow, located to the north where air
temperature is lower (Haugen & Brown 1980). It was
suggested that the existence of water bodies in pixels
in Atgasuk had contributed to alower NDVI (Everett
1980). In fact, it is almost impossible to avoid mixed
water bodies within any 1.1 km AVHRR pixel in the
area (Jia et al. 2000). Also, the spectral brightness at
Atgasuk islikely dueto its sandy soil substrate, alarge
component of fruticose lichens and a low shrub bio-
mass (Walker et al. 2002). Another possible contribu-
tion is soil brightness; several authors have demon-
strated theinfluence of soil brightnessonNDV | (Huete
& Jackson 1987). Unlike most of the region, Atgasuk
is dominated by sandy soils of almost white colour
(Carter 1981; Everett 1980; Walker 1999), which can
lead to ahigher albedo and thus alower NDVI (Huete
& Jackson 1987).

When the samples for this study were grouped into
two tundra types, MAT and MNT, the curves that
provide the best fit between NDVI and TSW or eleva-
tion were strongly significant. However, when com-
bining all samples from both categories, the signifi-
cance of correlations declined, and curves also became
more non-linear. Costanza & Maxwell (1994) sug-
gested that lowering the resolution of models could
increase predictability by averaging out chaotic behav-
iour at the expense of losing detail about the phenom-
enon. Our study did not appear to support this argu-
ment, however, it was consistent with a finding that,
when data were grouped into community types, the
curves that provided the best fit between NDVI and
environmental variables were linear and quite strong
(Shippert et al. 1995). Thedifferencesin plant biomass
and community composition suggested that MAT and
MNT might have very different NDVI-environment
relationships. Another recent study also demonstrated
asignificant difference of intra-seasonal NDV I curves
between MAT and MNT, and suggested that this dif-
ference should be considered in regional modeling (Jia
et a. 2000). Our results supported the ideas that MAT
and MNT have different properties and that commu-
nity typeisan appropriate scalefor NDVI modelingin
tundra.

It has been demonstrated that thereisasharp bound-
ary between MAT and MNT around the Sagwon Hill
areaon the eastern Alaskatransect (Muller et al. 1999;
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Walker 1999) and that there were obvious differences
in ecosystem properties such as biomass, LAI, and
plant species composition between thetwo sides(MNT
tothenorthand MAT to the south) (Walker et al. 1998;
Bockheim et al. 1998). To find out if there is aso a
significant difference in NDVI at the MAT/MNT
boundary, we examined the NDV| and environmental
factorsfor theeight MNT sampleslocated on the north
side of the boundary and six MAT samples located on
the south side. Onthe MNT side, E}NDVI, GS-NDVI
and AP-NDVI were 0.192, 0.342 and 0.456 respec-
tively, compared to the 0.247, 0.390, and 0.502 for the
MAT. Because the samples from both sides were quite
close to each other, there was unlikely a significant
differencein climatic conditions between them, there-
fore such agradient should be considered afunction of
vegetation types.

Both results from the 0.2° latitudinal gradient and
NDVI-TSW regression reflected that the vegetation on
the Foothills, especially around the transitional zone,
was the most sensitive to total summer warmth and
most likely to be affected by climate change. These
sensitive areas were indicated by the slope/derivative
of the spatial functions.

Because MAT and MNT occur on different geo-
logic substrates, it was argued that geology may be one
of the major controlling factors of NDV1 on the North
Slope (Walker et al. 1995, 1999). Walker et al. (1995)
concluded in their study that Late Pleistocene glacial
surfaces had lower image-NDVI than older Middle
Pleistocene surface, and the mean NDVI was corre-
lated with approximate time since deglaciation. They
also found that older surfaces had greater cover of
shrub-rich tussock tundraand shrub-filled water tracks,
and younger surfaces had more dry, well-drained sites
with lower biomass and relatively barren non-sorted
circles and stripes. Unfortunately we lacked spatial
geological data with suitable resolution for our analy-
sis, however our data did supported the NDVI differ-
ences between potentially younger plant communities
(MNT) and older plant communities (MAT).

Due to the sparseness of the measurements used to
make the climate map, PRISM data may not well
represent the air temperature in some areas, especially
in the coastal areas where there is likely much more
variation than shown. For example, the map did not
portray a steep temperature gradient in the vicinity of
Prudhoe Bay. The PRISM data showed apparently
warm coastal temperatures around the Prudhoe Bay
area compared to Barrow, and no difference between
the Prudhoe Bay and Franklin Bluffs to the south,
when in fact a doubling of the total summer warmth
was observed in field measurements (Walker et al.
2002). Obviously, more detailed examination of the

coastal area climate is needed as further field data
become available.

Air temperature and precipitation were normally
considered to be two major environmental variables
that yield vegetation and NDVI spatia gradients in
many regions, even though air temperature was con-
sidered more important than precipitation at high | ati-
tudes(Brandley et al. 1993; Schmidt & Gitelson 2000).
In our study, however, precipitation was excluded
from the independent variables for two reasons: first,
wedo not have enough field precipitation dataeither to
be used directly in modeling or to validate PRISM
climate data, and second, precipitation shows a high
correlation (r >0.91) with elevation in the region, so
we used elevation as a proxy for precipitation. Aswe
have discussed earlier, el evation appeared to be one of
the major controlling factors on NDVI in northern
Alaska, which may be viathe effect of moisture avail-
ability on vegetation properties.

In Arctic Alaska, NDVI is likely controlled by
TSW and elevation, with the former being dominant.
Although our study focused on the spatial heteroge-
neity of NDVI in related to environmental gradients,
it demonstrated the potential usefulness of NDVI in
monitoring global change. EJ-NDVI showed the
strongest correlation with summer warmth index
(TSW), making it likely to be the most sensitive and
useful NDVI indicator along environmental gradi-
entsin the region.
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