ARCTIC
VOL. 61, NO. 4 (DECEMBER 2008) P. 381-394

Recent (1986—-2006) Vegetation-Specific NDVI Trends in Northern Canada
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ABSTRACT. Recent northern vegetation changes caused by climate warming have been well documented, using experimental
plot warming to examine vegetation-specific changes and satellite image data to examine overall trends. Previous remote sensing
efforts have employed the Normalized Difference Vegetation Index (NDVI) from AVHRR, whose 1 km to 8 km pixel size is too
large for examination of broad scale vegetation-specific responses because of mixing within the pixel footprint. In this paper, we
reconcile differences between field- and remote sensing-based approaches by using both medium-resolution (30 m) and coarse-
resolution (1 km) data to study 20 years of vegetation-specific responses to northern climate warming (1986 to 2006). Trends are
compared among vegetation communities from two separate Landsat classifications in Canada’s eastern and western forest-tundra
transition zone, as well as a 1 km AVHRR database recently developed over Canada. A comparison of absolute trends among
mapped vegetation communities revealed lichen-dominated communities consistently exhibiting lower trends than those
dominated by vascular plants, with both exhibiting increasing NDVI. Our results and those obtained from experimental warming
suggest that the magnitude difference in NDVI increase between lichen and vascular vegetation is related to increasing vigor and
biomass of vascular vegetation, in contrast to physiological impairment of lichen due to the short-term secondary effect of
temperature on moisture. In the longer term, succession from lichen to vascular is likely responsible for the small observed NDVI
increase over lichen-dominated regions. The fact that both Landsat and AVHRR exhibited similar relative vegetation-specific
trends in NDVI suggests that this phenomenon may be widespread in the North.
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RESUME. Ces derniers temps, les changements sur la végétation dans le Nord causés par le réchauffement climatique ont été bien
documentés grace a une parcelle expérimentale faisant1’objet d’un réchauffement qui permet d’examiner les changements propres
alavégétation, ainsi que grace a des données et images obtenues par satellite permettant d’examiner les tendances générales. Les
travaux de télédétection antérieurs recouraient a 1’indice d’activité végétale obtenu a partir d’un radiometre perfectionné a trés
haute résolution (AVHRR), dont la taille de pixel de 1 km a 8 km est trop grande pour permettre 1’examen des réactions a grande
échelle de la végétation en raison du mélangeage dans la zone de couverture des pixels. Dans cette communication, nous faisons
le rapprochement des différences entre les méthodes de prélevement de données sur le terrain et les méthodes de prélevement des
données par télédétection en recourant a des données a moyenne résolution (30 m) et a des données a résolution grossiére (1 km)
dans le but d’étudier les réactions de la végétation échelonnées sur 20 ans dans le cadre du réchauffement climatique dans le Nord
(de 1986 22006). Les tendances sont comparées entre les diverses communautés végétales a partir de deux classifications Landsat
distinctes dans la zone de transition forét-toundra de I’est et de 1’ouest du Canada, ainsi qu’a partir d’une banque de données
prélevées au Canada al’aide d’un radiometre perfectionné a trés haute résolution de 1 km récemment mis au point. La comparaison
des tendances absolues parmi les communautés végétales mappées a révélé des communautés dominées par le lichen affichant
constamment des tendances moins élevées que les communautés dominées par les plantes vasculaires, toutes deux présentant un
indice d’activité végétale accrue. Nos résultats et ceux obtenus dans le cadre du réchauffement expérimental laissent croire que
la différence de magnitude en ce qui a trait a I’accroissement de 1’indice d’activité végétale entre la végétation de lichen et la
végétation vasculaire se rapporte a I’accroissement de la vigueur et de la biomasse de la végétation vasculaire, par contraste avec
I’altération physiologique du lichen attribuable a I’effet secondaire a court terme de la température sur 1’humidité. A plus long
terme, la succession du lichen aux plantes vasculaires est vraisemblablement responsable des petites augmentations observées au
titre de 1’indice d’activité végétale dans les régions dominées par le lichen. Le fait que le Landsat et I’AVHRR aient tous deux
permis de dénoter des tendances relatives semblables du point de vue de la végétation et de I’indice d’activité végétale laisse
entendre que ce phénomene peut étre étendu dans le Nord.

Mots clés : nord, végétation, communauté, lichen, vasculaire, télédétection, Landsat, AVHRR, indice d’activité végétale,
tendances
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INTRODUCTION

Climate warming is expected to continue to be greatest
during the 21st century at northern high latitudes, accord-
ing to General Circulation Model (GCM) predictions
(IPCC, 2007). Northern environments have already expe-
rienced significant vegetation changes due to climate warm-
ing (Myneni et al., 1997; Stow et al., 2004; Goetz et al.,
2005; Pouliot et al., in press). In general, these changes are
expected to alter northern ecosystem properties such as
surface albedo, soil thermodynamics, hydrology, and earth-
atmosphere interactions (ACIA, 2004). Northern vegeta-
tion also provides critical habitat for species such as
caribou in northwestern Canada and Alaska. In this region,
the Porcupine caribou herd is a major food source for local
communities, and its numbers have been in decline since
the late 1980s. The reason for the decline is unknown, but
is likely caused by changes in their natural environment
resulting from climate warming (Griffith et al., 2002).
Along their migration route from wintering grounds in the
southern Yukon to calving grounds on the north shore of
the Beaufort Sea, the caribou vary their diet according to
season, nutritional requirements, and food availability
(Thomson and McCourt, 1981). Lichen is the major win-
tering food of caribou, and changes in lichen abundance
and availability related to vascular plant increase are
thought to be major contributing factors to the herd’s
decreasing numbers (Cornelissen et al., 2001).

Vegetation changes caused by climate warming have
beeninvestigated in controlled warming experiments across
the Arctic (Hollister et al., 2005; Walker et al., 2006).
Experimental warming has consistently produced an in-
crease in vascular plant growth and a decrease in lichen
and bryophyte abundance (Potter et al., 1995; Callaghan et
al., 1999; Cornelissen et al., 2001; Dormann and Woodin,
2002; Gough and Hobbie, 2003; Van Wijk et al., 2003;
Walker et al., 2006). These experiments support anecdotal
evidence of overall greening in the North and observa-
tional evidence obtained through satellite observation
(Myneni et al., 1997; Silapaswan et al., 2001; Zhou et al.,
2001; Jia et al., 2003; Stow et al., 2003; Pouliot et al., in
press) and repeat landscape photography (Sturm et al.,
2001; Tape et al., 2006). Short- and long-term effects of
warming on northern vegetation have been examined in
Hollister et al. (2005). They suggest that initial and sec-
ondary responses are different: an alteration in growth and
biomass allocation of previously established individuals
occurs in the short term, while the long-term response is
the result of integrated short-term responses in addition to
changes in recruitment.

Vegetation monitoring using remote sensing data has
generally employed the Normalized Difference Vegeta-
tion Index (NDVI) as a proxy for gross photosynthesis at
broad spatial scales (Goetz et al., 2005). The NDVI ex-
ploits the contrast between red and near infrared reflect-
ance (NIR) of vegetation, since chlorophyll is a strong
absorber of red light, while the internal structure of leaves

reflects highly in the NIR (Nemani and Running, 1989).
The difference is normalized by the sum of the two bands
to help compensate for changing illumination conditions,
surface slope, aspect, and other extraneous factors. The
NDVI ((NIR — Red)/(NIR + Red)) varies from —1 to +1.
Clouds, water, and snow with more visible reflectance
than near-infrared reflectance, generally have negative
NDVI values. Rock and soil have NDVI values near zero,
and vegetation generally yields positive NDVI values,
which approach +1 with increasing plant chlorophyll con-
tent or green biomass.

Previously, we had used the NDVI to examine the short-
term effects of temperature on northern vegetation pro-
ductivity from remotely sensed imagery (Olthof and
Latifovic, 2007). This study builds on the previous one by
investigating longer-term effects of widespread tempera-
ture increase in the Arctic by vegetation type. Other re-
search has noted extensive increasing NDVI in northern
environments, attributed primarily to shrub expansion and
increased vascular biomass caused by a longer growing
season and higher temperatures. With the exception of few
studies (e.g., Bunn and Goetz, 2006), these effects have
been examined across all northern vegetation types simul-
taneously because coarse resolution data (from 1 to 8§ km
AVHRR) were used and vegetation types were mixed
within each pixel’s footprint. We use medium-resolution
(30 m) Landsat time-series data in two separate locations
in Canada’s eastern and western taiga-tundra transition to
examine recent vegetation-specific responses to climate
warming. In addition, we use 1 km AVHRR data to moni-
tor changes (at 1 km spatial scale) over homogeneous land
cover targets previously identified in Olthof and Latifovic
(2007).

METHODS
LANDSAT Data

Satellite data time-series were acquired for World Ref-
erencing System (WRS) Path/Row 61/12 in the Northwest
Territories (NWT), Canada, just east of the Mackenzie
Delta and south of the Tuktoyaktuk Peninsula, and Path/
Row 20/19, located in northern Quebec on the eastern
shore of Hudson Bay (Fig. 1). Both scenes are in the
forest—tree line transition, though more of scene 61/12 is
below the tree line than scene 20/19 according to Timoney
etal. (1992) and Payette (1983). Thus, according to long-
term provincial and territorial fire polygon databases,
scene 61/12 contains more forest and is subject to fire
disturbance, whereas scene 20/19 contains more tundra
and experiences minimal fire disturbance.

Selection of scenes close in anniversary dates mini-
mizes the seasonal effects of phenology and makes the
time series comparison valid. Vegetation phenology is
rapid in the Arctic because of the short growing season. In
addition, cloud cover is frequent over much of northern
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FIG 1. Locations of Landsat scenes used in the current analysis overlain on the
northern tree-line limit (Timoney et al., 1992; Payette, 1983). WRS scene
61/12 covers the tree-line transition zone in the Yukon, while WRS scene
20/19 lies mostly above the tree line in northern Quebec.

Canada, reducing the availability of usable optical remote-
sensing data. Landsat has a revisit time of 16 days. In a
given year, therefore, no more than three acquisitions can
occur within a month of an acquisition date anniversary
from the previous year, and this number may be reduced at
the beginning and end of the growing season. All of these
factors make it difficult to obtain high-quality Landsat
data for time-series analysis and are reasons why most
analyses use coarse-resolution data with daily revisit times.
Five mainly clear scenes from 1986 to 2006 were obtained
for each area. Satellite data were acquired near the peak of
the growing season (Fig. 2), within less than a month of
anniversary dates for scene 20/19, and less than two weeks
for 61/12, from TM and ETM+ sensors onboard Landsat 5
and 7 (Table 1).

Each time series was georeferenced to the 2000 ETM+
scene in each set (Fig. 3), which was obtained from the
Centre for Topographic Information (CTI) orthoimage
dataset created with the most accurate positional control
data available at the time of creation (CTI, 2003). The
images lacked manmade features, which are normally
used for image-to-image registration, so lake centres,
which are numerous and well dispersed in both images,
were used as control points. With a minimum of 15 control
points per image, this method produced RMS errors of less
than 30 m, or one Landsat pixel. Because lakes have been
disappearing in certain regions of the Arctic (Smith et al.,
2005) and this phenomenon could be seen in the scenes
that were analyzed, only lakes that appeared stable were
used as targets. In any event, as long as lake bottoms are
relatively symmetrical, lake centres should not migrate
significantly with changing water levels.

Level 1G red and near-infrared bands required to calcu-
late the NDVI were calibrated for Landsat 7 ETM+ using
coefficients provided in the calibration file for conversion
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FIG. 2. Phenological timing of Landsat data used in each time series. Asterisks
demark date of Landsat acquisition on seasonal 10-day AVHRR measurements
for each year.

TABLE 1. Landsat scenes used for time-series analysis.

‘WRS Path/Row

61/12 20/19
68.29° N, 131.46° W 58.71° N, 76.27° W
Year Date Sensor Year Date Sensor
1986 July 18 ™ 1986 August 20 ™
1992 July 18 ™ 1988 August 25 ™
1995 July 11 ™ 2000 August 2 ETM+
2000 July 16 ETM+ 2003 August 3 ™
2006 July 25 ™ 2006 July 26 ™

of scaled radiances to at-sensor radiances. Landsat 5 data
were processed using the National Landsat Archive Pro-
duction System (NLAPS) in March of 2007 using a Lookup
Table (LUT) that was not up to date at the time the data
were processed and analyzed for the current study. The
recent Landsat 5 LUT released on 2 April 2007 was
downloaded from the USGS Landsat project webpage
(USGS, 2008) for use in calibration. Landsat 5 data were
converted from scaled radiances to the previously released
LUT radiance values using the coefficients provided in the
header file. A ratio of the previously released LUT to the
current LUT values was multiplied to update radiances to
the new lifetime radiometric calibration curve (Equation 1,
see Appendix). The full implementation of these process-
ing changes led to an improved Landsat 5 TM data product
that is more comparable to Landsat 7 Enhanced Thematic
Mapper Plus (ETM+) radiometry, and provides the basis
for long-term studies of the Earth’s land surfaces (USGS,
2008). At-sensor radiance, sun elevation, band-specific
solar irradiance values for Landsat 5 and 7, and earth-sun
distance were used to convert at-sensor radiance to top-of-
atmosphere reflectance.

Only clear-sky areas in all five scenes of each time
series were analyzed. Clear sky was determined from a
Haze Optimized Transform (HOT) (Zhang et al., 2002)
mask generated for all haze- and cloud-contaminated
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FIG. 3. Geometrically corrected and radiometrically calibrated Landsat time-series, with the vegetation community classification and intersection of clear-sky areas

used for NDVI trend analysis.

images, and a conservatively low threshold was applied on
each image’s HOT mask to determine haze or cloudy
areas. Intersection of clear-sky areas among all images in
each set provided clear-sky areas for the time-series analy-
sis. In addition, a NWT territorial fire polygon database
was used to remove fire scars from scene 61/12 from 1965
onward to eliminate the effect of fire regeneration on
NDVI trends.

AVHRR Data

Because seven lifetime calibration curves have been
released for Landsat 5 since 2003, we wanted to check
trends from the current calibration against another data
source to ensure that any observed trends were not due to
changes to the gain or offset in the lifetime calibration of the
sensor. A 1 km AVHRR database recently developed for
climate change studies over Canada (Latifovic et al., 2005)
was used to monitor homogeneous 1 km land cover targets
identified in Olthof and Latifovic (2007). AVHRR data
were processed with an improved methodology for

georeferencing and compositing (Latifovic et al., 2005),
correction for viewing and illumination conditions (Latifovic
etal.,2003), cloud screening (Khlopenkov and Trishchenko,
2006), and atmospheric correction. A full description of the
processing system to top of atmosphere reflectance is pro-
vided in Latifovic et al. (2005). Atmospheric correction was
performed using the Simplified Method for Atmospheric
Correction (Rahman and Dedieu, 1994). Inputs included
water vapour and pressure taken from the North America
Regional Reanalysis Project (NCEP, 2007), ozone from the
Total Ozone Mapping Spectrometer (NASA/GSFC, 2008),
and stratospheric aerosol optical depth (AOD) at 550 nm
from the Goddard Institute for Space Studies (GISS, 2007)
(Pouliot et al., in press).

Land cover data used to identify homogenous AVHRR
pixels was obtained from a 90 m Landsat coverage of
northern Canada (Olthof et al., 2005) classified to 29
thematic classes based on the Federal Geographic Data
Committee (FGDC) definitions (map and data are avail-
able on GeoGratis http://geogratis.cgdi.gc.ca/). The veg-
etative land cover types were merged to three dominant



TABLE 2. Lookup table to convert FGDC land cover classes in the Landsat
land cover mosaic of northern Canada to dominant vegetation types: V =
Vascular, L = Lichen, VL = Vascular/Lichen, NA = Not Applicable.

Dominant
' Vegetation
Code FGDC Land Cover Class Type
1 Evergreen forest (> 75% cover)—old \Y
3 Deciduous forest (> 75% cover) v
4 Mixed coniferous (50—75% coniferous)—old \Y
6 Mixed deciduous (25-50% coniferous) \'%
7 Evergreen open canopy (40—60% cover)—moss-shrub understory v
8 Evergreen open canopy (40—60% cover)—lichen-shrub understory VL
9 Evergreen open canopy (25—-40% cover)—shrub-moss understory

10  Evergreen open canopy (25—40% cover)—shrub-moss understory
13 Mixed evergreen-deciduous open canopy (25-60% cover)

14 Mixed deciduous (25-50% coniferous trees; 25—-60% cover)

15 Low regenerating to young mixed cover

16  Deciduous shrubland (> 75% cover)

18 Herb-shrub-bare cover, mostly after perturbations

19  Open forest, shrub-herb-lichen-bare

20  Wetlands

21  Sparse coniferous (density 10—25%), shrub-herb-lichens cover
22 Sparse coniferous (density 10—25%), herb-shrub cover

23 Herb-shrub

24 Shrub-herb-lichen-bare

26 Lichen-shrubs-herb, bare soil or rock outcrop

28 Low vegetation cover (bare soil, rock outcrop)

35 Lichen barren

36 Lichen-shrub-herb-bare

37 Sparse coniferous (density 10—25%), lichens-shrub-herb cover VL

rr§r<<<<<<<<<<<<<

38 Rock outcrop, low vegetation cover NA
39  Recent burns NA
41 Low vegetation cover NA
43 Water bodies NA
45 Snowlice NA

types, Lichen, Vascular, and mixed Vascular/Lichen, for analysis
(Table 2). For each land cover type, we calculated a | km homoge-
neity distribution based on the 90 m Landsat land cover. The
samples within the highest 2% tail of the homogeneity distribution
were retained for time-series analysis.

Landsat Vegetation Mapping

Landsat images WRS 61/12 and 20/19 for the year 2000 were
classified to vegetation communities using the combined Enhance-
ment Classification (Beaubien et al., 1999) and Classification by
Progressive Generalization (Cihlar et al., 1998) methods (ECM-
CPG). Enhancement was performed by stretching ETM+ bands 4,
5, and 3 (displayed as red, green, and blue) to maximize the
dynamic range occupied by land cover, while compressing water
on the low end and cloud on the high end of the ranges. This step
is performed to facilitate interpretation by maximizing the visible
differences and improving the spectral separability among land
cover types. Enhanced images were then clustered to 150 clusters
using the unsupervised fuzzy k-means algorithm (Bezdek, 1973).
A pseudo-colour table was generated from the cluster image that
mimicked the colour of the enhanced imagery. At this and each
subsequent generalization step, the generalized image with a new
pseudo-colour table applied was compared visually to the previous
one to ensure minimal loss of land cover information. Automatic
cluster merging was performed on the basis of minimum Euclidean
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distance in a series of generalization steps until a
50-60 cluster image was obtained. From this
point, manual merging was performed guided by
field and other reference data.

Field data collected along the Dempster High-
way in the summer of 2004 consisted of geolocated
field photos, detailed descriptions of vegetation
species abundance, and general land cover de-
scriptions. Of the 137 sites surveyed, 14 were
located within scene 61/12. To assist interpreta-
tion of vegetation cover, we used an Ikonos scene
of the area surrounding Inuvik imaged on 25 July
2004, containing four spectral bands at 4 m reso-
lution and a panchromatic band at 1 m resolution.
We also used colour airphotos of the MacKenzie
Valley (at 1:30000 scale, acquired in summer
2004) in interpreting the Landsat data (NWT Cen-
tre for Geomatics, 2008) and several high-resolu-
tion images available from Google Earth to check
and verify vegetation cover.

For scene 20/19, detailed forest-tundra descrip-
tions along the tree-line gradient, and specifically
located near identifiable lakes in northern Que-
bec, as well as ground and oblique airphotos pro-
vided in Payette (1983), assisted interpretation. A
paper by Petzold and Mulhern (1987) on vegeta-
tion gradients on slopes in the eastern Canadian
Subarctic was also used, as were several high-
resolution images in Google Earth. While some of
these reference data were out of date, wholesale
changes in vegetation communities are unlikely to
have occurred since their acquisition. Also, some
of the reference data were not precisely geo-
located, and were therefore used to interpret topo-
graphic and latitudinal vegetation gradients rather
than to assign specific labels at precise locations.
Previous experience interpreting land cover was
also relied on to guide vegetation community
labeling. For scene 61/12, seven vegetation com-
munities were found and described, while for
scene 20/19, only four communities were de-
scribed according to dominant plant functional
types. Communities were then merged to the same
dominant types used in the AVHRR analysis, i.e.,
Lichen, Vascular, and mixed Vascular/Lichen.

The lichen-dominated vegetation type contains
other non-vascular vegetation types such as
bryophytes, however, we use the term “lichen” to
correspond to both lichen and other non-vascular
plant types for convenience, since lichens com-
prise the majority of non-vascular cover in the two
Landsat scenes. We recognize that lichens are not
the only vegetation type in lichen-dominated re-
gions; rather, they are often mixed with bare
ground, vascular plants, and other non-vascular
plants such as mosses. On our field campaigns in
the Yukon, we have sampled areas with lichen
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coverage greater than 70% at the scale of one 30 m Landsat
pixel, while Petzold and Mulhern (1987) have noted greater
than 90% lichen coverage in the region of scene 20/19 at
1 m? scale, and Theau and Duguay (2004) have also
sampled areas in northern Quebec west of 20/19 with
greater than 90% lichen within a mean area of 0.19 km?,
These lichen-dominated regions are composed primarily
of bright lichens such as Cladonia and Cladina (reindeer
moss) and are interpreted by their high reflectance in the
three Landsat bands used for vegetation classification.

NDVI Trend Analysis

A robust regression technique called Thiel-Sen
(Fernandes and Leblanc, 2005) was used to determine
NDVI trends for clear sky areas over both Landsat scenes
and AVHRR from 1986 to 2006. Mean NDVI was first
calculated beneath each vegetation type and time period
separately for each Landsat scene and peak annual AVHRR
data. Thiel-Sen regression was then fit to the time-series of
mean NDVT values. Thiel-Sen is a rank-based regression
technique in which the slope is calculated from a series of
cases with n independent and dependent observations as
the median of all possible (n X (n-1)/2) pair-wise slopes. In
effect, its slope calculation amounts to a statistical
bootstrapping by considering all possible pair-wise obser-
vations at all time-lags. Because the Thiel-Sen slope is
based on the median rank of all pair-wise slopes, it has
been shown to be resistant to up to 29% outliers. The
significance (p-values) of the rank-based correlation coef-
ficient tau, which is a measure of the strength of the
monotonic relationship between x and y, was computed
for each regression line. The small sample approximation
suitable for n of 10 or less was used to calculate p-values
for Landsat regressions with n = 5 dates, while the large
sample test statistic based on a standard normal distribu-
tion was used for AVHRR data where n =21 (Kendall and
Stuart, 1967).

Vegetation Change Simulations

In a separate analysis, forward linear spectral mixture
analysis (Adams et al., 1986) was used to determine the
likely nature of vegetation changes by simulating a range
of possible vegetation changes that could produce the
observed NDVI trends in Landsat and AVHRR. Linear
mixture analysis is based on the energy conservation law,
which proposes that a pixel’s spectral response can be
represented by the linear combination of areal fractions of
pure endmember spectral signatures within the pixel foot-
print (Drake et al., 1999). Pure reference spectral signa-
tures are referred to as endmembers (EM) because they
represent the case where 100% of the sensor’s field of view
is occupied by a single cover type (Lillesand and Kiefer,
2000). Normally, spectral mixture analysis is used to
unmix a signal to derive a single set of endmember frac-
tions, whereas in the current case, we simulated an array of

potential vegetation endmember fraction changes that could
have led to the NDVI changes seen in satellite imagery. In
addition, we simulated changes in the endmembers them-
selves to account for changes in endmember productivity
due to altered climate conditions.

A three endmember model, consisting of lichen, vascu-
lar, and bare fraction endmembers was used, with NDVI
endmember signatures extracted from peak-of-season
NDVI values published in Olthof and Latifovic (2007) for
three FGDC classes: 35, Lichen barren, representing the
lichen endmember; 28, Low vegetation cover (bare soil,
rock outcrop), representing bare; and 23, Herb-shrub,
representing vascular. These endmembers were sampled
from SPOT VGT surface reflectance under 1 km homoge-
neous patches across northern Canada within a range of
productivity and endmember variability. Fractional change
of each endmember varied from minus 2.3% to plus 2.3%
in 0.1% increments based on extreme annual percent cover
changes observed by Hollister et al. (2005) at the Barrow,
Alaska experimental warming site. Endmembers were
varied from -1 to +1 standard deviation (SD) in increments
of 1 SD to account for endmember variability due to
changes in endmember productivity. Equation 2 (see Ap-
pendix) was used to solve numerically for changes in
lichen, bare, and vascular fractions and endmember signa-
tures that approximate observed NDVI trends to within
+ 10 x 10* NDVI per year, with the additional constraint that
the sum of changes in all three endmembers must equal
zero. This additional constraint ensured that an increase in
one endmember was accompanied by an equal decrease in
the other two so that the total area remained constant.

RESULTS
Overall Trends

The average overall NDVI trends for scene 61/12 across
all vegetation community types beneath the clear-sky area
mask are presented in Table 3, along with other published
values for the North Slope of Alaska and northern Yukon/
NWT. While the region of northern NWT, Yukon, and
Alaska that includes scene 61/12 has been studied exten-
sively, no studies were found publishing specific NDVI
trend values over northern Quebec.

Other published values represent slightly different re-
gions, time periods, processing methods, and trend extrac-
tion techniques and therefore, differences exist among
them. Stow et al. (2003) used Seasonally Integrated NDVI
(SINDVI) calculated as the sum of bi-weekly NDVI val-
ues greater than 0.1 from April to October. In order to
convert these values to single NDVI values, we assumed
that all 14 bi-weekly time periods were valid; therefore,
SINDVI values were divided by 14 to obtain annual grow-
ing season NDVI values representing the average two-
week composite NDVI value from April to October. Had
fewer composites met the minimum NDVI criterion,



NDVI TRENDS IN NORTHERN CANADA -« 387

TABLE 3. NDVI trend under clear-sky areas for Landsat WRS scene 61/12 and other published NDVI trend values for similar regions from

AVHRR.

Range of delta NDVI
Author Location Years Data Comments per Year X 10000
Current study WRS 61/12 1986-2006 Landsat TM and ETM+ Calibrated 86
Zhou et al., 2001 Northern Hemisphere 1981-99 AVHRR GIMMs 8 km Analyzed only vegetated pixels 28
Stow et al., 2003 North Slope of Alaska 1990-99 AVHRR 1 km GIMMS-corrected  Bi-weekly SINDVI from April to October 43-71
Jia et al., 2003 North Slope of Alaska 1981-2001 AVHRR GIMMs 8 km 28-41
Jia et al., 2003 North Slope of Alaska 1990-2000 AVHRR 1 km 39-66
Pouliot et al. (in press) Canada 1985-2006 AVHRR 1 km 60

TABLE 4. NDVI x 10* trends by vegetation community for two
Landsat scenes and corresponding dominant vegetation type.

Landsat WRS Scene Dominant
61/12 20/19 Vegetation
Slope p Slope p Type
Lichen barren 51.19 0.017 40.23 0.234 L
Lichen heath 68.58 0.017 4599 0.484 L
Lichen/shrub 66.51  0.017 VL
Sparse conifer/shrub/lichen 82.20 0.084 50.51  0.484 VL
All clear sky 82.84 0.084 46.46 0.484
Open conifer/shrub/moss 86.14  0.084 v
Herb/shrub 9585 0.084 52.04 0.484 \%
Broadleaf tree/shrub 101.60 0.084 v

values reported here for Stow et al. (2003) would have
been higher. In addition, had only peak values met the
criterion, the average would have also represented higher
NDVI values.

Trends determined from Landsat data in the current
study are higher than those obtained from other studies
using AVHRR data. Regardless of differences among
studies in terms of absolute NDVI trends, however, there
is consensus in the direction of the NDVI trend for this
region. This consensus among satellite observations is
also supported by in-situ observational evidence of an
overall greening of the North and specifically of anecdotal
evidence suggesting increased shrubbiness in Alaska
(Serreze et al., 2000; Sturm et al., 2001; Tape et al., 2006).

Both Landsat scenes exhibited positive overall NDVI
trends, with scene 61/12 displaying a greater annual NDVI
increase beneath the clear sky mask than scene 20/19
(Table 4). Both regions have exhibited significant warm-
ing, with the northern Quebec region of scene 20/19
having experienced greater annual and summer warming
in the 1986-2004 period than the northern NWT region of
scene 61/12 (Environment Canada, 2005) (Fig. 4).

Vegetation Community-Specific Trends

An examination of NDVI trends by dominant vegeta-
tion type reveals clear and consistent differences among
them for both Landsat scenes (Table 4, Fig. 5). For both
Landsat time series, vegetation communities with lichen
have a much smaller annual NDVI increase than those
dominated by vascular vegetation. The 2000 ETM+ data

Temperature trends

y =0.6379x-9.521
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—e—61/12
- .- -20/19

Linear (61/12)
Linear (20 / 19)

T degrees C

y =0.197x - 9.2847

2000
2001
2002
2003
2004

FIG. 4. 1986—-2004 temperature trends for meteorological stations located in
the vicinity of Landsat scene 20/19 (Inukjuak, northern Quebec, 58.46° N,
78.08° W) and scene 61/12 (Inuvik, Yukon, 68.31° N, 133.51° W).

acquired from Landsat 7 appear to be biased towards
higher NDVI values than those from Landsat 5, which
were used for all other dates in both time series. In addi-
tion, the difference between high and low NDVI values is
greater for Landsat 7 than for Landsat 5. This suggests a
bias in the gain of Landsat 7 data compared to Landsat 5 for
either the red or NIR channels used to calculate NDVI.
Although calibration using the new lifetime curve for
Landsat 5 should make Landsat 5 and 7 more comparable,
others have identified a similar NDVI bias between sen-
sors due to differences in the spectral response functions
(Steven et al., 2003). This artifact, which is due to sub-
optimal inter-sensor calibration, has likely had little effect
on dominant vegetation type trend magnitude or on differ-
ences among trends for different vegetation types because
of the robust regression method used, which is insensitive
to 29% outliers (Fernandes and Leblanc, 2005).

Trends were significant at the 90th percentile in all
cases forscene 61/12; however, trends in scene 20/19 were
consistently insignificant at this level. This result is due to
the previously mentioned sub-optimal inter-sensor cali-
bration between Landsat 5 and 7 and the fact that the
positively biased Landsat 7 scene was in the middle of the
time series. Thus, all slopes from the Landsat 7 scene
onward, or two of a possible 10 pair-wise slopes, were
negative. These negative slopes had little impact on the
trend magnitude, which was calculated from the median of
all pair-wise slopes, but they had a more substantial effect
on significance, which relies on the number of positive and
negative slopes in the set of possible pair-wise slopes.
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FIG.5.1986-2006 NDVI anomalies relative to 1986 by vegetation community
type, and overall NDVI trends by dominant vegetation type for both Landsat
scenes used in the analysis.

When spatially uniform vegetation types are collapsed
to the three dominant vegetation types in the current
analysis and monitored over select targets using AVHRR
data, similar relative trends emerge, with vascular domi-
nated communities exhibiting the greatest annual NDVI
increase, lichen exhibiting the smallest annual NDVI in-
crease, and mixed vascular/lichen showing an intermedi-
ate NDVIincrease (Fig. 6). The magnitude of the absolute
trends differs between Landsat and AVHRR data because
of the greater variety of land cover samples included in the
AVHRR analysis, merging of land cover to dominant
vegetation types, and different scales and location of
samples. However, regardless of the dataset used, the
relative differences among vegetation types remain, with
lichen-covered areas consistently exhibiting lower NDVI
trends than vascular vegetation types (Table 5).

While absolute NDVI trends are different among domi-
nant vegetation types, relative trends are similar when
expressed as a percent increase from predicted 1986 NDVI.
Thus, differences among absolute NDVI trends are nor-
malized across vegetation types by the initial 1986 NDVI
value. Because NDVI is related to biomass or productiv-
ity, this suggests that in general, a higher initial biomass
produces a greater NDVTI increase, and vice versa. Small
discrepancies in the magnitude difference of relative NDVI
change among vegetation types exist for the two regions
examined, though these may reflect differences in climatic
conditions. The AVHRR analysis suggests that while re-
gional differences may exist, differences among vegeta-
tion types are small over all of northern Canada.

Both the Landsat and AVHRR-based trends suggest
that all vegetation communities are greening and that
vascular vegetation is greening more rapidly than lichen.

AVHRR NDVI trends by dominant vegetation type
07

06
Lichen
05 = Vascular / Lichen
—+— Vascular

Lichen trend
04 ~——— Vascular / Lichen trend
Vascular trend

NDVI

03

0.2

0.1

2001
2002
2003
2004
2005
2006

FIG. 6. 1986—-2006 NDVI trends by dominant vegetation type from AVHRR.

The overall trend for all vegetation types beneath clear-
sky areas can be used as a reference to assess the trends of
different vegetation types. Other published NDVI trend
values are all lower than the overall trend obtained from
Landsat. Assuming the overall trend of all vegetation
communities beneath clear-sky areas is 60 X 10*NDVI per
year, which approximates the mean of other published
values and represents the value obtained in Pouliot et al.
(in press) from AVHRR over both Landsat scenes and the
time period used in the current analysis, Landsat data still
exhibit increasing NDVI trends across all vegetation com-
munities and both scenes (Table 6).

Vegetation Change Simulations

Vegetation changes were simulated for the overall ob-
served trend of 60 x 10* NDVI per year, as well as the
61/12 bias adjusted to AVHRR trend for the lichen/barren
community of 30 X 10-* NDVI per year as an extreme case.
The simulated overall trend produced 4307 different pos-
sible changes in endmember fractions and signatures that
approximate the observed trend of 60 x 10* NDVI per
year, while the bare or lichen community trend was simu-
lated using 6678 possible combinations of endmember
changes. Figure 7 shows the frequency distribution of
changes in lichen, bare, and vascular endmembers for two
levels of NDVI change.

In order to produce the observed trend of 60 x 10*
NDVI per year, the vascular fraction must increase by
0.7% per year or more, regardless of changes in endmember
signatures due to productivity. If lichen is declining as the
literature suggests, then the minimum vascular increase
needed to produce the overall NDVI trend rises to more
than 1.3% per year. Of the 6678 simulations that satisfied
the conditions necessary to produce the observed NDVI
trend of 30 x 10* NDVI per year, 6582, or 98.6% suggest
that this trend is possible only given a vascular increase.
Fifty-seven (0.9%) scenarios are possible without any
changes in the vascular fraction, while a decrease in the
vascular fraction can occur according to 39 (0.6%)
simulations only if the lichen fraction increases by more
than 1.8% and the lichen endmember signature increases
by one standard deviation, or if the lichen fraction increases
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TABLE 5. Average absolute NDVI x 10 trends and percent change from 1986 to 2006 by dominant vegetation type for two Landsat scenes

and AVHRR.
Landsat WRS Scene AVHRR
61/12 20/19
Dominant Vegetation Type Slope p % Change Slope p % Change Slope p % Change
Lichen 66.51 0.017 28.0% 48.04 0.484 27.8% 24.45 0.227 18.4%
Vascular/Lichen 80.12 0.084 33.1% 50.51 0.484 27.1% 45.37 0.001 19.3%
Vascular 91.36 0.084 36.0% 52.04 0.484 24.2% 46.21 0.005 17.2%

TABLE 6. NDVI x 10* trends by vegetation community, bias adjusted to match NDVI trends from published long-term AVHRR studies

in Table 3.
WRS 61/12 WRS 20/19
Radiometrically Bias Adjusted to Radiometrically Bias Adjusted to
Calibrated AVHRR Trend Calibrated AVHRR Trend

Lichen barren 51.19 28.35 40.23 53.77
Lichen heath 68.58 45.74 45.99 59.53
Lichen/shrub 66.51 43.76
Sparse conifer/shrub/lichen 82.20 59.36 50.51 64.05
All clear sky 82.84 60 46.46 60
Open conifer/shrub/moss 86.14 63.30
Herb/shrub 95.85 73.01 52.04 65.58
Broadleaf tree/shrub 101.60 78.76

by more than 2.1% and the endmember signature either
remains constant or increases. These results suggest that
changes in lichen or bare endmembers alone or in combi-
nation are not sufficient to produce the observed NDVI
trends, and that in order for NDVI to have increased by
30 x 10* NDVI per year or more, vascular vegetation is
almost certainly increasing in all communities.

DISCUSSION AND CONCLUSION

Short- and longer-term response of NDVI by vegetation
type obtained from satellite observations and supported by
controlled experiments suggests changes in northern veg-
etation and greening of all vegetation types, but at differ-
ent rates. An overall greening trend has been attributed to
increased shrubbiness and vascular plant growth, both of
which have contributed to lichen decline through the effect
of competition. Thus, vascular and shrub vegetation cover
is increasing in biomass, while lichen-covered areas in the
low Arctic are experiencing a transition from lichen to
vascular cover (Cornelissen et al., 2001).

In the short term, experimental evidence suggests that
acclimation of lichens to changing environmental condi-
tions is rapid and has been shown to occur in a matter of
days. Increased temperature in the absence of limiting
moisture causes increased lichen photosynthesis to tem-
perature levels seldom reached in the Arctic (Carstairs and
Oechel, 1978). Therefore, with sufficient moisture,
temperature by itself rarely causes a decrease in lichen
productivity. However, the secondary effect of drying due
to elevated temperature has a much more pronounced
effect on lichen photosynthesis (Larson and Kershaw,

1975). A lack of sophisticated water supply and water
retention mechanisms compared to higher plants makes
lichens particularly sensitive to changes in moisture con-
ditions. Under a wide range of temperature and light
conditions, optimal water contents for photosynthesis were
determined to be between 35% and 55% of saturation
(Carstairs and Oechel, 1978).

The short-term effect of temperature on lichens has
been shown to manifest itself in the NDVI signal of
remotely sensed imagery. Using northern land cover from
Landsat to identify homogeneous 1 km patches of vegeta-
tion and multi-temporal 1 km SPOT VGT data to monitor
those areas through time, Olthof and Latifovic (2007)
showed that unseasonably warm temperatures in the pre-
ceding month led to an increase in NDVI for land cover
types occupied by vascular plants and suppressed NDVI
over land cover types occupied by lichens and bryophytes.
Carstairs and Oechel (1978) also found through controlled
experimentation that the photosynthetic rate of lichens
reflects the light and temperature conditions experienced
during the month preceding the productivity measure-
ment. This response in NDVI was observed only in humid
areas of Canada, where precipitation exceeds potential
evapotranspiration. These observations and controlled
experimental warming evidence suggest that lichens
adapted torelatively moist conditions are impaired through
the secondary effect of temperature, which causes drying
below the optimal water content determined by Carstairs
and Oechel (1978).

In the medium to long term, experimental warming
across the tundra biome has consistently shown lichen
decline, which is primarily due to increased competition
from vascular plants (Cornelissen et al., 2001). Hollister et
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FIG. 7. Frequency distributions of simulated changes in lichen, vascular, and bare fractions accounting for variable endmember NDVI signatures, from linear
spectral mixture analysis required to produce observed overall NDVI trends (60 x 10— left) and bias-adjusted to AVHRR trends (30 x 10* — right).

al. (2005) proposed that the long-term effect was the result
of numerous short-term physiological responses plus changes
in recruitment. Thus, remote sensing and in-situ monitoring
suggest that the medium- to longer-term effects of northern
climate warming on lichen are likely caused by a combina-
tion of factors. First, increasing temperatures lead to drier
conditions, producing suboptimal growth conditions for
lichens particularly in humid northern regions. Prolonged
drought may also favor vascular plants, as their developed
root systems and water retention capabilities can cope better
with limited moisture. Second, warmer temperatures lead to
increased vascular plant growth via temperature fertiliza-
tion and a lengthening of the growing season. And third, as

vascular plants begin to occupy previously lichen-covered
areas, they cast shade and further inhibit lichen productivity
(Cornelissen et al., 2001).

The observed increase in NDVI for lichen-covered
areas is likely due to increased recruitment of vascular
plants and therefore represents a transition from lichen- to
vascular-dominated vegetation associations. The short-
term response of lichen NDVI decrease related to unsea-
sonably warm temperatures in the preceding month suggests
physiological impairment, which is likely the result of
lichen desiccation from the secondary effect of tempera-
ture, rather than the result of temperature itself. Olthof and
Latifovic (2007) suggested that in the longer term, lichen



abundance in the North may be the result of more frequent
episodic warming that suppresses lichen productivity
through drying. It seems likely that lichen decline is partly
caused by impaired physiology, and that small longer-
term NDVI increase over lichen-covered areas is partly
due to lichen decline, which is more than offset by vascular
plant increase, producing a net positive NDVI trend.

Similar NDVIincrease relative to baseline NDVIacross
vegetation types was somewhat surprising because our
analysis suggests different growth and successional
processes occurring for each. In the case of vascular-
dominated communities, NDVIincrease may be attributed
to differences in both physiology, which manifests itself in
changes in leaf chemistry and reflectance, and plant mor-
phology, which manifests itself as changes in biomass. For
lichen-dominated communities, simulations suggest suc-
cession from lichen to vascular, possibly accompanied by
changesin vascular leaf level reflectance. While processes
are different between dominant vegetation types, similar
relative trends suggest a common underlying process gov-
erning NDVI increase, such as site productivity. The fact
that NDVI increase relative to baseline NDVI is fairly
constant across vegetation types suggests that the magni-
tude of absolute NDVI may be predicted from baseline
NDVI. However, the period over which NDVI increases
are observed is relatively short. In time, biomass or pro-
ductivity measured by NDVI will become limited by a
factor other than temperature. Thus, while in the observed
period we noted a direct relation between baseline NDVI
and NDVI increase across vegetation types, this relation
may not hold in the future when additional limiting factors
to growth emerge.

Errors exist in both the Landsat-based land cover of
northern Canada and in the two vegetation community
maps generated for this analysis. Formal accuracy assess-
ments were not conducted to evaluate the quality of these
products. NDVI trends were determined for both Landsat
scenes based on eight vegetation communities prior to
merging to dominant vegetation types, while merging
FGDC land cover classes to similar dominant vegetation
types was done prior to analysis of trends in AVHRR data.
While errors may exist at the level of eight vegetation
communities in the case of Landsat time-series analysis, or
29 FGDC classes in the case of AVHRR, it is well known
that mapping accuracy increases with decreasing thematic
detail (Latifovic and Olthof, 2004) and therefore, classifi-
cations should be sufficiently accurate at the level of three
dominant vegetation types to assess differences in trends.

The vegetation change simulation showed that vascular
vegetation must be increasing in all communities in order
to produce the observed NDVI trends, and experimental
warming supports this finding. We allowed NDVI
endmembers of lichen, bare, and vascular to vary within
one standard deviation to account for changes in produc-
tivity. It should be noted that this range of endmember
variation could account for observed changes in produc-
tivity on its own. However, endmember variation is due to
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both changes in endmember composition across space and
changes in productivity in space and time, and these two
factors cannot be examined separately. The large variation
in the bare endmember is due primarily to different rock
types sampled across the North, and other authors (e.g.,
Small, 2004) have noted that substrate is the most
compositionally variable and least constrained endmember
in mixing space. Both the lichen and bare endmember
variation could easily account for observed NDVI trends,
as they are within the range of approximately 0.3 to 0.6 of
one SD for each of the two endmembers. Thus, a 100%
vascular cover could produce the observed NDVI trends
without any changes in vegetation composition simply
though an increase in endmember productivity. It should
be noted also that while endmember fractions are treated in
two-dimensional space as a flat surface, they are three-
dimensional entities that normally change in all three
dimensions simultaneously. Therefore, an increase in cover
is usually accompanied by an increase in volume, espe-
cially for plants with a vertical structure, and therefore we
would normally expect a simultaneous change in cover
and endmember reflectance. For this reason, canopy re-
flectance modeling that accounts for mutual shading of
canopy objects might give a more exact simulation of
northern vegetation changes.

Olthof and Latifovic (2007) showed that unseasonably
warm temperatures in the preceding period suppressed
lichen NDVI and enhanced vascular NDVI, and experi-
mental warming suggests that this result may be due to
the secondary effect of drying rather than the effect of
temperature itself. Simulations showed that the observed
trend of 30 x 10* NDVI per year was likely due to an
increase in vascular vegetation, though a small possibil-
ity existed for a decrease in vascular and an increase in
lichen if the lichen endmember signature was enhanced.
Though the latter scenario is theoretically possible, ex-
perimental warming supported by findings in Olthof and
Latifovic (2007) suggests thatitis unlikely since both the
amount of lichen and its NDVI tend to decrease with
increased temperature. However, the interaction of tem-
perature and moisture on plant competition and
endmember variability is complex and has not been
analyzed specifically in the current paper.

The simple three-endmember model could have in-
cluded additional endmembers such as water and possibly
bryophytes due to documented disappearance of Arctic
lakes in Siberia and Alaska (Smith et al., 2004; Stow et al.,
2004) and changes in hydrology due to permafrost melt.
While these endmembers occur extensively in the North in
combination with those analyzed, they were omitted for
simplicity. Increasing NDVIis documented as widespread
in the North (Pouliot et al., in press) and vast areas are
occupied by only the three endmembers analyzed. In these
regions, vascular vegetation increase must be prevalent
according to our analysis.

In the current paper, we have analyzed two high quality
Landsat time-series in different regions of Canada in
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addition to select targets across northern Canada with
AVHRR data, and all data have shown similar NDVI
trends according to vegetation type. Thus, vegetation
changes appear to be consistent between regions and
among vegetation types. Lichen-dominated communities
are greening at a much slower rate than vascular-domi-
nated communities, and this phenomenon appears to be
widespread in the North. The effects that these vegetation
changes are having on wildlife and on communities de-
pendent on hunting need to be investigated further.
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APPENDIX
Equation 1
L/l8a = Grescale X Qcal + Brescale
o
L, =——
484" G8a
Lys,XG8a  Q
= = Ll9a
G9a G9a
where:

Q =raw quantized voltage or response [DN].
G8a = detector gain or responsivity

[DN/ (W/ (m? sr um)] for previous LUT release.
G9a = detector gain or responsivity

[DN/ (W/ (m? sr um)] for current LUT release.

L., = spectral radiance at the sensor’s aperture
[W/ (m? sr um)] for previous LUT release.
L,,, = spectral radiance at the sensor’s aperture

[W/ (m? sr um)] for current LUT release.
Q.. = quantized calibrated pixel value [DN].
= band-specific rescaling gain factor
[(W/ (m? st um))/ DN].
B = band-specific rescaling bias factor

rescale

[W/ (m? st um)].

rescale

Equation 2

Solve for percent change in lichen (AL), bare (AB), and
vascular (AV) such that:

NDVIL 18D, x AL+ NDVIp 18Dy X AB+ NDVIy X AV =

ANDVI£10x107*
AL+AB+AV =0

where NDVI, + 15§D, = Lichen NDVI endmember *+ one
standard deviation = 0.289 £ 0.021, NDVI, £ lSDB = Bare
NDVI endmember * one standard deviation = 0.228 +
0.057,and NDVI ,+ 18D ,= Vascular NDVI endmember +
one standard deviation = 0.563 *+ 0.022 (Olthof and
Latifovic, 2007).
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