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Purpose of Document

This document prades processing details and results for applying the methods described

in a companion document fAProtocol for Remote
Detection in Canadi an Ar c tiwavik Natiodal Pali,b ar ct i ¢ N
one of four ParkSPACElpt parks

It provides details on satellitmageryand othemnputdataused parkspecific processing
steps applied, change detection resatlthe park and local scajemd validation othe
results.
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Executive Summary

We createa stack of 16 groimg-seasorLandsat satellite images from 198609

covering lvvavik National Park and nearby Herschel Isldfalir indiceYNDVI, and

Tasseled Cap Brightness, Greenness, and Wegtnesser i ved from Landsat 0s
channelsvere analyzed for pgrixel linear trends using robust regression. Trends were
then summarizetbr both parkspecific ecosystem types and general land rcoesses to
reveal any consistent patterns. The indices were further related ttetfomghange in
fractional shrub and other vegetation covers using a regression tree classifier trained with
4 m resolution land cover. The results suggest a trend dgvgmeening and fractional
shrub i ncr ease amandneavby herséhél sland.oThesd cadngepare
corroborated by field observations of increased vascular vegetation covasand

coincide with a19852009winter warming trend Coastalkrosionand thaw slumps

mapped in published studies and obediu aerial photos could also be clearly identified
using the Tasseled Cap Brightness index.

1. Description of Park Vegetation

There are three main vegetation typebnravik: arctic tundraalpine tundra and taiga.

Arctic and alpine tundra are the most common. Taiga is the transition between boreal
forest and tundra. It consists of open stands of stunted spruce and balsam poplar. These
trees grow to within 3@ilometersof the Beaufort Seana represent the northernmost
extension of their range in Canada.

Depth of permafrost and availability of moisture both affect the distribution of plants in

the northern Yukon. Day length, air and soil temperature, exposure to wind, and snow
conditions ao have an impact on how and where plants grow. In the Firth River valley,

the more delicate flowering plants as well as stands of stunted trees grow cfasmgh
mountain slopes and stream banks. These areas are protected and receive plenty of direct
sunlight. As a result, permafrost is lower in the soil. The Malcolm and Babbage river
valleys are strongly influenced by Beaufort Sea weather: frequent fog, cool temperatures
and steady winds. Typical vegetation of these valleys inshuthelra grasses, sgek,

herbs and low shrubs.

On the coastal plain, with its proximity to the ocean, permafrost is close to the surface

and precludes the growth of trees and many other plant species. The tallest plants here are
willows that grow along the ground. Polygontiaeds are filled with arctic grasses,

rushes and sedges. Highntred polygons, hillsides and ridges are covered with

blueberries, cranberries and cloudberries. Wildflowers bloom throughout the park with

the peak of colour occurring from late June throagtly July. Blooming is delayed in

places where snow lingers (e.g. on the coastal plain) or has accumulated (e.g. along river

banks or on the leeside of hills).
(from http://www.pc.@.ca/panp/yt/ivvavik/natcul/natcull.aspx



http://www.pc.gc.ca/pn-np/yt/ivvavik/natcul/natcul1.aspx

2. Input Satellite Imagery

a) Landsat Satellite Data for Trend Analysis

Twenty-six Landsat scenes were selected primarily from WRS frames 67/11 and 68/11,
which provided th@reatestoverage of the paifigure 1) These weresupplemented by
four, high-quality nacost scenes fro86/11 and 69/1bverlappinga sméer areaof the

park. Together, these frames cover > 90% of the park, aitira small gap in the
southerlymostportion Of the 26processedceanes, we used a subset of the besafiér
examinng annuaphenology trendsngxt sectiopand image quality in terms of
atmosphere and snow contaminatftable 1)

Figure 17 Park coverage provided by WRS frames 67/11 and 68/11 (blue) and
supplementary frames 66/11 and 69/11 (black)

Table 1 - Landsat scenes selected and pre-processed by WRS path/row. The final set
of 16 scenes used for trend analysis is shown in bold.

Path/Row 67/11 68/11 69/11 66/11
Approx Park  80% 95% 35% 0%
Coverage
Date 1 PINES (12915
Date 2 ?S?gioo%/g?wat, L7

SLC-off)
Date 3 20070823 (0%, 15)
Date 4 (Zc%?o,?_f%ic-oﬁ)
Date 5 ?g%??gwom
Date 6 (2(%(/)06&73)26




200507-24
Date 7 (14%, L7 SLC-off)

Date 8 (2;&20&2)1

Date 9 (2&223;)16

Date 10 gl fmen

Date 11 (zgf(z’oir%z

Date 12 (13)25’;%-)14

Date 13 (01309%2)720

Date 14 (10902?%-)12

Date 15 (15%(2;10 (1;%%-)27
Date 16 (01;)93@)715

Datel7  BRF  GEE” vy
Date 18

Dale 19 L

Date 20 (129(?;0%5%1

USGS Glovis http://glovis.usgs.gov/
*CCRS CEOCat3 1 purchased from MDA

b) Analysis of Phenology in Landsat Time Series

Section 3a-iii of the Protocol document describes a mettiad usedNDVI from
AVHRR to assess how vegetation phenology at a given Landsat acquisition date
compares to peak phenology fbe same/ear. Thiscan beused to flag scenes that
deviate significantly from pegihenologyand determine if there is any tearpl trendin
this deviatiorthat could potentially produce a spurious change result.

Figure2 below shows a mask of green targets in Ivvavik from which averagay 0

NDVI values from 1985resent were extracted. The mearda® NDVI of these pixels
comresponding to each Landsat acquisition date is compared to the pdaik MDVI for

that year in figure. The red arrows indicate scenes that were not considered in the final
trend analysis based on an assessmehisdeviation and quality of each adidate

image. Figure4 shows thepercent deviation from peak NDVI fthefinal Landsat
sceneselectedor trend analysisNDVI deviationis less than three percent falf dates
except two, and theiis a weak but nonsignificant(p>0.05)positive trexd. Note that he
impact of this trend, if any, would be &ttenuate the signal froemy longtermincrease

in vegetation greenness or cover.


http://glovis.usgs.gov/

Figure 2 7 Mask of green targets within lvvavik based on multi-year growing season
NDVI (mean plus one standard deviation)
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Figure 317 Comparison of average NDVI values for each Landsat acquisition date and
peak NDVI values for corresponding year, averaged over green targets within the park.
Images not considered for trend analysis are indicated using the red arrows. AVHRR-
NDVI data were not available for 2009.
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Figure 4 7 Percent deviation from peak NDVI for final Landsat scenes used for trend
analysis.

c) High Resolution Imagery for Upscaling Land Cover Fractions

Three high resolution scenes warguired for Ivvavik, covering the coastal plain and
foothill regions. Two were 2.4m multispectral QuickBird images from July 14, 2005
August 9, 2006andthe othemwas a 4m multispectral IKONOS image fréxngust 4,

2004. (figure 5)(for specificatims see
http://www.digitalglobe.com/index.php/48/Products?product_idrd
http://www.satimagingcorpom/satellitesensors/ikonos.htrl

All three sceneswereaoe gi st ered to a baseline Landsat
package, clustered to 60 spectral classes using ISOCLUSTER]uktardabeled as

shrub, herbaceous, water, or bare. The highHutso land cover products were then

upscaled to 30m resolution using the procedure described in Sedtivinof the

Protocol for use as training data for the regression tree classifier.


http://www.digitalglobe.com/index.php/48/Products?product_id=1
http://www.satimagingcorp.com/satellite-sensors/ikonos.html

* Quickbird July 14, 2005

IKONOS August 4, 2004

Figure 571 Location of three high resolution scenes covering lvvavik. Scenes are
superimposed over a SPOT HRVIR image mosaic.

3. Reference Data

a) Vegetation Surveys and Maps

i) Plot surveys from a 2008 field campaign

A field sampling program, led by Parks Canada, was conducted in Ivvavik during July
14-28, 2008.The major objective was to colleatgetationnformationto support

terrestrial ecosystem inventory and monitoring using different remote sensing tools at a
range of scales.

Over400 field sample plots were visited, where mean percent coveajof ground and
vegetatiorgrowth forms (shrub, lichen, moss, herbaceoesdtype, and digital photos

were recorded. In about 80 of the sites, additional information was collected on species
presence, and site and soil conditioblfortunately, the availableigh resolution scenes

do not overlap with the locations of any of the field pléitgure 6)
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Figure 6 - Distribution of 1998 field sample sites in Ivvavik (red) superimposed over
SPOT HRVIR image mosaic.

i) Ecosystem Maps

Fraser et al. (2010) dewgled amethod for predictive ecosystem mapping in arctic
environments that integrates direct measurements from satellite remote sensing with
terrain variables from a DEM representing environmental gradients related to ecotype
distribution. This Imagebasa Predictive Ecosystem MapREM) method was applied

to create a map of 28 ecotypes over Ivvdliture 7).

Training data for an ecotypkecision tree classifieverederived fom an existing3,010

km? terrestrial ecosystem mapEM) running northsotth along the Firth River corridor
and covering 30% of the park. This TEM was created as part of a grizzly bear habitat
study ands based on interpretation of2D 000 scale color aerial photographyrhe
classifier could thebe applied ovethe entirgpark wherelO-m SPOT HRVIR imagery
and terrain parameters from DEMs wexailable. The PEM map reprodudéhe TEM
classes in a holdut testing sample with 85% accuracy.
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{1 1-Alpine Slope
] 2-Willow-Horse Wet Slope
3 -Rock Lichen
I 4 - Willow-Birch Moist Slope
[ 5 - Heather-Bear Niv Slope
Bl 6 - Spruce-Birch Mesic Slope
Il 7 - Spruce-Kinnik Dry Slope
I 8 - AlaskWillow Drainage Channel

[ 9 - Birch-Crowberry Mesic Slope
I 10 - Willow Floodplain
I 11 - Spruce-Rhod. Inact. All. Terr.
B 12 - Willow Inact. All. Terr.
B 13 - River Community
I 14 - Alder-Heather Seepage Slope
15 - Graminoid Wetland
Il 16 - Spruce-Horsetail Wet Slope
[ 17 - Cottonwood Floodplain
B 18 - Cottongrass Tussock
| 19-Alder-Cottongrass Tussock
20 - Willow-Sedge Ped. Drain. Chan.|
B 21 - Aufice
[ 22- sand / silt
I 23 - Hedysar-Avens Inact. All. Terr.
M 24 - Lake / Open Water
B 25 - Willow-Coltsfoot Drain. Chan.
26 - Sedge Tussock
B 27 - Coltsfood-MtSorrel Drain. Area
- Dupont Marsh

Figure 7 1 28-class PEM map for lvvavik National Park.
iii) Land Cover Map

A 30mresolution land cover map of northern Canada was developed by Olthof et al
(2009)for application in northern land use planning, wildlife habitat assessment, and
climate change impact assessment and atiapt

Orthorectified circa 2000 Landsat datare acquired from the Centre for Topographic
Information, with coverage from the treeline to the northern tip of Ellesmere Island, and
combined into 16 radiometrically balanced laegea mosaics. A stratified unsupervised
clusterlabelingapproach was udg€or map generation. Literature on northern land cover
and vegetation mapping and numerous northern vegetation surveys were examined to
define a land cover legend containing 15 classes.

Field data gathered during several campaigns were used in coojuwdth other
available mediunresolution land cover maps to develop a dataset for training and

12



validation. Standardized accuracy assessment is limited due to the cost of field data
acquisition and the small archive of reference data in northern regiompatison with
field data used only to aid clustebelingsuggests 81.5% accuracy for 76 plots, and
examination of subpixel land cover distribution within each 1 km Circumpolar Arctic
Vegetation Map (CAVM) class shows good agreement. The map is avaiedlgh the
Natural Resources Canada Geogratis portal in 1:250 000 scale National Topographic
System (NTS) map sheets.

This land cover map was used to statistically summarize the Lavalsad trend and
fractional change results (figure 8).

[ iwavik NP Boundary
G
[ 1- Tussock graminoid tundra (< 25% dwart shrub)
[ 2 et sedge
3-Moist to dry non-tussock graminoid / dwarf shrub tundra
[_] 4- Dry graminoid prostrate dwart shrub tundra
[ 5- Lowshrub (< 40cm; > 25% cover)
I 6- Tall shrub (> 40cm; > 25% cover)
B 7- Prostrate dvarf shrub
B 5- soarsely vegetated bedrock
[ s- Searsely vegetated till-colluvium
I 10- Bare soil vith cryptogam crust - fost boils
B 11- wetlands
E 12- Barren
B 13- 12 fsnow
, I 14- shadow
| I 15- weter

Figure 81 15-class land cover map for Ivvavik National Park. The missing area contains
trees and is therefore not included in the product.

b) Aerial photographs

During the 2008 field campaigeeveral thousand5cm resolution, optical photos were
capturedby hdicopter alonghe coastal plain and coastlinéfter geareferencing and

13



mosaicing(figure 9) theseprovide a rich source of information for visually interpreting
and labelinghe highresolution satellite images acquired over the same areas.

Mosaic A5

Mosalc Ad Mosalc A4 = |
' 7;:.151; ]

Mosaic B8

2.4m Quickbird
July 14. 2005

4m IKONOS

2.4m Quickbird
Aug 9, 2006

Figure 97 Mosaiced aerial photos acquired in 2008 and coverage provided over the
threehighr esol uti on satellite images in Ivvavikoés co

c) Other spatial data

i) DEM from Yukon Environment

A set of highquality, artifactfree digital elevation modelsas produced by the

Government of Yukon, Department of Environment. The 30m DEMs were created using
the ANUDEM program bynterpolating contours and drainage frplanimetrically

corrected 1:50,000 NTDBap sheetsWe reprojected and mosaiced the DEddgering
Ivvavik (figure 10) and also derived a suite of terrain paramdterase in PEM

mapping including slope, aspect, soil wetness index, and solar insolation.

14
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Figur 107 SPT HRVIR image osaic daped over DEM for the Firth River corridr of
Ivvavik.

4. Unique Landsat Processing Steps

This section describes any unique processing steps that were appéikdion tothe
Landsat processing methadilem Section 5 of the Protocol document. It also provides
results okained for intermediate products.

As described in Section 2 above, ougmal selection 026 Landsatscenes was reduced
to 16for use in trend analysedfterassessing their quality anemovingseverakhat
deviatedsignificantlyfrom peakphenology

We alsocomputed a channgidicatingthe number of clear observations for each pixel

(figure 11)(Section 5b-ii of the Protocol). This was usedésclude areas from analysis
that hadfew observations &6) andwherethecomputedrends may be unrelie.

15



v\ws»wm«uq»&»&‘jr»@»@\*»&@
Figure 117 Number of clear-sky observations channel (left) and bitmap showing areas
with six or more observations used in trend analysis (right).

In examining thenitial trend results, we observed theds illuminatedhorth-eastfacing
slopesdemonstrate large spectral changes through the time sdtéw,esulting in false
trends. This is due to large changes in solar illumination oogwver thesareas
throughout the summelor example, figurd2 shows negative NDVI trendé red
overlaid on a shaded DEM relief for a mountainposgtionof lvvavik, where the low
illumination NE slopes appear dark.

3 i\
Figure 127 Left shows negtive NDVI trends in red superimposed over hillshaded DEM
in a mountainous portion of Ivvavik. The right panel shows that a mask identifying steep,

NE facing slopes (blue) are able to flag these areas.

16



We therefore used a combination of slope and aspeceate anask hatidentified

steep slopereceiving lowsolar radiatior(figure 13) Slope was calculatkeaspercent

rise, and gpect can be thought of as the slope direction expressed in degrees from O to
360, measured clockwise from north. A transformation of aspesderived where the
most illuminated SW slopes are given a value 0, increasing to @ @a#00 for the least
illuminated NE slopesA combined maskvascreated that identifies steep slopes. &

30 percent) facig north of NW or NE.

Slope Aspect Mask
' I O - Steep NE sope
1

Figure 137 Slope-aspect mask (black) used for Ivvavik to exclude areas of high
insolation variability from trend analysis.

5. Trend Analysis Results and Derived El Measures

a) Trends in Vegetation Indices (VI)

i) Park-wide VI trends

Grayscale imageshowing the temporal trend (i.e., regresstopg for the four
vegetation indices (NDVI, and Tasselgédp Greenness, Wetness, and Brightness) are
shown in the left panels belovright pixels (positive values) represent areas of
increadng slope while the ark pixels (negative valueskepresent areas of decreasing
slope. The right panels show only th@seels whereslopeis significant ap<0.05

Areas of positive slope are shown in green and areas of negative slope in red.

NDVI demonstrate a significantly positive trend ovér.6 percent of thé.andsatanalysis

window (figure 14). Positive trendsccurredmainly on portionsof the coastal plain and
nearby Herschel Island. "y 1.2 percentof the arednada negative trend, witostof

17



these areas associated with higher elevationsnaaictas of dynamic river braidiregpse
to the Beaufort.

Tasseld Cap Greenness (TC@jgure 15), not surprisingly, demonstratsimilar trends
to NDVI. TCG significantly increasd over6.1 percent of the study area and deceeas
overl.3percent.

slope NDVI

High 1 Sig. NDVI slope {p<=0.05)

. ) I revative trand
Low: -0.5281 || et [ nositive trend

Figure 14 7 NDVI slope from regression trend analysis (left), and areas having significant
(p<0.05) negative and positive trends.

slope TCG
High : 1 Y ey
R i ST N Sig. TCG slope (p<=0.05)
. Low : -0.0995

/-r‘

negative trend

- positive trend
Figure 157 TCG slope from regression trend analysis (left), and areas having significant
(p<0.05) negative and positive trends.
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Tasseled Cap wetness (TCW), measuring the contrast between shortwave-infrared
(SWIR) and visible/ near-infrared (VNIR) reflectance, can be related to soil or surface
moisture content. TCW was observed to increase over 3.1 percent of the park and
decrease over 9.6% of the area (figure 16). Negative trends were especially associated
with south and westerly facing slopes in the mountains (figure 17).

slope TCW
High: 1

Sig. TCW slope (p<=0.05)
- negative trend
l:l positive trend

Figure 16 1 TCW slope from regression trend analysis (left), and areas having significant
(p<0.05) negative and positive trends.

Figure 17 7 CIose-u of negative TCW slopes overlid on SPO imag, sowing that
they are often associated with south or west facing slopes.

19



Themost widespreattendswereobserved in the Tasseled Cap Brightness index (TCB)
which decreasedver17.3percentandincreasedver 1.3 percentof the study area

(figure 18). TCB isa weighted sum of all sikandsatopticalbandsand provides
measure of overall reflectanti®at is able to separdight from dark soilsor vegetation
from bare areasMany riparian areas in the park, both on ¢bastal plain (Fig99 and

in the mountains (Fi@9b), show a negativéCB trend. Since these areas typically
contain willow and/or alder shrujs decreasing brightness would be consistent with
increased growth of shrub vegetatammd shadowingver a ighter soilor rock
backgroundStow and others, 1993)

slope TCB
High : 1

Sig. TCB slope (p<=0.05)
- negative trend

Low : -0.2478 5 [ positive trend

Figure 18 i TCB slope from regression trend analysis (left), and areas having significant
(p<0.05) negative and positive trends.
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Figure 197 Clse—up of SPOT image mosaic and negative TCB slopes for riparian areas
on the coastal plain (top) and mountains (bottom). Locations are indicated in figure 18.

Closeup figure of the TC index trendgere also created for the area surrounding the
warden station at Sheep Creek, just upstream from ttieMver(figure 20) This area
is of particular interest because of numbeawdilable field measurementsllected by
Parks CanadaThe major trendwithin in this areaveredecreasing brightness,
especially associated with ecotypes containing sprodevillow, and decreasing
wetness on southwestetfigcing slopes. Again, a darker surface would be consistent
with increased growth in tall shrub and spruce vegetation.

21



[Z]1- Alpine Slope

[12 - Willow-Horse Wet Slope

[ 3 - Rock Lichen

I 4 - Willow-Birch Moist Slope

[0S - Heather-Bear Niv Slope

M 6 - Spruce-Birch Mesic Slope

I 7 - Spruce-Kinnik Dry Slope

[ 8 - Alaskwillow Drainage Channel
[ 3 - Birch-Crowberry Mesic Slope

I 10 - Willow Floodplain

0 11 - Spruce-Rhod. Inact, All, Terr,
I 12 - Willow Inact, All Terr,

I 13 - River Commurity

[ 14 - Alder-Heather Seepage Slope
[115 - Graminoid Wetland

M 16 - Spruce-Horsetai Wet Slope
B 17 - Cottorwood Floodplain

Il 18 - Cottongrass Tussock

[7119 - Alder-Cottongrass Tussock
[120 - Willow-Sedge Ped. Drain, Chan,
21 - Aufice

22 - Sand { sit

W 23 - Hedysar-Avens Inact., All. Terr,
I 24 - Lake [ Open Water

1B 25 - Willow-Coltsfoot Drain. Chan.
[126 - Sedge Tussock

[ 27 - Coltsfood-MtSorrel Drain, Area

[130 - Dupont Marsh

Figur 207 7-b 7 are around the Sheep Creek Warden Station showing the SPOT
image (station location in yellow), three Tasseled Cap indices, and PEM map.
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ii) VI Trends by Land Cover and Ecotype

Thevegetation indeXVI) trendscan also be summarized by land coaedecosystem
classto betterunderstandvhich vegetatiortypes ae exhibitingthelargestchangs.
Ecosystem or vegetatiespecific trends can also be rolladto provide EI Measure®r
reporting on Indicatorsvhich Parks Canada defines as HigWel ecosystem types, such
as tundrandwetlands For this, we uséoth the Predictive Ecosystem Map (PEMN
land coverclassificationdescribed in Section-A.

The averagérendor slopefor eachVI is summarizedyraphically forthe PEMecotypes
(figure 21) andnorthernland cover classes (figug2). Most of theNDVI and TCG
trends are similar, with a genepaisitive (greeningip)trend in thecoastal plaidand
covers and ecotypesd little change or small decreases in vegetayj@sat higher
elevations. A general trend towards declining TCB is found aecnast land coverand
ecotypes TCW shows a similar, but less pronouneedespreadirop, except in some
coastal ecotypes dominated by graminpidsich showa small positive trend.

0.0150
ENDVI
I I aTCcG
0.0100 ! | mTCB
I I | | | -
0.0050 ‘I
] |.||||||I |‘||| ||||M. ‘u
S T Tk I [ Il
o 1 4l( sl e a4l 10 11 12 0B 15 I8 ::,I.A:A,",.‘:.l-l
g | | | | |
@ |
-0.0050 ) i
g | I L " | I L
@
=
-0.0100 i
1-Alpine Slope 15 - Graminoid Wetland
2-Willow-Horse Wet Slope 16 - Spruce-Horsetail Wet Slope
3-Rock Lichen 17 - Cottonwood Floodplain
-0.0150 + 4 - Willow-Birch Moist Slope 18 - Cottongrass Tussock
. 5 - Heather-Bear Niv Slope 19 - Alder-Cottongrass Tussock
6 - Spruce-Birch Mesic Slope 20 - Willow-Sedge Ped. Drain. Chan.
7 - Spruce-Kinnik Dry Slope 21 - Aufice
8- AlaskWillow Drainage Channel | 22 - Sand  silt
9-Birch-Crowberry Mesic Slope | 23 - Hedysar-Avens Inact. All. Terr.
-0.0200 T 10- witlow Floodplain 24 - Lake | Open Water
11 - Spruce-Rhod. Inact. All. Terr. 25 - Willow-Coltsfoot Drain. Chan.
12 - Willow Inact. All. Terr. 26 - Sedge Tusseck
13 - River Community 27 - Coltsfood-MtSorrel Drain. Area
14 - Alder-Heather Seepage Slope | 30 - Dupont Marsh
-0.0250
Value (from PEM classification)

Figure 21: Chart showing the mean slope value for each class value in the Predictive
Ecosystem Mapping (PEM) classification.

23



0.0120

1. tussock graminoid tundra
2. wet sedge m NDVI
3. non-tussock graminoid / dwarf shrub tundra D
4. dry graminoid prostrate dwarf shrub tundra O TCG
5. low shrub

tall shrub BTCB -
7. prostrate dwarf shrub
8. sparsely vegetated bedrock O TCW
. sparsely vegetated till-colluvium
10. bare soil with cryptogam crust

11. wetlands
12. barren

0.0100

0.0080

0.0060 -

0.0040 -

0.0020 -

Mean Slope

0.0000 -

-0.0020

-0.0040

-0.0060

-0.0080

Value (from LC classification)
Figure 22: Chart showing the mean slope value for each class value in the Northern
Land classification

b) Trends in Sub-pixel Land Cover Fractions

i) Regression Tree Models

Section 5b-iii of the Protocol document describes how to convert thetiermg Landsat

VI trends into a quantitative estimate of hbasicland cover proportions are changing
within each pixel. Thi s i $nlaadccoverrngctionss h e d
for atraining dataset based on spatially aggregating a high resolution land cover product.
For Ilvvavik, we used the v resolution IKONOS scene, as this provided the $lastb
fractionsampledrom the three high resolution scenes. After the training dateesset

prepared, it was used to constrGetbistregression tre€RT) models for shrub,

herbaceous, bare, and water fraic. RT models were then applied for the first and last
Landsat acquisition dates to create 12889 fraction change maps.

The approehfor extracting TC index values faraining and applying the Ri§

illustrated in figure23. The Cubist regression tree package by Rulequest Research was
used to construct trees to predict the 30 m fractions for each class based on the three TC
regres®n trend values corresponding to the Ikonos date. Trees could then be applied to
the TC regression trend values derived for 1985 and 2009. In cases where pixels did not
display significant (p<0.05) trends in a given TC index, the mean TC value from all
pixel-level observations in the Landsat stack was used and held constant. A simple
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differencing of fractions from 1985 and 2009 quantified the changes predicted during the
Landsat observation period.

o
Apply RT | ®
Last Date i
RT Training Input i
< i
5 !
o *
= !
(@ |
- |
Apply RT | o
First Date E o
1985 High-res 2009
First Landsat Date Acquisition Last Landsat
Date Date Date

Figure 23: Approaches for training and applying regression tree models to calculate
change fractions

Figure24 shows accuracplots forthe regression tree models &rub, herb, moss, bare,
andwater fractionsywhich wereevaluated on the holdout 30% testing dataset.
Comparing the estimated andatdated 30 m fractions, average absolute errors ranged
from 0.7-3.8% andcorrelationscoefficients ) ranged from #9-0.95. Overall, these
model results arsuperiorto those obtained by Olthof and Fraser (2007) for mapping
Landsat fractions in othereas of northern Canada.
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Figure 24: Regression tree accuracy assessment plots from Cubist.
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ii) Park-wide fraction trends

The tblebelowshows for each land cover fraction, the proportion of the analysis
window where that fraction is decreasisgpws no change, and is increasing. Average
change foeachfraction is also shown.

Table 2. Summary of Landsat-based fractional changes

%area decrease %area no change %areaincrease average %change

bare 21.0 74.0 5.1 -1.8
herb 23.2 67.6 9.2 -1.9
moss 20.4 67.7 11.9 -1.0
shrub 6.1 70.1 23.9 3.6
water 3.9 83.1 13.0 1.1

Figure25displays those areas that are predicted to be increasing and decreasing in each
land cover class between 1985 and 2009. Note that many areas on Herschel Island and
the coastal plain demonstrating an increase in TC Greenness were also observed to have
increasing shrub and herbaceous fractions, and a decreasing bare fraction. Several large
patches in the mountain foothillsgure 26, centre of study area) showed a wmaq

pattern of shrub increase with a corresponding decrease in the herbaceous and/or bare
fraction. This vegetation consists of graminoid tussock mixed with varying amounts of
willow and birch, and exposed rocky soil at higher elevations. Note thatghtetes

were associated with a drop in TC Brightness but surprisingly little or no change in
Greenness. This could be attributable to the lower visible reflectance of shrub compared
to graminoid and bare ground (Stow and others, 1993). The net rehdsefspatial

trends was a predicted average decrease in bai¥mfbalanced by an increase in shrub

of 23.9% over the study area.
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Figure 25 - Predicted fractional cover changes for lvvavik.
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Figure 26 - Predicted fractional cover changes for foothills area in central Ilvvavik.

iii) Fraction Trends by Land Cover and Ecotype

The predicted fractional changes can also be summarizecdsystenor land cover

type to better understand which vegetation types are exhildigngrgest changes. For
this, the PEMecosystem map andnd cover classification product for northern Canada
was used based on circa 2000 Landsat imagery (Olthof and others, 2009). The average
fractional change within eadtosystem ankdnd cover class summarized in figuse27
and 28 The largest increases in shrub with corresponding decreases antdrerb
occurred in the higher biomass classes la&d cover typed-3, 56). By contrast, more
sparsely vegetated classes typically locatedghten elevations demonstrated limited
changes in the shrdbactions. Note that these alpine communities are strongly
controlled by topographic factors that limit soil development, moisture, and nutrient
supply (Walker, 2000).
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Figure 27 - Fractional vegetation changes by Ecotype.
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Figure 28 - Fractional vegetation changes by land cover type
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c) Specific Local Trend Results and Validation

Section 3c of the Methods Protocol document provides a general discussion of validation
issues related to the Landshtinge detection approach. The first type of validation that
can be conducted is to assess the models used to detect the trends and changes in
fractional land cover. This was presented in the results sections above. Note that the
summary statistics pgrted from the index trends were based only on pixels where
TheilSen regression was significant at the 95% confidence level (i.e. p<0.05).
Significance was tested using the rdrdsed norparametric MansKendall (MK) test.
Additional confidence for th#end analysis comes from using a minimum of six,

calibrated Landsat scenes anddey AVHRR-NDVI data ensure that scenes were
representative of peak growing condition.

We further examined uncertainty in the trends by calcul@%9§ confidence limitsdr

the NDVI Theil slope on a per pixel basis. The Kendall test statistic was used for small
sample approximations where there were less than 10 observations, while the standard
normal distribution was used for large sample approximations. The statispicitasthe

ranks of the slope values at the upper and lower confidence interval limits for the slope.
The slope values at those ranks are output to the lower and upper confidence images. A
onetailed test was performed to map all areas where slopes wetieegpasP > 0.975,
indicating significant greening or negative at P < 0.975 indicating significant NDVI
decrease or browning (Kendall and Stuart, 196¥te that the result (figur29) closely
matches the positive and negative NDVI and TCG slopes shofigures14 and15.

Figure 29 - Areas where the 95% confidence intervals on the NDVI slope are all either
negative (red) or positive (green).
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The regression tree models used for fractional land cover mapping were assessed using
the standard error ammbrrelation coefficients for a holout test sample. This gives an
indication of the accuracy and precision of the models for the specific conditions that
they were developed under. However, this represents-gdmsiscenario, since it

assumes that mrs will be comparable when applying the models over a larger area or at
different time periodsStudies have demonstrated that accuracy of fractional cover
estimates drops with geographical distance from the training site (Fernandes and others,
2004; Olhof and Fraser, 2007).

An independent accuracy assessment of the fractional changes is challenging owing to
the lack of repeat vegetation observatirsfrequent problem for Arctic change studies.
One means of corroborating the trends and increasingdenici in the results is to
compare them with observations from published stusliesr photosilocumenting

different types of surface changeger thelvvavik landscape Below we present three
examples.

)] Ground-Based Vegetation Surveys

Vegetation resurce inventories were conducted within the study area in-1986 on
Herschellslandandin198898 9 on |l vvavi kés coast al pl ai n
personal communication). These biophysical inventories involved comprehensive

surveys of vegetatiosoil, and surficial geology at several hundred sites. A study was

later conducted to investigate if significant vegetation changes were occurring on these

sites. Subsequent field observations found that, withih5l@ears, cover of the native

grass spaes (polargrass, Arctagrostis latifolia) had significantly increased on upland
sites(figure 30). There was also an increase in low shrub and decrease in lichen and bare
ground. Polargrass and Arctic lupin (L. arcticus) were also found to have incireased
cottongrass tussock sites on Herschel Island but not on the coastal plain.

A more recent study on Herschel Island used historic photographs, repeat vegetation
surveys, and monitoring of lorigrm plots to document changes in willow growth
(MyersSmithet al., 2011). This analysis suggested a recent increase in the canopy cover
and height of each of the dominant canégyning willow species.

Overall, the results from the Landsat trend and fractional change analysis are consistent

with thesegroundbasedo b s er vat i ons. We f o uaoidcidéshat Kenne
with the strongest positive trendsNibVI (figure 31). On Herschel Island, estimated

herbaceous land cover increased on average by 9% (88yrehrubs increased by 10%,

and bare ground wer decreased by 21%. The trends are also directionally compatible

with long-term sample plot measurements taken about 300 km to the west of the study

area in the foothills of the Brooks Range in Alaska. In this moist tussock tundra site,

shrub and gramoid cover increased by 80% from 1989 to 2008 (Gould et al., 2009).

Recent increases in Arctic shrub abundance are best explained by longer and warmer

growing seasons promoting plant growth (Gaatal, 2005; Jieet al, 2009) and
increasing nutriemineralization and availability (Chapet al, 1995). However, in the
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study region, available climate reanalysis and weather station data suggest a trend
towards milder winters but little change in summer air temperaf8exgtion 5d) A
mechanism thiacould permit increased shrub growth in the absence of warmer growing
seasons is described in Sturm et al. (2005). They propose a positive feedback effect
where shrub growth leads to locally deeper snow, which promotes higher winter soil
temperatures, gater microbial activity, and more plaatailable nitrogen. High levels

of soil nitrogen then favour shrub growth the following summer. Note that increased
winter soil temperatures and nutrient mineralization might also be expected from milder
winters n northern Yukon, independent of any shrub feedback effect (e.g. Hill and

Henry, 2010).

VEG TYPE 2: Drvas/Vetch/Arctic Willow

PERCENT COVER
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Lupine Polargrass

Lupinus \retagrostis
arclicis latifolia
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Salix
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Figure 307 Changes in percent cover observed by Kennedy in the dryas/vetch/Arctic

willow tundra vegetation types. For more information see: http://www.pc.gc.ca/docsfu/rs
rm2002/sec3/pagel.asprdhttp://www.wmacns.ca/pdfs/224 2007_NSG@mmaryReport.pdf
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Figure 317 Close-up of NDVI trends on Herschel Island and along the earbycoastal

plain.
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Figure 327 Change in shrub, herbaceou, and bar fractions
along the nearby coastal plain.
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i) Herschel Erosion Maps.

Herschel Island, lyingnorth thelvvavik coastlineand within the Landsat analysis

window, has been subject to high ratesoéstal erosion and thaw slumping caused by
mdting of icerich permafrost.Lantuit and Pollard2008) performed eemote sensing
study on the longerm patterns ofoastal erosion and retrogressive thaw slump activity
for Herschelfigure 33) Using orthorectified airphotos from 1952 and 1970 and an
Ikonos image from 2000, mean coastal retreat rates of 0.61 m/yr and 0.\&Teyr
calculated for the periods 195970 and 19702000, respectivelyThe highest coastal
retreat rates were found on nanest facing shorelinesvhich correspond to the main
direction of storrrrelated wave attackDuring the period 197@000 coastal retreat rates
for south to soufieast faing shorelines displayed a distinct increase even though these
arethe most sheltered orientationdowever, south to sotitkast facing shorelines
corresponded to the orientations where the highest densities of retrogressive thaw slumps
were observe(figure34). The number and the total area of retrogressive thaw slumps
increased by 125% and 160%, respectively, between 1952 andl20@0it and Pollard,
2008)

Figure 33 - Helicopter view of a polycyclic slump in Thetis Bay, Herschel Island (from
Lantuit and Pollard, 2008)

Comparing Lantuit and Pollardds maps of coas
activity to the Landsat trendfigure 34), we found that the TC Brightness trend was

particularly sensitive to coastal erosion on Herschel, whigectange was also evident

as an increasing water fraction. Here, the strong declines resulted from a vegetated land

surface being replaced by water or wet soil, both of which are dark surfaces.
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