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ABSTRACT

The limited availability of ground sample plots (GSP} in huge and remote regions requires mapping methods with greater dependence
on modeling and remote sensing. We developed and tested a method to map the biomass of black spruce (Picea mariana) stands of
Canadian subarctic forest using a k-NN approach applied to Landsat Thematic Mapper imagery with sample plots generated from
high resolution QuickBird images. Biomass was mapped locally using three QuickBird panchromatic images and a global regression
model of above ground biomass as a function of shadow fraction (SF) of the images (reported in {1]). Herein, the QuickBird-derived
biomass maps provided surrogates to traditional GSP for mapping biomass at the regional scale. The k-NN method was applied to the
fuli extents of three Landsat images, representing three test sites. RMSE and bias were caleulated using (1) GSP to estimate the
combined error of scaling from the plot to the regional level and (if) SSP to estimate the scaling error from application of the local
biomass maps to the regional level, The RMSE of the regional scale biomass maps ranged from 10.% to 19.6 t/ha with an overall
RMSE of 17.2 t/ha based on the GSP. Bias estimates were only slightly positive with an overall bias of 2.8 t/ha for the three test sitcs.
Application of the k-NN method using SSP produced good estimates of biomass over the three test sites with very low biases and
relative errors in the order of 20-30% depending on the test-site. Further developments will consider extension of the method across
large areas of Canadian subarctic forests. |
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1 INTRODUCTION

Forest biomass maps are needed in non-inventoried Canadian subarctic regions to address crucial northern issues related to carben
balance in a changing climate, and increasing exploitation pressure at the northern margin of the merchantable forests, Unfortunately,
the number of ground sample plots (GSP) in northern Canada is very small due to the remoteness and the lack of infrastructure in
these vast tracks of lands representing about 60% of Canada landmass and totalizing 4M km®. These arcas are mainly covered by
open stands of black spruce {Picea mariana) with fow other species, established over gently rolling or flat terrain. This context
promotes the use of satellite remote sensing and modelling {o estimate forest biomass, defined here as the total dry weight of above-
ground trees per unif area (/ha).

In this paper we report on the testing and implementation of the K-Nearest Neighbours (k-NN) method at a regional scale for
mapping the biomass of northera black spruce (Picea mariana) stands. k-NN method is a non-parametric method that has been used
extensively in the Scandinavian boreal forest context ({2];13]) and may be applicable for some boreal regions in Canada. However, (o
provide good results, k-NN as many other methods require ground sample plots (GSP) representing the full range of forest condilions
found within the mapping extent, which are lacking in our case. Therefore, we tested an alternative way of applying the k-NN method
where Satetlite Sample Plots (SSP) derived from QuickBird (QB) biomass maps {1] were used as surrogates to GSP. This study was
conducted in the larger context of the Earth Observation for Sustainable Development of Forests {EQSD) project whose goal is o
map the forest biomass of Canada using Landsat imagery ([4]; [5], submitted) and the Ecoleap proicct ([6]; [7]).
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2 TEST SITES AND DATA

The study was carried on over 3 test sites located near three towns (Chibougamau: CH; Radisson: RA; Wabush: WA} in two
subarctic ecozones in Quebec and Labrador, the eastern taiga shield and the boreal shield (Fig. 1), The test sites cover a wide biomass
range and represent the dominant stand conditions of Northeastern boreal forests. Each test site is represented by a full Landsat 7
(L7) scene acquired between 1999 and 2003 under clear-sky conditions and during the growing seasen between mid-July and end of
August, except for one L7 image acquired at the end of September. Each L7 scene was transformed into top-of-atmosphere
retlectance and orthorectified with a resulting positional RMSE in the order of 13-20m,

SSP for each site were extracted from local scale biomass maps derived from corresponding QB high resolution images. The
biomass maps were produced using a Northern Black spruce stand regression relationship established between biomass measured at
each GSP plot and the shadow fraction extracted from each QB image [1]. The GSP dataset, used to develop and test the regression
relationships between plot biomass and shadow fraction of the QB images, consisted of 108 circular GSP (400m?) measured between
2002 and 2004. The plots were located within the 3 test sites and were dominated by black spruce (basal area > 50 %), the dominant
forest type of the region. Biomass of each plot was cstimated as the sum of individual tree above-ground biomass, which was
estimated from DBH using allometric equation as in {8].
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Figure 1. Location of the three lest-sites in two northern ecozenes, imaged by nested sets of QB and L7 images



3 METHOD

Biomass estimation with the k-NN method is given by a weighted average of biomass values fram GSP which are speetrally the
necarest from the considered pixel, as expressed by:
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where BIOy i 18 the k-NN biomass estimate for the i Landsat pixel, k is the k™ out of K nearcst spectral neighbours, BIOgsp, is the
GSP biomass, Wy, is a weighting coefficient, d J{ is the spectral Euclidian distance to which is applied a j power value, typically 0 to

2. In this application of the k-NN approach, we replaced the GSP in the above equation with SSP derived from high resolution QB
images. SSP were derived by randomly sampling each local scale QB biomass map to obtain N SSP used as a training set (SSP..}.
We assumed that our local SSP,, set selected in the forest stands found in the QB coverage was representative of the forest conditions
encountered in the full Landsat scenc. This assumption was tested by determining the representativeness of forest stands found in the
QB coverage (50-100 km®) relative to those of the L7 coverage (34,000 lm®) whereby fand cover maps were derived from the L7
image using BCM classification methods [9]. The spatial occurrence (%) of five coniferous classes with variable crown closure (CCy
classes (very sparse: 0-10%; sparse: 10-25%; open: 25-60%,; dense: 60+%, treed bogs) for cach QB coverage focalicn was within
15% of the class occurrences within the related L7 coverage.

In order to optimize the parameterization of the k-NN equation, we tested combinations of N, K and j values within the following
ranges: (i) K =1 to 20, (i) j = 0, 1 or 2, (1ii) N =100, 300 and 600. Each set of values was tested with or without a coniferous forest
mask to remove non-coniferous pixels, Further, each combination of input parameters was applied to all Landsat 30m pixels within
the extent of the QB coverage, providing a biomass grid layer where cach 30m cell had its biomass estimate given by the k-NN
method, BIO.qn.

Quantitative error assessment was performed by comparing k-NN biomass with both plot-level GSP and S5P biomass estimates.
Errors in the biomass estimates (RMSE and bias) were calculated using: (i) a 30% GSPy; set to estimate the combined emror of
scalizg from the plot to the regional level, and (i) the full SSP dataset to estimate the scaling error from application of the local
biomass maps to the regional level. The combination of input parameters that minimized RMSE and bias were subseguently used lo
produce a final biomass map. BIOy.wy statistics (mean and standard deviation) were reported for five coniferous classes of different
CC ranges.

4 RESULTS AND DISCUSSION

Concerning the optimal set of k-NN input parameters, it was found that (i) the number of SSP,; was optimal around 609, (ii) there
was no significant differences in RMSE and bias statistics for K>10 and (iii} the power of the weighting cocfficient j had no
significant impact. Moreover, the use of a coniferous stratification mask provided slightly poorer vesults than without using it. In the
following, we report results using the following optimal parameter set: N=600, K=15, j=1 and no coniferous mask.

As a first gualitative assessment of the X-NN biomass estimates BIOy yy, mean and standard-deviation of mapped BlOy e values
within each coniferous cover class, as seen in Fig. 2, exhibited the expected biomass quasi-linear increase with CC as reporied in
[10]. The 60-100 % CC class in Chibougamau showed a higher estimated biomass range compared to other sites because of denser
stands more present in this southern site. Over-estimation was found in (i) some bogs or along lake shores but represent a small
fraction of the test sites and (ii) on steep slopes opposite to the sun,

Fig. 3 shows BIO, y estimates compared to reference BIO,, values for each test site. Good agreement was found between BiOy.
wn and BIOg,, (R2=80%) with a slight under-cstimation and increased variance at the higher end of the biomass range. RMSE and
bias of the k-NN estimates determined using GSP and SSP are reported in Table 2. RMSE values determined using the GSP dataset
were lowest for the WA site (10.1 t/ha) and highest for the CH site (18.9 t/ha) with an overali RMSE of 17.2 t/ha, which provided a
relative error of about 20-30% depending on the site. Bias was less than 5 t/ha for all sites. Biomass estimation errors of the SSP
(reported in [1]) were only slightly lower overali (15.3 t/ha), suggesting that the k-NN method did not bring significant additional
errors in the regional estimates compared to the local ones. Overall bias estimates are slightly higher for the local compared to the
regional estimates (4.2 and 2.8 t/ha, respectively).

RMSE and bias of the k-NN estiraates based on the large sot of SSP (all cells of the QB bicmass map except those used to run the
k-NN) report errors resulting from the local (QB) to regional scaling-up (1.7). RMSE values are comparable to those of the local scale
maps validated with the GSP (13.7 versus 15.3 from {1]). Bias tends toward O as the number of SSP samples increases and is
consistent with observations reported in [21.



Table 2: Errors for BIOy ;e using GSP,, and SSP,,, datasels

Using GSP,, Using SSP,,;
SITE Nb RMSE Bias RMSE Bias
GSP,, (t/ha) (t/ha) (t/lia) {t/ha)
CH 9 18.9 0.7 13.3 0.6
RA 14 19.6 4.7 9.1 0.1
WA 9 10.1 2.0 19.6 0.2
ALL 32 17.2 2.8 13,75 0.31
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Figure 3: Estimated biemass BIOy n compared to GSP biomass BIO
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Overall, application of the k-NN method using SSP produced good estimates of biomass over the three test sites with very low biascs
and relative ervors of the order of 20-30% depending on test-site. An important consideration for the general application of the
method is to ensure good representativeness of QB samples within the extent of the L7 scene. Further, co-registration errors belween
the OB and L7 images should be minimized as much as possible as the outlier BIO, \y estimates were generally those for GSP
located in sparse coniferous forests with highly variable understory (lichen, shrubs)., This could be accomplished, i part, by
excluding heterogencous pixels from the SSP training set. In addition, terrain radiometric normalization may account for siope effects
for arcas of high relicf. Finally, the acquisition lag between the QB and L7 acquisition must be taken into consideration as it may
cause problems due to land cover changes (fires, logging, insect).

5 CONCLUSION

This paper presents an adaptation of the k-NN method for regionaf scale mapping of biomass in Canadian subarctic forests.
Application of QB-based $SPs to implement the k-NN method on L7 images resulted in biomass estimates with very low biases and
relative errors of the order of 20-30% depending on test-site. Overali RMSE and bias estimates were 17.2 and 2.8 t/ha respectively.
Similar results were observed over three test sites representing 2 wide range of forest conditions. The methed thus shows promise for
expansion across nosthern Canada. Implementation would require a network of representative QB image samples scattered within a
normalized mosaic of Landsat images for all the subarctic forest. Further work is required to test the method for other northern
species (e.g. balsam fir, jack pine...)
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