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Abstract

The boreal forest biome is one of the largest on Earth, covering more than 14% of the total land surface. Fire disturbance plays a dominant role
in boreal ecosystems, altering forest succession, biogeochemical cycling, and carbon sequestration. We used two time-series data sets of Advanced
Very High Resolution Radiometer (AVHRR) Normalized Differenced Vegetation Index (NDVI) imagery for North America to analyze vegetation
recovery after fire. The Canadian Forest Service Large Fire Database was used to identify the location of fires and calculate scaled NDVT statistics
from the Pathfinder AVHRR Land (PAL) and the Global Inventory Modeling and Mapping Studies (GIMMS) AVHRR data sets. Unburned areas
were also identified, based on interannual variability metrics, in order to reduce the effects of factors other than fire on the temporal behavior of
scaled NDVI. Burned and unburned areas were stratified by ecoregion to ensure the presence of comparable land cover types and account for
influences of local environmental variability. Temporal anomalies in NDVI for burned and unburned areas show the impacts of fire and the
recovery of the forest to pre-burn levels, and indicate changes in variability that might be associated with vegetation compositional changes
consistent with early successional species. The rate of recovery varied in the three episodic fire years on which we focused our analysis (1981,
1989, and 1995), but were consistently shorter than previous studies that emphasized the most impacted areas within fires. Temporal variability in
the time series, represented by the difference of burned and unburned area anomalies, increased beyond the observed post-fire recovery period.
This indicates residual effects of fire disturbance over the regrowth period, perhaps associated with early successional vegetation and increased
susceptibility to drought. Distinct differences were noted between the PAL and GIMMS data sets, with evidence for systematic data processing
artifacts remaining in the PAL time series.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The high latitudes of North America have experienced a 1.5
to 2.0°C warming over the past 30 years (Easterling et al., 2000;
Folland et al., 2001) and general circulation models predict
substantial warming and drying in the coming decades
(Cubasch et al., 2001; Walsh et al., 2002). There is a
considerable body of research as to how warming has and
will influence the forests and vegetation of the region, and what
the implications of warming in high latitudes are for global-
scale carbon dynamics.
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One of the major issues in understanding how climate
change will influence carbon storage in high-latitude ecosys-
tems in the northern hemisphere is accounting for the role of
disturbance (Harden et al., 2000; Kasischke & Stock, 2000;
Kurz & Apps 1999). In the North American boreal region
annual area burned has more than doubled from an average of
14,000km? per year during the 1960s to 31,000km? per year
during the 1990s, perhaps as a response to recent warming and
drying (Stocks et al., 2000). The increasing frequency and
intensity of fire disturbance produces feedbacks on climate
through changes in albedo, forest succession, and carbon
sequestration by regrowth (Baldocchi et al., 2001; Bonan et al.,
1995; McGuire et al., 2001). Energy balance changes after fire
when forest cover is reduced and more of the surface substrate is
exposed, particularly in intensively burned areas in which the
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organic soil layer is consumed (Baldocchi et al., 2001; Liu et al.,
2005). Regeneration gradually decreases albedo as tree
canopies establish and, typically, succeed from deciduous
broadleaf to evergreen conifer species (Johnstone et al., 2004;
Zimov et al., 1999). Net ecosystem carbon exchange, or net
ecosystem production, might be affected in less predictable
ways, e.g., the balance of respiration terms may completely
offset photosynthetic gains in the initial years following
disturbance (Houghton, 2003). Boreal areas produce a net
CO, source to the atmosphere during and shortly after burning
that becomes a net sink over following years as regrowth occurs
(Amiro et al., 2003; Liu et al., 2005). They typically advance to
near equilibrium (small, or no net exchange of carbon) or
become moderate net sinks depending on vegetation type,
interannual climate variability, and growing season length
(Griffis et al., 2003).

Evidence from inverse (tracer transport) models suggest
substantial interannual variability in carbon exchange and, for
example, strongly enhanced uptake of carbon over North
America in the El Nifio Southern Oscillation of 1992—1993
relative to 1989-1990, which was not an El Nifio year
(Bousquet et al., 2000). Other major perturbations include the
1991 Mount Pinatubo eruption which appears, based on model
simulations using 64-km? AVHRR data sets, to have reduced
net primary production (NPP) in boreal regions (Angert et al.,
2005; Lucht et al., 2002). In addition to these interannual
variations, there is increasing evidence that climate warming is
responsible for a trend toward earlier “greening” and increased
growing season length in boreal forests (Keeling et al., 1996;
Myneni et al., 1997; Slayback et al., 2003), which appeared to
result in increased carbon uptake (Chen et al., 2003; Goulden et
al. 1998; Nemani et al., 2003; Randerson et al., 1999). Recent
evidence suggests that boreal forest greening has abated (Goetz
et al., 2005), perhaps due to drought (Angert et al., 2005),
although tundra areas continue to respond to climatic warming
(Bunn et al., 2005). The results from these analyses have not, for
the most part, focused specifically or sufficiently on the role of
fire disturbance, which is prevalent in the boreal forest biome,
although at least three papers have explored this topic in some
depth (Amiro et al., 2000; Hicke et al., 2003; Kasischke &
French, 1997).

Kasischke and French (1997) analyzed 14 test sites in the
boreal forest of interior Alaska using the AVHRR satellite
record and found that patterns of regrowth, as indicated by the
NDVI, were defined by the pre-fire vegetation composition, the
timing of the fire during the season, and by other landscape
factors such as the overall size of the area burned. They note that
important information can be derived from these synoptic data
sets, but also review some of the limitations of the AVHRR
satellite record for studying fire dynamics, including insuffi-
cient ability to resolve finer-scale forest patches that follow
complex patterns of physiography and soil properties. Amiro et
al. (2000) assessed forest carbon budgets following fire using
modeled NPP derived from AVHRR leaf area index and land
cover type classifications across Canada. They used a single
season of these data sets to compare many different years of fire
disturbance, effectively yielding snapshots of vegetation

regrowth constrained by the number of burn scar samples in
the study area and their associated time since burning. They
found NPP increases nearly linearly following fire, through at
least the 15-year observation period (1980—1994), and suggest
that analyzing growth patterns and responses following fire
disturbance would benefit from a longer time series of data.
Hicke et al. (2003) then utilized a 17-year time series of
AVHRR NDVI data, focusing on 61 large fires in the boreal
region of North America. They were able to quantify post-fire
NPP recovery relative to pre-fire levels using monthly values of
NPP estimated by a carbon model driven with temperature, soil
moisture, and scaled conversion factors associated with
vegetation light use efficiency. In addition to quantifying
vegetation return times, they conclude that fire in the boreal
forest can lead to a greater C fluxes to the atmosphere than
previously thought.

These studies indicate the need for better estimates of the
seasonal and interannual variations that result from fire
disturbance, and the associated carbon dynamics of regrowth
relative to pre-burn vegetation or comparable unburned areas.
Our objective in this paper was to better understand the
interannual variability in satellite observations of the Canadian
boreal forest in relation to fire disturbance and forest recovery
using the AVHRR record (Brown et al., 2004) and the large fire
database of Canada (Stocks et al., 2000). First, we sought to
compare three of the high (episodic) fire years in the time series
to areas of similar extents of unburned land. Second, we sought
to capture the magnitude of change in the vegetation density and
related properties of the boreal forest, before and following fire
disturbance, and to track those changes through the period of
record. Third, we sought to determine whether two indepen-
dently derived time-series data sets of the AVHRR-GAC, the
Pathfinder AVHRR Land data set and the Global Inventory
Modeling and Mapping Studies Group data set, were qualita-
tively and quantitatively different in terms of assessing fire
across boreal North America.

2. Study area

The study area we examined encompassed the entire
Canadian boreal forest. One of the largest ecosystems on
Earth, it stretches from Alaska to the Canadian Maritime
provinces and covers more than five million km?. Approxi-
mately 20% of the Canadian boreal forest is comprised of
wetland or waterways, and the flora is dominated by needle-leaf
evergreen species that have adapted to long, cold winters. The
burned areas we analyzed for this region crossed 66 unique
ecoregions, ranging in diversity from the maritime barrens in
Newfoundland to the Klondike Plateau along the Alaskan
border. We use the term “ecoregions” as areas of the landscape
with a particular set of species and relatively uniform climate
(e.g., Bailey, 1998). The Canadian boreal forest was the focus
of the Boreal Ecosystem Atmosphere Study (Hall, 1999) and is
now a key element of the North American Carbon Program
(NACP), a large inter-agency, interdisciplinary research
program designed to address various aspects of the carbon
cycle.
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3. Methods
3.1. Data sets

3.1.1. AVHRR time series

Two vegetation index data sets were used in this study; one
from the Global Inventory Modeling and Mapping Studies
Group (GIMMS version G) (Brown et al., 2004, Pinzon et al.,
2004; Tucker et al., 2005) and the other was the Pathfinder
AVHRR Land (PAL) data set described by James and Kalluri
(1994). Both the GIMMS and PAL data sets were derived from
the AVHRR meteorological sensors and are distributed as multi-
day NDVI maximum-value composites with a 64km?” spatial
resolution (Table 1). The GIMMS NDVI data are composited
biweekly, with the first 15 days of the month compiled in one
file and the remaining days of the same month in another. The
PAL NDVI data are binned into “quasi 10-day” composites, that
is, the first 10 days of each month are composited in one file, the
next 10 days in a second, and the remaining days of the month
(8—11) in a third (James & Kalluri, 1994).

A comparison of the GIMMS, Global Vegetation Index
(GVI), and the PAL data sets has been conducted by Brown and
colleagues (unpublished data). Although each data set origi-
nates from the same AVHRR archive, derived from seven
different instruments onboard the NOAA meteorological
satellites, different processing techniques have improved upon
previous versions of the derived products. The enhanced
GIMMS data set allows large-scale and long-term vegetation
change research, extending the shorter observational period of
data provided by more modern satellite platforms (MODIS,
SPOT-VGT). The various processing techniques address
radiometric calibration, geographic navigation, satellite orbital
drift and other environmentally driven factors. Brown and
colleagues note systematic errors in the PAL data set, which
were most apparent in the 1983—1985 and 1991-1994 time
periods (Brown pers. comm.). These issues make monitoring of
longer-term vegetation trends less reliable than those derived
from the GIMMS data set. We conducted our analyses with both
data sets in order to qualitatively examine the differences
between them, as well as to provide results comparable with
previous analyses based on the PAL data. The GIMMS-G data
are available to the scientific community (e.g., through the
Global Land Cover Facility, http://glcf.umiacs.umd.edu).

There are several advantages to using composited NDVI
data sets, including the reduced effects of variable cloud cover,
solar and viewing geometry, and atmospheric degradation of
the surface reflectance signal (Holben, 1985; James & Kalluri,
1994; Goetz, 1997). Although the GIMMS-G data are of

Table 1
Summary of the PAL and GIMMS AVHRR-GAC NDVI data sets
Period of Temporal Source
coverage resolution
PAL 1981-1997  Pseudol0 http://daac.gsfc.nasa.gov/landbio/

day Pathfinder_Prog.shtml
Biweekly http://gimms.gsfc.nasa.gov or http://
glef.umiacs.umd.edu/

GIMMS  1981-2003

improved quality over previous versions of the AVHRR
record, attenuation by clouds and aerosols might not be
completely ameliorated by image compositing. Kasischke and
French (1997) indicated that the issue of cloud or haze
contamination might still be evident in the NDVI record after
image compositing. In order to minimize these effects, we
scaled the NDVI values by first extracting the maximum value
for each pixel in the entire NDVI time series, calculating 95%
confidence interval of the maximum values for each pixel, and
creating a ‘saturated’ estimate of NDVI (i.e., NDVI=1.0).
NDVI values were then linearly scaled between the minimum
and maximum NDVI values (i.e. NDVI/saturated value) so that
any values outside the 95% limits were set to the minimum or
maximum value, as appropriate. This has the effect of reducing
outliers associated with sub-pixel clouds and the other residual
data issues identified by Kasischke and French (1997) and
others (e.g., James & Kalluri, 1994; Prince & Goward, 1995).
Output NDVI for each image in the time series was then
calculated as the observed NDVI value relative to the derived
maximum (saturated) value, and the data sets were clipped to
the extent of North America (Fig. 1). Whereas this approach
does not account for spectral mixing that can occur over the
64-km? AVHRR pixels, it has the advantage of consistently
scaling the observation to remove residual artifacts while
permitting the original NDVI values to be backed out of the
calculation, and the approach does not make assumptions of
attributes associated with land cover types, canopy structure,
spectral properties, shadowing, or other factors than determine
NDVI in boreal forest canopies (Chen, 1996; Goetz & Prince,
1996; Huemmrich, 2001; Hyer & Goetz, 2004).

It is generally accepted that the maximum NDVI composites
over the 10-day or biweekly time period represent an estimate of
chlorophyll density and potential photosynthetic capacity of
green vegetation. At coarse spatial scales (grain sizes) and
shorter temporal scales, NDVI is most closely related to gross
photosynthesis rather than net production in areas dominated by
woody vegetation (e.g., forests) (Goetz & Prince, 1999; Turner
et al., 2003). However, because this continues to be an area of
active research, and some debate, we refer to NDVI here as
simply a metric of canopy light harvesting by photosyntheti-
cally active vegetation.

3.1.2. Canada large fire database

We used the Large Fire Database produced by the Canadian
Fire Service (Stocks et al., 2002). The data set is a polygon
coverage that contains burned area information dating from
1980 to 1997 and is the only such database of historical fires in
Canada with sufficient temporal and spatial detail for consistent
historical analysis (digital data are not yet released for fires after
1997). The official record of wildland fires in Canada dates back
to 1918, but it is only in recent decades that the use of remotely
sensed imagery has permitted consistent use of the data set
(Murphy et al., 2000). Where digital information was not
available, burned area polygons were hand digitized using fire
management agency and Parks Canada maps. Only fires greater
than 2-km? were included in the database, but these account for
97% of the total area burned (Stocks et al., 2002).
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Fig. 1. An excerpt from the GIMMS AVHRR data set, showing mean NDVI at 64 km? resolution for North America in the year 2000. Burned areas (>64km?) from the
Canadian Fire Service Large Fire Database are overlaid in red. Samples of unburned areas, shown in blue, are visible in the map inset. The black pixels include water

and no data.

The burned area and NDVI grids were co-registered to an
Albers conic equal-area projection. The year of the fire event for
each burned area polygon was translated to the attribute data,
and unique coverages were created of the fire events for each
year in the AVHRR time series.

3.1.3. Ecoregion classification

An ecoregion data set produced by the Ecological Mapping
Analysis and Protocols (EcoMAP) project was acquired
through the GeoGratis web site of the Natural Resource
Department of Canada (http://geogratis.cgdi.gc.ca/clf/en). The
ecoregions were defined using maps depicting climate,
physiography, and existing ecological information, and each
was provided a particular identification based on a prominent
physiographic characteristic. Data are aggregated at four levels
with the broadest level, ‘Eco-zones’, partitioning Canada into
15 generalized physiographic areas. The most detailed level,
‘Eco-districts’, stratifies 1021 areas of relatively homogeneous
biophysical characteristics. We used the third level, defined by
194 ecoregions providing the detail necessary to bin burned
areas into physiographic categories, while still being broad

enough to encompass the coarse 64-km? data derived from the
NDVI time series.

3.2. Development of stratified NDVI time series

Our approach to analyzing the NDVI time series in the
context of fire history and the ecoregion data sets described
above is outlined in Fig. 2. For each year in the burned-area time
series we subset those fires that were greater than 64km?, ie.,
large enough to contain a single NDVI pixel. Furthermore, burn
scars that had a circularity ratio (maximum length to width) that
did not allow the coverage of an entire 64-km? grid cell were
also screened and omitted. The circularity ratio allowed
irregularly shaped fires, for instance, long narrow fires along
drainage basins, to be omitted from the database even if the area
was greater than 64km?. The remaining burned area boundaries
were then converted to a gridded (raster) format with resolution
comparable to the NDVI data (64km?). We refer to the resulting
burned area masks used for sampling and extracting NDVI
statistics as sampling schemes. Four sampling schemes were
tested, as depicted in Fig. 3: (1) the original polygon
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Fig. 2. Flow chart of the overall approach used to assess the AVHRR time series data sets in the context of fire history and Canadian ecoregions.
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Fig. 3. Graphic representation of burned area buffering used to increase the
sample size from just polygon centroids while avoiding mixed pixels at the
edges of fire polygons. Line vector data were rasterized to 64km? grid cells to
match the AVHRR data. In some cases, the internal buffering caused small fires
to disappear during the gridding process. In our final analysis we combined the
single cell and interior buffered sampling schemes.

boundaries; (2) a buffered version of one excluding areas less
than one pixel (8 km) of the burned area boundaries; (3) a single
cell within each burned area boundary represented by the
polygon centroid; (4) a combination of both the interior buffered
and the single cell sampling schemes (although not shown in
Fig. 3, this scheme is the physical union of schemes two and
three).

Each scheme provided a different representation of the
burned area data set to characterize the temporal characteristics
of NDVI across the burned areas of Canada between 1981 and
1997. We report here only on the outcome of sampling scheme
number four, which incorporates the outcome of numbers two
and three, and provided the largest sample sizes (after scheme
number one, which included unburned vegetation at fire
boundary edges). We believe this approach best represented
the variability both within and between burned areas, as
discussed later. Because the boundaries of the burn scars were
less well defined when represented as 8-km grid cells than in
their original (polygon) format, the adopted approach provided
representation of all fires greater than 64km? but avoided errors
associated with edge pixels that were a combination of burned
and unburned areas. It further modified the use of a single cell
(centroid or “most impacted”) to represent fires, which cannot
account for the heterogeneity of regrowth within burned areas
resulting from differences in fire severity, edaphic conditions,
pre-burn vegetation, and so on. Finally, the buffering approach
had the effect of accounting for the issue of navigation errors in
the AVHRR mapping without our having to arbitrarily select a
minimum window size.

Lakes and other water bodies were removed from consid-
eration, using a surface water data set for Canada (http:/www.
esri.com/data/datacd04.html), before calculating and aggregat-
ing the NDVT statistics across the various sampling schemes.
We visually inspected the effectiveness of this approach using
higher resolution Landsat imagery (900m?). We also screened
the results to consider the shape of each burned area polygon so
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that centriods outside of the polygon boundaries were removed
from consideration.

We then developed a GIS protocol to run within the ESRI
ArcGIS environment to summarize and analyze the NDVI
values within the burned area boundaries for all fire years
(1981-1997). This procedure ran an iterative process that
selected a single fire year and calculated the mean per-pixel
NDVTI for all 540 15-day periods in the GIMMS 225-year time
series (July 1981 to December 2003). NDVI anomalies were
expressed as departures of each of the 15-day periods from the
22's-year average. All fire years were selected consecutively
and NDVI statistics were created for the time prior to fire
(excluding the 1981 fires which take place at the beginning of
the NDVI time series), year of fire, and recovery. A cubic
smoothing spline was fit to the anomalies in order to visualize
interannual trends (Chambers & Hastie, 1992). We analyzed all
years but focused on three episodic fire years, 1981, 1989, and
1995, which burned large areas and spanned a range of
ecoregions. NDVI time series were also created for the PAL
data set, but the results reported here focus on those of the
updated GIMMS-G record due to data quality issues with the
PAL data, discussed later.

3.3. Comparison of burned and unburned area anomalies

Because the Large Fire Database does not include all fires,
only the largest, selecting all areas outside of these to represent
unburned areas would have incorporated smaller fires and other
disturbances, complicating our attempt to isolate and compare
unburned and burned areas. Instead, we created a time series of
NDVI estimates for a sample of unburned areas (i.e., areas not
represented in the large area fire database) by analyzing the
coefficient of variation (CV = Standard Deviation/Mean) across
the entire GIMMS NDVI time series. We selected low CV areas
to represent unburned areas in order to identify areas that were
least likely to be influenced by land use, subpixel fires and other
types of disturbance (e.g., insects), or interannual influences of
climate.

A CV grid was created by stacking all the NDVI images and
calculating output statistics for the entire image array, with a CV
value for each grid cell. Low CV values indicated low
variability in NDVI over time. A random sample of points
with low CV values was selected, stratified by ecoregion, to
produce a total sample of unburned area equal to the burned area
of each ecoregion. The selection was weighted by using the
natural breaks or Jenks’ method of classification (Jenks, 1967)
of the CV grid, where the lower the CV values (excluding
water) were most likely to be selected. We note that this
approach also consistently identified high CV areas that
coincided almost entirely with fire disturbance, as identified
by the burned area boundaries, confirming that these areas
experienced the greatest change in NDVI over the observational
period.

Large fire occurrence in Canada during the time frame of this
study was mainly specific to ecoregion, i.e., fires in any given
year were mostly constrained to specific ecoregions and could
be adequately segregated on an ecoregion basis. For instance,

fires in 1981 occurred mostly in the Slave River lowland of
Northeastern Alberta, whereas in 1989 most fires occurred in
the Northwestern Quebec, central Manitoba, La Grande Hills,
and Hayes River Upland ecoregions. Of the 194 ecoregions
across Canada, 67 contain burn scars from fires that occurred
between 1981 and 1997. We used this observation to
concentrate on comparing burned and unburned areas across
ecoregions in the episodic fire years (1981, 1989, and 1995),
thus accounting for the regional dynamics of fire activity
throughout the time series. Otherwise, the ecoregions layer was
used here primarily to approximate an equal number of burned
and unburned areas for each fire year.

4. Results and discussion

Over the 17-year record of the fire database that coincides with
the AVHRR record, 1981, 1989, 1994, and 1995 experienced the
highest number of fires (Fig. 4). We chose to focus on the episodic
fire years 1981, 1989, and 1995 because they represent the early,
middle and late portions of the time series, and each included
many fires greater than 64km? (Table 2) that were relatively
constrained by ecoregion. Although 1994 was similar to 1995 in
terms of the number and extent of fires, the 1995 fires were
constrained more tightly by ecoregion, which facilitated compar-
isons of burned and unburned areas.

4.1. Burned area assessment

Due to the spatial resolution of the AVHRR data sets, it was
only possible to assess fires that burned more than 64km? (44%,
70%, 62% of all the fires in 1981, 1989, and 1995 respectively),
and this selection was further reduced when the burned area
edges were buffered (Fig. 4) as described earlier. There were
882 cells from all 1995 burned areas. By subtracting all the fires
smaller than a single grid cell (64km?) the number of cells
within the burned areas was reduced to 551 (62.4%). Further,
after interior buffering eight km from edges the sample was
reduced to just 60 cells (6.8%). In comparison, selecting a single
grid cell for each 1995 fire produced 55 cells (6.2%). Thus the
interior buffering process roughly doubled the burned areas
sample size as compared to only sampling the centroids. This
provided a good trade off between capturing the variability of
the fires while limiting the amount of relatively invariant
vegetation at the edges. In 1995 this amounted to a total area
encompassing 6976km?. Most other years produced a compa-
rable number of buffered cells as the simple polygon-centroid
approach (Fig. 4), even though the total number of fires selected
was often reduced through the buffering process. Comparable
sampling for 1981 and 1989 produced 75 and 226 cells,
respectively, representing areas of 4800km? and 14,464 km?.

Our sampling scheme was designed to increase the number
of cells that characterize the burned area, which was
accomplished as noted above, and thus allowed us to better
represent the spatial variability both within and between burned
areas. Increasing the number of pixels in the sample
incorporated a greater range of variance in the spectral
characteristics of the burned vegetation cover. Visual inspection
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Fig. 4. The number of grid cells per sampling scheme used in aggregating the ND VT statistics in our time series. The final statistics were derived from a combination of

the single cell and interior buffered sampling schemes.

of the burn coverage showed that much of the edge area in a
given burn scar tended to include non-forest pixels including
boundaries where fires did not spread due either to topography
(e.g., ridges and coves) or land cover (e.g., marshes and barren
land). We succeeded in decreasing the number of these edge
areas that were substantially mixed in terms of burned and
unburned vegetation, but the area within burn polygons had
clearly varying degrees of burn severity, and increasing the
sampling scheme as we have captured more of this variability
than considering only the “most impacted” or centroid pixel
within each fire. The implications of this are discussed in the
following sections.

4.2. Temporal variability

We stratified our selection of unburned areas by ecoregion
(Fig. 5), in a similar manner to that done by Amiro et al. (2000).
These areas, combined with the sample of burned areas, pro-
vided the basis for the time series of NDVI depicted in Fig. 6.
The difference between the burned and unburned areas
represents the response of NDVI values to disturbance over
time, accounting for the influence of interannual variability in

Table 2
Summary of fire statistics for the episodic fire years on which we focused our
analysis

Year  Number of fires  Average fire size (km®)  Number of ecoregions
1981 53 454 4
1989 128 420 4
1994 91 435 7
1995 55 637 4

other environmental factors captured in the unburned areas. In
non-fire years, the anomaly differences represent residual
variation in the NDVI signal not accounted for by ecoregion
stratification, synoptic-scale climate, or disturbance. The
anomaly difference showed dramatically reduced NDVI at the
time of the fire for each of the three episodic fire years. The 1981
fires were characterized by a gradual period of recovery to pre-
fire levels over more than a decade. Both 1989 and 1995, in
contrast, displayed a sharp drop in the NDVT at the time of the
fires, followed by a recovery to pre-burn levels within about five
years. These recovery rates are more rapid than the typical 9-year
recovery time noted by Hicke et al. (2003) in their observation of
NPP trends following fire across boreal North America. The
differences might be at least partly associated with our
consideration of the entire suite of areas within burned areas
rather than the most impacted pixel, and also our use of NDVI as
a proxy for gross photosynthesis rather than NPP estimated from
the NDVI and energy conversion terms (light use efficiency).
Both these approaches (considering the entire burned area, and
the most impacted pixel within it) might provide insight into the
recovery of vegetation following fire, as well as attributes of
ecological response to the intensity of disturbance and
associated carbon sequestration rates. We report on differences
in recovery times between ecoregions in the next section.

The comparison of the burned and unburned area
anomalies for the period before the burn took place (i.c.,
“pre-burn”) reflects temporal variability of NDVI that is
related to differences between the sites, yet unrelated to recent
fire disturbance history. We analyzed the variance of the
anomaly differences in data from the 1989 fire (Fig. 6b) for
the seven years before the fire (1982—1989) and from 1995 to
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Fig. 5. Map showing 194 ecoregions across Canada and a sample of unburned areas for three episodic fire years (1981, 1989, 1995). Most fires were constrained to a
few ecoregions each fire year, thus a subset of ecoregions is highlighted here. The sample of unburned areas, shown as black dots (pixels), was derived for comparison
with burned areas using an equal-area coverage of burned and unburned areas per ecoregion.

2002 (allowing a five year recovery to pre-burn NDVI levels).
There was very little difference in the way that pre-burn and
unburned areas responded to variations in forcings other than
disturbance. Following the burn, however, variance appeared
to increase. We tested this by stratifying the NDVI anomalies
for pre-burn and post-burn periods (i.e., subsetting 1982—1989
and 1995-2002, respectively) into seasons, and found that the
variance increase occurred primarily in the early spring
months (March, April, and May), with a pre-burn variance
approximately double the post-burn variance (5.79x 102 pre-
burn to 10.74 x 10~ 3). We performed an F-test to compare the
variances and found the pre-burn and post-burn spring
variance to be significantly different, rejecting null hypothesis
that the true ratio of variances is equal to one (F=0.54, df=41,
p-value=0.05). In the unburned (control) areas, pre-burn
spring variance was 2.5x 10> compared to post-burn variance
of 3.5x10 %, which was not significant under an F-test
(F=0.40, df=41, p-value=0.27). Thus variance did not
systematically change in unburned areas, but increased
significantly in burned areas, and this increased variance
was particularly pronounced in the spring months.

This observation of increased post-fire variability might
reflect different vegetation (e.g., herbaceous and shrub versus
forest) responses to temperature or precipitation variability
(Xiao & Moody, 2004). The effect persisted after the recovery
period, indicating that even after grasses, shrubs and saplings
reestablished, they were still more likely to respond differen-
tially to factors such as precipitation owing to, for instance,
rooting depth (Kasischke & French, 1997). We were unable to
make this comparison for the 1981 and 1995 burns because we
lacked the appropriate time span for pre-burn and post-burn
assessments. We also note that the seasonal difference in
variance may support our qualitative observation that vegetation
regrowth appears to be somewhat out of phase with the
comparable unburned areas. In other words, burned areas
appear to “green” more quickly than unburned areas, which
might indicate compositional differences. A common example
of this in boreal areas is deciduous regrowth (aspen and willow
species) colonizing burned areas that were previously evergreen
vegetation (black and white spruce), and this occurs more
frequently on areas that have been more severely burned
(Greene et al., 2004; Johnstone & Kasischke, 2005). We intend
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Fig. 6. NDVI anomalies (departures from full series mean) for the burned areas, unburned areas, and the difference of the two for fire years (a) 1981, (b) 1989, (c) 1995.
Each was derived from the GIMMS-G data set. The solid line indicates a smoothed cubic spline fit to the data to highlight inter-annual trends.

to focus further on these observations in future work and
incorporate, where possible, differences associated with spatial
variability in apparent fire severity. We note here only that large
within-fire variability in burn severity is common across burned
area of boreal forest, and that we attempted to capture this
variability by incorporating as large a sample size as possible,
subject to the constraints described in Section 3.1.

4.3. Local to regional scale variability

The location of the majority of the fires in 1995 were in
ecoregions within close proximity to the 1981 fires (the upper
Canadian Rockies, northern Alberta, Saskatchewan, and
Northwest Territories), but the 1989 fires were more
widespread and covered different types of ecoregions
(southern and central Manitoba and western Quebec Pro-
vinces). This might be related to differences in fire conditions
and severity between years, as well as differences in fire
regimes between ecoregions. Comparison of two distinct
ecoregions with a large number of fires in 1989, one
dominated by conifer forest (Hayes river upland) and one
with equal components of conifer and transitional forest (i.e.,
less than 10% forest cover) (La Grande Hills), indicated a
similar recovery period following disturbance (Fig. 7). Hicke

et al. (2003) noted differences between ecoregions in NPP
recovery following fire, which one might expect between
vegetation types and their response to disturbance. Amiro et
al. (2000) also noted ecoregion differences in NPP following
fire, particularly between forest and tundra dominated
ecoregions. These observations are also consistent with recent
differences in growth trends noted across boreal North
American (Bunn et al., 2005; Goetz et al., 2005). Nonetheless,
while the magnitude of NPP differs between ecoregions, even
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Fig. 7. Difference of the NDVI anomalies and unburned area anomalies for the
Hayes River Upland and the LaGrande Hills ecoregions in Canada. Both
ecoregions had a high number of fires during 1989.
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Table 3

Rank correlation between coefficients of variation in the anomalies of GIMMS
NDVI for areas within the buffered burned area boundaries, for each of three
episodic fire years

Year Average low CV  Average high CV  Correlation Sample
coefficient size
1981 0.53 0.69 0.73 53
1989 0.62 0.72 0.94 105
1995 0.52 0.63 0.88 58

Low CV values are associated with less severely burned areas, whereas high-CV
values are indicative of more severe burning (i.e., most impacted). Areas burned
are as indicated in Table 2. All correlation coefficients were significant at the
£<0.0001 level.

in their recovery following disturbance, our results indicate
that the time for vegetation cover to reestablish was similar
between the ecoregions on which we focused. This similarity
may be a result of the early colonization of fire-disturbed areas
by grasses and other herbaceous vegetation types, which are
then gradually replaced by woody plants (Amiro et al., 2000;
Johnstone et al., 2004; Zimov et al., 1999).

Because the fire database includes only large fires, variability
within fires can be as great as between them. To examine this
more closely we visually inspected Landsat Thematic Mapper
imagery for some of the burned areas. These revealed that not all
of the fires were contained within forested areas, but crossed into
grassland, peat bogs, and fens. Assuming that these land-cover
types burn at different levels of severity associated with surface
conditions and fuel loads, and also that they recover differently
from fire disturbance, the NDVI anomalies and recovery times
reflect the whole ecosystem response to the heterogeneity of fire
behavior. Further, interannual variations in vegetation activity
associated with climate could influence regrowth rates and
patterns (Bunn et al., 2005). For example, a cold wet spring in a
year following a fire might reduce the ND VI values in the burned
and unburned anomalies. It is important to consider these issues
of climatic variability, as well as associated spatial variability in
fire severity, when interpreting vegetation recovery rates and
patterns.

Further indication of this within-fire versus between-fire
variability was provided by a comparison using growing season
values for each 15-day AVHRR interval for all fires in 1995,
where we averaged all pixels within buffered burned areas and
also averaged values for each burned area first and then averaged
across all fires. The comparison indicated that either method
(averaging all burned area pixels or averaging across burned
areas) produced essentially the same result (R*=0.99,
slope=0.90, standard error=0.012, p<0.0001). The derived
NDVI values ranged the full spectrum between 0.2 and 0.8,
averaging ~0.58. Similar results were noted for the 1989 burns
(R2=O.99, slope=0.93, standard error=0.01, mean=0.41,
»<0.0001). This result indicates that our sampling scheme of
incorporating all eligible pixels across all burned areas was not
significantly different than first averaging the values within
and then across all fires (e.g., 1995 fires), as well as confirming
that within and between fire variability was comparable across
the region. The most robust test of this was the 1989 fires,
which were characterized by one very large fire in northern

Manitoba and many smaller fires more evenly distributed across
the region.

Finally, we compared coefficients of variation in the time-
series anomalies for each pixel within each buffered fire
boundary, in order to focus more closely on within-fire
variability associated with burn severity. We estimated this
with the same approach used to select unburned areas, i.e. areas
with low CV values through the time series, and compared these
with high CV pixels (areas likely to have burned more
severely). The results indicate that there was substantially
different information captured when considering all pixels
within a fire versus only those most impacted by fire (Table 3).
Correlation coefficients between the anomaly CV values ranged
from 0.73 in 1981 to 0.94 in 1989, indicating that within-fire
severity was less heterogeneous in 1989 than in the other
episodic fire years. We note that all of the derived CV values
within fire boundaries were substantially higher than the
comparisons with unburned areas, as expected for areas that
experienced some degree of burning, and they indicate that
within-fire variability in the CV values was associated with
differences in burn severity.

4.4. Comparison of the GIMMS and PAL data sets

The two AVHRR data sets yielded different results in NDVI
dynamics over time within the burned area boundaries. Analysis
of the departure from the mean (anomalies) showed a sharp
decline in mean NDVT for both the PAL and GIMMS data sets in
the 1981 and 1995 burned areas (not shown), but in 1989 there
was only a slightly negative NDVI anomaly in the PAL data
whereas the GIMMS record captured a large negative anomaly
(Fig. 8).

The PAL data systematically estimated higher NDVI than the
GIMMS data set, and this carried through to the calculation of
NDVI (Fig. 9). Because the PAL data set was produced as 10-
day composites, and the GIMMS was biweekly, comparisons of
results was based on differences smoothing splines fit to the two
time series (Fig. 8). There were substantial differences between
the NDVI time series derived from the two data sets, with the
GIMMS data more clearly capturing the reduction in NDVI
associated with disturbance events. If the GIMMS data more
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Fig. 8. Difference of the burned and unburned area NDVI anomalies for 1989,
derived from both the GIMMS-G and the PAL data sets. The GIMMS data set
more clearly captures the fire disturbance and recovery trajectory.
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Fig. 9. Comparison of the Pathfinder Land NDVI and the GIMMS-G NDVI data sets. Both images are the same date and location, late July, 1991. Significant banding,
‘noisy’ areas, and systematic over estimation of NDVI values are common among the Pathfinder data.

accurately characterized the reduction in NDVT at the time of
the fire, it is logical to assume that it is also capturing the
recovery trajectories that followed.

Discrepancies between the two data sets were apparent
when the time series data were animated as a video sequence.
Some years in the PAL data set displayed large areas of noise
(nearly random data values), as well as ‘banding’ associated
with orbital paths (Fig. 9). The GIMMS data set had fewer ‘no
data’ pixels, which were abundant in the PAL data. These
artifacts in the PAL data were most evident in Alaska and
Northwest Canada, yet were also noticeable in parts of Quebec
and the Canadian Rockies. The noise problem was particularly
evident in the later portion of the growing season. Similar
observations were noted and quantified by Brown et al. (pers.
comm.), but a more detailed assessment of differences
between the data sets is beyond the scope of the current
study. It would require interpolating the 10-day PAL to the 15-
day GIMMS time step, or otherwise recomputing the
composited data to a common time interval. It might also
require deconvolving or reproducing the various corrections
made to each time series data set. Users of the PAL data set
should be aware of these issues, which influence its merits
relative to more recent modifications inherent in the GIMMS-
G data set.

Related work monitoring fire disturbance in boreal forest
vegetation suggests that spectral vegetation indices derived from
SPOT VGT data better reveal the complexity of vegetation
regeneration patterns following fire, owing to better geometric
fidelity and spectral properties (Fraser & Li, 2002; Mollicone et
al., 2002). These data sets take longer to saturate following fire,
and are sensitive to strong visible light absorption by the char
combustion products of fire before regeneration occurs. We note

some potential evidence for this in Fig. 6, just before the
vegetation regrowth ensues. A fuller analysis of these observa-
tions might include assessments with finer spectral resolution
imagery, and stratifying the vegetation types within each
ecoregion, perhaps with higher spatial resolution imagery or
land cover data, and comparing recovery times between
vegetation types.

5. Conclusion

The AVHRR time-series data sets used in this study provide
metrics of canopy light harvesting and photosynthetic activity
over the past two decades across large areas. Our goal was to
examine two interpretations of the AVHRR NDVI time-series,
the Pathfinder-Land (PAL) and the GIMMS-G data sets
(64km?), in the context of large fire disturbances in the boreal
forest ecosystems of Canada. We have shown the efficacy of
using these data sets to track depletion and regrowth of
vegetation, and to assess spatial and temporal variability
changes both before and following fire disturbance. Although
all of the fires were spatially heterogeneous, enhanced sampling
of burned areas using a buffering and filtering scheme allowed
us to focus analysis on only those fires which met criteria than
minimized mixed pixels at the edges of identified burned areas.
This, in turn, allowed us to make use of both the GIMMS and
PAL data sets for evaluating the impact of the fire disturbance
on NDVI through time.

We analyzed all fire years from 1981 through 1997 but
focused our analysis on three episodic fire years — 1981, 1989,
and 1995. All three years showed a significant departure from
the series mean NDVI values at the time of fire disturbance. By
coupling this information with similar statistics aggregated from
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unburned areas in the same ecoregions for each fire year, we
were able to account for variations in the mean NDVI value
over time that resulted from factors other than fire disturbance.
Our results indicated that fire disturbance was distinct when
compared with unburned areas, and that accounting for the
temporal variability of NDVI within unburned areas aided the
definition of recovery times to pre-burn levels, which typically
took five years or more following fire. These results support
earlier work (Amiro et al., 2000; Chen et al., 2003; Hicke et al.,
2003), but the observed recovery rates were shorter than
previously noted. This observation is likely due to our
accounting for spatial variability within burned areas rather
than focusing on the most impacted areas. Both of these
approaches (i.e., all areas of varying burn severity, and only the
most impacted) provide insight into the recovery of vegetation
following different intensities of fire disturbance.

Our results also indicated changes in NDVI pre-burn versus
post-burn, the latter following recovery to pre-burn levels,
which we suggest are associated with vegetation compositional
changes following fire. This finding is consistent with the
establishment of pioneer species dominated primarily by
herbaceous vegetation and sparse woody shrubs and saplings.
Finally, the results emphasize the utility of the reprocessed and
newly released GIMMS-G data set (Brown et al., 2004), which
better characterized the impact of fire disturbance and recovery
of canopy NDVI that followed, while permitting refined
comparisons of changes in burned versus unburned areas, and
pre- versus post-burn variability through time.

Continent-wide monitoring of vegetation response to fire
over time can be an effective ingredient for climate and carbon
system models (Bunn et al., 2005; Goetz et al., 2005). The
characteristics of forest canopy recovery from fire and its
influence on carbon sequestration are rich avenues for future
research, particularly in fire-dominated systems such as the
boreal biome. This work will be used as a baseline for time
series analysis of boreal vegetation dynamics across North
America, incorporating data sets derived from the MODIS
(Moderate Resolution Imaging Spectroradiometer) and
NPOESS (National Polar-Orbiting Operational Environmental
Satellite System) satellites into a consistent monitoring system.
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