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Highlights: 2 

 We develop and apply a Landsat time series methodology for spectral recovery 3 

 East & West Ca. Boreal Shield section’s disturbance/recovery trends are 4 

compared 5 

 Disturbance and recovery trends are different in each Boreal Shield sections 6 

 Differences in recovery are apparent from spatial tabulation of recovery rates  7 

 Selection of spectral index affects the characterization of recovery through time 8 

 9 

 10 

Abstract:  11 

Monitoring forest recovery following disturbance is important for both forest 12 

management as well as assessing possible climate change impacts on forest dynamics. 13 

To do so, an improved understanding of forest recovery processes and their 14 

relationship to remotely sensed spectral measures of recovery is required. Our objective 15 

in this research is to develop and apply a methodology for using Landsat time series to 16 

characterize forest recovery using spectral recovery trajectories. We focus our efforts in 17 

the Canadian Boreal Shield ecozone where a known geographic east to west distinction 18 

in disturbance regimes remains to be quantified. Results show that forest recovery 19 

following a stand replacing disturbance is detectable and quantifiable using a dense 20 

Landsat time series of spectral reflectance.  All Tasseled Cap indices were found to 21 

capture an element of forest recovery following disturbance, with Wetness offering 22 

additional information on increasing vegetation structure and complexity. Tasseled Cap 23 

component trajectories of recovery show clear differences in both disturbance detection 24 

and forest recovery across the east and west Boreal Shield sections. The Cohen’s d 25 

similarity metric indicated large differences (d > .08) in Wetness and Greenness-based 26 

spectral recovery trajectories when comparing the two Boreal Shield sections with the 27 

East Boreal Shield having markedly more above average recovery (+2 std. dev. from the 28 

mean) than the West.  Based on our spectral recovery results, we also observe that forest 29 

recovery varies over the entire ecozone and is different between the east and west 30 

Boreal Shield forests31 
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Introduction:  32 

While variable based upon definitions, Canadian boreal forests represent about 30% of 33 

global boreal forests (Brandt et al. 2013, NRCan 2014). Wildfire is the primary 34 

disturbance agent in boreal forests, though insect infestation, windthrow, harvest, ice 35 

and snow related damage are all additional factors that can also occur with varying 36 

spatial pervasiveness and severity (Johnson 1996, Payette 1992, Brandt et al. 2013). 37 

Long-term averages indicate that wildfire occurs over approximately 2,000,000 hectares 38 

per year in Canada (Stocks et al 2002) with the most common being stand replacing 39 

crown and severe surface fires (Heinselman 1981). This fire regime has led to boreal tree 40 

species being well adapted to these fire disturbances, and often depending on fire to 41 

release the growing space from constraints imposed by the overstory (Oliver and 42 

Larson 1996, Brandt 2009, Bonan and Shugart 1989). As a consequence the boreal forest 43 

is a patchwork of forest structures, types, and ages, which is critical to maintaining the 44 

diversity and sustainability of the Canadian boreal zone (Bonan and Shugart 1989, 45 

Heinselman 1981).  46 

 47 

The Canadian boreal can be stratified into ecozones which provide a spatial framework 48 

of ecologically homogenous units delineating distinct areas based on biophysical factors 49 

(Ecological Stratification Working Group 1996, Wiken 1986). The Boreal Shield ecozone 50 

is the largest unit stretching from Newfoundland into northern Saskatchewan with 51 

much of the area inaccessible and in a wilderness state. Despite the reported 52 

homogeneity of this ecozone, studies have suggested that the ecozone could be split 53 

along an east / west divide based on a number of distinct factors. Kurz et al (1992) 54 

suggested the ecozone be split due to differing ecoclimatic conditions. Kull et al (2006) 55 

split the ecozone citing colder and drier climes in the western section than the east. To 56 

characterize fire in the Canadian boreal forest, the ecozone was divided into eastern and 57 

western sections by Stocks et al (2002). Likewise, citing differing climatic patterns and 58 

forest processes, Andrew et al (2012) divided the Boreal Shield into two separate 59 

sections to aid their analysis of protected areas in Canada’s boreal zone. 60 

 61 

As a result of differing levels of accessibility (Andrew et al 2012), large areas of the 62 

Canadian Boreal Shield are not subject to direct anthropogenic influences with up to 63 

35% and 40% of the forested East and West Boreal Shield ecozone sections not subject to 64 

any forest management practices (Shvidenko & Apps 2006, Wulder et al 2007). Thus the 65 

Boreal Shield can be further divided into two management zones: a generally southern 66 

managed portion that enjoys a relative wealth of descriptive data, and a generally 67 

northern unmanaged section that is less well characterized. The different management 68 

zones create a divide in forest information, which leaves a large part of the ecozone 69 

uncharacterized. The lack of spatially explicit forest information for more than a third of 70 
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the ecozone is a problem when assessing both current and future climate change (Price 71 

et al 2013). Increased productivity in temperature limited predominantly eastern boreal 72 

areas (Boisvenue and Running 2006), and increased quantity and severity of wildfire 73 

disturbances in drier western boreal areas (Flannigan et al 2005) is expected, 74 

highlighting the need for disturbance mapping and monitoring of the subsequent 75 

return of vegetation. 76 

 77 

Remote sensing technology has demonstrated the capacity to monitor large areas and 78 

can offer marked insights into how different regions are potentially changing, both in 79 

terms of pressures on disturbance regimes as well as the subsequent recovery (Powers 80 

et al, 2015, Beck and Goetz 2011, Berner et al 2011, Xu et al 2013, Pickell et al 2014). To 81 

date, emphasis has been placed on mapping forest disturbance using remote sensing 82 

technologies (Eidenshink et al 2007, Guindon et al 2014, Steyaert et al 1997). Although 83 

forest disturbances are well characterized by remote sensing (Wulder et al 2009, 84 

Potapov et al 2008, Kasischke et al 2011, Loboda et al 2012), explicit monitoring of post 85 

disturbance forest conditions for signals of recovery using a remotely sensed time series 86 

of imagery is a relatively recent phenomenon (Griffiths et al 2014, Kennedy et al 2012, 87 

Schroeder et al 2011, Chen et al 2011, Gitas et al 2012). Forest recovery has typically 88 

been defined as the reestablishment of forest biomass, or canopy structure, following 89 

disturbance (Oliver and Larson 1996), making it a process rather than a state, and 90 

therefore observable using time series of remote sensing data (Kennedy et al 2012, 91 

Hermosilla et al 2015, Huang et al 2010, Zhu et al 2012). It is increasingly understood 92 

that characterization of the spectral recovery as observed from remote sensing of a 93 

recently disturbed forest can aid in identifying and monitoring the progression of the 94 

stand towards successful reestablishment and maturation (Schroeder et al 2011). 95 

Interestingly, Frolking et al (2009) identified the need for remote sensing approaches to 96 

examine the characterization of forest recovery to provide forest managers with 97 

valuable information such as successional state (Shatford et al 2007) as well as 98 

informing on regional or temporally varying recovery trends.  99 

 100 

Forest recovery has been monitored using image based time series using a variety of 101 

approaches. The most common, used with varying success, is to develop a time series of 102 

a given spectral index which is then related to biophysical parameters at a range of 103 

spatial scales. (Chu et al 2013). Griffiths et al (2014) assessed variability in forest 104 

recovery both spatially and temporally across political jurisdictions in the Carpathian 105 

by defining spectral recovery as a combination of pre-disturbance spectral index values 106 

and the spectral magnitude of the disturbance. Kennedy et al (2012) defined spectral 107 

recovery as a ratio of the magnitude of the disturbance event to spectral conditions five 108 

years post disturbance and illustrated recovery differences between public and 109 

privately owned lands in the Pacific Northwest of the United States. In the same study 110 



 

5 
 

Kennedy et al (2012) showed that drier areas experienced slower recovery as opposed 111 

more moist areas across management regimes, ownership, and political lines. Thus 112 

meaningful information about forest recovery across large areas can be derived from 113 

remote sensing imagery based time series, providing useful data and facilitating 114 

decisions about forest recovery by managers and researchers alike.  115 

 116 

Landsat time series analysis offers an effective approach to monitor large forested areas 117 

(Hermosilla et al 2015, Huang et al 2010, Zhu et al 2012) like the Boreal Shield ecozone 118 

for disturbances and can enable characterization of the subsequent vegetative recovery 119 

(Kennedy et al 2010). In this research we compare and contrast spectral forest recovery 120 

trajectories following forest disturbance across the east and west sections of the Boreal 121 

Shield ecozone by developing and then applying a methodology using Landsat time 122 

series imagery. To meet this objective we examine stand replacing disturbances and the 123 

subsequent spectral signals of recovery by constructing spectral trajectories of recovery. 124 

These trajectories are then compared to nominally undisturbed forested signals, and the 125 

extent and recovery rate trends examined and compared across the ecozone.   126 

 127 

Study Area: 128 

The Boreal Shield Ecozone (Figure 1) is generally characterized by rolling and hilly 129 

topography with many small lakes, streams and rocky outcrops. A precipitation 130 

gradient exists with higher amounts (1000mm) in the coastal east and less (400mm) in 131 

the more continental west (Urquizo et al 2000, Ecological Stratification Working Group 132 

1996). July average maximum temperatures are 13°C for both sections, however the east 133 

typically has less severe winters with January average minimum temperatures of -1°C 134 

compared to the west with -20°C (Urquizo et al 2000, Ecological Stratification Working 135 

Group 1996). The Boreal Shield ecozone is dominated by forests of black (Picea mariana) 136 

and white spruce (Picea glauca) with the more southerly portions having a wider mix of 137 

broadleaf treed vegetation such as white birch (Betula papyrifera), trembling aspen 138 

(Populus tremuloides) as well as an array of needle leaf species such as white (Pinus 139 

strobus), and red (Pinus resinosa) and jack pine (Pinus banksiana) (Ecological Stratification 140 

Working Group 1996).  As discussed, fire and harvest are the primary agents of stand 141 

replacing forest disturbances (Bergeron et al 2004, Bergeron et al 2000), with fires 142 

occurring more often over larger areas in the west than the east (Stocks et al 2002). Less 143 

common are disturbances caused by insect infestations, wind and storm related 144 

damage, and disease (Urquizo et al 2000).For the purpose of this study we follow the 145 

division of the Boreal Shield ecozone established by Kull et al (2006), who cited the 146 

colder and drier climate in the west resulting in differing forest processes. As depicted 147 

in Figure 1 the ecozone can be divided by southern managed zone, where commercial 148 
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forestry activities are present, and a northern largely unmanaged (non-commercial) 149 

zone.   150 

 151 

Methods 152 

Data 153 

 Landsat 154 

The Landsat World Referencing System (WRS-2) acquisition grid (185 x 185km) was 155 

used to create a stratified random non overlapping sample of Landsat scene footprints 156 

within the Boreal Shield ecozone (Tucker et al 2000,Wulder et al 2001, Healey et al 2006, 157 

Kennedy et al 2010, Masek et al. 2013). Scenes were required to be at least 50% within 158 

the Boreal Shield ecozone, with portions outside of the ecozone clipped from further 159 

analysis. The Earth Observation for Sustainable Development of Forests (EOSD) land 160 

cover dataset was used to mask water bodies and to define areas of forest cover within 161 

the selected Landsat scenes (Wulder et al 2008). Deciduous, coniferous, and mixed 162 

forested type classes from the EOSD were collapsed into one category to create a binary 163 

forest layer, which was then used as a second filter to ensure that scenes were 164 

dominated by forest cover (> 80%). The scenes were further filtered by forest 165 

management zone, removing any scene that was not at least 50% within one 166 

management zone or another; if a scene covered both management zones, it was 167 

clipped to the portion within the largest management zone. Scenes were then randomly 168 

selected from the final candidate pool, while minimizing differences in total area as 169 

possible. Out of a possible 185 scenes covering the Boreal Shield ecozone, a total of 8 170 

Landsat scenes were selected covering over 200,000 km2 or 25 % of the ecozone’s 171 

forested area (Table 1). 172 

 173 

Image Processing 174 

In summary, each Landsat scene was subject to radiometric correction, cloud masking, 175 

yearly compositing, and then temporal segmentation using the LandTrendr algorithm 176 

(Kennedy et al. 2012). Temporal trajectory metrics were then extracted from the 177 

temporal segmentation results and used to characterize recovery following stand 178 

replacing disturbances and compared between the east and west sections.  179 

 180 

Image Selection, Preprocessing, and Compositing 181 

Once selected, the imagery was extracted from the Landsat archive based on two 182 

criteria: (i) an acquisition date within the typical boreal zone growing season (which 183 

corresponds to Julian days 152-243 and the calendar months of June, July, and August); 184 

(ii) cloud cover < 75%. A total of 1220 scenes were selected from the archive. The 185 

distribution of imagery over the years for each scene is displayed in Figure 2.  All 186 

imagery was ortho-rectified and converted to surface reflectance using the Landsat 187 
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Ecosystem Disturbance Adaptive Process (LEDAPS) (Masek et al 2006). A cloud mask 188 

was produced for each image using the Function of mask (Fmask) algorithm (Zhu and 189 

Woodcock 2012). Pixels delineated as cloud, cloud shadow, ice and snow were masked 190 

and not used in the remainder of the analysis.  191 

 192 

An annual time series for each of the eight Landsat scenes was constructed from the 193 

multiple images per year using rules developed by Kennedy et al (2010): i) for each year 194 

a base image was selected based on its proximity to July 19th (Julian day 200), 195 

coinciding with the mid-growing season; ii) all other images in order of their proximity 196 

to July 19th within the same year were then used to fill in any areas that had been 197 

masked in the base image. This compositing process was repeated for each of the 29 198 

years in the analysis period.  199 

 200 

Spectral Indices and Recovery 201 

Recent studies have highlighted differences in spectral recovery depending on the 202 

spectral index examined (Pickell et al 2015, Banskota et al 2014, Cuevas-Gonzalez et al 203 

2009, Epting and Verblya 2005). Frequently used in Landsat time series studies the 204 

Tasseled Cap transformation is a linear transformation of Landsat’s spectral bands into 205 

three orthogonal axes of Brightness, Greenness, and Wetness using published 206 

coefficients (Crist and Ciccone 1984). Previous studies have found that Tasseled Cap 207 

Brightness provides an indication of overall pixel albedo; Greenness provides an 208 

indication of vegetation photosynthetic condition; and Wetness is sensitive to changes 209 

in forest structure (Cohen et al 1995, Collins & Woodcock 1996, Franklin et al 2000, 210 

Franklin et al 2002, Skakun et al 2003, Healey et al 2006).  211 

 212 

After a stand replacing disturbance, the Tasseled Cap Components will have differing 213 

recovery trajectories responding to different properties of forest stands as the recovery 214 

process progresses: 215 

Brightness relates to the general albedo (Crist and Ciccone 1984) of the 216 

land surface and values are typically high after a stand replacing 217 

disturbance and remain high due to the lack of absorption from 218 

vegetation cover and increased exposure of soil and non photsynthetic 219 

vegetation (Banskota et al 2014). Throughout forest stand recovery 220 

Brightness values will reduce with time due to increasing vegetation 221 

cover and subsequent increased absorption of visible and NIR 222 

wavelengths. This reduction in Brightness is typically observed as the 223 

stand reinitiates and growing space becomes increasingly occupied. As a 224 

result Brightness is uniquely suited to detect if a disturbed forest stand is 225 

recovering and if vegetation is re-establishing post disturbance. 226 

 227 
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Greenness contrasts the visible with the near and shortwave infrared 228 

wavelengths. The absorption of visible radiation by vegetation, and 229 

scattering driven by leaf by structure in the near infrared combine to 230 

produce high Greenness values as dense leafy forest canopies develop 231 

(Crist and Ciccone 1984). Low Greenness values are typically due to lack 232 

of photosynthetic vegetation, or vegetation that is under considerable 233 

stress. After a stand replacing disturbance, Greenness would be 234 

anticipated to increase quickly due to its sensitivity to green vegetation  235 

(Pickell et al 2015).  236 

 237 

Wetness was named for its response to moisture content in vegetation 238 

and soils, and relies heavily upon the shortwave infrared bands. High 239 

values of Wetness indicate an abundance of moist plant matter, while 240 

lower values indicate reduced vegetation (Crist and Ciccone 1984). 241 

Changes in forest structure have been related to changes in Wetness 242 

(Cohen et al 1995, Cohen and Spies 1992, Hansen et al 2001), similar to 243 

the changes a forest stand undergoes during the recovery process. As a 244 

forest stand recovers, structure becomes more complex, creating a 245 

denser, moister, and multifaceted canopy with crown shadows, 246 

branching, all of which are reflected by increased Wetness values. Thus 247 

Wetness is well suited to observe forest recovery due to its ability to 248 

detect structural changes over time.  249 

 250 

Throughout the recovery process forest stands undergo many physical changes, which 251 

can be observed using Landsat based Tasseled Cap time series. However, the capability 252 

to detect change is limited over time by the asymptotical nature of reflected radiation 253 

from a closed and dense forest canopy, as passive optical remote sensors can mostly 254 

detect changes on the topmost reflective surface.  255 

 256 

Temporal Segmentation 257 

The LandTrendr temporal segmentation algorithm was used to reduce year to year 258 

noise over the time series and segment the Wetness spectral values into distinct phases 259 

of disturbance, recovery, and no change (Kennedy et al 2010, Powell et al 2010, Frazier 260 

et al 2014). LandTrendr divides each pixel’s time series using an iterative linear fitting 261 

model, establishing breakpoints that define periods of no change, losses, and gains 262 

within a temporal trajectory. Temporal trajectory metrics were then calculated from the 263 

resultant temporal segments (Kennedy et al 2010, Frazier et al 2014, Pflugmacher et al 264 

2012). To detect and isolate stand replacing disturbance events within the time series, 265 

we followed Kennedy et al (2012) and applied thresholds to the largest (>700 change 266 
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magnitude) and most rapid (<3 years) changes in Wetness to identify severe and short 267 

duration fire and harvest stand replacing disturbances. 268 

 269 

Once disturbance events were identified using the Wetness trajectory, recovery 270 

trajectories that follow a disturbance event were isolated and only selected for further 271 

study if they exhibited a positive slope from the disturbance event to the end of the time 272 

period, to ensure second disturbances did not occur. Using the year of disturbance, all 273 

recovery trajectories were then normalized by the year of the disturbance (see 274 

Schroeder et al. 2011). The mean and standard deviation of the three tasseled cap 275 

components was computed annually for all recovery trajectories in the east and west 276 

sections. For comparison, a stable, no change, forest mean threshold and standard 277 

deviation were also calculated from 18,652,249 no change pixels in the eastern section 278 

and 19,443,793 pixels in the western section. 279 

 280 

Finally, each recovery pixel in each year was classified using the annual rate of recovery 281 

into one of five Wetness recovery classes: far above average recovery, above average 282 

recovery, average recovery, below average recovery, and far below average recovery. 283 

The far above average recovery represented values 2+ standard deviations above the 284 

section mean while above average values were between 1 - 2 standard deviations above 285 

the average. The average recovery category was bounded by the ± 1 standard deviation 286 

from the recovery mean. Below average recovery was bounded by 1-2 standard 287 

deviations below the average. Pixels experiencing recovery that was more than 2 288 

standard deviations below the mean were classified as far below average recovery. The 289 

amount of area for each disturbance and recovery category was also calculated as a 290 

percent of the total forest area under observation. 291 

 292 

 Cohen’s d statistic 293 

Traditional statistical significance tests using very large sample sizes can be misleading, 294 

as any small difference would be significant at some level and often unimportant in 295 

terms of causation (Johnson 1999). We required a statistic that did not take into account 296 

our sample size and could determine meaningful levels of difference between our stable 297 

forest signals and recovery trajectory, and then between both East and West Boreal 298 

Shield recovery mean sets. The Cohen’s d statistic (Cohen 1988) can indicate similarity 299 

or difference in datasets regardless of sample sizes. Cohen’s d is a standardized statistic 300 

similar to z-scores, allowing the similarity or difference between two datasets to be 301 

compared. Although not often used in remote sensing applications, Cohen’s d has been 302 

applied in the biological and ecological fields to determine likeness or difference 303 

between samples. Studies have shown Cohen’s d ability to determine differences 304 

between datasets, when traditional significance testing may have shown less than 305 

optimal results (Nakagawa et al 2007, Cavin et al 2013, Wesner et al 2012).  306 
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  307 

To calculate a d value, the means of two separate groups are subtracted and then 308 

divided by the pooled standard deviation as shown in the equation:  309 

𝑑 =
�̅�1 − �̅�2
𝜎𝑝𝑜𝑜𝑙𝑒𝑑

 

where �̅�1 and �̅�2 are the means of two groups, and 𝜎𝑝𝑜𝑜𝑙𝑒𝑑 is the pooled standard 310 

deviation and d is a Cohen’s d value. As described by Cohen (1988) and demonstrated 311 

in further studies (Cavin et al 2013, Nakagawa et al 2007), predefined difference 312 

thresholds set at d values of 0.2, 0.5, and 0.8  indicate small, moderate, or large 313 

differences between two datasets respectively. We utilized Cohen’s d to compare 314 

recovery trends across the Boreal Shield ecozone and to establish the degree of 315 

difference between stable and recovering vegetation, and difference between recovering 316 

vegetation in each Boreal Shield section. 317 

 318 

Results:  319 

Wetness Recovery Trajectories and Cohen’s d Values 320 

After a stand replacing disturbance, Wetness has been shown to increase with time, and 321 

often corresponds to increases in forest structure(Schroeder et al 2010). A positive 322 

Wetness recovery trajectory occurs in both the eastern and western Boreal Shield 323 

sections (Figure 3a). The eastern Boreal Shield initial Wetness value post disturbance is 324 

far below the stable range of no change vegetation, but after 15 years of recovery 325 

Wetness values have increased to be within the stable range.  Wetness values then 326 

continue to increase until the end of the Landsat record when they resemble the stable, 327 

no change vegetation mean. The western trajectory shows a similar trend, reaching the 328 

stable range by year 16, however not exceeding the stable mean during the analysis 329 

period.  330 

 331 

The eastern and western Cohen’s d Wetness recovery trajectories (Figure 3b) indicate 332 

that both sections are initially very different, but end the analysis period with relatively 333 

little or no difference from their stable means. The d statistic for the eastern trajectory 334 

(2.09) indicates a large difference from its stable mean. After 25 years however the d 335 

value recovers to indicate no difference. The western trajectory’s initial d value of 1.3 336 

also indicates a large difference from its stable mean, but again after 22 years the 337 

trajectory crosses into the zone of no change forest. The trajectory ends at a d value of 338 

0.37 indicating that the differences in Wetness of recovering vegetation and stable 339 

vegetation is small. 340 

 341 

When comparing the eastern and western trajectories to each other (Figure 3b) the 342 

Cohen’s d trajectory has an initial value of 0.01 indicating no initial difference between 343 
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the two trajectories immediately following disturbance. After 20 years the recovery 344 

trajectories are markedly different from each other, and the comparison d trajectory 345 

ends at a value of 0.90 indicative of a large difference between the two Boreal Shield 346 

sections. 347 

 348 

A summary of the Wetness, Greenness, Brightness, and associated Cohen’s d trajectories 349 

are shown in Figures 3b-6b and Table 2. Each trajectory’s start, midpoint and end 350 

difference levels and d values are presented for the eastern and western recovery 351 

trajectories, as well as the comparison d trajectory. 352 

 353 

Greenness Recovery Trajectories and Cohen’s d Values 354 

Like the wetness trajectories Greenness recovery is expected to increase as vegetation 355 

returns to the stand, and photosynthetic capability of the stand increases. Both East and 356 

West Boreal Shield Greenness trajectories conform to the expected positive trend 357 

following disturbance (Figure 4a).  The eastern trajectory begins below  the stable mean 358 

and within the stable range, but then quickly increases above the stable mean in the first 359 

5 years. By year 19 recovery Greenness means are above the stable range, with the 360 

trajectory stable at that level until the end of the time series. The western Greenness 361 

trajectory has a very similar trend also starting below its stable range and increasing to 362 

higher than stable mean values after 20 years of recovery, but not exceeding the stable 363 

range by the end of the trajectory.  364 

 365 

Cohen’s d Greenness recovery trajectories (Figure 4b) show similar shapes for the 366 

eastern and western Boreal Shield, but have different d ranges indicating similar 367 

recovery rates but different relationships to their no change stable means. The eastern d 368 

trajectory’s initial value of 0.49 indicates little difference from its stable mean, but after 5 369 

years is not different and after 18 years is within the negative large difference range, 370 

where the trajectory ends with a d value of -1.04 indicating the recovery mean has 371 

exceeded the stable mean. The western d trajectory’s initial d value of 0.90 indicates a 372 

large difference from its stable mean, decreasing by year 17 to be within the no 373 

difference zone, remaining there until the end of the time series with a d value of 0.03. 374 

This suggests that the Greenness signal from recovering vegetation is indistinguishable 375 

from stable mature forest vegetation after 18 years in the western Boreal Shield, 376 

however the eastern recovery trajectory shows more complicated trends.  377 

 378 

The eastern and western Greenness Cohen’s d comparison trajectory initial value of 0.50 379 

indicates moderate difference (Figure 4b) between the two Greenness recovery 380 

trajectories. The d values quickly increase and by year 5 are within the large difference 381 

zone, remaining there until the end at a d value of 1.31. The high comparison d values 382 
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(>0.8) from 4 years  post disturbance until the end of the comparison trajectory indicate 383 

that Greenness recovery is largely different between both Boreal Shield sections.  384 

 385 

Brightness Recovery Trajectories and Cohen’s d Values 386 

As a stand recovers from a stand replacing disturbance Brightness will likely decrease 387 

representing an increase in canopy cover and a reduction in overall albedo. The eastern 388 

Brightness trajectory conforms to this expectation, however the western trajectory 389 

shows no trend (Figure 5a). The eastern trajectory starts above its stable range and ends 390 

above the stable mean. The western trajectory starts within the stable range and remains 391 

there throughout its entire trajectory finishing at similar initial Brightness values. 392 

Differences between the eastern and western trajectories are mirrored in their Cohen’s d 393 

trajectories (Figure 5b). The eastern d trajectory’s initial value of -0.84 indicates a large 394 

difference from the stable mean. The trajectory then crosses into the moderate difference 395 

zone after 13 years and ends within the little difference zone with a d value of -0.49. The 396 

western d trajectory’s initial value of -0.36 is within the little difference zone and stays 397 

within that zone for the remainder of the analysis period with a final d value of -0.48.  398 

 399 

The Brightness comparison Cohen’s d trajectory decreases over time with an initial 400 

value of 0.51 within the moderate difference zone (Figure 5b). After 20 years the 401 

trajectory crosses into the little difference zone and ends with a d value of 0.21 near the 402 

lower bounds of the same zone signalling that recovering vegetation is always 403 

somewhat different between the two sections, however becoming more similar as  time 404 

since disturbance time increases.  405 

 406 

 407 

Areal Disturbance and Recovery Trends  408 

The total yearly area disturbed in the eastern Boreal Shield sample shows a constant 409 

pattern of disturbances between 1985-2000 (Figure 6). Between 2001-2012 there is a 410 

marked increase in disturbed forest area. The western Boreal Shield shows a variable 411 

pattern of disturbance from 1985-2000 when compared to the eastern section, and again 412 

shows an increase in annual disturbance from 2001-2012.  413 

 414 

The breakdown by trend rate for eastern and western Boreal Shield sections are shown 415 

in Figures 8 and 9 respectively as a percent of total forest area. A relatively stable 416 

disturbance trend in the eastern Boreal Shield from 1985 to 2000 is apparent from the 417 

yearly totals (Figure 7). The increasing annual percentage of disturbance is also evident 418 

from 2001-2012. The cumulative and classified recovery categories shown in Figure 7 419 

demonstrates the variability in recovery rate after stand replacing disturbances. Most 420 

apparent is the marked relative increases in the areas that are classified as far above 421 



 

13 
 

average recovery rate, defined as being 2 or more standard deviations above mean 422 

Wetness recovery.  423 

 424 

Variable disturbance trends characterize the western Boreal Shield between 1985-2000 425 

as is evident from the yearly totals (Figure 8). An increasing amount of disturbance 426 

from 2001-2012 is evident as well as an increase in the area undergoing far above 427 

average recovery, similar to the eastern section. Throughout the same period, the 428 

amount of area classified as having an average rate of recovery remains stable from 429 

2001-2012,  at a level of about 0.5% of total forested area of the Boreal Shield.  430 

 431 

Discussion: 432 

In this research we examined the utility of Landsat time series analysis to characterize 433 

disturbance and recovery trends across the boreal forests of the Canadian Boreal Shield 434 

ecozone. We discuss the results under two broad headings: temporal trajectory 435 

considerations and recovery characterization, and then our case study partitioning of 436 

the East and West Boreal Shield. 437 

 438 

Temporal Trajectory Considerations & Recovery Characterization 439 

Forest recovery refers to the reestablishment of key forest biophysical variables 440 

following a disturbance event, and is a process not a state (Frolking et al 2009). Forest 441 

recovery rates can differ due to severity, frequency and type of disturbance, site 442 

characteristics, and climate (Frolking et al 2009, Oliver and Larson 1996, Bolton et al 443 

2015), Post disturbance forest recovery can take multiple pathways including (i) no 444 

recovery (e.g. land use conversion), (ii) recovery towards a predefined stocking or 445 

structure (e.g. plantation forestry), or (iii) natural recovery. Critical to any study of 446 

forest disturbance and recovery, regardless of location, is the rate that forest vegetation 447 

is returning from the disturbance event. However, the multiple ways in which forest 448 

recovery can be defined can lead to confusion when linking recovery to Landsat time 449 

series data. Chief among the concerns is that ecological and silvicultural definitions of 450 

forest recovery are not dependent on the actual presence of a mature forest, but more so 451 

predicated on provision of ecosystem services or emergent characteristics regarding 452 

treed vegetation height and canopy cover requirements.  453 

 454 

Landsat time series can be used to characterize forest disturbance and forest recovery as 455 

shown in this work. The information generated from the Landsat time series aids in 456 

better understanding forest processes. Recovery extent, timing, and magnitude can now 457 

be reported and compared across large areas to inform on regional or temporally 458 

varying trends.  459 

 460 
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The terminology used by Oliver and Larson (1996) when describing forest stand 461 

dynamics is particularly useful when describing spectral forest recovery trajectories, as 462 

it grounds spectral forest recovery in easier to understand terms that are more 463 

generalizable and easier understood by a wider audience than spectral indices.  464 

Oliver and Larson (1996) detail a generally applicable model of forest stand dynamics 465 

briefly summarized here with additional insight on how each Tasseled Cap component 466 

is affected. A stand replacing disturbance opens growing space for new individuals 467 

(Oliver and Larson 1996) causing an increase in albedo that in turn is reflected by 468 

increased in Brightness values. Individuals compete for resources until the canopy is 469 

closed, which causes large increases in Greenness and moderate increases in Wetness 470 

values, and a sharp decrease in Brightness. The stand reduces in density over time and 471 

the canopy increases in height (Oliver and Larson 1996) causing further increases in 472 

Wetness over time. An understory redevelops as growing space and resources are 473 

released by the canopy (Oliver and Larson 1996), which is mostly undetectable to each 474 

Tasseled Cap Index since it is occurring below the canopy. Shade tolerant individuals 475 

grow from the understory into the canopy supplanting dominant canopy species 476 

(Oliver and Larson 1996) potentially causing further change all three Tasseled Cap 477 

indices. The stand is then governed by gap dynamics caused by small disturbances 478 

(Oliver and Larson 1996 until a stand replacing disturbance occurs, which will restart 479 

the recovery process (Oliver and Larson 1996).  480 

While the spectral recovery trajectories described above are simplified archetypes, the 481 

reality will be different as the combined elements that drive recovery (including initial 482 

disturbance severity, perception, and competition) can vary through a stands recovery, 483 

and thus effect the signals of recovery observed using Landsat time series. For example, 484 

the apparent linearity of our recovery trajectories is due to the selection for recovering 485 

stands that experience no further disturbances within our time series. In reality the 486 

recovery process will vary based upon the nature and amount of vegetation present 487 

over the course of forest recovery over time and could result in more complex and 488 

subtlety varied recovery trajectories. The within pixel averaging of the vegetation 489 

conditions will also serve to mute the year-on-year variability in spectral indices 490 

relating the vegetation recovery. Likwise, forest recovery monitoring using passive 491 

optical remote sensing are, by definition, limited to observing changes in reflected light 492 

from forest canopies. Previous efforts have demonstrated the difficulty inherent in 493 

assessing successional state from remote sensing datasets (Song et al 2007, Schroeder et 494 

al 2006, Song et al 2003). As a result, the spectral forest recovery trajectories do not 495 

necessarily directly correspond to changes in forest successional stages or may only be 496 

able to report on a small amount of variation in biophysical variables. Rather spectral 497 

trajectories essentially track the reestablishment of vegetation towards canopy closure 498 

or when the spectral signals of a recovering forest stand resemble that of nearby 499 
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undisturbed vegetation or its previous state before the disturbance occurred (Kennedy 500 

et al 2012, Schroeder et al 2007, Buma 2012).  501 

 502 

In this research we found that less than 1% of disturbed forests in both Boreal Shield 503 

sections showed no signs of recovery, with nearly all disturbed forests showing signs of 504 

recovery within 5 years. This implies that Boreal Shield forests overwhelmingly initiate 505 

recovery processes after stand replacing disturbances. This is in agreement with 506 

previous descriptions disturbance and subsequent recovery as key processes that shape 507 

the patchwork of forest structures, types, and ages critical to maintaining the diversity 508 

of the Canadian boreal zone (Bonan and Shugart 1989, Heinselman 1981).  The spectral 509 

recovery trajectories constructed in this paper depend upon changes in Wetness 510 

through time. The shortwave infrared bands are weighted heavily in the calculation of 511 

Wetness when compared to the visible and near infrared bands (Crist et al 1984). As a 512 

result it is well suited to detecting changes from disturbance events such as fire. If a 513 

disturbance or recovery event produces an observable change in other portions of the 514 

spectrum other than the shortwave infrared, it is possible that this change may not be 515 

detected by the temporal segmentation algorithm. Thus care should be taken when 516 

selecting a spectral index and knowledge of the disturbance types of interest and their 517 

characteristics is useful. It is important to recall this link between the spectral channels 518 

used in a given index (or weight given in a combined index) with what is portrayed as 519 

recovery. An index will likely cross a non-disturbed forest threshold sooner with a 520 

visible and near-infrared driven index than an index driven by longer wavelengths. In 521 

this research, we have been conservative by focusing on the SWIR-driven Wetness 522 

index which has been shown to reflect changes in structural complexity and shadowing 523 

and is therefore more sensitive to the presence of trees, than early successional herbs 524 

and shrubs (Cohen et al 1995, Collins & Woodcock 1996, Franklin et al 2000). 525 

Alternatively, initial increases in vegetated cover are well characterized with shorter 526 

visible and near-infrared wavelengths (as used in Greenness). This more rapid 527 

saturation of the visible and near-infrared driven indices (i.e. Greenness) offers initial 528 

insight that vegetation is present but has less capacity for providing information on 529 

increasing structural complexity (Franklin et al 2000, Franklin et al 2002, Skakun et al 530 

2003, Healey et al 2006).   531 

 532 

Case Study: Partitioning of the East and West Boreal Shield  533 

We were able to characterize forest recovery using Landsat time series, focusing our 534 

work on the known east/west division of the Boreal Shield ecozone. One of the 535 

rationales for splitting the Boreal Shield ecozone into two distinct features was that the 536 

regions experienced different ecoclimatic conditions, disturbance regimes, and forest 537 

processes. Using our temporally segmented datasets describing the disturbance and 538 

recovery trends in the both Boreal Shield sections, we suggest that characteristics of 539 
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disturbance and recovery for the east and west Boreal Shield study areas are also 540 

different, further reinforcing the division of this ecozone.  541 

 542 

The annual area disturbed shows different patterns of disturbance between the east and 543 

the west sections. From 1985-2000 there is a relatively constant area disturbed in the 544 

east. In contrast the west has a much more variable pattern of disturbance over the same 545 

time period (Figure 6). Interestingly, both the east and west show the same increasing 546 

disturbance trends in the 2001-2012 periods, but at differing amounts with more 547 

disturbances in the east than west.  548 

 549 

The recovery trends of most eastern and western spectral indices follow the expected 550 

trend of an initial low value rising over time. However, Brightness trajectories are 551 

anticipated to begin with an initial high value and decrease over time. When the east 552 

and west Brightness section’s trajectories are compared, large differences become 553 

apparent; the eastern trajectory follows a decreasing trend, while the western trajectory 554 

show no clear trend. We interpret this difference as related to the type and 555 

characteristics of disturbance that is most likely occurring. Bergeron et al (2004) 556 

demonstrated that fires are less frequent in the eastern than the western Boreal Shield 557 

and fire size is on average much larger in the west (Stocks et al 2002), which can lead to 558 

more patchiness and mixed severity effects. The clear decreasing pattern of Brightness 559 

in the east implies disturbances that are homogeneous entirely clearing a forest stand 560 

and leaving few if any remnant patches resulting in a uniform recovery signal. The lack 561 

of clear Brightness recovery trajectory in the west implies a more heterogeneous 562 

situation with mixed fire severities leaving more remnant patches that diminish the 563 

Brightness signal through the presence of more vegetation and decreased reflectivity in 564 

the visible wavelengths.  565 

 566 

Spectral recovery trajectory patterns relative to their stable mean also highlight 567 

differences in the east and west sections. For example most eastern trajectories increase 568 

to their stable mean values (e.g. Wetness) and in some cases exceed their stable mean 569 

(e.g. Greenness). In contrast the western trajectories rarely exceed their stable mean, 570 

with most trajectories remaining below the mean throughout the analysis period (e.g. 571 

Wetness). We suggest these spectral recovery differences also relate known patterns of 572 

forest stand recovery between the two sections. After a stand replacing disturbance, 573 

eastern Boreal Shield forest stands have been shown to initiate with regenerating broad 574 

leaf shade intolerant treed vegetation, which have higher Wetness, and Greenness levels 575 

than the shade tolerant conifers that often replace as the stand matures (Bergeron et al 576 

2000, Bergeron et al 2001, Bergeron et al 2007, Chen and Popadiouk 2002). After a stand 577 

replacing disturbance, western Boreal Shield stands typically initiate from the surviving 578 

seedbank and mature towards even aged shade tolerant conifers or more complex and 579 
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layered conifer stands if another stand replacing disturbance does not occur (Bergeron 580 

et al 2000, Brassard and Chen 2006). This pattern is shown in the western Boreal Shield 581 

in the spectral recovery trajectory with lower Greenness, and Wetness values 582 

corresponding to the coniferous dominated re-initiating stand.  583 
 584 
 585 

The classifications of recovery rates show differences between the east and west 586 

(Figures 8 and 9). While both areas show an increase in the above average recovery rate 587 

towards the end of their time series, this is more evident in the east than the west. Also 588 

the amount of average recovery in the western study areas remains relatively stable 589 

from year 14, the midpoint of our analysis period, until the end of the time series, while 590 

the eastern Boreal Shield study areas average recovery increases over the same period 591 

of time.  592 

 593 

The Cohen’s d statistic enabled the direct comparison of recovery patterns between the 594 

eastern and western Boreal Shield (Figures 3b-6b, Table 2). Three of four Cohen’s d east 595 

to west comparison trajectories commence within zones of small or moderate difference 596 

and end with large difference between the two sections, indicating that their recovery is 597 

observably different. The difference between the east and west in Wetness recovery is 598 

especially important because it is sensitive to changes in forest structure. Noticeably, 599 

Wetness’s comparison d trajectory shows the most change from its initial point of no 600 

difference (d value 0.01) ending with large differences (d value 0.90). This essentially 601 

means that although stand clearing disturbances may reduce the signal in disturbed 602 

areas in the east and west to similar Wetness levels, they recover from that level in 603 

different manners, as indicated by their Wetness recovery trajectories and their Cohen’s 604 

d trajectories. Finally the comparison d trajectory shows that by the end of the time 605 

series, that east and west Boreal Shield recovery is largely (d>0.8) different.  606 

It is important to recognize the factors that drive the variability in recovery between 607 

these two sections of the Boreal Shield ecozone. A known precipitation gradient exists, 608 

along with differences in winter average minimum temperatures, contributing to 609 

differing climates (Urquizo et al 2000, Ecological Stratification Working Group 1996) 610 

and as a result observed differences in vegetation recovery rates. Differences in 611 

disturbance frequency and size is already well known (Stocks et al 2002) for the two 612 

Boreal Shield sections which will also impact the observed spectral forest recovery. 613 

Additionally, soil conditions could also affect forest recovery rates (Lecomte and 614 

Bergeron 2005). The status and variability of all these factors combine to drive the 615 

observed differences in the east and west spectral forest recovery trajectories. 616 

 617 

  618 
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Conclusion: 619 

The objective of this study was to develop and apply a methodology for using Landsat 620 

time series to characterize forest recovery using spectral recovery trajectories. To better 621 

understand spectral forest recovery, we selected and temporally segmented 1220 622 

images from eight Landsat scenes to act as sample areas for the years 1984 through 2013 623 

and then extracted signals of post-disturbance recovery. We constructed, characterized, 624 

and then compared spectral forest recovery trajectories in four spectral indices between 625 

both east and west Boreal Shield ecozone sections and examined difference levels in 626 

recovery with the Cohen’s d statistic. We also directly compared the recovery 627 

trajectories of four spectral indices derived from the post disturbed areas within the east 628 

and west sections to each other showing similarities and differences.  629 

 630 

Using yearly Landsat time series we characterized spectral recovery and further 631 

identified differences in recovery between the sections. We conclude that Landsat time 632 

series are an effective dataset to characterize disturbance and the subsequent recovery 633 

of forest vegetation. Spectral recovery is detectable, recovery trajectories are observable, 634 

and characterizations following a stand replacing disturbance provide insight into 635 

vegetative recovery and rates of recovery. Spatial trends of disturbance and recovery 636 

are evident and differ highlighting the differences between the two Boreal Shield 637 

sections. However, care must be taken when selecting a spectral index to temporally 638 

segment a time series as some indices capture early vegetation return and often saturate 639 

shortly thereafter. These indices therefore offer less information on post-disturbance 640 

vegetation return and related increases in vegetation complexity. Also important is the 641 

definition of recovery, as a process, and not necessarily a state. Further, the conditions 642 

that are sampled and used to indicate recovery must be clearly stated as the ability to 643 

achieve or resemble these conditions is a function of the strata that was created. In this 644 

particular research we created a strata of mature (stable, unchanged during the Landsat 645 

TM, ETM+, satellite record) forest conditions to compare to the spectral conditions 646 

present following stand replacing disturbances.  All but 1% of the area disturbed had a 647 

positive spectral trajectory following disturbance, implying that 99% of the forest area 648 

disturbed is revegetating and initiating early successional processes leading towards a 649 

treed state.  650 

 651 

  652 
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Figures 960 

 961 
Figure 1: Boreal Shield East and West ecozones and forest management zones in 962 

Canada with the eight study scene portions shown.  963 

 964 
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 965 
Figure 2: Distribution of dates and years of imagery for each Landsat footprint portion 966 

used in this study. Eastern Boreal Shield path row scene footprints are shown in blue 967 

while western Boreal Shield path row scene footprints are shown in orange. Diamond 968 

shaped symbols indicate images located in the management zone, while circle shaped 969 

symbols indicate images within the non-management zone. A total of 1220 images were 970 

used divided between the 8 scene footprints. 971 

 972 
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 973 

 974 

 975 

Figure 3: a) Observed Wetness recovery trajectory of each Boreal Shield section. 976 

Shading for each section shows +/-1 standard deviation of the recovery means per a 977 

year. Straight horizontal lines indicate the stable means and +/-1 standard deviation 978 

range for each Boreal Shield section. b) Cohen’s d Wetness recovery trajectories for each 979 

Boreal Shield are shown with the predetermined levels of difference. Also shown is the 980 

Cohen’s d trajectory comparing the eastern Boreal Shield trajectory means to the 981 

western Boreal Shield trajectory means 982 
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 983 

 984 
 985 
 986 
Figure 4: a) Observed Greenness recovery trajectory of each Boreal Shield section. 987 

Shading for each section shows +/-1 standard deviation of the recovery means per a 988 

year. Straight horizontal lines indicate the stable means and +/-1 standard deviation 989 

range for each Boreal Shield section. b) Cohen’s d Greenness recovery trajectories for 990 

each Boreal Shield are shown with the predetermined levels of difference. Also shown 991 

is the Cohen’s d trajectory comparing the eastern Boreal Shield trajectory means to the 992 

western Boreal Shield trajectory means 993 
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 994 

Figure 5: a) Observed Brightness recovery trajectory of each Boreal Shield section. 995 

Shading for each section shows +/-1 standard deviation of the recovery means per a 996 

year. Straight horizontal lines indicate the stable means and +/-1 standard deviation 997 

range for each Boreal Shield section. b) Cohen’s d Brightness recovery trajectories for 998 

each Boreal Shield are shown with the predetermined levels of difference. Also shown 999 

is the Cohen’s d trajectory comparing the eastern Boreal Shield trajectory means to the 1000 

western Boreal Shield trajectory means. 1001 

 1002 

 1003 
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 1004 
Figure 6: Number of disturbed pixels per year, and number of analysed pixels that 1005 

were disturbed and recover unabatedly through the end of their time series for the a) 1006 

eastern study areas and b) western study areas.  1007 

 1008 

 1009 

 1010 

 1011 

 1012 
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 1013 

Figure 7: Boreal Shield East study areas spatial disturbance and recovery trends shown 1014 

as a percent of the total forest area in the study areas. Disturbance is calculated 1015 

annually. Recovery is cumulative and the categories of recovery are classified into five 1016 

categories based on the recovery trajectory means and standard deviations from the 1017 

Wetness trajectories in Figure 3a.  1018 

 1019 
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 1020 
Figure 8: Boreal Shield West study areas spatial disturbance and recovery trends 1021 

shown as a percent of the total forest area in the study areas. Disturbance is calculated 1022 

annually. Recovery is cumulative and the categories of recovery are classified into five 1023 

categories based on the recovery trajectory means and standard deviations from the 1024 

Wetness trajectories in Figure 3a. 1025 

  1026 
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Tables 1027 

Table 1: Summary statistics about each Landsat scene’s management and inventory 1028 

area, showing the individual path rows from which scene portions were used to 1029 

construct the Landsat time series and the amount of boreal forest present in each scene. 1030 

The amount of area experiencing each type of management paradigm in each Boreal 1031 

Shield section and as a percent of the total forested area in that Boreal Shield section 1032 

and management zone is also displayed in Table 1. Table 1 additionally enumerates the 1033 

total area under study per a Boreal Shield section and as a percent of the total forested 1034 

area within that Boreal Shield section. The values reflected in Table 1 show that we have 1035 

divided our study areas as evenly as possible between zones of management and Boreal 1036 

Shield East and West sections.  1037 

 1038 

 1039 

 1040 

 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

  1047 

Ecozone 
Name 

Boreal Forest 
Managed/ 

Unmanaged 

WRS2 Path 
and Row 
Portion 

Boreal Forest 
Area in Scene 

(km2) 

Study Zone 
Area per 

Management 
(km2) 

 Study Zone 
Area as a % of 
Ecozone per 
Management 

Total Study 
Zone Area in 

Ecozone 
(KM^2) 

Total Study 
Zone Area 
as a % of 
Ecozone 

Boreal 
Shield East 

Managed 
17/26 31649 

62592 7.60% 

97865 11.89% 
12/25 30943 

Unmanaged 
13/23 11571 

35272 4.29% 
16/24 23701 

Boreal 
Shield West 

Managed 
31/21 15742 

46078 5.88% 

105485 13.47% 
27/24 30336 

Unmanaged 
26/23 29305 

59406 7.58% 
38/20 30101 
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 1048 

Table 2: Summarization of Cohen’s d trajectories by difference category and values at 1049 

the start, midpoint, and end of the trajectory for Brightness, Greenness, and Wetness  1050 

comparing east and west Boreal Shield recovery means to their stable means, and 1051 

comparing eastern Boreal Shield recovery means to western Boreal Shield recovery 1052 

means. 1053 

 1054 

 

East Recovery Means vs 
East No Change Stable 

Forest Mean 

West Recovery Means vs 
West No Change Stable 

Forest Mean 

East to West Comparison of 
Recovery Means 

Recovery 
Year 1 14 28 1 14 28 1 14 28 

Brightness -0.84 -0.74 -0.49 -.036 -0.45 -0.48 0.51 0.62 0.21 

Greenness 0.49 -0.60 -104 0.90 0.39 0.03 0.50 1.51 1.31 

Wetness 2.09 0.98 0.02 1.31 0.97 0.37 0.01 0.61 0.90 

 1055 

Levels of Difference: Large Moderate Little None 

 1056 

 1057 


