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ARTICLE INFO ABSTRACT

Keywords: The disturbance and recovery cycles of Canadian boreal forests result in highly dynamic landscapes, requiring
Boreal continued monitoring to observe and characterize environmental change over time. Well-established remote
Forest sensing methods capture change over forested ecosystems, however the return of forest vegetation in disturbed
Recovery locations is infrequently documented and not well understood. Landsat time-series data allows for both the
g?ii?;ﬁgn capture of the initial disturbance and the ability to monitor the subsequent vegetation regeneration with spectral
Landsat: Time series vegetation indices. In this research, we used three spectral recovery metrics derived from an annual Landsat-
Ecozone based per-pixel Normalized Burn Ratio time series to determine trends in the short-term rates of spectral re-
Taiga covery for areas disturbed by wildfire (1986-2006), as assessed using a series of 5-year post-disturbance win-
Shield dows to observe forest recovery trends. Our results indicated that rates of spectral forest recovery vary over time

and space in the Taiga and Boreal Shield ecozones. We found evidence that post-fire spectral forest recovery
rates have accelerated over time in both the East and West Taiga Shield ecozones, with a consistent, positive, and
significant trend measured using a Mann-Kendall test for monotonicity and Theil-Sen slope estimation. Over the
analysis period (1986-2011), relative rates of spectral forest recovery increased by 18% in the Taiga Shield East
and 9% in the Taiga Shield West. In contrast, spectral forest recovery rates in the Boreal Shield varied tempo-
rally, and were not consistently positive or negative. These results demonstrate that post-fire spectral recovery
rates are not fixed over time and that spectral trends are dependent upon spatial location in the Canadian boreal.
This retrospective baseline information on trends in spectral recovery rates highlights the value of, and con-
tinued need for detailed monitoring of vegetation regeneration in boreal forest ecosystems, particularly in the
context of a changing climate.

1. Introduction

Climate and disturbance are the two most important factors that
shape the Canadian boreal landscape (Brandt et al., 2013). First, cli-
mate primarily controls where and which tree species grow and adapt
in forested areas, with annual tree growth limited by short growing
seasons and severe winters (Gauthier et al., 2015). Second, disturbances
drive change in the boreal, particularly fires, which occur frequently
over large areas, and are critical for many ecosystem functions (Stocks
et al,, 2002). As a result of the interplay between climate and dis-
turbance, Canadian boreal forest ecosystems are a mosaic of patches
with varying age, structure, biodiversity, productivity, and species
composition (Weber and Flannigan, 1997). Thus, boreal tree species
have adapted to frequent disturbance by utilizing multiple post-
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disturbance recovery methods, which occur over relatively long periods
of time. This post-disturbance recovery period is 1) a critical time to
monitor the reestablishment and health of boreal forests (Gauthier
et al.,, 2015), and 2) highly susceptible to changes in climate. Any
disruption of the recovery process can in turn impact the essential
ecosystem goods and services provided by boreal forests (Brandt et al.,
2013; Gauthier et al., 2014; Gauthier et al., 2015).

Boreal forests are expected to be altered extensively by a changing
climate (Brandt et al., 2013; Price et al., 2013; Gauthier et al., 2014;
Gamache and Payette, 2004). Currently, boreal ecosystems are under-
going alterations in phenology (Lempriere et al., 2008; Colombo, 1998),
productivity (Nemani et al., 2003; Jarvis and Linder, 2000), and dis-
turbance (Stocks et al., 1998; Flannigan et al., 2000; Flannigan et al.,
2005; Johnstone et al., 2010), all attributed to changes in climate. With
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respect to altered disturbance characteristics, a changing climate has
had mixed effects on forest recovery as well. For example, three key tree
species within the Canadian boreal forest have shown divergent re-
sponses to a changing climate. Black spruce (Picea mariana) dominated
systems showed an increase in growth under cooler and wetter condi-
tions (Girardin et al., 2016; Brooks et al., 1998), while jack pine (Pinus
banksiana) ecosystems displayed increased growth with warmer tem-
peratures and increased spring precipitation (Brooks et al., 1998). Ad-
ditionally, white spruce (Picea glauca) trees have reacted positively to
warmer spring temperatures with increased annual growth, but also
negatively to much warmer summers with decreased annual growth
(Wilmking et al., 2004) that is likely caused by a lack of available
moisture (Barber et al., 2000; D'Orangeville et al., 2016).

Spatially extensive temporal trends describing increasing or con-
versely decreasing vegetation quantity and vigor have been found oc-
curring across the Canadian boreal using coarse (100-1000 m) grained
remotely sensed data. Both increasing and decreasing spectral trends
have been detected occurring over Canadian boreal forests over time
(Pouliot et al., 2009) dependent on location, and those trends are well
correlated with trends found at coincident smaller spatial resolution
(30 m) data (Olthof et al., 2008). However, some of the spectral trends
found at coarse scales have also been shown to be influenced by the
inter-instrument calibration, sensor drift, and preprocessing steps
(Alcaraz-Segura et al., 2010). Moreover, coarse spatial resolution stu-
dies can fail to capture the fine scale mosaicked nature of the boreal
forest landscape and are often in disagreement with research done at
finer spatial scales (Alcaraz-Segura et al., 2010; Fraser et al., 2011;
Waulder et al., 2010). In contrast to known issues with inter-instrument
calibration of broad-scale sensors (Alcaraz-Segura et al., 2010), finer
spatial resolution Landsat data (30 m) has fewer inter-sensor calibration
issues (Markham and Helder, 2012; Vogelmann et al., 2016), although
issues regarding inter-sensor calibration of certain spectral wavelengths
are noted to exist (Sulla-Menashe et al., 2016; Ju and Masek, 2016).

Finer grained medium spatial resolution (30-100 m) remotely
sensed data have also shown some broad spectral trends derived from
time series of spectral indices, and importantly have been previously
tied to physical properties of forests (Pouliot et al., 2009, McManus
et al., 2012, Chu and Guo, 2013, Fraser et al., 2014a, 2014b). For ex-
ample, the Normalized Difference Vegetation Index (NDVI) is a spectral
index that has often been used to examine active photosynthetic ve-
getation quantity and is linked to forest condition changes over time at
broad spatial scales (Cuevas-Gonzalez et al., 2009; McManus et al.,
2012; Turubanova et al., 2015). While some have found a widespread
NDVI derived trend of increasing vegetation over time that is associated
with a thickening canopy (Myneni et al., 1997, Slayback et al., 2003,
Olthof and Latifovic, 2007), Goetz et al. (2005) found that Canadian
boreal forests experienced a negative trend between 1981 and 2003
related to reductions in vegetation abundance (Beck and Goetz, 2011;
Bi et al., 2013). Often applied more commonly in fire severity studies,
the Normalized Burn Ratio (NBR) spectral index and its change over
time have been linked to forest structural properties (Wulder, 1998,
Epting et al., 2005, Schroeder et al., 2011), and may be more suitable
than NDVI for forest recovery tracking (Pickell et al., 2016; Buma,
2012).

Detailed and annual forest recovery information over large areas
can be derived from fine spatial resolution wall-to-wall remotely sensed
datasets, principally due to free and open data access, data storage, and
processing capacity (Kennedy et al., 2014). The United States Geolo-
gical Survey maintains the Landsat data archive and provides an ideal
data set for boreal-wide research that offers a well-calibrated data re-
cord initiated in 1972 with complete spatial coverage in fine detail
(Wulder et al., 2012; White and Wulder, 2014). Larger areas and longer
time periods of spectral data can now be used to inform on the finely
detailed process of forest recovery, especially after the wildfire-caused
stand replacing disturbances that are typical of the Canadian boreal. For
example, Pickell et al. (2016) used Landsat time series analysis across a
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range of forested boreal bioclimatic zones and observed differing
spectral forest recovery rates for each zone. Likewise, Frazier et al.
(2015) examined spectral forest recovery using Landsat time series data
and found a relationship between spectral recovery differences related
to distinct forest recovery processes across two ecozones.

In summary, while research has indicated that boreal forest re-
covery rates vary spatially (Schroeder et al., 2007; Frazier et al., 2015)
and temporally (Chu and Guo, 2013), changes in the post-disturbance
forest recovery rates over time has been less well examined (Ju and
Masek, 2016; Goetz et al., 2006). In this study, we examine boreal
forest recovery rates following wildfire during a period of changing
climate to determine how recovery rates have changed over a 26-year
long period, both temporally and spatially. We focus on the Boreal and
Taiga Shield ecozones as representing nearly half of the Canadian
boreal zone, ensuring a wide array of boreal forest conditions and fire
severities are considered. The 3,013,995 km? study area and wall-to-
wall mapping offer the ability to compare all observed forest fire dis-
turbances and their subsequent recovery. To do so we: 1) use multiple
spectral forest recovery metrics derived from Landsat time series data to
inform on different aspects of post-fire spectral recovery; 2) detect
trends in post-fire spectral forest recovery rates first at a 100 km cell
spatial unit to visualize detailed trend patterns; 3) understand broad
environmental change by using ecozone analysis units to detect spectral
recovery rate trends; and, (4) determine if statistically significant trends
in spectral recovery rates exist over time. Significant results are then
discussed in relation to the disturbance and recovery regimes of Ca-
nadian boreal forests, as well as the benefits and limitations of spectral
forest recovery metric approaches used in this study.

2. Materials and methods
2.1. Study area

Our study area covers the forested boreal areas with the Canadian
Boreal Shield and Taiga Shield ecozones (Fig. 1; Ecological
Stratification Working Group, 1996, Brandt, 2009). For scientific ana-
lyses and due to differences in climate and disturbance regimes, the
Boreal Shield and Taiga Shield ecozones are often divided into eastern
and western sections (Andrew et al., 2012; Bolton et al., 2015). Eastern
sections generally experience a less harsh winter and more annual
precipitation when compared to the western counterparts (Kurz et al.,
1992; Kull et al., 2006; Frazier et al., 2015). Both western ecozone
sections experience more forest fires (Stocks et al., 2002); forest har-
vesting occurs in all ecozones, and insect infestations play a larger role
in eastern than western disturbance regimes (Brandt et al., 2013).
Forest fires have affected 25,039,523 ha or 9.9% of the study area be-
tween 1985 and 2010 (White et al., 2017). When combined together,
these two ecozones account for 49% of the Canadian Boreal zone
(Brandt, 2009).

The West and East Boreal Shield ecozones are dominated by forests
and characterized by many small lakes and streams interspersed be-
tween rocky outcrops with rolling and hilly topography. A precipitation
gradient exists varying from higher (1000 mm per year) amounts in the
coastal east, and lesser (400 mm per year) in the continental west.
January mean temperatures are — 20 °C and — 1 °C in the west and east
showing a pronounced colder west to warmer east temperature gradient
(Urquizo, 2000), and the mean annual temperature is approximately
3 °C. Boreal Shield forests are dominated by black and white spruce
stands, with southerly portions having a wider mix of broadleaf and
coniferous species, i.e. white birch (Betula papyrifera), trembling aspen
(Populus tremuloides), white (Pinus strobus), red (Pinus resinosa) and jack
pine (Ecological Stratification Working Group, 1996).

Located north of the Boreal Shield Ecozones, the Taiga Shield
Ecozones are physically divided by Hudson Bay. The topography is
marked by rolling uplands punctuated by rocky outcrops, and glacial
moraines and eskers. Differences in temperature and precipitation
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Fig. 1. The study area is displayed with a false colour Landsat composite (R; Band 5, G: Band 4, B: Band 3). The four ecozones under study are displayed: the East and West sections of the
Boreal and Taiga Shield. The featured ecozone areas are also restricted to the Boreal ecosystem as defined by Brandt (2009).

reflect the coastal eastern and continental western sections; the eastern
portion receives 500-800 mm per year of precipitation and experiences
a milder winter with mean January temperatures near — 11 °C. Annual
precipitation in the Taiga Shield West range is (300-600 mm) lower
than the eastern section, and average January temperatures are
— 25 °C. The northern edge of the Taiga Shield delineates the edge of
where tree growth is possible; however, common throughout the eco-
zone are forest stands dominated by short black spruce and jack pine,
with white spruce dominated mixed wood stands including balsam fir
(Abies balsamea), trembling aspen, balsam poplar (Populus balsamifera),
and white birch (Ecological Stratification Working Group, 1996).

2.2. Spectral data

Annual, cloud-free, and spatially seamless surface reflectance image
composites and change products derived from Landsat Thematic
Mapper (TM) and Enhanced Thematic Mapper Plus (ETM + ) data were
utilized for this analysis, representing the period 1984-2012
(Hermosilla et al., 2016; Hermosilla et al., 2015a; Hermosilla et al.,
2015b). The Composites-to-Change (C2C) algorithm was applied to
produce these data and is briefly described here. First, annual best-
available-pixel (BAP) spectral composites were produced using all peak
growing season imagery (White et al., 2014) and then the NBR spectral
index was calculated (Key and Benson, 1999). A temporal segmentation
algorithm was then applied to the NBR time series to determine and
quantify change over time and to infill data gaps with proxy spectral
values (Hermosilla et al., 2015a). Importantly, the NBR spectral index
ranges between 1 and — 1, with low values indicating low or no ve-
getation present, while high values are known to represent dense
healthy vegetation. NBR has been successfully used to: 1) assess burn
severity of fires (French et al., 2008); 2) detect and classify forest dis-
turbances (Wulder et al., 2009), and; 3) inform on forest attributes
(Pflugmacher et al., 2012; Frazier et al., 2014). Lastly, regions that
underwent change were geometrically, temporally and spectrally
characterized, and then classified by change type. Hermosilla et al.
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(2015b) found their C2C methods to be accurate over the forested area
of Saskatchewan and reported user's and producer's accuracy for
wildfire of 97.8% and 96.7%, respectively.

2.3. Methods

2.3.1. Data stratification and filtering

Analysis of spectral forest recovery rate trends was first undertaken
at a 100 km grid cell scale to ascertain if there were any spatial patterns
in spectral forest recovery trends within the ecozones themselves. The
use of the 100 km grid cells allowed for the collection of spectral re-
covery rate data over a long periods and discrete areas, and allow the
results to be more efficiently reported and shared. After the 100 km grid
cells were analyzed, then each ecozone analysis unit was analyzed as a
whole to determine if spectral forest recovery rates showed a consistent
trend over time. In order to better capture the initial signs that can
indicate forest recovery is possible, the Landsat time series data were
filtered such that only spectral recovery trajectories from moderate and
high severity fires (typically stand replacing fires) were considered
(Fig. 2). Fires were selected using a threshold value of NBR change
(dNBR) that represented a level of severity high enough to initiate the
growth of a new stand. Hall et al. (2008) examined dNBR values for fire
disturbances in the Boreal Shield West determining that moderate and
severe fires corresponded to dNBR values > 0.284.

2.3.2. Spectral forest recovery metrics

A five-year post-disturbance period was used to examine spectral
forest recovery in this study with the knowledge that the initial first few
years of tree species reestablishment after disturbance is critical for
monitoring forest recovery (Fig. 3) (Goetz et al., 2006; Kennedy et al.,
2012). Although the temporal window used to observe recovery in our
research was relatively short, it allowed for partitioning of the available
Landsat time series into multiple informative epochs. Kennedy et al.
(2012) proposed a five-year window stating that it was critical to
monitor the initiation of recovery, and this was supported by Pickell
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Fig. 2. Example of spectral data used for three sites in the Taiga Shield West. The first
column is associated with Site 1, the second column Site 2 and the third column Site 3;
this pattern is repeated in Figs. 3 & 7, and each site represents an area affected by a fire
that occurred in the early, middle or later periods of the time series respectively. The top
row shows the pre-disturbance NBR values, while second row shows which year fire
occurred. The bottom row shows the dNBR values for each fire year.

et al. (2016) who showed spectral signals tend to saturate and match
that of pre-disturbance values rapidly following disturbance. Likewise
Schroeder et al. (2011) found post-disturbance recovery of NDVI & TCA
returning back to an undisturbed range around 5 years and NBR within
7 years after fire. Lastly, the work of Gauthier et al. (2015) provides
supporting insights, as they state that observing the initial period of
forest recovery (while not noting how long or exactly when) is in-
formative upon the ultimate return of forests.

The first metric calculated was the Relative Recovery Indicator
(RRI) which is a modified version of the Recovery Indicator (RI) that
was used by Kennedy et al. (2012) to compare the spectral disturbance
magnitude to the recovery magnitude five years post disturbance. We
modified it to work with our unfitted spectral trajectory data (Fig. 4)
and is calculated as:

ARI

RRI= —
AN BRdisturbance

where ANBRgjsturbance 1S the change in NBR due to disturbance. We
modified the RI to utilize the maximum NBR value from year four or
five, calculated as:

Absolute Recovery Indicator (ARI) = Max (NBRy.5, NBRy.4) — NBRyg

where Max(NBRy . 5, NBRy . 4) is the maximum of either NBR value
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Fig. 3. For the same three sites shown in Fig. 2 (Site 1, Site 2, and Site 3), NBR time series
from the year of disturbance to five years after are shown, with time since disturbance
increasing from the top row to the bottom of the rows. Generally, NBR increases with time
since disturbance.

four or five years after disturbance, and NBRy is the NBR value the year
disturbance occurred. The maximum value from four or five years after
disturbance was used in order to better accommodate our unfitted post
disturbance spectral data.

The RI was originally defined using the results of the temporal
segmentation, which are most often named fitted values. To capture
typical pre-disturbance conditions in our unfitted spectral data, we
modified ANBRgisturbance t0 use the average of NBR values from two
years before disturbance and is calculated as:

ANBRugisturbance = NBRpre — NBRyg

where NBRy,. is the average NBR value from two year pre-disturbance
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Fig. 4. The Relative Recovery Indicator (RRI), adapted from the Recovery Indicator (RI)
(Kennedy et al., 2012), utilized the average of two years pre-disturbance NBR values to
determine a pre-disturbance condition. The predisturbance condition is reduced by the
NBR value of the year of disturbance to create a magnitude of change as shown by the
term ANBRgisturbance- The Absolute Recovery Indicator (ARI) is calculated as the max-
imum NBR value from four or five years post-disturbance reduced by NBR value from the
year of disturbance.

and is calculated as:

NBRyre = (NBRy-» ;— NBRy_1)

where NBRy _ ; and NBR, _ ; are the NBR values from two years each
before disturbance. Unique to the RI and our RRI metric is the scaling
that occurs as spectral recovery is based on the amount (magnitude) of
disturbance, which can be related to fire severity (Hall et al., 2008) The
resultant scaling effect can be helpful in areas like the boreal that have
diverse and heterogeneous signals before and after disturbance. For
instance, the RI metric has been used to detect differences in spectral
forest recovery across forest ownership, climate, and substrates
(Kennedy et al., 2012). A value of zero indicates that no spectral forest
recovery has taken place, while one indicates that an equal amount of
spectral forest recovery and disturbance has occurred. Values greater
than one indicate that more spectral forest recovery has occurred than
spectral forest disturbance, and RI and RRI values practically range
between zero and two.

Ratio of Eighty Percent (R80P), adapted from Pickell et al. (2016)
was the second metric calculated, and represented the number of years
required for a disturbed pixel to return to 80% of the pre-disturbance
NBR value (Fig. 5). For this study, the metric was modified to be a ratio
of the spectral value five years post-disturbance compared to 80% of the
pre-disturbance average of the NBR values from the two preceding
years, and represents the amount of spectral recovery relative to the
pre-disturbance condition and is calculated as:

Max (NBRy 5, NBRy.4)

R80P =
NBRpre*. 8
E Max (NBRy s, NBRy.4)
3 ax ,
LE RSOP = ( Y+5 Y+4
5 unnes : NBRpre * .8
Q -
5 ~”
3 NBRpre \ ‘,—:,
3 Rl
5 27 e H
2 |- :
\.- '
‘ s ‘ ng (IYBRY‘%—S' N$RY+4)

!
Time Y-z Y.1 Yo Y+1 Y+2 Y+3 Y+4 Y+5

Fig. 5. The Ratio 80% of Pre-disturbance (R80P) values were adapted from Pickell et al.
(2016). Additionally, the NBR term in the denominator was calculated as the NBR
average of two years prior to disturbance; that term is then multiplied by 0.8. The nu-
merator (Max (NBRgy + s5), NBR(y + 4)) is determined by obtaining the maximum NBR
value from four or five years after disturbance.
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Fig. 6. The Year on Year Average (YrYr) created for this study, and is the average annual
post-disturbance change in a spectral index for after five years. The terms Y, 5 and Y, are
the NBR from the five years after and the year of disturbance.

where the maximum NBR value from four or five year post-disturbance
is used. This recovery rate metric is different from the RRI in that it
gauges the amount of spectral recovery by the spectral signal that ex-
isted before disturbance. This scaling can contextualize the spectral
recovery by relating the post-disturbance conditions to pre-disturbance
conditions. The R80P metric as used by Pickell et al. (2016) was able to
distinguish spectral recovery differences between biogeoclimatic zones,
suggesting either differing pre-disturbance conditions or forest recovery
processes occurring during their time series. Interpretation of R80P
values is similar to the RRI, with a value of zero indicating that spectral
forest recovery did not occur, while a value of one indicates that NBR
values have recovered to be equivalent to 80% of the pre-disturbance
values. Values greater than one indicate that spectral forest recovery
has exceeded that of the 80% of pre-disturbance threshold.

The final metric was Year on Year Average (YrYr) which is an
average rate of spectral change from the year of disturbance to the fifth
post-disturbances years (Fig. 6) and is calculated as

NBRy,5 — NBRyg
5

YrYr =

where NBRy,, and NBRy . 5 are NBR values from the year disturbance
occurred and five years post-disturbance as denoted by their subscript.
This metric is important because it only considers spectral recovery and
is neither referenced to the disturbance magnitude, nor the pre-dis-
turbance values unlike the RRI and R80P metrics. Critical to this metric,
greater NBR values are generally related to increasing forest structure
and canopy cover (Wulder et al., 2009). This metric provides an insight
on the average annual change after disturbance and can help capture
annual post-disturbance growth. A YrYr value of zero indicates that for
the five year average, zero spectral forest recovery had occurred, while
positive values indicate the average gain in NBR in five years that oc-
curred.

Three spectral forest recovery rate metrics were calculated on a
yearly basis (per-pixel) using a five year recovery window. The three
metrics used in this research were selected due to their ability to gauge
different aspects of spectral recovery as to provide different possible
methods to spectrally measure forest recovery. For instance, the RRI
compares the spectral recovery magnitude to the spectral disturbance
magnitude, e.g. the metric is anchored by disturbance amounts, with
the disturbance magnitude quantified in terms of dNBR, which can be
related to fire severity (Hall et al., 2008). Likewise, recovery magnitude
has been shown to be related to forest structure throughout the re-
covery period (Pflugmacher et al., 2012). In contrast to the RRI, re-
covery using the R80P metric is related to pre-disturbance values. Be-
cause NBR values have been used to predict canopy cover (Kennedy
et al., 2012) and forest structure (Frazier et al., 2014), those pre-dis-
turbance NBR values are then a critical measure of spectral forest re-
covery. As opposed to evaluating recovery based on pre-disturbance
conditions, the YrYr metric is calculated as the average year-to-year
NBR change for five years after disturbance. These three metrics
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SITE 1

Fig. 7. Sample of spectral forest recovery metrics calculated for the same areas (Site 1,
Site 2, Site 3) shown in Figs. 2 and 3, arranged in columns. Note that the YrYr values are
lower than the other metrics, and class divisions are adjusted accordingly.

contextualize the measured spectral forest recovery differently, possibly
providing separate insights into post-disturbance boreal forest recovery.

Areas that experienced a disturbance before 1986 or after 2006
were removed; either an insufficient amount of spectral data existed
before disturbance to establish a spectral trend or not enough spectral
data existed after disturbance to assess spectral recovery in our five year
window (Fig. 7). The annual pre-disturbance values, dNBR values, and
the spectral forest recovery rates were then averaged to create a time
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series for each metric for each ecozone analysis unit as well as each
100 km cell, which were then each subjected to statistical testing for
trend detection.

2.3.3. Trend detection

A Theil-Sen slope estimator was used to determine the average
yearly change of the pre-disturbance values, dNBR fire severity, and
spectral forest recovery rates over time. A Mann-Kendall test was then
used to determine whether a time series exhibited a significant mono-
tonic increasing or decreasing trend (p < 0.05). Non-significant trends
were considered unimportant and discarded from further analysis, al-
though their Theil-Sen slopes are still displayed in the results for
completeness. Only Mann-Kendall significant Theil-Sen slope results are
reported on in the results section. Additionally, 100 km cell and eco-
zone analysis unit time series with five or less fire disturbances were
determined to have an insufficient quantity of data to test for recovery
rate trends.

Non-significant results for any of the spectral forest recovery metric
time series only indicate that the rate at which forests are spectrally
recovering in that cell have not changed consistently over time. Static
spectral forest recovery rates or a failure of a post disturbance forest to
recover cannot be indicated by a non-significant result. However, a non-
significant result does indicate that either the rates of spectral forest
recovery do not change greatly over time or that those rates have
changed erratically and do not show a consistent trend.

Time series of annual average pre-disturbance NBR and dNBR were
tested to determine if spectral recovery rates might be increasing as a
result of a general NBR gain over time or increased disturbance mag-
nitudes, which could affect the spectral recovery rates. Spectral forest
recovery rate metric time series were then tested for significant trends.
A significant trend in spectral forest recovery rates indicates that the
rate at which vegetation is recovering within the cell is consistently
changing over time, with direct impacts for productivity and sustained
health. Results from both statistical tests were first assessed at the
100 km grid scale and then by each ecozone analysis unit.
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Fig. 8. Presence of significant trends over time in either pre-disturbance values or disturbance severity in the 100 km grid cells. A trend in pre-disturbance values indicates that NBR
values before disturbance either increase or decrease consistently, while a trend in disturbance severity indicates that dNBR values have either increased or decreased over time.
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Fig. 10. The area of each grid cell that was affected by a moderate or high severity fire within the time series, shown as a percent of total area.

3. Results
3.1. Non-recovery trends, fire frequency and extent

Average pre-disturbance NBR values and NBR disturbance severity
time series trend detection results are shown in Fig. 8. Approximately
85% of cells had no significant trend in NBR pre-disturbance values and
no significant trend in disturbance severity over time. The remaining
cells either exhibited a trend in pre-disturbance values (8.1%) or a trend
in disturbance severity (5.7%) or very rarely both (0.1%). Interestingly,
the cells that reported a disturbance severity trend average a very small
Theil-Sen slope of —0.000399 per year, indicating that NBR assessed
severity has slightly declined over time, but not to a large degree.
Conversely, the cells that produced a trend in pre-disturbance average
values contain a very small positive Theil-Sen slope of 0.000191,
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suggesting that a very small increase in NBR values over time has oc-
curred in those cells. These results should not alter the recovery rate
metrics time series as they both represent a very small change over
time. When compared to the possible range of NBR, the dNBR fire se-
verity and pre-disturbance value, the estimated Theil-Sen slopes re-
present 0.05% and < 0.01% average yearly change, respectively.

The number of fire-affected years and percent area disturbed by fire
throughout the time series for each 100 km grid cell is presented in
Figs. 9 and 10. As expected there are more moderate and severe fires
and more area burnt in western than eastern ecozone analysis units.
Eighty percent of grid cells exhibited 10 or more years of fire, and
overall 35% of all cells experienced between 10 and 15 years of fire in
their time series. Although 97% of all grid cells experienced fire, 78% of
the grid cells had < 10% of their area burnt, and only 1% of all cells
recorded > 30% burnt area.
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3.2. 100 km grid spectral forest recovery rate trend

The cell-based Theil-Sen regression slopes and significant Mann-
Kendall test results for the RRI metric time series are shown in Fig. 11.
Overall 13% of cells with sufficient data (more than five years of fire
disturbances occurring between 1986 and 2006) report a significant
trend, and 69% of all significant cells contain a positive Theil-Sen slope.
The largest proportion of significant trending cells (60%) contain a
slope between 0.0 and 0.025 (RRI/Yr), with an average slope among
them of 0.0178. This indicates that RRI values, which measure the rate
of spectral recovery, were larger at the end of the time series then the
beginning. Since RRI can only practically range between 0 and 2, the
average RRI rate is increasing by 0.89% yearly for those positive and
significant trending cells. Interestingly, 20% of all the cells in the Taiga
Shield East are significant and positively trending, which is the highest
proportion of any ecozone. Significant negative trends also exist,
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although the majority of those RRI based Theil-Sen slopes are between
0 and — 0.025.

For the R80P time series (Fig. 12), only 9% of cells with sufficient
data reported a significant recovery rate trend and 70% of those sig-
nificant cells contain positive Theil-Sen slopes. The majority (55%) of
significant slopes range between 0.0 and 0.025, with an average yearly
increase of 0.01565. This shows that R80P values among those cells
increase by 0.01565 NBR units annually throughout the time series,
indicating that the rate of spectral forest recovery is increasing with
time for those positive and significant cells. Similar to the spatial pat-
tern shown for the RRI results, the Taiga Shield East contains the
highest proportion of significant trending cells.

YrYr grid cell time series results show significant trends (Fig. 13) in
13% of all cells, with 64% of significant grid cells having a positive
slope. All positive significant slopes average 0.0021 NBR units an-
nually, indicating the difference between NBR recovery rates are on
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average 0.0021 higher from year to year for those cells. Again, a con-
tiguous pattern of significant grid cells is located in the Taiga Shield
East, with that ecozone containing the majority (32%) significant cells,
and significant cells occupying 21% of all cells in the ecozone.

The combination of all significant trend results across the three
metrics shows two general areas where significant increasing trends
tend to spatially cluster (Fig. 14). First, as previously shown in Figs. 11,
12 and 13, a contiguous block of significant cells is located in the Taiga
Shield East near 70°W and 55°N. Grid cells reporting at least one sig-
nificant trend occupy 26% of all cells in that ecozone. Interestingly,
25% of grid cells in the Taiga Shield West ecozone report at least one
significant trend; however, no cells report significant trends for all three
time series of spectral forest recovery rates. Moran's I spatial auto-
correlation results show that the significant metrics are clustered over
the study area (Table 1). Both Eastern ecozone analysis units had a
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significant clustered pattern, but the Western ecozones had non-sig-
nificant and random patterns of significant recovery rate trends.

3.3. Ecozone-level analysis

The annual NBR pre-disturbance average and disturbance magni-
tude time series for each the ecozone analysis units showed no sig-
nificant trend over time, except for the Boreal Shield West. The Boreal
Shield West pre-disturbance value time series had a significant trend
with a very small negative Theil-Sen slope (— 0.00063 NBR units). That
small negative slope value is 0.03% of the whole range of NBR and
could affect R80P or RRI time series, but not the YrYr recovery metric
time series.

Neither the Boreal Shield East nor West ecozone analysis units had a
significant trend for any of the three spectral recovery rate metrics
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(Fig. 15). In contrast, the Taiga Shield East had a significant and posi-
tive trend for the R80P rates time series (Fig. 15). Theil-Sen analysis
confirmed that the R80P recovery rate values increased by a total of
18% over the 26 year period. Likewise, the Taiga Shield West ecozone
showed significant positive trends for the RRI and YrYr recovery rate
time series. Theil-Sen analysis of the RRI time series showed a 9% in-
crease in spectral forest recovery rates when start and end values were
compared. The YrYr Theil-Sen slope value indicated that the spectral
recovery rate was 12% greater at the end of the time series than the
beginning. Most importantly, these significant results for the Taiga
Shield West and East indicated that the rate of spectral forest recovery
consistently increased over time for the ecozone.

)

4. Discussion
4.1. Spectral Forest recovery rate trends

We examined three different metrics of post-fire spectral forest re-
covery rates to determine the existence of short-term trends. Our ob-
jective was to determine if spectral recovery rates showed a consistent
year to year increase or decrease. Our results showed that annual
spectral forest recovery rates consistently increased over time for a
portion of the 100 km cells and also for two (Taiga Shield East and
West) of four ecozone analysis units. A change in spectral forest re-
covery rate can be crucial to future sustained boreal forest health, be-
cause any change in forest recovery rates could indicate important
changes to annual growth, productivity, and essential ecosystem ser-
vices provided by Canadian boreal forests (Gauthier et al., 2015).

The 100 km grid cell results display an array of significant and non-
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Table 1
Global Moran's I spatial autocorrelation results indicating that dispersed, random, or
clustered pattern exists in the total number of significantly trending metrics.

Global Moran's I Z score P value Result
Boreal Shield East 0.16 2.85 0.00 Clustered
Boreal Shield West —0.05 —0.64 0.52 Random
Taiga Shield East 0.29 4.00 0.00 Clustered
Taiga Shield West 0.09 1.23 0.22 Random
All cells 0.24 6.74 0.00 Clustered

significant spectral forest recovery rate trends that confirm spectral
forest recovery rates are not fixed over time or across space. Those
significant trends suggest an acceleration of spectral recovery over time
for some areas of the boreal forest. In contrast to 100 km cell results, the
Boreal Shield ecozone analysis units did not report any trend in spectral
forest recovery rates. However, the Taiga Shield ecozone analysis units
collectively had significant and positive trends for all three spectral
forest recovery rate time series. The positive trend detected in the Taiga
Shield East R80P time series and the positive trends detected in the RRI
and YrYr Taiga Shield West time series indicate that spectral forest
recovery rates have increased over time. Interestingly, the 100 km grid
cell results showed a high number of significant metric trends detected
in the Taiga Shield East, though when the entire Taiga Shield East
ecozone analysis unit was tested only one metric showed a significant
trend over time. This can indicate that when 100 km areas of significant
and non-significant trends were combined across the entire Taiga Shield
East significant trends in spectral recovery rates can be obscured. Thus,
the 100 km grid cells were able to show spectral recovery rate trends on
more of a local level than that ecozones scale.

The distribution of significantly trending spectral forest recovery
rates across the 100 km grid cells with each ecozone unit showed a
clustered pattern within the Taiga Shield East and Boreal Shield East,
but not in the Boreal and Taiga Shield West. This suggests that the
drivers of vegetation recovery, and in turn spectral recovery, were
spatially concentrated, e.g. the Taiga and Boreal Shield East. When all
the grid cells were subject to a Moran's I test together, the results
showed that there was a clustered pattern of significantly trending
spectral forest recovery rate metrics. This is suggestive of an uneven
change in the drivers of vegetation recovery, as detected throughout
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our time series.

4.2. NBR & spectral forest recovery rate metrics

This study focused on the initial forest reestablishment and re-
growth period that has been identified as a critical phase for assessing
the continued health of the boreal forest, allowing for inference related
to the altered growth conditions that are expected as a function of a
changing climate (Gauthier et al., 2015). We examined an initial post-
disturbance five-year recovery period over a 26-year time series using
spectral recovery metrics based on NBR. Broadly, spectral forest re-
covery metrics aim to quantify the spectral change after disturbance by
using a spectral vegetation index that indirectly assesses the quality and
quantity of vegetation (Chu and Guo, 2013).

This study used the NBR spectral index which primarily responds to
chlorophyll content and moisture in leaves (Key, 2006) with higher
NBR values indicating greater quantities of vegetation in boreal forests
(Wulder et al., 2009; Schroeder et al., 2011). Previously, NBR has been
successfully used to detect and classify disturbances (Hermosilla et al.,
2016; Hermosilla et al., 2015b; Schroeder et al., 2011), as well as in-
form on the age and structure of recovering forests (Pflugmacher et al.,
2012). Moreover, McCarley et al. (2017), found that dNBR, “accurately
detected change in canopy cover” when compared to multi-temporal
LIDAR estimates of canopy cover change. Earlier work using pre- and
post-fire LIDAR to characterize changes in forest structure completed by
Waulder et al. (2009) further reinforces the relationship of NBR and
dNBR and change in boreal forests. In that study, post-fire changes in
vegetation fill, absolute change in crown closure, and relative change in
mean canopy height derived from LIDAR were found to be significantly
correlated with post-fire NBR, and dNBR. Furthermore, NBR has most
recently been used to quantify nationwide forest disturbance and re-
covery on an annual basis throughout boreal Canada (White et al.,
2017). However, caution is still urged when interpreting spectral forest
recovery metrics, as they may not be directly related to some physical
forest recovery indicators (Kennedy et al., 2012; Frolking et al., 2009).

The many increasing and decreasing NBR-based recovery rates
found in this study could be a result of a number of factors currently
affecting the Canadian boreal. Warmer temperatures are reported to
provide more favorable conditions in some areas for black spruce
dominated boreal forests, while at the same time hindering or
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preventing growth in other areas (D'Orangeville et al., 2016). Another
factor affecting the NBR based recovery rates is the already noted
productivity changes occurring throughout the boreal that correspond
to increased amounts of photosynthetic vegetation (Nemani et al.,
2003; Jarvis and Linder, 2000). In addition, a lengthening growing
season can and will directly affect seedling reestablishment and annual
growth (Lempriére et al.,, 2008; Colombo, 1998). Furthermore, any
change in disturbance characteristics directly impacts the capability of
boreal tree species to re-establish in a disturbed area (Stocks et al.,
1998; Flannigan et al., 2000; Flannigan et al., 2005; Johnstone et al.,
2010). Lastly, biotic factors, like that of large herbivore herding pat-
terns, can affect seasonal growth over large areas causing hetero-
geneous effects on recovering vegetation (Chubbs et al., 1993, Bechtel
et al., 2004, Johnson et al., 2003, Courtois et al., 2007, Rickbeil et al.,
2017).

Our spectral recovery results build upon previous research efforts
that have aimed to assess the recovery of boreal forests using Landsat
time series. Fraser et al. (2014a, 2014b) examined recovery resulting
from fire disturbances in Canadian boreal forests and found that mul-
tiple spectral vegetation indices increase with time since disturbance.
Similarly, Ju and Masek (2016) observed areas recovering from fires

period.

primarily showed an increase in NDVI related to accumulating re-
covering vegetation which they noted in their North American study of
Landsat-based time series study. Further, Pouliot et al. (2009) found
that spectral recovery rates varied over time in Canadian boreal forests,
although their study only applied to a limited area. These results
compare favorably to our results that indicated spectral forest recovery
rates are not fixed over time or across space in the Boreal and Taiga
Shield East and West ecozones.

4.3. Changing conditions warrant continued boreal monitoring

The current black and white spruce forests of the Taiga Shield and
Boreal Shield ecozones are a patchwork mosaic of ages, compositions,
structures, biodiversity, and productivity (Brandt, 2009; Ecological
Stratification Working Group, 1996). Fire is an integral part of these
forests, and often severe enough to remove a stand and initiate re-
generation (Weber and Flannigan, 1997; Pickell et al., 2016). Adding to
this complexity is that post-disturbance recovery can follow multiple
paths affected by many localized factors, such as fire severity, pre-dis-
turbance species composition and proximity to undisturbed patches
(Chen and Popadiouk, 2002). Thus, the disturbance and recovery cycles
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of the boreal forest ensure that any landscape is not static. Continued
monitoring is required to enable a comprehensive understanding of
ecosystem change over time.

The disturbance and recovery cycle maintaining Canadian boreal
forests are affected by many agents, either working in unison and at
times against each other to produce mixed and distributed effects across
the landscape. The currently warming climate in the Canadian boreal
(Price et al., 2013) alters numerous biotic (insects, harvest, disease) and
abiotic (temperature and precipitation changes, seasonal shifts, novel
disturbance characteristics) factors that can depart from long term ex-
pectations and also interact with each other. This interaction can pro-
duce a heterogeneous set of conditions where once more homogenous
conditions may have previously prevailed. Most importantly, tree spe-
cies capable of exploiting the new conditions can be expected to thrive,
while others may decline (Gauthier et al., 2015). Remarkably, gains in
annual growth due to the surmised favorable conditions (warmer
temperatures) can be offset by declines caused by another factor (lack
of moisture) (Brooks et al., 1998; Brandt et al., 2013; D'Orangeville
et al., 2016).

5. Conclusion

In this research we used fine spatial scale Landsat time series data to
examine spectral forest recovery rates over time across a large pro-
portion (~50%) of the Canadian boreal forest as represented by the
Boreal and Taiga Shield ecozones. The use of multiple metrics mea-
suring spectral forest recovery rates allowed us to gain multiple insights
into how spectral recovery can change over time. The results show the
spectral forest recovery rates vary over space and time. Spectral forest
recovery rate trends exist and have accelerated, indicating that the rate
of post-disturbance spectral recovery has increased over time in both
Taiga Shield ecozones. These results will help researchers more effec-
tively map spectral forest recovery, recovery rates and their trends over
time, while managers and decision makers should find these results
useful to understand the ever changing condition of Canadian boreal
forests.
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