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A B S T R A C T

Measures of forest fragmentation, and how fragmentation is changing through time, offer required information
for understanding the status and dynamics of forest ecosystems, habitat conditions, and ecosystem functions. In
this research, we investigate the multi-temporal characterization of forest fragmentation across the forested
ecosystems of Canada (> 650million ha) and characterize the past three decades of forest fragmentation, pro-
viding useful context against which future analyses can be compared. Using 33 years of annual land cover maps
produced from classified Landsat image best-available pixel composites (1984–2016), we describe and quantify
the different forest patterns and dynamics that emerged in areas that were not disturbed in the analysis period, as
well as following stand-replacing (i.e., wildfire, harvest) and non-stand-replacing (e.g., insects, water stress)
disturbances. Baseline levels of fragmentation for each ecozone were determined by analyzing unchanged areas.
Fragmentation dynamics by dominant forest disturbance showed that harvest activities generally lead to an
increase in fragmentation related to the amount of forest cover (composition), while wildfires result in increasing
fragmentation as a function of the spatial arrangement of the forest. The results presented herein also allow for
characterization of the recovery of vegetation spatial patterns following various disturbance types, with areas
dominated by fire presenting slower spatial recovery rates compared to harvest. By the end of the analysis period
following disturbance events, forest fragmentation metrics in harvest-dominated landscapes were comparable to
the pre-harvesting baseline, reaching 96% of mean pre-disturbance levels for mean forest patch size, and 83% for
number of forest patches. In contrast, fire-dominated landscapes resulted in more event related fragmentation,
with reduced forest cover (mean Thiel Sen slope=−0.13% year−1), mean forest patch size (−0.22 ha year−1),
an increase in forest patches (0.11 year−1), and forest–non-forest join counts (0.83 year−1). By the end of the
analysis period following disturbance events, mean forest patch size reached 52% of mean pre-disturbance levels
and 68% the number of forest patches. Overall, non-stand replacing changes had no impact on the behaviour of
the forest fragmentation metrics. The open access to Landsat's image archive combined with the analysis
methods presented herein enable the systematic quantification and characterization of Canada-wide trends in
forest fragmentation trends and post-disturbance spatial patterns over three decades. The results reported herein
provide detailed information on the temporal evolution of spatial forest patterns, and illustrate that given an
adequate time period, spatial patterns in areas where land use has not changed, recover to resemble pre-dis-
turbance conditions.

1. Introduction

Forest fragmentation refers to the amount and spatial configuration
of treed-vegetation (Gustafson, 1998; Riitters et al., 2002) and is driven
by both natural (e.g., fires, insects) and anthropogenic (e.g., harvest)

processes (Soverel et al., 2010). Forest fragmentation can be related as a
state (capture of status) or as a process (relating of change in conditions
over time). Increased forest fragmentation results from dissecting con-
tiguous forested areas into smaller and more isolated patches of diverse
sizes and shapes (Saunders et al., 1991; Vogelmann, 1995). Changes in
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forest fragmentation have been shown to impact habitat quality, bio-
diversity patterns and richness, and may ultimately modify the overall
ecosystem function and condition of the forest (Fahrig, 2003; Wickham
et al., 2008). Forest fragmentation is a dynamic, multidirectional pro-
cess; fragmentation can vary over time as disturbance and recovery
processes interact to alter the amount and spatial configuration of
treed-vegetation on a landscape (Pickell et al., 2016a). Thus, mon-
itoring forest fragmentation both spatially and over time is critical for
understanding and sustaining a wide variety of ecosystem values
(Turner et al., 2013).

Landscape fragmentation can be quantified through a suite of spa-
tial pattern metrics that inform on the amount and configuration of
patches, distribution of patch sizes, and edge effects (Betts, 2000).
These metrics enable comparison of landscape patterns at different lo-
cations, as well as making relative assessments of fragmentation change
through time (McGarigal and Marks, 1995; Turner et al., 1989). For
large area mapping, it is common to summarize these fragmentation
metrics across a regular lattice that partitions a larger area into smaller,
regularly-sized landscape units (Cardille et al., 2005; Pickell et al.,
2016a; Wulder et al., 2008a).

Historically, due to limited data options (e.g., satellite imagery and
related derivations of land cover), fragmentation characteristics over
the forested ecosystems were often characterized at a single point in
time (Riitters et al., 2000) or by highlighting differences between
fragmentation states at epochal time steps, for example bi-temporal
(Zheng et al., 1997), 5-yearly (Sanchez-Azofeifa et al., 2001), decadal
(Vogelmann, 1995), or longer (Boentje and Blinnikov, 2007). As a
process, forest fragmentation, however, is not necessarily well char-
acterized with bi-temporal observations that focus primarily on changes
due to forest loss, with limited capacity to capture the return of forests
(and concomitant changes in forest pattern) following disturbance.
Disturbances operate in a heterogeneous manner and over a range of
time scales and play an important role in creating, modifying, and
maintaining a spatial mosaic of the vegetation within forested ecosys-
tems (Turner, 1989).

Remotely sensed data enable systematic mapping of forested eco-
systems over a range of spatial scales, including regional and global
(e.g., Hansen et al., 2013; Hermosilla et al., 2016; Roy et al., 2010). The
Landsat satellite program provides decades of high-quality, analysis-
ready imagery, at temporal and spatial resolutions suitable for mon-
itoring and mapping natural processes and human activity (Wulder
et al., 2008c). As such, Landsat imagery has a key role to play in doc-
umenting forest fragmentation patterns and processes (Cohen and
Goward, 2004; Vogelmann, 1995). While detailed forest fragmentation
analyses covering large areas were traditionally limited to one (Butler
et al., 2004; Wulder et al., 2008a) or two observation dates (Wickham
et al., 2008), more in-depth, multi-temporal analyses of forest frag-
mentation were generally spatially constrained (Coops et al., 2010; Li
et al., 2009; Pickell et al., 2016a). Continuously monitoring large
geographic areas, over multiple decades, at finer time steps, is now a
reality following the opening of the United States Geological Survey
(USGS) Landsat archive (Woodcock et al., 2008; Wulder et al., 2012).
Thus, based upon free and open access to the Landsat archive, novel
automated methods that use Landsat time series to generate annual
land cover products over large areas are emerging (Gómez et al., 2016;
Wulder et al., 2018a).

Landscapes present an inherent level of fragmentation as a con-
sequence of the configuration of topographical and geographical ele-
ments, including water features (e.g. rivers, lakes), wetlands, or
mountains (Wulder et al., 2011). Natural and anthropogenic dis-
turbances alter this inherent fragmentation of ecosystems, and mon-
itoring this requires multi-temporal information. Detailed knowledge
on when and where forest changes occur permits the study of the
fragmentation patterns produced by different disturbance drivers. The
combined analysis of dense time series of forest maps and detailed
forest change data allows for the tracking of forest fragmentation

following disturbance events, providing useful information on the
temporal evolution of spatial forest pattern, and—given an adequate
time period—the recovery of vegetation patterns to resemble pre-dis-
turbance conditions. In this study, we present a comprehensive analysis
of forest fragmentation over Canada's forest-dominated ecosystems
from 1984 to 2016. As source data, we use annual land cover classifi-
cation maps (Hermosilla et al., 2018) derived from a time series of
Landsat image composites and forest change metrics that were gener-
ated using the Composite-to-Change or C2C approach (Hermosilla et al.,
2016). The objectives of this study were threefold: (i) to quantify and
characterize national and regional trends in forest fragmentation
(1984–2016); (ii) to capture and map baseline levels of forest frag-
mentation in forest areas that have not changed over the analysis
timeframe; and (iii) to quantify and analyze the different dynamics and
changes to forest fragmentation patterns following natural and an-
thropogenic disturbance events, relative to the baseline levels of frag-
mentation.

2. Study area

Canada's forested ecosystems comprise ~650million ha, or 65% of
Canada's total area (998.5 million ha) (Wulder et al., 2008b). These
forest-dominated ecozones are mainly a mixture of trees, shrubs, wet-
lands, and lakes, with treed and other wooded lands occupying
347.1 million ha (Natural Resources Canada, 2016). Fires are the main
stand-replacing disturbance, impacting an estimated 40.6 million ha
between 1985 and 2010, compared to the 16.7 million ha that were
harvested over that same 25-year period (White et al., 2017). The forest
dominated ecosystems are identified following the ecozone stratifica-
tion of Canada (Ecological Stratification Working Group, 1995) shown
in Fig. 1. As the Boreal Shield and Taiga Shield ecozones have large
longitudinal extents and consequently a broad range of ecoclimatic
conditions from west to east, these ecozones are partitioned into a
western and eastern component (Frazier et al., 2015; Stocks et al.,
2002).

3. Methods

3.1. Data

3.1.1. Landsat time series data and derived forest change information
Forest change information was generated using the Composite-2-

Change or C2C approach (Hermosilla et al., 2016). The C2C approach
comprises the generation of annual best-available pixel (BAP) image
composites by choosing optimal observations for each pixel from all
available archived Landsat-5 TM, Landsat-7 ETM+, and Landsat-8 OLI
imagery with<70% cloud cover (Hermosilla et al., 2017). Input
Landsat images are atmospherically corrected to surface reflectance
using LEDAPS (Masek et al., 2006; Schmidt et al., 2013). Optimal ob-
servations are chosen based on the scoring functions defined by White
et al. (2014) and Hermosilla et al. (2015a), which include proximity to
mid-summer target date (Julian day 213 ± 30 days), presence and
distance to clouds and their shadows (detected using Fmask algorithm,
Zhu and Woodcock, 2012), atmospheric quality, and acquisition sensor
(Landsat-7 ETM+ is penalized after scan line corrector failure in 2003).
These annual composites are further refined by removing noisy ob-
servations (e.g. unscreened clouds and haze) and by infilling data gaps
(due to a lack of suitable observations) with proxy values by applying
spectral trend analysis to each pixel-level time series (Hermosilla et al.,
2015a). Temporal trends and changes are determined with a bottom-
up/sliding window (SWAB) breakpoint detection algorithm (Keogh
et al., 2001) using Normalized Burn Ratio (NBR) values as inputs (Key
and Benson, 2006). The SWAB algorithm divides the pixel series,
composed of n segments, into n-1 segments and assesses the cost of
merging pairs of adjacent segments (using root mean square error)
based on the lowest cost. This process is iterated until the maximum
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number of segments (six) are used or the maximum allowable merging
cost (0.125) is reached (Hermosilla et al., 2017). Following breakpoint
detection, segments and trends are identified, that are in turn used to
define a set of descriptive metrics that characterize the change events
(e.g. magnitude) as well as pre- and post-change conditions. This ana-
lysis in the temporal domain is then followed by analysis in the spatial
domain, with the objective of improving the spatial homogeneity and
consistency of the change detection. At this stage in the processing,
change events with an area smaller than the minimum mapping unit
(0.5 ha) are removed (Hermosilla et al., 2015a). Utilizing the full
temporal depth of Landsat images from over 1280 scenes (path/row)
resulted in seamless annual surface reflectance composites for all of
Canada from 1984 to 2016, as well as the detection and characteriza-
tion of forest change events (Hermosilla et al., 2017, 2016). Changes
were then attributed to a change type (i.e., fire, harvest) based on their
spectral, temporal, and geometrical characteristics, using a Random
Forest classifier following the object-based image analysis approach
presented in Hermosilla et al. (2015b). Validation using independent
data indicated an overall accuracy of 89% on detection of change
(change, 92%; no change, 88%) and 92% overall on change attribution

with greater accuracy found for the stand replacing disturbances of
wildfire and harvest (96%). With regards to timing of change, 89% of
changes are assigned to the correct year, with 98% within± 1 year
(Hermosilla et al., 2016). Landsat-derived forest change information is
available online and can be freely downloaded from https://opendata.
nfis.org/mapserver/nfis-change_eng.html.

3.1.2. Land cover maps
Treed areas were derived from the annual land-cover maps of

Canada for 1984 to 2016 generated using the Virtual Land Cover Engine
(VLCE) framework described in (Hermosilla et al., 2018). These 30-m
spatial resolution maps are derived from the spectral information pro-
vided by the Canada-wide pixel composites (Hermosilla et al., 2017,
2016) combined with topographic data using a Random Forests clas-
sifier. Then, a Hidden Markov Model was applied to incorporate dis-
turbance information and year-to-year vegetation succession expecta-
tions and expert-based class transition likelihoods (Abercrombie and
Friedl, 2016; Gómez et al., 2016), which resulted in disturbance in-
formed, temporally integrated, land-cover maps. These maps comprise
12 land-cover classes, including non-vegetated (i.e., water, snow/ice,
rock/rubble, exposed/barren land), vegetated non-treed (i.e., bryoids,
herbs, wetland, shrubs), and treed-vegetation (i.e., wetland-treed,
coniferous, broadleaf, mixedwood) after Wulder et al. (2008b). The
reported accuracy on the discrimination between treed-vegetation, ve-
getated non-treed, and non-vegetated is 82.5%. Refer to Hermosilla
et al. (2018) for more information on the land cover products used
herein.

Fig. 1. False-color Landsat best-available-pixel (BAP) composite of Canada in 2010 overlaid with Canada's forested ecozones.

Table 1
Summary of landscape units comprised by the analysis strata.

Stratum Landscape units

All 5,626,672
Unchanged 3,401,892
Wildfire dominated 722,487
Harvesting dominated 249,995
Non-stand replacing change dominated 244,424
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3.2. Forest fragmentation metrics and analysis

Fragmentation metrics were computed on a 1× 1 km grid of land-
scape analysis units covering Canada's forested ecosystems (6,505,207
in total). As supported by Wulder et al. (2008a), analysis units of this
size allow for sufficient capture and representation of local detail in
spatial pattern, while also capturing the patterns imposed by the
dominant stand-replacing disturbance agents in Canada: wildfire and
harvest. First, the 12-class land cover maps were reclassified into three
classes: forest, non-forest, and other, with the forest class containing all
treed-vegetation categories. The non-forest class contained the non-
treed vegetation categories as well as exposed/barren land, while the
“other” class referred to those land cover categories that are considered
invariant with regards to forest fragmentation, including water, snow/
ice, and rock/rubble (Wulder et al., 2008a). In total, four key frag-
mentation metrics were computed for each landscape analysis unit (i.e.
1× 1 km cell) for each year: forest cover, mean forest patch size,
number of forested patches, and forest–non-forest join counts. Forest
cover is the percentage of a given landscape unit occupied by treed-
vegetation. This metric is indicative of forest dominance, with higher
values indicating more forest cover relative to non-forest cover classes
(Li et al., 2005; Pickell et al., 2016a). Mean forest patch size is the
average size in hectares of the portion of treed patches contained within
the landscape unit. Smaller mean sizes are indicative of more frag-
mentation (McGarigal and Marks, 1995). The number of forested pat-
ches indicates the number of patches that comprise treed vegetation in
a landscape unit. As the area of the landscape units do not vary, a larger
number of forested patches indicate a more fragmented forest

(McGarigal and Marks, 1995; Turner, 1989). The forest–non-forest join
count relates the frequency of forest and non-forest pixel adjacencies or
edges, and is indicative of the configuration of treed vegetation (Boots,
2005; Riitters et al., 2002). The forest–non-forest join count metric is
lowest for both high and low forest cover and reaches a maximum at
50% forest cover (Long et al., 2010).

Landscape units with notable agricultural (> 3%) or water (> 90%)
areas, and without treed vegetation through the analysis period
(< 0.5%) were excluded from the analysis, resulting in 5,626,672
landscape units. For analysis purposes, we stratified the landscape units
based on the dominant disturbance type, including unchanged (land-
scape units with< 10% of the area disturbed 1984–2016), fire, har-
vesting, and non-stand replacing change (Hermosilla et al., 2015b). We
stratified landscape units by dominant disturbance type (i.e. wildfire,
harvest, or non-stand replacing) when>35% of the landscape unit
area was affected by that disturbance type over the time series. Since a
landscape unit may be impacted by multiple changes in different years,
each landscape unit and change type was assigned the most frequent
year of area changed for the dominant change type (hereafter referred
to as the modal year of disturbance). The resulting number of landscape
units in each stratum is summarized in Table 1.

Changes in annual fragmentation values were assessed for each
metric using Theil-Sen non-parametric regression (Sen, 1968). The
Theil-Sen approach calculates all pairwise slopes for a given fragmen-
tation metric through time by landscape unit (1984–2016) and returns
the median slope. Theil-Sen slopes are less sensitive to outliers than
traditional linear regression and are therefore more commonly used in
time series analyses (Pickell et al., 2016a; Rickbeil et al., 2018). Slope

Fig. 2. Theil-Sen slopes for the forest fragmentation metrics (a) forest cover, (b) mean forest patch size, (c) number of forested patches, and (d) forest–non-forest join
count, across Canada's forested ecosystems (1984–2016). Only significant slopes are displayed, which was determined using the Mann-Kendall test. Note that values
above/below the upper/lower limits are truncated for the purposes of graphical representation. Legends only applicable within Canada's forested ecosystems.
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significance was computed using nonparametric Mann–Kendall test
(Kendall and Gibbons, 1990). The Mann-Kendall tests for monotonic
trends, while the Thiel-Sen estimator provides the sign and magnitude
for those trends.

4. Results

The results presented herein focus on three different aspects. First,
we provide a national assessment of temporal trends in forest frag-
mentation metrics across all landscape units, for both disturbed (i.e.

wildfire, harvest, non-stand replacing) and undisturbed units. Then, to
establish a forest fragmentation baseline for each ecozone, we char-
acterize the fragmentation of the landscape units that were not dis-
turbed during our analysis period (1984–2016). Finally, we present a
detailed analysis of the evolution of forest fragmentation dynamics
following natural (i.e., fire, non-stand replacing changes) and anthro-
pogenic (i.e., harvesting) disturbance events, and compare those to
baseline levels of fragmentation derived from unchanged landscape
units.

Fig. 3. Details of Theil-Sen slopes for the forest fragmentation metrics (1984–2016) showing (a) Montane Cordillera, (b) boundary between Taiga Shield West and
Boreal Shield West, (c) Hudson Plains, and (d) Boreal Shield East. Only significant slopes are displayed, which was determined using the Mann-Kendall test. Note that
values above/below the upper/lower limits of the portrayed data ranges are truncated for the purposes of graphical representation. Legends only applicable within
Canada's forested ecosystems.
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4.1. Canada's forest fragmentation dynamics 1984–2016

The analysis of Canada's forest fragmentation dynamics was con-
ducted by analyzing the Theil-Sen slopes for the forest fragmentation
metrics between 1984 and 2016 for all 1× 1 km cells, regardless of
disturbance history. Maps of the national Theil-Sen slopes computed at
landscape unit level (1× 1 km) are shown in Fig. 2, which displays
areas of both increasing and decreasing fragmentation trends (Fig. 3).
Areas of increasing fragmentation are generally characterized by de-
creases in forest cover, decreases in mean forest patch size, and in-
creases in number of forested patches and number of forest–non-forest
joins. Alternatively, areas where forest fragmentation was decreasing
experienced increasing forest cover and mean forest patch size, as well
as a decrease in the number of forested patches. The forest–non-forest
join count exhibited variable behaviour depending on the initial forest
cover, with positive trends in areas characterized by scant treed-vege-
tation.

4.2. Baseline forest fragmentation

To establish a forest fragmentation baseline for each ecozone, we
computed the 33-year distribution of the values of the fragmentation
metrics in unchanged landscape units, by forested ecozone (Fig. 4 and
Table 2). The combined analysis of the metrics indicates that the Taiga
Shield West, Taiga Shield East, and Taiga Cordillera are the most
fragmented ecozones, with the lowest forest cover and mean forest
patch size median values, the narrowest interquartile range for mean
forest patch size, and the largest number of forested patches. In contrast
the Atlantic Maritime, Boreal Plains, and Boreal Shield East are the least
inherently fragmented ecozones, with the highest forest cover and
mean forest patch size median values, and the lowest number of
forested patches. Hudson Plains and Boreal Cordillera have average to
high forest cover, but relatively lower forest patch area and greater
number of forested patches. Moreover, the Hudson Plains has the
highest forest–non-forest join count. The metrics indicate that the
Hudson Plains and Boreal Cordillera are composed of abundant treed

Fig. 4. Distribution of forest fragmentation metrics: (a) forest cover, (b) mean forest patch size, (c) number of forested patches, (d) forest–non-forest join count, in
unchanged landscape units by forested ecozone for 1984–2016. (AM: Atlantic Maritime; BC: Boreal Cordillera; BP: Boreal Plains; BSE: Boreal Shield East; BSW: Boreal
Shield West; HP: Hudson Plains; MC: Montane Cordillera; PM: Pacific Maritime; TC: Taiga Cordillera; TP: Taiga Plains TSE: Taiga Shield East; TSW: Taiga Shield
West). Boxplots represent median, interquartile range, and extreme values. Note that outliers are not displayed.

Table 2
Summary statistics of forest fragmentation metrics by ecozone in unchanged landscape units.

Ecozone Forest cover [%] Mean forest patch size [ha] Number of forested patches Forest–non-forest join count

Mean Median St. dev. Mean Median St. dev Mean Median St. dev. Mean Median St. dev.

Atlantic Maritime 83.9 93.0 21.0 66.0 91.0 37.1 2.8 1.0 4.0 131.0 96.0 121.3
Boreal Cordillera 55.2 60.0 32.8 30.1 11.0 36.2 5.6 4.0 5.0 172.8 160.0 116.4
Boreal Plains 77.6 88.0 25.5 55.9 48.0 39.9 4.1 1.0 5.5 157.9 126.0 135.4
Boreal Shield East 71.9 82.0 27.4 50.0 42.0 39.4 4.4 2.0 5.7 142.5 106.0 130.6
Boreal Shield West 66.1 73.0 27.4 41.1 27.0 37.5 5.1 2.0 6.0 163.1 128.0 142.7
Hudson Plains 55.0 55.0 30.0 28.3 9.0 35.9 8.2 5.0 8.1 228.7 222.0 141.3
Montane Cordillera 65.9 77.0 31.4 43.3 28.0 39.3 3.9 2.0 3.8 139.9 124.0 104.7
Pacific Maritime 62.5 72.0 32.6 40.4 23.0 39.3 4.3 3.0 4.2 133.4 115.0 104.1
Taiga Cordillera 27.6 16.0 28.5 9.3 1.0 21.2 7.9 7.0 5.9 161.5 140.0 119.0
Taiga Plains 55.8 60.0 35.3 34.3 10.0 40.6 7.6 5.0 7.8 190.6 172.0 142.3
Taiga Shield East 38.4 32.0 30.5 16.5 2.0 28.3 10.8 9.0 8.8 193.1 180.0 126.2
Taiga Shield West 23.6 12.0 25.1 6.8 0.0 18.0 14.1 13.0 8.7 174.3 144.0 121.0
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vegetation, but it is spatially arranged in numerous and small forested
patches (such as in among wetlands or in alpine areas).

The mean annual values of the forest fragmentation metrics ana-
lyzed for unchanged landscape units (i.e., units that did not undergo
disturbances during the analyzed period) across Canada's forested
ecosystems is shown in Fig. 5. Over the analysis period (1984–2016) all
metrics display significant temporal trends (all p-values< 0.001 for the
Mann-Kendall test). Forest cover and mean forest patch area increased
over the time period (0.35% and 0.29% mean Thiel-Sen slopes for
significant trends, respectively). In contrast, the number of forested
patches and forest–non-forest join count decreased over the time period
(−0.04 and −0.45 mean Thiel-Sen slopes, respectively). Analyzing the
results by ecozone, forest cover and mean forest patch area show po-
sitive trends for all ecozones. Forest cover mean Thiel-Sen slopes ranged
from 0.19% in Pacific Maritime to 0.46% in Boreal Plains. Mean forest
patch size mean Thiel-Sen slopes ranged from 0.11% in Taiga Shield
East to 0.61% in Atlantic Maritime. These trends are generally steeper
during the first years of the time series analyzed (before 1995), which is
most pronounced in ecozones with highest mean forest cover values
(i.e., Atlantic Maritime, Boreal Plains, Boreal Shield East). This is likely
an artifact of recovering forests that were disturbed prior to the analysis
period (i.e., pre-1984; see Section 5.2 for further discussion on dis-
turbance timing relative to analysis period). The mean annual number
of forested patches decreased for most ecozones (ranging from −0.095
mean Thiel-Sen slope in Boreal Shield West to −0.002 in Pacific Mar-
itime) with the exception of Taiga Cordillera (0.026) and Taiga Shield

East (0.013), however the overall magnitude of the trends in forest
patch size was small. Forest–non-forest join count increased for eco-
zones characterized by low forest cover (i.e., Taiga Shield West [1.03
mean Thiel-Sen slope], Taiga Shield East [0.92], Taiga Cordillera
[1.18]), and decreased for ecozones with the highest forest cover values
(i.e., Atlantic Maritime [−3.28], Boreal Plains [−1.94], Boreal Shield
West [−1.52], and Boreal Shield East [−1.11]).

4.3. Forest fragmentation trends & disturbance events

To analyze the impact of disturbances on forest fragmentation dy-
namics, we stratified the results by dominant disturbance (i.e., un-
changed, fire, harvesting, and non-stand replacing changes). The
Canada-wide distribution of Theil-Sen slope values for the forest frag-
mentation metrics stratified by dominant disturbance for 1984–2016 is
shown in Fig. 6. Landscape units with no changes presented positive
slopes for both forest cover and mean forest patch size metrics, slightly
negative for number of forested patches, and balanced for forest–non-
forest join count. Harvest-dominated landscape units displayed the
lowest negative Thiel-Sen slopes for mean forest patch size metrics and
the largest positive slopes for forest–non-forest join counts. Landscape
units dominated by fires exhibited larger positive Thiel-Sen slopes for
number of forested patches. Overall, non-stand replacing disturbances
resulted in a Thiel-Sen slope distribution similar to the unchanged
landscape units. Fig. 7 presents the distribution of the Theil-Sen slope
values by ecozone for the forest fragmentation metrics stratified by

Fig. 5. Mean annual values of forest fragmentation metrics (a) forest cover, (b) mean forest patch size, (c) number of forested patches, and (d) forest –non-forest join
count, in unchanged landscape units nationally (all ecozones) and by forested ecozone for 1984–2016.
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dominant disturbance for 1984–2016. Overall, fire-dominated land-
scape units were associated with a moderate reduction of forest cover
and increased number of forest patches. The four metrics analyzed in-
dicate an increase in forest fragmentation (1984–2016) in the Montane
Cordillera, Boreal Cordillera, and Boreal Plains. Non-stand replacing
changes result in balanced distributions of Theil-Sen slopes with med-
ians close to zero.

To study the development of forest fragmentation and the spatial
recovery of treed-vegetation patterns following natural and anthro-
pogenic disturbance events, we monitored the evolution of the forest
fragmentation metrics related to time since disturbance. The annual
mean values of the forest fragmentation metrics in disturbance-domi-
nated landscape units (i.e., fire, harvesting, and non-stand replacing
changes) are shown in Fig. 8. Note that the sample population across
the analyzed period is variable, with a greater number of landscape
units within a shorter time since the modal disturbance year and a
lesser number of landscape units with longer periods of time since
disturbance. This distribution produces more unstable trends at the end
of the analyzed period (i.e., tail of the time-since-disturbance dis-
tribution). Thus, results produced from a smaller number of landscape
units is noted and consequently should be more cautiously interpreted.
Harvesting events tend to occur in less fragmented landscapes com-
pared with fires: pre-harvest forest cover and mean forest patch size are
higher, number of patches is lower, and forest–non-forest join count is
lower. Following harvest, forest fragmentation evolves towards the pre-
change condition at a higher rate compared with fires. By the end of the
30-year post-change analysis period, forest fragmentation metrics in
harvest-dominated landscapes are comparable to the pre-harvesting
baseline. The sustained and continued increase in mean forest patch
size over time following harvest events is expected to cease when the
maximum available area within the landscape unit is reached. In con-
trast, fire-dominated landscapes resulted in more fragmentation, with a
reduction of forest cover and mean forest patch size, and increase of
forest patches and forest–non-forest join counts. Overall, non-stand

replacing changes have little effect on the behaviour of the forest
fragmentation metrics.

Chronosequences showing the relationship between initial forest
cover and 0, 10, 20, and 30 years following the modal disturbance year
for the disturbance classes are presented in Fig. 9. As expected, har-
vesting occurs in landscapes with high initial forest cover and after
20 years most harvest-dominated landscapes exhibit high forest cover.
Fire-dominated landscapes tend to have lower initial forest cover and
take up to 30 years to approximate the pre-fire initial forest cover level
indicating slower recovery rates compared with harvests. Non-stand
replacing changes have little effect on the level of fragmentation found,
with most of the values distributed around the 1:1 diagonal line fol-
lowing the modal disturbance year.

5. Discussion

5.1. Characterization of forest fragmentation dynamics in Canada's forested
ecosystems from 1984 to 2016

The results presented herein enable the establishment of a baseline
of forest fragmentation, and a capacity to monitor fragmentation dy-
namics following disturbance across Canada's forested ecosystems. The
analysis of the areas that have not been affected by disturbances during
the analysis period characterize the forest fragmentation baseline for
each forested ecozone that has resulted from the spatial distribution of
treed vegetation in relation to the topography and the presence of
largely invariant physical features (e.g., lakes), as well as the dis-
turbance history of the unit prior to our time series (i.e. prior to 1984)
(Pekel et al., 2016; Wulder et al., 2011). This baseline is useful for
comparative purposes and to understand the legacy of disturbance on
forest pattern within the various ecozones. Using this baseline, we can
determine which ecozones had relatively higher (i.e. Taiga Shield West,
Taiga Cordillera) or lower levels of forest fragmentation (i.e., Atlantic
Maritime, Boreal Plains). Furthermore, examining the trends in annual

Fig. 6. Distribution of the Theil-Sen slopes of the forest fragmentation metrics (a) forest cover, (b) mean forest patch size, (c) number of forested patches, and (d)
forest–non-forest join count, across Canada's forested ecosystems. Boxplots represent median, interquartile range, and extreme values. Note that outliers are not
displayed.
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values of fragmentation metrics in these unchanged areas indicated a
successive reduction in fragmentation as forests develop, indicative of
the natural growth and expansion of the treed vegetation (Fig. 5). These
trends convey the regional dynamics of various stand development
stages, as they represent mature forest, but also young forests re-
covering from disturbances that occurred prior to 1984 (i.e., before the
analysis period; Matasci et al., 2018).

The multi-temporal assessment presented herein affirms results for a
single-date assessment of forest fragmentation in Canada for circa 2000
(Wulder et al., 2011, 2008a). In this assessment, the Taiga Shield and
Taiga Cordillera were likewise identified as having more fragmented
forests circa 2000, and these were also the ecozones that had the lowest
proportion of forest cover (Wulder et al., 2008a). These ecozones were
considered to be inherently fragmented as a result of prolific water
features (Taiga Shield) and extreme topography (Taiga Cordillera;
Wulder et al., 2011). Conversely, the Atlantic Maritime was identified
as one of the least fragmented ecozones; however, as roads are the
primary driver of fragmentation in this ecozone, the level of fragmen-
tation in this ecozone is likely underestimated (Wulder et al., 2011),
since Landsat is not an optimal tool for road detection and mapping.
Previous research has demonstrated that harvesting results in more
fragmented landscapes than natural disturbances (Hudak et al., 2007;
Tinker et al., 1998). We likewise found that harvesting activities lead to
an increase of fragmentation, with negative median Theil-Shen slopes
for forest cover and mean forest patch size. Fires resulted in an in-
creased fragmentation in the configuration of forests, with the highest

positive median Theil-Shen slopes for number of forested patches. In
part, these trends may be explained by the fact that harvesting typically
occurs in highly productive areas with greater pre-disturbance forest
cover (Fig. 9) and less fragmentation. In contrast fires typically occur in
a more diverse range of forest conditions and land cover types, and tend
to be more patchy and of variable intensity (White et al., 2017). The
results presented herein indicate that forest fragmentation dynamics
after fire and harvesting differ. While harvesting resulted in more
fragmented landscapes than fire immediately following disturbance
events, fragmentation metrics returned to pre-disturbance values more
rapidly following harvest compared to fire. Areas impacted by fires had
lower pre-disturbance forest cover (Fig. 9), and were characterized by
an increasing forest–non-forest join count (Fig. 8). The evolution of
forest fragmentation patterns in harvest-dominated landscapes is also
influenced by mandated replanting activities (following jurisdictional
sustainable forest management regulations) and more productive sites
that lead to more rapidly reaching a forest fragmentation baseline. The
impacts of non-stand replacing changes on landscapes can be notable
related to the health and status of vegetation (e.g., insect infestations or
drought stress), however they do not involve a major short- or long-
term alteration of the forest fragmentation patterns captured. For ex-
ample, insect-related disturbances generally result in widespread tree
damage and mortality (Senf et al., 2015), but not in a broad-scale
(immediate) removal of treed vegetation (Hall et al., 2016).

Mapping and consideration of forest fragmentation through time
enables national monitoring of fragmentation dynamics (i.e., increases

Fig. 7. Distribution of the Theil-Sen slopes of the forest fragmentation metrics (a) forest cover, (b) mean forest patch size, (c) number of forested patches, and (d)
forest–non-forest join count, by forested ecozone. (AM: Atlantic Maritime; BC: Boreal Cordillera; BP: Boreal Plains; BSE: Boreal Shield East; BSW: Boreal Shield West;
HP: Hudson Plains; MC: Montane Cordillera; PM: Pacific Maritime; TC: Taiga Cordillera; TP: Taiga Plains TSE: Taiga Shield East; TSW: Taiga Shield West). Boxplots
represent median, interquartile range, and extreme values. Note that outliers are not displayed.
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or decreases in measures of pattern and distribution of treed vegetation;
Fig. 2), but also enable the analysis of trends in forest fragmentation
patterns by disturbance types. Fig. 3 highlights highly dynamic areas
with various marked positive and negative forest fragmentation trends
in the studied metrics. Fig. 3a displays the effect on forest fragmenta-
tion produced by increased harvest activity in the mid-2000's in re-
sponse to infestation by mountain pine beetle (Dendroctonus ponderosae)
in the Montane Cordillera (Wulder et al., 2009), which led to an overall
decrease of forest cover and an increase of forest–non-forest interface.
Areas dominated by wildfire, such as northern Saskatchewan (Fig. 3b),
show significant trends of both increasing and decreasing fragmenta-
tion. The sign and magnitude of these temporal trends is mainly im-
pacted by when the event occurred within the analysis period. Fires
occurring early in the time series resulted in a decrease in forest frag-
mentation, while fires occurring at the end of the analysis period re-
sulted in an increase in forest fragmentation. The Hudson Plains
(Fig. 3c) show significantly increasing trends of forest cover and mean
forest patch size, and a marked reduction in the number of forest pat-
ches. Hudson Plains is a notably distinct ecozone dominated by wet-
lands with an increase in treed cover possibly related to transition from
wetland to wetland treed areas (Wulder et al., 2018b). Ballantyne and
Nol (2015) documented an increase in shrub and tree cover over the
period 1973 to 2006 of 12.6 and 6.9%, respectively. Finally, Fig. 3d
shows the fragmentation dynamics as response to localized weather
events, such as an extensive area located in the Boreal Shield East (Lake
Nipigon ecoregion) which was damaged by an early and heavy snow
fall event (October 24, 2001; described in Wulder et al., 2010). This
specific event caused an increase in forest fragmentation indicated by

significant reductions of canopy cover and mean forest patch size, and
an increased number of forested patches and more forest–non-forest
join counts.

5.2. Analysis of forest fragmentation using Landsat time-series data: insights
and considerations

Free and open access to the Landsat data archive has facilitated new
opportunities for monitoring large-forested areas through time (Wulder
et al., 2018a). Motivated by information needs around monitoring
forests for inventory and carbon accounting purposes, among others
(White et al., 2014), time series of Landsat surface-reflectance compo-
sites have enabled generation of Canada-wide annual, temporally-con-
sistent land cover maps. These map products provide the capacity to
observe and describe baseline levels of forest fragmentation in areas
that have not changed within the analysis period, and also the different
patterns and dynamics following stand-replacing and non-stand-repla-
cing disturbances. Historically, the study of forest fragmentation using
remotely sensed data has been limited by availability and access to
data. This restricted the temporal scale of the analysis to the depiction
of forest fragmentation as a state by considering a single date (Cardille
et al., 2005; Riitters et al., 2002; Wulder et al., 2011, 2008a) or limited
epochal analyses (Çakir et al., 2008; Coops et al., 2010; Margono et al.,
2012; Wickham et al., 2008). The use of annual time series provide the
ability to further assess the change of the forest fragmentation provided
by contrasting two or few more dates, by enabling a more detailed
description of fragmentation patterns' trends and evolution (Pickell
et al., 2016a). In addition, annual information on forest fragmentation

Fig. 8. Mean values of the forest fragmentation metrics for the disturbance-dominated landscapes across Canada's forested ecosystems. X-axis shows years since the
modal disturbance year for the dominant disturbance type.
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permits a more complete portrayal of the different temporal manifes-
tations of the spatial configuration of forests following disturbance
events.

The 33-year time period covered by this study (1984–2016) at an
annual time-step provides useful data and information with regards to
monitoring forest fragmentation dynamics following change events.
Although exceeding three decades, the length of the analysis period
may not be sufficiently long to capture the return to the spatial patterns
present prior to disturbance, especially in more northern, slow growing,
lower productivity, forest environments (Bolton et al., 2017). More-
over, the timing of disturbances relative to the analysis period appears
to be of importance for characterizing forest fragmentation dynamics
post-disturbance. For example, change events that occurred before or at
the beginning of the analysis period will show stronger vegetation re-
covery trends, with concomitant increases in forest cover, mean patch
size, and a reduction in the number of forest patches. On the other
hand, disturbances occurring near the end of the analyzed time window
will likely be represented by increasing fragmentation trends. Longer
analysis periods are expected to moderate these disturbance effects on
the fragmentation trends (Pickell et al., 2016a). Alternatively, frag-
mentation trends might be analyzed considering multiple periods based
on time since disturbance events (Tavernia et al., 2016). Moving for-
ward, the ability to consider longer periods will be made possible by the
images currently collected by Landsat-8 OLI and Sentinel-2, and by the
on-going development and scheduled December 2020 launch of Landsat
9. Furthermore, recent advances in product development are increasing
the potential to use Landsat MSS imagery to extend the monitoring
analysis backwards until 1972 (Savage et al., 2018), presenting an

additional opportunity to extend the temporal analysis window.
The study presented herein was made possible due to the high

density of coverage over Canada's forested ecosystems by the Landsat
archive (White and Wulder, 2014). However, it might be challenging to
obtain enough clear observations in other regions of the world such as
tropical latitudes or areas where ground receiving stations were only
installed in later years. While initiatives such as the global archive
consolidation (Wulder et al., 2016) have significantly increased the
Landsat data holdings for some areas globally, the density and temporal
distribution of these images might not be optimal to conduct analogous
analyses. Thus, imagery with lower spatial resolution (e.g., MODIS)
might be required to ensure the spatial coverage, but may otherwise
hinder detailed spatial and temporal analyses of forest fragmentation
patterns at spatial scales meaningful to forest management and re-
porting activities. Moreover, the different spatial resolution of the
MODIS data may result in different fragmentation metric values (e.g.
Nelson et al., 2009). While data blending opportunities to bring to-
gether Landsat and MODIS data do exist (Gao et al., 2006) and could
provide data suitable for analysis (Hilker et al., 2009), the baseline
would be limited to following the 1999 launch of MODIS. Further, our
analyses characterize the temporal trends in the forest fragmentation
metrics, given a consistently generated data source (Hermosilla et al.,
2018) and a size-invariant analysis unit (1× 1 km). Although previous
research has shown that fragmentation metrics are impacted by the size
of the landscape analysis unit chosen, ecozonal trends in metric values
are relatively stable across different spatial scales, with absolute (count-
based) metrics impacted by analysis unit size more than metrics stan-
dardized to the area of the landscape analysis unit (Gergel, 2006;

Fig. 9. Chronosequence of heat-map scatterplots showing the relationships between forest cover before and 0, 10, 20, and 30 years following modal disturbance
events for fire, harvest, and non-stand replacing (NSR) changes. Note that the sample population across the analyzed period is variable, with a greater number of
landscape units within a shorter time since modal disturbance and a lesser number of landscape units with longer periods of time since disturbance. Values above the
1:1 diagonal line indicate higher forest cover after disturbance and values below the 1:1 line indicate lower forest cover after disturbance.
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Wulder et al., 2008a). Consequently, temporal trends resulting from
forest fragmentation analyses at different spatial scales are expected to
be consistent; however, the significance of these temporal trends may
differ (Pickell et al., 2016a).

This research provides additional understanding of the forest dy-
namics present over Canada's forested ecosystems. Uniquely, this ana-
lysis of time series of Landsat data has enabled insight on the dynamics
of spatial patterns and how this relates to the reestablishment of treed
vegetation following disturbance. As described above, given sufficient
time following disturbance, the pre-disturbance spatial patterns are
shown to return. These results complement forest recovery findings
based upon spectral (Frazier et al., 2018; Pickell et al., 2016b; White
et al., 2017) and land cover (Hermosilla et al., 2018) interpretations.
Furthermore, in Matasci et al. (2018) using forest structural attributes
(e.g., height, biomass, cover), generated from a 33-yeartime series of
Landsat and samples of lidar data the reestablishment of treed vegeta-
tion following disturbance is shown. The results presented here com-
plement the spectral, land cover, and vertical structural analyses of
forest dynamics, and show the ability of spatially describing the return
of treed-vegetation patterns, complementing our understanding of
forest recovery from a number of perspectives as produced by different
disturbance events.

6. Conclusions

Using an annual series of land cover maps produced from Landsat
imagery enables an augmented and detailed assessment of forest frag-
mentation and fragmentation dynamics in forested ecosystems. Herein,
we established a baseline of forest fragmentation nationally and for
each ecozone through the characterization of the existing fragmenta-
tion in unchanged areas of Canada's forested ecozones. By examining
annual values of fragmentation metrics, we characterized temporal
trends in the evolution of forest fragmentation in environments domi-
nated by disturbances (i.e., fire, harvest, non-stand replacing changes)
and in areas that did not experience disturbances during the analysis
period (1984–2016). The analysis of forest fragmentation following
disturbance events enabled us to monitor the recovery of spatial pat-
terns as treed-vegetation re-established, complementing spectral and
vertical structural measures of forest recovery. Transferring the
methods presented herein to other study areas may require modifica-
tion in order to address regional particularities of forest management
practices, disturbance regimes, and recovery rates. Nevertheless, the
logic and methods presented in this study offer an approach that can be
adapted to different forested ecosystems globally to enhance our un-
derstanding of forest fragmentation dynamics and the recovery of
spatial patterns after disturbance events.
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