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a b s t r a c t
Monitoring forest ecosystems requires accurate and up-to-date information on the type and extent of forest depletions, which may exist but are not always open and transparent. The ever growing, freely accessible Landsat
archive provides data to derive such information; however, the manipulation of raw imagery can constitute a
barrier to those lacking remote sensing expertise. The Landsat-based, global dataset of annual forest loss (version
1.0, Hansen et al., 2013) makes such information readily available. While the accuracy of this dataset has been
assessed at the global scale, its applicability for reliable local monitoring of forest harvesting has not yet been validated. Here we undertake such an exercise in a temperate forest in Atlantic Canada. We used a census, polygonbased approach to comprehensively assess thematic, temporal and structural accuracy. We vectorized Hansen's
forest loss raster for the 8,520 km2 of public lands in the Miramichi River basin (13,496 km2), which yielded 9299
polygons of 1 ha minimum size. Then we used the provincial forest harvest inventory as reference. User's and
producer's accuracies were 81% and 82% based on area, and 86% and 85% based on polygon counts. Detection
probability decreased with decreasing cutblock size and harvest intensity. From all Hansen polygons, 85% had
the correct harvest year and 88% structurally matched one or more reference polygons either alone or together
with other Hansen polygons. After the validation, we used the Hansen dataset to derive trends for the entire
basin. Mean annual harvest rate was 0.92 ha/km2/year between 2000 and 2012. Most of the catchments around
the western headwaters of the Miramichi River underwent intensive harvesting, underscoring the need of
further monitoring. Our results indicate that the Hansen dataset could be used as a surrogate harvest layer for
temperate forests where clear-cutting is common and ﬁre is rare.
© 2016 Published by Elsevier Inc.

1. Introduction
Human land use activities have become an important force for
changes in forest cover (Foley et al., 2005; Lambin et al., 2001) that contribute to the rapid biodiversity decline world-wide (Butchart et al.,
2010; Hansen et al., 2001). Tree cover extent (i.e., forest area) is
among the biodiversity indicators proposed for monitoring conservation progress (Pereira et al., 2013; Secades et al., 2014). Furthermore, accurate and up-to-date assessments of forest area and rates of depletion
are fundamental to the development of improved strategies for forest
and ecosystem management (Skole et al., 1997; Townshend et al.,
2011). Satellite imagery offers spatially and temporally consistent
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observations to derive this information from the local to global level
(Hansen and Loveland, 2012; Townshend et al., 2012; Zhu et al.,
2012), a role that is increasingly recognized among conservation biologists and ecologists (Buchanan et al., 2009; O'Connor et al., 2015,
Pettorelli et al., 2014). The public release, free of charge, of the over
40-year old, continuously run Landsat archive (Woodcock et al., 2008)
represents a tremendous opportunity for the monitoring needs of the
international community (Wulder et al., 2012; Wulder et al., 2015), providing data continuity, affordability and ease of access (Leidner et al.,
2012). However, manipulation of raw imagery is a barrier to the conservation and biodiversity communities, who may lack in-house expertise
to process and analyze the imagery (Turner et al., 2015). The global
dataset of forest change version 1.0 developed by Hansen et al.
(2013), hereafter the Hansen dataset, takes advantage of the free Landsat
archive and makes tree cover information readily available to these and
other communities, including those interested in biodiversity, climate
change mitigation and adaption, and sustainability issues.
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The Hansen dataset covers latitudes between 80°N and 60°S, is distributed in granules of dimensions 10 by 10°, and consists of the following 28-m raster ﬁles (tif format): (1) percent tree cover within each
pixel in the year 2000, where cover refers to canopy closure for all vegetation taller than 5 m in height; (2) forest cover loss 2000–2012, a
mask of stand-replacing disturbances in that period where the remaining percent tree cover is b25% (e.g. clear-cuts, wildﬁres); (3) forest
cover gain 2000–2012, a mask of change from non-forest to forest for
that period; and (4) year of gross forest cover loss event, encoded as either 0 (no loss) or else a value in the range 1–12, representing the year
when the loss was detected. Class membership (gain, loss or no-change)
was derived from decision trees based on the temporal proﬁle of spectral metrics derived from Landsat-7 ETM+ data from the growing season of the studied years. Validation was based on 1500 square blocks of
120 m side that were selected using stratiﬁed random sampling by
biome and by change type (in each of the ﬁve biomes, 150 blocks for
no-change, 90 for change and 60 for gain). Each block was photointerpreted for the proportion of each change type by visualizing in
Google Earth the complete time series of imagery available for that
block. For forest cover loss, user's and producer's accuracies were
found to exceed 80% in each biome and for the whole world. In particular, for the temperate and the boreal biomes, user's and producer's accuracies are 88% and 94% respectively.
While the Hansen dataset was validated globally, to the best of our
knowledge, there is no comprehensive and independent assessment
for the local utility of the annual forest loss raster (raster ﬁle #4
above) available for a particular biome, region or application. A ﬁeld validation exercise was performed in western Alberta (GFWC, 2014), however, it tested only the accuracy of forest gain (raster ﬁle #3 above). In
our case, we were interested to know if the annual forest loss maps
could be used to reliably capture forest harvesting in temperate regions
where there are no other major stand-replacing disturbances and
where there is a lack of publicly available, spatially explicit information
on the harvest operations. This question arose while investigating the
multi-annual cumulative effects of climate change, forestry and agriculture on the aquatic systems across the many catchments of the
Miramichi River basin, New Brunswick, Canada. We wanted to study
varying forest harvest intensities in each catchment and analyze them
by land ownership and holder of public timber license, but we were unable to obtain the required annual harvest layers for 40% of the basin
that is privately owned by companies or individuals. We tackled this
lack of transparency by using the governmental layers from the 60%
publicly owned portion to validate the applicability of the Hansen annual forest loss map as a surrogate layer of forest harvesting.
The goal of this paper is to report on this validation exercise and to
demonstrate the application of the Hansen dataset to the estimation
of areal rates of harvest in temperate forests. We used a census (as opposed to a sample), polygon-based validation approach for the Hansen
annual forest loss map across the 8,520 km2 of public lands of the
Miramichi basin between the years 2000 and 2012. Speciﬁcally, we
(1) converted the Hansen raster to a polygon vector layer and adapted
select parameters from the integrated framework for assessing the
accuracy of object-based land-cover products (Castilla et al., 2012)
to determine Hansen's thematic, temporal and structural accuracy;
(2) assessed the impact of harvest type and block size on the probability
of detection by the Hansen map; and (3) quantiﬁed and compared
trends of mean annual harvest rates for the entire basin across ownership regimes, public timber management licenses and catchments
over the 12-year monitoring horizon.
2. Materials and methods
2.1. Study area
Our 13,496 km2 study area is the Miramichi River basin, which occupies about a quarter of the province of New Brunswick, Canada. The
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Miramichi River originates in the uplands of north-western New Brunswick at an elevation of around 470 m (Moore and Chaput, 2007), ﬂows
as an extensive network through 74 catchments, and drains over the
eastern lowlands into the Northumberland Straight of the southern
Gulf of St. Lawrence (Fig. 1). The basin is situated within the temperate
forest biome as deﬁned by the biome-wide forest cover loss indicator
maps (Hansen et al., 2010), and is covered by the Acadian forest
(Rowe, 1959) that has been shaped by commercial forest harvesting
for over 200 years, with clear-cutting becoming the dominant harvesting method in the past 60 years (Loo and Ives, 2003; Aubé, 2008).
While the dominant natural dynamics range between smaller gap disturbances, such as wind damage and disease, and larger forest-replacing
events, such as ﬁre and outbreaks of spruce budworm (Choristoneura
fumiferana Clemens) (Blais, 1983; Loo and Ives, 2003), the latter have
actively been controlled through ﬁre suppression, pesticide spraying
and salvage logging since the 1950s (Aubé, 2008). The Acadian forest
of the Miramichi is characterized by red spruce (Picea rubens Sarg.), balsam ﬁr (Abies balsamea (L.) Mill), yellow birch (Betula alleghaniensis
Britt.) sugar maple (Acer sccharum Marsh), and declining amounts
of white pine (Pinus strobus L.), eastern cedar (Thuja occidentalis L.),
eastern hemlock (Tsuga canadensis (L.) Carrieère) and beech (Fagus
grandifolia Ehrh.) (Rowe, 1959; Hosie, 1990; Loo and Ives, 2003; Aubé,
2008).
Although the ﬂoodplains of the basin support some agriculture, forestry and the recreational Atlantic salmon-ﬁshing industry are the two
main economical drivers of this region (Aubé, 2008; Bruce, 2010).
Around 63% of the sparsely populated (b50,000 inhabitants, Statistics
Canada 2016) Miramichi basin is public (8,520 km2 so called “Crown
land”), which largely overlaps with eight timber management licenses
that are leased as four groups, each to a large forestry company
(Fig. 1): Group I contains licenses 2,3,4 and was managed by UPMKymmene Miramichi Inc. between 2000 and 2010 and then by Fornebu
Lumber Company Inc. from 2011; Group II contains license 5 which was
managed by Weyerhaeuser Company Ltd. between 2000 and 2007, then
taken over by the provincial government; group III consists of licenses 6
and 7 and was managed by J.D. Irving Ltd. continuously; and group IV is
made up of licenses 9 and 10 and was managed by Fraser Paper Nexfor
between 2000 and 2010, and then by Twin Rivers Paper Company from
2011. Only around 2.6% of the Miramichi Crown land is protected (i.e.,
224 km2) with restricted industrial and recreational activities (Fig. 1).
In addition, 2586 km2 of the Miramichi basin are classiﬁed as industrial
freehold, that is land owned by companies, of which 89% is owned and
managed by J.D. Irving Ltd.; and 2110 km2 are zoned as private land,
where land is owned by individuals (Fig. 1). The private land contains
numerous, generally elongated land parcels that on average are 3 ha
in size and do not exceed 320 ha. The remaining 280 km2 of the basin
consist of municipal lands with small towns and villages (Fig. 1).

2.2. Reference harvest data
We obtained from the New Brunswick Department of Natural Resources (DNR) a shapeﬁle containing the full inventory of all polygons
that were harvested on the public lands of the Miramichi basin between
2000 and 2012 (Fig. 2a). The polygon database contains the actual harvest block information recorded during the harvest operations by the license holders, whereby each polygon represents the area of a given
harvest cutblock, and provides information about the year (Fig. 2b)
and type of harvest. All harvest activities N1 ha on the public lands are
captured in this database, and the boundaries of cutblocks are based
on ground-measured GPS locations provided by the forestry operator
and later corrected by DNR based on post-harvest aerial photography
(Adam Dick, DNR, pers. Comm, July 12, 2016). We categorized the harvest types into two strata in addition to the conventional ‘clear-cut’ type
(Table 1): ‘select cuts’, where a minimum of 70% canopy cover remains;
and ‘full-opening cuts’, where comparatively less canopy cover remains
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Fig. 1. The 13,454-km2 Miramichi River basin study area in New Brunswick, Canada contains 74 catchments and is stratiﬁed into three main landholders (private, industrial freehold, and
public Crown land) where the majority of the latter is managed as four timber license groups with each group being managed by a different forest company.

Fig. 2. Distribution of (a) reference harvest polygons across the Miramichi River basin of New Brunswick, Canada with detailed views of (b) select reference polygons (please note: harvest
year is indicated at the center of each polygon and the background imagery equally demonstrates relative timing of harvest with pink indicating most recent and vibrant greens indicating
earlier times) and of the spatially coinciding (c) original Hansen raster map, and (d) the vectorized Hansen polygons of forest loss (minimum mapping unit for both vector data sets:1 ha).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 1
Stratiﬁcation of harvest types that exist in the public lands of the Miramichi River basin.
Harvest strata
Clearcut
Full-opening cuts
Select cuts

Included harvest types
- Clearcut only
- Regeneration protection clearcut, residual removal, seed tree
cut, salvage cut
- Thinning, patch cut, partial cut, strip cut, select cut,
shelterwood

and larger openings are created (Dan Beaudette, pers. communication
May 30, 2014).
Manual conditioning of the inventory was necessary to create a set
of spatially non-overlapping reference harvest polygons that constituted a logically and spatially consistent reference dataset. First, any logging roads, which were occasionally connected as appendages to
harvest cutblocks, had to be removed. Second, duplicate polygons
with the same geometry, and/or spatially overlapping polygons
representing harvest cutblocks that were thinned in one year and
clear-cut a few years later, were deleted by order of harvest type strata
(i.e., select cuts b full-opening cuts b clearcut; Table 1), as well as any
blocks that were smaller than 1 ha, the minimum mapping unit
(MMU) in the reference dataset. Last but not least, the timing difference
between the governmental harvest inventory (harvest year = calendar
year) and the Landsat-image based Hansen map (harvest year = growing season to growing season) had to be accounted for. For this purpose,
we downloaded the ﬁrst (summer 2000) and last (summer 2012)
Landsat imagery used for generating the Hansen forest loss maps and
overlaid the reference harvest polygons with harvest years 2000 and
2012 respectively. We visually inspected each harvest polygon from
year 2000 and year 2012 and deleted those that were not visible in
the imagery (i.e., harvested before summer 2000 or after summer
2012, respectively), which resulted in a ﬁnal set of 8664 pre-processed
harvest polygons.
2.3. Hansen annual forest loss map
We downloaded the 10° × 10° granule that included our study area
(top-left corner at 50°N, 70°W) of the ‘lossyear’ layer version 1.0, and reprojected the raster to the ofﬁcial provincial projection (‘NAD 1983
CSRS New Brunswick Stereographic’) using nearest neighbor resampling at a cell size of 25 m. We then applied a 3 × 3 majority ﬁlter,
vectorized the raster to a single-part shapeﬁle using the “Raster to Polygon” ArcGIS tool with simpliﬁed polygon option checked, eliminated all
polygons that were smaller than 1 ha (to match the MMU of the reference dataset) and retained all remaining polygons inside the Miramichi
River basin. Since this region is subject to active ﬁre suppression and
disturbance salvage logging, we assumed that each polygon of the
vectorized Hansen annual forest loss map (i.e., hereafter referred to as
Hansen harvest map) represents a harvest polygon (i.e., referred to as
Hansen harvest polygons hereafter) with the harvest year indicated by
interval between subsequent annual Landsat images used (e.g. code
1 = year 2001, representing summer 2000 – summer 2001). The ﬁnal
number of Hansen harvest polygons was 15,309 for the entire basin
and 9299 for the public Crown lands (both excluding any protected
and municipal areas) for the 12-year monitoring horizon between
2000 and 2012.
2.4. Accuracy assessment of Hansen harvest map in public crown land
2.4.1. Thematic accuracy
We computed area-based overall, user's and producer's accuracies
using a confusion matrix with two classes, harvested and un-harvested
area (Congalton and Green, 2009). We populated this confusion matrix
based on the area occupied by the conditioned inventories of reference
and Hansen harvest polygons within the public Crown land of the
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Miramichi River basin. Since the Hansen annual forest loss map, by definition, aims to detect stand-replacing disturbances with a maximum
remnant canopy cover of 25% (therefore implying that select-cuts are
not intentionally detected), we excluded any reference harvest polygons belonging to the select-cut harvest strata (Table 1). Therefore the
conditioned reference inventory was reduced to 6976 reference harvest
polygons for the purposes of thematic assessment.
We then computed polygon-based thematic accuracy (user's and
producer's accuracies) through polygon-wise comparisons (Castilla
et al., 2012), where the likelihood of correct classiﬁcation (for user's accuracy) or correct detection (for producer's accuracy) is given respectively by the proportion (i.e., based on the number of individual)
polygons of the Hansen map that overlap with reference polygons, or
vice versa. Both of these statistics vary with what is considered ‘sufﬁcient overlap’ or ‘reasonable detection’, that is, they vary with the selected polygon-wise spatial overlap threshold (OTH). A relaxed threshold for
the required minimum percent area of overlap will lead to a higher
number of “correct” polygons relative to a stricter, higher threshold
and will therefore produce more optimistic accuracy results. Since the
selection of the OTH is user- and/or application-speciﬁc, we computed
the polygon-based user's and producer's accuracies across a range of
OTHs, from most relaxed to strictest: N0, ≥5, ≥10, ≥25, ≥50, ≥75, ≥90,
and ≥95%.
To gain further operational insights, we assessed how harvest type
and block size inﬂuence the detectability of harvest cutblocks by the
Hansen map. Since such assessment required information about all
existing harvest types, we selected the full set of all conditioned reference harvest polygons (8664 polygons including select-cuts) and computed the probability of detection for each of the three harvest type
strata (Table 1) by calculating the respective proportion of reference
harvest polygons that overlap with the Hansen harvest polygons using
an OTH of 50%. We then returned to the reduced set of 6976 preprocessed reference harvest polygons (which excluded select-cuts) to
quantify the impact of harvest cutblock size, to avoid confounding the
expected low detections of select-cuts with harvest cutblock size. Speciﬁcally, we calculated the proportion of reference polygons, stratiﬁed
into incremental size groups, which overlap with Hansen harvest polygons using again an OTH of 50%.
2.4.2. Temporal accuracy
We assessed the likelihood of correct harvest year for all “true”
Hansen harvest polygons, where true refers to those polygons that
have a “proper” counterpart in the full inventory of conditioned reference harvest polygons, and where proper means that their spatial overlap exceeds an OTH of 50%. We then calculated the proportions of these
Hansen harvest polygons where the harvest year displayed (a) no difference to the reference polygons and was therefore considered correct
(i.e., allowing the same and previous calendar year due to the about
6 month timing difference in harvest year between the Hansen and reference data); (b) was more than one year earlier; (c) was two or more
years earlier; (d) was one year later; and (e) was two or more years
later compared to the harvest year indicated by the overlapping reference polygon.
We also investigated the effects of temporal deviations of the
Hansen harvest polygons on annual harvest rates by comparing the
total annual area harvested as given by the reference map (excluding
select-cut harvest types to avoid confounding effects with harvest year
inaccuracy) with that of the Hansen harvest map. For tracking annual
harvest, we used as annual time steps the 12-month period between
consecutive growing seasons, as in the Hansen data set. To offset the annual timing difference between the reference and the Hansen data sets,
we assumed, based on the seasonal patterns of harvesting in the region,
that 40% of all annual harvest occurred in the winter and spring and 60%
during summer and fall of a given calendar year. Therefore, the total
area harvested between consecutive growing seasons according to the
reference map was then calculated as the sum of 60% of the total harvest
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of the previous calendar year plus 40% of the total harvest of the subsequent calendar year. The mean annual harvest rate (in ha per km2)
across the public land in the 12 monitoring years was also calculated
for both the reference and the Hansen harvest maps.
2.4.3. Structural accuracy
In order to assess the structural accuracy of Hansen harvest polygons
(i.e., whether the ‘true’ Hansen polygons reasonably match their reference counterparts in terms of delineation), we built upon the parameters presented by Castilla et al. (2012) and developed a step-by-step
decision tree (Fig. 3) that quantiﬁes the proportion of the target-map
polygons, which in this case are the Hansen harvest polygons, that
structurally match the reference polygons based on each of the areas
of overlap they share. Since polygons representing the same entity in
different maps inherently deviate in their boundary delineations
(Linke et al., 2009; Linke and McDermid, 2012), a ‘structural match’
has to be deﬁned based on the area of overlap relative to both the target
and reference polygons (otherwise a target polygon that fully encompasses a much smaller reference polygon would be considered a good
match). This in turn requires the deﬁnition of a minimum acceptable
overlap, which we hereafter call structural overlap threshold (STH) to differentiate it from the previously deﬁned OTH, because they could have
different values in a given accuracy assessment. For example, one
could use a forgiving threshold to decide whether a Hansen polygon is
a true positive or whether a reference polygon was detected (e.g.
OTH = 25%), and a more demanding threshold to decide whether
there is a good match between the two of them (e.g. STH = 75%). We
used a STH of 50% because we considered it a reasonable balance for
our assessments, albeit other applications may require a different choice
depending on the information needs.
Differences in detection timing and mapping detail between the target and reference maps need to also be considered when assessing
structural matches. For example, if the harvesting of a block was started
in the spring of 2001 and then resumed in the late summer of 2001 after

an interruption, the change would be detected as two separate harvest
polygons in the Hansen dataset, where annual time steps are deﬁned
by the growing season. However, this same block would be represented
as one larger polygon in the reference dataset, which uses the calendar
year as time step. Such a case is not considered a mismatch, as the target
map is correctly representing what was existing at the time of imagery
(Fig. 3 – Case 2), but we separated it from quasi 1:1 matches (Fig. 3 –
Case 1) and quantiﬁed its relative occurrence. The opposite case can
also exist wherein two reference harvest cutblocks are adjacent or in
near proximity to each other but are detected in the Hansen dataset as
one single harvest cutblock approximately encompassing their combined area and position. This can be due either to the coarser resolution
of the satellite-based target map relative to the reference map or due to
the two blocks being harvested in different calendar years but the same
“Hansen year” (e.g., block 1 harvested in fall of 2001 and block 2 harvested early spring 2002). The relative occurrence of such cases,
where one target-map polygon structurally matches two or more reference polygons can also be discriminated and quantiﬁed by the decision
tree (Fig. 3 – Case 3). Regardless of the cardinality (1:1, 1: many, or
many: 1), cases that do not reach the speciﬁed STH constitute poor
matches (Fig. 3 – Case 4).
The ﬁrst step of the decision tree excludes those target-map polygons that have no spatially coinciding reference polygon (i.e., ‘no
match’) based on a minimum OTH% (Fig. 3). The remaining polygons
then constitute the “true” (i.e., having a proper reference counterpart)
target-map (i.e., Hansen) polygons, for which the different structural
cases are then assessed following the decision-tree. The decisions are
made based on (a) total overlap area and (b) presence of intersect polygons when the area of overlap is disjoint, as several ‘intersect polygons’
per original target map polygon can be generated if more than one reference polygon overlap different regions of the target map polygon and
vice versa. For the application of this decision tree to the Hansen harvest
polygons, we used the full inventory of conditioned reference harvest
polygons (including select-cuts) and applied an OTH of 50% for Step 1.

Fig. 3. Decision-tree to assess the polygon-based structural accuracy of a given target map relative to a reference map (please note that the overlap threshold (OTH) and structural
threshold (STH) were both set at 50% for these examples).
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Table 2
Area-based confusion matrix based on all 6976 reference and 9299 Hansen harvest polygons that coincide in the public Crown lands of the Miramichi River basin between 2000 and 2012.
Please note that the reference harvest polygons exclude any select-cuts.
Reference map

Hansen Map

2

Harvested (km )
Unharvested (km2)
Total (km2)
Producer's accuracy (%)
Omission error (%)
Overall accuracy (%)

Harvested (km2)

Unharvested (km2)

Total (km2)

User's Accuracy (%)

Commission Error (%)

759.0
162.5
921.5
82.4
17.6

178.8
7420.8
7599.6
97.6
2.4

937.8
7583.3
8521.1

80.9
97.8

19.1
2.2

2.5. Harvesting analysis across entire basin
In order to monitor harvest rates across various spatial stratiﬁcations
of the entire Miramichi River basin, we applied the full inventory of
Hansen harvest polygons between the years 2000 and 2012. We calculated the mean annual harvest rate (ha/km2/year) for (a) the entire
basin, (b) the three main land ownership regimes, namely private, industrial and public Crown land, (c) the four groups of timber management licenses of the public Crown land, and (d) 74 catchments. We
also visually assessed the spatial harvest pattern and calculated mean
cutblock size (ha) and cutblock density (#of blocks/km2) between the
three main land ownership regimes to compare them.

3. Results
3.1. Accuracy assessment
3.1.1. Thematic accuracy
Based on the total area covered by the full set of reference harvest
cutblocks, which originated from clear-cut and full-opening harvest
types, across the public Crown lands between years 2000 and 2012,
overall thematic accuracy of the Hansen harvest map was 96%
(Table 2). The Hansen harvest polygons correctly detected 82% of the
total harvested area (i.e., producer's accuracy) and 81% of all the area
mapped as harvested by the Hansen harvest polygons was in fact harvested (i.e., user's accuracy), resulting in relatively low omission and
commission errors below 20% (Table 2).
When assessing thematic accuracy based on the number of reference polygons that were detected by Hansen (i.e., producer's accuracy)
and on the number of Hansen polygons that have a counterpart in the

96.0

reference (i.e., user's accuracy), both producer's and user's accuracies
are high (93.9% and 89.3% respectively) at the most relaxed polygonwise spatial overlap threshold (OTH N0%), and decline to below 40% at
very strict thresholds (OTH ≥ 90%) (Fig. 4). However at a moderate
threshold, which requires a minimum of 50% spatial overlap (i.e.,
OTH ≥ 50% relative to both target and reference), the correct detection
of harvest polygons by the Hansen map is still very high (i.e., 85.3%
producer's accuracy) and N86% of all Hansen harvest polygons identify
an actual harvest cutblock (i.e. 86.3% user's accuracy; Fig. 4).
There is a fairly even spatial distribution of errors of omission (i.e.,
undetected reference polygons) and commission (i.e., Hansen polygons
without a counterpart in the reference) across the assessed public
Crown land (Fig. 5a; NB. OTH = 50%). Among the reference harvest
polygons that constituted errors of omission or true negatives (14.7%
of the total number of reference polygons, excluding select cut, Fig. 4),
nearly three quarter are smaller than their average size of 7 ha
(Fig. 5a). Further investigation demonstrates that the probability of detection of harvest polygons by the Hansen map strongly decreases with
the size of harvest cutblocks (Fig. 6); while detection probability is
around 90% or greater for blocks larger than 7 ha, it gradually decreases
over subsequent smaller sizes to 76% for blocks between 2 and 3 ha, and
steeply declines to a low 59% for the numerous small blocks between 1
and 2 ha (Fig. 6).
Among the Hansen harvest polygons catalogued as errors of commission or false positives (13.7% of the total number of Hansen harvest
polygons, Fig. 4), three quarters are below 4 ha, and half occur along
roads, suggesting that some of these polygons may be unrecorded
smaller clearings for infrastructure or other purposes, such as the temporary storing of logs or equipment (Fig. 5b), or actual sections of new
roads (Fig. 2b, c, d contains such an example). Overlaying the selectcut harvest polygons, which were excluded from the inventory of

Fig. 4. Polygon-based user's accuracy (white bars) and producer's accuracy (grey bars) of harvest polygons based on different spatial overlap thresholds (OTH) between the reference and
Hansen polygons across public Crown lands of the Miramichi River basin. Please note that the reference harvest polygons exclude any select cuts.
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Fig. 5. Spatial pattern of polygon-based agreement and disagreement between Hansen (n = 9299) and reference map (n = 6976 which excludes any select-cut harvest polygons) based on
a 50% spatial overlap threshold (OTH) (a) over the entire assessment area, and (b) over an enlarged area exemplifying commission and omission polygons within the Miramichi River
basin, New Brunswick, Canada.

reference polygons used for the thematic accuracy assessment because
they do not fulﬁll Hansen's deﬁnition of forest loss, reveals that 22% of
the commission polygons are harvest cutblocks of select-cut type
(Fig. 5a). Comparing the Hansen harvest polygons with the full inventory of conditioned reference harvest polygons (n = 8664 including select-cuts) at an OTH of 50% (Table 3) quantiﬁes the overall rate at
which the Hansen map includes select-cuts; while select-cut cutblocks

have only a relative occurrence of below 20% in the study area, about
18% of them are captured by the Hansen harvest map (Table 3). The
comparison further shows that overall detection probability of harvest
polygons by the Hansen map increases with harvest intensity (i.e., increasing removal of tree cover): probability of detection is low at 18%
for select-cuts, increases to 68% for full-opening cuts, and peaks at 86%
for the dominantly occurring clearcuts (Table 3).

Fig. 6. Impact of harvest cutblock size on the probability of detection of a harvest polygon by the Hansen map as assessed from all reference harvest cutblocks existing in the public lands of
the Miramichi River basin based on a 50% spatial overlap threshold (OTH) (excluding select-cuts; total n = 6976).
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Table 3
Relative occurrence and probability of detection of various harvest types by the Hansen
harvest map as assessed from the full inventory of conditioned reference harvest polygons
across the public lands of the Miramichi River basin (n = 8664 based on an OTH of 50%).

Harvest type

Total number
of reference
polygons

Relative
occurrence
(% of total)

Detection probability
by Hansen harvest
map (%)

Clearcut
Full-opening cuts
Select cuts

6677
299
1688

77.1
3.4
19.5

86.1
68.2
18.1

Table 4
Temporal accuracy of Hansen harvest polygons as assessed over the public lands of the
Miramichi River basin, New Brunswick, Canada (n = 8575 based on an OTH of 50%).
Hansen harvest year relative to the
reference harvest year

Polygons (#)

Proportion (%)

2 or more years later
1 year later
No difference
1 year earlier
2 or more years earlier

441
373
7255
275
231

5.1
4.3
84.6
3.2
2.7

3.1.2. Temporal accuracy
About 85% of Hansen harvest polygons display the correct harvest
year (Table 4). Nearly two-thirds of all errors consist in assigning a harvest year after the actual year of harvest (Table 4), and almost half of the
errors assign as harvest year the ﬁrst year after the actual harvest date.
These erroneous labels are expected to be due to cloudiness, where the
presence of clouds prevents a harvest cutblock to be detected at one or a
few years over local areas. Labels that indicate the harvest year before
the block was actually harvested only make up a third of all erroneous
labels (Table 4). These may originate from prior disturbance in these
blocks, such as local wind throw or insect damage, and were only harvested later on.
These temporal labelling errors contribute to ﬂuctuations in the annual trend of harvested area, which deviates between 2 and 37% from
the trend indicated by the reference map (Fig. 7). While some cases
suggest possible cloud cover preventing accurate detection of harvest
polygons in one year (i.e., 2002–2003) which seem largely offset by
detections in years 2004 and 2005, other cases (i.e., 2006–2007) may
additionally be related to thematic commission errors than temporal
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errors alone, but these interpretations remain speculations in the absence of ancillary spatial masks indicating areas lacking observation in
each year. Despite such noted disparities, it is important to point out
that the overall trend of annual harvest are similar between the Hansen
and the reference maps, and the mean annual harvest rates are virtually
the same, considering they are within 0.015 ha/km2/year of each other
(Fig. 7).
3.1.3. Structural accuracy
The application of the decision tree to assess the structural accuracy
of the Hansen harvest polygons started with identifying the set of 8575
polygons (i.e. around 92% of all 9299 polygons) which have a proper reference counterpart. Among these Hansen harvest polygons, 49% exhibit
a ‘quasi 1:1’ match (Case 1, Table 5). Another 36% match together with
other Hansen polygons a reference harvest polygon (Case 2, Table 5),
while only an additional 3.5% constitute cases where multiple reference
polygons together match one Hansen harvest polygon (Case 3, Table 5).
Less than 12% of Hansen harvest polygons that have proper reference
counterparts are structurally poor matches (Case 4, Table 5).
3.2. Application to entire Miramichi River basin
Applying the Hansen harvest map to the entire 13,000 km2
Miramichi River basin (excluding protected and municipal lands), the
total harvested area between the years 2000 and 2012 was 1438 km2
(11.1% of study area), corresponding to a mean annual harvest rate of
0.92 ha/km2/year (0.92%/year) (Table 6). Harvest rates differ substantially across the three main ownership regimes within the basin:
(1) the highest harvest rate is found across the mostly contiguous
large tract of industrial freehold (1.31 ha/km2/year, Table 6) where harvest cutblocks generally occur as large irregular shapes, high in density
and therefore close proximity to each other (Fig. 8a); (2) the harvest
rate across the public Crown land is similar to the average rate found
across the entire basin (0.94 ha/km2/year, Table 6) with cutblock patterns generally approximating those found on industrial freehold
(same mean cutblock size), but with lower densities (Fig. 8b); and (3)
the lowest harvest rate occurs across private lands (0.38 ha/km2/year,
Table 6), where land parcels tend to be relatively narrow and elongated
in perpendicular direction relative to watercourses, and where harvest
cutblocks are generally smaller, as indicated by mean cutblock size
being half of that found on industrial and public lands, and of similar
narrow and elongated shape (Fig. 8c).

Fig. 7. Comparison of total harvested area and of the mean annual rate of harvested area between the Hansen and reference maps (later includes all polygons of any harvest type except for
select-cut types) across the 8297 km2 of public Crown lands in the Miramichi River basin of New Brunswick, Canada for the years 2000 until 2012. The call-out labels indicate the percent
difference of area estimates between the Hansen and the reference maps.

172

J. Linke et al. / Remote Sensing of Environment 188 (2017) 164–176

Table 5
Structural accuracy of Hansen harvest polygons across the public lands of the Miramichi basin (using 50% for both OTH and STH, n = 8575): proportion of polygons ﬁtting each of the 4
cases identiﬁed in the structural assessment decision-tree.
Cases of structural matches

Polygons (#)

Proportion (%)

Cumulative proportion of matching cases (%)

Case 1 – quasi 1:1 match
Case 2 – match together with other Hansen polygon(s)
Case 3 – match multiple reference polygons combined
Case 4 – poor match

4207
3071
300
997

49.1
35.8
3.5
11.6

49.1
84.9
88.4
–

Table 6
Mean annual rates of harvested area derived from the Hansen map, averaged across the
Miramichi River Basin over the 12-year monitoring horizon between 2000 and 2012 for
different basin stratiﬁcations: (a) the entire Miramichi River basin, (b) across land ownership regimes, such as private land, industrial freehold, and public Crown land, and (c)
across groups holding timber licenses in the public Crown land, where each group is managed by a different forest company. Please note that protected lands and municipalities
were excluded from these summaries.

Stratiﬁcation
Entire Basin
Ownership regime
Industrial freehold
Public crown land
Private land
Groups of public timber licenses
I) 2, 3, 4
II) 5
III) 6, 7
IV) 9, 10

Land area
(km2)

Total area
harvested (ha)

Mean annual
rate of harvest
(ha/km2/year)

12,992

143,832

0.922

2586
8297
2110

40,770
93,542
9520

1.314
0.939
0.376

5334
170
2287
396

56,348
935
31,886
4078

0.880
0.458
1.162
0.858

Considerable variation in harvest rate also exists within the public
land, across the four groups of public timber license areas (Fig. 1) that
are each managed by a different forest company (Table 6). While harvest rates are low (0.46 ha/km2/year, Table 6) in the relatively small
area coinciding with license 5, they are more representative of the average rate across the entire public land for groups I and IV (0.88 and
0.86 ha/km2/year, Table 6), and they are substantially above average
in the land of group III (1.16 ha/km2/year, Table 6). At the ﬁner, catchment level across the entire basin, a wide range of forest harvest rates
exist, with some catchments experiencing rates below 0.4 ha/km2/year
and others as high as 3.5 ha/km2/year between 2000 and 2012 (Fig. 9).
The mean harvest rate for all catchments is 1.1 ha/km2/year, and nearly
half of all 74 catchments, 35 catchments in speciﬁc, are exposed to harvest levels above 1 ha/km2/year. The majority of these above-average
catchments are located within the western portion of the Miramichi
River basin, across the region that mostly encompasses industrial freehold and public timber license group III (Fig. 8 and Fig. 9). The catchments of the north-eastern portion of the basin demonstrate a fairly

Fig. 8. Distribution of all harvest polygons of the vectorized Hansen map across the entire Miramichi basin (n = 15,309, minimum mapping unit = 1 ha), displaying their general spatiotemporal patterns over enlarged example areas in (a) industrial freehold, (b) public, and (c) private land.
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Fig. 9. Mean annual harvest rates across the 74 catchments of the Miramichi River basin of New Brunswick, Canada, between 2000 and 2012.

even distribution of the full range of harvest rates, with the majority of
catchment however exhibiting rates between 0.8 and 1 ha/km2/year
(Fig. 9).
4. Discussion
4.1. Accuracy assessment
Spatio-temporal expressions of existing anthropogenic pressures
such as forest harvesting are among the fundamental building blocks
for cumulative effects studies that support the monitoring and management of natural resources at large spatial scales. Whether it is a question
of harvest cutblock size (Lehnen and Rodewald, 2009), cutblock shape
(Nielsen et al., 2004), spatial distribution of cutblocks (Linke et al.,
2013), cutblock proximity (Smith et al., 2000), cumulative harvest
area (Zhang and Wei, 2012), or others, the accuracy of the polygon vector dataset that represents the harvest cutblocks is crucial for the credibility of any of these studies. Here we tried to understand to what
degree the publically accessible, global Hansen annual forest loss map
can emulate an accurate harvest polygon layer and enable reliable monitoring in a region where continuous and consistent data coverage is
otherwise unavailable to the public.
By using a polygon-based approach, this accuracy assessment provides an operationally relevant insight to the map user at the standlevel forest management unit, the cutblock. This producer-independent
assessment corroborates that the Hansen map not only meets pre-determined levels of content and accuracy as globally assessed (Hansen
et al., 2013), but also fulﬁlls the needs and expectations of users with
local relevance and utility (Corbane et al., 2011). It is important to stress
that this analysis is based on a census of cutblocks in the public land
rather than a sample, and therefore conﬁdence intervals for accuracy
estimates, as recommended by Olofsson et al. (2014) were not required.
Each Hansen harvest polygon was included for a thorough and

comprehensive assessment of how well they represent, as a whole
and individually, the reference harvest polygons.
The area-based thematic assessment demonstrates satisfactory results for mapping harvest area: the Hansen harvest polygons together
accurately captured 82.4% of the area that was actually harvested either
by clear-cuts or other full-opening cuts, and that 81% of the Hansenmapped areas were in fact clear-cut or full-opening harvested. Bias in
estimating total harvested area by the Hansen map was extremely
low, as the areas coinciding with omission and commission errors
were nearly balanced (i.e., 17.6% vs. 19.1%). These results are somewhat
lower than those of the global-scale assessment of the temperate biome
performed by the map producers (i.e. producer's accuracy 94% and
user's accuracy 88%; Hansen et al., 2013). A possible reason is that the
sampling and response design differ considerably from ours due to the
feasibility constraints of a global validation. For example, with the
census approach, validating the full extent of the entire 8,520 km2
study area would equate to over half a million sampling blocks if the
same spatial analysis units had been used, compared to just 298 blocks
that made up the global assessment of the entire temperate biome. The
exhaustiveness of our analysis underscores the large effort of and full
conﬁdence in this regional analysis. Also, the reference data for the
global-scale assessment was created by manually assigning proportions
of loss to the sampling blocks (in 25% intervals) based on visual
interpretation of available time-series imagery of varying spatial resolutions, from MODIS to QuickBird, a process which is open to various
sources of human error and bias, in contrast to the reference data used
in this analysis, where assignments were based on consistent, highquality forest-inventory harvest data for each polygon unit. While
some errors (e.g. omissions of harvest polygons, or digitization errors)
could also exist in this governmental forest inventory, they are expected
to be negligible across the full extent; furthermore, a cursory visual inspection of the inventory in the Landsat images did not reveal any
discrepancies.
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The polygon-based accuracy assessment demonstrates that the detection of harvest polygons was high, with 85% of all Hansen harvest
polygons overlapping more than half of their area with reference polygons (i.e., OTH 50%). Our polygon-based analysis treats all harvest polygons equally, regardless of their size, and polygon-wise boundary
delineation mismatches between the Hansen and reference polygons
can either be treated permissively, by applying a lower OTH, or restrictively, by applying a higher OTH. Inspecting the calculated polygonbased producer's and user's accuracies over the range of OTHs, we
deemed 50% as a reasonable balance which was neither too permissive
nor too demanding. Having established a reasonable OTH, we could
then focus on the impacts that harvest type and cutblock size have on
the probability of detection by the Hansen harvest map.
New Brunswick constitutes an ideal site to assess and apply the
Hansen map as a stand-replacing harvest layer in the temperate
biome as around 80% of the total area harvested in the public lands
are generally clearcut (i.e., including full-opening cuts), while select
cuts are used less and less and nowadays make up less than 20%
(MacPherson, 2015). The Miramichi River basin is no exception to this
trend, with select cuts making up 19.5%. Other forest changes due to
ﬁre or insect damage also do not confound the assessment, since they
are actively prevented and/or controlled in this province. Individual errors in the Hansen map are mostly governed by polygon size, whereby
most omissions are constituted by small cutblocks below 5–7 ha, particularly between 1 and 2 ha, which have a detection probability of only
59%, and where most false inclusions (a.k.a. errors of commission) are
made up of small clearings unrelated to harvesting. It needs to be pointed out that, while the Hansen map deﬁnes stand-replacing disturbance
as a reduction to a maximum remnant canopy cover of 25%, the reality is
that some selective cuts are detected, making up 22% of all commission
polygons, even if they do not comply with that deﬁnition.
While only about 15% of Hansen harvest polygons exhibit an incorrect harvest year, they still contribute to annual deviations from real
trends of annual harvest area, with differences up to 37% for this regional assessment. A three-year running-average smoothing could be applied to largely correct the time series given by the Hansen harvest
map (i.e. Fig. 7), as its overall mean harvest rate is almost exactly that
of the reference map. However, it would be useful be able to identify
the regions and quantify the degree of temporal biases that may be introduced by cloud cover preventing detection in the proper year and
variable acquisition date; (i.e., spring image versus fall image of subsequent years leading to a longer deﬁnitions of year and thereby higher inclusion of harvest polygons). The inclusion in the Hansen dataset of a
raster mask of pixels lacking observation in a given year due to cloud
cover, plus a raster indicating the actual image acquisition date (e.g.,
in Julian days) in the pixels that correspond to forest change, would
solve these ambiguities.
To compensate the fact that boundary delineations of harvest polygons generalized from 30 m pixels, as is the case for Hansen harvest
polygons, cannot match digitized or GPS-recorded vectors of the reference polygons, we chose a moderate STH of 50% to buffer those expected structural differences. With this threshold, 88% of the Hansen
polygons show structural correspondence with the reference map, by
matching either alone (case 1), or together with another Hansen polygon (case 2), one or more reference polygons (case 3). A caveat though
is that the amount of cases 2 and 3 may lead to a slight underestimation
of mean cutblock size, where 35% of Hansen harvest polygons match together with other Hansen polygons one reference polygon and therefore bias negatively the estimated mean size.
4.2. Application to Miramichi River basin
Annual rates of forest depletion have been monitored over many
large areas across the temperate ecosystems of North America, and exhibit a considerate range, for example: (1) 0.25% between 1973 and
2008 in the 15,547 km2 Kakwa, east of the northern Canadian Rockies

of Alberta (White et al., 2011); (2) 0.49% in a 42,000 km2 region in interior British Columbia between 1975 and 1992 (Sachs et al., 1998); (3)
0.53% in the 95,000 km2 Klamath-Siskiyou ecoregion, Oregon and California between 1972 and 1992 (Staus et al., 2002); (4) 0.63% between
1998 and 2005 in a 8800 km2 region of the west-central Foothills of Alberta (Linke and McDermid, 2012); (5) 1.19% in a 2589 km2 region in
the Oregon Cascades between 1972 and 1988 (Spies et al., 1994); and
(6) between 0.5% and 1.2% in 46,000 km2 region in Western Oregon
over successive intervals between 1972 and 1995 (Cohen et al., 2002).
Forest harvesting is the main cause of forest depletion in all of these
studies. The mean annual rate of 0.92%, obtained from applying the
Hansen harvest map to the entire Miramichi River basin, can therefore
be considered a relatively high rate of depletion, which is brought
about mainly by clearcut and full-opening harvesting.
Stratiﬁcation of the basin by landholder regime and public timber license groups, demonstrates that above-average (i.e., N 0.92%) annual
harvest rates occur in the lands of industrial freehold and of the public
timber license group III. These two, largely adjacent tracts of land are
both predominantly managed by the same forest company, which
seems to practice a more intensive harvesting than that displayed by
the other license groups and the private landholders. This higher-intensity harvest within the public timber license area of group III may be related to the fact that almost 70% of its area coincides with ecodistricts
(Zelasny, 2007) that are classiﬁed as “stand-replacing”, indicating that
stand-replacing disturbances would be prevalent in this area in the absence of human intervention. Interestingly, the provincial forest management guidelines changed in 2007 for those ecodistricts, where the
maximum cutblock size was increased from 100 to 125 ha and the adjacency delay was reduced from 10 to 5 years (NBDNR, 2005). Conversely,
the land managed by public timber license group IV are located outside
such ecodistricts and exhibits slightly below-average harvest rates (i.e.,
0.86%). However, half of the largest public timber license area (license
group I) of the Miramichi basin overlaps with stand-replacing
ecodistricts and yet exhibits slightly below-average, harvest rates (i.e.
0.88%), suggesting that the company practices of group I and IV appear
moderately less intense than that managing group III. The area of timber
license group II was not managed actively since its mill closure in 2007,
explaining the very low mean annual harvest rate of 0.46%. The private
lands are even lower, indicative of the general lower harvesting trend by
private woodlot owners in New Brunswick that arose during the 12year monitoring horizon, which may be explained by complaints
about inequitable access to the timber market relative to large companies (CBC, 2010).
The stratiﬁcation at the ﬁner-scaled, catchment levels further highlights that high-intensity harvesting (i.e., N 1.3%) dominates most catchments along the 100 km-wide western portion of the Miramichi River
basin, which constitute the headwaters of south-western Miramichi
River, while a more even distribution of mean annual harvest rates are
found in catchments of the north-eastern basin, which surround the
headwaters of the north-western Miramichi River. These catchmentlevel ﬁndings underscore the critical need for analyzing the role that
the spatio-temporally varying harvest intensities and practices have
on the water quality and the aquatic species of the Miramichi River to
help guide future management and conservation of this region.
For full conﬁdence in the results of the application of the Hansen
harvest map outside the accuracy-assessed public lands, we had to
make the assumption that harvesting patterns in the rest of the basin
are similar to those of the public land. This assumption is indeed plausible for industrial lands: visual checks on satellite imagery conﬁrm that
cutblocks generally have similar size and spatial distribution as in the
public land, albeit at higher densities. However, the assumption is less
plausible for private lands held by small woodlot owners, where mean
cutblock sizes were half than those of the public and industrial lands
(5.3 ha). Since we found that small cutblock size reduces the probability
of detection by the Hansen harvest map, particularly so for sizes below
5 ha, the harvest rates were most likely somewhat underestimated for
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private lands. Based on the frequency distribution of Hansen harvest
polygons for size below 5 ha and their calculated detection probabilities
(Fig. 5), the total harvested area was likely 1175 ha more for private
lands (see supplemental material Table S1 for calculations) than what
was directly obtained from the Hansen harvest map, which equates to
a corrected estimate of mean annual harvest rate of 0.42 ha/km2/year.
Despite accounting for this roughly 12% underestimate, the harvest
rate of the private land remains the lowest across the basin.
5. Conclusions
This independent, polygon-based accuracy assessment thoroughly
inspected the applicability of the Hansen annual forest loss map as a forest harvest vector layer in the public lands of the Miramichi River basin
at a spatial assessment unit relevant on the operational level, the harvest cutblock. The polygon-based approach allowed a comprehensive
assessment of the thematic, temporal and structural characteristics of
the Hansen harvest map. The accuracy assessment and application results demonstrate that the Hansen global dataset of annual forest loss
constitutes a reliable source of spatio-temporally explicit harvesting information for temperate forests where spatially-explicit data do not
exist or are not publicly available, especially in regions where ﬁres are
controlled, insect or wind damage is treated with salvage logging, and
shelterwood or selective cuts are rare. While the ﬁndings of this assessment are speciﬁc to this Acadian forest region of the temperate biome,
similar results should be expected in other clear-cut dominated temperate forest regions. Attribution of type of forest loss in the Hansen dataset
would enhance its usability in regions where there are more than one
driver of forest loss; however, we reckon that reliable attribution is a
non-trivial task that would require additional data and analyses.
Since no spatio-temporal harvest information was publicly available
for tracts of industrial and private lands around the western headwaters
and along most of the south-western Miramichi River, the Hansen harvest map demonstrated local relevance and utility by tackling this lack
of transparency and therefore may serve a critical role for future studies
of cumulative impacts on this and similar aquatic systems where the industry operators do not make their data open and transparent. This
analysis highlighted that most of the catchments around the western
headwaters underwent intensive harvesting between the years 2000
and 2012 calling for ongoing annual monitoring and impact assessments. A new version of this global dataset is currently under development with the goal to improve detection of select-cut harvest types,
which promises to further widen the temporal and thematic range of
applicability. Additional independent accuracy assessments in other forest regions in this or other biomes would also help corroborate the local
utility of this valuable global dataset of forest loss.
Supplementary data to this article can be found online at doi:10.
1016/j.rse.2016.10.040.
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