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Mapping peatland extent in Canada would contribute important information concerning carbon balance
and hydrology. While such mapping, based on air photo interpretation and remote sensing data, has
recently improved, maps have been limited to 1:1 million scale. We hypothesized that forest structure
information from forest inventory plots could be used to predict the presence of forested and treed peat-
lands in boreal Canada at the ground plot-level, and that a resulting model could be used to predict the
distribution of forested and treed peatlands across Canada. Inventory ground plots from the Canadian

I;?r' Z‘:;rds" National Forest Inventory (NFI) with organic soil depth measurements were used to create a model of
Peatland the presence of treed to forested (canopy cover ranging from sparse to closed) peatlands (greater than

40 cm organic soil depth) in boreal Canada. The presence of black spruce (Picea mariana) or larch (Larix
laricina), in combination with low stand height and stand age greater than 75 years, were the strongest
predictors of the presence of peatlands. Bioclimatic variables related to high diurnal and annual temper-
ature variation, consistent with a continental climate, also contributed to the increased predicted pres-
ence of treed peatlands. Both logistic and boosted regression tree models showed similar results, with
~87% accuracy in the discrimination of treed peatlands when validated against an independent set of
ground plots. The boosted regression tree model was propagated across Canada using forest attribute ras-
ter data layers at 250 m resolution from the NFI along with bioclimatic layers. Estimates of treed peatland
extent agreed with data points from peat cores with 85-95% accuracy in the Boreal Shield ecozone,
although prediction was less accurate in the more southern boreal and Great Lakes forest areas. The
resulting map can be used as an input to forest carbon modelling, and the improved knowledge of treed
peatland extent will be useful in modelling wildfire or peatland drainage.

Crown Copyright © 2016 Published by Elsevier B.V. All rights reserved.
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and Martikainen, 1996). In such densely forested peatlands, the
higher wood volume allows for wood fibre extraction (Zoltai and

1. Introduction

Peatlands represent hotspots of carbon (C) storage in the North
American boreal forest, covering 110 Mha of land with local accu-
mulations exceeding 200 kg C m~2. Peatland soils are defined as
organic deposits greater than 40 cm in depth, which corresponds
to the maximum rooting depth of most boreal trees (Canada Soil
Survey Committee, 1978). These organic soils cover approximately
22% of the land area in Canada’s boreal and subarctic regions; 97%
of all peatland areas in Canada fall within these boreal and subarc-
tic regions (Tarnocai et al., 2011). Densely forested peatlands, with
a closed tree canopy and tree canopy height greater than 5 m, con-
stitute approximately 17% of the peatland area in Canada (Zoltai
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Martikainen, 1996), though peatland drainage and active forest
management of peatlands in Canada has never extended beyond
a few limited trials (Haavisto et al., 1995). However, trees also play
a major role in the C balance (Wieder et al., 2009), ecology (Miller
et al., 2015), and hydrology (Kettridge et al., 2013) of open-canopy
treed peatlands where tree biomass is too small to economically
harvest. Because of the low economic value of these peatlands,
they largely remain unmapped except when found adjacent to tim-
ber extraction areas in the southern portion of the Canadian boreal
forest. In Canada, many of these open treed peatlands are classified
as forested lands under the Marrakesh Accord, in which a threshold
of 25% crown closure and potential tree height of 5 m is used to
define forested lands (UNFCC, 2002). Here, we use the term “treed”
to refer to peatlands that have, at a minimum, the density of a
treed peatland, but also up to and including closed-canopy densely
forested peatlands.
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Mapping peatland extent in Canada originated in ecological
inventory efforts, principally through the Canada Land Inventory
(Pratt, 1965). Early efforts were largely limited to polygon-
mapping products of 1:1 million or greater scale, although there
were attempts to characterize the abundance of differing peatland
types regionally (Zoltai et al., 1975). A more exact quantification of
peatland area and C stock was required by the 1990s as early C
budgets of northern peatlands were developed (Gorham, 1991).
This effort was quickly followed by research on plot-level carbon
cycling in boreal peatlands (e.g., Hogg et al., 1992; Moore and
Dalva, 1993; Frolking et al., 1998).

Polygon-mapping products depicting proportional peatland
area of differing classes in Canada at the 1:1 million scale have
been available for some time (e.g., Tarnocai et al., 1995, 2011)
and were based on air photo interpretation and manual delineation
of LANDSAT imagery (Lacelle, 1998). More detailed analyses were
available for selected locations, such as north-central Alberta
(Vitt et al., 1995). Air photo interpretation of forested peatlands
relies on two surface expressions of peatlands: forest structure
and landform (Zoltai and Vitt, 1995). Forest attributes (e.g., tree
height, density, volume), particularly when they indicate an open,
short, conifer canopy, were used to delineate forested peatlands
from upland conifer stands (Zoltai and Vitt, 1995). In addition to
forest structure, landforms such as permafrost palsas, strings,
flarks, and other features visible in aerial photography (approxi-
mately 100 m or larger in size) assist in the manual identification
of peatlands (Zoltai and Vitt, 1995). Remote sensing approaches,
including optical (e.g., Palylyk and Crown, 1984), synthetic aper-
ture radar (Touzi et al., 2007), and composite methods involving
radar and optical (Li and Chen, 2005) offer high accuracy (>80%)
of peatland delineation over small spatial areas. The delineation
of large, open, treeless peatlands in Canada has been available for
some via the Earth Observation for Sustainable Development
(EOSD) landcover product (Wulder et al., 2008). The identification
of smaller, more heavily forested peatlands with little or no pat-
terning is more difficult, as such peatlands resemble upland conifer
forests. Given that peatland disturbances such as wildfire are more
severe in more heavily forested peatlands (Lukenbach et al., 2015)
that are associated with shallow peat (Bhatti et al., 2006), the effi-
cient identification of these more hidden peatland areas becomes
even more important for C accounting. Contemporary C accounting
practices and models increasingly require high-resolution maps of
soil C loads in order to accurately model emissions from distur-
bances such as fire (Anderson et al., 2015).

Peat depth has rarely been measured in a systematic way in
Canada; notable datasets of peat depth from peat coring studies
by Zoltai et al. (2000) and Riley and Michaud (1989) lack informa-
tion on forest structure and only provide a cover percentage by tree
species. Peat depth measurements are available alongside metrics
of forest structure from the Canadian National Forest Inventory
(NFI), a national network of aerial and ground forest inventory
plots, spanning all provinces, territories, and forested ecozones.
While not as numerous as provincial silviculture permanent sam-
ple plots that measure large merchantable trees, the NFI plots offer
the advantage of representing both merchantable and non-
merchantable forest stands with a harmonized methodology
across Canada. The ground plots available through the NFI (913
in total to date) include at least one soil pit measuring total organic
soil depth (OSD) down to 100 cm. Compared with PSP networks,
the NFI dataset has the additional advantage that the deep OSD
(in the form of peat) is actually measured, as are the attributes of
trees as small as 1.3 m in height, which are common in forested
peatlands.

Recently, forest attribute data derived from a combination of
manually interpreted aerial photography and modelling, available
from the 2 x 2 km photo plot database, have been interpolated

between photo-plot sites using optical remote sensing data from
the Moderate Resolution Imaging Spectrometer (MODIS), using a
k-nearest neighbour (k-NN) interpolation approach for imagery
from 2001 (Beaudoin et al., 2014). The resulting data products
are 250 m resolution raster maps of numerous forest canopy attri-
butes available from the NFI photo plots, such as stand height, mer-
chantable volume, proportion of biomass by species, and crown
closure. Measurements exclusive to ground plots, such as OSD,
were therefore not included in the analysis. However, some of
the forest attributes, such as open-crown, short, pure conifer
stands, on the raster maps produced by Beaudoin et al. (2014) have
been shown to be indicators of the presence of boreal forested
peatlands (Zoltai and Vitt, 1995). This combination of a compre-
hensive ground plot methodology relevant to forested peatlands,
coupled with complete national coverage of forest attribute layers
serving to predict peatland presence, can be used to produce a spa-
tial presence-absence model, in the same way as point count data-
sets for birds (Venier et al., 2004) or plants (Ohse et al., 2009) have
been used.

We hypothesized that (i) forest structure information from for-
est inventory plots could be used to predict the presence of
forested and treed peatlands in boreal Canada at the ground
plot-level, and that (ii) a subset of the forest structure variables
available from both ground plots and national raster datasets could
be used to calibrate such a model, which could then be spatialized
using the raster datasets to predict the distribution of forested and
treed peatlands across Canada. Therefore, the objectives of this
study were to (1) create models predicting the presence of forested
peatlands using NFI ground inventory plots for which forest, soil,
and climatic attributes are available; (2) spatialize these models
across targeted ecozones of Canada using available national raster
maps; and (3) assess the accuracy of output maps using indepen-
dent validation sets of ground plots.

2. Methods
2.1. Area and input data

The spatial predictions targeted all boreal and taiga regions of
Canada (Ecological Stratification Working Group, 1996) where
forested peatlands are a significant landscape feature (including
Taiga Shield, Taiga Plains, Hudson Plains, and Boreal Shield eco-
zones; and Great Lakes-St. Lawrence, Mid-Boreal Shield, Lake of
the Woods, and Southern Boreal Shield ecoprovinces, the last three
being subdivisions of the Boreal Shield ecozone; Fig. 1). Four hun-
dred and fifty NFI ground plots (Gillis et al., 2005) located within
these ecozones or ecoprovinces were used as input data for model
calibration. Only variables available in both the NFI ground plots
(400 m? area) and the photo plots used in the creation of the k-
NN dataset were used in constructing the model. If data on tree
cover were missing or no trees were measured in the ground plot
(20 x 20 m), sites were excluded. This step eliminated treeless
peatlands, such as those with only moss, sedge, and shrub cover.
Sites were classified as peatlands if they had a reported OSD
greater than 37.5 cm, following the 40 cm threshold used in the
Canadian System of Soil Classification (Canada Soil Survey
Committee, 1978). The 37.5 cm definition allows for a marginal
thickness of moss cover in addition to peat cover, as the NFI ground
plots group all duff, litter, and peat in measuring OSD thickness.

2.2. Model creation

Two models predicting the presence or absence of OSD greater
than 40 cm were calibrated and compared to evaluate their relative
merits and limitations. First, a logistic regression model of forested
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Fig. 1. Locations of ground plots used for model creation and validation (National Forest Inventory and Alberta Biodiversity Monitoring Institute plots), as well as for spatial
model validation (Riley and Michaud and Natural Resources Canada control points). Note that the Riley and Michaud data indicate presence only while the Natural Resources
Canada data show absence only. For details on datasets used in model construction, refer to Table 1. Ecozones, defined by the Ecological Stratification Working Group (1996),
are labelled as follows: TP - Taiga Plains, TS - Taiga Shield, BP - Boreal Plains, BSW - Boreal Shield West, HP - Hudson Plains, BSE - Boreal Shield East, MP - Mixedwood

Plains.

peatland presence-absence from forest structure attributes
(Table 1) was created using the base stats package in the R statis-
tical programming language (version 3.1.2). A parsimonious model
with only linear terms and without interactions was chosen for
maximum reproducibility. Second, a boosted regression tree
(BRT) model was created using the dismo package version 1.0-5
(Hijmans et al., 2015). Both models used the same input dataset.
The dismo package defaults (bag fraction of 0.5 with a learning rate
of 0.05) were used to parameterize the BRT model calibration. The
BRT was limited to the optimal number of boosting trees using k-
fold cross-validation using the ghm.step (Elith et al., 2008) function
in the dismo package. The model was trimmed to include only vari-
ables explaining more than 10% of the variance. The logistic regres-
sion model is used here as a baseline model against which the
more complex BRT model can be compared against.

Spatial predictions were made using the BRT and rasters of the
same independent variables as listed in Table 1. Forest structure
information at 250 m resolution was used from the k-NN dataset
of Beaudoin et al. (2014; Fig. 2). Additionally, bioclimatic variables

Table 1
Predictive variables used as input in the prediction of peat horizon presence at the
ground plot scale.

Variable Description
name
Biophysical®
Larilar_prop Proportion of total aboveground biomass as Larix laricina”
Picemar_prop  Proportion of aboveground biomass as Picea mariana®
Site_age Mean age of dominant and co-dominant trees (years)
Site_height Mean height of dominant and co-dominant trees (m)
Slope Ground surface slope (%)
Bioclimatic®
BIO2 Mean diurnal range; mean of monthly max temp-min temp
(°0)
BIO4 Seasonality; standard deviation of monthly temperature (°C)

2 From the NFI ground plot database (Gillis et al., 2005).
b Expressed as a proportion from 0 to 1, rather than as an integer percentage.
¢ Sampled from v1.4 of the WorldClim database (Hijmans et al., 2005).

(Table 1) from ANUSPLIN at 2.5 arc-minutes were resampled to the
k-NN grid using the WorldClim dataset (Hijmans et al., 2005).
Slope was calculated from the 90 m EarthEnv digital elevation
model (DEM; Robinson et al., 2014; Table 1) and also resampled
to 250 m. A matrix of Spearman correlation coefficients (p) was
computed to ensure that no paired input variables were highly cor-
related (absolute p values below 0.4 confirmed low correlation;
Table 2).

2.3. Model validation

2.3.1. Ground plot validation

Both ground plot models and spatialized predictions based on the
BRT model were validated using various datasets including ecologi-
cal inventory plots and geodetic survey markers (Table 3). For the
ground plot models of peatland presence or absence, an indepen-
dent dataset of 255 ecological inventory ground plots from the
Alberta Biodiversity Monitoring Institute (ABMI, 2015) were used
to validate the model’s accuracy (Fig. 1). Tree lists from each ABMI
ground plot site were supplemented with allometric models from
Lambert et al. (2005) in order to calculate the percentage of total
aboveground biomass by species, as defined in k-NN raster datasets.
Site height for each plot was calculated as the Lorey height (Nakai
et al,, 2010; Lorey, 1878), as this was the best proxy measure for
the biomass-weighted height from the k-NN rasters. Since the exact
locations of the ground plots in the ABMI are not available, they were
not used to validate any spatial predictions of the BRT model.

2.3.2. Spatial model validation

In addition to the validation of the ground plot model of OSD
based on forest structure, two additional independent datasets
were used for the validation of the spatial version of the BRT
model. A dataset of peatland core locations from Riley and
Michaud (1989) containing 126 peatlands from Ontario was used
as an independent dataset of peatland locations. To validate
non-peatland locations, passive control stations from the Canadian
Spatial Reference System (Natural Resources Canada, 2015a) were
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Table 2
Spearman correlation matrix of input variables used for model construction; data are from NFI ground plots (n = 540). See Table 1 for variable descriptions.
Variable name Slope Site_age Site_height Picemar_prop Larilar_prop BIO2 BIO4
Slope
Site_age 0.02
Site_height 0.18 —0.05
Picemar_prop -0.14 0.30 -0.40
Larilar_prop -0.14 0.06 -0.23 0.01
BIO2 —0.06 -0.23 0.24 —0.02 0.02
BIO4 -0.19 -0.13 -0.25 0.22 0.14 0.25

Bold values are significant correlations at p < 0.05.
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Fig. 2. Raster layers of predictive variables (see Table 1 for description of variables) at 250 m resolution used for the spatial implementation of a boosted regression tree

model of forested peatland presence.

Table 3
Description of datasets used in this study.
Dataset n Forest Spatial Pseudo-
structure info  accuracy located*®
National Forest Inventory 563 Yes +5 km Yes
Alberta Biodiversity 429 Yes +5 km Yes

Monitoring Institute
Riley and Michaud (1989) 126 No See note” No
Natural Resources Canada 606 No +1m No

@ Pseudo-located data are artificially rounded to the nearest 5 km to protect the
integrity of the plot, but represent a ground plot of approximately 400 m?.

b Note that the location used for the Riley and Michaud dataset is the centroid of
a manually mapped peatland polygon.

used. A total of 606 control points from the Taiga Plains, Boreal
Shield and Hudson Plains ecozones were selected, keeping only
those points that contained a reference to bedrock, sandy soils,
or pine trees in the text description of the control point as con-
traindicators of peatland presence (Fig. 1). Validation of spatial
predictions was performed within ecozones and their ecoprovince

subdivisions that contained validation points. Additional qualita-
tive validation was undertaken by comparing peatlands delineated
by interpretation of aerial photography from the Alberta Geological
Survey (Fenton et al., 2013) with those from the BRT method.

3. Results
3.1. Forested peatland presence modelling using ground plot data

3.1.1. Logistic regression model

The parsimonious logistic regression is shown in Table 4. The
logistic regression explained 29.8% of the deviance, with an accu-
racy of 88.2% and an area under the receiver operating characteris-
tic curve (AUC) of 0.931 (Table 5). The logistic model output
threshold for peatland presence was 0.315, meaning that model
outputs greater than the threshold value were classified as treed
peatlands in a binary map. While the top predictors (PICEMAR_
prop, BIO2, Larilar_prop, slope) were common to both the logistic
regression and the BRT, in the logistic regression the variables
BIO4, site_age, and site_height (see Table 2 for definitions of
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variables) were not statistically significant predictors (at P < 0.05)
(Table 4).

3.1.2. Boosted regression tree model

The BRT for peatland presence based on NFI ground plot data
explained 48.0% of the total variability, with an accuracy of 87.1%
and an AUC of 0.934 (Table 5). The BRT model output threshold
for peatland presence was 0.372. The strongest predictor in the
model was the variable (Picemar_prop) for the proportion (0-1)
of aboveground biomass consisting of black spruce (Picea mariana
(Mill.) Britton, Sterns & Poggenburg). This predictor explained
24.4% of the model’s predictive power (Fig. 3) and showed a
roughly linear response through its marginal effect on the logit
(log-odds) of a peatland’s presence, with a crossover from a nega-
tive marginal effect (less likely to be a peatland) to a positive one
(more likely to be a peatland) at a threshold where black spruce
constituted a 0.5 proportion of aboveground biomass. The variable
(Larilar_prop) describing the proportion of a plot’s biomass consist-
ing of larch (Larix laricina (Du Roi) K. Koch) was another strong pre-
dictor, accounting for 13.9% of the model’s explanatory power.
Larilar_prop showed a strong negative marginal effect when the
proportion of biomass consisting of larch was less than 0.1
(Fig. 3), with a strong inflection point at 0.2 proportion of biomass,
and no difference in the marginal effect from 0.4 upwards. Site_age
and site_height contributed 14.7% and 12.8% to the model’s
explanatory power, respectively, and both showed a unimodal
optimum-type relationship, with the greatest marginal effect at
175 years and 8 m stand height. Slope showed a strong positive
marginal effect from 0% to 10% slope, with little effect afterwards,
contributing 10.8% to the model’'s power. Mean diurnal range
(BIO2) contributed 13.3% of the model’s power, with the marginal
effect switching from a negative to a positive at 12 °C. Monthly
temperature standard deviation (BI04) showed a bimodal effect,
with peaks of positive marginal effect at 13.5 °C and at greater than
16 °C, and made the smallest contribution (10.1%) to model power.
While Picemar_prop and Larilar_prop came out as strong predictors
in both the logistic and BRT models, site_height was ranked as a
stronger predictor in the BRT than in the logistic regression, while
the opposite was true for BIO2 and slope.

3.2. Spatial prediction based on BRT model

Based on the comparison of the models above, we selected the
BRT model to conduct the spatial prediction of forested peatland
presence across Canada (Fig. 4) using input raster data at 250 m
resolution from the Beaudoin et al. (2014) dataset. Overall, the
areas of the highest density of forested peatlands are in the south-
ern Hudson Plains ecozone, with other areas of high density in the
southern Boreal Plains and southern Taiga Shield ecozones. At the
national scale, these areas of high density of forested peatlands
correspond well with the 1:1 million scale mapping of Tarnocai
et al. (2011). At the regional scale, the spatial predictions obtained
with the BRT model correspond with larger peatlands identified via

Table 4
Logistic model parameters, ranked by Z score. See Table 1 for description of
predictors.

Predictor Z score P 0Odds ratio
Intercept —-4.72 <0.001

Picemar_prop 5.43 <0.001 119

BIO2 4.14 <0.001 1.76
Larilar_prop 3.50 <0.001 29.0
Slope -3.16 0.0015 0.86
Site_age 1.93 0.053 1.055
Site_height -1.71 0.087 0.928
BIO4 -0.73 0.462 0.994

Table 5

Accuracy measures for the logistic regression and boosted regression tree (BRT)
models of peatland presence based on ground plot data. Validation statistics are
derived from comparison of both models comes against the independent ABMI
ground plot database (Alberta Biodiversity Monitoring Institute, 2015).

Regression model

Metric Logistic BRT
Sensitivity (%) 76.7 84.6
Specificity (%) 92.9 87.7
Accuracy (%) 88.2 87.1
AUC? 0.931 0.934

? Area under the receiver operation characteristic curve.

air photo interpretation in central Alberta, where the majority of
peatlands are forested (Fig. 4 inset).

The accuracy of the spatial model varied widely by ecoprovince,
with the correct prediction of peatland location as high as 95.3% in
the 64 points in the Mid-Boreal Shield of Ontario, and 84.2% in the
Lake of the Woods ecoprovince. Although considered part of the
Boreal Shield ecozone by Natural Resources Canada (2015b), the
Lake of the Woods ecoprovince shares deep glacial sediments
and expansive peatland complexes with the Boreal Plains ecozone
(Table 6; Heinselman, 1963). Further south, spatial predictions of
peatland location were only 48.0% accurate, while in southern
Ontario, the model was only 5.5% accurate. The 5.5% accuracy in
southern Ontario is no different from chance, since less than 5%
of the region is covered by peatlands (Tarnocai et al., 2011). Spatial
prediction of uplands (non-peatland forests with mineral soils), the
corollary of prediction of peatlands, was overall consistently more
accurate than prediction of peatlands. The model was 77-90%
accurate in the prediction of uplands in the boreal and taiga forest,
except in the Boreal Shield ecozone, where prediction of uplands
was only 63.8% accurate (Table 6). The total area of treed and
forested peatland in the Boreal and Taiga ecozones of Canada esti-
mated by this method using a model output threshold of 0.40
(108.8 Mha) is close to the sum area of treeless and treed peatlands
estimated by Tarnocai et al. (2011) of 109.5 Mha.

4. Discussion
4.1. Ground plot data

In the boreal forest of western North America, black spruce
abundance is strongly related to organic matter accumulation
and poor drainage conditions, as the faster-growing aspen (Populus
tremuloides Michx.) and pines (Pinus banksiana Lamb./Pinus con-
torta Dougl. ex Loud.) dominate in upland stands (Johnstone and
Chapin, 2006). The presence of black spruce has been used as an
indicator of potential paludification (transformation process to
peatlands), Sphagnum moss dominance, and peat formation in
the boreal forests of Ontario and Quebec (Lafleur et al., 2015).
However, black spruce does occur as co-dominant with hardwoods
or other conifers; indeed, 18% of NFI ground plots with black
spruce are mixed with trees from Populus spp. or Pinus spp. Larch
is found more exclusively in wetlands, owing to its shade intoler-
ance (Duncan, 1954) and flooding tolerance (Girardin et al,,
2001). In the maritime boreal forest of Newfoundland in Canada,
larch is reported to be more widespread (Hall, 1989). Although
larch is also found near the treeline in Canada (Payette and
Gagnon, 1979), the use of bioclimatic variables to distinguish
southern boreal from treeline areas was useful in separating larch
stands of similar structure. The marginal effect of larch biomass in
Fig. 3 reflects this, with a sharp increase in the marginal effect from
0 to 0.20 proportion of larch biomass, but no further effect once a
site exceeds a 0.20 proportion of larch.
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follows: BSE = Boreal Shield East; BSW = Boreal Shield West; BP = Boreal Plains; HP = Hudson Plains; MP = Mixedwood Plains; TS = Taiga Shield; TP = Taiga Plains.

The k-NN model performance in predicting Larilar_prop, as
reported by Beaudoin et al. (2014), was the lowest among
species-composition variables used as predictors, with an R? of
only 0.07, despite this term being a strong predictor of treed peat-
land presence at the plot scale. The root-mean-square deviation of
Larilar_prop was 5%, suggesting this metric is more useful in pre-
dicting the presence-absence of Larix, and thus the difference
between stands with minor Larix composition and those

dominated by Larix. In this study, the BRT splines suggest that it
is not the actual proportion of larch biomass that is most informa-
tive to the model. However, the sharp increase in the log-odds from
0 to 0.20 proportion larch suggests that any presence, even as a
small proportion of the total biomass, provides strong predictive
power to the model. Unfortunately, the model statistics from
Beaudoin et al. (2014) do not provide a metric of the errors of omis-
sion or commission of larch presence, as species composition was
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Table 6

Accuracy of the spatial prediction of peatlands and non-peatlands. Accuracy of
peatland locations was assessed using an independent validation dataset from Riley
and Michaud (1989), while non-peatland accuracy was assessed using horizontal
control points from Natural Resources Canada (2015b).

Region Accuracy (%) n
Peatlands

Mid-Boreal Shield 95.3 64
Lake of the Woods 84.2 19
Southern Boreal Shield 48.0 25
Great Lakes-St. Lawrence 5.5 18
Total 71.4 126
Non-peatlands

Taiga Shield (TS) 89.5 19
Taiga Plains (TP) 77.3 97
Hudson Plains (HP) 83.6 67
Boreal Shield (BS) 63.8 105
Boreal Plains (BP) 829 318
Total 72.2 606

estimated as a continuous variable, although presence-absence
might have been a more appropriate metric in this specific applica-
tion of the dataset.

Slope was a significant predictor of peatland presence, with 68
out of 103 peatland NFI ground plots reporting zero slope, and
another 23 reporting 1-2% slope. For non-permafrost peatlands,
topographic indices such as low standard deviations of surface ele-
vation and low DEM ruggedness have been used to distinguish
peatlands from uplands (Millard and Richardson, 2013). At the
landscape scale, the proportion of areas with slope <2% has been
used as a proxy for peatland areas when modelling peatland con-
tributions to riverine dissolved organic C (Olefeldt et al., 2014).

Oceanic boreal regions in Canada feature predominantly non-
treed, moss-dominated peatlands (Wells, 1981), owing to the higher
annual rainfall and low annual potential evaporation (Price, 1991),
two metrics that are not directly captured in the WorldClim data-
base. Greater monthly average temperature range (BIO4) is a muted
version of the diurnal range, with the two variables being weakly but
significantly correlated (p = 0.25, P < 0.05; Table 2), and therefore
BI04 is a weaker predictor in the model. Like BIO2, it adds discrimi-
nation power in isolating oceanic versus continental climates,
although the contrast at northern latitudes is not as strong.

This study has similarities to species distribution modelling
(e.g., Venier et al., 2004; Ohse et al., 2009), in that the goal is to pre-
dict the presence or absence of the phenomenon of interest, in this
case organic soils greater than a threshold depth, rather than to
predict the absolute depth of peat. Efforts to predict the actual peat
depth at a location have primarily been conducted in United King-
dom and Irish blanket peat systems (Holden and Connolly, 2011;
Parry et al., 2012), where topography plays a greater role. In the
case of the NFI ground plot data, many of the measurements of
peat depth were truncated to 40 cm (the threshold for organic
accumulation in a peatland soil in the Canadian System of Soil
Classification), and recorded as such even if the actual depth may
have been greater. This artifact of the data limits any prediction
of absolute peat depth; more thorough peat depth measurements
such as those from Zoltai et al. (2000) unfortunately do not feature
the same detail of the forest cover as the NFI ground plots.

4.2. Spatial modelling

The method used here, like digital soil mapping (DSM; e.g.,
McBratney et al., 2003), aims to create a continuous surface of soil
properties, but in this instance the predictive surface layers are not
solely a DEM and optical remote sensing, but rather modelled ras-
ters of forest properties. Moreover, most DSM benefits from knowl-
edge of the exact locations of the ground plots used to derive the

model. In the case of the NFI ground plots, however, the exact plot
locations are not made available in order to protect the integrity of
the plots. As a result, for validation data for the spatial model we
had to rely instead on known peatland locations that lacked the
same forest attribute measurements.

The current implementation of this modelling framework treats
each 250 m pixel as an independent point for model prediction and
is not influenced by the local abundance of peatlands in surround-
ing pixels. Many DSM efforts employ Kriging or other forms of spa-
tial autocorrelation for spatial prediction of continuous variables,
especially when accurately located point data are available
(McBratney et al., 2003). Future efforts to extend this model may
incorporate the local abundance of peat in other pixels as a proxy
for depth or may factor in the presence of large peatland com-
plexes, which occur more frequently in the Boreal Plains and Taiga
Plains ecozones than in the granitic environment of the Canadian
Shield in the Boreal and Taiga Shield ecozones (Halsey et al., 1997).

4.3. Spatial modelling by region

High agreement was observed between the estimate of total
treed peatland area in Boreal and Taiga regions of Canada calcu-
lated here at the regional estimates from Tarnocai et al. (2011).
There is likely some compensating error where the method shown
here maps densely treed peatlands not captured by other methods,
while at the same time not mapping completely treeless peatlands.
As the area estimates of Tarnocai et al. (2011) area regional by
design (estimating portion of peatland area per region), it is diffi-
cult to directly compare the two products.

The accuracy of spatial prediction of peatlands was very high in
both the Boreal Shield and the Lake of the Woods regions of
Ontario (85-95%), in part reflecting peatland complexes (and their
centroids, used as coordinates) on the order of 1000 ha in size or
larger in the validation dataset. The high accuracy in the Boreal
Plains (uplands predicted with 83% accuracy) contrasts with a
higher false-positive rate in the Boreal Shield, where uplands were
predicted with only 64% accuracy. This high false-positive rate
could be due in part to the smaller size of many of the peatlands
in the granitic terrain of the Canadian Shield (many of which are
smaller than the 250 m pixel size used in the k-NN data from
Beaudoin et al. (2014)), where peatlands sit among a complex pat-
tern of bedrock uplands (Branfireun and Roulet, 1998). The low
accuracy in the Southern Boreal Shield ecoprovince in Ontario
could be due in part to the higher prevalence of non-boreal trees
in forested peatlands in the region, as the genera Betula, Acer,
and Thuja (Devito and Dillon, 1993) begin to appear in abundance.
These genera are not captured by the species preference for black
spruce and larch built into the model’s input data. Indeed, peat-
lands in southern Ontario are at the very southern limit of both
black spruce and forested peatlands (Bonan and Sirois, 1992).

Some of the forest attribute data from the NFI k-NN rasters used
here are also available as polygons in provincial forest inventories.
Leading species, merchantable volume, and canopy closure are the
primary attributes commonly mapped from aerial images at a finer
scale than the 250 m rasters used here (OMNR, 2009; AESRD,
2005). However, such forest inventory data are often acquired by
forest lease holders in Canada and are considered proprietary.
Moreover, only areas under active forest management are typically
mapped in detail, which excludes large portions of the northern
Boreal Shield and the majority of the Taiga Plains and Taiga Shield
ecozones.

The model underperformed in the boreal foothills of western
Alberta at the westernmost extent of the Boreal Plains. Peatlands
in this region are more often found on a higher slope than are
the majority of boreal peatlands, as groundwater-fed fens are more
dominant than ombrotrophic bog systems in these regions (Vitt
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et al., 1995). In addition to the lower density of ground points,
lower model performance in the Taiga Plains ecozone could be
due in part to the presence of permafrost. Such peatland plateaus
are typically dominated by black spruce, with little to no larch pre-
sent (Zoltai and Tarnocai, 1971; Zoltai, 1972). Overall, the input
data of the NFI ground plots used for model construction is signif-
icantly skewed towards more southerly, productive forests, so the
accurate prediction of peatland in permafrost areas is unlikely with
the current dataset. Furthermore, NFI k-NN rasters are likely less
accurate outside the spatial distribution of NFI photo plots used
to build the dataset; thus, predictions of peatland presence in
northern portions of Taiga Shield and Hudson Plains, for example,
should be viewed with caution.

5. Conclusions

Forest structure data successfully predicted the extent of treed
peatlands across Canada using forest inventory ground plots, with
the proportion of aboveground biomass consisting of black spruce
and larch being the best vegetation predictors and slope as a key
geomorphic predictor. Bioclimatic variables describing annual
and daily temperature range were useful in discriminating treed
peatlands in the boreal ecozones from areas near the northern
treeline in Canada that share similar forest structure. For ecozones
where peatlands are common, NFI k-NN raster maps of forest
structure data derived from NFI photo plot inventory data were
used successfully to propagate the plot-level model at the national
level. Resulting unique new spatial predictions of peatland location
were very accurate in the Boreal Plains, although less accurate in
the Boreal Shield, probably because the pattern of small peatland
and upland areas in much of the Canadian Shield is difficult to cap-
ture at 250 m resolution. The resulting map of the presence of
organic soils to a depth of 40 cm or more can be used as an input
to spatially explicit forest C modelling, and would be particularly
useful in modelling disturbances such as wildfire or peatland drai-
nage through a better knowledge of forested peatland extent.
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