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Abstract: The use of Remotely Piloted Aircraft Systems (RPAS) as well as newer
automated unmanned aerial vehicles is becoming a standard method in remote sensing
studies requiring high spatial resolution (<1 m) and very precise temporal data to capture
phenological events. In this study we use a low cost rotorcraft to map Eriophorum
vaginatum at Mer Bleue, an ombrotrophic bog located east of Ottawa, ON, Canada. We
focus on E. vaginatum because this sedge plays an important role in methane (CH4) gas
exchange in peatlands. Using the remote controlled rotorcraft we were able to record,
process, and mosaic 11.1 hectares of 4.5 cm spatial resolution imagery extracted from
individual frames of video recordings (post georegistration RMSE 4.90 + 4.95 cm). Our
results, based on a supervised classification (96% accuracy) of the red, green, blue image
planes, indicate a total tussock cover of 2,417 m”. Because the basal area of the plant is
more relevant for calculating its contribution to the CH4 flux, the tussock area was related
to the basal area from field data (R* = 0.88, p < 0.0001). Our final results indicate a total
basal area of 1,786 + 62.8 m”. Based on temporal measurements of CH, flux from the
peatland as a whole that vary over the growing season, we estimate the E. vaginatum
contribution to range from 3.0% to 17.3% of that total. Overall, our low cost approach was
an effective non-destructive way to derive E. vaginatum coverage and estimate CHj
exchange over the growing season.
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1. Introduction

The development and application of both Remotely Piloted Aircraft Systems (RPAS)
(e.g., rotorcraft, quadrocopters) and unmanned aerial vehicles (UAVs) for vegetation mapping has
several advantages over conventional imaging from high altitude fixed wing aircraft or satellite
platforms, particularly for areas where high spatial resolution images (i.e., sub-meter pixels) are
required [1]. Peatland classification and characterization is an example of an application for which
these small deployable imaging platforms are ideal [2]. Remote sensing techniques in general have
shown potential for peatland monitoring, but most previous studies have focused on the use of
relatively coarse spatial resolution imagery that often resulted in limited discrimination of cover types
or biophysical characteristics [3]. Alternative techniques such as data fusion between high spatial
resolution imagery and LiDAR [3], classification of pan-sharpened multispectral imagery [4], analysis
of airborne hyperspectral imagery [5] and object based classification of aerial photography [6] have
reduced the thematic uncertainty in peatland classifications. Nevertheless, for the detection of short
durational phenomena such as the flowering events of some peatland species, rapid deployment and
high temporal resolution data may be required. Small user deployable platforms (helicopters,
quadracopters, UAVs) with simple imaging instrumentation such as photographic cameras or video
recorders allow for flexibility and repeatability in data collection when reliance on conventional aerial
imaging or satellite imagery may not be feasible.

25% of the world’s soil carbon is stored in Northern peatlands—some of these have been
accumulating carbon for up to 10,000 years [7,8]. Peatlands are important sources of gas exchange
between the surface and the atmosphere, and generally represent carbon sinks for CO,. However,
peatlands can also act as sources of carbon through the flux of methane. Radiocarbon analyses of '*C
for CH4 flux from peatlands differ widely with some studies reporting release of entirely modern carbon
(fixed post 1950s) to others reporting large proportions of '*C fixed centuries to millennia ago [7]. The
net carbon exchange for peatlands includes the net ecosystem production (NEP), the flux of methane (loss
or gain of C), and the loss or gain of dissolved organic carbon through water inputs or runoft [8]. The
methane flux component has been estimated at 5-20 g-cm >yr ' [9]. The total yearly emission of CHy-C
from northern peatlands worldwide has been estimated to be 10-25 Tg-yr ' [8]. With northern peatlands
expected to undergo the effects of climate change (e.g., warmer temperatures) their carbon balance is
expected to change accordingly.

Controls on the flux of CH4 from peatlands such as the water table position, peat temperature,
microbial CHy production and consumption, and plant-mediated transport are fairly well
understood [10]. One of the main controls in ombotrophic (rain fed) bogs is water table position with
increased CH4 emission with dropping water table levels [11]. Eriophorum vaginatum (cotton-grass)
along with other sedge species commonly found in bogs are hardy plants well adapted to growing in
mineral poor peatlands with a broad range of pH. E. vaginatum also grows in contaminated soils as a
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hyper-accumulator of metals [12,13]. E. vaginatum is an important vascular plant species in the daily
control of CH4 emission where its aerenchyma serves as a conduit for CHy resulting in larger
emissions of CHy from its tussocks than from bare peat surfaces [13,14]. Aerenchymateous tissues are
an adaptation that allow for gas exchange to provide oxygen to tissues that may be submerged below
the water table [12].

Accurate estimates of peatland gas exchange are fundamentally important for understanding the
magnitude of emissions from peatlands and to model and predict the response under different climate
change scenarios [15,16]. Accurate estimates of the aerial extent of vegetation such as E. vaginatum
would improve the estimates of a peatland’s carbon balance. The total areal coverage however, is
fairly difficult to determine from ground observations without damaging fragile bog vegetation.
Furthermore, its small tussock area makes it very difficult to estimate its coverage from satellite
imagery [2] and its phenology provides only a short window of opportunity to be detected by imaging
techniques (2-3 weeks flowering period). In this case, aerial guided or UAV platforms are an ideal
remote sensing tool to detect E. vaginatum [17-19]. In addition, these small platforms are generally
flown at low altitude allowing for data collection in a broad range of atmospheric conditions. For
example, they can be flown when there are high altitude clouds that would obscure the ground in
satellite imagery. The objective of our study was to determine the areal coverage of E. vaginatum from
remote controlled rotorcraft videography and estimate its contribution to the total bog flux of CHa.
Several studies have focused on overall classifications of bogs [2,4—6,20,21]. Here we focus only on
the detection and classification of E. vaginatum. This focus is explained by this plant’s effect on the
daily flux of CHa.

2. Data and Methodology
2.1. Study Area

The Mer Bleue peatland is a large (approx. 28 km”) ombrotrophic bog, located east of
Ottawa, ON, Canada (45.4°N, 75.5°W), which formed over the past 8,400 years [8]. Ombotrophic
bogs receive their entire water input from rainfall. The mean annual temperature is 6.0 £ 0.8 °C with
an annual precipitation of 943 mm (of which 235 mm are snow in the winter months) [14]. The
growing season is approximately 200 days between the months of May and November. The depth of
the peat ranges from 0.3 m in the margins to 5-6 m near the centre [8]. The microtopography (i.e.,
structural microtopes) is made up of hummocks, hollows, and lawns. The base layer vegetation
consists of mosses, mainly Sphagnum capillifolium, Polytrichum strictum, S. magellanicum and
S. angustifolium. Vascular vegetation is composed of evergreen (Chamaedaphne calyculata,
Ledum groenlandicum, Kalmia angustifolia) and deciduous (Vaccinium myrtilloides) shrubs, sedges
(E. vaginatum), and a few trees (Picea mariana, Larix laricina, Betula populifolia) (Figure 1). This
study focused on the northwestern section of the bog.

2.2. Data Collection and Preparation

Video files were recorded with a Canon PowerShot G11 camera (35 mm film equivalent focal
length) mounted on a radio controlled camera mount affixed to a Hirobo SDX Radio Control rotorcraft
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(helicopter) (1.2 m long with a main rotor diameter of 1.3 m) operated by an experienced pilot in
July 2010 (Figure 1). The fuel tank of the rotorcraft had been modified to include a secondary tank,
increasing the time it could remain airborne with maximum payload to 15-20 min minutes per flight.
Additionally, the stock exhaust pipe had been extended by 3 inches with rubber tubing to minimize the
contamination of the video by the engine exhaust. The video settings were set to 640 x 480 pixels at
30 frames per second (FPS) in M4V file format. Three planes (red, green and blue) were recorded and
retained as ‘bands’ in the classification. We chose the RC rotorcraft option, because at the time of data
collection, small, automated UAVs such as those described in [2,18,22] were prohibitively expensive
to conduct this type of survey. The cost of flying over our study areas was under
$1,500—including the equipment.

Figure 1. (A) Ground photograph looking SE over the Mer Bleue bog with E. vaginatum
tussocks, (B) the photo of tussocks. The inset in A shows an example of a clump of
tussocks as recorded by the camera (4.6 cm pixel size). The rotorcraft (1.2 m long)
(C) with the camera mount and camera collecting the video files.
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The rotorcraft took off from preexisting wooden boardwalks that had been installed in the bog to
facilitate researcher access and minimize impact on the vegetation. No automatic correction for the
altitude was done because there was no inertial system onboard. The raw video footage was cut into
short video clips (with Quicktime 7.6) that contained segments of interest with minimal rotorcraft roll
and pitch. Segments representing takeoff and landing were also removed. The files were saved as
640 x 480 pixels at 30 FPS in .MOV format. The .MOV clips were imported into Adobe Photoshop
CS3 and each frame was saved as a separate Photoshop layer. Each frame/image was reviewed and
manually selected for clarity, focus, and lack of shadows/exhaust from the rotorcraft and saved as a
TIFF file. The tiffs were subsequently mosaicked and each of the thirty-two final mosaics (consisting
of 20-320 tiffs) were saved in TIFF format with LZW compression. Multiple mosaics were created
because the data collection consisted of several flights over different areas of the bog. In addition,
within a single flight there were minor changes in altitude as well as segments of unusable data
(e.g., pitch or roll of the rotorcraft, exhaust in the frame, ezc.). Combined, the mosaics covered a total
of 11 hectares (0.11 km?). The file sizes of the mosaics ranged from 5.1 to 123.6 MB.

2.3. Classification

Each mosaic was georeferenced in ArcMap 10.0 using the Bing Aerial imagery as the basemap.
There were a sufficient number of recognizable features in the mosaics such as boardwalks, gas
exchange chambers and trees that all thirty-two mosaics were georeferenced. Because the frames
selected for each of the mosaics were visually consistent in altitude, 1st or 2nd order polynomials with
a nearest neighbour resampling were suitable for the georeferencing process. An average of 12 control
points were used, with up to a maximum of 36 points per mosaic. Each mosaic was then classified in
ENVI 4.8 to extract E. vaginatum tussock cover using a supervised parallelepiped classification with a
maximum of three standard deviations from the mean with separate training “regions of interest”
(ROIJ) for each mosaic. All three planes from the tiffs (red, green and blue) were used as “bands” in the
classification. This species has an identifiable white crown (tussock) during flowering (Figure 1A,B)
that is fairly distinct from other species in the bog during the time of image acquisition we selected for
this study. The ROIs used for classifier training consisted of 40—45 pixels each. A post-classification
sieving was performed with group minimum threshold ranges of 2 to 10 pixels; 24 of the 32 mosaics
had a sieve size of five pixels or less. Twenty points were randomly distributed across each mosaic for
a total of 620 points to determine the classification accuracy. Based on expert knowledge gathered
during the field measurements these points were manually classified via an on-screen interpretation of
the mosaics in ENVI 4.8.

2.4. Field Data Collection

To determine the relationship between the tussock area and the basal area of E. vaginatum, we
established three 25 m” plots in areas close to the boardwalks. To minimize long-term disturbance to
the bog, investigators wore snowshoes within the plots. Only plants that fell fully within the
boundaries of the plots were counted and measured. The field measurements were carried out within
one week of the aerial video acquisition. Ground control points were collected with a Garmin 60CSX
GPS at each corner of the boardwalk paths in order to verify the registration of the mosaics. The length
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and width of the boardwalk wooden planks were measured in the field in order to determine the scale
of the mosaics for georegistration.

2.5. Statistical Analysis

To model the size distribution of the E. vaginatum crowns, several continuous distributions were fit
to the field measured tussock areas; the best-fit model was selected based on minimizing the AICc
criterion. This distribution was used to determine the proportion of crown sizes in various size
categories. A multi-distance spatial cluster analysis (Ripley’s K) [23] as well as a Cluster and Outlier
analysis (Anselin Local Moran’s 1) [24] were computed in ArcGIS 10.1 on the classified mosaics in
order to determine the spatial pattern of the E. vaginatum tussocks. Inverse-distance-weighting
interpolation in ArcGIS 10.1 [25] was used to estimate the near surface concentration of CHy4 across
the mosaics using temporal flux data recorded by [14].

3. Results and Discussion

The final pixel size of the mosaics ranged from 4.1 to 5.3 cm with an average of 4.5 cm and an
average RMSE of the georegistration of 4.90 £ 4.95 cm. The pixel sizes differed between the mosaics
because of changes in altitude of the rotorcraft between flights. At the time of image acquisition L.
groenlandicum was also in flower, but rather than being a large tussock with flowers it has small single
white flowers. For every mosaic, the single pixels classified as E. vaginatum surrounded by
background pixels, which likely represented L. groenlandicum, were removed through the
post-classification sieving process. Based on the best-fit parametric probability density distribution
(i.e., Exponential distribution, AICc = 3,325.4), plants with tussocks 5 cm?” or smaller are estimated to
account for only 0.58% of the total E. vaginatum population (Figure 2). Therefore, the proportion of
E. vaginatum erroneously removed through the sieving process is presumed to be minimal.

Figure 2. Cumulative probability plot of the bestfit distribution (Exponential) of
E. vaginatum tussock crown area (sz) estimated from the tussocks measured in the field.
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The overall classification accuracy of the mosaics ranged from 90% to 100% with an average of
96%. The primary source for error in the classification came from background (non E. vaginatum)
pixels being classified as E. vaginatum (2.2% of the validation points) indicating a small
overestimation of the total area. The area of E. vaginatum tussock cover extracted from the mosaics
ranged from 0.8 to 6.0% (average 1.5%) of the total area of all mosaics of 2,417 m”. Because the basal
area of the plant is more relevant for determining its contribution as a conduit for CH4 production, the
tussock area was related to the basal area measured in the field. The tussock areas measured in the
field varied from 1 cm? to 3,600 cm” per plant, while the field measured basal areas ranged from 4 cm® to
3,300 cm’ per plant. A significant linear relationship was found between tussock and basal areas
(R* = 0.88, p < 0.0001) (Figure 3). This linear relationship was used to convert the image derived
tussock area to total basal area from the mosaics (1,786 + 62.8 m?). The error term takes into account
the uncertainty from the classification error and the uncertainty from the regression through standard
additive error terms.

Figure 3. Relationship of E. vaginatum tussock area to basal area estimated in the field.
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Spatial analysis of the tussock centres (Ripley’s K) revealed that at all scales the tussocks are
spatially clustered. When the spatial association between tussocks was examined (Anselin Local
Moran’s I), minimal patterns of clustering based on size were found: 2.78% are “large” tussocks
clustered, 1.15% are large tussock outliers surrounded by small tussocks, 0.4% are clusters of “small”
crowns (Figure 4). Using a mean value of 233 mg'm >d' as the growing season average [14],
Figure 5 illustrates an example of a spatially interpolated surface of CH4 flux. As expected, larger fluxes
of CHy4 can be seen around the largest tussocks. However, the seasonal pattern of CH4 emission is
equally important to consider. From the temporal values of E. vaginatum CH4 flux from 15 May to
19 November 2007, the animation in Figure S1 illustrates spatio-temporal variability of CH4 from the
tussocks for the same area. The emission of CH, from E. vaginatum remains fairly substantial into the
end of the growing season (Figure S1).

Over a 200 day growing season from May to mid-November, a flux of 233 mg'm >d"' results in
46.6 g/mz, or a total of 83.2 kg from the total tussock basal area we extracted from the mosaics. This
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estimate falls within the ranges calculated by [9,14]. Allowing for 1.5% coverage of E. vaginatum of
the total bog area, results in a 19,320 kg CH4-C contribution to the whole bog flux. Based on
Moore et al.’s 2011 [14] 23.1-4.0 g'CH4~m72 estimate of the flux from the peatland as a whole, we
estimate the E. vaginatum contribution to range from 3.0% to 17.3% of that total.

Figure 4. Example of a mosaic with the classified E. vaginatum tussocks overlain. Pixels
in grey do not have any spatial association by tussock size. Pixels in red are clusters of
“large” tussocks while yellow are outliers of large tussocks surrounded by small tussocks.
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Figure 5. Example of a methane flux map interpolated from the estimated basal area of the
E. vaginatum tussocks. A growing season average flux of 233 mg'm >-d"' [14] for the year
2007 is illustrated.
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4. Conclusions and Recommendations

We have shown a cost effective, non-destructive method to determine the total aerial extent of
E. vaginatum tussocks in a fragile peatland environment. The relatively simple classification method
of extracting only the single class of E. vaginatum from a varied background resulted in high
classification accuracy. With the high spatial resolution, it would also be possible to extract other
classes that may be of interest such as the trees, areas of exposed mosses (i.e., minimal vascular plant
cover), among others. New models of UAVs reduce the reliance on an experienced pilot because they
not only do not require a pilot to keep them airborne, but their sophisticated navigational software
allows the user to enter waypoints, flight speed, and altitude for an automated flight [2,18,22]. These
new UAVs would also improve the image quality because through the automated flight systems the
altitude and speed are kept constant, minimizing the distortion in the final data. Furthermore, with the
advent of small and light sensors, data could also be collected as hyperspectral flight lines rather than
the three planes (red, green, blue), increasing the range of biophysical characteristics that could be
extracted from the data.
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