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Wildland fire occurrence has been increasing in peatland ecosystems during recent decades. As such, there is a
need for broadly applicable tools to detect and monitor controls on combustion such as surface peat moisture
and water-table position. A field portable spectroradiometer was used to measure surface reflectance of two
Sphagnum moss-dominated peatland experiments, one being an experimental study utilizing a factorial experi-
ment of vegetation and water-table manipulations and the other being a field site located in the Upper Peninsula
of Michigan that is broadly representative of northern peatland ecosystems. Relationships were developed
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Peatland correlating spectral indices to surface moisture as well as water-table position using the surface reflectance
Water table data. Spectral convolutions, or integrations of the hyperspectral data with the relative spectral response curves

Moisture content of multispectral sensors, were also applied to represent spectral sensitivity of commonly used Earth observing

Fire sensors. Band ratios previously used to monitor surface moisture with these sensors were assessed. Strong rela-

Spectral tionships with surface moisture and water-table position are evident for both the narrow-band indices as well as

Hyperspectral broad-band indices. This study also revealed a dependence of spectral relationships on changes in vegetation
cover, particularly ericoid shrubs, within the vegetation manipulation experiment.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Peatland ecosystems represent 3-5% of the land surface, yet harbor
12-30% (450-550 Pg) of soil organic carbon (C). Estimates suggest
that global peat accumulation sequesters an average of 0.076 Pg of C
per year (Gorham, 1991). Peat generally accumulates because decom-
position is arrested when there is a consistently high water-table. As
such, lower water-tables coincident with changing precipitation pat-
terns or altered drainage often result in a decline in the C sink strength
of northern peatlands. Lowered water-tables have also been shown to
increase vulnerability of northern latitude peatlands to wildfire
(Benscoter et al., 2011; Turetsky et al., 2011; Waddington et al., 2012)
and hence further jeopardize peatland C stocks. Additionally, research
has demonstrated that the extent of fires in boreal North America has
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steadily increased over the past decade (Kasischke & Turetsky, 2006),
often with substantial peat combustion (Turetsky, Amiro, Bosch, &
Bhatti, 2004) and significant CO, and CH, emissions (Randerson et al.,
2006). The detection and monitoring of controls on fire activity
(e.g., near-surface moisture content of vegetation and water-table posi-
tion) are paramount to developing a stronger understanding of the
global carbon cycle and the potential impacts of climate change.
Near-surface vegetation moisture content and water-table position
strongly relate to changes in surface reflectance of Sphagnum mosses,
which often dominate ground cover in these ecosystems (Bryant &
Baird, 2003; Harris, Bryant, & Baird, 2005, 2006; Moore & Bellamy,
1974; Van Gaalen, Flanagan, & Peddle, 2007). Sphagnum mosses rely
on capillarity within specially designed cells (hyaline cells) to transport
water from the water-table to the photosynthesizing chlorophyllous
cells in the Sphagnum leaf surface (Rydin & Jeglum, 2006). In addition
to transporting and holding water, hyaline cells compose the majority
of the surface area of the Sphagnum leaf (Rydin & Jeglum, 2006). This
physical mechanism results in a strong relationship between water-
table position and near-surface moisture of the Sphagnum (Rydin &
McDonald, 1985; Titus, Wagner, & Stephens, 1983). Given the strong re-
lationship between spectral reflectance, water held in near-surface
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Sphagnum tissues, and water-table position (Bryant & Baird, 2003;
Harris et al., 2005, 2006; Letendre, Poulin, & Rochefort, 2008;
Van Gaalen et al., 2007), remotely sensed surface reflectance measures
of Sphagnum moss-dominated peatlands could provide a means to
characterize the moisture status and water-table position in peatland
ecosystems.

Remote sensing based assessments of Sphagnum moisture status
(surface moisture content and water-table position) have largely
employed spectral indices leveraging the near infra-red (NIR) and
short wave infra-red (SWIR) regions of the electromagnetic spectrum.
For example, Harris et al. (2005) employed the floating water band
index (fWBI) in the NIR and moisture stress index (MSI) in the SWIR
to assess Sphagnum moisture status and water-table position. They re-
ported high Pearson correlation coefficients between Sphagnum surface
moisture to fWBI and MSI. Highly significant relationships were also
reported between these spectral indices and water-table position
(Harris et al., 2006).

Although these studies (e.g., Bryant & Baird, 2003; Harris et al.,
2005, 2006; Letendre et al., 2008; Van Gaalen et al., 2007) demon-
strate the utility of employing remote sensing to characterize
peatland moisture status and water-table positions, they are limited
by two major factors. Laboratory measurements have been conduct-
ed over a large range of Sphagnum moisture content (Harris et al.,
2005), field measurements of near-surface moisture and water-
table position were confined to ranges typical of non-droughty con-
ditions or seasonally high water-tables. A water-table position of
40 cm below the surface has been used as a threshold to indicate
higher probability of combustion in deeper organics due to excessive
upper peat drying (Waddington et al., 2012). When the depth to
water-table is shallow, capillary action is able to keep the fuel
moist enough to require more energy to combust than the flaming
front could transfer (Benscoter et al., 2011). With an extension of
growing season length and increasing precipitation variability,
peatland fires are becoming more common (Benscoter et al., 2011;
Turetsky et al., 2011), but it is logistically very difficult to capture
the spectral character of peat during drought in a field setting
without experimental manipulation. Secondly, the aforementioned
studies only assess the moisture status of individual Sphagnum
plants and relatively homogenous Sphagnum canopies. Peatland
ecosystems typically contain vascular vegetation interspersed
above the Sphagnum canopy at varying densities (Rydin & Jeglum,
2006; Schaepman-Strub, Limpens, Menken, Bartholomeus, &
Schaepman, 2009). These vascular plants introduce large spectral
variations (Sonnentag et al., 2007) and alter or degrade the spectral
signal from the Sphagnum, which may ultimately reduce the efficacy
of employing remote sensing approaches based solely on Sphagnum
reflectance to assess the moisture status of peatland ecosystems. As
such, the spectral character of whole communities of peatland
sedges, shrubs, and Sphagnum is needed to assess limitations in
using remote sensing for detecting changes in surface moisture.

The overarching objective of this study was to evaluate the utility of
optical remote sensing methods to improve our understanding of mois-
ture dynamics in peatland ecosystems through a series of experiments
in peatland mesocosms as well as in the field. The ability to monitor
near-surface moisture content and water-table positions typically asso-
ciated with drought conditions could ultimately be employed to assess
the vulnerability and susceptibility of peatland ecosystems to wildfires
under future climate conditions (Smith et al., in press). Specifically,
the compelling questions we sought to address were: (i) What relation-
ships exist between the spectral response of the Sphagnum dominated
peatland surface and both water-table position and near-surface
moisture content under assemblages of vascular plants spanning a
range of species compositions and densities?, (ii) How do these
relationships respond under a range of moisture conditions that are
commonly observed prior to wildfire and (iii) Are such relationships
transferable to common Earth observing (EO) sensors?

2. Background: spectral indices definitions
2.1. Narrow-band indices

The infrared region of vegetation spectral reflectance is strongly
influenced by overtones produced by the fundamental excitation fre-
quency of hydrogen bonds of water (Palmer & Williams, 1974). These
overtones, referred to as water absorption bands, are centered at ap-
proximately 970, 1200, 1450, 1950 and 2250 nm wavelengths in the
electromagnetic spectrum (Sims & Gamon, 2003). The use of a field
portable spectroradiometer allows precise measurement of these
water absorption bands, which can be characterized in a variety of
ways via high spectral resolution data (Sims & Gamon, 2003). The
most straightforward way of quantifying vegetation water absorption
features using high spectral resolution reflectance data is with ratio-
based spectral indices that divide a reference wavelength where water
is not strongly absorbing electromagnetic radiation by one where
water is strongly absorbing (Eitel, Gessler, Smith, & Robberecht, 2006;
Sims & Gamon, 2003). Other formulations such as normalized difference
indices, which scale these relationships to a range of — 1.0 to 1.0, can
also be employed to characterize water absorption bands (Gao, 1996).
In addition to ratio-based and normalized indices, dynamic, floating
point indexes such as the floating water band index (fWBI) have been
used for assessing vegetation moisture status (Pefiuelas, Pifiol, Ogaya,
&Filella, 1997). The fWBI allows the strong water absorption denomina-
tor to be dynamic (i.e,, it is set as the minimum of the water absorption
feature, rather than centering in on a specific wavelength). This
dynamism can strengthen the index's response to vegetation moisture
since water absorption features can significantly shift under varying
degrees of plant water stress (Pefiuelas et al., 1997). Table 1 displays
the equations used to calculate the spectral indices that have been
investigated for use in assessing vegetation moisture content.

2.2. Broad-band indices

Employing the relationship between spectral signal and vegetation
water status from EO satellite sensors may be warranted for monitoring
peatland moisture status across large spatial extents. Indeed, several
studies have employed EO sensors to assess vegetation moisture
content for a variety of applications (Yebra et al., 2013). Landsat has
been employed to derive spectral indices for assessing fuel moisture
content in grasslands and shrublands (Chuvieco, Rian"o, Aguado, &
Cocero, 2002), and strong relationships have been reported with
MODIS derived spectral indices and soil moisture content (Fensholt &
Sandholt, 2003). MODIS has also been utilized in monitoring leaf
water content (Zarco-Tejada, Rueda, & Usrin, 2003).

While EO sensors have been utilized in a range of ecosystems, few
have attempted to employ these techniques to assess peatland moisture
status. Understanding the sensitivity of indices derived from broad
spectral bands, similar to those measured by these sensors is the first
step in determining if EO sensors could potentially be employed to
monitor peatland moisture status and fire susceptibility across large
spatial extents. This is achieved by convolving the high spectral

Table 1
Spectral indices used for vegetation moisture content.
Index Equation Reference
fWBIsg0 Ro20/min(Rogo-1000) Pefiuelas, Filella, Biel, Serrano,
and Saveé (1993)
fWBI 200 Rg20/min(Ry150-1220) Harris et al. (2006)
MSI (R1550-1750)/(R760-800) Vogelmann and Rock (1986)
WI Ro00/Re70 Pefiuelas et al. (1993)
NDWI (Rsso — Ri240)/(Reso + Riza0) Gao (1996)
a [(R750-800)/(Re95-740)] — 1 Harris et al. (2006)
NDVI (Rgso — Reso)/(Rgso + Resgo) Harris (2008)
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resolution spectroradiometer data to the relative spectral response
curves for channels of common EO satellite sensors in order to generate
band equivalent reflectance values (Smith, Eitel, & Hudak, 2010; Smith
et al.,, 2005; Trigg & Flasse, 2001). Every band from each EO satellite
has its own unique spectral response that varies with wavelength. The
convolution of the spectroradiometer data with the spectral response
functions allows us to estimate what each EO satellite sensor would
measure if it was in the physical location of the spectroradiometer. It
is important to remember that this is just an initial step in determining
whether spectral changes related to water-table position and moisture
content are detectable given the spectral sensitivity of optical EO satel-
lite sensors. Other factors need to be considered as well; including at-
mospheric effects on these bands and the coarse spatial resolution of
EO sensors in comparison to the spectroradiometer measurements.

3. Methods
3.1. Study sites

Two experimental sites were utilized in this study, one outdoor ex-
perimental facility and one field site. Both are described in detail in
the subsequent sections. The outdoor experimental facility was utilized
to assess these spectral-based methods under an extreme range of
water-table positions. The field site was utilized to additionally assess
these methods under conditions with greater heterogeneity in micro-
topography and vegetation structure.

3.1.1. Outdoor facility — PEATcosm

Spectral sampling of peatland vegetation across different species
compositions and water-table positions was conducted at an outdoor
experimental facility, called PEATcosm (Peatland Experiment At The
Houghton mesocosm facility), located at the USDA Forest Service
Northern Research Station in Houghton, Michigan USA. The PEATcosm
experimental facility consists of 24 mesocosms containing intact
monoliths of peat extracted from an extensive oligotrophic peatland
in Meadowlands, MN (N47.07278°, W92.73167°) in May 2010. The
peat monoliths were extracted using a 1 m> corer and transferred into
Teflon-coated stainless steel bins (1 m?) with minimal disturbance to
aboveground vegetation. The peatland vegetation at the harvest site
was dominated by the sedge Carex oligosperma Michx., ericaceous
shrubs Chamaedaphne calyculata (L.) Moench., Kalmia polifolia
Wangenbh., Vaccinium oxycoccus L. and the mosses Sphagnum rubellum
Wilson, Sphagnum magellanicum Brid., and Sphagnum fuscum (Schimp.)
Klinggr. Also present were Polytrichum strictum Brid., Polytrichum
commune Hedw., Eriophorum vaginatum L., Andromeda polifolia L. var.
glaucophylla (Link) DC., Rhododendron groenlandicum Oeder, and
Drosera rotundifolia L.

In the summer of 2011 a full factorial experiment with 2
water-table x 3 vegetation treatments with 4 replicates in a randomized
block design was initiated. Long term water-table trends from the USDA
Forest Service Marcell Experimental Forest (near the peat harvest sites)
were used to inform the water-table treatments (Sebestyen et al.,
2011) and vegetation manipulations were based on the 2 primary
vascular plant functional groups in northern peatlands, Ericaceae
and sedges. The target water-table treatments were based on 1) low
variability, average water-table years and 2) high variability, low
water-table years. The water-table treatments were maintained using a
combination of artificial rainwater additions, rain-out shelters and
regulated outflow. The depth of the water-table below the peat surface
was calculated using mean peat elevation measurements and was
monitored using submersible vented pressure transducers (Grainger
2HMC7) deployed in perforated PVC well pipe, with weekly manual
checks to ensure sensor accuracy. The PEATcosm water-table draw
down allowed for spectral sampling to occur when water-table reached
up to 34 cm below the peat surface in 2012 and 46 cm below the peat
surface in 2013 (Fig. 1). Near-surface moisture was measured in the
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Fig. 1. Average water-table positions for the high and low water-table treatments in the
PEATcosm experiment during the 2012 and 2013 growing seasons.

PEATcosm using a Thetaprobe (Delta-T Devices, Cambridge, UK), which
measures integrated 7 cm volumetric moisture content (VMC). This
device indirectly measures changes in the apparent dielectric constant
of the peat (Delta-T Devices, 1999). Conversion of the output voltage
signal to VMC was achieved using a calibration equation developed
using peat from the Nestoria field site (R> = 0.77, RMSE =0.13, n = 20).

Plant communities were manipulated to create three vegetation
treatments. All plant removals were carried out by clipping at the base
of the stem. The moss communities (Sphagnum and Polytrichum) were
left intact in all treatments. In the sedge treatment all ericaceous shrubs
were removed, in the Ericaceae treatment all sedges were removed and
in the unmanipulated treatment the shrub and sedge communities
were left intact. In the sedge treatments, the remaining vascular
plants were C. oligosperma and E. vaginatum, with an average cover of
34%. In the Ericaceae treatment the remaining vascular plants were
C. calyculata, K. polifolia, V. oxycoccus, A. polifolia var. glaucophylla, and
R. groenlandicum, with a mean cover of 103% (due to canopy layering,
the point-intercept sampling can result in multiple returns of the
same species in one location, allowing for mean cover to exceed
100%). In the unmanipulated treatment, mean Ericaceous shrub cover
was 71% and mean sedge cover was 16%. Vegetation treatments were
maintained with weekly clipping of new growth of the excluded
species.

3.1.2. Nestoria field site

The field site is an extensive poor fen located near Nestoria, MI
(46°34'22.66" N, 088°16’44.85” W). The peatland is approximately 30
ha in size with a maximum peat depth exceeding 5 m (Fig. 2). This
field site allowed for harvesting of the peat and over story vegetation
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Fig. 2. The Nestoria field site in Baraga county MI and the PEATcosm facility location in Houghton, MI USA.

to provide a more precise measure of near-surface moisture than possi-
ble at the PEATcosm experiment. This particular site was chosen be-
cause vegetation community composition was similar to that of
PEATcosm. The over story consists of Larix laricina and Picea mariana
and the understory consists of mixed sedge (Carex spp.) and ericoid
shrubs (K. polifolia, C. calyculata, R. groenlandicum, A. polifolia var.
glaucophylla, Vaccinium spp.) with a Sphagnum moss ground cover.
Three species of Sphagnum are present: Spp. magellanicum, Spp.
angustifolium, and Spp. fuscum.

3.2. Reflectance measurements

An ASD Fieldspec 3 spectroradiometer (Analytical Spectral Devices,
Boulder, CO) was used to collect spectral data at both the PEATcosm
facility and Nestoria field site under clear and low haze conditions.
This spectroradiometer has a nominal spectral range spanning
350-2500 nm. It is comprised of three sensors (VNIR, SWIR1 and
SWIR2) and has a spectral resolution of 3 nm between 350 and 1000
nm and 10 nm for wavelengths from 1000 and 2500 nm. Each
recorded reflectance measurement is an average of 10 samples. Prior
to calculation of the spectral indices, a linear interpolation routine was
applied to produce reflectance measurements every 1 nm.

At the PEATcosm facility, spectral measurements were taken imme-
diately prior to moisture and water-table measurements. The
spectroradiometer was attached to a steel sampling frame placed
around the peat bin in order to allow repeated measurement of the
same locations throughout the study season (Fig. 3). When fixed to
the sampling frame, the fore optic was approximately 1 m above the
vegetation surface at nadir. With an 8° viewing fore optic, this resulted
in a field of view of approximately 14 cm. The fore optic was positioned
at 5 different locations in each peat bin, which were averaged to calcu-
late bin-level reflectance. The spectroradiometer was white referenced
every 10 min to account for changes in sun angle and sky conditions
using a Labsphere certified reflectance standards spectralon disk
(Labsphere, North Sutton, NH). Spectral measurements were taken
only under clear low haze conditions between 11:00 and 15:00 EDT.

In the field study, spectral measurements were taken systematically
at 10 m intervals along 3 transects traversing a gradient of moisture,
canopy, and micro-topographic conditions present at the site. Due to
the high micro-topographic variability, precise locations were chosen
to alternate between hummock, lawn and hollow across the study
area. This was done to accurately characterize the heterogeneity in the
system as well as increase moisture variability in the dataset. The

spectroradiometer was held approximately 1 m above the peatland
surface. The fore optic was held nadir at 60 cm in front of the operator
(approximately arm's length), oriented perpendicular to the sun's azi-
muth. The spectroradiometer was again white referenced every
10 min to account for changes in sun angle and sky conditions using a
Labsphere certified reflectance standards spectralon disk. The spectral
signatures from both the PEATcosm experiment and field study were
processed into spectral indices using the statistical software package R
(v3.0.1). Specifically, spectral indices such as MSI, fWBIggo, and
fWBI 200 Were calculated using equations provided in the literature
(Tables 1 and 2). Spectral convolutions were applied to mimic the spec-
tral measurements of the following EO satellite sensors: Landsat 8 OLI,
MODIS Aqua/Terra, and Worldview 2 (Table 2). MODIS and Landsat
were chosen due to their ability to detect physical changes relating to
optical surface reflectance changes (Bryant & Baird, 2003; Gao, 1996;
Sims & Gamon, 2003). Worldview 2 was selected due to its 8 spectral
bands in the Visible and NIR regions as well as a much-improved spatial
resolution over Landsat and MODIS (Table 2).

3.3. Moisture content

At the field site, moisture content of the moss was obtained by
removing the Sphagnum peat immediately after spectral sampling. Con-
stant volume cylinders of peat material were harvested by passing a
sharpened circular tin ring of 7 cm diameter through the peat canopy
to a depth of 3 cm. A serrated knife was used to separate the samples
across the bottom of the ring. The samples were weighed fresh inside
a pre-weighed plastic bag to determine fresh mass. They were then
dried at 65 °C to constant mass in a pre-weighed paper bag. VMC was
calculated by multiplying mass water content by bulk density. In addi-
tion to destructive sampling, Thetaprobe moisture measurements
were taken immediately following spectral measurements and immedi-
ately prior to vegetation harvesting at the field site.

3.4. Vegetation frequency data

At the PEATcosm facility, shrub, sedge and moss cover were mea-
sured using the point-intercept method (Bonham, 1989). To estimate
plant cover, a standard sampling frame was constructed to fit over the
bins, with a movable bar to create an 8 x 8 grid over the 1 m? area.
Using laser pointers mounted in the frame, all living and dead species
which the laser intersected were recorded, carefully moving vegetation
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Fig. 3. Sampling frame used at the PEATcosm experiment to measure spectral reflectance and conduct vegetation frequency survey.

to capture all canopy layers including bryophytes (Bonham, 1989;
Buttler, 1992).

3.5. Statistical analysis

Spectral indices were statistically related to VMC and water-table
position using linear mixed effects models in the Linear and Nonlinear
Mixed Effects Models (nlme) R package (Pinheiro, Bates, Sarkar,
DebRoy, & R-core team, 2013). Linear mixed effects models were used
to account for repeated measurements on the same experimental unit
(e.g., an individual PEATcosm bin). This was achieved by setting a
random intercept for each experimental unit within the model. The
mixed linear model was compared to a linear least squares regression

model using a likelihood ratio test to further support the need for
using mixed effects models to account for artifacts of repeated sampling
over the same experimental units. Model fits for mixed effects models
were evaluated using the Akaike Information Criterion (AIC) as well as
marginal R? (which describes the variance explained by fixed effects)
and conditional R? (which describes variance explained by the full
model) (Nakagawa & Schielzeth, 2013). This was accomplished using
the rsquared.glmm function in R (V3.0.1) (Lefcheck, 2013). This pro-
vides useful summary statistics for analyzing the mixed effects models
in conjunction with linear least squared regression models developed
in the field study.

We also tested relationship stability across varying vegetation
communities present in the PEATcosm. The top performing indices

Table 2
Sensor specific broad-band spectral indices employed in this study.
Index Sensor Spatial resolution ~ Temporal resolution ~ Equation Reference
SRWI MODIS 500 m Daily Rss0/R1240 Zarco-Tejada and Ustin (2001)
SIWSI (6,2)  MODIS 500 m Daily (Ri6a0 — Rsso)/(Risao + Rgso) ~ Fensholt and Sandholt (2003)
OLI5/OLI4 Landsat 8 OLI 30 m 16 days (Rswir1/RniRr) Rock, Vogelmann, Williams, Vogelmann, and Hoshizaki (1986)
WV2WI Worldview 2 2m Tasked (Rnir1/Rnir2) NA
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Table 3
Model statistics for mixed effects models comparing narrow-band spectral indices in the PEATcosm experiment. Top performing spectral index is fWBlgg, to water-table position and 7 cm
VMC.
Index Water-table position n = 76 7 cmVMCn = 67
Marginal R? Conditional R? AIC Bo B Marginal R? Conditional R>  AIC Bo P
fWBIogo 0.70 0.80 493.64 —153.07 120.48 0.48 0.63 —106.04 —1.26 132
Wi 0.68 0.78 498.66 —144.98 117.03 0.45 0.63 —101.75 —1.14 1.25
NDWI 0.59 0.73 519.94 —22.86 104.78 0.30 0.53 —86.17 0.18 0.96
fWBI200 0.58 0.68 533.99 —69.49 38.37 0.32 0.48 —88.84 —0.27 0.37
In(MSI) 0.40 0.60 549.79 —37.17821 —20.26840 0.14 0.38 —74.69 0.0855097 —0.1502371
al 0.002 0.24 554.29 NS NS 0.01 0.05 —68.41 0.36 NS
NDVI 0.09 0.34 580.06 —50.60 44.89 0.00 0.11 —67.78 NS NS

were tested by adding vegetation frequency data for individual species
as a covariate to the linear mixed effects model. Sedge species used to
inform the models included: C. oligosperma and E. vaginatum. Ericoid
species included: C. calyculata, K. polifolia, R. groenlandicum and
Vaccinium oxycoccos. Bryophytes included: Polytrichum species,
S. rubellum, S. magellanicum and S. fuscum. To determine if the relation-
ship between the spectral index and water-table position was affected
by changes in vegetation frequency, an interaction term between the
two covariates (spectral index and vegetation frequency by species)
was added to the model. If this interaction was reported as a significant
covariate in the model, a significant change in the relationship between
spectral index and water-table position was assumed. For the field
study, in which repeated measurements were not utilized, spectral
measurements were related to VMC using least squares simple linear
regression in R (V3.0.1). Models were evaluated and compared using
R? and RMSE. p-Values are reported to show significance of the models.
Competing models were ranked via R2.

4. Results
4.1. PEATcosm indices

According to the linear mixed effects models, spectral indices in the
NIR and SWIR were strongly related to water-table position (Table 3).
The strongest relationship to water-table position for narrow-band indi-

ces was fWBIog, followed closely by WI, with marginal R? values of 0.70
and 0.68, respectively. Spectral indices employing water absorption

Table 4

bands explained similar amounts of variance in VMC (Table 3). The dy-
namic index (fWBI;,¢9) was the only exception and was outperformed
by NDWI for VMG, but not for water-table position. Indices employing
the 980 nm region (fWBIlggo and WI) reported marginal R? values of
0.48 and 0.45 respectively when related to 7 cm VMC. Spectral indices
leveraging visible wavelengths (CI and NDVI) had no correlative rela-
tionship with water-table position (marginal R? values of 0.002 and
0.09 respectively).

Broad-band indices tested at the PEATcosm experiment exhibited
statistical relationships with strengths similar to those reported for
narrow-band indices employing the same spectral regions (Table 4).
There was a slight increase in marginal R? between SRWI to WI (0.58
to 0.68). Marginal R? values for SIWSI (6,2) and Landsat 8 OLI Ch5/Ch4
to MSI were 0.46 and 0.44, respectively.

By introducing an interaction term between spectral index and
vegetation frequency, we were able to assess if vegetation frequency sig-
nificantly changes the relationship between spectral index and water-
table positions in the PEATcosm study. The results indicated certain spe-
cies influence key spectral relationships (Table 5). Relationships between
water-table position and spectral indices located in the 1450-1650 nm
region appeared to be altered significantly by K. polifolia. The relationship
between fWBIggg and water-table position was influenced significantly
by changes in two species; an Ericoid, V. oxycoccos, as well as a moss,
S. rubellum. Worldview 2 WV2WI was not significantly altered by any
of the vegetation frequency covariates. MODIS SIWSI (6,2), MODIS
SRWI and Landsat 8 OLI Ch5/Ch4 relationships with water-table position
were significantly altered by changes in Ericiod shrub, K. polifolia,

Model statistics for mixed effects models comparing broad-band spectral indices for multiple EO sensors.

Sensor Index Water table position n = 76 7 cmVMCn = 67
Marginal R>  Conditional R®>  AIC Bo By Marginal R>  Conditional R  AIC Bo B
MODIS SRWI 0.58 0.70 521.96 —67.68 44.99 0.32 0.56 —88.48 —0.27 0.45
SIWSI (6,2) 0.46 0.64 540.16 —43.57 —62.69 0.17 0.37 —77.23 0.03 —0.48
Landsat 8 OLI OLI5/0OLI4 0.44 0.63 544.20 6.73 —60.89 0.15 0.33 —75.66 0.40 —044
Worldview 2 WV2WI 0.41 0.68 551.28 —192.87 182.82 0.22 0.66 —74.40 —1.54 1.84
Table 5
Reported p-values of interaction terms for narrow and broad-band spectral indices. Bold values indicate significance at the ¢ = 0.05 level.
Covariate Narrow-band Broad-band
MSI p-value fWBIggo p-value WV2 WBI p-value SIWSI (6,2) p-value SRWI p-value OLI 5/4 p-value
Carex oligosperma 0.0987 0.1539 0.1446 0.1447 0.1234 0.1566
Eriophorum vaginatum 0.0702 0.2707 0.3199 0.6093 0.4941 0.7988
Chamaedaphne calyculata 0.1208 0.1415 0.8534 0.1133 0.0397 0.1062
Kalmia polifolia 0.0101 0.0922 0.5205 0.0150 0.0199 0.0112
Vaccinium oxycoccos 0.0804 0.0021 0.4014 0.0809 0.0629 0.0757
Polytrichum spp. 0.5330 0.349 0.7707 0.8844 0.5664 0.5977
Sphagnum fuscum 0.1249 0.1179 0.5933 0.1184 0.0635 0.1083
Sphagnum magellanicum 0.7194 0.2744 0.1276 0.5532 0.7399 0.5407
Sphagnum rubellum 0.0850 0.0049 0.8028 0.1705 0.0224 0.5495
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Table 6
Summary statistics of regression models for surface VMC in the Nestoria field site.
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Index 3 cm surface VMC 7 cm surface VMC
R? RMSE p Bo By R? RMSE p Bo P

fWBIggo 0.83 0.02 <0.00001 —0.18 0.20 0.48 0.14 <0.00001 —0.52 0.71
WI 0.82 0.02 <0.00001 —0.17 0.20 0.48 0.14 <0.00001 —049 0.70
NDWI 0.84 0.02 <0.00001 0.04 0.22 047 0.14 <0.00001 0.27 0.74
fWBI 200 0.82 0.02 <0.00001 —0.05 0.07 0.46 0.14 <0.00001 —0.05 0.26
In(MSI) 0.79 0.02 <0.00001 0.012321 —0.046275 041 0.15 <0.00001 0.16516 —0.15369
Cl 0.44 0.03 <0.00001 —0.08 0.16 0.26 0.16 <0.00001 —0.17 0.57
NDVI 0.31 0.03 <0.00001 —0.04 0.14 0.23 0.17 <0.00001 —0.06 0.56

frequency. The MODIS SRWI relationship was also altered by Ericoid
shrub, C. calyculata as well as a S. rubellum.

4.2. Nestoria field site indices

Narrow-band indices located on water absorption features all show
highly significant relationships to surface 3 cm VMC (Table 6). The indi-
ces located in the visible range, (CI and NDVI), display weaker, but still
statistically significant relationships, which is consistent with the
PEATcosm water-table study. Narrow-band indices located in the NIR
region were the top performing indices with fWBIggo and WI displaying
R? values of 0.83 and 0.82, respectively. Correlations between peat
moisture and narrow-band indices were stronger with measurements
taken at 3 cm as compared to measurements taken at 7 cm (Table 6).
Broad-band spectral indices perform similarly well to the narrow-
band indices, which is also consistent with the PEATcosm water-table
study. MODIS SISWI (2) and SRWI were the top ranked broad-band in-
dices (Table 7). Tables 4 and 7 indicate similar relationships to 7 cm in-
tegrated VMC for both the field site and the PEATcosm experiment.

5. Discussion
5.1. VMC and water-table trends

Although previous studies have identified relationships between
spectral indices in the NIR region and surface moisture dynamics
(Bryant & Baird, 2003; Harris et al., 2006), this study is the first to our
knowledge to demonstrate the strength and consistency of these rela-
tionships under an extreme range of water-table positions as well as
with mixed species over story assemblages. Indeed, the moisture ranges
tested are representative of fuel moisture conditions required for fire ig-
nition in peatland systems (Benscoter et al., 2011), and the diversity of
vegetation present in our experimental units and field site are broadly
representive of the inherent complexity of natural peatland ecosystems.
The ranking of the spectral regions presented herein consistently indi-
cates that the water absorption features located around 980 and
1200 nm regions relate best to water-table position. The dynamic
index, fWBIggo, performs best for monitoring water-table position
under this extended range (Table 7 and Fig. 4), which is consistent
with previous results (Harris et al., 2005, 2006). The relative strength
of the NIR region over the SWIR may be due to the relatively weaker ab-
sorption of NIR radiation by water (Harris et al., 2006; Sims & Gamon,
2003). This may lead to a greater sensitivity of NIR based indices to
changes in near-surface VMC. It is also important to note that spectral

Table 7

indices employing the visible range show very little to no utility in
assessing water-table position. Previous studies (Harris et al., 2005;
Murray, Harley, Beyers, Walz, & Tenhunen, 1989), have shown reduced
photosynthesis rates in Sphagnum for both high and low moisture con-
tents. This indicates that indices such as CI, which measures chlorophyll
concentrations of near surface cells, may not vary directly with water
stress, but rather changes in photosynthetic activity.

Understanding the link between the spectral behavior of Sphagnum
moss and the susceptibility to combustion is paramount towards under-
standing the utility of optical EO sensors for assessing ecosystem vulner-
ability to fire. Determining the vulnerability of these ecosystems to
combustion involves linking changes in spectral character of the surface
to changes in water-table position well below the peatland surface as
well as determining how these relationships respond to variation in
over story vegetation. The findings presented herein provide insight
into the decay of this spectral relationship as a function of moisture mea-
surement depth (i.e., the relationship between spectral response and
moisture characteristics weakens with increasing measurement depth
(from surface 3 cm VMC to water-table position)). It is also important
to note that although this study found 7 cm integrated VMC to have a
weaker relationship as compared to water-table position, the 7 cm inte-
grated VMC measurement is estimated using an indirect measurement
via the Thetaprobe. Such measurements (in addition to spectral measure-
ments) contain additional inherent variability that is difficult to control.
When determining 3 cm moisture content at the field site, destructive
sampling allowed for more precise estimates of VMC. However, at the
PEATcosm experiment, destructive sampling was not possible.

The weakening of signal from surface VMC to water-table position
has been shown previously in Harris et al. (2006). The limited penetra-
tion of optical solar radiation into the canopy requires methods utilizing
the optical region to estimate water-table position as a function of
spectral changes which occur in the canopy of the peatland
(i.e., discoloration of the canopy under lower water tables). Here, we
confirm that the relationship between canopy spectral response and
water-table position is maintained under an extreme range of VMC
and water-table position.

Although water-table position strongly impacts vulnerability of
peatlands to wildfire, VMC of the top 3 cm of peat has been shown to
constrain burn susceptibility in lab experiments (Benscoter et al.,
2011). Therefore assessment of relationships between spectral index
and surface 3 cm VMC can be used to further assess susceptibility to
burning in peatlands. The strength of these spectral relationships rela-
tive to those developed for water-table position is also encouraging.
Benscoter et al. (2011) found successful ignition to occur in peat

Summary statistics of regression models for surface VMC to broad-band spectral indices in the Nestoria field site.

Sensor Index 3 cm surface VMC 7 cm surface VMC
R? RMSE p Bo Bi R? RMSE p Bo Bi
MODIS SRWI 0.80 0.02 <0.00001 —0.04 0.08 0.46 0.14 <0.00001 —0.03 0.28
SIWSI (6,2) 0.81 0.02 <0.00001 0.01 —0.13 0.42 0.14 <0.00001 0.15 —0.44
Landsat 8 OLI In(Ch5/Ch4) 0.74 0.02 <0.00001 0.11 —0.11 0.35 0.15 <0.00001 0.49 —034
Worldview 2 WV2WI 0.62 0.03 <0.00001 —0.41 0.45 0.39 0.15 <0.00001 —1.38 1.65
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Fig. 4. Overview of high performing spectral indices in this study related to water-table position at the PEATcosm manipulation experiment. This figure graphically shows the similar re-

lationships of broad-band and narrow-band spectral indices.

samples, which exhibited moisture contents within the driest range of
values measured for surface 3 cm VMC in our study (0.003 cm?®/cm? to
0.013 cm?/cm?). The range of VMC values, which permits combustion
is in the asymptotic region of the spectral relationships developed here-
in (Fig. 5). While the asymptotic behavior of these relationships at low
VMC values indicates limited resolving power at very low VMC, the
point of inflection occurring with the onset of drier conditions is appar-
ent and could be used as an indicator of drier conditions in field applica-
tions. However, to accurately determine when the point of inflection
associated with drier conditions is reached, continuous observation is
necessary. EO sensors capable of monitoring the study site with fixed
temporal frequency (e.g., Landsat, MODIS, VIIRS) would be most appli-
cable in determining when this inflection point is reached.

Spectral indices display weaker relationships to water-table position
than to surface VMC (Figs. 4 and 5). Physical factors inherent to the peat
and its over story can influence this dependence. It is important to note
that these indices rely on changes in water held in thin surface tissues
and therefore are related to spectral changes and water content of the
Sphagnum only at the surface (Sims & Gamon, 2003). Therefore we
would expect stronger relationships to surface 3 cm VMC than water-
table position. Physical factors such as changes in bulk density also
impact how well the surface signature of the Sphagnum varies with
water-table position (Benscoter et al., 2011). Although these relation-
ships have been previously established (eg Harris et al., 2005, 2006),
the increased range of water-table positions assessed in this study pro-
vides insight into the nature of these indices under drought conditions.
Results indicate that, in line with previous research, indices employing
the water absorption bands located in the NIR region perform best for
monitoring under an extended range of water-table positions (Fig. 4).

It is also worth mentioning that, much work has been done using mi-
crowave data (specifically Synthetic Aperture Radar (SAR)) to retrieve
soil moisture or fuel moisture estimates at 5 to 20 cm depths in boreal
moss-covered soils dominated by Sphagnum or feather-mosses (Abbott,
Leblon, Staples, Maclean, & Alexander, 2007; Bourgeau-Chavez, Leblon,
Charbonneau, & Buckley, 2013a, 2013b, Bourgeau-Chavez et al., 2007,
20134, 2013b). The Drought Code (DC) component of the Canadian For-
est Fire Danger Rating System is indicative of moisture in the deeper
(10-20 cm depth), more compact organic soil layers (e.g. partially
decomposed moss layers, lower duff, or humic layer) which represents
a measure of potential for wildfire to be sustained once ignition begins.
C-band (~5.7 cm) SAR satellite imagery has been found to be strongly
correlated to the DC and in situ moisture up to 12 c¢cm depths
(Bourgeau-Chavez et al., 2013b). Backscatter from a single SAR channel
varies across a landscape due to heterogeneity in vegetative biomass
and structure as well as surface roughness, making it difficult to develop
a retrieval algorithm that can be universally applied. While addition SAR
related research is underway, optical-IR sensors may be able to enhance
SAR-based methodology in remote monitoring of soil moisture profiles
in boreal Sphagnum dominated landscapes.

5.2. Spectral scaling

Broad-band spectral convolutions performed similar to original
indices when assessing water-table position (Fig. 4). This is a positive
finding demonstrating the possibility of using these relationships as
monitoring tools via EO sensors. MODIS indices SRWI and SIWSI (6,2)
were the top performing broad-band indices (Table 4). Given the high
temporal resolution of MODIS, these findings offer strong promise
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Fig. 5. High performing spectral indices related to surface 3 cm volumetric moisture content (cm?/cm?) at the Nestoria field site. Note similarity between broad-band and narrow-band

spectral indices.

towards utilizing this sensor to monitor surface VMC and water-table
position. However, the low spatial resolution of the MODIS data may in-
troduce significant limitations given high species mixing within pixels.
Future work on the spatial scaling of these indices is a crucial step in
truly assessing the applicability of operationally using these EO sensors
for assessing peatland moisture conditions. However, this study demon-
strates that the spectral resolution of these EO sensors is sufficient for
measuring moisture condition and water-table positions indicative of
elevated wildfire susceptibility.

5.3. Vegetation frequency influence on spectral relationships

The unique design of the PEATcosm experiment subjected a gradient
of vegetation assemblages, often present in northern peatland ecosys-
tems, to extreme fluctuations in water-table position. A main objective
of this study was to identify if key spectral indices such as fWBIggy and
SRWI are applicable under heterogeneous canopies. The aim was not to
inform the model of vegetation components, but rather to assess if
these components significantly alter the relationship (or slope of the re-
gression models indicating these relationships) when present in a vege-
tation community, as would be observed on the ground. Leveraging the
PEATcosm vegetation composition manipulations allowed us to assess
the stability of the spectral indices under changes in vegetation fractional
cover which may be present at both the landscape and EO sensor pixel
scales. An assessment for multiple spectral indices provides evidence
that the relationships involving the indices located in the NIR and SWIR
regions are altered significantly by changes in ericoid shrub density,
namely K. polifolia (Table 5). These ericoid shrubs occupy much of the
sensor field of view (occluding the Sphagnum) when present, ultimately

degrading the spectral signal from the Sphagnum. Previous work has
demonstrated that the spectral reflectance of Sphagnum surfaces varies
independently from ericoid canopies in the 760-900 nm and
1550-1750 nm regions (Schaepman-Strub et al., 2009; Vogelmann &
Moss, 1993). For similar vegetation communities, Schaepman-Strub
et al. (2009) report much higher biomass related to similar fractional
cover for shrubs than graminoid sedges and Bubier, Moore, and Crosby
(2006) also report a significant positive relationship between leaf area
index and shrub cover. These results, along with the findings in this
study, suggest that increases in ericoid shrub cover have the ability to oc-
clude the spectral signal of Sphagnum moss related to water-table posi-
tion. In turn, the importance of capillary water at the moss surface,
which is highly dependent on proximity to water table, is attenuated in
the spectral signal of surface moisture whereas effects of moisture stress
on vascular vegetation (which is less dependent on water table in vascu-
lar plants than in mosses), and their spectral signature, become increas-
ingly important. Therefore, caution must be used when utilizing these
indices in areas with varying ericoid density. We also caution that varia-
tion in Sphagnum species, particularly S. rubellum, may significantly alter
spectral relationships to water-table position (Table 5). This is concurrent
with previous studies (Harris et al., 2005) indicating various spectral re-
sponses of Sphagnum species to water stress.

6. Conclusions

The key findings of this study suggest that: (i) as found in previous
studies spectral indices leveraging changes in Sphagnum spectral reflec-
tance located on the 980 and 1200 nm water absorption bands, such as
SRWI, perform best for monitoring water-table position and surface
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moisture in peatlands with variable plant species composition and ex-
treme water-table ranges; (ii) these indices appear to be most influ-
enced by changes in ericoid cover, particularly K. polifolia; (iii) spectral
convolutions applied to represent EO multispectral sensors have similar
signal strength as compared to the narrow-band spectral indices, indi-
cating the possibility of large area monitoring of surface VMC and
water-table position from EO sensors.

These findings warrant future analysis into the response of ericoid
shrubs to changes in water-table position and surface VMC, as well as
the refinement of these relationships when a mixed over story is
present. [t may also be beneficial to determine the use of remote sensing
products to accurately assess ericoid frequency. This may allow the use
of multiple algorithms to estimate surface VMC and water-table posi-
tion under various ericoid densities more accurately. This study found
that the strength of water absorption features in the reflectance spectra
strongly relate to surface 3 cm VMC, which has been directly linked to
fire susceptibility. Further research is needed to assess the utility of
these relationships in the context of assessing future fire risks and
risks of fire severity via predicted water-table positions (French et al.,
2008; Lentile et al., 2006). These relationships could prove fruitful in de-
veloping potential remote sensing indicators of peatland vulnerability;
furthering the development of decision support and early warning sys-
tems of fire risk (Smith et al., in press) that have been proposed in
European and other boreal forest regions (Lopez et al., 2002; Taylor &
Alexander, 2006). Previously developed fuel consumption models
(Benscoter et al., 2011; Van Wagner, 1972) require bulk density profiles
to accurately assess the relationship between water-table position and
fuel consumption. Therefore, further work is needed to link these rela-
tionships directly to consumption and C losses due to wildfire in these
ecosystems, especially with the perceived lack of fire weather indices'
ability to predict general moisture status and fire susceptibility in
peatland ecosystems (Waddington et al., 2012).
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