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Abstract. Peatlands may play an important role in global carbon cycles, and thus developing better estimates of carbon
exchange in those ecosystems has become a main concern. In this study, the relationship between spectral indices and CO2 fluxes
was tested for different communities in a Sphagnum-dominated peatland. Fluxes were measured with a portable climate-
controlled chamber while reflectance was simultaneously recorded using a hand-held spectroradiometer. A laboratory experiment
was also conducted to select the water-related index most correlated with Sphagnum water content to regulate the normalized
difference vegetation index (NDVI) values obtained in the field. The laboratory experiment showed a strong correlation between
Sphagnum water content and all spectral indices, namely the water index (WI), normalized difference water index (NDWI), and
relative depth index (RDI) (r = 0.753–0.993). WI was the index selected for regulating NDVI values. Indices tested in the field
for CO2 flux estimations were (i) NDVI, (ii) NDVI/WI, (iii) NDVI × sPRI (photochemical reflectance index), and (iv) the
chlorophyll indices CI and CIm. NDVI alone was a poor predictor of net ecosystem exchange (NEE, r2 = 0.12) and gross
photosynthesis (PG, r2 = 0.15), and NDVI × sPRI and NDVI/WI showed moderate adjustments to CO2 fluxes (NEE, r2 = 0.26
and 0.30; PG, r2 = 0.38 and 0.43, respectively, for each index). The relationship between CO2 fluxes and chlorophyll indices was
reasonably well adjusted (CI and NEE, r2 = 0.37; CI and PG, r2 = 0.55; CIm and NEE, r2 = 0.38; CIm and PG, r2 = 0.57), and
these indices may be the most promising for mapping the spatial distribution of CO2 fluxes in the future.

Résumé. Un intérêt s’est développé récemment pour les techniques d’estimation des échanges de carbone dans les tourbières.
Nous avons testé la relation directe entre les flux de CO2 et plusieurs indices spectraux pour différentes communautés dans une
tourbière à sphaignes. Les flux ont été mesurés avec une chambre de climat contrôlé alors que la réflectance spectrale a été
enregistrée simultanément avec un spectroradiomètre portable. Une expérience de laboratoire a aussi été réalisée pour
sélectionner un indice relié à la teneur en eau des sphaignes afin d’ajuster les valeurs de NDVI (« normalized difference
vegetation index ») obtenues sur le terrain. Cette expérience a montré des corrélations très fortes entre la teneur en eau des
sphaignes et tous les indices spectraux testés (WI, « water index »; NDWI, « normalized difference water index »; et RDI,
« relative depth index »; r = 0,753 à 0,993). WI fût l’indice sélectionné pour ajuster les valeurs de NDVI. Les indices testés sur
le terrain étaient donc : (i) NDVI, (ii) NDVI/WI, (iii) NDVI × sPRI (« photochemical reflectance index ») et (iv) CI et CIm
(« chlorophyll indices »). Le NDVI seul s’est avéré être un mauvais indicateur de l’échange écosystémique net (NEE, r2 =
0,12) et de l’absorption brute (PG, r2 = 0,15) alors que NDVI × sPRI et NDVI/WI présentaient des ajustements modérés aux
flux de CO2 (NEE, r2= 0,26 et 0,30; PG, r2 = 0,38 et 0,43). La relation entre les flux de CO2 et les indices CI et CIm était
bonne (CI et NEE, r2 = 0,37; CI et PG, r2 = 0,55; CIm et NEE, r2 = 0,38; CIm et PG, r2 = 0,57) et ces indices pourraient être
prometteurs pour cartographier les flux de CO2 à grande échelle dans le futur.

425Introduction

The postglacial carbon accumulation in boreal and subarctic
peatlands represents approximately 30% (approx. 455 Pg;
Gorham, 1991) of the global pool of soil carbon (Post et al.,
1982), and yet the carbon balance of peatlands in the northern
hemisphere varies through space and time (Roulet, 2000). In
that respect, CO2 fluxes, which are important carbon fluxes in
peatlands, vary according to many factors, including
photosynthetically active radiation (PAR), vegetation type and
biomass, water table depth, and air and soil temperature

(Shurpali et al., 1995; Frokling et al., 1998; Bubier et al.,
2003a; 2003b). In addition to the huge amount of the carbon
pool stored in peat deposits, this great variability of CO2 fluxes
underlines the importance of developing better estimates of
CO2 exchange in peatlands.

Over the last few decades, remote sensing has been proposed
as a tool to acquire information on carbon cycling in boreal
ecosystems. Advances in land cover mapping (e.g., Zarco-
Tejada and Miller, 1999; Fuentes et al., 2001) offer the
possibility to assign measured CO2 fluxes to large areas for
which vegetation has been mapped. On the other hand, gross
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CO2 flux mapping can be done by directly linking fluxes to
spectral indices (e.g., Rahman et al., 2001). This recently
developed method may facilitate the upscaling of carbon flux
estimations in the future. Our study focuses on this last method,
that is, the direct relationship between CO2 fluxes and spectral
indices in peatlands, at a single site for different communities.

Numerous spectral indices have been developed based on
their association with vegetation parameters and could be of
interest for tracking CO2 fluxes. The normalized difference
vegetation index (NDVI), developed by Rouse et al. (1974), and
other indices related to the ratio of near-infrared (NIR)
reflectance to red reflectance are the most widely used indices
in vegetation studies. NDVI has been associated with both
structural (biomass) and physiological (chlorophyll content,
water stress) properties of vegetation (Tucker, 1979; Peñuelas
et al., 1993a) and to the photosynthetically active radiation
absorbed (APAR) by green vegetation (Sellers, 1985; Bartlett et
al., 1990). Since APAR is linked to vegetation photosynthetic
capacity, NDVI has been considered promising for CO2 flux
inferences (Tucker et al., 1986; Bartlett et al., 1990). In natural
ecosystems dominated by vegetation that is structurally similar
to peatland vegetation, ground-based NDVI has been directly
linked to CO2 fluxes measured with chamber techniques. For
instance, Bartlett et al. (1990) showed that NDVI was near-
linearly related to the net ecosystem exchange (NEE) of a
homogeneous canopy of Spartina alterniflora, a wetland grass.
As well, NDVI has been shown to be a good predictor of NEE,
gross photosynthesis, and total respiration of tundra ecosystems
(Whiting et al., 1992; McMichael et al., 1999; Boelman et al.,
2003).

However, results from Whiting (1994) showed broadband
NDVI to be an inadequate predictor of NEE when measured
along a minerotrophic–ombrotrophic gradient in a peatland
complex: one plot with high Sphagnum cover had particularly
high NDVI values compared with other plots characterized by
vascular plants and even brown mosses. Sphagnum is a
dominant moss in ombrotrophic peatlands (bogs) and is a key
plant responsible for peat accumulation processes. It may also
be abundant in minerotrophic peatlands (fens). As the study of
Whiting did not focus on Sphagnum mosses, we need to further
investigate the link between CO2 fluxes and spectral indices in
the presence of Sphagnum mosses.

In the present study, we focussed on a remote sensing
approach that attempts to directly link spectral indices to CO2
fluxes. Such studies could highlight the potential of remote
sensing for mapping the spatial distribution of CO2 fluxes. With
a hand-held spectroradiometer, we assessed the possibility of
using spectral indices to estimate CO2 fluxes in Sphagnum-
dominated peatlands (bogs). We tested different spectral
indices and combinations of indices for different communities
in a boreal peatland. One of the combinations included an index
related to water content, as we hypothesized that it would
improve the relationship with CO2 fluxes when Sphagnum
mosses are present. The spectral reflectance of Sphagnum
mosses is strongly influenced by their water content
(Vogelmann and Moss, 1993; Bubier et al., 1997). It has been

shown that spectral indices developed to track leaf water
content are strongly correlated with both near-surface
Sphagnum water content in Sphagnum cores analysed in the
laboratory (Bryant and Baird, 2003; Harris et al., 2005) and
near-surface hydrological conditions of Sphagnum patches in
the field (Harris et al., 2006). Due to the high water holding
capacity of Sphagnum mosses (Vitt, 2000), we hypothesized
that normalizing NDVI by an index related to water content
would correct the high NDVI values revealed by Whiting
(1994). To find the best water-related index, we therefore
conducted a laboratory experiment on the correlation between
Sphagnum water content and several spectral indices known to
respond to water content. The specific objectives were (i) to
conduct a laboratory experiment for selecting the water-related
index most correlated with Sphagnum water content for the
particular species found at the study site, and (ii) to conduct a
field survey to test the relationship between CO2 fluxes (net
ecosystem exchange, gross photosynthesis) and different
spectral indices and combinations of these indices extracted
from ground-based reflectance in diverse bog communities.

Methods
Laboratory experiment

The aim of this laboratory experiment was to select a spectral
index strongly correlated with Sphagnum water content for
Sphagnum species in boreal peatlands. This index was required
for field applications to test if it could improve the relationship
between CO2 fluxes and NDVI by normalizing NDVI with an
index related to Sphagnum water content.

Pure Sphagnum samples were collected at the Pointe-Lebel
peatland (see the Field survey section for a description of the
site). Four species (Sphagnum rubellum Wils., Sphagnum
fuscum (Schimp.) Klinggr., Sphagnum magellanicum Brid., and
Sphagnum fallax (Klinggr.) Klinggr.) were studied using four
replicates for a total of 16 samples. Samples were collected in
circular metal cores 10 cm in diameter and 3.7 cm in height that
were painted matte black (Vogelmann and Moss, 1993; Bubier
et al., 1997). The water holding capacity of Sphagnum varies
with depth, even in the first centimetres (Hayward and Clymo,
1982; Yoshikawa et al., 2004). Thus a low core height was
chosen to reduce the humidity gradient between the top and
bottom of the Sphagnum cores. For S. rubellum and S. fuscum,
samples were collected by inserting the core in the Sphagnum
carpet. For S. magellanicum and S. fallax, the carpets were
looser, and Sphagnum stems were collected and reorganized
individually in the cores in slightly denser communities than in
natural carpets. In all cores, Sphagnum stems were orientated
vertically with capitula on top (Vogelmann and Moss, 1993;
Bubier et al., 1997). The top and bottom of the stems were
levelled with the core to avoid microtopography problems with
reflectance measurements in the laboratory. Samples were kept
moist during transport to the laboratory. Prior to the
experiment, Sphagnum cores were immersed in deionized
water for 60–90 min to reach maximum water content. During
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the experiment, Sphagnum cores were left to dry for 180 h in a
growth cabinet (19–20 °C and 57%–60% relative humidity)
under constant neon lighting. Every 12 h, spectral reflectance
and wet weight were taken for all Sphagnum cores. At the end
of the experiment, the Sphagnum samples were oven dried
(60 °C) to a constant weight. Wet and dry weights were used to
calculate the gravimetric water content at each stage of the
drying process. The gravimetric water contents were then
converted to volumetric water contents (VWC). The following
equation was used to obtain VWC values:

VWC = [(wet weight – dry weight)/

(total Sphagnum core volume)]/ρwater (1)

where ρwater is the density of water (assumed equal to 1 g·cm–3).
Spectral measurements were made with the same instrument

used for field measurements (see the Field survey section),
namely an Analytical Spectral Devices, Inc. (Boulder, Colo.)
FieldSpec Pro Spectroradiometer, which records data in the
350–2500 nm spectral region. The instrument has a spectral
resolution of approximately 3 nm around 700 nm and 10–12 nm
between 900 and 2500 nm. Measurements were done in a
darkroom where the only light was provided by a halogen lamp
(600 W) orientated at a 45° angle to the core surface at a
distance of 40 cm. The head of the optic fibre was held by a
fixed stand 15 cm from the core surface, forming a circular
target of 6.7 cm in diameter. For each sampling run (every
12 h), four spectra were taken per sample by rotating the core
by 90° between each spectrum (Bubier et al., 1997; Bryant and
Baird, 2003; Harris et al., 2005). Data were recorded in
reflectance mode. The white reference (Spectralon, LabSphere,
Inc., North Sutton, N.H.) was taken before each series of four
spectra. Results presented here are postprocessed averages of
the four spectra taken for each core every 12 h. Averages were
directly calculated in View Spec Pro software version 4.02
(Analytical Spectral Devices, Inc.) after first checking for
consistency between replicates. Consistency was checked
visually by superposing the replicates. No spectrum was
eliminated. Reflectance spectra were automatically
interpolated to 1 nm intervals by the software. No further data
corrections were made. Several reflectance indices were then
calculated from the reflectance data as follows:

RDI = (R1116 – Rmin(1120–1250)/R1116

(Rollin and Milton, 1998) (2)

NDWI = (R860 – R1240)/(R860 + R1240) (Gao, 1996) (3)

WI = (R900/R970) (Peñuelas et al., 1993b) (4)

The absorption features in the region 700–2500 nm are largely
related to water content for vegetation (Ustin et al., 2004).
Many spectral indices have therefore been developed from
these wavelengths to assess vegetation water content. Like
other mosses, Sphagnum has a strong absorption feature at

1200 nm (Bubier et al., 1997). The RDI is based on that
particular water absorption feature and was built by using the
reflectance value near the maximum of the leading shoulder
(1116 nm) and the minimal reflectance value between 1120 and
1250 nm (Rollin and Milton, 1998). The NDWI is related to the
same water absorption feature, as it uses 860 and 1240 nm
wavelengths in a normalized formula similar to that of NDVI
(Gao, 1996). The WI refers to another water absorption feature:
950–970 nm. Calculated as R900/R970, it is associated with plant
water content (Peñuelas et al., 1997) as opposed to the original
formula that was reversed and thus indicative of plant water
stress (Peñuelas et al., 1993b).

Field survey

Site description
The study was conducted in an open raised bog named

Pointe-Lebel, which is located on the north shore of the St.
Lawrence River, Canada (49°07′N, 68°15′W), in the bioclimatic
domain of fir and white birch of the boreal vegetation zone
(MRNF, 2007). The Pointe-Lebel peatland covers 2600 ha with
an average peat depth of 4.8 m (Buteau, 1989). Mean annual air
temperature and precipitation are 1.5 °C and 1014 mm,
respectively (30-year normal; Environment Canada, 2006). In
2005, during the sampling months of July, August, and
September, air temperatures were warmer than normal by
1.2 °C, 0.9 °C, and 2.4 °C, respectively (Figure 1). July and
September were also drier than normal, with 18% and 37% less
precipitation than normal. In contrast, August was wetter than
normal, with more than two times the normal amount of
rainfall. However, since nearly half of the rainfall occurred in a
single event (31 August 2005), August can be otherwise
considered normal.
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Figure 1. Daily mean air temperature (solid line) and total daily
precipitation (water equivalent in mm; vertical bars) from June to
September as recorded by Environment Canada (2006) at Baie
Comeau (49°08′N, 68°12′W). Horizontal broken lines indicate
monthly means for air temperature (30-year normal). Sampling
periods are indicated with vertical grey bands (6–11 July, 9–
15 August, and 11–16 September).



The Pointe-Lebel peatland is dominated by ericaceous
shrubs (Chamaedaphne calyculata (L.) Moench, Kalmia
angustifolia L.) and Sphagnum (mainly S. fuscum and
S. rubellum), interspaced with pools. Spruce thickets (Picea
mariana (P. Mill.) B.S.P.) are also present at many locations on
the site. Graminoids such as Trichophorum caespitosum (L.)
Hartman and Eriophorum vaginatum var. spissum (Fern.)
Boivin are sparse. Rubus chamaemorus L. is the only
herbaceous species that becomes abundant by the middle of the
growing season.

A total of 14 plots were established following a randomized
design stratified to represent a continuous gradient of both total
vascular plant and bryophyte covers. The stratification was
based on vascular plant cover. Areas with lichens were
discarded to limit ground reflectance to mosses. The 14 plot
locations were chosen along three transects for which
stratification was applied to randomly select two to three plots
for each of the six vascular cover classes predetermined as
present along the transects. The exact plant cover was measured
and varied from 2% to 88% for vascular plants and from 32% to
100% for mosses and liverworts (Table 1). Ericaceous species
were the main vascular plants, and mosses were dominated by
S. rubellum and S. fuscum. Sphagnum was present in all plots,
but we hereafter refer to Sphagnum-dominated plots when
Sphagnum cover was high and vascular cover was low. To
quantify the gradual increase in vascular plant cover among
plots, the leaf area index (LAI) was measured in each plot in
mid-September using a SunScan Canopy Analysis System
(SS1-UM-1.05; Delta-T Devices Ltd., Cambridge, UK). LAIs
ranged from 0.0 in Sphagnum lawns to 1.2 in spruce thickets
(Table 1). Water table depth followed the vegetation gradient
(Table 1). Water table depth averaged over all sampling periods
ranged from 15 cm in Sphagnum-dominated plots to nearly
40 cm in plots characterized by spruce thickets and hummocks.

CO2 flux measurements
Sample plots were surrounded with aluminium collars

(58 cm × 58 cm) that were installed in late April in the frozen
peat. Data were collected during three sampling periods: 6–
11 July, 9–15 August, and 11–16 September (Figure 1). Each
collar was sampled for 10 or 11 days within a total of 14
sampling days throughout the growing season (5 days in July, 4
in August, and 5 in September). All measurements were made
during daylight hours and only on sunny days.

CO2 exchange measurements were taken with a ventilated
and climate-controlled transparent plastic chamber (0.110 m3),
similar to those used by Tuittila and Komulainen (1995) and
Alm et al. (1997; 1999), and the chamber was used in a closed
system. The chamber was placed in a groove around the rim of
the collar, which was filled with water before sampling to
ensure an air-tight seal. Chamber CO2 concentrations were
measured with a portable infrared gas analyser (IRGA; model
EGM-2; PP Systems, Hitchin, UK). Net ecosystem exchange
(NEE) was measured under stable prevailing light conditions
generally within 135–150 s. Measurements of total respiration
(RTOT) were made after the NEE measurements by covering the

chamber with an opaque plastic lid. Between NEE and RTOT
measurements, the chamber was removed for a few minutes to
permit the equilibration of gas concentration in the plot. During
flux sampling, CO2 concentrations were recorded every 15 s
along with temperature inside and outside the chamber, soil
temperature, and PAR for NEE measurements (PAR-1; PP
Systems). Gross photosynthesis (PG) was calculated a
posteriori: NEE is the instantaneous difference between PG and
RTOT. The sign convention adopted here is that CO2 uptake is
positive (+) and CO2 release to the atmosphere is negative (–).

CO2 fluxes were calculated from linear regressions of CO2
concentration changes as a function of time, base area, chamber
volume, and molar volume of CO2 at chamber air temperature.
Regression coefficients (r2) ranged from 0.85 to 1.00, with a
mean value of 0.99. On some occasions, CO2 flux calculations
were performed for a shorter period than 150 s, although never
for less than 60 s (or five readings). We examined fluxes in
detail and discarded four sampling runs out of 150 runs due to
irregular behavior of fluxes. The following rationale was
employed to discard runs. In the first case, the PAR
(<500 µmol·m–2·s–1) was much lower than for other sampling
runs; this sampling run should simply not have taken place. In
the second case, we observed CO2 release during the NEE
sampling, whereas this situation never occurred during the
previous or subsequent days for the same collar. In the last two
cases, the progression of gas concentration was truly unstable,
r2 was lower than 0.85, and the flux values were dissimilar to
those from the previous or subsequent days.

Canopy reflectance
Ground-based reflectance was measured concurrently with

CO2 fluxes over the 14 permanent collars, similar to the method
used by Whiting et al. (1992). The reflectance measurements
were made within 15 min of CO2 flux measurements to sample
both parameters under the same light conditions. Sampling was
done between 9:00 AM and 4:30 PM under clear sky.
Reflectance was measured with the same instrument used for
laboratory measurements (see the previous section titled
Laboratory experiment; Analytical Spectral Device FieldSpec
Pro Spectroradiometer). The head of the optic fibre was hand-
held 1 m above the ground surface (even in the presence of a
dense canopy), at the centre of the collar, in a nadir position
(Bartlett et al., 1990; Peñuelas et al., 1993a; McMichael et al.,
1999). The instrument had a field of view of 25°. Consequently,
the target surface at the ground level within the collar was a
circle approximately 45 cm in diameter.

Three series of three spectra were collected for each target,
on each sampling run, for a total of nine spectra per collar per
day. Data were recorded in reflectance mode. The white
reference was acquired using a 99%-reflective white reference
panel (Spectralon, Labsphere, Inc.) a few seconds prior to each
series. Results presented here are postprocessed averages of the
nine spectra for each collar per day, which was calculated in
View Spec Pro software version 4.02 after first checking for
consistency between replicates. Consistency was checked
visually by superposing the replicates. In total, only four
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spectra were deleted due to the presence of important noise.
Reflectance spectra were automatically interpolated to 1 nm
intervals by the software. No further data corrections were
made. Several reflectance indices were then calculated from the
reflectance data as follows:

NDVI = (R800 – R660)/(R800 + R660)

(modified from Rouse et al., 1974) (5)

PRI = (R531 – R570)/(R531 + R570)

(Gamon et al., 1992) (6)

CI = (R750 – R705)/(R750 + R705)

(Gitelson and Merzlyak, 1994) (7)

CIm = (R750 – R705)/(R750 + R705 – 2R445)

(Sims and Gamon, 2002) (8)

We based our choices for indices on the following rational. All
indices are narrow-band and use normalized formulae similar
to that for NDVI. At first, we tested the relationship between a
narrow-band NDVI and CO2 fluxes. NDVI is related to canopy
greenness and uses the maximum absorption feature in the red
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Table 1. General description of sampled plots.



region (660 nm) and the reflectance in the near-infrared region
(800 nm) as a reference. This particular narrow-band formula
with 660 and 800 nm has already been used for vegetation types
similar to peatland vegetation (Rahman et al., 2001; Boelman et
al., 2003). We also tried to normalize NDVI by one of the
indices related to water content tested with the laboratory
experiment. This ratio, reversed, has already been applied by
Peñuelas et al. (1997), who used the ratio between the WI and
the NDVI to better estimate vegetation water content.

We also combined the NDVI with the PRI. The wavelength
531 nm is related to xanthophyll pigments (Gamon et al., 1990)
and has been integrated in a normalized formula using 550 nm,
and later 570 nm, as a reference to give the PRI (Gamon et al.,
1992; Peñuelas et al., 1995). The PRI is based on the
correlation between the epoxidation state of the xanthophyll
pigment cycle and the associated changes in the green
reflectance (Gamon et al., 1990; 1992). It is an indicator of the
photosynthetic radiation-use efficiency (Peñuelas et al., 1995;
Gamon et al., 1997), as xanthophyll pigments are involved in
the dissipation of the extra energy absorbed by chlorophyll for
photosynthetic uses (Demmig-Adams and Adams, 1996).
Unlike NDVI, which is related to “stable” green canopy
structure and biomass, PRI has been proposed to detect fine
temporal changes in photosynthetic activity occurring under
fluctuating light conditions (Gamon et al., 1990; 1992). Kumar
and Monteith (1981) have worked on a model of net primary
productivity explained by the fraction of PAR absorbed by
green vegetation multiplied by an efficiency factor. Based on
this work and on the demonstration of the relationship between
the reflectance at 531 nm and photosynthetic light-use
efficiency, Rahman et al. (2001) proposed to modify the model
and use NDVI to represent the fraction of APAR and a rescaled
PRI (hence sPRI) to express light-use efficiency (LUE); this
last combination was well correlated with uptake and net fluxes
of CO2 for fen and boreal forest stands. Also, close
correspondence was demonstrated in a bog between springtime
productivity estimates from tower measures and those from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
which are calculated with LUE, the fraction of absorbed PAR,
and a global network station (Moore et al., 2006). The sPRI is
calculated from PRI as (PRI + 1)/2 to obtain a measure of
radiation-use efficiency between 0 and 1.

Lastly, we tested the CI, which was essentially developed for
chlorophyll content assessments (Gitelson and Merzlyak,
1994). This index is calculated from the reflectance at the edge
of the chlorophyll absorption feature (705 nm), with the
reflectance at 750 nm as a reference (Gitelson and Merzlyak,
1994; Stylinski et al., 2002). Stylinski et al. (2002) showed that
CI was weakly related to CO2 uptake for chaparral systems.
Nevertheless, as CI has already been shown to be a good
estimator of chlorophyll content at both the leaf and canopy
levels and for a wide range of species, including bog vascular
plants and mosses (Gamon and Surfus, 1999; Sims and Gamon,
2002; Kuusk et al., 2004), we believe that CI may be worth
testing as a surrogate for CO2 fluxes in bog vegetation. We also
tested a slightly modified version of the chlorophyll index

(CIm), which has been developed to compensate for high
reflectance associated with certain leaf types (Sims and
Gamon, 2002).

Data analyses

For the laboratory experiment, the association between
spectral indices (RDI, WI, NDWI) and Sphagnum volumetric
water content (VWC) was first tested using Pearson
correlations for each individual species (4 replicates × 16
measurements, giving n = 64) and for all species together
(4 species × 4 replicates × 16 measurements, giving n = 256).
The significance of the Pearson coefficient should be tested
against the hypothesis of multinormality for raw data. Although
all Pearson correlations did not meet this hypothesis, they were
used after confirming that the results were similar to those
resulting from nonparametric Spearman correlations (same P
values). Lastly, the index most strongly correlated with water
content was identified with a test of equality between
correlation coefficients based on the Williams statistic (Neill
and Dunn, 1975). The statistical test compares the coefficients
obtained from two indices. If the coefficients for the two
indices are significantly different, the highest coefficient
indicates which index is most strongly correlated with VWC.

For the field data, the relationship between paired spectral
measurements (spectral indices) and CO2 fluxes (NEE, PG) was
studied using simple linear regressions. Considering that these
variables were measured on the same collars on repeated
occasions, non-independence of error terms was presumed and
tested with the likelihood ratio chi-square (χ2) test. Non-
independence of error terms was confirmed at p < 0.01 for eight
regressions out of 10 (χ2 ranging from 2.4 to 62.3; p ranging
from <0.0001 to 0.1213; degrees of freedom df = 1).
Subsequently, all regressions were analysed under the PROC
MIXED procedure of SAS version 8.0 (SAS Institute Inc.,
Cary, N.C.) following a repeated-measure analysis of variance
(ANOVA) with first-order autoregressive error structure.
Residuals were homogeneously and normally distributed for all
regressions. Sampling took place in three different periods
(July, August, and September) to maximize the variation of
both reflectance and CO2 fluxes during the growing season. By
adding an interaction term to each model, we tested whether the
period (July, August, and September) had to be considered in
the relationship between spectral indices and CO2 fluxes. As
this term was not significant for any regressions, data from all
three sampling periods were pooled together for analyses (n =
146). The regression adjustments were evaluated with the
regression coefficient r2. As r2 cannot be calculated with the
PROC MIXED procedure, we estimated the coefficients by
averaging the coefficients resulting from two formulae
proposed by Xu (2003) for linear mixed effect models. It
should be noted that our work did not focus on producing daily
or seasonal estimates of NEE. Thus models for NEE were not
investigated, and measured fluxes were directly used to test the
relationships with spectral indices.
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Results and discussion
Laboratory experiment: selection of an index correlated

with Sphagnum volumetric water content

There were strong correlations between spectral indices and
Sphagnum volumetric water content (VWC) for all four species
and all three indices tested (Table 2). Correlations were
stronger for individual species than for all species pooled
together (Table 2). The following conclusions can be drawn
from the tests of equality between coefficients of correlation.
RDI was more strongly correlated with volumetric water
content than were WI and NDWI when all species were pooled.
However, when considering individual species, VWC was more
strongly correlated with WI for both S. fallax and
S. magellanicum. For S. rubellum, WI and NDWI were not
significantly different, but WI was more strongly correlated
with VWC than RDI. Lastly, all three indices gave similar
results for S. fuscum. No index appeared to be significantly
better correlated with both S. fuscum and S. rubellum, the two
species that accounted for almost all Sphagnum cover in the
collars at the Point-Lebel study site.

As the three indices behaved similarly, we chose to present
detailed curves for WI only. Figure 2 shows relations between the
WI and VWC for the four Sphagnum species. Differences among
species occurred in the initial water content and drying rates.
Cores of S. fuscum and S. rubellum began the experiment with
higher volumetric water content and dried more slowly than those
of S. fallax and S. magellanicum. These differences can be
explained by species morphology and community structure. In a
Sphagnum carpet, water is retained in the external capillary space
between individuals; species of the taxonomic Acutifolia section,
such as S. fuscum and S. rubellum, are small and grow in dense
mats that optimize their capillarity capacity and thus compensate
for their small hyalines cells (Hayward and Clymo, 1982). For
S. fuscum, the spectral index WI stabilized at a constant value as
the VWC fell below approximately 0.2, likely due to the presence

of a gradient of water content in the cores. Indeed, capitula dried
faster than the bottom of the samples because their capacity to
retain water is lower than that farther down the stem (Hayward
and Clymo, 1982). In fact, the water content at a depth of 4 cm in a
Sphagnum hummock colony, comparable to the height of our
sample cores, has been shown to be greater than that at the surface
by one order of magnitude during dry periods (Murray et al.,
1989). Thus, the characteristics of different Sphagnum species and
their community structure appear to affect not only the ability of
the species to retain water but also the relationship between water
content and WI.

It follows that the relationship between Sphagnum
volumetric water content and WI was similar between
S. fuscum and S. rubellum and between S. fallax and
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(A) Pearson coefficients of correlation (r)

Spectral index S. fallax S. fuscum S. magellanicum S. rubellum All species

WI 0.990 0.950 0.993 0.958 0.753
NDWI 0.982 0.941 0.980 0.947 0.773
RDI 0.975 0.927 0.970 0.924 0.855

(B) Equality test of correlation

S. fallax S. fuscum S. magellanicum S. rubellum All species

Williams
statistic p

Williams
statistic p

Williams
statistic p

Williams
statistic p

Williams
statistic p

WI vs. NDWI 2.583 0.0122 0.651 0.5173 3.982 0.0002 0.921 0.3607 0.956 0.3401
WI vs. RDI 4.521 <0.0001 1.740 0.0869 7.418 <0.0001 2.876 0.0055 4.721 <0.0001
NDWI vs. RDI 1.933 0.0579 1.088 0.2810 3.414 0.0011 1.952 0.0555 3.756 0.0002

Note: All coefficients of correlation are significant at p < 0.0001; n = 64 for each individual species (4 replicates × 16 measurements), and n = 256 for all
species pooled together (4 species × 4 replicates × 16 measurements).

Table 2. Pearson coefficients of correlation (r) and equality test of correlation (based on the Williams statistic) between volumetric water
content (VWC) of Sphagnum cores and spectral indices WI, NDWI, and RDI (see Methods for formulae) measured in the laboratory.

Figure 2. Relationships between the volumetric water content
(VWC) of Sphagnum cores and the spectral index WI measured in
the laboratory. Data for each sample (4) of each Sphagnum species
(4) are joined together.



S. magellanicum (Figure 2). The same association between
species was also observed with NDWI, but less markedly with
RDI (data not shown). The discrepancies between species are
in accordance with previous studies. Initially, Vogelmann and
Moss (1993) showed a strong relationship between TM5:TM4
(1550–1750 nm:760–900 nm) and Sphagnum water content
and, afterward, detailed studies concluded on species-specific
relationships between spectral indices and Sphagnum water
content (Bryant and Baird, 2003; Harris et al., 2005). A unique
relationship between spectral indices and volumetric water
content for all Sphagnum species would facilitate field
applications. Still, species grouping in the response of spectral
indices to volumetric water content can facilitate water content
assessment in the field compared to when the relationship is
strictly species-specific. Since WI was the most effective index
when considering S. fallax and S. magellanicum and was better
than RDI for S. rubellum, we chose WI for normalizing NDVI
values recorded during the field survey. The literature also
suggests that WI should be appropriate to estimate the water
content of a whole canopy with ground-level measurements
(Peñuelas et al., 1993b; Peñuelas and Filella, 1998). Even if
near-infrared reflectance only samples the surface water
content, using wavelengths such as 970 nm that penetrate
deeper into the vegetation than middle-infrared radiation (Bull,
1991; Peñuelas et al., 1993b) would be advantageous for
Sphagnum, which usually shows a vertical moisture gradient
(Hayward and Clymo, 1982; Harris et al., 2006).

Field survey: CO2 fluxes and relationships with
ground-based reflectance

CO2 exchange
During the 2005 field season, when 14 collars were

measured 10 or 11 times during July, August, and September,
NEE ranged from 53 to 858 mg CO2 m–2·h–1 at the study site on
a per collar per day basis (positive values indicate net uptake),
and PG ranged from 375 to 1339 mg CO2 m–2·h–1, which was
approximately twice as high as RTOT. All collars acted as CO2

sinks on each sampling day in July, August, and September.
All measurements of CO2 fluxes were obtained under full

sunshine (PAR average ± SD = 1435 ± 241 µmol·m–2·s–1).
When compared with values from the literature, the Pointe-
Lebel NEE values were similar to or higher than the maximum
NEE uptake or NEE at high PAR (1500; 1800 µmol·m–2·s–1)
reported for bog vegetation, ranging from approximately 250 to
585 mg CO2 m–2·h–1 (Neumann et al., 1994; Frokling et al.,
1998; Alm et al., 1999; Moore et al., 2002; Lafleur et al., 2003).
PG values at the Pointe-Lebel site are in accordance with those
from other studies in bogs where the highest gross
photosynthesis (or gross photosynthesis reached at maximum
PAR values) ranges from nearly 850 to more than 1600 mg CO2

m–2·h–1 (Shurpali et al., 1995; Bellisario et al., 1998; Bubier et
al., 2003a). While the light conditions were optimal, we could
think that the dry and hot sampling conditions should have
reduced CO2 uptake. However, our sampling did not cover
conditions diverse enough to discuss the possible effects of

temperature or other climatic conditions on the obtained values
of CO2 uptake.

Spectral indices as predictors of CO2 fluxes
Reflectance was measured concurrently with CO2 fluxes on a

total of 146 occasions (14 collars measured 10 or 11 times).
Regressions of both PG and NEE with spectral indices were all
significant, but adjustments varied from weak to moderate
across indices (Figure 3). Regression adjustments with PG
were stronger than those with NEE in all cases. Many authors
proposed normalizing NEE by PAR in relation to spectral
indices to account for different lightning conditions (Bartlett et
al., 1990; Whiting et al., 1992; McMichael et al., 1999). We did
not consider it worthwhile in this study because NEE was
always measured at near-saturated PAR conditions (average ±
SD = 1435 ± 241 µmol·m–2·s–1) (Frokling et al., 1998).

NDVI values measured at the Pointe-Lebel site ranged from
0.57 to 0.81. The relationship between NDVI and CO2 fluxes
was quite weak (Figure 3; NEE, r2 = 0.12 and p = 0.0003; PG,
r2 = 0.15 and p = 0.0018), which corresponds to the findings of
Whiting (1994). Whiting used a broadband NDVI, but the
narrow-band NDVI used here was highly correlated with
broadband NDVI (630–690 nm for red and 760–900 nm for
NIR; r = 0.99670 and p < 0.0001; data not shown). Therefore
using narrow-band NDVI rather than broadband NDVI without
further modifications does not improve relationships with CO2
fluxes. Yet, clear outliers associated with Sphagnum plots as in
Whiting did not occur here, likely because nearly all collars in
our study had a high Sphagnum cover, which was discernible
through the continuous gradient of vascular plant cover. In
contrast, Whiting’s study site encompassed a single plot with a
high Sphagnum cover.

The ratio NDVI/WI was moderately adjusted to CO2 fluxes
(Figure 3; NEE, r2 = 0.3 and p < 0.0001; PG, r2 = 0.43 and p <
0.0001). Nevertheless, this combined index was more strongly
correlated with CO2 fluxes than was NDVI alone. Field-derived
WI for all collars ranged from 0.96 to 1.33, with most values
around 1.00 (median = 1.04; data not shown). The highest WI
values at the site, ranging from 1.04 to 1.33, were obtained in
Sphagnum-dominated collars, since Sphagnum can reach
higher water content than vascular plants. Therefore, a stronger
relationship between CO2 fluxes and spectral indices can be
partly obtained using the normalizing effect of WI to lower the
NDVI of Sphagnum. Moreover, the combination of these two
indices may improve the regressions for all communities, since
greenness and moisture are strongly related (Peñuelas et al.,
1997; Rollin and Milton, 1998).

Using sPRI in combination with NDVI also led to better
relationships for NEE and PG than using NDVI alone, although
the adjustments were moderate (NEE, r2 = 0.26 and p < 0.0001;
PG, r2 = 0.38 and p < 0.0001). Nevertheless, the improvement in
the adjustments indicates that using the complementary nature
of NDVI and sPRI is beneficial. NDVI is related to absorbed
photosynthetically active radiation (APAR), whereas sPRI is
associated with photosynthetic light-use efficiency (LUE).
Furthermore, NDVI responds to seasonal changes in the
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vegetation spectral properties, whereas PRI may better respond
to daily changes (Gamon et al., 1992).

NDVI is a canopy greenness index related to vegetation
structure. In peatlands, the multilayer vegetation structure of

standing vascular plants and underlying mosses can display
different spectral properties. Indeed, the spectral reflectance
measured in the present study varied considerably along the
gradient of moss and vascular plant covers. The particular

S422 © 2008 CASI

Vol. 34, Suppl. 2, 2008

Figure 3. (a–d) Net ecosystem exchange (NEE) as a function of spectral indices. (e–h) Gross photosynthesis (PG) as
a function of spectral indices. Regressions coefficients (r2) were computed according to Xu (2003). Linear regressions
are indicated by solid lines, and broken lines show confidence belts (α = 0.05).



spectral characteristics of Sphagnum described in the literature
were apparent in the spectral reflectance curves throughout this
gradient and among the different species of Sphagnum
(Figure 4). In fact, according to the literature, the genus
Sphagnum has spectral properties distinct from those of green
vascular plants. Sphagnum reflectance is lower than vascular
reflectance in the NIR (Bubier et al., 1997) and shortwave
infrared and shows pronounced water absorption features at
approximately 1000 and 1200 nm (Vogelmann and Moss, 1993;
Bubier et al., 1997). Also, Sphagnum reflectance in the visible
part of the spectrum can be characterized by a peak in the green,
red, or brown according to the dominant colour of the species.
For instance, a broad peak centred between 570 and 640 nm has
been observed for brown S. fuscum (Bubier et al., 1997), and red
individuals of Sphagnum capillifolium or S. magellanicum
showed a red peak centred at 630 nm and no green peak
(Vogelmann and Moss, 1993; Bubier et al., 1997). The red
colour of Sphagnum, and likely the reflectance peak in the red
region, results partly from sphagnorubin (Rudolph and Jöhnk,
1982), a cell wall pigment associated with anthocyanins
(Vowinkel, 1975). In our study, those spectral characteristics of
the genus Sphagnum were noticeable except for the lower
reflectance in the NIR for Sphagnum than for vascular plants
(Figure 4). However, the reflectance values reached in the NIR
for collars dominated by S. rubellum were similar to those
obtained by Harris et al. (2006) for field patches of S. pulchrum
in their driest sampling period. As well, the reflectance of
P. mariana in the NIR has been shown in the literature to be
lower (Fuentes et al., 2001) than that for other vascular species
involved in the studies mentioned previously.

Along the gradient of moss and vascular plant cover in the
present study, the NDVI extracted from the spectra did not
follow the same pattern as CO2 fluxes, leading to poor
adjustments between these parameters across the different bog
communities. Additionally, PRI (and hence sPRI) may also
have been affected by the spectral properties of Sphagnum.
Indeed, the PRI formula (531, 570 nm) is centred on the green
peak, which simply did not appear for many of the collars in the
present study, as the Sphagnum mosses were often red. The
absence of a typical green peak in the green does not
necessarily mean that xanthophyll pigment activity is not
represented by change at or near 531 nm, but exploratory
analysis indicates that more in depth analysis would be
necessary, and of interest, to characterize the relationship
between LUE and PRI for Sphagnum mosses.

This study showed that the use of an index centred on the red
edge (680–750 nm) (Horler et al., 1983), like CI, corresponded
well to CO2 fluxes and therefore seems potentially appropriate to
assess CO2 fluxes along a gradient of Sphagnum and vascular
plant cover in peatlands. The relationships between CO2 fluxes
and the chlorophyll indices CI (NEE, r2 = 0.37 and p < 0.0001;
PG, r2 = 0.55 and p < 0.0001) and CIm (NEE, r2 = 0.38 and p <
0.0001; PG, r2 = 0.57 and p < 0.0001) were indeed rather well
adjusted. Only the results for CIm are illustrated in Figure 3
because they are similar to those for CI. These two indices were
the only indices tested that did not include the reflectance at 660

and 800 nm used in NDVI. The better performance of CI over
NDVI may be surprising because both indices are closely
related. The chlorophyll index CI (750, 705 nm) can be
considered as a modified version of the NDVI: CI is the result of
investigations to find new wavelengths for the NDVI formula to
avoid saturation in chlorophyll determination at high pigment
concentrations (Gitelson and Merzlyak, 1994). Moreover, in the
present study, CI and NDVI were strongly correlated (r = 0.75
and p < 0.0001; data not shown). Nevertheless, the relationships
between CI (or CIm) and CO2 fluxes at the Pointe-Lebel site
were stronger than those for NDVI.

Conclusion
Our results show that a narrow-band index like the chlorophyll

index (CI) could be used as an indicator of CO2 fluxes (i.e., both
gross photosynthesis and net ecosystem exchange) across several
communities of bogs, whereas the relationships between CO2
fluxes and both NDVI/WI and NDVI × sPRI are moderate. Other
studies should be undertaken before mapping of CO2 fluxes can
be considered. Indeed, the assumption that the best index at the
stand level is also the best index at the landscape level for
mapping the different components of CO2 fluxes across bog
vegetation types needs to be examined. Also, the application of
CI on a larger range of peatland communities needs to be tested,
particularly on fens and bogs, as both peatland types are
frequently mixed over large areas.
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