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Abstract— Peatlands provide important ecosystem services 

including carbon storage and biodiversity conservation. 

Remote sensing shows potential for monitoring peatlands, 

but most off-the-shelf data products are developed for 

unsaturated environments and it is unclear how well they 

can perform in peatland ecosystems. Sphagnum moss is an 

important peatland genus with specific characteristics 

which can affect spectral reflectance, and we hypothesized 

that the prevalence of Sphagnum in a peatland could affect 

the spectral signature of the area. This study combines 

results from both laboratory and field experiments to 

assess the relationship between spectral indices and the 

moisture content and GPP of peatland (blanket bog) 

vegetation species. The aim was to consider how well the 

selected indices perform under a range of conditions, and 

whether Sphagnum has a significant impact on the 

relationships tested. We found that both water indices 

tested (NDWI and fWBI) were sensitive to the water 

content changes in Sphagnum moss in the laboratory, and 

there was little difference between them. Most of the 

vegetation indices tested (the NDVI, EVI, SIPI and CIm) 
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were found to have a strong relationship with GPP both in 

the laboratory and in the field. The NDVI and EVI are 

useful for large-scale estimation of GPP, but are sensitive 

to the proportion of Sphagnum present. The CIm is less 

affected by different species proportions and might 

therefore be the best to use in areas where vegetation 

species cover is unknown. The PRI is shown to be best 

suited to small-scale studies of single species. 

Index Terms— Hyperspectral Data, Vegetation and Land 

Surface, Optical Data, Multispectral Data 

I. INTRODUCTION 

PEATLANDS are an important ecosystem for the 

sequestration and storage of carbon, and also for supporting 

biological diversity [1]. Peatlands around the world store 

approximately a third of the world’s soil carbon [2], [3], as 

within the waterlogged environment of peat substrates 

decomposition is limited and so organic matter is retained. 

Many peatlands have, however, been subject to deleterious 

management schemes, including drainage, commercial 

harvesting, overgrazing, planting for commercial forestry, and 

burning [4], [5]. These processes can lower the water table and 

increase bare peat surfaces, leaving them vulnerable to 

drought and its subsequent effects on photosynthesis of 

peatland vegetation, and consequently carbon sequestration. 

Policy makers are now beginning to see peatland carbon 

storage as useful for mitigating climate change, and peatland 

restoration is being encouraged [6]. It is therefore important to 

develop cost-effective methods of assessing peatland 

condition and carbon sequestration. Spectral information from 

peatland vegetation can be used to remotely estimate the 

condition and carbon fluxes of peatlands [7].  Spectral indices, 

including those used in this study, have been shown to 

correlate with both moisture content and carbon fluxes of 

peatland vegetation [8]–[13]. Vegetation indices can be used 

to estimate plant health and photosynthesis, whilst water 

indices are useful proxies for moisture. These indices can be 

used alone to detect changes in either GPP or water content, or 

in combination for more complex analysis of peatland 

condition. 

Sphagnum moss is a key genus in peatland formation, and 

its presence is an indication of good blanket bog condition 

[14]. Peat-forming plants such as Sphagnum are well adapted 
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to the wet environment of blanket bogs, and grow less well 

when water tables are low [9], [11], [15]. Many Sphagnum 

species have an optimum water content of approximately 

twenty times their dry weight, and have been shown to 

decrease photosynthesis as moisture content is reduced [16]–

[18]. As Sphagnum dries it experiences bleaching, which 

affects the spectral reflectance and can be detected by 

vegetation indices [16], [19], [20]. 

Hyperspectral data can be used to calculate vegetation 

indices which precisely align with specific plant functions, 

such as the Photochemical Reflectance Index (PRI) which 

corresponds to the xanthophyll photochemical protective 

mechanism. These newer indices require data which is more 

expensive and harder to obtain than the data needed by older 

indices such as the Normalised Difference Vegetation Index 

(NDVI). This study tests the accuracy and reliability of both 

hyperspectral and broad-band indices as proxies for water 

content and photosynthesis under a range of field and 

laboratory conditions. Pure Sphagnum samples were 

considered in the laboratory, and mixed peatland species in the 

field. 

All the indices selected for this study have been shown to 

correlate with peatland vegetation Gross Primary Productivity 

(GPP), some during drought studies in the laboratory, and 

some in the field [9], [11], [13]. The current article builds on 

these previous works by testing successful indices against 

direct measurements of water content and GPP in both pure 

Sphagnum and mixed peatland vegetation, under a broad range 

of conditions including extreme water limitation.  

Two water indices and three plant function indices were 

studied. The two water indices were: the hyperspectral floating 

Water Band Index (fWBI) which considers the water 

absorption feature between 930 and 980nm; and the broad-

band Normalised Difference Water Index (NDWI) which uses 

the difference between NIR (near infrared) and SWIR (short-

wave infrared) to assess water content.  

The broad-band plant function indices were the Normalised 

Difference Vegetation Index (NDVI) and the Enhanced 

Vegetation Index (EVI). These both focus on the difference 

between the red and NIR zones of the reflectance spectrum, 

and the EVI also includes the blue band to correct for 

atmospheric aerosols. The hyperspectral plant function indices 

included the Photochemical Reflectance Index (PRI) which is 

sensitive to the xanthophyll photoprotective mechanism; the 

Structure Insensitive Pigment Index (SIPI) which considers 

the chlorophyll/carotenoid ratio; and the modified Chlorophyll 

Index (CIm) which focuses on the red-edge (see Tables I and 

II). 

Our work here aims to make a thorough examination of the 

selected indices to determine which give the best results in 

peatland environments. To do this we include both a 

laboratory study of replicate samples of pure Sphagnum moss 

cushions which were subjected to a long (80 days) period of 

drought, and a field study carried out over three different sites 

of mixed peatland species during the growing season.  Our 

objectives were to determine (1) how strongly the selected 

indices correlate with water content and GPP, and (2) whether 

the relationships between selected indices, water content, and 

GPP are affected by the presence of Sphagnum compared to 

other peatland species.  

TABLE I 
BANDS 

Band Wavelengths 

averaged in 

this study 

MODIS Landsat 

8 

VIIRS Sentinel-

2A (central 

wavelength

/band 

width) 

Blue 450 to 515 
nm  

Band 3 
(459 to 

479 nm) 

Band 2 
(450 to 

512 nm) 

M3 
(478 to 

498 

nm) 

Band 2 
(447.6 to 

545.6 nm) 

Red 630 to 680 

nm 

Band 1 

(620 to 

670 nm) 

Band 4 

(636 to 

673 nm) 

M6 

(662 to 

682 
nm) 

Band 4 

(645.5 to 

683.5) 

NIR 841 to 876 

nm 

(NDWI)/845 

to 885 nm 

(NDVI & 
EVI) 

Band 2 

(841 to 

876 nm) 

Band 5 

(851 to 

879 nm) 

I2 (846 

to 885 

nm) 

Band 8A 

(848.3 to 

881.3)  

SWIR 1628 to 1652 

nm  

Band 6 

(1628 to 

1652 
nm)  

Band 6 

(1566 to 

1651 
nm) 

I3 

(1580 

to 1640 
nm) 

Band 11 

(1542.2 to 

1685.2) 

The averaged bands used in this study for broad-band indices compared to 

the bands of commonly used satellites MODIS, Landsat, VIIRS and Sentinel-
2. 

TABLE II 

INDICES 

Index Equation Relevant 

references 

Broad-band or 

hyperspectral 

Floating Water 

Band Index 
(fWBI) 

fWBI = R920 / 

min ( R930 – 980 )  
 

Strachan et 

al., 2002; 
Harris, 2008 

Hyperspectral 

Normalised 

Water Difference 

Index (NDWI)  

NDWI = ( RNIR 

- RSWIR )/( RNIR 

+ RSWIR ) 

Gao, 1996 Broad-band 

Normalised 

Difference 

Vegetation Index 
(NDVI) 

NDVI = ( RNIR 

– Rred )/ ( RNIR + 

Rred ) 
 

Rouse et al., 

1974 

Broad-band 

Enhanced 

Vegetation Index 
(EVI) 

EVI = 2.5 x (( 

RNIR – Rred )/( 
RNIR + 6 x Rred + 

7.5 x Rblue + 1))  

 

Didan et al., 

2015 

Broad-band 

Photochemical 
Reflectance 

Index (PRI) 

PRI = ( R531 - 
R570 )/ ( R531 + 

R570) 

 

Gamon et al. 
1992; 

Penuelas et 

al., 1995; 
Van Gaalen 

et al., 2007 

Hyperspectral 

Structurally 
Insensitive 

Pigment Index 

(SIPI) 

SIPI = ( R800 – 
R445 )/( R800 – 

R680 ) 

 

Penuelas et 
al., 1995; 

Harris, 2008 

Hyperspectral 

Modified 
Chlorophyll 

Index 

CIm = ( R750  - 
R705 )/( R750 + 

R705 – 2 x R445 ) 

Sims and 
Gamon, 2002 

Hyperspectral 

The water indices and vegetation indices used in this study, their 
equations and relevant references (for the development of the equations in 

the form used in this study). In the equations given in this section ‘R’ 

subscripted by a number is a single wavelength in a mono-spectral index. ‘R’ 
subscripted by a band name (Table I) indicates a band. Colour band 

equivalents are given in Table I and shown in Fig. 2.  
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II. METHODS 

A. Field Site 

The field site for this study was the Forsinard Flows RSPB 

reserve (https://www.rspb.org.uk/reserves-and-

events/reserves-a-z/forsinard-flows/) in North Scotland 

(approx. 58.36, -4.00 to 58.45, -3.70 WGS84, see Fig. 1). This 

site is part of the 4,000 km2 Flow Country blanket bog; 

Europe’s largest blanket bog [21], of which approximately 

1,300 km2 is protected under EU Habitats and Birds 

Directives. The area includes extensive blanket bogs with only 

minor human impacts [22] and lightly grazed by deer. These 

areas are referred to here as ‘near-natural’. Other areas of the 

Flow Country were planted with non-native conifers for 

commercial forestry, and in many areas, including in 

Forsinard Flows, the trees have been felled and the sites are 

now undergoing restoration. In many of the restoration sites 

the landscape still shows distinctive furrows and ridges from 

the drainage ditches created for forestry.  

The field study used three sites within the Forsinard Flows 

RSPB reserve. Two of these were ex-forestry sites on deep 

peat, being restored towards blanket bog [23]:  Lonielist, 

which was felled in 2003-04, and Talaheel, which was felled 

in 1998 and was subject to further hydrological management 

in 2015/16 whereby plough furrows were dammed. The third 

site was at Cross Lochs [24]; this area of intact bog was 

considered to be a near-natural control. 

The nearest meteorological station with daily data available 

was Altnaharra, approximately 35 km south-west of the 

Forsinard Flows reserve (see Fig. 1). This has been used for 

weather data in Section III B 1.  

B. Laboratory experiment 

A laboratory experiment was used to measure the 

relationships between the selected indices, water content, and 

GPP in pure Sphagnum samples. Water limitation and drought 

stress was used to generate a range of water contents and GPP 

values to assess the correlations with the water and vegetation 

indices. This laboratory experiment is also described in Lees 

et al [16], in which the focus is on the relationship between 

water content and GPP, and the interaction with the 

reflectance spectra as a whole. The current study uses the 

same data to calculate the selected indices.  

Two Sphagnum species, S. capillifolium and S. papillosum, 

were selected. Both species are commonly found at our study 

sites but prefer different microhabitats. S. capillifolium is 

hummock-forming, red to green in appearance, with hemi-

spherical capitula [25]. S. papillosum is green to yellow-

brown, prefers wetter conditions and grows in carpets [16], 

[25]. S. capillifolium is also more tolerant to disturbance than 

S. papillosum, and is one of the first species to re-colonise 

areas of peatland undergoing restoration [23].  

Twenty samples of each species were collected from the 

Forsinard Flows RSPB reserve in PVC tubing 6 cm deep and 

10 cm diameter during September 2016. The samples were 

kept moist and transported from the field to the laboratory in a 

coolbox over a period of 3 days. Once in the laboratory the 

samples were placed in 1 litre, straight-sided, clear 

polycarbonate jars and maintained in a growth cabinet 

(Panasonic MLR-352H-PE) on a 12-hour day and 12-hour 

night cycle (similar to conditions in the field during the 

collection period in September). During the day the growth 

cabinet was kept at maximum light levels (20,000 lx), 15˚C, 

and 70% relative humidity (slightly lower than the average at 

the site to aid drying of samples). At night the cabinet was 

dark, at 5˚C, and the humidity was unregulated.  

When the samples first arrived in the laboratory they were 

inundated with deionised water (for consistency with previous 

studies eg. [26], [27]) and the excess drained off manually to 

bring them to saturation. After a week-long acclimatisation 

period, during which the samples were regularly watered (also 

with deionised water) to maintain saturation, four samples of 

each species were subjected to total drought for 80 days. This 

length of drought would be very unlikely in the field but was 

used to analyse complete desiccation. Three times per 

fortnight (every 4-5 days) the CO2 fluxes of all the samples 

were measured. The flux measurements were taken using a 

LICOR-8100 (LICOR Inc., Lincoln, Nebraska, USA) and a 

clear polycarbonate custom-built chamber (13 cm tall, 11 cm 

diameter). Each sample was brought out of the growth cabinet 

and placed under a high-pressure sodium growth lamp (Philips 

Belgium 9M SON-T-AGROO 400; 55,500 lm) in a laboratory 

in order to keep light levels as constant as possible. The clear 

chamber was placed over the sample using a foam seal and a 

90 second measurement taken of Net Ecosystem Exchange 

(NEE) (after an acclimatisation period of 20 s). A blackout 

cloth cover was then placed over the chamber, and the 

measurement taken again to gather net respiration data (Rtot). 

The Gross Primary Productivity (GPP) was calculated as the 

difference between the light and dark chamber results. Four 

weeks into the study, we observed that variation in ambient 

lighting affected our results. Therefore, from that point 

onwards we measured photosynthetically active radiation 

(PAR) during each experiment. This allowed us to correct 

later results. Earlier results were corrected by estimating PAR 

from measurement time (see Appendix). 

 
 

Fig. 1.  Map of the northern Scottish mainland showing peatland areas in 

dark brown [51], the Forsinard Flows RSPB reserve in orange (European 
Environment Agency, 2017), the three field sites as red circles, and the 

meteorological station at Altnaharra as a blue square. The peatland 
dominated landscapes in this area are referred to as the ‘Flow Country’.   

https://www.rspb.org.uk/reserves-and-events/reserves-a-z/forsinard-flows/
https://www.rspb.org.uk/reserves-and-events/reserves-a-z/forsinard-flows/
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Samples were weighed three times a week before and after 

watering throughout the experiment. At the end of the 

experiment the samples were dried in a laboratory oven at 

70˚C for 72 hours, and the dry weights measured to 

retrospectively calculate moisture content. This method 

assumes there was no significant growth in the Sphagnum 

samples during the experimental period. All moisture contents 

are given in grams fresh weight/grams dry weight (g/g). 

Spectral reflectance was measured using a Ger3700 

spectrometer (Geophysical and Environmental Research 

Corp., 1999; 350 nm to 2,500 nm; high resolution) mounted in 

a dark room with a single constant light source (1000 W high-

intensity halogen lamp at an angle of 45° and a distance of 0.5 

m). Each sample was placed under the spectrometer and a 

measurement taken of the central area of the sample 

(approximately 4 cm diameter); the sample was then rotated 

by approximately 120˚ for a second measurement and rotated 

again for a third measurement. The average of these three 

spectra was taken to compensate for potential structural 

effects. Reference spectra, using a spectralon panel, were 

taken between samples and used to convert the measured 

radiances to reflectances [28].  

C. Field experiment 

This experiment was designed to assess how the selected 

indices, water content, and GPP vary spatially and temporally 

across the growing season of a typical peatland with a mix of 

vegetation species. Measurement collars included a mix of 

peatland species including the two Sphagnum species used in 

the laboratory experiment.  

All three sites (Lonielist, Talaheel, and Cross Lochs) had an 

Eddy Covariance (EC) tower installed. At each of the sites 

eight plots were located along two perpendicular transects. 

The transects were arranged within the footprint of the EC 

towers according to the size of the tower footprint and the 

dominant wind directions [29]. At Lonielist the main transect 

was 80 m and the secondary transect was 60 m, with all plots 

20 m apart. At Talaheel the transects were 100 m and 75 m 

with the plots 25 m apart, and at Cross Lochs the transects 

were 120 m and 90 m with plots 30 m apart.  

At each plot two PVC collars (24 cm in diameter) were 

located one on higher ground (ridges in the restored sites, 

hummocks at Cross Lochs) and one on lower ground (in the 

furrows at the restored sites, lawns at Cross Lochs). The 

vegetation within the collars included the Sphagnum mosses 

used in the laboratory experiment, but also other mosses, 

sedges Cyperaceae, and dwarf shrubs Ericaceae. The 

percentage cover of each species within the collars was 

estimated visually and used to assess which collars were 

Sphagnum-dominated (over 50% cover). The Lonielist site 

set-up included manually monitored dipwells used to record 

WTD [30] paired with each of the collars. Measurements, 

including CO2 fluxes, spectral reflectance, and environmental 

conditions, were taken once a month during the 2017 growing 

season March to September.  

CO2 flux measurements were taken using a LICOR-8100 

(LICOR Inc., Lincoln, Nebraska, USA) and clear Perspex 

custom-built chambers (24 cm diameter, 30 cm height). Small 

battery-operated fans were installed within the chambers to 

circulate the air. Light (NEE) and dark (Rtot) measurements 

were taken as consecutive measurements, sealing to the 

chamber with rubber mastic (Terostat). Each measurement 

was taken for five minutes, with a 20 second pre-measurement 

period for stabilisation.  

Spectral measurements in the field were taken using a 

handheld SVC HR-1024 spectroradiometer (350 nm to 2500 

nm; high resolution) mounted on a monopod and held 

approximately 1m from the surface. Three measurements were 

taken of the vegetation within each collar, rotated between 

each measurement by approx. 90˚ whilst avoiding shadow 

creation, to minimise structural effects. A spectralon reference 

panel was used before each measurement to correct for 

changing light conditions.  

Photosynthetically Active Radiation (PAR) was measured 

continuously during the clear chamber measurement period 

using a sensor planted in the peat outside the chamber (within 

20 cm) and connected to the Licor-8100. Soil moisture was 

measured using a moisture probe (ThetaKit moisture meter, 6 

cm, Dynamax) within 20 cm of the chamber, during the flux 

measurements. The dipwells at Lonielist were manually 

monitored. Soil temperature was measured at 5 cm and 15 cm 

from the moss surface (lollipop thermometer, Fisherbrand, 

accurate to ±1˚C) and surface temperature inside the chamber 

at the start and end of each measurement.  

D. Indices 

The indices used in this study were all calculated using 

reflectance values averaged over a range of wavelengths 

which can be compared to those used by different satellites 

(see Table I and Fig. 2).  

 

1) Water Indices 

The water indices used in this study are shown in Table II. 

The fWBI was calculated following Strachan et al. (2002) on 

the rationale that the water absorption feature is not static but 

shifts between 930 and 980nm. This is compared to a 

reference wavelength at 920nm as used by Harris (2008). The 

NDWI was calculated using the NIR and SWIR ranges. The 

SWIR is affected by both the vegetation chlorophyll and the 

water content, whilst the NIR is not affected by water content.  

 

2) Plant Function Indices 

The vegetation indices used in this study are shown in Table 

II. The NDVI is a broad-band index which focuses on the 

difference between the red light absorbed by healthy 

vegetation and the NIR reflected. The equation for EVI 

follows the calculation of the MOD13 product [32], and is less 

sensitive to atmospheric aerosols and saturation over dense 

canopies than the NDVI [33]. 

The PRI calculation follows Gamon et al. [34] and Penuelas 

et al. [35].The PRI works on the principle that 531 nm is the 

wavelength at which the xanthophyll photoprotective 

mechanism can be detected, and is therefore a direct measure 

of light use efficiency in plants [34]. 570 nm was used as the 
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reference wavelength following Van Gaalen et al. [11]. 

The SIPI developed by Penuelas et al. [35] considers the 

chlorophyll/ carotenoid ratio, which Harris [9] found to 

increase as photosynthesis decreases.  

The CIm makes use of the red-edge principle, which 

considers the movement of the boundary between the red 

absorption zone and the NIR reflectance region. Adding R445 

to the equation is a measure of surface reflectance not affected 

by chlorophyll or carotenoids, to compensate for generally 

high leaf reflectance [36].  

E. Statistical Analysis 

1) Laboratory Analysis 

In order to create composite models and to perform 

comparative statistics, the laboratory data for all samples were 

binned into twelve groups of equal size using the water 

content for water indices analysis and the GPP for vegetation 

indices analysis (using R package ggplot2, [37]). For the water 

indices analysis the two species were binned separately, as the 

relationship to the water indices was found to be species 

dependent in a mixed effects model. A value of 1 was 

subtracted from the fWBI values to create an index with a 

starting value of 0, and for NDWI a value of 0.1 was 

subtracted for the same reason. 

The relationship between both water indices and water 

content (binned data for each species) was fitted to a linear 

model and an alternative Gompertz function model, and 

Akaike information criterion (AIC) was used to compare the 

fit of the two models. Gompertz functions are similar to 

logistic growth functions, but do not have the assumption of 

centrality and symmetry in the point of inflection [38].  

To assess the relationships between each vegetation index 

and GPP in the laboratory study, both linear and polynomial 

regression models of 2nd order were first assessed using the 

data averaged within 12 GPP bins of equal count. AIC was 

used to assess the relative quality of each model. For all five 

vegetation indices tested, a linear model was found to be better 

than a polynomial model. A linear mixed model including 

species and sample was therefore fitted to the data for each 

index. The Breusch-Pagan test for heteroscedasticity (package 

lmtest, [39]) was applied to the models, and if 

heteroscedasticity was present a Box-Cox transformation 

(package EnvStats, [40]) was applied to the index data series.  

 

2) Field Analysis 

A fitted logarithmic model (calculated using all field data 

combined) was used to correct for the effects of PAR 

(µmol/m2/s) on GPP in the field: 

 

GPPcorrected = GPP - 0.9 ×ln(PAR) +2.51       (1) 

 

Heinemeyer et al. (2013) found that the relationship 

between PAR outside and inside a similar Perspex chamber 

was linear, with a 34% decrease due to the chamber. We have 

assumed that a linear relationship between internal and 

external PAR is true in this study, and so the logarithmic 

correction applied to the GPP is the same in both cases. 

For the field measurements of GPP, a linear model 

incorporating GPP and month as independent variables, and 

assessing the interaction between them, was used.  

All statistical work was done in R [42]. Data collected and 

analysed in this study are archived in the NERC EIDC [43]. 

 

3) Field and laboratory comparison 

Differences between Sphagnum dominated and non-Sphagnum 

dominated collars were assessed using a two-way ANOVA 

including month as a factor, followed by Tukey post-hoc 

testing. Linear models were used to test interactions. 

III. RESULTS 

A. Laboratory Results 

1) Moisture Content 

The changes in water content and the NDWI across the 

experimental period are shown in Fig. 3. The water content 

decreased steadily across the experimental period until about 

day 40, when the decrease slowed. Meanwhile the NDWI had 

the most rapid period of decrease between approximately day 

20 and day 40. The two water indices (fWBI and NDWI) had 

relatively low sensitivity at the lower end of the water content 

curve and saturated early at the high end. (Fig. 4). For both 

indices, the relationship with water content for the S. 

capillifolium samples fitted well to Gompertz functions, with 

little variation of the indices at high and low moisture contents 

and a rapid change between (see Fig. 4A and 4C). S. 

papillosum, however, did not conform as consistently to this 

pattern for both indices. The NDWI and fWBI of S. 

papillosum samples continued to increase, albeit at a slower 

rate, whereas the fitted Gompertz functions predict an upper 

limit. In general, the relationship between indices and water 

 

 
Fig. 2.  Spectral reflectance graph of a healthy sample of S. papillosum, taken 

during the laboratory experiment, showing the ranges and wavelengths used 

by the indices in this study. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

6 

content showed more scatter for S. papillosum.  

 

2) GPP 

The linear mixed model for the NDVI relationship with 

GPP was highly significant (p<0.001, R2 = 0.38) and showed 

no significant effects or interactions of species or sample (see 

Fig. 5A). The same was true for the EVI (p<0.001, R2 = 0.44, 

see Fig. 5B).  

The model for the CIm showed heteroscedasticity, and so a 

Box-Cox transformation was applied to the dataset. The model 

using transformed data was highly significant (p<0.001, 

R2=0.43, see Fig. 5C) and showed no significant effects or 

interactions apart from an effect of sample ‘CapE3’ (p<0.05). 

The SIPI model also required transformation, and the resulting 

model was also highly significant (p<0.001, R2 = 0.32, see 

Fig. 5D) with no effects or interactions other than an effect of 

‘CapE3’ (p<0.05).  

The PRI model also showed heteroscedasticity, and this was 

not improved by applying a Box-Cox transformation. The 

model showed a significant species effect, so we decided to fit 

the two Sphagnum species separately. A linear model was 

found to be the best option for the binned data of S. 

capillifolium alone. The linear mixed model, including GPP 

and sample, for S. capillifolium was highly significant 

(p<0.001, R2 = 0.50), and did not show heteroscedasticity. It 

did show a significant effect for sample ‘CapE4’, and also a 

significant interaction of ‘CapE4’ with GPP. S. papillosum, 

however, did not conform well to a linear model. The binned 

data showed a significant (p<0.05) polynomial relationship 

(see Fig. 5E).  

The GPP response of these two different Sphagnum species 

to the laboratory drought experiment is discussed in more 

detail in Lees et al. [16]. 

 
Fig. 3.  The change in average water content and NDWI of all 8 samples over 

the 80 day experimental drought period, with standard deviation of values 

shown as colored areas. The two datasets are offset by half a day in this plot 
(actually taken within 10 hours of each other) so both are visible. The change 

in fWBI is similar although not shown here.  

 

 
 

Fig. 4.  A: Relationship between water content and fWBI for S. capillifolium samples. B: Relationship between water content and fWBI for S. papillosum. C: 

Relationship between water content and NDWI for S. capillifolium samples. D: Relationship between water content and NDWI for S. papillosum samples. Gompertz 
functions fitted using the binned water content data for each species are shown as lines to illustrate the relationships. 
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B. Field Results 

1) Moisture Content 

Neither the soil moisture nor the WTD had a clear 

relationship with either of the two water indices (data not 

shown).  

 

2) GPP 

The mixed effects linear regression model for NDVI 

showed a significant relationship with GPP, and also a 

significant interaction between GPP and month in every 

month. This indicates that the slope of the relationship 

between GPP and NDVI varies across the seasons (see Fig. 6). 

The adjusted R2 of the model was 0.49 (p<0.001). The same 

model interactions were true of the EVI (R2 0.54, p<0.001), 

and the SIPI (R2 0.48, p<0.001).  

The CIm regression model showed a strongly significant 

relationship with GPP, but fewer significant interactions with 

months. This suggests that the slope of the relationship 

between GPP and CIm is less affected by seasonality (month) 

than it is for the NDVI or EVI. The adjusted R2 of this model 

was 0.60 (p<0.001).  

The regression model for PRI was significant (p<0.01), but 

showed no significant effects or interactions, and had a very 

small R2 value of 0.068.  

When each month was considered individually, the NDVI 

showed significant relationships with GPP for every month 

 

 
 

 

Fig. 5.  Relationships between GPP and vegetation indices for the eight laboratory samples. The graphs showing CIm (C) and SIPI (D) use the transformed data. 

Black lines show the models fitted to averaged binned data. The graph showing PRI (E) includes the linear model for S. capillifolium, and the polynomial for S. 
papillosum. Black symbols are for S. papillosum, white symbols for S. capillifolium. Numbers in the legends refer to the individual samples. 
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apart from April and June (see Fig. 6); these two months had 

poor weather conditions which prevented full dataset 

collection. The linear model for March had a much steeper 

slope than the other months (0.073 compared to a range of 

0.020 to 0.022). This pattern was also true of the EVI, CIm 

and SIPI.  

C. Field and Laboratory comparison 

1) Moisture Content 

The range of values seen in the field for the two water indices 

was towards the lower end of the range seen in the laboratory 

(monthly averages of 0.062 to 0.25 compared to measurement 

day averages of 0.11 to 0.81 for the NDWI). The field collars 

which were Sphagnum dominated (Sphagnum coverage of 

over 50%), however, had higher average NDWI values than 

the non-Sphagnum dominated collars in every month except 

March, and the difference was significant at the 99% level in 

June, July, August, and September (see Fig. 7). The 

differences were similar for the fWBI.  

 

2) GPP 

Most of the tested vegetation indices also showed 

differences between the laboratory and the field experiments. 

NDVI values were lower in the field than the laboratory, but 

higher in the Sphagnum dominated collars than the non-

Sphagnum collars (although the differences were not clearly 

significant in any month) (see Fig. 7). The EVI showed the 

same patterns, and the SIPI and PRI showed similar but 

inverted differences (and the PRI had a significant difference 

between Sphagnum/non-Sphagnum collars at the 95% level in 

September). Interestingly, the CIm showed almost no 

differences between the Sphagnum and non-Sphagnum 

dominated collars in the field, or between the field collars and 

the pure Sphagnum collars in the laboratory (see Fig. 7).  

Linear models predicting the vegetation indices showed that 

there were no significant interactions between GPP and 

Sphagnum/non-Sphagnum.  

IV. DISCUSSION  

A. Moisture Content 

The results from these experiments showed that both water 

indices tested, the fWBI and NDWI, had positive correlations 

with moisture content in the laboratory study on pure 

Sphagnum samples. This agrees with previous studies [9], 

[11]–[13] that have also found good correlations between 

moisture content and water indices in Sphagnum species (S. 

 
Fig. 6.  Relationships between GPP and NDVI for each month in the field. 

Lines show the significant (p<0.05) linear models for each month in different 
colours. 

 

 

 

 

Fig. 7. Comparison of laboratory pure Sphagnum samples (first three 

measurement days before drought effects were observed, n=24) with 

Sphagnum dominated (n=56) and non-Sphagnum dominated field collars 

(n=246) (all months and sites). Top graph shows NDWI, middle NDVI, and 
bottom CIm. 
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teres; S. rubellum, S. fuscum, S. magellanicum, and S. fallax;  

S. pulchrum, S. tenellum, S. capillifolium, S. subnitens, and S. 

papillosum). Letendre et al. [13] calculated a Pearson’s 

correlation coefficient of 0.77 for water content and the NDWI 

of four replicates of three different Sphagnum species, and 

higher correlations for each species considered separately. 

Within their study only S. fuscum showed a pattern similar to 

the Gompertz function (they did not use S. capillifolium or S. 

papillosum).  

Van Gaalen et al. [11] found strong linear relationships 

between water content and the Water Band Index (a precursor 

of the fWBI) for three samples of different Sphagnum species. 

Their water content results were in the range of 5 to 20 g/g, 

however, and it was mainly beyond this range that our results 

showed saturation of the water index signals; a wider range of 

water contents might have shown a non-linear pattern.   

In agreement with the current work, Letendre et al. [13] and 

Harris et al. [10] found that relationships between water 

indices (NDWI, Water Index (WI), Relative Depth Index 

(RDI), and two different formulations of fWBI, Moisture 

Stress Index (MSI), respectively) and water content were 

species specific. In this study we found that S. papillosum 

showed less clear saturation of the water indices signals at 

higher water contents, possibly because it prefers wetter 

microhabitats compared to S. capillifolium.  

Statistical testing of the field data did not show any 

significant relationships between soil moisture or WTD and 

either of the two indices. Harris et al. [8] did find significant 

relationships between the fWBI and the moisture content in 

the top 6 cm (measured using a ThetaProbe), and between the 

fWBI and water table depth, at their study site at Cors Fochno, 

Wales. The relationship was particularly clear in their data 

from September 2002, when rainfall was less than half the 

average precipitation for the month. Meingast et al. [12] also 

found strong field relationships between water indices and soil 

moisture during a drought simulation experiment. This 

indicates that the relationship between soil moisture and water 

indices may be stronger when a larger range of water contents 

is included, and our study period was continuously wet as 

indicated by the SMD values that were negative for almost the 

entire growing season except a short period in May. It is only 

in this dryer May period that a decrease in water table depth 

and soil moisture, and also in both water indices, was 

observed. Future studies assessing the performance of these 

indices during drought periods in the field would be useful.  

It is interesting that the field values from the two water 

indices were mainly in the lower part of the range seen in the 

laboratory study. This could suggest that the collars measured 

in the field were drier than the saturated Sphagnum samples, 

and is probably also indicative of the wider mix of vegetation 

that was present in the collars affecting the signal [12]. This is 

supported by the Sphagnum-dominated collars having higher 

NDWI values than the non-Sphagnum dominated collars. The 

optimum plant tissue water content for Sphagnum mosses is 

around twenty times their dry weight, but much less for other 

plants such as shrubs and sedges also present at our field sites 

[23], [44].  

These results show that both the water indices considered in 

this study are very sensitive to vegetation water content, and 

there is minimal difference in performance between the two 

tested indices. This suggests that the broad-band NDWI which 

can be calculated from freely-available satellite data performs 

as well as the fWBI using hyperspectral data, similar to results 

found by Meingast et al. [12].  

B. GPP 

All the vegetation indices tested had some relationship with 

GPP in both the pure Sphagnum samples tested in the 

laboratory and the mixed peatland species in the field. The 

three indices with the strongest correlations to GPP, the 

NDVI, EVI and Clm, are all based on the difference between 

the red and the NIR reflectance. The PRI has no connection to 

the red absorption band, and the SIPI only makes slight use of 

the wavelengths in this region.  

The poor overall performance of the PRI contrasts with Van 

Gaalen et al.’s [11] work, which indicated a good relationship 

between PRI and photosynthesis in Sphagnum samples. 

However, their experiments were over much shorter 

timescales (minutes rather than weeks or months); PRI may 

therefore be effective in providing information about short-

term changes in Sphagnum carbon flux, but not as useful in 

longer-term studies such as those involving satellite data. 

Harris [9] agrees with the current work in finding that PRI has 

a poor correlation with photosynthetic efficiency pooled 

amongst different Sphagnum species. Harris suggested that 

this might be due to species-specific differences, which is 

supported by our findings that PRI has a relatively strong 

linear relationship with GPP changes in S. capillifolium but 

not in S. papillosum. Interestingly, Van Gaalen et al. [11] and 

Harris [9] found most relationships between photosynthesis 

and PRI to be positive, whereas all significant relationships in 

this study were negative. This may be due to the time period 

over which measurements were taken; it is possible that the 

xanthophyll mechanism is also limited by prolonged drought. 

Another cause might be changes in the physical structure of 

the Sphagnum affecting light scattering and so disrupting the 

clarity of the wavelengths measured to calculate the PRI. Sims 

et al. [45] found that the PRI relationship with light use 

efficiency changed dramatically at their Californian heathland 

study site during a severe drought year in comparison with 

wetter years.  

Harris [9] showed results from a laboratory study 

comparing photosynthetic efficiency (measured using 

chlorophyll fluorescence, ФPSII) of water limited Sphagnum 

mosses to spectral indices. In agreement with the current 

work, Harris’ study found that the NDVI gave a strong 

positive correlation with the photosynthesis of all samples 

(0.68 Pearson’s correlation). However, Harris found that SIPI 

gave a better correlation with pooled photosynthetic efficiency 

data from all samples (-0.76). In our study, the SIPI gave 

significant results in both the field and the laboratory, but the 

agreement with GPP was not as strong as the NDVI, EVI or 

Clm.  

Letendre et al. [13] also completed a field study comparing 
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chamber carbon fluxes with spectral data from a handheld 

spectroradiometer but found that NDVI explained only 15% of 

the variation in GPP, whilst CIm explained 57%. Our study 

showed similar results for CIm, with GPP explaining 60% of 

the variance in CIm in the field (and 43% in the lab), but we 

showed much stronger relationships for NDVI than Letendre 

et al., with GPP explaining 49% of the variance in NDVI in 

the field (and 38% in the lab).  

The field relationship between the NDVI, EVI and SIPI 

vegetation indices and GPP was found to vary by month, and 

to a lesser extent the CIm relationship. The slope of the 

relationship between these three indices and GPP in the lab 

work was closest to the steeper slope seen in March in the 

field data, compared to the shallower slopes later in the 

season. The steeper lines in the laboratory and in March are 

most likely due to healthy plants having high NDVI values, 

but not optimal conditions for photosynthesis. The most 

probable limiting factor in the laboratory was light 

availability, whilst in the colder months in the field both light 

and temperature would have affected photosynthesis.   

In models which attempt to use vegetation indices to 

estimate peatland photosynthesis, the difference in slopes at 

different times of the year could be compensated for in a 

model that uses NDVI or EVI by adding a seasonal 

component, or a temperature component, as seen in Lees et al. 

[47]. This method would allow a linear relationship between 

GPP and the vegetation index to be assumed, but would 

reduce the unrealistically high values of GPP estimated in the 

colder months.  

 Comparing the field and laboratory results showed that 

pure Sphagnum in the laboratory had higher values than the 

field collars of the NDVI and EVI, and lower values of the 

SIPI and PRI. The differences between the Sphagnum/non-

Sphagnum dominated collars also suggested that Sphagnum 

has higher values of NDVI and EVI, and lower of SIPI and 

PRI. This agrees with Whiting's [48] findings that Sphagnum 

may give unusually high NDVI values compared to other 

blanket bog vegetation, due to its higher NIR reflectance. 

Similarly, Cole et al. [49] found that the PRI is very sensitive 

to the differences between bryophytes, shrubs and graminoids, 

particularly in the summer months. As Sphagnum is a more 

dominant component of GPP in the field earlier in the year, 

before leaf emergence in vascular plant, differences between 

the Sphagnum and non-Sphagnum dominated collars are 

smaller in the earlier months. The CIm did not show these 

differences, and might therefore be a good index for use over 

peatlands where vegetation composition is not known.  

V. CONCLUSIONS 

Both the water indices considered in this work had 

significant relationships with the moisture contents measured 

in the laboratory, but not with field data. The values of the 

water indices measured in the field were towards the lower 

end of those measured in the laboratory drought study on pure 

Sphagnum samples, suggesting that water indices can detect 

the higher water contents of Sphagnum mosses compared to 

other peatland vegetation species. Both water indices had 

similar relationships with water content in Sphagnum, 

suggesting that the broad-band NDWI can give equally strong 

results relative to the hyperspectral fWBI.  

All vegetation indices tested in this study gave significant 

relationships with GPP in the laboratory and the field, 

although the PRI was clearly the least successful on mixed 

vegetation species. The indices which focused on the 

difference between the red and NIR zones (NDVI and EVI), 

and the CIm which uses the red-edge, gave the best agreement 

with GPP in both the field and the laboratory. Most of the 

vegetation indices considered showed consistent differences 

between Sphagnum and more mixed peatland vegetation, with 

the exception of the CIm. We therefore suggest that the CIm 

may be the best index to use in estimating GPP where the 

vegetation composition of a peatland area is unknown. The 

EVI gave slightly higher R2 results than the NDVI in both 

experiments, and can therefore be considered the best broad-

band index for estimating GPP. We suggest that the NDVI and 

EVI can give valuable large scale estimates from freely-

available satellite data, particularly when modified with a 

seasonal factor. The PRI performed poorly on mixed 

vegetation species, but gave a strong result in detecting 

drought stress in S. capillifolium; we therefore recommend 

that the PRI may be best suited to small-scale estimation of 

GPP in known species.   

Future work should consider calculating these indices from 

airborne and satellite data and assessing whether the 

relationships between water, GPP, and indices are consistent 

over different scales.  

APPENDIX 

To reduce the effect of varying background light levels, due 

to working in a laboratory with access to natural light, a PAR 

(µmol/m2/s) sensor was added to the experimental set-up after 

noticing the effect in preliminary data.  Calculations were then 

applied to remove the effect of background light levels on 

GPP, based on linear models fitted to control samples 

monitored across the measurement periods. In the first four 

weeks of the experiment, before the PAR sensor was added to 

the set-up, measurement time was used as a proxy for PAR 

and corrections applied accordingly. The correction equation 

is thus: 

 

GPPcorrected = GPP - 0.0204 × PAR + 1.4      (2) 

 

And in the first four weeks: 

 

GPPcorrected = GPP - 0.0054 × measurement time + 0.2  (3) 
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