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Natural gas leakage from underground pipelines is known to affect vegetation

adversely, probably by displacement of the soil oxygen needed for respiration.

This causes changes in plant and canopy reflectance, which may serve as

indicators of gas leakage. In this study, a covariance analysis was performed

between reflectance indices of maize (Zea mays) and wheat (Triticum aestivum)

canopies and oxygen concentrations in a simulated natural gas leak. Twenty-nine

days after oxygen shortage occurred, the reflectance indices had the highest

correlation with oxygen concentrations in the soil, for both species. The effect

was consistent within species but the absolute values varied between the species.

Normalization by adding a constant value to the control index of one species

resulted in significant linear regression models for several indices. The indices

with the highest regression coefficients were used to predict the oxygen

concentration in the soil. This showed that the gas leakage caused reflectance

changes up to 0.5 m from the source. As it could not be proven that oxygen

shortage was the cause of the reflectance changes, further work is needed to study

the side-effects of gas leakage, such as bacterial oxygen depletion, on plant

growth and reflectance.

1. Introduction

Gas pipelines that are buried in the soil leak for several reasons, of which ageing and

accidents are the most common. If these leaks are large or remain undiscovered for a

long time, large quantities of explosive gases can collect in the soil, giving rise to

potentially dangerous situations. In the USA alone, the National Transportation

Safety Board (NTSB) has reported millions of dollars in losses and several casualties

due to gas pipeline leakage (NTSB 2001, 2003). The existing techniques for

monitoring gas leakage are time-consuming and expensive (Tedesco 1995, Zirnig
et al. 2002), and remote sensing has been suggested as an alternative method for leak

detection (Zirnig et al. 2002, Van Persie et al. 2004). Above-ground changes in

vegetation growth due to gas leakage are visible as changes in reflectance, which

could serve as an indicator of gas leakage. Natural gas in the soil displaces the

normal soil air, leading to a reduction in soil oxygen concentration (Hoeks 1972,
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Arthur et al. 1985), and consumption of methane by aerobic bacteria may further

deplete soil oxygen (Steven et al. 2006). In general, soil oxygen shortage affects plant

growth negatively, leading to reduced root and shoot growth and reduced dry

weight (Drew 1991). Pysek and Pysek (1989) found that natural gas leakage

decreased canopy cover, reduced species diversity, increased reflectance at red

wavelengths and decreased reflectance in the near-infrared. Smith et al. (2004b)

found a decrease in bean and wheat growth as a result of simulated gas leakage, and

a change in reflectance properties in the 700–740 nm region (the ‘red edge’). In

another study, Smith et al. (2004a) demonstrated that soil oxygen displacement by

natural gas, argon, nitrogen and waterlogging caused an increase in reflectance in

the visible and a change in the shape and position of the red edge. These results

indicated that the changes in reflectance due to gas leakage may be caused by

oxygen shortage and not by the natural gas itself (Smith et al. 2004a). Bammel and

Birnie (1994) found that the red edge was shifted towards shorter wavelengths in

sagebrush as a result of hydrocarbon-induced stress, while Crawford (1986) detected

an increase in reflectance in the visible light and shift in the red edge position (REP)

towards shorter wavelengths in Douglas-fir trees growing in an area of hydrocarbon

microseepage. By contrast, Yang et al. (1999) found a shift of the REP towards

longer wavelengths in a wheat field located in a hydrocarbon microseepage area.

To test whether changes in soil oxygen concentrations can be related to canopy

reflectance, we designed an experiment in which maize (Zea mays) and wheat

(Triticum aestivum) were grown over a simulated natural gas leak. Several

hyperspectral reflectance indices were calculated to study their relationship with

the soil oxygen concentration. Our focus was on finding indices that can predict

oxygen concentrations based on both the maize and wheat canopy reflectance and at

several moments in time, increasing the probability of finding a general reflectance

index that can serve as a non-destructive method for gas leak detection.

2. Methods

2.1 Experiment set-up

Natural gas was delivered to 2.5 m square canopy plots of maize (Zea mays cv

Nescio) and wheat (Triticum aestivum cv Pasteur), located at the Sutton Bonington

campus of the University of Nottingham, UK (52.8uN, 1.2uW). Two maize plots

(Mg1 and Mg2) and two wheat plots (Wg1 and Wg2) received gas, while two other

plots were gas free (Mc and Wc). The seeds were sown on 10 June 2003. When both

species had developed four leaves and the canopy cover was at least 15%, the gas

was switched on (t1). The soil consisted of a 30 cm top layer of clay loam overlying a

70 + cm clay and marl horizon (Reeve 1975). Mains gas is dehydrated during

processing (Kennedy 1993), so to avoid dehydration of the soil, the plots were

watered regularly and a moist soil condition was maintained.

2.2 Gas delivery

Mains natural gas was delivered through a 25 mm pipe into the soil 1 m below the

centre of each plot for 45 days. The gas flow, which was fixed at approximately

100 l h21, was distributed through small holes at 3 cm intervals around the lower

20 cm of the pipes. To enable soil gas and oxygen concentration measurements, four

plastic tubes of 4 cm diameter were inserted in the soil up to 50 cm deep, at 50, 100,

150 and 200 cm from the edge of each plot (figure 1). A GMI Gasurveyor methane

5988 M. F. Noomen et al.
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monitor was attached to the outflow side of each tube to measure the volume

percentage of soil methane and oxygen in the soil. Gas measurements were

performed daily between 0800 and 0900 h.

2.3 Canopy growth

On each sampling day, the average height of 12 plants per plot was measured using a

stratified random sampling design (Webster and Oliver 1990). The percentage

canopy cover was estimated on 50 by 50 cm squares. At t16 and t35, leaf moisture

content was measured on eight leaves from each plot centre. The leaves were clipped,

weighed, cooled in ice and transported to the laboratory within 2 h after clipping.

The leaves were dried in an oven at 70uC for 4 days, then weighed again, and the

moisture content (MC) calculated as:

MC~100
F{D

F
ð1Þ

where F is the fresh weight and D the dry weight.

Leaf chlorophyll was measured at 29, 35 and 42 days (t29, t35 and t42) after gassing

started. Four leaves were taken from each plot centre, after which chlorophyll was

measured following the method described by Bruinsma (1963).

2.4 Canopy spectral measurements

As only three plots were available per species, the plots were divided into 16 virtual

blocks of 50 by 50 cm to increase the number of observations. Twelve blocks were

used for the canopy spectral measurements, while four were used for destructive

analysis (respectively R and D in figure 1(b)). The outer 25 cm of the plots was not

used for measurements to avoid edge effects. Spectral measurements were taken

weekly using an ASD Fieldspec Pro spectroradiometer, which has a sampling

interval between 1.4 nm and 12 nm but produces 1 nm interval readings over the full

wavelength range (350–2500 nm). The sensor, a 1.5-m-long fibre optic cable with 25u
field of view, was held approximately 1 m above the plant surface to view a block of

50 by 50 cm. Spectral measurements were made between 1030 and 1300 h in sunny

Figure 1. (a) Maize plot with four plastic tubes for measuring the gas concentration. (b)
Division of the plot in virtual blocks of 50 by 50 cm. R, blocks used for reflectance
measurements; D, blocks used for destructive measurements.

Gas leak effects on maize and wheat 5989
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weather. Every 10 minutes, reference measurements were taken of a halon white

panel for the internal calibration of the instrument. Each spectrum is an average of

25 samples, while five spectra of each block were averaged to compensate for

differences in reflectance owing to varying leaf angles (or bidirectional reflectance

distribution function (BRDF)) (Nicodemus 1977, Sandmeier and Deering 1999).

2.5 Data analysis

It was expected that changes in oxygen concentration would affect vegetation

vigour, which in turn would alter canopy reflectance. Even though this meant that

there would only be an indirect relationship between oxygen concentration and

reflectance, they were correlated to study the nature of their relationship. At 10

sample points (located at 25, 75 and 400 cm from the source) both the oxygen

concentration and reflectance were measured. These points were used for an analysis

of covariance between reflectance indices and oxygen concentration. This analysis

tests whether the effect of the continuous predictor (the reflectance index) on the

dependent variable (oxygen concentration) is similar for both covariates (maize and

wheat). When the effect was similar, a simple linear regression analysis was used to

calculate the prediction power. This was done for five time-steps (t16, t22, t29, t35 and

t42). Fifty-one hyperspectral indices that are known to react on changes in

vegetation vigour were selected for the analysis. Most indices are reflectance ratios

in the visible and near-infrared, while a few indices are located in the shortwave

infrared (table 1).

For prediction accuracy, only those models that had a coefficient of determina-

tion (R2) of 0.5 or higher (arbitrarily chosen to reduce the number of weakly

predicting indices) were selected for modelling oxygen concentrations under the four

gassed plots and the two control plots. Based on the measured gas concentrations

and the canopy patterns, the expectation was that the predicted oxygen concentra-

tion would be lowest close to the gas source, increasing with distance from the

source to a value of 20% on the control plots.

3. Results

3.1 Gas distribution

The total amount of delivered gas varied between the different plots (table 2).

However, the gas distribution within the plots was similar for each plot, with a high

gas concentration in the centre of the plot and decreasing concentrations towards

the edges. The oxygen concentration in the control plots was on average 20%. In the

gassed plots oxygen concentrations decreased towards the centre to an average of

11% (table 2). The correlation between the gas and oxygen concentration in the soil

was linear (figure 2).

3.2 Canopy growth

In the central 50 cm of the gassed maize plots, the average plant height was reduced

by 22%, the canopy cover and number of leaves per plant by 10%, and chlorophyll

content by 44% compared to the control (table 3). The height and cover of the wheat

was reduced by less than 5% compared to the control, but the number of leaves in

the centre 50 cm of the plot had decreased by 27% and the chlorophyll content by

50%. Outside the central 50 cm, the canopy characteristics were within 5% of the

5990 M. F. Noomen et al.
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control values, except that the number of leaves of the wheat plants was reduced by

21%. Leaf moisture content was similar for the gassed and control plants at both t16

and t35 (table 3).

3.3 Reflectance

Commonly used reflectance indices indicated that the plants on the gassed plots

were stressed: the Normalized Difference Vegetation Index (NDVI) was lower

during the whole experiment, while the REP was located at shorter wavelengths

(figure 3; for equations of NDVI and REP see table 1). This is in accordance with

results from a study by Smith et al. (2004b), who found the REP of gassed bean and

barley located at shorter wavelengths compared to control plants.

3.4 Regression results

A covariance analysis between each reflectance index and oxygen concentration was

performed at t16, t22, t29, t35 and t42. Those indices that yielded significant correlations

(p,0.05) were selected to check whether there was a difference between the maize and

wheat (covariates). Nine indices resulted in significant models at t16, 34 indices at t22, 48

indices at t29 and no indices at t35 and t42. Of these indices, two, 18 and one indices,

respectively, at t16, t22 and t29 predicted the oxygen concentration without species effect

(‘O’ in table 4). Scatterplots of the indices against the oxygen concentration indicated

that, although there is a difference in absolute index values, the slope of the regression

equation between oxygen and index was very similar for both species (figure 4). If the

difference between the absolute index values could be removed, the models would be

expected to be significant without a difference between species. A simple way to remove

the difference between species was to subtract the control values of wheat (Wc) from

the control values of maize (Mc), and subsequently add this index difference (ID) to all

wheat values:

Step 1:

I Mcð Þ{I Wcð Þ~ID ð2Þ

where I(Mc) is the index value of the maize control plot and I(Wc) is the index value of

the wheat control plot;

Step 2:

I Wg, Wcð ÞzID~I 0 ð3Þ

where I(Wg, Wc) is the index value at the gassed and control wheat plots, respectively.

I9 is then the normalized index on the wheat plots, which can be compared directly

with the index values on the maize plots.

Consequently, a new covariance analysis was performed on the transformed data,

which resulted in respectively 15, 20 and 20 significant models at t16, t22, and t29 in

which the species effect was removed (table 4), while at t35 and t42 normalization had

no effect. Besides the large increase in the number of indices that predict the oxygen

concentration, normalization also resulted in a small increase in R2 for the majority

of the indices that were significantly correlated to oxygen before normalization.

Before normalization there were no indices that could predict soil oxygen at each

date, yet after normalization there were six indices that could be used to predict soil

oxygen at t16, t22, and t29: CTR2, LIC1, LIC3, mNDVI705, OSAVI and NDVI705

(table 4). The highest regression coefficients were found at t29.

Gas leak effects on maize and wheat 5991
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Table 1. Reflectance indices tested in this study.

Index name Equation Reference

Anthocyanin Reflectance Index 1 (ARI1) (1/R550)2(1/R700) Gitelson et al. 2001
Anthocyanin Reflectance Index 2 (ARI2) R800[(1/R550)2(1/R700)] Gitelson et al. 2001
Blue/Green Index (BGI1) R400/R550 Zarco-Tejada et al. 2005
Blue/Green Index (BGI2) R450/R550 Zarco-Tejada et al. 2005
Blue/Red Index (BRI1) R400/R690 Zarco-Tejada et al. 2005
Blue/Red Index (BRI2) R450/R690 Zarco-Tejada et al. 2005
Carotenoid Reflectance Index 1 (CRI1) (1/R510)2(1/R550) Gitelson et al. 2002
Carotenoid Reflectance Index 2 (CRI2) (1/R510)2(1/R700) Gitelson et al. 2002
Carter Indices (CTR) CTR15R695/R420 Carter 1994

CTR25R695/R760 Carter 1994
Curvature Index (CUR) (R675R690)/(R683)2 Zarco-Tejada et al. 2000
Enhanced Vegetation Index (EVI) 2.5(RNIR2RRed)/(RNIR + 6RRed27.5RBlue + 1) Huete et al. 1997
Gitelson and Merzlyak (GM) GM15R750/R550 Gitelson and Merzlyak

1997
GM25R750/R700 Gitelson and Merzlyak

1997
Improved SAVI with self-adjustment factor L (MSAVI) 0.5{2R800 + 12[(2R800 + 1)228(R8002R670)]0.5} Qi et al. 1994
Lichtenthaler Indices (LIC) LIC15(R8002R680)/(R800 + R680) Lichtenhaler et al. 1996

LIC25R440/R690 Lichtenhaler et al. 1996
LIC35R440/R740 Lichtenhaler et al. 1996

Modified Cab Absorption in Reflectance Index (MCARI) [(R7002R670)20.2(R7002R550)](R700/R670) Daughtry et al. 2000
Modified Chlorophyll Absorption in Reflectance Index (MCARI1) 1.2[2.5(R8002R670)21.3(R8002R550)] Haboudane et al. 2004
Modified Chlorophyll Absorption in Reflectance Index (MCARI2) 1.5[2.5(R8002R670)21.3(R8002R550)] Haboudane et al. 2004

![(2R800 + 1)22(6R80025!R670)]20.5
Modified Red Edge Normalized Difference Vegetation Index
(mNDVI705)

(R7502R705)/(R750 + R70522R445) Sims and Gamon 2002

Modified Red Edge Simple Ratio Index (mSR705) (R7502R445)/(R7052R445) Sims and Gamon 2002
Modified Simple Ratio (MSR) (RNIR/RRed21)/[(RNIR/RRed)0.5 + 1] Chen 1996
Modified Triangular Vegetation Index (MTVI1) 1.2[1.2(R8002R550)22.5(R6702R550)] Haboudane et al. 2004
Modified Triangular Vegetation Index (MTVI2) 1.5[1.2(R8002R550)22.5(R6702R550)] Haboudane et al. 2004

![(2R800 + 1)22(6R80025!R670)]20.5
Moisture Stress Index (MSI) R1599/R819 Hunt and Rock 1989
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Index name Equation Reference

Normalized Difference Infrared Index (NDII) (R8192R1649)/(R819 + R1649) Hardisky et al. 1983
Normalized Difference Nitrogen Index (NDNI) log(1/R1510)2log(1/R1680) Serrano et al. 2002

log(1/R1510) + log(1/R1680)
Normalized Difference Vegetation Index (NDVI) (RNIR2RRed)/(RNIR + RRed) Rouse et al. 1974
Normalized Difference Water Index (NDWI) (R8572R1241)/(R857 + R1241) Gao 1995
Normalized Phaeophytinization Index (NPI) (R4152R435)/(R415 + R435) Barnes 1992
Normalized Pigment Chlorophyll Index (NPCI) (R6802R430)/(R680 + R430) Penuelas et al. 1994
Optimized Soil-Adjusted Vegetation Index (OSAVI) (1 + 0.16)(R8002R670)/(R800 + R670 + 0.16) Rondeaux et al. 1996
Photochemical Reflectance Index (PRI) (R5312R570)/(R531 + R570) Gamon et al. 1992
Plant Senescence Reflectance Index (PSRI) (R6802R500)/R750 Merzlyak et al. 1999
Red Edge Normalized Difference Vegetation Index (NDVI705) (R7502R705)/(R750 + R705) Sims and Gamon 2002
Red Edge Position Index (REP) Max. in first derivative between R690 and R740 Curran et al. 1995
Red/Green Index (RGI) R690/R550 Zarco-Tejada et al. 2005
Renormalized Difference Vegetation Index (RDVI) (R8002R670)/!(R8002R670) Rougean and Breon 1995
Simple Ratio Index (SR) RNIR/RRed Rouse et al. 1974
Simple Ratio Pigment Index (SRPI) R430/R680 Penuelas et al. 1995
Structure Insensitive Pigment Index (SIPI) (R8002R450)/(R800 + R650) Penuelas et al. 1995
Sum Green Index (SG) Average of R500 till R600 Gamon and Surfus 1999
Transformed CARI (TCARI) 3[(R7002R670)20.2(R7002R550)(R700/R670)] Haboudane et al. 2002
Triangular Vegetation Index (TVI) 0.5[120(R7502R550)2200(R6702R550)] Broge and Leblanc 2000
Vogelmann Indices (VOG) VOG15R740/R720 Vogelmann et al. 1993

VOG25(R7342R747)/(R715 + R726) Vogelmann et al. 1993
VOG35(R7342R747)/(R715 + R720) Vogelmann et al. 1993

Water Band Index (WBI) R900/R970 Penuelas et al. 1997
Zarco and Miller (ZM) R750/R710 Zarco-Tejada et al. 2001

Table 1. (Continued.)
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3.5 Prediction of oxygen concentrations

Overall, the regression coefficients were highest at t29 and lowest at t16. As the

analysis was based on just 10 points, an additional assessment was made of the

variation of the predicted oxygen concentrations on the control plots, where

Table 2. Average gas flow per hour under the four plots, and the average measured gas and
O2 concentrations and their standard deviations (SD) at 25 cm and 75 cm distance from the

source.

Plot
Average gas
flow (l h21)

Gas concentration (%)
¡SD O2 concentration (%) ¡SD

25 cm 75 cm 25 cm 75 cm

Maize plot 1 (Mg1) 102 10.01¡7.78 1.39¡1.82 12.62¡4.28 17.08¡1.19
Maize plot 2 (Mg2) 32 3.80¡4.79 1.07¡1.37 13.02¡3.40 18.99¡0.55
Wheat plot 1 (Wg1) 153 12.64¡7.79 0.65¡0.70 9.73¡4.98 18.13¡1.26
Wheat plot 2 (Wg2) 88 10.06¡8.37 1.09¡1.59 11.80¡4.92 19.20¡0.52

Average 93.75 9.13¡7.18 1.05¡1.37 11.79¡4.39 18.35¡0.88

Figure 2. Measured oxygen as a function of measured natural gas concentration. The regression
equation and R2 are shown.

Table 3. Average canopy characteristics¡standard deviation between t16 and t42.

Distance to
source (cm)

Plant
height (cm)

Canopy
cover (%)

Number
of leaves

Total chlorophyll
(mg g21)

Leaf
moisture* (%)

Maize
0–60 80.0¡23.0 67.2¡17.0 8.3¡1.2 1.77¡0.2 83.0¡0.6

61–125 97.7¡11.6 75.1¡1.0 9.2¡0.6 3.38¡0.2 –
>126 102.2¡3.2 75.2¡0.3 9.5¡0.4 3.17¡0.4 83.3¡1.3

Wheat
0–60 47.2¡4.0 40.3¡13.8 4.4¡0.8 2.03¡0.3 74.8¡2.1

61–125 47.5¡3.8 46.9¡0.6 4.7¡0.6 4.03¡0.2 –
>126 48.0¡2.2 42.5¡1.8 6.0¡1.0 4.03¡0.3 74.3¡1.6

*Leaf moisture was not measured in the region between 61 and 125 cm.

5994 M. F. Noomen et al.
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the oxygen concentration was 20%. The predicted control values at t29 were centred

mostly around 20% (table 5).

Graphs of the predicted oxygen concentrations on the gassed and control plots

against distance from the gas source show that, although the prediction equation was

based on both species, there is a difference in prediction accuracy between the maize

and wheat plots. In general, the indices performed better on the maize plots than on the

wheat plots. At t29 the pattern of low oxygen close to the gas source, which increases

with distance, was most clear on plot Mg1 (figure 5). All indices on this plot showed the

same pattern. Mg2, which received less than half the amount of gas compared to Mg1,

showed the same pattern when OSAVI was used but the other indices showed a less

clear pattern. On both wheat plots, OSAVI was the best predictor.

For the detection of gas leaks, it is important that areas with low oxygen are

clearly distinguishable from unaffected areas. An index that minimizes the

differences in the control canopy, and enhances the differences between the control

and the gassed canopy, is therefore preferable. Although LIC3 had the highest

regression coefficient, the oxygen predicted using the control wheat plots ranged

from 13% to 25%, compared to a range of 16–24% based on OSAVI. OSAVI was

deemed the best predictor at t29 as it maximized the differences between gassed and

control canopy (figure 5), while the average predicted oxygen values under the

control plots were closest to 20%.

At t22 the indices had regression coefficients below 0.7, resulting in less reliable

predictions of oxygen under the plots than at t29. As at t29, LIC3 for t22 had the

highest regression coefficient, but did not predict oxygen reliably under the wheat

plots. The best predictor at t22 was CTR2 (figure 6), although the patterns for

oxygen with distance from the source were less clear than at t29.

3.6 Maximum range of affected area

To determine the maximum distance between the gas source and the point beyond

which the gas had no influence, a curve was fitted through the predicted oxygen

values. To find the best-fitting curve, an assumption was made that the oxygen

concentration was 0% in the centre of the gas source, and increased towards 20% at

the unaffected areas. The measured oxygen concentrations O2 in the soil followed an

exponential relationship with distance:

O2~20:0 1{exp {0:033|Dð Þ
h i

ð4Þ

Figure 3. Variation in (a) Normalized Difference Vegetation Index (NDVI) and (b) red edge
position (REP) with time. Both indices are lower on the gassed plots, suggesting that the
gassed canopy is stressed.
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Table 4. Significant models (p,0.05) and values of R2 at three time-steps before and after normalization.

Index name

t16 t22 t29

Before After Before After Before After

Anthocyanin Reflectance Index 1 (ARI1)
Anthocyanin Reflectance Index 2 (ARI2)
Blue/Green Index (BGI1) OS O 0.37 OS
Blue/Green Index (BGI2) OS O 0.40
Blue/Red Index (BRI1)
Blue/Red Index (BRI2) OS O 0.62
Carotenoid Reflectance Index 1 (CRI1)
Carotenoid Reflectance Index 2 (CRI2)
Carter Indices (CTR1)
Carter Indices (CTR2) O 0.47 O 0.41 OS O 0.67 OS O 0.82
Curvature Index (CUR) OS
Enhanced Vegetation Index (EVI) OS O 0.46 O 0.44 OS
Gitelson and Merzlyak (GM1) O 0.43 O 0.59 O 0.57 OS
Gitelson and Merzlyak (GM2) OS OS
Improved SAVI with self-adjustment factor L (MSAVI) OS O 0.51 OS
Lichtenthaler Indices (LIC1) O 0.33 O 0.54 O 0.62 OS O 0.84
Lichtenthaler Indices (LIC2) O 0.53 O 0.61
Lichtenthaler Indices (LIC3) O 0.43 O 0.44 OS O 0.69 OS O 0.84
Modified Cab Absorption in Reflectance Index (MCARI) OS
Modified Chlorophyll Absorption in Reflectance Index
(MCARI1)

OS

Modified Chlorophyll Absorption in Reflectance Index
(MCARI2)

OS O 0.45 O 0.43 OS

Modified Red Edge Normalized Difference Vegetation
Index (mNDVI705)

O 0.42 OS O 0.67 OS O 0.73

Modified Red Edge Simple Ratio Index (mSR705) O 0.39 OS O 0.60 OS
Modified Simple Ratio (MSR) O 0.47 OS O 0.40
Modified Triangular Vegetation Index (MTVI1) OS O 0.27
Modified Triangular Vegetation Index (MTVI2) OS O 0.45 O 0.37 OS
Moisture Stress Index (MSI) O 0.43 OS O 0.82
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Index name

t16 t22 t29

Before After Before After Before After

Normalized Difference Infrared Index (NDII) OS O 0.76
Normalized Difference Nitrogen Index (NDNI)
Normalized Difference Vegetation Index (NDVI) OS O 0.54 O 0.62 OS O 0.84
Normalized Difference Water Index (NDWI) OS O 0.78
Normalized Phaeophytinization Index (NPI) O 0.50
Normalized Pigment Chlorophyll Index (NPCI) OS O 0.70
Optimized Soil-Adjusted Vegetation Index (OSAVI) OS O 0.43 O 0.55 O 0.53 OS O 0.64
Photochemical Reflectance Index (PRI) O 0.47 O 0.54 OS O 0.58
Plant Senescence Reflectance Index (PSRI) O 0.52 O 0.56 OS
Red Edge Normalized Difference Vegetation Index
(NDVI705)

O 0.42 OS O 0.67 OS O 0.72

Red Edge Position Index (REP) O 0.60 O 0.64 OS
Red/Green Index (RGI) OS O 0.78
Renormalized Difference Vegetation Index (RDVI) OS O 0.51 O 0.48 OS
Simple Ratio Index (SR)
Simple Ratio Pigment Index (SRPI) OS O 0.66
Structure Insensitive Pigment Index (SIPI) OS 0.32 O 0.57 O 0.59 OS O 0.77
Sum Green Index (SG)
Transformed CARI (TCARI) OS
Triangular Vegetation Index (TVI) OS
Vogelmann Indices (VOG1) O 0.40 O 0.56 O 0.63 OS
Vogelmann Indices (VOG2) O 0.58 O 0.61 OS
Vogelmann Indices (VOG3) O 0.57 O 0.60 OS
Water Band Index (WBI) OS O 0.53 OS O 0.75
Zarco and Miller (ZM) O 0.42 OS O 0.59 OS

OS, significant for oxygen and species, that is there is a significant difference between maize and wheat; O, significant for oxygen only.

Table 4. (Continued.)
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Figure 4. Covariance analysis shows that a regression between (a) NDVI and (b) LIC3
against oxygen concentration results in similar slopes but different intercepts for the two
species.

Table 5. Predicted oxygen concentrations¡standard error under the control maize and wheat
plots (n524) at three time-steps.

Index t16 t22 t29

LIC1 17.61¡1.23 19.17¡1.75 19.39¡2.40
LIC3 18.01¡1.78 18.84¡1.73 19.52¡2.38
CTR2 18.08¡1.42 19.13¡2.48 19.32¡2.65
mNDVI705 18.50¡1.39 20.12¡1.70 19.23¡2.23
NDVI705 18.46¡1.42 20.28¡2.13 19.30¡2.00
OSAVI 18.02¡1.51 17.95¡0.66 20.12¡1.84

Mean 18.11¡1.46 19.25¡1.74 19.48¡2.25

Figure 5. Predicted oxygen concentrations of (a) Mg1 and Mc, (b) Mg2 and Mc, (c) Wg1
and Wc, and (d) Wg2 and Wc at t29, based on OSAVI. An exponential curve that describes the
oxygen pattern is fitted to the data.
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where 20.0 is the maximum oxygen concentration, 20.033 defines the shape of the

fitted curve, and D is the distance to the gas source (R2 0.94; figure 7).

The same distribution was found in the predicted oxygen values. An exponential

curve was fitted through the predicted oxygen values on each plot and subsequently

the distance was determined beyond which the oxygen concentrations were not

distinguishable from those of the control. As the control concentrations contained

minimum values of 18.2% (t29) and 16.6% (t22), only values lower than these are

likely to be caused by gas in the soil. Therefore, the distance was calculated from the

gas source to the point where the oxygen concentration was 16% (table 6). The

distances beyond which the oxygen values were not distinguishable from the control

ranged from 30 to 50 cm, depending on the amount of gas the plot received and on

the species.

Figure 6. Predicted oxygen concentrations of (a) Mg1, Mg2, Mc and (b) Wg1, Wg2, Wc at
t22 based on CTR2.

Figure 7. Measured oxygen concentrations on all analysed plots with exponential fit (R2 of
0.94)

Table 6. Distance from gas source to point where
the oxygen concentration is 16% at t29.

Plot Distance (cm)

Mg1 51.5
Mg2 31.9
Wg1 40.0
Wg2 30.5
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4. Discussion

In this study, maize and wheat plant growth had a comparable reaction to gas in the

soil: only the plants growing within 50 cm of the gas source (where the average

oxygen concentration was 11%) were severely stunted. There are several possible

reasons for the changes in plant growth. One is that the measured oxygen con-

centrations in the gassed plots were well below ambient soil oxygen concentrations.

In general, oxygen deficiency disturbs metabolic processes in the plant, resulting in

reduced growth (Drew 1991), although rice (Oryza sativa) is a well-known exception

(Jackson and Pearce 1991, Justin and Armstrong 1991). The reaction of plants to

soil oxygen shortage depends on the duration of the oxygen shortage and the

species, as well as on the cultivar (Huang et al. 1994, 1997, Zaidi et al. 2003), and

conflicting results are reported about the concentrations at which O2 becomes

limiting to plant growth (Armstrong 1979).

In addition to the direct effect of reduced oxygen concentrations on plant growth,

oxygen shortage caused by gas leakage may cause changes in the redox potential and

the pH, leading to changes in mineralogy and nutrient availability (Schumacher 1996).

Another reason for the reduced plant growth could be the effect of natural gas

itself. However, previous studies have suggested that methane is harmless to plant

roots (Arthur et al. 1985, Smith et al. 2004a). As the soil oxygen concentrations in

this study were very low, it is assumed that any effect of methane on the roots would

be insignificant compared to the effect of the oxygen shortage. Bacterial methane

oxidation, during which bacterial by-products and carbon dioxide are produced

(Steven et al. 2006), may have been of more importance to plant growth. Literature

on the effects of soil CO2 on plant growth is sparse, but both Boru et al. (2003) and

Huang et al. (1997) showed that soil CO2 concentrations ranging from 10% to 50%

caused a reduction in leaf chlorophyll content for at least some of the plants tested.

CO2 concentrations in gas leaks rarely reach such high values (Steven et al. 2006),

yet future work could include measuring CO2 values during gas leakage to provide

information about the extent of methane oxidation.

Atmospheric methane concentrations were not measured on a continuous basis in

this experiment but it is assumed that the effects on plant growth were minimal.

Gustafson (1944) showed that above-ground parts of plants were not affected by 2%

methane in the atmosphere. Natural gas is lighter than air, so the gas can disperse

quickly. We did attempt to measure methane concentrations in the atmosphere

above the gassed plots but the gas dispersed too quickly to be detected.

Finally, a shortage of soil moisture due to the drying effect of the gas may have

affected plant growth. The high gas flow in the gas plots could potentially dry out

the soil, which could result in reduced water uptake by the plants. To avoid this, the

soil was kept moist by watering the plots regularly. Leaf moisture measurements

showed that the leaf water content of the gassed plants was similar to the water

content of the control plants, which suggests that the gas leakage did not lead to

water shortage. To control for the possible effects of decreased soil moisture, future

experiments should include a control plot to which normal air is delivered in similar

quantities as the natural gas.

4.1 Regression analysis

The indices used in this study were all based on canopy characteristics, such as

canopy density and chlorophyll content, leading to a clearly visible difference

6000 M. F. Noomen et al.
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between index values of the control and gassed canopies. Figure 3 shows that the

indices of maize and wheat exhibited a similar pattern in time but there was a

difference in absolute values between the species. In the regression analysis between

measured oxygen concentrations and reflectance indices, this was visible as a similar

slope for both species but a different intercept (figure 4). The main reason for the

difference in absolute values is the difference in canopy cover, which was on average

75% for the maize plots and 40% for the wheat plots. Canopy cover has been shown

to be linearly or logarithmically related to reflectance indices based on the visible

and near-infrared light, such as the NDVI, the type of relationship being dependent

on the index (Daughtry et al. 2000, Thenkabail et al. 2000). Consequently, the

difference in canopy cover caused the difference in absolute values between the

species.

As the focus of this paper was on finding a reflectance index that could be used to

detect low oxygen concentrations due to gas leakage for different species, the

absolute difference was removed using a simple normalization based on the indices

of the unaffected canopy. In this experiment, there were distinct treatment and

control canopies, but in reality it may be difficult to determine which is the

unaffected canopy. However, when this method was applied to detect leaks in gas

pipelines, the location of the pipeline would generally be known. The control canopy

could then be assumed to be more than 5 m away from the pipeline, and an average

value of several pixels could serve as control index for a certain species.

Normalization resulted in several indices that could predict oxygen concentra-

tions for both species, although at t29 the models yielded the highest regression

coefficients. At an earlier stage, the models are less powerful because of the lower

canopy cover, while at a later stage regression between indices and oxygen was not

possible. The reason for this is that, after t29, the maize plants growing adjacent to

the centre 50 cm of the gassed plots grew so large that they partly covered the gassed

area, leading to false canopy reflectance indices (figure 8). Therefore, at t29 the

probability of detecting gas leakage is highest, which is approximately halfway

through the growth cycle of maize and wheat (Grubben and Soetjipto

Partohardjono 1996) and 1 month after the gas was switched on. This is in

accordance with the findings by Pysek and Pysek (1989), who noted the first changes

in leaf reflectance on plants growing in a simulated gas leak after 15 to 30 days.

Smith et al. (2004b) found the first visible stress symptoms in grass that was gassed

with natural gas 1.5 months after the gassing started, but this experiment took place

in autumn, when the metabolic activity of the roots is low and plants are less

sensitive to oxygen shortage (Smith et al. 2004b).

Although the regression analysis was conducted between measured oxygen

concentrations and hyperspectral reflectance indices, there is no evidence that the

relationship is causal. As discussed earlier, the relationship between the oxygen and

the reflectance is indirect. Moreover, the changes in plant growth on the gassed plots

may have been caused by the oxygen shortage itself, but are more likely to be the

result of a combination of factors related to the gas leakage. As many unknown

factors influence the vegetation, it cannot be said with certainty that the patterns in

the canopy are caused by oxygen shortage alone. Therefore, the predicted oxygen

concentrations under the canopies should be considered as an indication of the

presence of gas leakage.

Extrapolation of the indices to the control and gassed plots showed that although

the regression equation was based on both species, in the field it performed better on
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the maize than on the wheat canopy. This was because the original regression fit was

stronger for the maize than for the wheat, if the species were separated (figure 4).

Moreover, because of the saturation of vegetation indices at high foliage cover

(Rondeaux et al. 1996, Daughtry et al. 2000, Thenkabail et al. 2000), subtle changes

in maize canopy structure caused by factors other than soil gas were less pronounced

than in the low cover of the wheat canopy, where even a small change in the

alignment of leaves could change the amount of soil visible to the sensor (figure 8).

These properties resulted in very similar predicted oxygen values by all tested indices

under the maize canopy, but in differences under the wheat canopy. At t29, LIC3

had the highest regression coefficient but on the control plots it performed worse

than the best predictor OSAVI. LIC3 is based on 440 and 740 nm, wavelengths that

are mainly affected by leaf chlorophyll content, internal leaf structure and leaf area

(Knipling 1970, Gausman 1974, Lichtenthaler et al. 1996). OSAVI is based on 670

and 800 nm, wavelengths that are affected by the same plant characteristics as LIC3,

but OSAVI is adjusted to remove soil variability (Rondeaux et al. 1996). As the

wheat canopy cover was only 40%, the soil had a major influence. Even though the

soil type under both plots was the same, adjusting for soil variability reduced

the standard deviation in oxygen predictions under the control plots by 9%,

increasing the reliability of the oxygen predictions.

At t22 the predicted oxygen values were overall less accurate, particularly under

the wheat canopy. The predicted O2 control values ranged from 14% to 25% for

LIC3, which had the highest regression coefficients but the worst prediction under

the wheat canopy. Although at t22 the canopy cover was even lower than at t29,

CTR2 (based on 695 nm and 760 nm) was a better predictor than OSAVI. Daughtry

et al. (2000) demonstrated that indices that are insensitive to soil reflectance, such as

OSAVI, are mostly related to canopy characteristics, such as LAI and foliage cover,

and less to chlorophyll differences. By contrast, Carter’s stress index has been shown

to be sensitive to changes in chlorophyll (Carter 1994, Carter and Miller 1994). At

Figure 8. (a) Maize canopy and (b) wheat canopy at t29.
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t22, the differences in canopy cover between the gassed and control plots were less

pronounced than at t29 (visible in the slope of the regression equations, table 7).

Therefore, we assume that at t29, the differences in canopy cover were so

pronounced that differences in leaf chlorophyll were overshadowed, while at t22,

chlorophyll differences were relatively more pronounced because of the less dense

cover. This is seen in the REP, which is in general a good predictor of chlorophyll

content (Horler et al. 1983, Boochs et al. 1990): at t22 the difference in REP between

gassed and control canopy is larger than at t29 (figure 3). This resulted in CTR2

being the best predictor at t22 and OSAVI being the best predictor at t29.

The maximum distance from the gas source at which the gas leakage could be

predicted in this study was 50 cm. As seen in figure 5, the lowest oxygen

concentrations occurred within 50 cm, but the exponential fit shows a decrease

starting approximately 100 cm from the source. As the gas leaked from a point

source, low oxygen concentrations could be detected in a circle of 1 m diameter

around the source, increasing the leak to a 2 m round-shaped feature. Thus, to detect

gas leakage by remote sensing, the sensor should have a spatial resolution of at least

1 m. Hyperspectral sensors of this resolution do not exist at present. To increase the

possibility of detecting small gas leaks, the profile of the leak could be incorporated.

Incorporation of spatial information significantly improved the detection chance of

natural gas seepages in Hungary and California (Van der Werff and Lucieer 2004,

Van der Werff et al. 2006). We hypothesized that if the search for gas leaks

incorporated the profile of the leak, being in the form of the exponential fit as in

equation (4), this would increase the chance of leak detection. The reason for the

small extent of the high gas/low oxygen area in this study was that the gas pipe was

situated in the clay layer. Gas diffusion is dependent on soil porosity, soil structure

(preferential pathways), and moisture content of the soil (Batjes and Bridges 1992,

Moldrup et al. 2000). Due to the low porosity of the clay, the gas did not spread far

from the exit point of the pipe. In less dense soil, the gas would probably spread

further, which would enhance the chance of leakage detection.

5. Conclusions

The relationship between low soil oxygen concentrations resulting from under-

ground gas leakage and canopy reflectance was studied. Although this relationship

is not causal, several reflectance indices based on maize (Zea mays) and wheat

(Triticum aestivum) canopy were linearly related to oxygen concentrations in the

soil. After normalization between species, six reflectance indices could predict

the soil oxygen concentrations under the canopy at three time-steps. However, the

Table 7. Regression equations for the six indices that were significant for three time-steps. O2

is the oxygen concentration (%) in the soil. The equations at t16 are not shown as their
regression coefficient was lower than 0.5.

t29 t22

O25221.19 + 44.476LIC1 O2521.64 + 24.266LIC1
O2525.992156.06LIC3 O2524.97289.806LIC3
O2523.49248.686CTR2 O2522.25225.276CTR2
O25212.13 + 42.376mNDVI705 O250.86 + 27.846mNDVI705
O2529.95 + 42.166NDVI705 O251.40 + 30.366NDVI705
O2526.74 + 32.106OSAVI O251.65 + 22.956OSAVI
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performance of each index varied with time, resulting in the best predictions 29 days

after gassing started, which was halfway through the growth cycle of the plants. Due

to the changing canopy characteristics, it was not possible to find one reflectance

index that could be used at any time during the growth cycle. Whereas at t29 OSAVI

was the best predictor based on the differences in canopy cover, at t22 CTR2 was the

best predictor because of the less dense canopy and larger differences in leaf

chlorophyll concentrations. Although the maximum distance at which gas leakage

could be detected based on oxygen concentrations was within 50 cm of the source,

the chance of detection would be increased by allowing for the exponential soil

oxygen profile. As the changes in canopy reflectance have not proven to be caused

by changes in oxygen alone, future work is needed on this topic to control for soil

moisture changes and bacterial oxygen depletion.
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