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Abstract 
 
Anomalous concentrations of natural gas in the soil may be sourced from leaking 
underground gas pipelines or from natural microseepages. Due to the explosive nature 
of hydrocarbon gases, early detection of these gases is essential to avoid dangerous 
situations. It is known that natural gas in the soil affects vegetation health, which may 
be detected through analysis of reflectance spectra. This thesis characterizes the effects 
of underground gas leakage on plant and canopy development and reflectance. Based on 
the reflectance properties, a general gas leak detection method is proposed.  
 
It was assumed that natural gas displaces the soil air and that oxygen shortage is the 
cause of changes in vegetation growth and reflectance; however it was not known 
whether the hydrocarbon gases have an additional effect on the vegetation. Therefore 
two experiments were performed to compare the effects of small gas leaks (without 
oxygen shortage) with large leaks (with oxygen shortage) on plant growth and 
reflectance. The small gas leaks were simulated by delivering natural gas, methane and 
ethane to pots with maize (Zea mays) and wheat (Triticum aestivum) plants. The large 
natural gas leak was simulated by delivering 2200 l of gas per day to 2 by 2 m maize 
and wheat canopy plots. Whereas in several studies a decrease in vegetation chlorophyll 
was one of the main indicators of large gas leaks, this study showed that leaf area is a 
better indicator of gas leakage. Moreover, it was shown that when the ethane 
concentration in the soil reaches 0.75%, plant growth is not only affected by oxygen 
shortage but also by the gas itself.  
 
The leaf reflectance of the plants was analysed using continuum removal of the blue 
(400-550 nm), red (550-750 nm) and two water absorption features (1370-1570 nm and 
1870-2170 nm). The analysis showed that ethane caused an initial increase of 10% in 
reflectance between 560 and 590 nm, followed by a decrease during the course of the 
experiment. All gases caused an increase in reflectance in the water absorption bands. 
The physiological reflectance index PRI, which has previously linked water stress to 
photosynthetic activity, suggested that the hydrocarbon gases (particularly ethane) 
decreased the photosynthetic activity of the plants. The combination of reduced band 
depths in the chlorophyll and water absorption regions and the increased PRI suggests 
that ethane gas in the soil hampered a normal water uptake by maize plants in an early 
stage of their growth.  
 
Since gas leaks are often accompanied by elevated carbon dioxide concentrations due to 
bacterial methane oxidation, an additional experiment was performed to study the 
effects of CO2 gas in concentrations ranging from 2% to 50% on vegetation reflectance. 
The red edge position in combination with a new index named the ‘yellow edge 
position’ showed that an increasing CO2 concentration corresponded to decreasing leaf 
chlorophyll. Two water absorption features at 1400 and 1900 nm indicated that a 
concentration of 50% CO2 decreased leaf water content. However, since other aspects 
such as the effects of oxygen shortage and ethane may either diminish or enhance the 
effects of CO2 on plant reflectance, the effects should be separated to know whether 
CO2 affects vegetation reflectance in a larger leak.  
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To define the effects of oxygen shortage on vegetation reflectance, measured oxygen 
concentrations were correlated with reflectance indices. Statistical covariance analysis 
indicated that at 29 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 between species resulted in significant linear regression models for six 
reflectance indices. However, the performance of each index varied in time, resulting in 
the best predictions 29 days after gassing started, which was halfway through the 
growth cycle of the plants. When the same normalization procedure was applied to 
differences in time, the Vogelmann index (Vog1; R740/R720) could predict oxygen 
concentrations under the maize canopy at any timestep. Oxygen concentrations 
predicted from the Lichenthaler index (LIC3; R440/R740) based on the wheat canopy 
were less reliable (R2 of 0.55) due to patchy growth on the control plots. When these 
indices were used to predict the oxygen concentration in the soil in order to detect the 
gas leak, the maximum distance to the gas source at which the oxygen concentration 
was reduced was just 0.5 m. However, when a filter is applied that searches for the 
round shape of the leak, the chance of detecting a gas leak is increased significantly. 
Leak detection should optimally take place when canopy cover is between 40 and 80%, 
or when the NDVI is between 0.6 and 0.9. LIC3 should be used at NDVI values below 
0.75, while Vog1 will be a better predictor under canopies of higher NDVI.  
 
In a large leak, ethane, CO2 and oxygen shortage all occur together. The effect of 
oxygen shortage in the simulated gas leak however was so strong that the additional 
effect of ethane could not be measured. The actual CO2 concentrations in the leak were 
calculated using a model that incorporates bacterial oxidising activity and continuous 
replenishment of the soil with methane and air. Soil CO2 concentrations did not reach 
values that are harmful to plants. It is therefore concluded that in a large leak, low 
oxygen concentrations are the main cause for changes in reflectance. 
 
Finally, the results of the simulated gas leaks were tested in the field in a natural 
hydrocarbon seepage area. Even though the hyperspectral imagery dated from several 
years earlier, the patterns observed in the field were also observed in the image using 
the indices proposed earlier. This supports the conclusion that the selected indices are 
not season dependent and can be used at any moment in time. Moreover, using indices 
that are related to biomass makes the method generally applicable. The disadvantage is 
that such indices lead to large number of false anomalies, however, including a filter in 
the analysis reduced the number of false anomalies remarkably and should therefore be 
an integral part of the detection process. 
 
In conclusion, this thesis has shown that gas leaks cause changes in vegetation 
reflectance as early as 2 weeks after gas leakage starts. If the spectral resolution of the 
sensor is high in the visible and NIR and the spatial resolution as high as possible 
(preferably as high as 1 m), vegetation reflectance can be used as indicator of gas 
leakage. 
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Samenvatting 
 
Abnormale concentraties aardgas in de bodem kunnen afkomstig zijn van ondergrondse 
lekkende gasleidingen of van natuurlijke gas sijpelingen. Omdat koolwaterstofgassen 
explosief zijn, is het van essentieel belang dat een gaslek zo vroeg mogelijk opgespoord 
wordt. Het is bekend dat aardgas in de bodem de gezondheid van de vegetatie aantast. 
De reflectie van deze vegetatie zou gebruikt kunnen worden om de gaslekken op te 
sporen. In dit proefschrift worden de gevolgen van ondergrondse gaslekkage op de 
ontwikkeling en de reflectie van vegetatie onderzocht. 
 
Tot nu toe werd aangenomen dat aardgas de normale bodemlucht verplaatst en dat 
zuurstoftekort de oorzaak is van veranderingen in de gezondheid en reflectie van 
planten. Het is echter niet bekend of de koolwaterstofgassen zelf een effect hebben op 
de vegetatie. Daarom zijn twee experimenten uitgevoerd waarin de effecten van kleine 
gaslekken (zonder zuurstoftekort) op plantengroei en reflectie vergeleken werden met 
de effecten van grote gaslekken (met zuurstoftekort). De kleine lekken werden 
gesimuleerd door kleine hoeveelheden aardgas, methaan en ethaan potten met mais (Zea 
mays) en tarwe (Triticum aestivum) te laten stromen. Het grote lek werd gesimuleerd 
door per dag 2200 l aardgas door een begroeid oppervlak van 2 bij 2 m te laten stromen. 
Terwijl tot nu toe gedacht werd dat een vermindering van bladchlorofyl een indicator 
was van gaslekkage, toont dit onderzoek aan dat bladoppervlak een betere indicatie is. 
Daarnaast werd aangetoond dat als de concentratie ethaan in de bodem 0.75% is, 
plantengroei niet alleen door zuurstoftekort wordt beïnvloed, maar ook door het gas zelf.  
 
De bladreflectie werd geanalyseerd door ‘continuum removal’ toe te passen op de 
reflectie in het blauwe licht (400-550 nm), het rode licht (550-750 nm) en in twee 
waterabsorptie gebieden (1370-1570 nm and 1870-2170 nm). Analyse van de reflectie 
in die gebieden toonde aan dat ethaan vroeg in het experiment een 10% hogere reflectie 
veroorzaakte in het gebied tussen 560 en 590 nm, maar dat dit verschil weer 
verminderde gedurende de rest van het experiment. Daarnaast veroorzaakten alle gassen 
een hogere reflectie in de waterabsorptie gebieden. Tenslotte suggereerde een verhoging 
van de fysiologische reflectie index (PRI) dat de koolwaterstofgassen (met name 
ethaan) de fotosynthese in de planten verminderden.  
 
Naast aardgas worden in een gaslek ook verhoogde concentraties koolstofdioxide 
aangetroffen. Koolstofdioxide (CO2) wordt geproduceerd door methaan-oxiderende 
bacteriën. Om te testen wat het effect is van verhoogde CO2 concentraties in de bodem 
op plantreflectie werd een experiment uitgevoerd waarin concentraties CO2 in de bodem 
varieerden van 2% tot 50%. De ‘red edge position’ (de reflectie tussen het rode en het 
nabij infrarode gebied) en een nieuwe index genaamd ‘yellow edge position’ toonden 
aan dat toenemende hoeveelheden CO2 overeenkwamen met een afnemend 
bladchlorofyl gehalte. Bovendien liet de reflectie in de waterabsorptie gebieden rond 
1400 en 1900 nm zien dat 50% CO2 in de bodem het watergehalte in de plant verlaagde. 
Omdat in een lek naast een (potentieel) verhoogd CO2 gehalte ook zuurstoftekort en 
ethaan de reflectie kunnen beïnvloeden, zullen de effecten afzonderlijk bestudeerd 
moeten worden om te begrijpen welk gas het grootste effect heeft.  
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Om het effect van zuurstoftekort op mais en tarwe bedekking te bestuderen, werd het 
zuurstofgehalte in de bodem gecorreleerd met 51 reflectie indices. Een covariantie 
analyse toonde aan dat de hoogste correlatie tussen de reflectie indices en zuurstof 
plaatsvond na 29 dagen. Het effect van de zuurstof op de indices was consistent voor de 
twee soorten, maar de absolute waarden verschilden. Nadat hiervoor genormaliseerd 
werd konden zes indices het zuurstofgehalte onder de vegetatiebedekking van beide 
soorten voorspellen, waarbij de hoogste correlatie halverwege de groeicyclus van de 
planten plaatsvond. Wanneer eenzelfde normalisatieprocedure toegepast werd op de 
verschillen in de tijd, kon de index Vog1 (R740/R720) de zuurstofconcentraties onder 
de mais bedekking voorspellen op elk tijdstip. Onder de tarwe bedekking was LIC3 
(R440/R740) een goede voorspeller van de zuurstofconcentraties, hoewel de 
regressiecoëfficiënt daar lager was door de onregelmatige groeipatronen. Wanneer deze 
indices gebruikt werden om zuurstofconcentraties onder de hele bedekking te 
voorspellen en daarmee de locatie van het gaslek te bepalen, bleek dat het 
zuurstofgehalte slechts tot een afstand van 0.5 m tot de gasleiding sterk verlaagd was. 
Wanneer echter een filter gebruikt werd dat zoekt naar de ronde vorm van een lek is de 
kans dat het lek ook daadwerkelijk ontdekt wordt sterk verhoogd. Tenslotte bleek dat de 
detectie van gaslekken het best plaats kan vinden wanneer de vegetatiebedekking tussen 
40% en 80% ligt, of in andere woorden, als de NDVI tussen de 0.6 en 0.9 ligt. Voor 
NDVI waarden onder 0.75 zou LIC3 dan gebruikt kunnen worden, terwijl voor hogere 
NDVI waarden VOG1 beter zal werken. 
 
In een groot gaslek komen ethaan, CO2 en zuurstoftekort tegelijkertijd voor. Het effect 
van zuurstoftekort op de reflectie is echter zo groot, dat het effect van ethaan niet 
gedetecteerd werd. Het effect van CO2 werd indirect bepaald door aan de hand van de 
gemeten zuurstofgehalten de CO2 concentraties te berekenen. Hierbij werd rekening 
gehouden met de oxiderende activiteiten van de methanotrofe bacteriën en de continue 
aanvulling van de bodem met methaan. Hieruit bleek dat de CO2 concentraties in de 
bodem geen waarden bereikten die de reflectie beïnvloeden. Hieruit kon geconcludeerd 
worden dat lage zuurstofconcentraties de voornaamste reden van reflectieveranderingen 
zijn.  
 
Tenslotte zijn de resultaten van de experimenten getest in een natuurlijke situatie. 
Terwijl de hyperspectrale beelden van dit gebied enkele jaren eerder gevlogen waren, 
konden de patronen in de begroeiing die in het veld werden waargenomen ook in de 
beelden worden gezien als de eerder voorgestelde indices gebruikt werden. Dit versterkt 
het vermoeden dat de indices seizoensonafhankelijk zijn en op elk moment gebruikt 
kunnen worden. Bovendien zijn indices die verschillen in biomassa aangeven plaats en 
soort onafhankelijk. Het nadeel is echter dat zulke indices meer gaslekken zullen vinden 
dan er in werkelijkheid zijn. Daarom zou het gebruik van een filter dat zoekt naar de 
ronde vormen van een gaslek een integraal onderdeel van de analyse moeten zijn.  
 
Tenslotte heeft dit proefschrift aangetoond dat gaslekken al veranderingen in 
vegetatiereflectie kunnen veroorzaken binnen twee weken na het begin van de lekkage. 
Geconcludeerd kan worden dat, als de spectrale resolutie van een sensor hoog is in het 
zichtbare en nabij infrarode licht en de ruimtelijke resolutie zo hoog mogelijk (minstens 
1 m), vegetatiereflectie als indicator kan dienen bij het opsporen van gaslekkage. 
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CHAPTER 1  
 
INTRODUCTION 
 
1.1 Why study hydrocarbon seepage?  
 
The presence of high concentrations of hydrocarbon gases such as methane 
(CH4) and ethane (C2H6) in the soil may have several reasons. When the pattern 
is very localized, a leaking underground gas pipeline may be the cause for the 
high gas concentrations, whereas large areas of increased hydrocarbon 
concentrations may be sourced from an underlying oil or gas reservoir. 
Hydrocarbon gases are explosive, so early detection of anomalous gas 
concentrations is essential to avoid dangerous situations. Moreover, leakage 
from gas transporting pipelines leads to a loss of revenue for gas companies. In 
the United States alone, the National Transportation Safety Board (NTSB) 
reported millions of dollars in losses and several casualties due to gas pipeline 
leakage (NTSB, 2001; 2003). Besides the safety and economic issues related to 
gas leakage, long-term gas seepage can contribute to global warming as 
methane has an 8 times stronger global warming potential than CO2 (IPCC 
2001). Fast and reliable detection methods therefore assist in decreasing the risk 
of gas explosions and facilitate the quantification of the methane budget. In this 
thesis the potentials of remote sensing techniques are studied in relation to the 
detection of anomalous concentrations of hydrocarbon gases in the soil. The 
following sections describe the mechanisms of gas leakage, its influence on the 
environment and the research questions of this thesis.  
 
1.1.1 Gas pipeline leakage  
 
Natural gas transporting pipelines can leak for long periods without being 
noticed, giving rise to potentially dangerous situations. One of the largest gas 
pipeline accidents in history took place in Ufa, Russia in 1989, where a spark 
from a bypassing train resulted in a gas explosion that killed 1400 people 
(Gurpinar et al., 2001). To ensure a safe gas transportation network, monitoring 
of pipelines should ideally take place continuously. Many gas pipelines are 
covered by 1 m of soil (Zirnig et al., 2002), which complicates the monitoring. 
Presently the most regularly used methods for monitoring gas pipelines are 
surveillance on foot and by helicopter, methods that are both time consuming 
and expensive (Zirnig et al., 2002; Van Persie et al., 2004). Other methods in 
use include measuring differences in pressure within the pipeline, acoustic 
methods that detect the hissing sound of escaping gas, and sniffer methods 
(Kennedy, 1993).  
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1.1.2 Natural hydrocarbon gas seepage 
 
High soil gas concentrations have been long documented. The gas was often 
accompanied by oil and tar, which was used by local inhabitants as an adhesive 
or coating. Native Indians in California used the tar to make their canoes 
waterproof (Kuhn, 2000). For over 100 years hydrocarbon gas seepage has been 
associated with underground oil and gas reservoirs (Link, 1952). Midway 
during the 19th century the first wells were drilled near oil seeps, after which 
many oil and gas reservoirs have been discovered.  
 
Hydrocarbon seepage results from oil or gas bearing reservoirs that are under 
pressure. Due to this pressure the hydrocarbons seep towards the surface. 
Higher molecular weight hydrocarbons (oil) often follow faults and cracks, 
whereas migration paths of low weight hydrocarbons (gases such as methane, 
ethane and propane) may be vertical, (long-distance) lateral (Schumacher, 2000) 
or along with groundwater movements (Horvitz, 1972; Abrams, 1996). The 
composition of the gas seeps varies with the reservoir, but in general the main 
constituent is methane, followed by ethane, propane and small quantities of 
other gases such as carbon dioxide and nitrogen (Olah and Molnar, 2003; 
Hoeks, 1972a).  
 
Hydrocarbon seeps are not only a link to underground reservoirs; they also 
pollute the environment. Offshore oil seepage causes large oil slicks floating on 
the water surface (MacDonald et al., 1989; Hornafius et al., 1999), while 
onshore oil seepage flows into rivers and pollutes the soil (Hodgson, 1980). Gas 
seepage can contribute to smog (Luyendyk et al., 2003) and gas-air mixtures 
can be explosive. Hydrocarbon microseepage contributes to global warming 
(Van der Meer et al., 2000), as methane has an 8 times stronger global warming 
potential than CO2 (IPCC 2001). Etiope and Klusman (2002) estimated that 
onshore and offshore hydrocarbon seepage emissions range from 30 to 70 Mt/y, 
which corresponds to 5 - 13% of the total methane budget as indicated by the 
Intergovernmental Panel on Climate Change (IPCC, 2001). To detect and 
quantify the escaping gas, several methods have been developed to map the 
location of hydrocarbon seeps, however due to the variability in seepage size, 
shape and activity, this has been a difficult task (Schumacher, 2000).  
 
1.1.3 Effects of high gas concentrations on soil 
 
Although pipeline leakage generally takes place on a shorter time-scale than 
natural hydrocarbon seepage, both seepage types result in anomalous gas 
concentrations in the soil. Hydrocarbon gases cause a wide range of changes in 
the soil environment, depending on soil type and duration of the gas seepage. 
When hydrocarbon gases such as methane and ethane collect in the soil, the 
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normal soil atmosphere is displaced, resulting in a decrease in soil oxygen 
(Schumacher, 1996). The oxygen concentration in the soil may decrease further 
due to methanotrophic bacteria that oxidize methane, thereby generating carbon 
dioxide and water (Hanson and Hanson, 1996). A study by Steven et al. (2006) 
showed that in addition to oxygen displacement by methane, bacterial oxygen 
depletion ranged from 1.8 to 4.7 % (as percentage of total soil air). These 
anaerobic soil conditions change the pH and cause a drop of the redox potential 
(Eh) (Schumacher, 1996; Adams and Ellis, 1960). The low redox potential 
reduces the pH of alkaline soils and increases the pH of acid soils (Neue, 1993). 
Adams and Ellis (1960) demonstrated that this neutralization of the pH in 
gassed soil led to increased availability of trace elements such as manganese 
and ferric iron. Schollenberger (1930) and Godwin et al. (1990) also detected 
increased manganese and ferric iron in gassed soil. Mineralogical changes due 
to changes in the pH and Eh include the formation of near-surface carbonates, 
pyrites, uranium, sulphides and bleaching of red beds (Schumacher, 1996; 
2001).  
 
1.1.4 Effects of hydrocarbon gas seepage on vegetation 
 
The changes in the soil atmosphere can have adverse effects on vegetation 
health. Most plants need oxygen for respiration of the roots and for proper 
uptake of water and nutrients (Drew, 1983). Generally, soil oxygen shortage 
leads to reduced root and shoot growth and reduced dry weight (Drew, 1991), 
although rice (Oryza sativa) is a well-known exception to this (Justin and 
Armstrong, 1991; Jackson and Pearce, 1991). The reaction of plants on soil 
oxygen shortage depends on the duration of the oxygen shortage, the species, as 
well as on the cultivar (Huang et al., 1994; Huang et al., 1997b; Zaidi et al., 
2003). Wheat cultivars showed a decrease in photosynthesis 8 days after 
initiation of low oxygen concentrations, while another three days later leaf 
chlorophyll content had decreased by 20 to 40% (Huang et al., 1997b).  
 
Bacterial oxygen depletion is accompanied by an increase in carbon dioxide 
(CO2) in the soil environment up to concentrations of 5% - 15% (Hoeks, 
1972a). High soil CO2 is known to kill trees and other vegetation by disrupting 
the root respiration and by acidification of the ground water (Macek et al., 
2005; Bergfeld et al., 2006). Boru et al. (2003) showed that soybean (Glycine 
max) subjected to CO2 concentrations ranging from 15 to 50% showed a 
reduction in leaf “greenness” as well as in shoot and root growth, whereas rice 
(Oryza sativa) was not affected by these concentrations. 10% CO2 in 
combination with 5% O2 in the soil significantly decreased shoot growth of two 
wheat (Triticum aestivum) cultivars, but photosynthesis and leaf chlorophyll 
content decreased for only one of the two cultivars (Huang et al., 1997b). CO2 
concentrations up to 2% did not affect citrus (Citrus volkameriana) or bean 
(Phaseolus vulgaris) dry weight (Bouma et al., 1997).  
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Changes in soil pH and redox potential (Eh) cause mobilization of possibly 
phytotoxic nutrients such as manganese and aluminium. Adams and Ellis (1960) 
suggest that the increased manganese found in gas-saturated soil could reach 
toxic levels for plant growth. Godwin et al. (1990) showed that up to a distance 
of 9 m from a leaking gas well, manganese increased 5 to 10-fold, approaching 
toxic levels. Dalziel and Donovan (1980) showed that leaves of pine and 
sagebrush growing over an oil field had an increased manganese-iron ratio.  
 
It is not known if hydrocarbon gases themselves affect plant growth. It is 
assumed that methane is not toxic to plant roots (Arthur et al., 1985) or 
aboveground parts of plants (Gustafson, 1944). In the 1960’s, several studies 
were done on the toxicity of natural gas after gas companies switched from 
delivering manufactured gas to natural gas. Whereas manufactured gas 
contained gases that are known to be toxic to plants such as ethylene and 
cyanogen compounds, natural gas is free of these (Bray, 1958; Braverman et al., 
1962). The main cause of injury to vegetation was believed to be oxygen 
shortage (Pirone, 1960), with a possible additional effect of the dryness of the 
gas (Bray, 1958), methane (Braverman et al., 1962) or CO2 (Hoeks, 1972a).   
 
In general, gas seepage causes a yellowing of the leaves (chlorosis), early fall of 
leaves and eventually premature death (Hoeks, 1972b; Bray, 1958). Pysek and 
Pysek (1989) showed that artificial gas leakage caused restricted growth, failure 
of reproduction and a change in vegetation diversity and cover. Godwin et al. 
(1990) showed that the growth of wheat (Triticum aestivum) was restricted 
within a radius of 2.5 to 3 m of a gas well, whereas rape seed (Brassica napus) 
showed a reduction in height up to 7 m away. Up to a distance of 1.5 m away 
from the wells, the weight of the roots of both species and the weight of the 
wheat stems were lower. Other studies also show that plants growing in soil 
contaminated by natural gas have chlorotic leaves or reduced growth (Oliveira 
et al., 1997; Smith et al., 2004b).   
 
 
1.2 Exploration methods 
 
Over time, several methods have been developed for the detection of gas 
seepage. A distinction is made between methods that measure the hydrocarbon 
gases directly, and methods that detect changes in the environment caused by 
hydrocarbon gases (Tedesco, 1995). Sokolov (1933) showed that the subsoil 
located over a gas field contained increased concentrations of hydrocarbon 
gases, while over large reservoirs elevated gas concentrations are found in the 
atmosphere (Tedesco, 1995). Tedesco (1995), Jones et al. (2000), Jones and 
Drozd (1983), and Harbert et al. (2006) describe several methods that could 
detect and quantify these subsoil hydrocarbon gases. The most well known 
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methods include the soil-probe technique where soil gases are sampled using a 
probe, the headspace technique where gases absorbed to clay particles are 
measured, and airborne sniffer methods where the atmosphere is sampled for 
hydrocarbon gases (Jones et al., 2000; Tedesco, 1995). Changes in mineralogy 
as a result of hydrocarbon gas seepage have been the focus of methods using 
magnetism, electricity and radioactivity (Schumacher, 1996; Smith and Rowe, 
1997; Ellwood and Burkart, 1996 and Aldana et al., 2003). Wagner et al. (2002) 
describe a microbial prospecting method that could separate methane-oxidizing 
bacteria from higher hydrocarbon oxidizing bacteria.  
 
For exploration of large areas, airborne detection methods are promising as they 
are time-consuming and rapid (Jones et al., 2000). However, direct detection of 
hydrocarbons has shown to be complicated. Leifer et al. (2006) recently 
quantified methane from natural marine hydrocarbon seeps using the absorption 
features between 2200 and 2340 nm on an AVIRIS image. This method is 
however less reliable to detect onshore seeps as background variability may 
obscure the absorption features (Leifer et al., 2006). Experimental studies on oil 
and gas seepage revealed that oil absorbs light at several wavelengths in the 
shortwave infrared region (SWIR), particularly around 1730 nm and between 
2300 to 2600 nm (Cloutis, 1989; Hörig et al., 2001; Kühn et al., 2004). Ellis et 
al. (2001) mapped oil seeps in California using field reflectance of oil seeps. A 
complicating factor of oil mapping is that the absorption features are subtle and 
the spectral signature of oil resembles the spectral signature of other organic 
materials and asphalt (Hörig et al., 2001).     
 
1.2.1 Vegetation remote sensing 
 
Since vegetation health is affected by hydrocarbon seepage, remote sensing may 
be used to detect these vegetation changes. The reflectance of healthy 
vegetation in the visible light is characterised by absorption features caused by 
plant pigments such as chlorophyll and carotenoids, while the near infrared 
(NIR) and shortwave infrared (SWIR) are characterised by four major water 
absorption features (Figure 1.1). The major absorption features are listed in 
Table 1.1. 
 
Another typical feature of healthy vegetation is the high reflectance in the NIR 
between 800 and 1100 nm, which is dependent on the internal leaf structure and 
leaf area (Gausman, 1974; Knipling, 1970). A decline in plant health is often 
noticed as an increase in reflectance in the absorption features and a decrease in 
NIR reflectance. This results in a shift of the slope between the red and NIR –
called the ‘red edge position’ – towards shorter wavelengths.  
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Figure 1.1 (left) Typical vegetation reflectance curve, with indication of major 
absorption features.  
Table 1.1 (right) Major absorption features in vegetation reflectance.  
 

 
 
 
 
Although several authors have attempted to determine the effects of 
hydrocarbon seepage on vegetation reflectance, the results are inconclusive 
(Table 1.2). Almeida-Filho et al. (1999) showed that the combination of 
bleached soil and lower vegetation cover in the microseepage area was 
detectable on Landsat TM images as an increase in the red and decrease in the 
near infrared reflectance. Richers et al. (1986) found a tonal anomaly on 
Landsat images of sagebrush (Artemisia tridentata) growing in the Patrick 
Draw hydrocarbon seepage area. However, two years later Scott et al. (1988) 
concluded that the tonal anomaly was more likely a result of other 
environmental causes than of hydrocarbon seepage. Several studies showed that 
the ‘red edge’ of vegetation canopies shifted towards shorter wavelengths when 
exposed to natural hydrocarbon seepage (Reid et al., 1988; Bammel and Birnie, 
1994) or to simulated gas leakage (Oliveira et al., 1997; Smith et al., 2004b). 
Yang et al. (1999; 2000) however found a shift of the red edge towards longer 
wavelengths in a wheat field growing in a microseepage area.  
 
 
 
 
 

Wavelength [nm] Caused by 
430 Chlorophyll a 
460 Chlorophyll b 
640 Chlorophyll b 
660 Chlorophyll a 
970 Water 
1200 Water 
1400 Water 
1940 Water 
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Table 1.2 Literature overview. NHS = Natural hydrocarbon seepage; NG = natural gas. 
- and + represent a decrease respectively increase in reflectance in VIS (visible) and 
NIR (near infrared), and a shift towards blue respectively red of the red edge position 
(REP) 
Literature Gas  Species Vegetation VIS NIR REP 
Richers et al., 
1986 

NHS Sagebrush, 
grassland 

Stunted  Tonal anomaly 

Scott et al., 
1988  

NHS Sagebrush, 
grassland 

 Conclusions by Richers incorrect 

Reid et al., 
1988 

NHS Deciduous 
trees 

   - - 
Pysek and 
Pysek, 1989 

NG; 250-300 
l/h 
[experimental] 

53 different 
species 

Restricted 
growth, 
decrease in 
vegetation 
cover  

 -  

Godwin et al., 
1990  

NG leakage 
from oil wells 

Wheat, rape 
seed 

Reduction in 
plant height  

   
Bammel and 
Birnie, 1994  

NHS Big 
sagebrush 

 Red & green 
shift towards 
blue 

 - 

Oliveira et al., 
1997 

NG 
[experimental] 

Grass, 
eucalyptus 

 - - - 
Almeida-
Filho et al., 
1999 

NHS ‘Savannah-
like 
vegetation' 

 + -  

Yang et al., 
1999, 2000 

NHS Wheat    + 
Smith et al., 
2004a 

NG, argon, 13 
l/h, between 50 
and 70% 
[experimental] 

Barley, 
bean 

   - 

Smith et al., 
2004b 

NG; 100 l/h; 
up to 54 % 
[experimental] 

Grass, 
wheat, bean 

Decrease in 
leaf 
chlorophyll  
 

  Change 
of shape 

 
 
1.3 Aim of this thesis 
 
Monitoring gas pipelines and gas seepage detection involves large areas, which 
are often vegetated. Since vegetation health is affected by gas in the soil, it 
could potentially be used as an indicator of anomalous soil gas concentrations. 
With the development of hyperspectral (high spectral resolution) remote sensing 
techniques, vegetation can now be studied in more detail, both spatially and 
spectrally. Promising relationships have been found between hyperspectral 
remote sensing and vegetation parameters (e.g. Thenkabail et al., 2000; Curran, 
1989; Carter and Miller, 1994; Kumar et al., 2001), but so far these have not led 
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to a full understanding of the effects of hydrocarbon seepage on vegetation 
health. The overview in Table 1.2 suggests that high gas concentrations in the 
soil lead to a decrease in plant growth and a shift of the red edge position 
towards the blue and/or a decrease in NIR (Pysek and Pysek, 1989; Oliveira et 
al., 1997; Smith et al., 2004b). However, the effects of lower gas concentrations 
are less conclusive (a shift of the red edge position towards the red (Yang et al., 
1999); the different conclusions of Richers et al. (1986) and Scott et al. (1988)). 
To fully understand the effects of hydrocarbon gas seepage on vegetation 
reflectance, in this thesis the effects of anomalous hydrocarbon gas 
concentrations on vegetation growth and reflectance are studied from leaf level 
to canopy patterns, using hyperspectral remote sensing.  
 
The following research questions form the basis of the thesis: 
 
o How does hydrocarbon seepage affect vegetation growth and reflectance? 
 
o Are the measured effects caused by the hydrocarbon gases themselves or by 

oxygen shortage? 
 
o Can anomalous soil gas concentrations be detected using vegetation remote 

sensing?  
 
The aim of the thesis is to characterize the effects of hydrocarbon gas seepage 
on vegetation growth and reflectance in order to design a general method for 
hydrocarbon gas detection - whether natural or from pipelines. To include all 
aspects of hydrocarbon gas seepage, the study was split in a) the effects of small 
quantities of hydrocarbons (methane, ethane and natural gas) on vegetation 
reflectance, and b) the effects of high soil gas concentrations accompanied by 
oxygen shortage. In addition, it was studied whether carbon dioxide 
concentrations that develop as a result of bacterial methane consumption affect 
vegetation reflectance.  
 
 
1.4 Structure of the thesis 
 
The structure of this thesis is as follows (see Table 1.3 for an overview of what 
is described in each chapter):  
 
Two experiments form the basis of this thesis. Both experiments deal with the 
effects of gas in the soil on vegetation growth and reflectance. In Chapter 2 
these experiments are described in detail; the subsequent chapters refer to this 
chapter for the methods. The aim of Chapter 2 is to understand the effects of 
low and high natural gas concentrations on maize and wheat growth and 
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morphology. Methane, ethane and natural gas are delivered in small 
concentrations to study the effects of the gases on plant morphology, while 
large concentrations of natural gas are delivered to maize and wheat canopies to 
study the combined effects of high gas concentrations and low oxygen 
concentrations on plant growth and canopy patterns.  
  
Whereas in Chapter 2 the effects of methane, ethane and natural gas were 
studied on plant morphology, in Chapter 3 the effects of these gases on leaf 
reflectance are studied. Continuum removal is applied to analyse the reflectance 
in two chlorophyll and two water absorption features.  
 
Since gas leaks are often accompanied by elevated carbon dioxide 
concentrations, in Chapter 4 it is determined whether soil carbon dioxide affects 
plant reflectance. Four indices are calculated on the first derivative reflectance 
to study the effect of 5 different carbon dioxide concentrations on maize leaf 
reflectance. A new index based is proposed to study chlorophyll differences. 
 
In Chapter 5 the effect of high gas concentrations on maize and wheat canopy 
reflectance is studied. 51 vegetation indices are correlated with soil oxygen 
concentrations. After normalizing for time or species, several reflectance 
indices can be used to estimate soil oxygen concentrations. The chance of 
detecting a gas leak is increased when the shape of the leak is incorporated.  
 
Chapter 6 analyses whether the effects of ethane and carbon dioxide as found in 
Chapters 3 and 4 can be measured when gas concentrations are high and oxygen 
concentrations low. The carbon dioxide concentrations are estimated by 
calculating the methanotrophic oxygen depletion in the gas leak.   
 
Whereas Chapters 2 to 6 are based on experiments, Chapter 7 describes 
vegetation patters and reflectance in a natural seepage area in California. The 
results from the previous chapters are used to detect seeps using hyperspectral 
imagery.   
 
In Chapter 8 (Synthesis) the results of all chapters are compared and combined, 
and the possibilities of using remote sensing for the detection of hydrocarbon 
gas leaks are discussed.  
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Table 1.3 Structure of thesis  
Where  Gas [concentration] O2 

shortage 
Species Measured Chapter 

Greenhouse 
(simulated) 

Natural gas [2.50 %] 
Methane     [2.49 %] 
Ethane        [0.73 %] 

No 
 
 
 

Maize, 
wheat 

Plant morphology,  
leaf reflectance 

2, 3  

 CO2 [2, 5, 10, 20, 50%] Partly Maize Plant morphology,  
leaf reflectance 
 

4 

Field 
(simulated) 

Natural gas [9.13 %] Yes Maize, 
wheat 

Plant & canopy 
morphology,  
leaf & canopy 
reflectance 

2, 5, 
6 

Field 
(natural)  

Hydrocarbon seepage 
[unknown] 

Yes Grassland 
vegetation

Canopy patterns, 
canopy reflectance 

7 
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CHAPTER 2  
 
THE EFFECTS OF UNDERGROUND NATURAL GAS 
LEAKAGE ON PLANT GROWTH  
 
2.1 Introduction 
 
Hydrocarbon gases in the soil may be sourced from natural hydrocarbon seeps 
or from leaking gas pipelines. Gas pipeline leaks are caused by aging of the 
pipelines or through human activities. If the leak is large or undiscovered for a 
long time, substantial volumes of gas are lost with an associated loss of revenue. 
Natural hydrocarbon seepage emissions contribute approximately 5 - 13% of the 
total methane budget (Etiope and Klusman, 2002). In general, the locations of 
long-term natural hydrocarbon seeps are known if they are located in populated 
areas so that care can be taken to avoid explosions. However earthquakes may 
cause a shift of their location (Jones and Burtell, 1996). When the hydrocarbon 
gases reach the atmosphere, they can form an explosive mixture with air, 
resulting in dangerous situations. Early detection of anomalous soil gas 
concentrations could therefore help to prevent dangerous situations.  
 
Remote sensing has been suggested as a new method for gas detection (Zirnig et 
al., 2002; Van Persie et al., 2004). The changes in vegetation growth due to gas 
leakage may be detected using remote sensing and as such could serve as 
indicator of gas leakage. For reliable gas leakage detection using vegetation 
reflectance, it is essential to know how the gas in the soil affects the vegetation 
and how this is related to the reflectance. The influence of leaking gas on 
vegetation was investigated by Pysek and Pysek (1989), who tested the 
influence of natural gas on 35 plant species. Nearly all species showed a 
moderate to strong reduction in growth. Many of the species did not flower or 
reproduce, while some did not grow at all. A similar trend was identified by 
Godwin et al. (1990), who tested the influence of gas migrating from two oil 
wells on the growth of wheat (Triticum aestivum) and rape seed (Brassica 
napus). The wheat showed a reduction in height within a radius of 2.5 to 3 m of 
the wells, whereas the rape seed showed a reduction in height up to 7 m away. 
Up to a distance of 1.5 m away from the wells, the weight of the roots of both 
species and the weight of the wheat stems were lower. The changes in growth 
were believed to be a result of low oxygen levels in combination with excess 
availability of nutrients such as manganese. Other studies show that plants 
growing in soil contaminated by natural gas have chlorotic leaves (Oliveira et 
al., 1997), reduced growth (Hoeks, 1972b; Smith et al., 2004b) and changes in 
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the spectral reflectance (Bammel and Birnie, 1994; Oliveira et al., 1997; Reid et 
al., 1988; Smith et al., 2004b; Yang et al., 1999).  
 
There is general consensus that stress symptoms in the plants arise from 
changes in the soil environment. The natural gas displaces the soil air, which 
results in oxygen shortage in the soil environment (Braverman et al., 1962; 
Hoeks, 1972a). The oxygen concentration in the soil may decrease further 
owing to methanotrophic bacteria, which oxidize the methane present in natural 
gas, generating high concentrations of carbon dioxide and water (Hanson and 
Hanson, 1996). A study by Steven et al. (2006) showed that in addition to 
oxygen displacement by methane, bacterial oxygen depletion ranged from 1.8 to 
4.7 % (as percentage of total soil air), depending on temperature and crop type.  
 
Although in large gas leaks oxygen shortage may be the cause of growth and 
reflectance changes, in small leaks there may be no oxygen shortage. Since all 
work so far was done on large leaks - e.g. 250 l/h (Pysek and Pysek, 1989), 100 
l/h (Smith et al., 2004b), - and natural hydrocarbon seeps, it is not known if 
natural gas itself affects plant growth. It is assumed that methane is not toxic to 
plant roots (Arthur et al., 1985) or aboveground parts of plants (Gustafson, 
1944). Natural gas however comprises not only methane (CH4; 70 to 95%) but 
also ethane (C2H6; 0 to 20%), higher hydrocarbons such as propane and butane 
(< 1%) and small concentrations of other components such as nitrogen, carbon 
dioxide and oxygen (Olah and Molnar, 2003; Hoeks, 1972a). If natural gas (or 
one of its components) affects plant growth, small leaks that do not cause 
oxygen shortage could then be detected in addition to larger leaks that cause 
oxygen shortage.  
 
The objective of this chapter is to understand how natural gas and two of its 
components methane and ethane affect plant growth. Two experiments were 
undertaken to compare the effects of a small natural gas leak without oxygen 
shortage with a large leak. In both experiments, plant morphology and 
chlorophyll content were measured for maize and wheat plants. The results of 
this study are discussed in respect to their importance for the detection of gas 
leakage using vegetation reflectance.  
 
 
2.2 Materials and methods 
 
2.2.1 Greenhouse experiment 
 
The first experiment was performed in a greenhouse in Wageningen, the 
Netherlands from January 8, 2004, to March 22, 2004. The species used in the 
experiment were maize (Zea mays cv Nescio) and spring wheat (Triticum 
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aestivum cv Pasteur). Natural gas, methane and ethane were delivered to pots 
such that oxygen shortage in the soil was avoided. Each gas was mixed with air 
before use by a gas company (Hoek Loos B.V., Schiedam, the Netherlands) and 
put in cylinders, after which each gas-air mixture was delivered to separate 
sealed pots. Natural gas, methane and ethane gas-air mixtures are explosive so 
all the gas was mixed up to 50% of the Lower Explosive Level (Table 2.1). The 
oxygen concentration in the gas-air mixes ranged from 20.4% to 20.8%. In this 
manner the plants would not experience oxygen shortage in the soil and the gas 
concentration could be kept constant in the pots. The natural gas consisted of 
81% methane, 3% ethane, less than 1% of higher hydrocarbons and 15% of 
other gases, of which nitrogen comprised the major part. The control consisted 
of pure air (containing 21% O2, 79% N2 and less than 0.05% CO2 and H2O; 
Hoek Loos B.V., Schiedam, the Netherlands) and was delivered similarly to the 
hydrocarbon mixtures. Each gas was delivered through plastic pipes of 1 mm 
diameter to eight pots with maize and eight pots with wheat (resulting in a total 
of 64 pots). Each pot (diameter 25 cm, volume 10 l) was lined at the base with 1 
kg of gravel for easier dispersal of the gas and then filled up with 8 l of sandy 
loam (consisting of 80% sand, 10% silt and 10% clay) that was fertilized with 8 
g of NPK fertilizer (1:0.8:0.7). Porosity of the soil was 49% and the pH was 6.0 
(measured following the method of Henderschot et al. (1993). The pots were 
placed in the greenhouse at a distance of 35 cm from each other in a randomized 
block design (Cochran and Cox, 1992; Figure 2.1). Each block contained one 
replicate per gas, ensuring that each replication was located at a different 
location in the greenhouse thereby minimizing ‘nuisance’ effects of temperature 
and light differences, while within each block the gas treatments were 
positioned randomly. On January 2nd 8 seeds were sown in each pot, and at 
January 8th the seedlings emerged. When each plant had developed two leaves, 
the four smallest plants were removed and the pots were covered with black and 
white plastic containing holes for four plants to grow through (Figure 2.2). To 
seal the pots airtight, the holes around the plants were closed with tape and 
petroleum jelly after which gas delivery started (t = 1; 14 days after sowing). 
Since the soil porosity was 49%, approximately 5 l of gas mixture was needed 
to fill all pores. To ensure that the soil was flushed thoroughly, 10 l of gas 
mixture was delivered per pot each day at 10.00 hrs (which corresponded to 12 
minutes of gassing). The number of days that gas delivery took place varied 
between 35 and 43 (Table 2.1). During the gas delivery, a small hole in the pot 
was opened to release pressure in the pot. Directly after the gas was switched 
off, the hole was closed again. The temperature in the greenhouse was kept 
between 15 and 22°C. To ensure that the plants received a constant minimum 
amount of light independent of daily incoming light, UV lamps were switched 
on from 7.00 to 19.00 hrs. Average incoming photosynthetically active radiation 
(PAR) received from the UV lamps as measured at different locations in the 
greenhouse was on average 153 ± 7 µmol/m2/s (measured with the Beam 
Fraction sensor of the SunScan Canopy Analysis System, Delta-T Devices Ltd, 
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Cambridge, UK). Since this is a relatively low value (as a comparison, Stewart 
et al. (2003) measured values up to 1500 µmol/m2/s), most of the primary 
production was dependent on incoming light from outside. The pots were 
watered twice a week starting with 120 ml and increasing up to 600 ml.  
 

  
Figure 2.1 (left) Gas delivery to pots placed in randomized blocks in the greenhouse. 
 
Figure 2.2 (right) Pot with 4 maize plants 
 
 
 
2.2.2 Field experiment  
 
In the field experiment, a large natural gas leak was simulated at the Sutton 
Bonington campus of the University of Nottingham, UK (52.8°N, 1.2°W). 
Natural gas was delivered to 2.5 m square canopy plots of maize (Zea mays cv 
Nescio) and wheat (Triticum aestivum cv Pasteur). Two maize plots (Mg1 and 
Mg2) and two wheat plots (Wg1 and Wg2) received gas, while two other plots 
were gas-free (Mc1 and Wc1; Figure 2.3). The seeds were sown on the 10th of 
June 2003 at a density of 16 maize plants per m2 and 64 wheat plants per m2. As 
in the greenhouse experiment, 14 days after sowing the gas was switched on (t = 
1). 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 in order to avoid dehydration of the soil, the plots were 
watered regularly. The average temperature ranged from 15 °C (night) to 22.4 
°C (day).  
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Figure 2.3 Locations of the two gassed wheat plots, the two gassed maize plots and the 
control plots. The unnamed (white) plots were used for other experimental work.   
 
Mains natural gas was delivered through 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/h, 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, 
on 50, 100, 150 and 200 cm from the edge of each plot. A GMI Gasurveyor 
methane monitor was attached to the outflow side of each tube to measure the 
volume % of soil methane and oxygen in the soil. Gas measurements were 
performed daily between 8:00 and 9:00 am.  
 
2.2.3 Growth analysis 
 
In the greenhouse, the height and number of leaves of all plants were measured 
once a week. Leaf chlorophyll was measured at t = 32 on the fourth upper leaf 
of each plant and analysed according to the method described by Wellburn 
(1994). The absorption of the chlorophyll content was read on an Ultrospec II 
spectrophotometer (Biochrom Ltd., Cambridge, UK).  
 
In the field experiment, the height and number of leaves of twelve plants per 
plot were measured weekly, using a stratified random sampling design (Webster 
and Oliver, 1990). Fractional canopy cover (%) was estimated on 1 m2 in the 
centre and at the edge of the plots. Canopy cover is dependent on canopy 
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structural attributes such as leaf area, leaf angle distribution and clumping 
(Bacour et al., 2006). In both experiments, an indication of maize leaf area was 
obtained by measuring leaf width and length of the same plants that were used 
for the chlorophyll measurements, multiplied by a correction factor of 0.75 
(Daughtry, 1990). Only in the field experiment this could be translated to the 
more commonly used leaf area index, or LAI, which is the leaf area per unit 
area of soil surface (Daughtry, 1990). Since each plant occupied a space of 25 
by 25 cm, an indication of the LAI was obtained by dividing the leaf area by 
625 cm2. Chlorophyll content was measured at t = 35 on eight leaves taken from 
each plot, following the method described by Bruinsma (1963). Also at t = 35, 
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 hours after clipping. After the leaves had dried in an oven at 70°C for 
four days, the leaves were weighed again, and the moisture content was 
calculated as 

tFreshWeigh
DryWeighttFreshWeigh −*100       (2.1) 

At the last day of the experiment (t = 45) the number of maize plants that had 
developed aboveground adventitious roots and the number of ears per plant 
were counted. Finally, since Godwin et al. (1990) found increased manganese 
levels in the soil, a visual inspection of the leaves was performed to determine if 
the plants suffered from manganese toxicity. Typical manganese toxicity is 
visible as brown speckles on the leaves and crinkled leaves with chlorotic spots 
(Wu, 1994).  
 
2.2.4 Statistical analysis 
 
In the greenhouse each pot was considered a separate treatment. Therefore, data 
of all plants in one pot were averaged and the pot average was used 
subsequently for statistical analyses. In the field, the plots were the different 
treatments. The Kruskal-Wallis test was used to determine whether the 
measured variables differed among the different treatments. The Kruskal-Wallis 
test is the non-parametric alternative to the one-way ANOVA test and is used 
when the samples do not follow a normal distribution. It tests the null 
hypothesis that the different treatments belong to the same group. When the null 
hypothesis was rejected, the post hoc test described by Conover (1999) was 
used to find out which groups caused the significant differences.  
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Table 2.1 Characteristics of greenhouse and field experiment 
Variables Greenhouse Field 

Gas Control Natural gas Methane Ethane Natural gas 
Number of gas delivery days 43 41 35 39 45 
Percentage gas in mixture [%] 0 2.5 2.49 0.73 100 
Pure gas per p(l)ot [l/day] 0 0.246 0.283 0.075 2250 
Measurement days (t) of:   
Plant height  7, 12, 22, 28, 32, 42, 49, 60 11, 16, 22, 29, 35, 42 
Nr of leaves  7, 12, 22, 28, 32, 42, 49, 60 11, 16, 22, 29, 35, 42 
Reflectance  11, 19, 26, 32, 40, 47, 63 11, 16, 22, 29, 35, 42 
Chlorophyll  32 35 
Species Zea mays Nescio; 

Triticum aestivum Pasteur 
Zea mays Nescio; 
Triticum aestivum 

Pasteur 
Date of sowing 02-Jan-04 10-Jun-03 
Number of days between 
sowing and first gassing date: 

14 14 

 
 
2.3 Results 
 
2.3.1 Gas concentration 
 
The number of gas delivery days was 39 ± 4 days in the greenhouse and 45 days 
in the field (Table 2.1). In the greenhouse the average gas flow per pot varied 
between 75 ml and 283 ml per day, while in the field the gas flow per plot 
varied between 768 and 3276 l per day (Table 2.2). The gas distribution within 
the plots was similar for each plot with a high gas concentration in the centre of 
the plot, which decreased towards the edges. The oxygen concentration in the 
control plots was on average 20%, which is a normal concentration for well 
aerated soils (Brady, 1984). In the gassed plots oxygen concentrations decreased 
towards the centre to an average of 11%, while average methane concentrations 
in the centre varied between 4% and 13%. The weekly average gas and oxygen 
concentrations were used for further analyses. The correlation between the 
average methane and oxygen concentration in the soil was weakly linear (R2 of 
0.44; Figure 2.4).  
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Table 2.2 Average gas flow per day under the four plots. 
CH4 concentration [%] ± st. dev O2 concentration [%] ± st. dev Plot Average gas 

flow [l/h] 25 cm 75 cm 25 cm 75 cm 
Maize plot 1  102 10.01 ± 7.78 1.39 ± 1.82 12.62 ± 4.28 17.08 ± 1.19 
Maize plot 2  32   3.80 ± 4.79 1.07 ± 1.37 13.02 ± 3.40 18.99 ± 0.55 
Wheat plot 1 153 12.64 ± 7.79 0.65 ± 0.70   9.73 ± 4.98 18.13 ± 1.26 
Wheat plot 2 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 

 
 
2.3.2 Plant growth - greenhouse  
 
During the first week after the gas had been switched on, the height of the plants 
growing in gas was not affected. At t = 12 (nearly two weeks after the gas had 
been switched on), the first differences between the different treatments became 
noticeable in the height of the maize plants (Figure 2.5). From t = 12 till t = 49, 
the plants growing in ethane were 12% to 19% smaller than the control plants 
on each measurement day (p ≤ 0.05). The plants growing in natural gas and 
methane were 4% to 8% smaller, but only the difference between natural gas 
and control at t = 22 was statistically significant. On the last gas delivery day (t 
= 43), plants growing in natural gas, methane and ethane were respectively 8%, 
8% and 15% shorter than the control plants. The height of the treated wheat 
plants was not reduced.   

y = -0.34x + 17.49
R2 = 0.44
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Figure 2.4 Oxygen as a function of methane concentration. The regression equation and 
R2 are shown.  
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Figure 2.5 Height of maize plants in the greenhouse. Between t = 12 and t = 49 the 
difference between the ethane and control treatments was significant on each 
measurement day (p ≤ 0.05), while at t = 22, the natural gas treatment was significantly 
lower than the control. Methane did not cause significant differences in height.  
 
Although the ethane-treated plants had the highest number of leaves for both 
species (maize: 6.3 leaves compared to 6 leaves on the control plants; wheat: 
4.3 leaves compared to 4.1 on the control plants), the differences between the 
treatments were not significant (Table 2.3). However the leaf area of the ethane-
treated plants was significantly lower than the leaf area of the control plants (94 
cm2 compared to 147 cm2, p ≤ 0.05). The differences in chlorophyll content 
were not significant for both species.  
 
Table 2.3 Plant height (cm), number of leaves and chlorophyll content (mg/g) at t = 32. 
Similar letters behind the values indicate that these treatments belong to the same group 
(p ≤ 0.05; Conover post-hoc test). * The number of leaves of the wheat plants was not 
measured after t = 12. Data shown here are from t = 12. 

Treatment Plant height [cm] Number of 
leaves 

Total chlorophyll 
[mg/g] 

Leaf area [cm2] 

Maize 
Control 74.8 ± 5.3a 6.0 ± 0.2a 3.3 ± 0.2a 691.9 ± 101.9a 
Natural gas 69.9 ± 5.6a 5.9 ± 0.3a 3.2 ± 0.3a 620.6 ± 190.5a 
Methane 70.8 ± 6.3a 6.0 ± 0.3a 3.2 ± 0.3a 613.2 ± 65.9a 
Ethane 62.2 ± 2.6b 6.3 ± 0.6a 3.3 ± 0.2a 434.0 ± 130.9b 

Wheat 
Control 47.6 ± 0.9a 4.1 ± 0.6a* 3.3 ± 0.2a  
Natural gas 47.1 ± 1.7a 4.1 ± 0.7a* 3.3 ± 0.3a  
Methane 47.7 ± 1.7a 4.1 ± 0.5a* 3.4 ± 0.2a  
Ethane 46.6 ± 1.7a 4.3 ± 0.6a* 3.3 ± 0.1a  
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2.3.3 Plant growth - field 
 
Plant height, number of leaves, leaf area and leaf chlorophyll of both species 
reduced considerably in the centre of the gassed plots. The decrease was first 
visible between t = 11 and t = 16 (Figure 2.6). At t = 35 maize plant height had 
decreased with over 50% in the centre 50 by 50 cm, while chlorophyll content 
and leaf area had decreased with over 60% (Table 2.4). Outside the centre 50 by 
50 cm, maize plant height was approximately 10% lower than the control plant 
height, however, leaf chlorophyll and canopy cover were higher than on the 
control plots. The number of plants with aboveground adventitious roots and the 
number of ears per plant at the last day of the experiment (t = 42) were higher 
on the gassed plots than on the control plots (Table 2.5). The wheat number of 
leaves and chlorophyll had decreased with over 60%, whereas plant height had 
barely decreased in the centre of the gas-plots and had increased at the edges of 
the gas-plots (not statistically significant). Leaf moisture content was similar for 
the gassed and control plants (Table 2.4). There were no signs of manganese 
toxicity.  
 

0

20

40

60

80

100

4 11 16 22 29 35 42
Day

C
ov

er
 [%

]

Control
Maize
Gassed
Maize
Control
Wheat
Gassed
Wheat

 
Figure 2.6 Canopy cover between t = 4 and t = 42 on the control and gassed plots.  
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Table 2.4 Average canopy characteristics (field) at t = 35. Leaf area is shown in cm2; an 
indication of the leaf area index LAI is stated in brackets. Similar letters behind the 
values indicate that these treatments belong to the same group (p ≤ 0.05; Conover post-
hoc test). As canopy cover was estimated on two locations per plot, there were not 
enough variables for a statistical comparison.  
Location  Plant height 

[cm] 
Number of 
leaves 

Total 
chlorophyll 
[mg/g] 

Canopy 
cover [%] 

Leaf area [cm2] (LAI) Leaf 
moisture [%] 

Maize 
Control 129.6 ± 5.4 a 10.3 ± 0.9a 2.54 ± 0.01a 85.0 ± 0.0 2573.7 ± 327.8a (4.1) 80.5 ± 0.3a 
Edge 114.6 ± 20.2b 10.0 ± 1.3a 3.36 ± 0.02b 90.0 ± 0.0 1919.5 ± 598.5a (3.8) - 
Centre 57.5 ± 17.7c 7.0 ± 1.4b 1.01 ± 0.00c 32.5 ± 3.5 609.2 ± 255.5b (1) 80.3 ± 1.3a 

Wheat 
Control 44.1 ± 6.6a 9.1 ± 2.4a 4.49 ± 1.02a 50.0 ± 0.0 - 76.1 ± 0.5a 
Edge 44.6 ± 5.8a 6.1 ± 2.3a 3.78 ± 0.56a 50.0 ± 0.0 - - 
Centre  42.5 ± 3.5a 3.5 ± 0.7b 1.21 ± 0.12b 15.0 ± 0.0 - 75.8 ± 1.2a 
 
Table 2.5 Number of ears per plant; number of plants with adventitious roots at t = 45 
 Number of plants [with percentage of total]
 Control [N = 178] Gassed [N = 191] 
0 ear     2 [01.1%]  24  [12.6%] 
1 ear 171 [96.1%] 136 [71.2%] 
2 ears     5 [02.8%]   31 [16.2%] 
Adventitious roots   22 [12.4%]   78 [40.8%] 

 
 
2.4 Discussion 
 
2.4.1 Greenhouse 
 
Since the effects of gas leakage on vegetation growth were mostly studied in 
large leaks, it was not known how vegetation reacts to small gas leaks that do 
not cause oxygen shortage in the soil. The results of this study show that ethane 
gas in concentrations less than 1% affected maize growth. Ethane caused a 
lower plant height and lower leaf area compared with the control. Natural gas 
and methane both caused a slightly lower (less than 8%) height and leaf area. 
Since the natural gas used in this experiment consisted of 81 % methane, the 
effects of both gases were expected to be comparable. This was indeed the case: 
the plant characteristics in the natural gas and methane treatments were nearly 
similar and mostly took an intermediate position between the control and ethane 
treatments.   
 
The hydrocarbon gases caused a delay in the reaction of maize height of 
approximately 10 days for ethane and 20 days for natural gas and methane. 
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Although ethane caused a delay in growth early in the experiment, after 
approximately t = 28 the difference between the control and ethane height 
reduced. In contrast, the difference in height between the control and the natural 
gas or methane treatments increased after this date. Between t = 28 and t = 60 
(three weeks after gassing finished), the plants growing in ethane changed from 
81% to 89% of the control height, whereas the plants growing in natural gas 
decreased in height from 95% to 89% of the control height. This suggests that 
ethane caused a reduced growth early in the experiment, whereas natural gas 
caused a decrease in height approximately ten days later. It is not clear why, 
compared with methane and natural gas, ethane caused a lower plant height and 
leaf area. Several strains of bacteria are known to degrade ethane, propane and 
butane (Wagner et al., 2002), chlorinated ethane components (Janssen et al., 
1987) and small quantities of ethane and propane (Hoeks, 1972a). Belay and 
Daniels (1987) demonstrated that methanogenic bacteria were able to produce 
ethylene from halogenated hydrocarbons such as bromoethane, dibromo- and 
dichloroethane. In addition Adamse et al. (1972) showed that several strains of 
bacteria and fungi generated ethylene during growth on methane. Ethylene is a 
plant hormone that promotes plant maturing and in larger quantities is inhibitory 
to plant growth (Leopold and Kriedemann, 1975). In seedlings, ethylene causes 
inhibited stem elongation and stem thickening (Abeles, 1992). Since Adamse et 
al. (1972) tested merely two fungi, other fungi might exist that are able to 
generate ethylene from pure ethane, which would then explain the decrease in 
plant height.  
 
The hydrocarbon gases had no noticeable influence on wheat plant 
development. Wheat plants have a different photosynthesis method (‘C3’) than 
maize plants (‘C4’), which enables them to survive at lower light intensities and 
temperatures than C4 plants (Ehlinger and Monson, 1993). Although maize is 
tolerant of a wide range of temperatures (Grubben and Soetjipto Partohardjono, 
1996), the greenhouse temperature was closer to the wheat optimum (10 to 24°) 
than to the maize optimum (between 20 and 30°). The relatively low 
temperatures may have made the maize plants more susceptible than the wheat 
plants to changes in the root zone.  
 
2.4.2 Field 
 
Whereas the wheat plants had a similar height in both the greenhouse and the 
field at t = 35, the maize plants in the field were approximately 50 cm taller than 
the greenhouse plants. Exceptional high temperatures in summer 2003 caused 
this increased growth rate in the maize plants, which grow best in (sub) tropical 
conditions (Grubben and Soetjipto Partohardjono, 1996). Between t = 16 and t = 
22 the average daily temperature was 26.2 °C (over 7 °C higher than a week 
earlier), which is reflected in a very fast increase in maize canopy cover (Figure 
2.6). 
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The high gas flow in the field caused a significant drop in oxygen levels in the 
centre of the gas-plots. Plants need oxygen in their root-zone for respiration and 
in general a shortage of soil oxygen leads to reduced plant growth (Drew, 
1991). In this study, both maize and wheat canopy cover, plant height and leaf 
chlorophyll had decreased in the centre 50 cm of the gas-plots. The small extent 
of this area of reduced growth is reflected in the gas concentrations. Although 
the gas flow was as high as 150 l/h, only the centre 50 cm of the gas-plots had 
high gas concentrations. At 75 cm distance from the source, the average gas 
concentration had decreased to about 1%, with oxygen concentrations ranging 
between 17 and 19%. The reason for the small area with high gas concentrations 
is most likely the fact that the gas pipeline ended in a very dense clay soil. Due 
to the low porosity of the clay, the gas did not spread far from the exit point of 
the pipe.  
 
The first changes in the cover and plant height were visible at t = 11. This is 
relatively soon compared to similar studies on the effects of gas on plant 
growth. Pysek and Pysek (1989) observed a decrease in plant height and 
vegetation cover 15 to 30 days after the start of their experiment in which they 
gassed several species with natural gas, while two studies by Smith et al. 
(2004a; 2004b) showed that the first visible stress symptoms in grass and dwarf 
bean (Phaseolus vulgaris) gassed with natural gas occurred respectively 44 days 
and 2 to 3 weeks after the gassing had started. As shown by these studies the 
first evidence of stress symptoms is dependent on species and at which point 
during the growth cycle the leakage starts. In our experiment, gassing started 
early in the growth cycle when the plants are most sensitive to oxygen shortage 
(Mason et al., 1987; Zaidi et al., 2003).   
 
The relatively high leaf chlorophyll content and canopy cover in the edges of 
the maize gas-plots was unexpected, particularly because plant height had 
decreased in this area. The increased number of adventitious roots and the 
higher number of ears per maize plant both suggest that the plants surrounding 
the gas leak were further in their development than the control plants. Surface 
plots of the maize plant height at the last measurement day (t = 45) clearly show 
a gap in the centre of the plot (Figure 2.7).  
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Figure 2.7 Plant height in the gassed maize canopy at t = 45. The plants growing in the 
centre 50 by 50 cm are significantly smaller than the surrounding plants. For easier 
interpretation, the plant height was interpolated.  
 
Due to the decreased plant height in the centre, more light could enter the 
canopy, thereby creating favourable growth conditions for the plants 
surrounding the gap. These plants could orient their leaves horizontally 
compared to the plants in the control plots (Figure 2.8a), which explains the 
higher cover at the edges of the gas-plots. The wheat plants growing around the 
gassed area were not further developed than the control plants. Although there 
was a gap in the canopy in the centre of the gas-plots (Figure 2.8b), this did not 
seriously improve the light conditions in the surrounding canopy, where the low 
cover already enabled the light to enter the canopy.  
 
Another reason for the advanced development of the plants may have been a 
build-up of ethylene in the soil or in the plants. As discussed in the greenhouse 
section, fungi or bacteria that consume methane or ethane may produce 
ethylene. Plants that experience oxygen shortage in the root zone generally have 
increased internal ethylene concentrations, which are known to induce the 
growth of adventitious roots in maize (Drew et al., 1979). Ethylene also 
promotes maturing of plants, which would explain the higher number of ears. 
However, the maize leaves showed a relatively high leaf chlorophyll content, 
whereas ethylene is in general associated with decreasing leaf chlorophyll 
(Abeles et al., 1992). Therefore it is assumed that the better light conditions 
were the reason for the advanced growth surrounding the gassed area.   
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Figure 2.8 Control and the gassed canopy at t = 35 on the maize (a) and wheat (b) plots. 
The canopy cover is lower in the centre of the gassed plots and maize plant height has 
significantly reduced. The maize plants surrounding the gassed centre have more 
horizontally oriented leaves than the plants on the control plots.   
 
 
2.4.3 Detection of gas leaks using vegetation growth 
 
The purpose of the experiments was to understand which changes occur in plant 
growth as a result of natural gas leakage in order to define how these changes 
can serve as indicators of gas leakage. The results showed that ethane caused a 
decrease in leaf area and height of the maize plants, but did not affect 
chlorophyll. Methane did not affect plant growth. The ethane concentration in 
the natural gas treatments was too low to have an effect. For a concentration of 
0.75% of ethane in the soil (as in this study), the natural gas concentration 
should be between approximately 4 and 20%, depending on the concentration of 
ethane in natural gas. In this experiment, gas concentrations higher than 10% 
resulted in a strong decrease in plant height, leaf area, canopy cover and leaf 
chlorophyll content, most likely due to oxygen shortage in the root zone. Since 
plant height and leaf area decreased in both experiments, these characteristics 
should be the main focus of gas leak detection.  

a) 

b) 
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2.5 Conclusions 
 
This chapter shows that a decrease in leaf area is the clearest indication that 
plants are affected by gas leakage. Large leaks with gas concentrations over 
10% cause a significant reduction in leaf area and chlorophyll, which is in 
accordance with earlier studies (Pysek & Pysek, 1988; Smith et al., 2004b). 
However, the effects of small leaks on plant growth had not been studied 
before. Whereas most authors assumed that natural gas itself does not affect 
plant growth, this study shows that in small leaks without oxygen shortage 
ethane causes a reduction in maize height and leaf area. This means that small 
natural gas leaks that do not cause oxygen shortage can be detected if the ethane 
concentration is at least 0.75%, which in theory occurs at natural gas 
concentrations of 4 to 20%. Methane itself did not affect plant growth, which 
supports the results of Arthur et al. (1985). To detect both small and large leaks 
using maize reflectance, the focus should therefore be on leaf area and less on 
leaf chlorophyll. However, although the leaf area of the maize plants decreased 
in ethane concentrations of 0.75 %, the wheat plants were not affected. The next 
chapter will investigate whether the difference between the reactions of maize 
and wheat to hydrocarbon gases also occurs in the leaf reflectance.  
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CHAPTER 3 ∗ 
 
CONTINUUM REMOVED BAND DEPTH ANALYSIS 
FOR DETECTING THE EFFECTS OF NATURAL GAS, 
METHANE AND ETHANE ON LEAF REFLECTANCE 
 
 
3.1 Introduction 
 
Vegetation growing in soil contaminated with natural gas is known to show 
changes in spectral reflectance, particularly in the ‘red edge’ region (the slope 
between red and near infrared reflectance). The red edge commonly shifts 
towards shorter wavelengths in stressed vegetation (Boochs et al., 1990; Horler 
et al., 1983). In most studies, the red edge of vegetation canopies shifted 
towards shorter wavelengths when exposed to natural hydrocarbon seepage 
(Reid et al., 1988; Bammel and Birnie, 1994) or to simulated gas leakage 
(Oliveira et al., 1997; Smith et al., 2004b). Smith et al. (2004a) demonstrated 
that soil oxygen displacement by natural gas, argon and waterlogging caused an 
increase in reflectance in the visible region and a change in the shape and 
position of the red edge. These results suggested that the changes in reflectance 
due to gas leakage are caused by oxygen shortage and not by the natural gas 
itself (Smith et al., 2004a). Detecting gas leakage using vegetation reflectance 
would then be similar to detecting the effects of soil oxygen shortage, making 
the use of additional data such as gas pipeline maps necessary for reliable gas 
detection (Smith et al., 2004a). However, Chapter 2 showed that ethane causes a 
reduction in maize height and leaf area, suggesting that at least one component 
of natural gas affects plant growth. This chapter investigates whether the 
changes in plant growth are accompanied by changes in leaf reflectance. The 
gases were confined to the root zone of the plants so that any effect by the gases 
is likely to be noticed first in the root function. Since a major function of roots 
is supplying plants with water and nutrients (Lynch, 1995), it is expected that 
malfunctioning of the roots will result in reflectance changes commonly related 
to plant stress, such as increased reflectance in the chlorophyll and water 
absorption regions (Carter, 1993; Lichtenhaler et al., 1996). Chlorophyll has 
strong absorption in the visible region, while leaf water absorbs mainly in the 
near and shortwave infrared (Curran, 1989; Tucker, 1980). Absorption feature 
analysis using continuum removal has been shown to enhance the differences in 

                                          
∗ This chapter is based on: Noomen, M.F., Skidmore, A.K., van der Meer, F.D. and Prins, H.H.T., 
2006. Continuum removed band depth analysis for detecting the effects of natural gas, methane 
and ethane on maize reflectance. Remote Sensing of Environment 105: 262-270. 
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shape between the absorption features of interest (Kokaly and Clark, 1999). In 
this study, continuum removal was applied to two chlorophyll absorption 
features and two water absorption features to study whether natural gas, 
methane and ethane in the soil increase the reflectance in these absorption 
features. In addition, the red edge position (REP) and the physiological 
reflectance index (PRI; Gamon et al., 1992) were calculated to test whether 
photosynthesis was affected by any of the gases.  
 
 
3.2 Methods 
 
The experiment was carried out in a greenhouse in Wageningen, the 
Netherlands from January 8, 2004, to March 22, 2004. For a full description of 
the set-up of the experiment, refer to Chapter 2.2.1. 
 
3.2.1 Reflectance measurements.  
 
Leaf reflectance was measured weekly starting from t = 11 (Table 3.1). The 
measurements were made with a GER3700 spectroradiometer (Geophysical and 
Environmental Research Corporation, Buffalo, New York), which has 704 
channels ranging from 1.5 nm bandwidth in the visible and near infrared to 9.5 
nm in the SWIR. The sensor, a fibre optic with a 10° field of view, was held 6 
cm above the leaf that was measured, which corresponded to approximately 1 
cm in the field of view. A Lowel Pro-light (a 14.5V, 50W halogen lamp; Lowel-
Light Mfg. Inc, New York) mounted on a tripod was used to illuminate the 
plants from 10 cm above the plants. To avoid shadows, the light was positioned 
a few degrees off-nadir. From each of the 4 maize plants in one pot, 5 spectral 
measurements were taken of random leaves. Afterwards the mean of all spectra 
from one pot was calculated to average out differences in reflectance as a result 
of different leaf angles or BRDF (Nicodemus, 1977; Sandmeier and Deering, 
1999). The radiance output of the GER spectrometer was converted into 
reflectance using the reflectance of a white Spectralon reference panel as 
reference (Labsphere, North Sutton, UK) that was measured after each pot 
measurement.  
 
3.2.2 Data analysis 
 
The reflectance was analysed using continuum removal for four major 
absorption features. Continuum removal normalizes spectra by applying a 
convex hull over that part of the spectrum that will be analysed (Kokaly and 
Clark, 1999). Dividing the reflectance at a certain wavelength in the absorption 
feature by the value of the hull at that wavelength gives a relative value for the 
absorption between 0 and 1 (Clark and Roush, 1984). The edges of the 
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absorption features were chosen such that the deepest absorption was located 
approximately in the centre of the continuum removed region. Continuum 
removal has been used to correlate absorption feature depths with biochemical 
concentrations in dried and fresh plant material (Kokaly and Clark, 1999; 
Curran et al., 2001; Mutanga et al., 2004). 
 
After continuum removal was applied, the band depth (BD) at each wavelength 
in the absorption feature was calculated by subtracting the continuum removed 
reflectance (CRR) from 1 (Kokaly and Clark, 1999):  
 
BD(λ) = 1 – CRR(λ)        (3.1) 
 
The band depth was normalized by dividing the band depth at a certain 
wavelength by the maximum band depth for that absorption feature (Kokaly and 
Clark, 1999):  
 

NBD(λ) = 
BDmax
BD( )λ

       (3.2) 

 
where NBD(λ) is the normalized band depth at wavelength λ and BDmax the 
maximum band depth in the absorption feature. 
 
Both band depth and normalized band depth were used to compare the 
difference between the control, natural gas, methane and ethane treatments. 
Note that in most studies only the maximum band depth was calculated, but in 
this study the band depth at each wavelength within the absorption feature was 
calculated to obtain an overview of the overall shape of the absorption feature. 
The wavelengths between which the continuum removal was applied were 
chosen such that the whole feature of interest was included (Figure 3.1, Table 
3.1).  
 
In the visible region, the main feature of interest was the chlorophyll content. 
Chlorophyll absorption occurs at 430, 460, 640 and 660 nm, thus continuum 
removal was applied between 400 and 550 nm - the latter being the green 
reflectance peak - and between 550 and 750 nm. The 550-750 nm region has 
been used before in a continuum removal study on canopy reflectance by 
Mutanga et al. (2005). Water absorption occurs mainly around 1450 and 1940 
nm (Curran, 1989), so continuum removal was applied between 1370 and 1570 
nm and between 1870 and 2170 nm.  
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Figure 3.1 Reflectance spectrum showing the continuum removed regions (see Table 
3.1 for exact location of starting and ending wavelengths of each region).  
 
Table 3.1 Edge wavelengths between which continuum removal was applied and the 
days that spectral measurements were made.  
Region Wavelength [nm] Days that spectra were measured: 

Blue   400 - 550 t = 11; t = 19; t = 26; t = 32; 
Red   550 - 750  t = 40; t = 47; t = 63 
Water absorption 1370 - 1570  
Water absorption 1870 - 2170  
 
The differences in BD and NBD were compared statistically. The reflectance 
values were tested for normality using the Shapiro Wilk’s W test. Since all 
values that were tested in this experiment were normally distributed, a one-way 
ANOVA test was used to test for significant differences (p-level ≤ 0.05). In the 
case of significant differences in the chlorophyll and water absorption regions, 
the Bonferroni post hoc test was applied to test which groups are significantly 
different. The Bonferroni test performs multiple comparisons based on the 
Student’s t-test and adjusts the significance level for the fact that multiple 
comparisons are made (Miller, 1985).  
 
Finally, a sensitivity analysis was performed on the absorption feature that 
yielded the highest number of significant differences compared to the control 
after continuum removal. The aim of the sensitivity analysis was to find out if 
the significant differences are related to the location of the convex hull. 
Continuum removal was performed 6 times using different edge wavelengths 
for each analysis. Subsequently the band depths were analysed statistically and 
compared to the bands of the original absorption feature.   
 
The red edge position (REP) is a commonly used indicator of changes in 
chlorophyll. Although chlorophyll content was similar for all treatments at t = 
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32 (Chapter 2), the red edge position (REP) was calculated to test whether this 
was true for all timesteps. The REP was calculated using the method proposed 
by Guyot & Baret (1988; see Appendix I for the formula). Maracci et al. (1991) 
found that the photosynthetic efficiency of maize plants could decrease while 
chlorophyll content remained the same. Therefore the physiological reflectance 
index (PRI) was calculated to obtain an indication of the photosynthetic 

activity. The PRI 
)531()570(
)531()570(

RR
RR

+
−  (where R is reflectance at 570 nm and 531 

nm) correlates with changes in xanthophyll cycle pigments, which in turn vary 
due to changes in photosynthetic light use efficiency (Gamon et al., 1992). An 
increasing PRI correlates with a decreasing photosynthetic efficiency (Strachan 
et al., 2002). Differences in REP and PRI were tested for significance using a 
one-way ANOVA.   
 
 
3.3 Results 
 
3.3.1 Comparison of band depths 
 
Maize 
On average, the control plants had the deepest band depths in all absorption 
regions while ethane-treated plants had the shallowest band depths. The band 
depths of the plants treated with natural gas and methane were intermediate. 
Figure 3.2 shows the difference between the control and the hydrocarbon 
treatments for each wavelength. Those wavelengths where the control band 
depths were more than 2% larger than any of the treated band depths were 
selected for further analysis (Table 3.2). Statistical comparison of the selected 
band depths showed that ethane caused a significant decrease in band depth for 
most of the wavelengths, except for the blue region (Table 3.2). Natural gas and 
methane showed a significant decrease at a few wavelengths in the 1420-1480 
nm region (Table 3.2).  
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Figure 3.2 Average differences in band depth between control and hydrocarbon 
treatments in chlorophyll absorption features (a) and water absorption features (b). A 
positive difference means that the control reflectance had deeper band depths (or greater 
light absorption) than the hydrocarbon treatments. Ethane caused the largest difference 
with the control.  

(a) 

(b) 
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Table 3.2 Wavelengths at which the average band depths (BD) and normalized band 
depths (NBD) of any of the gas treatments were more than 2% different from the 
control and where the difference was statistically significant (p ≤ 0.05).  
Absorption 
region [nm] 

Difference  
BD > 2% 

Significance  
BD (p ≤ 0.05) 

Difference  
NBD > 2% 

Significance 
NBD  
(p ≤ 0.05) 

400-550 455-510 None None None 
550-750 560-700 Eth: 560-700 Eth: 560-600 Eth: 560-592 
1370-1570 1420-1480 All gases: 1420-1448 

Nat & Eth: 1456-1480
None None 

1870-2170 1920-2050 Eth: 1909-2052 None None 
 
Over the course of the experiment, the difference between ethane and control 
was greatest at the first measurement date (t = 11; Figure 3.3). After t = 11, the 
patterns are similar for the three gas treatments (ethane, methane and natural 
gas, though natural gas is not shown).   
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Figure 3.3 Stacked differences in band depth between ethane and control (a) and 
methane and control (b) for 7 timesteps. A positive difference means that the control 
band depth was larger than the gas band depth at that wavelength.  
 
Wheat 
There were no differences in the wheat band depths.  
 
3.3.2 Comparison of normalized band depths 
 
Maize  
Normalization of the band depths enhances differences in the shape of the 
absorption features. After normalization, only the treatment band depths 
between 560 and 600 nm had on average 2% decreased compared to the control 

a) b) 
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band depths. The NBD of the ethane treatment between 560 and 592 nm was 
significantly (p ≤ 0.05) lower than the control reflectance (Table 3.2).  
 
Over time, the pattern of the normalized band depths of the ethane treatment 
shows an apparent shift in reflectance towards longer wavelengths in the visible 
region. The normalized band depths of the plants growing in ethane were deeper 
than the control band depths in the region of 500-550 nm, whereas at 550-670 
nm the band depths of the control plants were deeper than the ethane bands 
(Figure 3.4). Between 670 and 750 nm (the red edge region) the band depths of 
the ethane plants were again deeper than those of the control plants. Translated 
into reflectance, this means that the ethane reflectance has shifted towards 
longer wavelengths compared to the control reflectance in the visible region 
(Figure 3.5). The maximum shift occurred between 570 and 670 nm, where 
ethane caused a shift of 1 to 5 nm towards longer wavelengths.   
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Figure 3.4 Difference between normalized band depths of control and ethane (left y-
axis) of each timestep plotted against a reflectance curve. Exactly at the reflectance 
minima at 490 and 680 nm, the difference changes from positive to negative. At the 
reflectance peak at 550, the difference changes from negative to positive.  
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Figure 3.5 Normalized band depth analysis showed that ethane caused an apparent 
reflectance shift towards longer wavelengths in the blue and red absorption features. 
The maximum shift occurred in the red absorption feature (shown here), particularly 
between 570 and 670 nm (indicated by increased thickness of the line), where ethane 
caused a shift of 1 to 5 nm towards longer wavelengths. 
 
Wheat  
There were no differences between the normalized band depths of the wheat 
leaves.  
 
3.3.3 Selection of wavelengths that best discriminate the treatments   
 
The reflectance at those wavelengths that showed the largest difference between 
control and gas treatment for the maize plants was analysed for its patterns over 
time to find the wavelength that best discriminates between the four treatments 
over time. The continuum removed reflectance (= 1 – band depth) at all 
wavelengths was plotted in time and analysed visually. The region in which 
ethane caused a statistically significant different reflectance in both band depth 
and normalized band depth (between 560 and 590 nm) was also the best for 
discriminating between the gases. On all (except the last) dates, the continuum 
removed reflectance of the control was lowest, the ethane reflectance highest, 
while natural gas and methane were intermediate (Figure 3.6). The wheat 
reflectance in the region between 560 and 590 nm was the same for all 
treatments, except at t = 26 where ethane had a slightly higher reflectance. This 
difference was not statistically significant at p ≤ 0.05.  
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Figure 3.6 Continuum removed (C.R.) reflectance at 580 nm over time for maize (a) and 
wheat (b). Except for the last date, the control reflectance is always lower than natural 
gas and methane, which in turn always have a lower reflectance than ethane.  
 
3.3.4 Sensitivity analysis 
 
If the changes in band depth caused by ethane are genuine and not related to the 
location of the convex hull, the statistical significance of the difference between 
the control and ethane treatments should not be affected when the ‘edge points’ 
of the hull are changed. This was tested by narrowing the red absorption feature 
by 5 nm on each side, i.e. from 550-750 to 555-745 nm, followed by a one-way 
ANOVA. This was repeated six times until the absorption feature had its edge 
points at 580 and 720 nm. The results show that within each absorption feature, 
the significant differences in band depth between the ethane treatment and the 
control occurred at the same wavelengths (Table 3.3).  
 

(a) 

(b) 
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Table 3.3 Wavelengths at which the difference in band depth between the control and 
the ethane treatment was statistically significant (p ≤ 0.05), analysed for 7 absorption 
features with varying width. Narrowing the absorption feature by 5 to 30 nm on each 
side shows that within each absorption feature, the difference between ethane and 
control is significant at the same wavelengths.  
Feature width [nm] Wavelengths at which difference 

control – ethane is significant [nm] 
550-750 552-705 
555-745 556-703 
560-740 561-703 
565-735 566-705 
570-730 572-705 
575-725 578-706 
580-720 582-707 

 
 
3.3.5 Red edge position and physiological reflectance index 
 
The red edge position was similar for all treatments at all timesteps (Figure 3.7). 
Although the REPs of the wheat leaves showed slightly larger differences 
between the treatments, they were not statistically significant (p ≤ 0.05).  
 
Figure 3.8 shows that during much of the experiment, the PRI of the maize 
plants growing in ethane was higher than the PRI of the control plants. The 
maximum difference between the control PRI and the PRI of the hydrocarbon 
treatments occurred at t = 26 and was 0.02 (natural gas), 0.04 (methane) and 
0.07 (ethane). The average difference between the ethane and control treatments 
over time was statistically significant (p ≤ 0.05). The PRI of the wheat plants is 
similar for all treatments. As seen in the 580 nm reflectance, the plants growing 
in ethane have a slightly increased PRI at t = 26. The difference in time was not 
statistically significant.  
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Figure 3.7 Red edge positions over time for maize (a) and wheat (b) 
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Figure 3.8 The physiological reflectance index PRI over time for maize (a) and wheat 
(b). The bars indicate the standard deviation. 
 
 
3.4 Discussion 
 
Only ethane caused a significant decrease in absorption in the red region (550-
750 nm). In particular the 560-600 nm region of the red absorption feature was 
affected with a decreased band depth of up to 14% compared to the control 
(Figure 3.2). This is the slope between the green reflectance peak and the red 
absorption trough: the plants growing in ethane should therefore be more orange 
in colour than the control plants, but this was not visible by eye. An increased 
yellow leaf reflectance has been related to a lack of chlorophyll (Benedict and 
Swidler, 1961; Gates et al., 1965). Demetriades-Shah et al. (1990), Gitelson and 
Merzlyak (1998) and Adams et al. (1999) tested the relationship between 
chlorophyll content and ratios based on the reflectance in the yellow region, all 

(a) 

(b) 
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showing that a lower chlorophyll content caused higher reflectance values (or 
lower band depths).  
 
When the pattern over time is considered, the difference between the ethane and 
the control reflectance was largest at the first measurement date (t = 11). After t 
= 11, the difference decreased (Figure 3.3). The large difference at t = 11 
combined with the rapid decrease in difference between the control and ethane 
band depths thereafter suggests that the plants growing in ethane had a lack of 
chlorophyll early in experiment but recovered quickly, even during continued 
gas administration. Ethane gas delivery stopped at t = 37. In subsequent weeks, 
the difference between the control and ethane reflectance became minimal in 
the chlorophyll region (Figure 3.3). Chapter 2 showed that ethane caused a 
decrease in leaf area and plant height after two weeks of gassing. Since this 
chapter shows that the largest difference in chlorophyll occurred at t = 11, this 
confirms that ethane caused a delay in plant growth in the first two weeks of 
gassing. In section 2.4.1 it was suggested that a build-up of ethylene could be 
the cause of the decrease in leaf area and plant height. In the same way, 
ethylene may have caused a decrease in leaf chlorophyll.  
 
The most remarkable effect of normalizing band depths was the apparent shift 
of the ethane reflectance towards longer wavelengths over the whole region 
between 400 and 750 nm. The shift is ‘apparent’ as it was caused by 
normalizing the band depths; in the normal (continuum removed) reflectance 
there is no such shift. To illustrate that the shift is purely caused by normalizing 
the absorption features, Figure 3.9 shows the band depths and normalized band 
depths of the control and the ethane treatments. The largest shift in the 
normalized reflectance occurred in the yellow region on the slope between the 
green reflectance peak and the red absorption trough (Figure 3.4). Between t = 
11 and t = 32, the reflectance in the yellow region of both the control and 
ethane plants shifted towards shorter wavelengths which coincides with the 
highest growth rate of the plants during the experiment. This shift of the green-
red slope reflectance towards shorter wavelengths can be explained by an 
increase in chlorophyll content due to the growth of the plants, which broadens 
the red absorption feature (Banninger, 1991). Since the difference between the 
control and ethane reflectance decreased over time, it is assumed that this is due 
to a faster increase in chlorophyll content in the plants treated with ethane than 
in the control plants. At t = 32 chlorophyll in the ethane treated plants is similar 
to the control (Table 2.3). This supports our earlier assumption that ethane 
stressed the maize plants at the start of the experiment, after which they began 
to recover. At t = 63, the difference between the normalized band depths of the 
control and ethane treatments was reduced to an average of less than 1% in the 
chlorophyll absorption troughs, confirming the full recovery of the plants 
gassed with ethane (Figure 3.4).  
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Figure 3.9 Control and ethane band depths (BD) and normalized band depths (NBD) at t 
= 11 
 
In the water absorption features, all hydrocarbon gases caused reduced band 
depths (or higher reflectance), compared to the control. However, ethane caused 
a decrease in absorption for all wavelengths in the water absorption features, 
while natural gas and methane showed a decrease only in the 1420-1480 nm 
region. An increase in reflectance in the 1450 and 1950 nm regions is generally 
the result of a decrease in plant water status (Hunt and Rock, 1989; Carter, 
1991; Cibula et al., 1992; Danson et al., 1992; and Sims and Gamon, 2003). 
This suggests that the hydrocarbon gases caused a reduction in water uptake, 
resulting in lower water content and higher reflectance in the water absorption 
regions. Even though delivering the gases directly to the soil could have caused 
slight dehydration of the soil resulting in a reduced water uptake, it is noted that 
the control received an air mixture in the same manner.  
 
Although the results suggest that plants growing in ethane had lower leaf 
chlorophyll early in the growing season, the differences were too small to cause 
a shift of the red edge position towards shorter wavelengths. Maracci et al. 
(1991) found that dehydration of Zea mays barely affected the chlorophyll 
content in the leaves but that photosynthetic efficiency was reduced. The PRI is 
one of the few indices that measure the photosynthetic efficiency, and Thenot et 
al. (2002) and Evain et al. (2004) showed that the PRI could be used as a 
reliable water stress index. In this study, the PRI of the plants treated with 
ethane was higher than the PRI of the control plants. Natural gas and methane 
caused only a slightly higher PRI than the control, thus it is assumed that the 
water uptake reduction caused by methane and natural gas was minor, affecting 
the photosynthetic activity slightly but not affecting the chlorophyll content. 
Ethane caused a much larger decrease in water uptake particularly at the start of 
the experiment, affecting the photosynthetic activity (and chlorophyll content) 
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negatively. After t = 32, the PRI of the treatments increased, which coincided 
with the start of a slower plant growth rate, while after t = 40, the PRI of all 
treatments converged, indicating that the treated plants were recovering.    
 
As was shown in Chapter 2, wheat growth was not affected by any of the gases. 
Band depth analysis showed that the plants did not show any difference in leaf 
reflectance either. Only the PRI of the ethane treated plants is slightly increased 
at t = 26. The difference is not significant, however it does occur at the same 
date that also the ethane-treated maize plants have the greatest increase in PRI. 
Although in Chapter 2 it was concluded that ethane did not affect wheat plants, 
the results from this chapter suggest that ethane did affect the plants, but very 
weakly. Unfortunately the low number of replicates cannot distinguish whether 
the measured differences are an artefact or not. The reason for the difference 
between the reactions of maize and wheat is unclear. In section 2.4.1 it was 
suggested that the wheat plants were less sensitive to the gases because the 
greenhouse temperature was closer to the wheat optimum (10 to 24°) than to the 
maize optimum (between 20 and 30°), which may have made the maize plants 
relatively susceptible to changes in the root zone.  
 
 
3.5 Conclusion 
 
The objective of this chapter was to test whether natural gas, methane and 
ethane in the soil cause an increase in continuum removed reflectance in the 
chlorophyll and water absorption regions. Although methane and natural gas 
caused a minor decrease in band depth in the chlorophyll absorption regions, 
only ethane caused a significant decrease in band depth in the 550-750 nm 
absorption feature, in particular in the yellow region (560-600 nm). 
Normalization of the band depths resulted in an apparent shift in reflectance 
towards longer wavelengths in the blue and red absorption features of the ethane 
treatment. The differences between the ethane and control treatments were most 
pronounced at the start of the experiment until t = 32 days, after which the 
plants growing in ethane appeared to recover. 
 
The water absorption bands of the gassed plants were less deep than those of the 
control plants, although the decrease in water absorption caused by natural gas 
and methane was minor compared to the decrease caused by ethane. Since water 
stress has been shown to be related to a decrease in photosynthetic activity, the 
PRI was calculated to test if this had occurred. The PRI confirmed that gases 
(particularly ethane) seemed to decrease the photosynthetic activity. The red 
edge position was not affected. 
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The general assumption was that natural gas does not affect vegetation 
reflectance, but this chapter shows that ethane – which comprises up to 10% of 
natural gas – does affect the reflectance in the chlorophyll and water absorption 
regions of the maize plants. Although the physiological process is not yet 
understood, the combination of reduced band depths in the chlorophyll and 
water absorption regions and the increased PRI suggested that ethane gas in the 
soil hampered normal water uptake by maize plants in the early stage of their 
growth. Methane and natural gas caused a minor decrease in water uptake and 
photosynthetic activity, but are not believed to have caused a decrease in 
chlorophyll content.  
 
Although further research is necessary to upscale the results from this 
experiment to the field, this chapter has shown promising results for the 
detection of natural gas leakage using vegetation reflectance. For the detection 
of small natural gas leaks, the increased reflectance in the 560-590 nm region 
caused by ethane - visible in both the BD and NBD analysis - together with the 
increased PRI are promising indicators of gas leakage. Since the ethane 
concentration in this study was approximately 0.75% and ethane comprises 3% 
- 20% of natural gas, the concentration of natural gas must be between 4 to 20% 
in the soil environment to make detection possible. Since gas concentrations in 
this range may be accompanied by methanotrophic bacterial activities, oxygen 
and carbon dioxide concentrations in the soil could change. The following 
chapter investigates whether anomalous carbon dioxide concentrations affect 
leaf reflectance.   
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CHAPTER 4 ∗ 
 
EFFECTS OF HIGH SOIL CO2 CONCENTRATIONS 
ON MAIZE LEAF REFLECTANCE 
 
4.1 Introduction 
 
Carbon dioxide (CO2) in the soil atmosphere occurs at most gas leaks and 
hydrocarbon seeps – either as component of the seepage gas or generated by 
methanotrophic bacteria that oxidize methane gas (Hoeks, 1972a; Steven et al., 
2006). Bacterial oxygen depletion is accompanied by an increase in CO2 in the 
soil environment up to concentrations of 5% - 15% (Hoeks, 1972a). Other 
sources of CO2 are the decay of organic materials and landfills (Arthur et al., 
1985; Hanson and Hanson, 1996; Schumacher, 1996). Geological sources of 
soil CO2 include CO2 seeps (Macek et al., 2005; Tóth et al., 1994) and volcanic 
CO2 sources (Bergfeld et al., 2006). To mitigate the effects of CO2 on global 
warming, CO2 may be stored underground in depleted oil or gas reservoirs, 
adding one more potential source of CO2 leakage (Holloway 2005; Li et al. 
2006). Especially CO2 seepage and volcanic CO2 may be dangerous to humans 
and animals. As CO2 gas is heavier than air, concentrations may build up close 
to the ground, resulting in atmospheric oxygen shortage, which may lead to 
suffocation (Hepple and Benson, 2001; Tóth et al., 1994). High soil CO2 is 
known to have killed trees and other vegetation by disrupting the root 
respiration and by acidification of the ground water (Macek et al., 2005; 
Bergfeld et al., 2006). As Chapter 2 and 3 have shown, ethane gas causes a 
decrease in maize growth and leaf area and an increase in the yellow 
reflectance. As CO2 may have an additional effect on plant growth or 
reflectance, the effects of five different concentrations of CO2 on plant growth 
and reflectance are examined in this chapter. Direct detection of anomalous CO2 
concentrations is difficult and time consuming, as CO2 fluxes as well as the 
natural background concentrations are variable (Tóth et al., 1994; Oldenburg et 
al., 2003). Therefore, De Jong (1998) attempted to detect CO2 seepage 
indirectly using vegetation reflectance. Imaging spectrometry was shown to be a 
promising tool to monitor tree stress resulting from high soil CO2 fluxes. The 
red edge position (REP), which is commonly used as an indicator of vegetation 
stress (Boochs et al., 1990; Horler et al., 1983), shifted towards shorter 
wavelengths over the area with killed trees (De Jong, 1998). Although 
vegetation reflectance made the detection of CO2 seepage possible, the area 

                                          
∗ This chapter is based on: Noomen, M.F. and Skidmore, A.K., in review. The effects of high soil 
CO2 concentrations on leaf reflectance. International Journal of Remote Sensing.   
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studied by De Jong was a large region where CO2 fluxes were high and the 
effects readily visible by the human eye. In this chapter, it was tested whether 
the REP can distinguish CO2 concentrations varying from 2% to 50%. 
Increasing chlorophyll content causes a widening and deepening of the red 
absorption feature (Buschmann and Nagel, 1993, Dawson and Curran, 1998). A 
deepening of the absorption feature can be seen as an increase in height of the 
first derivative peak at around 720 nm and a shift of this peak towards longer 
wavelengths. However, since the REP is the transition between chlorophyll 
absorption and NIR, the height and location of the peak is not only related to an 
increase in chlorophyll, but also to a heightened NIR reflectance (Adams et al., 
1999; Maas and Dunlap, 1989; Bowman, 1989). A widening of the absorption 
feature can also be seen in the 550-670 nm region, which is less affected by cell 
structure and water content (Baret et al., 1987, Gates et al., 1965, Adams et al., 
1999). The previous chapter has shown that subtle differences in chlorophyll 
content were better visible in the yellow region than in the red edge. In this 
chapter the correlation between leaf chlorophyll and reflectance in both the red 
edge and the yellow region is studied using different methods. The aim of this 
study was twofold: I. to determine which method resulted in the highest 
correlation with leaf chlorophyll; and II. to use this method to study the effects 
of CO2 on leaf chlorophyll. In addition, the first derivative peaks at 700 nm 
(REP), 1400 nm and 1900 nm (water absorption regions) were analysed to 
obtain an indication of leaf moisture content.  
 
 
4.2 Methods 
 
The experiment was undertaken in a greenhouse in Wageningen, the 
Netherlands from the 8th of January 2004 till the 22nd of March 2004. The 
species used in the experiment was maize (Zea mays cv Nescio). The gas that 
was delivered to sealed pots was mixed with normal air and put in 10-litre 
cylinders under a pressure of 150 Bar.  
 
Table 4.1 Number of days that CO2 gas was delivered to the maize plants, the average 
amount of CO2-air mixture per pot (l) and the concentration (%) and amount (ml) of 
pure CO2 per pot.  
Concentration 
 

Number of 
delivery days 

Average amount 
per pot per day (l)

CO2 in mixture 
(%) 

Pure CO2 per pot 
per day (ml)  

2% CO2 44 9.38 1.99 186 
5% CO2 48 8.52 5.01 426 
10% CO2 49 8.93 10.10 901 
20% CO2 40 10.42 20.18 2101 
50% CO2 20 20.83 50.53 10526 
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Carbon dioxide was mixed with air to 2%, 5%, 10%, 20% and 50% of CO2 in 
air, corresponding to O2 concentrations of approximately 19.6%, 19%, 18%, 
16% and 10% (see Table 4.1 for the exact CO2 concentrations in air). 
Delivering these gas mixtures to the soil ensured that the concentration of CO2 
in air would be constant. Each gas mixture was delivered to eight maize pots 
(resulting in a total of 40 pots), which were placed at a distance of 35 cm from 
each other in a randomized block design (Cochran and Cox, 1992). For 
additional information about the set-up of the experiment please refer to 
Chapter 2.2.1. 
 
4.2.1 Growth analysis 
 
At t = 32 (halfway the experiment) and t = 63 (after recovery) the height, dry 
weight and chlorophyll content of the plants were measured. Aboveground dry 
weight was measured after the plants had dried in an oven at 70°C for four days. 
Chlorophyll content was measured on the fourth upper leaf of each plant. The 
analysis was carried out according to the method described by Wellburn (1994). 
The absorption of the chlorophyll content was read on an Ultrospec II 
spectrophotometer (Biochrom Ltd., Cambridge, UK). A one-way ANOVA was 
used to test whether the differences between the treatments were statistically 
different. When differences occurred, the Bonferroni post-hoc test (which 
adjusts the significance level for the fact that multiple comparisons are made; 
Miller, 1985) was applied to determine which groups are differing from each 
other.   
 
4.2.2 Reflectance measurements  
 
Leaf reflectance was measured at t = 19, 26, 32, 47 and 63. For additional 
information about the reflectance measurements, please refer to Chapter 3.2.1.  
 
4.2.3 Data analysis 
 
When vegetation reflectance measurements are taken over time, illumination 
and background signals from soil and atmospheric may vary due to 
meteorological and seasonal changes. Reflectance band ratios and the first 
derivative of the reflectance minimize background noise (Broge and Leblanc, 
2000; Demetriades-Shah et al., 1990; Kumar et al., 2001). In this chapter the 
first derivative is analysed to detect the effects of CO2 on plant growth. Prior to 
analysis, the first derivative data were smoothed using the Savitsky-Golay 
second-order polynomial smoothing function over a 5-band window (Savitsky 
and Golay, 1964). The red edge position (REP) - which is the inflection point 
on the slope between the red absorption and near infrared reflectance - is often 
used to correlate chlorophyll content with reflectance (Collins, 1978; Boochs et 
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al., 1990; Horler et al., 1983; Curran et al., 1995). Decreasing chlorophyll 
causes the red edge position to shift towards shorter wavelengths (Collins, 
1978). The red edge position appears as a peak in the first derivative of the 
reflectance spectra (Figure 4.1a). Several methods have been proposed for the 
calculation of the position of this peak, such as determining the wavelength at 
which the maximum in the first derivative occurs (Boochs et al., 1990; Horler et 
al., 1983), Lagrangian interpolation between 3 points on the first derivative 
maximum (Dawson and Curran, 1998), linear interpolation between four points 
in the spectra (Guyot and Baret, 1988) and higher order polynomial and 
Gaussian fitting (Bonham-Carter, 1988; Pu et al., 2003). Cho and Skidmore 
(2006) recently developed a simple and promising linear extrapolation method 
to determine the red edge position. Two straight lines were fitted through two 
wavelengths in the far-red (680 to 700 nm) and two wavelengths in the NIR 
(725 to 760 nm) of the first derivative (eq. 4.2 and 4.3), after which the 
intersection of the lines was calculated to determine the REP (eq. 4.4). This 
method showed high correlations with maize leaf nitrogen (which is closely 
correlated to chlorophyll (Lamb et al., 2002)) and appeared to be superior in 
predicting leaf nitrogen content compared to the other methods.  
 
Far red line = m1λ + c1       (4.2) 
 
NIR line = m2λ + c2       (4.3) 
 

REP = 
)21(
)21(

mm
cc

−
−−        (4.4) 

where m and c are the slope and intercept of the lines and λ is the wavelength at 
the intercept (Cho and Skidmore, 2006).  
 
A random sample of 32 maize leaves (of which the chlorophyll content was 
known) was used to compare the linear extrapolation method by Cho and 
Skidmore (2006) with the first derivative peak maximum method and the 
interpolation methods by Dawson and Curran (1998) and Guyot and Baret 
(1988). The method with the highest correlation was subsequently used to 
determine the effects of soil CO2 on maize leaf reflectance.   
 
In addition to the REP, a new index was calculated by applying the method by 
Cho and Skidmore (2006) to the 550 – 670 nm absorption feature. Instead of 
using wavelengths in the red region, the lines were based on the 550-560 nm 
region and the 572-585 nm region (Figure 4.1b). This resulted in an index 
hereafter named ‘yellow edge position’ or ‘YEP’. It was expected that an 
increase in chlorophyll would cause a shift of the YEP towards shorter 
wavelengths. The YEP was correlated to leaf chlorophyll using the same test 
sample as was used for the REP, after which the method was applied to the 
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dataset. To gain an indication of the width of the absorption feature, the distance 
between the REP and YEP was calculated for each timestep. Since Chapter 3 
has shown that the yellow reflectance is sensitive to subtle chlorophyll changes, 
the continuum removed reflectance in the yellow region was calculated as a 
comparison (see Chapter 3 for a description of the methods). In addition, the 
maximum height of the REP peak and the depth of the water absorption features 
at 1400 and 1900 nm were analysed to obtain an indication of leaf water status 
(Figure 4.1a). A one-way ANOVA followed by a Bonferroni post-hoc test 
(Miller, 1985) were used to determine if the differences between the treatments 
were statistically significant.  
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Figure 4.1a The features of interest in this study include the red edge position and the 
red edge maximum peak height (1), the yellow edge position (2) and the feature depths 
at 1400 nm (3) and 1900 nm (4) in the water absorption regions. Figure 4.1b shows the 
yellow edge region and the lines fitted through 550 and 560 nm, and 572 and 585 nm. 
The intersection point is the yellow edge position.   
 
 
4.3 Results 
 
4.3.1 Plant morphology 
 
CO2 delivery lasted for approximately 40 days (Table 4.1), except for 50% CO2 
which finished in 20 days. The plants in the 50% CO2 treatment had therefore 
been able to recover for 12 days when the first plant morphology measurements 
were made (t = 32). At t = 63 all treatments had been able to recover for two 
weeks or more. At t = 32, plant height and leaf chlorophyll decreased with 
increasing CO2 concentrations (Table 4.2). The 50% CO2 treatment showed a 
decrease of 17% in plant height, 30% in dry weight and 10% in leaf chlorophyll. 
The differences between the 2% CO2 treatment and the 5%, 10% or 20% 
treatments were not significantly different.  

(1) 

(2) 

(3) (4) 

(a) (b) 
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Although at t = 63 the height, dry weight and chlorophyll of all treatments have 
increased (Table 4.2), the 50% CO2 treatment showed the largest relative 
increase. Leaf chlorophyll content of the 50% CO2 treatment even exceeded the 
chlorophyll content of the 2% CO2 treatment (3.57 mg/g compared to 3.41 
mg/g). The 5% and 10% CO2 treatments caused the lowest increase in all plant 
characteristics.  
 
Table 4.2 Plant height (cm), dry weight (g) and leaf chlorophyll content (mg/g) during 
CO2 delivery (t = 32) and during recovery (t = 63). Similar letters indicate that the 
treatments belong to the same group (ANOVA, p ≤ 0.05). 

 T = 32 T = 63 
Treatment Height 

[cm] 
Dry 
weight [g] 

Chlorophyll 
[mg/g] 

Height 
[cm] 

Dry weight 
[g] 

Chlorophyll 
[mg/g] 

2% CO2 79.67a 2.03ab 3.24a 118.07a 28.22a 3.41ab 
5% CO2 77.14a 2.30a 3.23ab 109.65a 26.75ab 3.32ab 
10% CO2 78.26a 2.21a 3.18ab 111.07a 25.34ac 3.15b 
20% CO2 71.97ab 1.72ab 3.06ab 105.72a 22.43c 3.23ab 
50% CO2 66.16b 1.44b 2.94b 113.25a 23.71bc 3.57a 
Mean 74.55 1.94 3.13 111.71 25.36 3.34 

 
 
4.3.2 REP and YEP correlation with leaf chlorophyll 
 
Prior to analysing the dataset, a sample of 32 random leaves of 70-days old 
maize plants was used to correlate four indices with leaf chlorophyll. Leaf 
chlorophyll ranged from 2.8 to 3.8 mg/g. The lowest correlation with leaf 
chlorophyll was found for the continuum removed reflectance (R2 under 0.2), 
followed by the first derivative peak and the method by Dawson and Curran 
(1998; R2 under 0.5), whereas the methods by Guyot and Baret (1988) and Cho 
and Skidmore (2006) resulted in the highest correlations (Figure 4.2). The latter 
is used in the following sections to study the effects of CO2 on leaf chlorophyll. 
 
Although the YEP resulted in a low correlation with leaf chlorophyll, the 
distance between the REP and YEP (both calculated using the method proposed 
by Cho and Skidmore, 2006) resulted in the highest correlation (R2 of 0.76; 
Figure 4.3). In the following sections the YEP and REP-YEP distance were 
used in addition to the REP to examine whether they can be used as indicators 
of high soil CO2.     
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Figure 4.2 Correlation between chlorophyll content and red edge positions calculated 
from the first derivative maximum and the methods by Dawson and Curran (1998), 
Guyot and Baret (1988) and Cho and Skidmore (2006). 
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Figure 4.3 Correlation between the yellow edge position and the REP-YEP distance 
with chlorophyll content. 
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4.3.3 REP, YEP and REP-YEP distance as affected by soil CO2 
 
The REP of the 50% treatment caused a shift of 2 – 3 nm towards shorter 
wavelengths compared to the other treatments. The 2%-20% treatments were 
not different from each other (Figure 4.4a). The YEP of the 50% CO2 treatment 
is located 3 - 5 nm towards longer wavelengths compared to the 2% CO2 
treatment, except at the last date. The YEPs of the 5%-20% treatments were 
located between the 2% and 50% treatments during most of the experiment 
(Figure 4.4b).  
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Figure 4.4a Red edge position (calculated using the method proposed by Cho and 
Skidmore (2006) of the five treatments over time. Figure 4.4b Yellow edge position 
(YEP) of the five treatments over time.  
 
Subtracting the YEP from the REP gives an indication of the width of the red 
absorption feature. 50% CO2 caused a narrowing of the absorption feature 
compared to the 2% CO2 treatment of approximately 6 – 8 nm until t = 46 
(Figure 4.5). The sharp increase in the REP after t = 46 is also visible in the 
REP-YEP distance.  
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Figure 4.5 a) Distance between REP and YEP.  b) REP peak height over time 
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The height of the REP peak indicates the length of the slope between the red 
absorption feature and the NIR plateau: the higher the NIR plateau compared to 
the red absorption feature, the higher the peak. After t = 27, the maximum peak 
height of 2% CO2 was consistently higher than the peak height of the other 
treatments (Figure 4.5). The continuum removed reflectance in the yellow 
region showed an increase for the 50% CO2 treatment; however the other 
treatments could not be distinguished from each other (Figure 4.6). 
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Figure 4.6 Continuum removed reflectance at 580 nm 
 
4.3.4 Water absorption feature depths 
 
The first derivative feature depths in the water absorption regions have been 
correlated to leaf water content (Danson et al., 1992). The water absorption 
features were negatively correlated with the red edge maximum height (average 
R2 of 0.97 and 0.61 (n = 40) for the 1400 and 1900 nm features respectively). 
Increasing CO2 concentrations resulted in decreasing feature depths (Figure 
4.7).  
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Figure 4.7 Maximum depth of the water absorption feature at 1900 nm  
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4.3.5 Significance of the results 
 
To test if the differences between the indices were statistically significant (p ≤ 
0.05), a one-way ANOVA was performed for each timestep. Only at t = 26 and 
t = 32 could all indices distinguish the 50% treatment from the 2% treatment 
(Table 4.3).  
 
Table 4.3 Statistically significant differences (p ≤ 0.05) between the treatments of the 
REP, YEP, the REP-YEP distance, the maximum features heights at the REP and 1900 
nm and the continuum removed reflectance (CRR) at 580 nm for 5 timesteps. Only 
significant results are shown. ‘<’ or ‘>’ show whether the REP, YEP or REP-YEP is 
located at shorter/higher wavelengths, or that the REP peak and 1900 nm peak are 
lower/higher. 

 
 
In addition, the REP-YEP distance could distinguish the 50% treatment from all 
other treatments. Apart from the REP, the results at t = 26 are similar to those of 
t = 32. After CO2 delivery stopped, only the indices related to chlorophyll 
differences were statistically significant.  
 
 
4.4 Discussion 
 
4.4.1 Plant health 
 
An aim of this study was to characterize the effects of CO2 on leaf chlorophyll. 
The plant chlorophyll and morphology data at t = 32 suggest that an increase in 
soil CO2 correlates to a decrease in leaf chlorophyll content, plant height and 
plant dry weight. Normal soil air contains around 0.5 to 2% CO2 (Russell, 1973) 
so the 2% CO2 treatment could be regarded as the control. This is supported by 
Bouma et al. (1997), who demonstrated that CO2 concentrations up to 2% did 
not affect citrus (Citrus volkameriana) or bean (Phaseolus vulgaris) dry weight. 
Although literature on the effects of soil CO2 on plant growth is sparse, it is 

Index (n = 40) T = 19 T = 26 T = 32  T = 46  T = 63  
REP    50% <10%, 

20% 
50%< all 50% < 2%, 

5%, 20% 
- 50% > 5%, 10% 

YEP    
 

- 50% > 2% 50% > 2% - 50% < 2%, 5% 

REP-YEP   50% < 5%,  
10%, 20% 

50% < all 50% < all - 50% > all 

Peak REP 
 

- 50% < 2% 50% < 2% - - 

Pit 1900 nm - 50% < 2% 50% < 2% - - 
Yellow CRR  - 50% > 2% 50% > 2%   



 53 

assumed that tolerance to high CO2 concentrations is dependent on species, 
cultivar (Huang et al., 1997b) and duration of exposure (Boru et al., 2003). In 
this study leaf chlorophyll, plant height and dry weight decreased with 
increasing CO2 (of which only the decrease caused by the 50% CO2 treatment 
was statistically significant). These results are supported by Boru et al. (2003), 
who showed that soybean (Glycine max) subjected to CO2 concentrations 
ranging from 15 to 50% showed a reduction in leaf “greenness” as well as in 
shoot and root growth. Huang et al. (1997b) demonstrated that 10% CO2 in 
combination with 5% O2 in the soil significantly decreased shoot growth of two 
wheat (Triticum aestivum) cultivars, but photosynthesis and leaf chlorophyll 
content decreased for only one of the two cultivars.  
 
High CO2 concentrations are generally related to low O2 concentrations (Hoeks, 
1972a; White, 1997). Although not much is known about recovery of plants 
from high soil CO2 concentrations, plants are known to recover after a 
temporary low soil oxygen concentration, for example in waterlogged soils 
(Drew, 1990). Lizaso et al. (2001) showed that waterlogged maize plants 
exhibited a faster increase in biomass compared with the control plants after 
flooding ended, while Huang et al. (1994) showed that wheat plants subjected 
to hypoxia for 14 days had reduced root and shoot dry weights, but 7 days 
recovery increased the dry weight to 65 -100% of the control weight depending 
on cultivar. In the present study, chlorophyll, plant height and weight of the 
50% CO2 treatment increased faster compared to the other treatments. 20% CO2 
caused a faster increase in chlorophyll content only. This increase suggests that 
after a temporary exposure to up to 50% CO2 in the root zone, maize plants can 
recover within one growing season.         
 
4.4.2 Behaviour of the REP, YEP and REP-YEP distance 
 
Since leaf chlorophyll content was affected by high CO2 concentrations, the 
focus was on the chlorophyll absorption region between 550 and 750 nm. The 
first derivative maximum is often used for correlations with chlorophyll, 
however the main drawback of this method is a that a double peak occurs in the 
first derivative (Boochs et al., 1990; Horler et al., 1983; Zarco-Tejada et al., 
2000), leading to a ‘jump’ in the REP from 700 to 725 nm. Although the 
derivative maxima in the sample dataset did not demonstrate double peaks, 
several peaks were flattened at the top (Figure 4.8). This resulted in three or 
more successive wavelengths having (nearly) the same reflectance value, 
leading to inaccurate REP estimates. The methods by Cho and Skidmore (2006) 
and Guyot and Baret (1988) resulted in higher correlations with chlorophyll. 
Although these methods had nearly the same correlation coefficient, the 
absolute values of Cho and Skidmore’s method had a much wider range (713-
727 nm) than the values of Guyot and Baret (718-720.5 nm).   
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Figure 4.8 A typical first derivative peak at 720 nm of a test sample leaf. The peak is 
flattened at the top, resulting in inaccurate REP estimates. 
 
Although the yellow edge position as well as the continuum removed 
reflectance in the yellow region were expected to have a stronger correlation 
with chlorophyll content than the REP, this was not the case in the test sample 
dataset (Figure 4.3). Adams et al. (1999) showed that the yellowness index, 
which is based on the reflectance between 580 and 660 nm, saturated at a 
chlorophyll content over 25 μg/cm2. Average leaf chlorophyll in the test 
samples corresponded to approximately 33 μg/cm2, which would explain the 
low correlations. Yet the REP-YEP distance had a stronger correlation with 
chlorophyll than the REP alone in the test samples (Figure 4.3) and the REP-
YEP distance of the greenhouse data could better distinguish the treatments than 
the REP or YEP alone (Table 4.3). This suggests that even though the yellow 
reflectance alone is not functional at medium to high chlorophyll contents, in 
combination with the REP it increased the correlation with chlorophyll during 
the entire experiment.  
 
In general the REP-YEP distance decreased with increasing CO2, however only 
the difference between the 50% CO2 and the lower concentrations was 
statistically significant. After t = 26 the REP-YEP distance of the 2% treatment 
is consistently 2 nm wider than the 5%, 10% and 20% treatments. The latter are 
nearly similar during the entire experiment, suggesting that CO2 concentrations 
between 5% and 20% CO2 have a similar effect on leaf chlorophyll. Although 
the 50% CO2 delivery ended at t = 20, recovery started only four weeks later (t 
= 46), visible as an increase in REP-YEP distance and a shift of the REP 
towards longer wavelengths. 20% CO2 delivery ended at t = 40 and signs of 
recovery were noticeable three weeks later (t = 63). The increase in chlorophyll 
in the recovered plants did not coincide with an increase in leaf water content 
(Figure 4.7). It is possible that an increasing chlorophyll content was the first 
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sign of recovery and that a longer recovery period would result in an increase in 
leaf water content.  
 
4.4.3 Behaviour of the REP peak and the 1400 nm and 1900 nm 
peaks 
 
The water absorption features and the REP peak were strongly correlated with 
each other and all indicated that 50% CO2 caused a decrease in leaf water 
content during the whole experiment. A reduced water uptake has been related 
to a decreased respiration rate of roots caused by a reduced O2 concentration in 
the soil (Drew, 1990). In addition, Macek et al. (2005) found that root 
respiration rates of plants decreased only in CO2 concentrations over 20% and 
that the response was species specific. Since the 50% CO2 concentration 
corresponded to O2 concentrations that are lower than usual, it is likely that the 
50% CO2 treatment reduced the root respiration rate. Contrary to the 50% CO2 
treatment, the 20% CO2 treatment caused a relatively shallow water absorption 
feature and high REP peak until t = 32. Huang et al. (1997b) showed that CO2 
enrichment during oxygen shortage in the soil reduced stress in wheat shoot 
growth, photosynthesis and leaf chlorophyll content. Several possible reasons 
were given for the observed effects, such as an increased N or P uptake and 
supply (Cramer and Lips, 1995; Arteca et al., 1979), or CO2 absorption by roots 
and transport to the shoots where it could enhance photosynthesis (Enoch and 
Olesen, 1993). The latter may have occurred in the 20% CO2 treatment early in 
the experiment, stimulating photosynthesis and early growth. The REP, YEP 
and REP-YEP distance confirm that the 20% CO2 treatment had a relatively 
high chlorophyll content until t = 32. The same (but less clear) trend can be seen 
in the chlorophyll and water content of the 10% CO2 treatment.  
 
4.4.4 Monitoring soil CO2 using first derivative reflectance 
 
For monitoring the decline of plant health caused by high CO2 concentrations, 
the REP-YEP distance is most functional. It had the highest correlation with 
chlorophyll content and it was the only index that could distinguish the 50% 
CO2 treatment from all other treatments at three timesteps. In this study the first 
moment that 50% CO2 could be distinguished from the other treatments was 19 
days after initial delivery. When elevated CO2 concentrations develop during 
later stages in the growing season, it is expected that the plant’s response is 
slower due to lower metabolic activity of the roots (Smith, 2004b). When 
annual plants are monitored, the best time for monitoring is halfway the 
growing season of the plants. Early in the growth cycle leaf reflectance 
measurements are difficult due to the small leaf surface and may cause noisy 
first derivative spectra, which affect the accuracy of the YEP and REP. Late in 
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the growth cycle the plants show signs of senescence, which may obscure the 
effects of CO2.  
 
Since monitoring of vegetation ideally takes place on larger scales than leaf 
level, the patterns of the vegetation and canopy structure will be incorporated in 
the reflectance signal. Since the maize plants showed a consistent decrease in 
size with increasing CO2 concentrations, plant cover and LAI of canopy 
affected by CO2 seepage is expected to be lower. This is supported by 
observations from a natural CO2 seep in Parádfürdő, Hungary, where grassland 
vegetation cover decreased towards the seep centre (Figure 4.9; see footnote1). 
These patterns will enhance the derivative differences in the chlorophyll region.  
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Figure 4.9 Grassland canopy cover in a natural CO2 seep 
 
 
4.5 Conclusion 
 
Increasing CO2 concentration decreased plant height, leaf chlorophyll content 
and dry weight of maize plants, however only 50% CO2 had a statistically 
significant effect. The decrease in chlorophyll was best explained by the 
distance between the yellow edge position and the red edge position; both 
calculated using the method proposed by Cho and Skidmore (2006). The REP 
peak height and the water absorption pit depths at 1400 and 1900 nm showed 
that 50% CO2 decreased leaf water content. 10% CO2 and 20% CO2 however 
had an increased chlorophyll and water content at the start of the experiment, 
suggesting that a moderate CO2 concentration in the soil may be beneficial to 
maize growth. For the detection of CO2 seepage using leaf reflectance, the 
results of this chapter suggest that the REP-YEP distance is a useful index, 
particularly halfway through the growing season.  
                                          
1 Observations date from 5 August 2002. Measurements were performed every 2 m 
along a transect over the seep. Vegetation cover was estimated on 1 m2 patches.  
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In hydrocarbon gas leaks, bacterial methane oxidation can result in CO2 
concentrations between 10% (Steven et al., 2006) to 15% (Hoeks, 1972a). 
Higher concentrations are unlikely to occur, as above these values either the 
oxygen or the methane supply will be limiting for methane oxidation (Steven et 
al., 2006). Since the results in this chapter suggest that only the effects of 50% 
CO2 on leaf reflectance can be detected with certainty, the effect of bacterial 
CO2 production in gas leaks will be difficult to measure if only the leaf 
reflectance is taken into account. Moreover, the additional effects of oxygen 
shortage and ethane on vegetation reflectance may either diminish or enhance 
the effects of CO2. In the next chapters an attempt is made to distinguish the 
effects of oxygen shortage, ethane and carbon dioxide on canopy reflectance.   
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CHAPTER 5 ∗ 
 
PREDICTING SOIL OXYGEN CONCENTRATIONS 
USING INDICES BASED ON HYPERSPECTRAL 
REFLECTANCE OF MAIZE AND WHEAT CANOPIES 
 
5.1 Introduction 
 
Chapters 3 and 4 dealt with the effects of natural gas, ethane, methane and CO2 
on plant growth and leaf reflectance. It was shown that a concentration of 
0.73% of ethane caused a decrease in maize plant height, leaf area and an 
increased reflectance in the yellow region (560 – 600 nm). High concentrations 
of CO2 also caused a decrease in maize plant height in addition to reduced leaf 
chlorophyll and changes in the reflectance in the chlorophyll and water 
absorption regions. The gas fluxes in the described experiment were kept low in 
order to avoid oxygen shortage. In reality however, leakage rates may be much 
higher and oxygen shortage will occur. Chapter 2 has shown that a gas flow of 
2250 l/day led to a decrease in soil oxygen concentrations (Tables 2.1 and 2.2). 
This resulted in a decrease in both maize and wheat canopy cover, plant height 
and leaf chlorophyll in the centre 50 cm of the gas-plots (Table 2.4). Pysek and 
Pysek (1989) found that natural gas leakage of 250 l/h 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 (100 l/h), 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 and waterlogging caused an increase in reflectance in the 
visible and a change in the shape and position of the red edge. These results 
suggested that the changes in reflectance due to gas leakage are caused by 
oxygen shortage and not by the natural gas itself (Smith et al., 2004a). In this 
chapter the effects of high soil gas concentrations on maize and wheat 
reflectance are studied. Based on the results of previous chapter and literature, it 
was expected that the following aspects play a role: 
1. Large amounts of gas cause oxygen shortage (Chapter 2), possibly affecting 

the reflectance in the chlorophyll and water absorption regions; 
2. Ethane may cause increased reflectance in the yellow region (Chapter 3); 

                                          
∗ This chapter is based on: Noomen, M.F., Smith, K.L., Colls, J.J., Steven, M.D., Skidmore, A.K. 
and van der Meer, F.D., accepted. Predicting soil oxygen concentrations using indices based on 
hyperspectral reflectance of maize and wheat canopies. International Journal of Remote Sensing.    
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3. Oxygen depletion may take place, resulting in anomalous CO2 
concentrations that change the reflectance in the chlorophyll and water 
absorption regions (Chapter 4). 

 
This chapter deals with the effects of oxygen shortage on canopy reflectance, 
while the effects of ethane and CO2 on canopy reflectance are described in 
Chapter 6. The focus of the chapter is twofold: I. finding reflectance indices that 
are correlated with leaf area; and II. correlating soil oxygen concentrations with 
these indices in addition to 51 indices that are known to react on changes in 
vegetation vigour. The aim was to find indices that can predict oxygen 
concentrations based on both 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 detection. 
 
 
5.2 Methods 
 
5.2.1 Canopy spectral measurements 
 
The plots were divided into 16 virtual blocks of 50 by 50 cm (Figure 5.1a). 
Twelve blocks were used for the canopy spectral measurements, while four 
were used for destructive analysis (respectively R and D in Figure 5.1b). 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 25° 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 10.30 and 13.00 hrs in sunny 
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 
BRDF) (Nicodemus, 1977; Sandmeier and Deering, 1999). 
 
 



 61 

  
Figure 5.1a Maize plot with four plastic tubes for measuring the gas concentration. 
Figure 5.1b Division of the plot in virtual blocks of 50 by 50 cm. R = blocks used for 
reflectance measurements, D = blocks used for destructive measurements.  
 
 
5.2.2 Correlation of reflectance indices with LAI 
 
In remote sensing studies, plant and canopy health is often assessed by indices 
that are combinations of the visible and near infrared reflectance (Broge and 
Leblanc, 2000). These indices react to changes in leaf chlorophyll and canopy 
structure, corresponding to wavelengths around 670 nm and 800 nm 
respectively (Haboudane et al., 2004). Since small gas leaks affect only the leaf 
area and not the chlorophyll content (Chapter 2), the best indices for gas 
detection are those that maximize differences in canopy leaf area or leaf area 
index (LAI). Since the LAI of the control and gassed canopies at t = 35 was 4.1 
and 3.8 respectively (Table 2.4; not taking into account the centre of the gassed 
plots), the index should be able to distinguish these small differences. Most 
studies that tried to correlate LAI to reflectance indices acknowledge that at LAI 
values over 2, distinction between LAI values becomes more difficult due to 
saturation of the indices (Broge and Leblanc, 2000; Haboudane et al., 2004; 
Thenkabail et al., 2000). In this chapter, the LAI values of the maize plants as 
measured at t = 35 were correlated with reflectance indices to find an index that 
was linearly related to LAI values over 2. The following indices were 
calculated: 
 

1. 
BandB
BandA

on all bands between 400 and 2400 nm;  

2. 
BandB
BandA

on all bands between 400 and 2400 nm of the first derivative 

spectra; 

3. 
BandBBandA
BandBBandA

+
−

 on all bands between 400 and 2400 nm; 
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4. 
BandBBandA
BandBBandA

+
−

 on all bands between 400 and 2400 nm of the first 

derivative spectra. 
 
Prior to analysis the first derivative spectra were smoothed using the Savitsky-
Golay polynomial smoothing filter (Savitsky and Golay, 1964).    
 
The correlation coefficient was calculated by taking out one LAI value, 
subsequently correlating the leftover LAI values with the index values, and 
repeating this till every LAI value has been taken out once. The indices that led 
to the lowest root mean square error (RMSE) were then selected for further 
analysis. A Student’s t-test was performed on the selected indices to test 
whether they could distinguish the control from the gassed plots.  
 
5.2.3 Correlation of reflectance indices with oxygen concentrations  
 
At ten sample points (located at 25 cm, 75 cm and 400 cm from the source) both 
the oxygen concentration and reflectance were measured. These points were 
used for two analyses of covariance between reflectance indices and oxygen 
concentration. The first covariance analysis tested whether there is a reflectance 
index (continuous predictor) that can predict the soil oxygen concentration 
(dependent variable) for both species (covariates), while the second covariance 
analysis examined whether there is a reflectance index that can predict the soil 
oxygen concentration at several timesteps (covariates). When the predictor had 
a similar effect for each covariate, a simple linear regression analysis was done 
to calculate the prediction power at each timestep (t = 16, t = 22, t = 29, t = 35 
and t = 42). For this analysis, the assumption was made that the effects by 
ethane and carbon dioxide are insignificant compared to the effect of oxygen 
shortage. In Chapter 6 the validity of the assumption is tested. In addition to the 
indices that have a strong correlation with LAI, 51 hyperspectral indices that are 
known to react on changes in vegetation vigour were selected for the analysis. 
Most of the indices are based on reflectance in the visible and near infrared 
light, while a few are based on the shortwave infrared reflectance (Appendix 1). 
For prediction accuracy, only those models that had an 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 concentration would be 
lowest close to the gas source, increasing with distance from the source to a 
value of 20% on the control plots.  
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5.3 Results 
 
5.3.1 Reflectance 
 
During the whole experiment the canopy reflectance of the centre 50 cm 
showed a significant decrease in the near infrared region (800 – 1300 nm) and a 
relative increase in the red region (around 670 nm) in the maize canopy (Figure 
5.2).  
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Figure 5.2 Reflectance curves control and gassed maize canopy (left) and wheat canopy 
(right). The decrease in the near and shortwave infrared (between 800 and 2400 nm) is 
clearly visible.  
 
Although the overall reflectance in the near infrared is lower in the wheat 
canopy due to the lower canopy density (Knipling, 1970), the reflectance within 
the plots shows the same pattern: a strong decrease in NIR in the centre 50 cm.   
 
Commonly used reflectance indices indicated that the plants on the gassed plots 
were stressed: the NDVI was lower during the whole experiment, while the red 
edge position was located at shorter wavelengths (Figure 5.3; for equations of 
NDVI and REP see Appendix 1). This is in accordance with results from 
several studies (e.g. Smith et al., 2004b; Oliveira et al., 1997; Table 1.2). 
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Figure 5.3 NDVI and red edge position with time. Both indices are lower on the gassed 
plots, suggesting that the gassed canopy is stressed.  
 
 
5.3.2 Correlation LAI with reflectance indices 
 
The LAI values used for the analysis ranged from 2.0 to 5.3 (n = 34). 
Correlations between LAI and indices were highest for the first derivative ratios 
(Table 5.1). Differences between the ratio-type indices and the NDVI-type 
indices were minimal. The highest correlations were found for indices in the 
visible light for the first derivative and in the NIR for the normal reflectance.  
 
Table 5.1 Pearson’s R for those indices that had the highest correlation with LAI  
Ratio Bands Pearson’s R 
A/B (1st derivative) A: 642; B: 600  

A: 599; B: 508 
-0.78  
-0.68 

(A-B)/(A+B) (1st derivative) A: 642; B: 600  
A: 599; B: 508 

-0.77  
-0.66 

A/B (reflectance)  A: 1097; B: 928 
A: 765; B: 736 

-0.53 
 0.50 

(A-B)/(A+B) (reflectance) A: 1097; B: 928 
A: 765; B: 736 

-0.53 
 0.50 

 
Figure 5.4 shows the predicted against the measured LAI values. Particularly 
the first derivative ratios are strongly dependent on the lower LAI values. A 
Student’s t-test showed that the differences between LAI on the control and 
gassed plots (not taking into account the gassed centre) were not significant at t 
= 35. However, the index using the derivative bands at 642 and 600 nm led to a 
significant difference (p ≤ 0.05). Even though the other indices did not lead to 
significant differences at t = 35, they were tested in the following analysis to 
find out whether they could be used for the detection of low oxygen 
concentrations over time.   
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Figure 5.4 Measured versus estimated LAI for the 4 indices with the lowest RMSE. 
 
 
5.3.3 Covariance analysis between two species 
 
A covariance analysis between each reflectance index and oxygen concentration 
was performed at t = 16, t = 22, t = 29, t = 35 and t = 42. 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 t = 16, 34 indices at t = 22, 48 indices at t = 29 
and 0 indices at t = 35 and t = 42. Of these indices, 2, 18 and 1 indices, 
respectively at t = 16, t = 22 and t = 29 predicted the oxygen concentration 
without species effect (“O” in Table 5.2). 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 5.5).  
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Figure 5.5 Covariance analysis shows that a regression between reflectance indices 
against oxygen concentration result in almost similar slopes but different intercepts for 
the two species. 
 
 
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 difference to all wheat values:  
 
Step 1:  
Index (Mc) – Index (Wc) = Index Difference (ID)   (5.1) 
 
Step 2: 
Index (Wg, Wc) + ID = Index’        (5.2) 
 
Consequently, a new covariance analysis was performed on the transformed 
data, which resulted in respectively 15, 22 and 23 significant models at t = 16, t 
= 22, and t = 29 in which the species effect was removed (Table 5.2), while at t 
= 35 and t = 42 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 t = 16, t = 22, and t = 29: CTR2, LIC1, LIC3, 
mNDVI705, OSAVI and NDVI705 (Table 5.2). The highest regression 
coefficients were found at t = 29. 
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5.3.4 Covariance analysis between timesteps 
 
Covariance analysis between the five timesteps did not result in significant 
models for oxygen. Therefore a similar normalization procedure as described in 
the previous section was performed between the timesteps. Normalization was 
done by subtracting the control index value of t(1) from the control index value 
at t(1+i), and adding this difference to each index value at t(1+i). After 
normalization there were 28 (maize) and 27 (wheat) indices that resulted in 
significant models for oxygen. Examination of the correlations between the 
indices and the oxygen concentration at each timestep showed that at t = 16 the 
regression coefficients were lowest and the slope of the regression different 
from the other dates (Figure 5.6; Table 5.3). Removing t = 16 from the analysis 
increased the number of indices that could predict oxygen concentrations to 33 
(maize) and 29 (wheat) and increased the regression coefficient of most indices. 
Table 5.2 shows the regression coefficients of t = 22 till t = 42 after 
normalization. Vog1 (R740/R720), ZM (R750/R710), GM1 (R750/R550) and 
GM2 (R750/R700) had the highest regression coefficients for maize, while 
LIC3 (R440/R740) and REP (700+40*[((R670+R780/2)-R700)/(R740-R700)]) 
had the highest regression coefficients for wheat.  
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t = 42  O 2 = -2.8 + 15.1 * Vog1 

Figure 5.6 Regression lines between Vog1 (Vogelmann et al., 1993) and oxygen 
concentrations per timestep (maize) 
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Table 5.3 R2 at each timestep for Vog1 (maize) and LIC3 (wheat) 
Time Maize Wheat 
t = 16 0.55 0.44 
t = 22 0.93 0.67 
t = 29 0.88 0.79 
t = 35 0.91 0.58 
t = 42 0.74 0.62 
 
 
5.3.5 Predicted oxygen concentrations based on maize and wheat 
 
Overall the regression coefficients of the covariance analysis between species 
were highest at t = 29 and lowest at t = 16. Since 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 the oxygen concentration 
should be 20%. The prediction of the control values at t = 29 resulted in values 
closest to 20% (Table 5.4).  
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Figure 5.7 Measured versus predicted O2 values based on LIC3 (a) and OSAVI (b) at t = 
29 
 
Graphs of measured against predicted oxygen concentrations show that 
although the prediction equation was based on both species, in general the 
indices performed better on the maize plots than on the wheat plots (Figure 5.7).  
 
For the detection of gas leaks, it is important that areas with low oxygen are 
clearly distinguishable from the 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 prediction under the control wheat 
plots ranged from 13 to 25%, compared to a range of 16 to 24% based on 
OSAVI. The pattern of low oxygen close to the gas source, which increases 
with distance, was most clear on plot Mg1 (Figure 5.8). All indices on this plot 
showed the same pattern. Mg2, which received less than half the amount of gas 

a) b) 
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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 had the 
clearest pattern. Since OSAVI maximized the differences between gassed and 
control canopy while the average predicted oxygen values under the control 
plots were closest to 20%, this was deemed the best predictor at t = 29.  
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Figure 5.8 Predicted oxygen concentrations of Mg1 and Mc, Mg2 and Mc, Wg1 and 
Wc, and Wg2 and Wc at t = 29, based on OSAVI. An exponential curve that describes 
the oxygen pattern is fitted through the data.    
 
Table 5.4 Predicted oxygen concentrations ± standard error under the control maize and 
wheat plots (n = 24) at three timesteps (left) and over time (right). The oxygen 
concentrations over time are predicted using Vog1 (maize) and LIC3 (wheat). 
INDEX T = 16 T = 22 T = 29 In time: Maize Wheat 
LIC1 17.61 ± 1.23 19.17 ± 1.75 19.39 ± 2.40 Average: 19.48 16.28 
LIC3 18.01 ± 1.78 18.84 ± 1.73 19.52 ± 2.38 Standard error per timestep: 
CTR2 18.08 ± 1.42 19.13 ± 2.48 19.32 ± 2.65 t = 16 1.33 4.09 
mNDVI705 18.50 ± 1.39 20.12 ± 1.70 19.23 ± 2.23 t = 22 1.17 4.57 
NDVI705 18.46 ± 1.42 20.28 ± 2.13 19.30 ± 2.00 t = 29 1.41 4.26 
OSAVI 18.02 ± 1.51 17.95 ± 0.66 20.12 ± 1.84 t = 35 1.41 4.28 
MEAN 18.11 ± 1.46 19.25 ± 1.74 19.48 ± 2.25 t = 42 2.33 4.13 
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At t = 22 all indices had regression coefficients under 0.7, resulting in less 
reliable predictions of oxygen under the plots than at t = 29. As at t = 29, LIC3 
for t = 22 had the highest regression coefficient, but did not predict oxygen 
reliably on the wheat plots. The best predictor at t = 22 was CTR2 (Figure 5.9), 
although the patterns for oxygen with distance from the source were less clear 
than at t = 29. 
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Figure 5.9 Oxygen concentration at t = 22 estimated based on CTR2.  
 
 
5.3.6 Predicted oxygen concentrations over time 
 
Although six indices have shown to estimate oxygen concentrations based on 
maize and wheat reflectance, they only have reliable predictions at t = 29. For 
the detection of gas leakage over time, an index that can predict oxygen at 
several timesteps is preferable. The covariance analysis in time showed that 
Vog1 had the highest regression coefficient for maize and LIC3 and REP for 
wheat. Whereas the average predicted oxygen concentration under the control 
maize plot was close to 20%, the predicted oxygen under the wheat plots was 
approximately 4% lower than the expected 20% (Table 5.4). As seen in figure 
5.10, the reason for the low average is an underestimation of the highest O2 
concentrations. In contrast, the lowest O2 concentrations were overestimated 
with about 5% (Figure 5.10).   
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Figure 5.10 Predicted against measured oxygen values based on Vog1 (a) and LIC3 (b) 
 
 
5.3.7 Maximum range of affected area 
 
To determine the maximum distance between the gas source and the point 
beyond which there was no oxygen shortage, a curve was fitted through the 
oxygen values as predicted by OSAVI. This procedure was repeated for the 
oxygen concentrations in time as predicted by Vog1 on the maize canopy. Since 
the prediction of O2 values based on the wheat canopy resulted in less reliable 
values (Table 5.4), these were not included in the analysis. The assumption was 
made that the oxygen concentration was 0% in the centre of the gas source, and 
increased towards 20% at the control areas. The measured oxygen 
concentrations in the soil followed an exponential relationship with distance: 
 
Oxygen concentrations = 20.0 * (1 – EXP(-0.033 * D));    (5.3) 
 
20.0 being the maximum oxygen concentration, -0.033 defining the shape of the 
fitted curve, and D being the distance to the gas source (R2 0.94).  
 
The same distribution was found in the predicted oxygen values. An 
exponential curve was fitted through the predicted values of Mg1 and Mc, Mg2 
and Mc, and subsequently the distance was determined beyond which the 
oxygen concentrations were not distinguishable from those of the control. Since 
the control concentrations contained minimum values of 16.6% (Table 5.4), 
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 5.5). 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.  
 
 
 

a) b) 
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Table 5.5 Distance from gas source to point where the oxygen concentration is 16% at t 
= 29 
 Distance from gas source to 16% O2 [cm] 

 Based on OSAVI-both 
species Based on Vog1 (maize) 

Plot T = 29 T = 16 T = 22 T = 29 T = 35 T = 42 
51 23 38 51 33 35 
31 18 39 27 21 18 
40      

Mg1 
Mg2 
Wg1 
Wg2 30      
 
 
5.4 Discussion 
 
5.4.1 Regression analysis 
 
Although several indices were linearly correlated to oxygen concentrations in 
the soil, it is not certain that oxygen shortage is also the direct cause of the 
reflectance changes. Since plant growth is affected by low soil oxygen 
concentrations (Drew 1991; Huang et al., 1994; Huang et al., 1997a), it is 
assumed that the low oxygen concentrations in this study are the cause of the 
reduced plant growth. Other reasons for the reduced plant growth could be the 
effect of natural gas itself on plant growth, elevated carbon dioxide 
concentrations or a shortage of soil moisture due to the drying effect of the gas. 
Although gas concentrations in the atmosphere were not measured, it is 
assumed that the effects on plant growth were minimal. Natural gas is lighter 
than air, so the gas could disperse quickly. Gustafson (1944) showed that 
aboveground parts of plants were not affected by 2% methane in the 
atmosphere. Methane is assumed to be harmless to plant roots (Arthur et al., 
1985), which was supported by the results from Smith et al. (2004a) and by the 
results from Chapter 3. Since the soil oxygen concentrations in this study were 
very low, it is assumed that any effect of methane would be insignificant 
compared to the effect of the oxygen shortage. Bacterial methane oxidation may 
have taken place, resulting in an increase in carbon dioxide concentrations. 
Chapter 4 has shown that only the effects of 50% CO2 on leaf reflectance could 
be detected with certainty. Since CO2 concentrations in gas leaks rarely reach 
such high values (Steven et al., 2006), it is expected that the side effect of CO2 
was small. In the next chapter the actual CO2 concentrations in the gas-plots are 
calculated. In addition to the direct effects of the gases on 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 
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plants (Chapter 2), which suggests that the gas leakage did not lead to water 
shortage. It is therefore assumed that all measured effects were a result of 
oxygen shortage in the soil.  
 
The indices used in this study were all based on canopy characteristics such as 
canopy density, leaf area and chlorophyll content, leading to a clearly visible 
difference between index values of the control and gassed canopies. Although in 
this chapter 4 indices were shown to be linearly related with LAI, these indices 
had a weaker relationship with oxygen concentrations than OSAVI, Vog1 and 
LIC3. This is probably caused by the fact that the indices only correlated with 
high LAI values where the soil background is minimal. In the wheat plots and at 
the centre of the gassed plots, the effect of soil background was significant, 
affecting the reliability of the indices.      
 
As shown in Figure 5.3, several indices showed a similar pattern in time for 
both species, 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 5.5). The most likely reason for the difference in 
absolute values is the difference in canopy cover. Canopy cover 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 NDVI, the type of relation 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.   
 
Since the focus of this chapter was on finding a reflectance index that can be 
used to detect low oxygen concentrations due to gas leakage for different 
species and at several moments in time, the differences between species and 
timesteps were normalized based on the indices of the control 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.  
 
After normalization between species, several indices could predict oxygen 
concentrations, with the highest regression coefficients occurring at t = 29. At 
an earlier stage, the models are less powerful due to the lower canopy cover, 
while at a later stage 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 5.11).  



 74 

      
Figure 5.11 Maize canopy (left) and wheat canopy (right) at t = 29. 
 
Therefore it is concluded that approximately halfway through the growth cycle 
of maize and wheat (which was one month after the gas was switched on) the 
probability of detecting gas leakage was highest. This is in accordance with the 
findings by Pysek and Pysek (1989), who noticed 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 metabolic activity of the roots is low and plants are less 
sensitive to oxygen shortage (Smith et al., 2004b). 
 
Normalization between timesteps resulted in differences in regression power 
between different species. The best indices for predicting O2 over time were 
Vog1 and LIC3 for the maize and wheat canopies respectively. Both indices are 
a ratio of 740 nm (dependent on internal leaf structure and leaf area (Gausman, 
1974; Knipling, 1970)) and a chlorophyll absorption feature (440 nm for LIC3 
and 720 nm for Vog1). Differences in chlorophyll content however are much 
better visible in the 720 nm region than in the 440 nm region due to the very 
strong absorption in the latter (Carter and Miller, 1994). The differences within 
the wheat canopy are therefore almost fully explained by the changes in the 740 
nm feature (or leaf area), whereas the differences within the maize canopy are 
explained by a combination of leaf area and chlorophyll. Whereas normalization 
of Vog1 per timestep resulted in reliable predicted O2 concentrations under the 
maize canopy, the predicted O2 concentrations under the wheat canopy had an 
error of approximately 4%. As visible in Figure 2.8, the wheat canopy cover in 
the control plots is patchy, which leads to widely varying LIC3 values over the 
control plot. With patches of low cover occurring on the control plots, the 
regression between the index (which is sensitive to canopy cover) and oxygen is 
less accurate. The patches of low cover also explain why the predicted oxygen 
values under the control plots are too low (Table 5.4).  



 75 

5.4.2 Predicted oxygen concentrations after normalization for species  
 
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 the maize than on the wheat canopy. As described in the 
previous section, the patchy canopy cover on the wheat control plots was the 
cause of the lower regression coefficient. Whereas at t = 29 LIC3 had the 
highest regression coefficient, on the control plots it performed worse than 
OSAVI. 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 
influence (Rondeaux et al., 1996). Since the wheat canopy cover was only 40%, 
the soil had a major influence. Removing the soil influence reduced the standard 
deviation in oxygen predictions under the control plots by 9%, increasing the 
reliability of the oxygen predictions. 
 
At t = 22 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 t = 22 the canopy cover was 
even lower than at t = 29, CTR2 (based on 695 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. However, Carter’s stress index has been shown to be sensitive to 
changes in chlorophyll (Carter and Miller, 1994; Carter, 1994). At t = 22, the 
differences in canopy cover between the gassed and control plots were less 
pronounced than at t = 29 (visible in the slope of the regression equations, 
Table 5.6).  
 
Table 5.6 Regression equations for the 6 indices that were significant for three 
timesteps. The equations at t = 16 are not shown as their regression coefficient was 
lower than 0.5  
T29 T22 
O2 =  -21.19 + 44.47 * LIC1 O2 = -1.64 + 24.26 * LIC1 
O2 = 25.99 - 156.0 * LIC3 O2 = 24.97 - -89.80 * LIC3 
O2 = 23.49 - 48.68 * CTR2 O2 = 22.25 - -25.27 * CTR2 
O2 = -12.13 + 42.37 * mNDVI705 O2 = 0.86 + 27.84 * mNDVI705 
O2 = -9.95 + 42.16 * NDVI705 O2 = 1.40 + 30.36 * NDVI705 
O2 = -6.74 + 32.10 * OSAVI O2 = 1.65 + 22.95 * OSAVI 

Regression equations after normalization over time: 
Maize:   O2 =  -2.53 + 15.12 * Vog1 
Wheat:  O2 = 43.87 – 106.02 * LIC3 
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Therefore it is assumed that at t = 29, the differences in canopy cover were so 
pronounced that differences in leaf chlorophyll were overshadowed, while at t = 
22 chlorophyll differences were relatively more pronounced due to the less 
dense cover. This is seen in the red edge position, which is in general a good 
predictor of chlorophyll content (Boochs et al., 1990; Horler et al., 1983): at t = 
22 the difference in REP between gassed and control canopy is larger than at t = 
29 (Figure 5.3). This resulted in CTR2 being the best predictor at t = 22 and 
OSAVI being the best predictor at t = 29.   
 
5.4.3 Predicted oxygen concentrations after normalization for time  
 
Although OSAVI could predict the oxygen concentrations based on both 
species, this was only possible at t = 29. For gas leakage monitoring an index 
should preferably be able to predict oxygen concentrations at any moment. In 
contrast to OSAVI, Vog1 and LIC3 had the same regression slopes at each 
timestep when based on the maize and wheat canopy respectively. The 
estimated distance from the source to the point where the oxygen concentration 
was 16% (Table 5.5) was largest at t = 29 (Mg1) and t = 22 (Mg2), which 
coincides with the results from the normalization between species. The fact that 
the maximum distance at Mg1 occurred a week later than at Mg2 is related to 
the differences in gas flow – 102 l/h at Mg1 and 32 l/h at Mg2. The lower gas 
flow at Mg2 resulted in a smaller affected area and plants growing adjacent to 
the gassed area could partly cover the gassed area, leading to overestimated O2 
concentrations. For the reason described in section 5.4.1 the indices based on 
wheat had a low regression with oxygen. Yet, although LIC3 had a regression 
coefficient of just 0.55, it did detect low oxygen concentrations, which is of 
crucial importance for gas leak detection. As seen in Figure 5.10, at all points 
where the predicted oxygen was less than 15%, measured oxygen 
concentrations were indeed lower than 15%.  
 
5.4.4 Detection of gas leakage   
 
The results of this chapter show that the choice of an index for gas leak 
monitoring depends on species and time. At t = 22 and t = 29 the relationship 
between oxygen concentrations and the selected indices was similar for both 
species. This coincided with a canopy cover between 40 and 80% (Figure 2.6). 
When canopy cover is under 40%, the difference between the gassed and 
control areas is so small that leak detection is difficult, whereas at very high 
cover the plants growing adjacent to a small gas leak can overgrow the gassed 
plants. Gas leakage detection should therefore optimally take place when 
canopy cover is 40 - 80%. From a practical point of view, instead of going to 
the field to check the plant cover, the corresponding NDVI values can be used 
to determine the cover. Although a slight flattening is visible at the highest 
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cover, the NDVI was linearly related to canopy cover (Figure 5.12). A canopy 
of 40% - 80% corresponds to NDVI values between 0.6 and 0.9. The wheat 
canopy never reached NDVI values over 0.75, whereas the maize canopy had 
NDVI values over 0.75 apart from the first measurement date (t = 16). Since 
this chapter has shown that LIC3 and Vog1 could predict O2 concentrations 
under the wheat and maize canopies respectively, it is expected that in practice 
LIC3 will be a better predictor of O2 under canopies having NDVI values below 
0.75, while Vog1 will be a better predictor under canopies of higher NDVI.     
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Figure 5.12 The relationship between canopy cover and NDVI.  
 
The maximum distance from the gas source at which the gas leakage could 
reliably be predicted in this study was 50 cm. The reason for the small extent of 
the high gas/low oxygen area in this study was the fact that the gas pipe was 
situated in a 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 most likely spread further which would enhance the chance on leakage 
detection. Since the gas leaked from a point source, low oxygen concentrations 
could be detected in a circle of 1 m diameter around the source. Thus in order to 
detect a gas leak of this size 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 pattern of 
the leak could be incorporated. As seen in Figure 5.8, the lowest oxygen 
concentrations occurred within 50 cm, but the exponential fit shows a decrease 
starting approximately 100 cm from the source, increasing the leak to a 2 m 
round-shaped feature. Incorporation of spatial information significantly 
improved the detection chance of natural gas seeps in Hungary and California 
(Van der Werff et al., 2006; Van der Werff and Lucieer, 2004). To demonstrate 
that incorporating the shape of the leak increases the chance of detection, an 
image was created from the canopy reflectance measurements. The ‘blocks’ as 
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described in section 5.2.1 were positioned similarly as in the field, while the 
control plots were positioned around the gassed plots. This was done for each 
timestep. Subsequently a filter was applied that searches for an exponential 
shape in all directions. The kernel of the filter was based on a Gaussian shape, 
as shown in Figure 5.13. Figure 5.14 shows the result for the maize plots till t = 
29. It is clearly visible that the leak on the left (Mg1) is best detectable at t = 29 
and the leak on the right (Mg2) at t = 22, as was concluded in section 5.4.3.  
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Figure 5.13 Shape of the filter that was used for the detection of the round shaped leak 
 
 
5.5 Conclusion 
 
The aim of this chapter was to find reflectance indices that are correlated with 
leaf area and to correlate these indices in addition to 51 indices compiled from 
literature with soil oxygen concentrations. Since measured LAI in this 
experiment was high and the differences between gassed and control LAI low, 
the aim was to find an index that correlated to LAI values over 2. Four indices 
were selected, of which the first derivative index at 642 and 600 nm was the 
only index to distinguish the gassed from the control LAIs. All indices were 
subsequently correlated to the measured oxygen concentrations under the maize 
(Zea mays) and wheat (Triticum aestivum) canopies. After normalization 
between species, six reflectance indices could predict the soil oxygen 
concentrations under the canopy at three timesteps. However, the performance 
of each index varied in 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 for both species at any time during the 
growth cycle. Whereas at t = 29 OSAVI was the best predictor based on the 
differences in canopy cover, at t = 22 CTR2 was the best predictor due to the 
less dense canopy and larger differences in leaf chlorophyll content. After 
normalizing for differences in time, Vog1 could predict oxygen concentrations 
under the maize canopy, particularly after t = 16. Oxygen concentrations 
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predicted from LIC3 based on the wheat canopy were less reliable (R2 of 0.55) 
due to patchy growth on the control plots.  
 
From a practical point of view, gas leak detection should optimally take place 
when canopy cover is between 40 and 80%, which translates to an NDVI of 0.6-
0.9. LIC3 should be used at NDVI values below 0.75, while Vog1 will be a 
better predictor under canopies of higher NDVI. The chance of detecting a gas 
leak is increased when a filter is applied that searches for a round pattern. 
 
Although this chapter has shown that several indices are linearly correlated to 
oxygen concentrations in the soil, the additional effects of ethane and CO2 were 
not considered. It can therefore not be concluded that oxygen shortage is the 
cause of the reflectance changes. In the following chapter the effects of ethane 
and carbon dioxide on canopy reflectance are investigated to determine which 
of the gases (oxygen, carbon dioxide or ethane) affects canopy reflectance most.     
 

 
t =16       t = 22        t = 29   
 
Figure 5.14 Artificial images of the predicted oxygen concentrations under the maize 
canopy. The upper images are the original images; to the lower images a Gaussian filter 
has been applied, showing the leaks clearly. Dark to light colours indicate oxygen 
concentrations between 10 and 20% (see colour bar). 
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Table 5.2 Significant models (p ≤ 0.05) and values of R2 at three timesteps before and 
after normalization. OS = significant for oxygen and species, or in other words there is a 
significant difference between maize and wheat; O = significant for oxygen only. 
 T = 16 T = 22 T = 29 T = 22 to T = 42 

Index name Before  After Before  After  Before  After Maize Wheat 

ARI1             0.54  
ARI2             0.48 0.24 

BGI1     OS  O 0.37 OS    0.32 0.41 

BGI2         OS  O 0.40 0.26 0.39 

BRI1               

BRI2         OS  O 0.62   

CRI1              0.21 

CRI2               

CTR1               

CTR2 O 0.47 O 0.41 OS  O 0.67 OS  O 0.82 0.49 0.40 

CUR         OS      

EVI OS  O 0.46 O 0.44   OS    0.36 0.37 

GM1   O 0.43 O 0.59 O 0.57 OS    0.72 0.44 

GM2     OS    OS    0.73 0.31 

MSAVI OS  O 0.51     OS    0.33 0.32 

LIC1   O 0.33 O 0.54 O 0.62 OS  O 0.84 0.50 0.41 

LIC2         O 0.53 O 0.61   

LIC3 O 0.43 O 0.44 OS  O 0.69 OS  O 0.84 0.53 0.55 

MCARI OS              

MCARI1 OS            0.22 0.29 

MCARI2 OS  O 0.45 O 0.43   OS    0.40 0.33 

mNDVI705   O 0.42 OS  O 0.67 OS  O 0.73 0.50  
mSR705   O 0.39 OS  O 0.60 OS    0.63  

MSR     O 0.47   OS  O 0.40  0.33 

MTVI1 OS      O 0.27     0.22 0.29 

MTVI2 OS  O 0.45 O 0.37   OS    0.40 0.33 

MSI     O 0.43   OS  O 0.82 0.57 0.44 

NDII         OS  O 0.76 0.55 0.41 

NDNI              0.29 

NDVI   OS  O 0.54 O 0.62 OS  O 0.84 0.50 0.41 

NDWI         OS  O 0.78   
NPI     O 0.50       0.26 0.36 

NPCI         OS  O 0.70   

OSAVI OS  O 0.43 O 0.55 O 0.53 OS  O 0.64 0.34 0.42 

PRI     O 0.47 O 0.54 OS  O 0.58 0.52  

PSRI     O 0.52 O 0.56 OS     0.32 

NDVI705   O 0.42 OS  O 0.67 OS  O 0.72 0.60  
REP     O 0.60 O 0.64 OS    0.52 0.51 
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RGI         OS  O 0.78 0.37 0.20 

RDVI OS  O 0.51 O 0.48   OS    0.28 0.38 

SR              0.27 

SRPI         OS  O 0.66   

SIPI   OS 0.32 O 0.57 O 0.59 OS  O 0.77 0.23 0.35 

SG               

TCARI OS              

TVI OS            0.21 0.27 

VOG1   O 0.40 O 0.56 O 0.63 OS    0.74  

VOG2     O 0.58 O 0.61 OS    0.71  

VOG3     O 0.57 O 0.60 OS    0.71  

WBI     OS  O 0.53 OS  O 0.75   

ZM   O 0.42 OS  O 0.59 OS    0.73  

642’/600’     OS  O 0.53 OS  O 0.80  0.46 

599’/508’               

1097/928         OS  O 0.70   

765/736     OS  O 0.65 OS  O 0.55 0.62 0.46 
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CHAPTER 6  
 
THE EFFECTS OF ETHANE AND CO2 ON LEAF AND 
CANOPY REFLECTANCE IN ADDITION TO OXYGEN 
SHORTAGE 
 
6.1 Introduction 
 
Three processes can potentially affect plant and canopy growth and reflectance 
when a large leak develops. Decreased soil oxygen concentrations lead to 
changes in reflectance commonly associated with plant stress (Chapter 5), 
ethane may cause increased reflectance in the yellow region (Chapter 3) and 
oxygen depletion may take place, resulting in anomalous CO2 concentrations 
and changes in the reflectance in the chlorophyll and water absorption regions 
(Chapter 4). In Chapter 5 the relationship between oxygen concentrations in the 
soil and reflectance indices was explored. It was assumed that the main cause of 
the reflectance changes was oxygen shortage. In this chapter it is determined 
whether ethane and CO2 may have had an additional effect on leaf and canopy 
reflectance.  
 
 
6.2 Methods 
 
The same analysis as described in Chapter 3 was used to determine whether 
ethane affected the reflectance in the field experiment. The effects of carbon 
dioxide were analysed by calculating the CO2 concentrations in the soil and 
comparing them to the concentrations used in Chapter 4. See sections 2.2.2 and 
2.2.3 for a description of the experimental set-up and the canopy growth and gas 
measurements, and section 5.2.1 for a description of the canopy spectral 
measurements. 
  
6.2.1 Leaf spectral measurements 
 
At t = 16 and t = 35 leaf reflectance measurements were made of 10 leaves per 
plot, where only leaves within 25 cm of the gas source were selected. The 
leaves were clipped, cooled in ice and transported to the laboratory within 2 
hours after clipping. Leaf spectra were measured in a dark room 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). An integrating sphere lamp (Macam Photometrics Ltd, 
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Livingston, Scotland, UK) was used as light source. Per leaf, three spectra were 
measured and averaged.  
 
6.2.2 Data analysis 
 
6.2.2.1 Ethane 
A concentration of 0.75% has shown to affect leaf reflectance in the greenhouse 
experiment. The natural gas that was used during the field experiment contained 
approximately 5% ethane. Hence for a concentration of 0.75% ethane in the 
field, the minimum methane concentration must be 12%. Although over time 
the average methane concentration in the central 25 cm of the gas-plots was 
lower than 12% (Table 2.2), at several moments the methane concentrations 
were well over 15% (Figure 2.4). At 75 cm distance from the gas source, the 
average methane concentration had reduced to 1%. It is therefore expected that 
ethane may have had an additional effect on the reflectance within a distance of 
25 cm from the gas source only. To test this assumption, a similar analysis as in 
Chapter 3 was performed on leaf and canopy spectra. The absorption feature 
depth of the chlorophyll and water absorption regions was calculated on the leaf 
spectra, in addition to the PRI. The same was repeated for the canopy spectra.  
 
6.2.2.2 CO2 
On those points where the oxygen concentration was measured, the gas 
concentration was measured too. In a natural situation, the relationship between 
the gas concentration and oxygen concentration would be as follows (assuming 
that the oxygen concentration in the soil is 20%): 
 
Oxygen [%] = -0.20 * Gas [%] + 20     (6.1) 
 
The measured gas and oxygen concentrations suggest that this relationship does 
not exist in the field (Figure 2.4). The difference between the expected and the 
measured oxygen concentration may be the result of bacterial oxygen depletion 
(Steven et al., 2006). Oxygen depletion takes place according to the following 
formula (Hoeks, 1972a): 
 
CH4 + 2O2 => CO2 + 2H2O      (6.2) 
 
The amount of oxygen depletion is therefore directly related to the CO2 
concentration in the soil. To test whether bacterial oxygen depletion took place, 
the difference between the measured and expected oxygen concentration for 
each data point was calculated using the method described by Steven et al. 
(2006). To extrapolate the calculation to the whole plot, a similar analysis was 
performed as in Chapter 5. The results of Chapter 5 showed that Vog1 and Lic3 
were linearly related to the oxygen concentration in the soil under the maize and 
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wheat canopies. Instead of correlating indices with oxygen concentrations, in 
this chapter they were correlated with methane concentrations. Subsequently the 
expected oxygen was calculated on the extrapolated gas concentrations 
according to formula 6.1 and the difference between the modelled (Chapter 5) 
and expected O2 (this chapter) was calculated. The model described by Steven 
et al. (2006) was used for the calculation of CO2 concentrations, as this model 
takes into account the methanotrophic activity and the continuous replenishment 
of the soil air with gas and air. It first calculates the initial methane 
concentration by  
 

CH4i = 
)1(*2)*21(*20.0*92.0

*2)*21(*20.0
24

1
424

mOmCH
mCHmOmCH

−+−
+−−

−    (6.3) 

 
where CH4m is the measured methane concentration, O2m is the measured 
oxygen concentration, 0.20 is the assumed control oxygen concentration, and 
0.92 is a correction factor for the fact that (in this case) natural gas contains 
92% methane. For the extrapolation of CH4i to the whole plot, the predicted gas 
and oxygen values calculated earlier were used as input.   
 
Knowing the initial CH4 concentration, the consumed methane can be 
calculated as (Steven et al., 2006): 
 

CH4c = 
)1(*2

)*92.01(*20.0
2

24
1

mO
mOCH i

−
−− −

     (6.4) 

 
According to formula 6.2 one volume of consumed CH4 is equal to one volume 
of produced CO2, so by calculating consumed methane over the whole plot, the 
amount of CO2 is known too.   
 
 
6.3 Results 
 
Differences in plant growth between the gassed and the control plants were first 
visible at t = 16, when the plants in the centre of the gassed plots were smaller 
and had slightly more yellow the leaves than the control plants. Towards the 
end of the experiment, the wheat leaves turned yellow and the maize leaves 
turned from yellowish to red (Figure 6.1). In the leaf spectra this is visible as an 
increase in the yellow and red light (Figure 6.2). In addition, the gassed maize 
leaves had lower NIR and SWIR than the control leaves, in contrast to the 
wheat leaves that had similar NIR and SWIR (Figure 6.2).  
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Figure 6.1 Discolouration of maize leaves (left) and wheat leaves (right) from the centre 
of the gassed plots at t = 35 
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Figure 6.2 Reflectance spectrum of maize leaves (left) and wheat leaves (right) from a 
control plot and a gassed plot (t = 35).  
 
 
6.3.1 PRI and continuum removed reflectance - leaves 
 
The PRI was significantly higher on the gassed leaves for both species at t = 16 
(Figure 6.3) and t = 35.  
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Figure 6.3 PRI of maize (left) and wheat (right) leaves at t = 16 
 
Continuum removal resulted in shallower absorption features for both maize 
(Figure 6.4) and wheat leaves. The standard deviation of the gassed leaves was 
much higher than the control leaves. As shown in Figure 6.1 the variety of leaf 
‘colours’ was high in the gassed area, ranging from bright red to green. This 
variety causes the large standard deviation of the gassed leaf reflectance.  
Normalizing the band depths as in Chapter 3 did not result in a shift towards 
longer wavelengths of the gassed leaf reflectance.    
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Figure 6.4 Continuum removed (CR) reflectance and its standard deviation of maize 
leaves from the central 50 cm2 of the gassed plots 
 
 
6.3.2 PRI and continuum removed reflectance – canopy 
 
The same procedure was applied to the canopy reflectance. The maize and 
wheat canopy had a higher continuum removed reflectance in the 560-600 nm 
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region as well as a higher PRI (Figure 6.5). Similar to the leaf reflectance, 
normalizing the band depths did not result in a shift towards longer wavelengths 
of the gassed canopy reflectance.   
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Figure 6.5 Continuum removed (CR) reflectance at 580 nm and the PRI of the maize 
(left) and wheat (right) canopy over time 
 
 
6.3.3 CO2 effect 
 
The average oxygen depletion as calculated for every measurement was 3.91 
(standard error 1.9) in the maize plots and 2.78 (standard error 1.6) in the wheat 
plots. To obtain an indication of the spatial pattern of the oxygen depletion, 
methane concentrations were estimated over the plots, after which the 
difference between the expected and predicted oxygen concentrations could be 
calculated. Although the relationship between gas and oxygen concentrations in 
the field was weakly linear (Figure 2.4), the same indices as in Chapter 5 were 
correlated to soil gas concentrations. After normalizing for time (Section 5.3.2) 
the highest regression coefficients were 0.71 for Vog1 and 0.48 for LIC3 (Table 
6.1; Figure 6.6). 
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Figure 6.6 Observed against predicted gas concentrations based on Vog1 (maize) and 
Lic3 (wheat) 
 
Table 6.1 Regression equations between Vog1 (maize) and Lic3 (wheat) and soil gas 
concentrations 

 
 
 
 
 

Using the regression equations based on these indices, the gas concentrations 
were calculated on all plots. Based on the predicted gas concentrations, the 
oxygen concentrations as expected according to equation 6.1 were calculated 
and compared with the predicted oxygen concentrations as found in Chapter 5. 
Figure 6.7 shows that only in the gassed centre of the two maize gas-plots the 
difference is over 2%. The low regression coefficient and the gross 
underestimation of high gas concentrations under the wheat canopy  (Figure 
6.6) resulted in unreliable (negative) gas and oxygen estimations.  
 
Initial and consumed methane concentrations calculated on the measured gas 
concentrations followed a very similar pattern as described by Steven et al. 
(2006), showing the highest methane consumption at initial methane 
concentrations of about 10% (Figure 6.8).  
 

Species Regression equation R2 
Maize CH4 [%] = 44.99 – 30.94 * Vog1  0.71 
Wheat CH4 [%] = -20.72 + 100.16 * LIC3 0.48 
Expected O2 [%] = 20.00 - 0.20 * CH4 [%]   
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Figure 6.7 Oxygen depletion based on the 
difference between predicted O2 
concentrations (Chapter 5) and expected 
O2 based on predicted gas concentrations. 
Grey values indicate that the difference 
between expected and predicted is less 
than 2%. 
Red 2% - 5% lower 
Yell 5% - 10% lower 
 

Figure 6.8 Consumed against 
initial methane 
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When the same calculations were extrapolated to the maize plots, at only two 
dates (t = 22 and t = 29) the methane consumption or CO2 production reached 
2%; at all other dates the CO2 production was under 1.5% (Figure 6.9). 
 

   
 

   
 

   
 
 
6.4 Discussion 
 
Figure 6.1 shows that the visible difference between the gassed and control 
maize leaves was much larger than the difference between the gassed and 
control wheat leaves. Not only did maize leaves have a stronger discolouration 
than the wheat leaves, they also remained much smaller than the control. The 
decreased NIR reflectance of the gassed maize leaves suggests that the leaf 
structure has changed, whereas the gassed and control wheat leaves have a 
similar NIR reflectance. As was shown in the previous chapters, small gas 
concentrations did not affect wheat reflectance, while large gas concentrations 
and the resulting low oxygen concentrations did not have strong correlations 

Figure 6.9 Predicted CO2 concentrations 
based on extrapolated CH4 and O2 values. 
Grey values indicate that the difference 
between expected and predicted is less 
than 1%. 
 
        1% - 2% 
         2% - 3%  
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with canopy reflectance. Although wheat reflectance can be used to detect large 
gas leaks (Chapter 5), maize plants show reactions to soil gas that are easier to 
detect using leaf and canopy reflectance.  
 
6.4.1 Ethane 
 
The effects of ethane on maize leaves and canopy in a large leak were 
determined using the PRI and continuum removed reflectance in the red 
absorption region. The PRI and the CR reflectance of the gassed leaves and 
canopy were higher than those of the control, which is in accordance with the 
results of Chapter 3. However, the shape of the curves is very different. When 
the difference between the control and the gassed leaf reflectance of this study 
is compared with the greenhouse study (Figure 6.10), it shows that in the 
greenhouse the largest difference occurred between 560 and 600 nm, while in 
this chapter the largest difference occurred around 650 and 700 nm. Besides, the 
magnitude of the difference is up to 6 times larger in this study. The standard 
deviation indicates that the regions for distinguishing the gassed reflectance 
from the control are located between 575 and 625 nm and between 700 and 750 
nm. The first region overlaps with the 560 – 600 nm region as found in Chapter 
3, while the 700 - 750 nm region is the red edge. Both regions are related to leaf 
chlorophyll (Demetriades-Shah et al., 1990; Gitelson and Merzlyak, 1998; 
Adams et al., 1999; Collins, 1978; Boochs et al., 1990; Horler et al., 1983). The 
increase in the yellow region in the greenhouse was most likely caused by 
reduced chlorophyll content early in the experiment (Chapter 3), whereas the 
large difference in chlorophyll content as found in this study causes an increase 
in both the yellow and the red edge regions. These results support the 
conclusion of Chapter 4 that subtle chlorophyll differences are visible in the 
yellow region, while at higher chlorophyll contents the red edge region can 
distinguish the differences better. The large chlorophyll differences are the most 
likely cause for the absence of an apparent shift towards longer wavelengths in 
the leaf and canopy reflectance, as was caused by ethane.  
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Figure 6.10 Difference in continuum removed reflectance between the control and the 
gassed leaves.  
 
Since the results have demonstrated that ethane may have affected the 
reflectance in the central 25 cm of the gas-plots, the regression between oxygen 
and reflectance indices in Chapter 5 was actually a regression between [oxygen 
+ ethane] and reflectance indices for at least some of the data points. Since 
ethane and oxygen shortage both caused a decrease in leaf area, the extent of the 
effects of ethane cannot be quantified. However, since only few data points 
were affected, it is believed that the overall regression would not lead to 
significantly different results. To test this assumption, a new regression analysis 
was performed between Vog1 (R740/R720) and oxygen concentrations, taking 
into account the ‘ethane effect’. Vog1 is linearly related to LAI (Figure 6.11a). 
If ethane would be absent, this would result in a relatively higher LAI and Vog1 
value in the centre of the gas-plot (Figure 6.11b). As the exact difference in LAI 
is not known, an arbitrarily chosen value was added to those data points that 
were located in the centre of the gas-plots. Yet, since oxygen concentrations 
were also significantly lower in the centre of the gas-plots, it is reasonable to 
assume that the Vog1 value at this location was lower than at the other 
locations. For the centre value to remain lower than the other values, Figure 5.6 
shows that a maximum of 0.1 to 0.2 could be added to the lowest Vog1 value. 
Table 6.2 shows the results when 0.1 respectively 0.2 was added to the lowest 
Vog1 values. Although the correlation weakens, the regression equation is very 
similar for each value, resulting in similar predicted O2 concentrations 
particularly at higher Vog1 values. It is therefore concluded that the effect of 
ethane has not affected the results of Chapter 5 significantly. 
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Figure 6.11 a) Correlation between ‘Vog1’ and leaf area index LAI. b) Increase of Vog1 
value if ethane would not be present in the central 25 cm of the gas-plot. 
 
Table 6.2 Regression equations between oxygen concentrations and Vog1, including 
and (partially) excluding ethane effect (see text for detailed explanation) 
 Value added to Vog1  Regression equation R2 
Original O2 = -2.5 + 15.1 * Vog1 0.74 
Vog1 + 0.1 O2 = -4.9 + 16.8 * Vog1 0.72 
Vog1 + 0.2 O2 = -5.4 + 16.9 * Vog1 0.54 
 
 
6.4.2 CO2 
 
Steven et al. (2006) showed that in addition to oxygen displacement by 
methane, bacterial oxygen depletion may take place, reducing the available 
oxygen with an additional 1.8 to 4.7 % (as percentage of total soil air). In leaks 
where bacterial oxygen depletion takes place, the oxygen concentrations may 
therefore be lower than expected, which may increase the chance of detecting 
changes in vegetation reflectance. At the same time, methanotrophic bacteria 
produce CO2, which has shown to affect leaf reflectance (Chapter 4). In this 
chapter it was attempted to quantify the oxygen depletion and the related CO2 
concentrations. The average oxygen depletion was 3.91 % in the maize plots 
and 2.78 % in the wheat plots, which was comparable to the values found by 
Steven et al. (2006) who found an average depletion of 4.2 % under grass, bean 
and winter wheat plots in the summer. The oxygen depletion as predicted over 
the whole plot showed that depletion over 2% only occurs in the centre of the 
gassed plots.  
 
As in this study, Steven et al. (2006) found relatively low oxygen depletion 
(1.8%) in the wheat plots. The rate of bacterial oxygen depletion is dependent 
on soil moisture, soil temperature and cultivation (Hoeks, 1972a; Hütsch, 2001). 
Although soil moisture and temperature were not measured, the high vegetation 
cover on the maize plots may have resulted in lower evaporation from the soil. 
Since summer 2003 was very dry, a lower evaporation may have caused slightly 
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higher soil moisture under the maize plots, which may have increased the 
bacterial activity. Moreover it is expected that due to the high vegetation cover, 
soil moisture and temperature varied less than under the wheat canopy, creating 
a more stable environment for bacterial activity. The soil under both species had 
been cultivated before, leading to a less than optimal oxidation (Hütsch, 2001). 
 
Methane consumption on the measured data had a peak of 8% (Figure 6.8). 
Although the pattern of the modelled methane consumption over the whole plot 
was as expected (high values in the centre of the gassed plots), the predicted 
values were lower than the measured values. The difference can be explained by 
the regression results: high gas concentrations under the maize plots were 
underestimated by up to 5%. This led to lower initial methane concentrations 
and therefore to lower consumed methane concentrations. Assuming that CO2 
concentrations in the gas-plots would reach a maximum of the measured 8%, it 
is unlikely that CO2 has an additional effect on the canopy reflectance. Chapter 
4 showed that CO2 concentrations up to 20% could not be distinguished with 
certainty from the control. Therefore it is concluded that the measured changes 
in leaf and canopy reflectance are the result of low oxygen concentrations in the 
soil.     
 
 
6.5 Conclusion 
 
In the previous chapters it was shown that in a gas leak several gases potentially 
affect plant reflectance. In Chapter 5 it was shown that a decrease in soil oxygen 
concentrations is linearly related to several vegetation indices. Chapter 3 and 4 
showed that ethane and CO2 caused changes in leaf reflectance in the visible 
light. In a large leak ethane, CO2 and oxygen all occur together and interact with 
each other, but it was not known which of the three gases had the strongest 
influence. By repeating the same analysis as in Chapter 3 it could be concluded 
that ethane may have affected the reflectance, but only in the central 25 cm of 
the gas-plots. Since only few measurements were affected by ethane, the results 
of Chapter 5 did not change when the effect of ethane was excluded. The CO2 
concentrations were calculated using a model that incorporates bacterial 
oxidising activity and continuous replenishment of the soil with methane and 
air. Although values were underestimated by up to 5%, soil CO2 did not reach 
concentrations that have shown to be harmful to plants. It is therefore concluded 
that in a large leak, a low oxygen concentration is the main cause for changes in 
reflectance. 
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CHAPTER 7 ∗ 
 
HYDROCARBON SEEPAGE DETECTION USING 
VEGETATION REMOTE SENSING 
 
7.1 Introduction 
 
Up to this point, this thesis has dealt with experimental short to medium term 
gas leakage. The main conclusion from the experiments is that gas leakage –
whether through displacement of oxygen or through the effects of ethane – 
causes a decrease in leaf area. Chapter 5 has shown that several hyperspectral 
indices correlated with soil oxygen concentrations, where the choice of the best 
index was dependent on species and moment in time. The chance of detecting a 
leak was increased when, in addition to the spectral characteristics, the spatial 
patterns of the leak were taken into account. These results were based on 
experimental and controlled situations. In this chapter the results obtained so far 
are tested for their feasibility for gas leak detection using hyperspectral imagery. 
The test case is a natural hydrocarbon seepage area in the Santa Barbara basin, 
USA, where long-term gas and oil seepage occurs at several locations. In 
contrast to the experimental set-up, the vegetation in the area consists of several 
species. Pysek and Pysek (1989) showed that artificial gas leakage caused a 
change in vegetation diversity and cover. Therefore, in addition to testing the 
results of the previous chapters, a vegetation survey was performed to determine 
whether changes had taken place in the vegetation patterns. Field reflectance 
measurements were compared to a hyperspectral image to study whether the 
patterns observed in the field could be recognized in the image.  
 
7.1.1 Site description 
 
The seepage area is located in Upper Ojai Valley, Ventura Basin, USA (Figure 
7.1). The area is characterised by large oil fields, which have their source in 
Miocene to Pleistocene organic rich siliceous shale (Dibblee, 1987). The seep 
that was sampled in this study is located at Lat. 119°08’24” Lon. 34°25’45” in a 
meadow with grassland vegetation. Remnants from at least two other seeps 
were present in the same meadow. Sampling took place between April 20 and 
April 25, 2003. According to the local villagers, the seepage appeared in the 
1980’s after an earthquake occurred. The seepage consists of a point source of 

                                          
∗ This chapter is based on: Noomen, M.F., Van der Werff, H.M.A and van der Meer, F.D., in 
preparation. Detecting circular patterns in vegetation canopies caused by underground natural gas 
seepage. Submission to: Terra Nova.  
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actively seeping oil, accompanied by light hydrocarbon gases (mainly methane) 
and CO2.  
 

 
Figure 7.1 Map (left) and aerial photograph (right) of the location of the seepage, Ojai 
Valley, USA (Source: Van der Werff, 2006). The photograph was acquired mid 90’s 
and covers an area of 950 m (W-E) by 1050 m (N-S).  
 
Van der Werff (2006) has described the soil properties in and around the seep. 
There were no major differences in mineral composition and pH between the 
soils in and outside the seep. Soil moisture however was approximately 13% 
lower in the seep than in the normal soil.  
 
 
7.2 Methods 
 
7.2.1 Vegetation cover and diversity measurements 
 
The vegetation was sampled along transects to obtain an indication of gradients 
in species richness. Measurements were performed along a south, east and west 
transect, with each transect starting at the seep centre. Since oil was leaking 
towards the north forming an oil ‘river’ at the surface, no measurements were 
made along a north transect. The transect length was set on 36 m resulting in a 9 
pixel wide west-east transect on the hyperspectral image, with sampling points 
at every 2 m to include the smaller scale variability. Total vegetation cover was 
estimated at each sample point using a frame of 1 m2 as described by Kent and 
Coker (1992). In a similar manner the cover of each individual species was 
estimated. Vegetation diversity was measured by counting the number of 
species within the frame.  
 
7.2.2 Reflectance measurements 
 
Canopy reflectance was measured at each sample point using an ASD Fieldspec 
Pro spectroradiometer (Analytical Spectral Devices, Inc, Boulder, Colorado, 
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USA), 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 
was held approximately one meter above ground level viewing an area of 50 by 
50 cm. Of each sample point, 10 measurements were taken, which were 
averaged afterwards to account for the BRDF effect (Nicodemus, 1977) and 
small-scale irregularities. After each transect, the spectroradiometer was 
calibrated using a white barium sulphide panel.  
 
7.2.3 Data analysis 
 
The following indices were calculated using the field reflectance (where R is the 
reflectance and R’ the first derivative reflectance at the specified wavelengths): 

1. PRI: 
)570531(
)570531(

RR
RR

+
− . The PRI is related to subtle changes in plant health, 

such as caused by ethane (Chapter 3); 

2. LIC3: 
)740(
)440(

R
R . LIC3 was correlated to oxygen concentrations under the 

wheat canopy (Chapter 5), and is assumed to maximize differences between 
soil and vegetation at low vegetation cover; 

3. Vog1: 
)720(
)740(

R
R . Vog1 was correlated to oxygen concentrations under the 

maize canopy (Chapter 5), and is assumed to maximize differences in leaf 
area at high vegetation cover; 

4. OSAVI: 
)16.0670800(

)670800()16.01(
++

−+
RR

RR . OSAVI was correlated to oxygen 

concentrations under maize and wheat canopy (Chapter 5); 

5. Ratios: 
)735(
)765(

R
R  and 

)640'(
)642'(

R
R . These ratios were able to distinguish high 

from medium-high LAI of the maize canopy; 

6. WBI: 
)970(
)900(

R
R . This ratio is related to leaf and canopy water content 

(Penuelas et al., 1997). Although this index was not found to be of 
importance in the experimental gas leaks, in natural situations gas leakage 
may dry out the soil and cause water shortage. This may be visible as an 
increase in the water absorption feature at 970 nm.  

 
The patterns that were found in the vegetation cover and diversity were 
correlated with the indices to identify which index explained the patterns best.  
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The results were applied to a Probe-1 image (Earth Search Sciences, Inc., 
Lakeside, USA). The image (spectral range 436-2480 nm, spectral resolution 15 
to 20 nm, spatial resolution 8 m) was taken in July 1998. Since the image was 
acquired five years before the field measurements took place and in a different 
season, the field reflectance could not be directly correlated to the image. 
However, Chapter 5 has shown that canopy patterns and their associated 
reflectance change in a predictable manner over time when exposed to gas, so 
the aim here was to investigate whether similar changes may have occurred at 
this natural seep. According to the owner, the meadow in which the seepage 
was located had not been in use since the seeps appeared. Therefore it was 
assumed that the main differences between image and field vegetation 
reflectance were due to the differences in season.  
 
 
7.3 Results 
 
7.3.1 Vegetation cover and diversity 
 
Total vegetation cover increased with distance from the seep (Figure 7.2a). 
Within 10 m distance of the seep the cover was under 10% and bare soil 
dominated. Between 20 and 30 m the cover increased to 100%, but then 
decreased to values between 80 and 100% outside this area. The east transect is 
different from the west and south transects, showing an increase in vegetation 
cover 10 m further from the seepage. It is assumed that this extended distance of 
bare soil towards the east was caused by anomalous atmospheric gas 
concentrations carried by the dominant winds from the west.  
 
Vegetation diversity increases after approximately 10 m distance from the seep 
on both south and west transects, but the east transect shows a less clear pattern 
(Figure 7.2b). At 30 m distance to the seepage, the diversity appears to stabilize 
around an average of 8 species. The species that had the highest average 
occurrence on all sample points outside the centre 10 m are shown in Table 7.1. 
The largest abundance was found for Rumex acetosa and Tanacetum vulgare. 
These and all other species that had an abundance of 1% or more are commonly 
found species and not specific to the area (Dale, 1986; Niehaus and Ripper, 
1976). In both the west and the south transects, Tanacetum vulgare appears at 
14 to 16 m, followed by a high abundance of Rumex acetosa between 20 and 28 
m, after which the abundance of the latter decreases and Tanacetum vulgare 
appears again. Anthemis cotula and Vicia benghalensis accompany both species 
on both transects.  
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Figure 7.2 Vegetation cover (a) and diversity (b) along a west, south and east transect   
 
Table 7.1 Abundance of the species that had the highest average occurrence on all 
sample points outside the centre 10 m. The abbreviations are used in following graphs 
and figures. 
Species Abbrevation Abundance [%] Specifics 
Rumex acetosa  Ra 34 Common weed 
Tanacetum vulgare Tv 30 Disturbed areas, invasive weed 
Anthemis cotula Ac 17 Fields and waste areas, common 
Vicia benghalensis Vb 16 Road sides, waste areas 
Erodium cicutarium Bc 10 Open waste areas, grassy slopes 
Bromus mollis Bm 7 Common weed in waste areas 
Bromus diandrus Bd 4 Common weed in fields and waste 

areas 
Brassica geniculata Bg 2 Common 
Lolium perenne Lp 2 Occasionally waste areas, pastures 
Hordeum murinum Hm 2 Weed in waste areas 
Convolvulus arvensis Ca 1 Weed in fields, waste areas 
Helianthus spp.  H 1 - 
 
This combination of high cover and a few dominating species occurred in all 
directions around the seepage source and was visible as a ‘green ring’ around 
the seepage (Figure 7.3). The vegetation patterns around the sampled seep could 
thus be described as follows: 
• Within 10 m distance to the seepage, bare soil dominates in a halo-like 

shape; 
• Between 20 and 30 m distance a ring of a few dominating species occurs. 
 
To define which samples belong to these three clearly visible classes, a k-means 
clustering algorithm was used. This algorithm divides the sample points in k (in 
this case 3) clusters so that the variability within clusters is minimized and the 
variability between clusters is maximized (Hartigan and Wong, 1979). 
 

(a) (b) 
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Figure 7.3 A green ‘ring’ is visible around the seep 
 
Since the patterns on the east transect were less clear, the clustering was based 
on the vegetation cover and diversity on the south and west transects. Figure 7.4 
shows the class means per cluster and the cover translated into three clusters. 
The average cover and diversity per cluster are shown in Table 7.2. Cluster 1 
and 3 clearly represent the bare halo and the ring, whereas Cluster 2 is 
intermediate in cover, and represented by a high abundance of Tanacetum 
vulgare. A one-way ANOVA showed that only cover and the abundance of 
Anthemis cotula are significantly different for each cluster (p ≤ 0.05). The 
abundance of the majority of species is significantly lower in Cluster 1 than in 
Cluster 3, whereas Cluster 2 sometimes overlaps with either Cluster 1 or Cluster 
3.   
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Figure 7.4 Class means per cluster member (a) and the cover on the west and south 
transects divided into the three clusters (b). The dashed and the continuous lines 
represent the south and west transect respectively.  
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Table 7.2 Average cover and number of species per cluster, and the species that has the 
highest abundance in that cluster. 
Cluster Cover (%) Number of species Highest abundance (%) 

1 16 4 Convolvulus arvensis (2.5%) 

2 79 8 Tanacetum vulgare (28%) 

3 94 9.5 Rumex acetosa (39%) 

 
 
7.3.2 Field reflectance  
 
Based on the vegetation cover and diversity it was concluded that the seepage 
caused a succession of zones. The specified reflectance indices were calculated 
for each sample point and averaged for each cluster. To compare the suitability 
of each index to distinguish the clusters, each index was normalized between 0 
and 1 (Figure 7.5). WBI and OSAVI had a very similar pattern, with a very low 
Cluster 1, a high Cluster 3 and an intermediate Cluster 2. Vog1 and ratio 
765/735 are closely related to LAI and they show that –although canopy cover 
on the west and south transects is similar in Cluster 3 – the LAI of the south 
transect is higher. LIC3 distinguishes the clusters that contain vegetation 
(Clusters 2 and 3) from the cluster that hardly contains any vegetation (Cluster 
1), but the distinction between the vegetated clusters is not clear. PRI finally is 
strongly influenced by differences in species type and canopy structure (Filella 
et al., 2004), which makes the PRI less reliable for a health assessment of a 
multi-species canopy. The first derivative ratio ‘642/’640 resulted in a very 
noisy pattern and was not deemed reliable.  
 
In conclusion, with respect to the results from Chapter 5, OSAVI is the most 
appropriate index for distinguishing differences in vegetation cover; Vog1 and 
the ratio 765/735 are most accurate in distinguishing differences in LAI at 
higher cover; and LIC3 distinguishes vegetation from soil at lower cover. PRI is 
useful to assess photosynthetic activity within one species, but unreliable in a 
species-rich vegetation. Whereas in the experimental gas leak WBI was of no 
importance, in the larger long-term leak setting described here, this index shows 
a decrease in the centre of the leak due to drying of the soil. 
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Figure 7.5 Selected indices normalized between 0 and 1, with superimposed clusters in 
blue (Cluster 1), green (Cluster 2) and red (Cluster 3). Solid line = West transect; 
Dashed line = South transect.  
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7.3.3 Image analysis 
 

  
Figure 7.6 False colour composite (BGR [nm]: 2159, 663, 800). The total image 
measures 3.2 by 1.2 km; the zoomed area is 1050 m by 950 m.   
 
 
To determine whether these indices can detect the sampled seep on the Probe-1 
image (Figure 7.6), the following procedure was followed: 
1. NDVI was calculated first; at NDVI values under 0.75 LIC3 was calculated 

to detect unvegetated areas (Chapter 5), while at NDVI values over 0.75 
Vog1 was calculated to detect patterns in LAI. 

2. OSAVI and WBI were then calculated to detect patterns in the vegetation 
cover. 
 

The NDVI values around the seep were on average 0.15 (Figure 7.7). This is a 
very low value and shows that in July the vegetation is showing signs of 
senescence. OSAVI showed larger differences in the vegetation whereas WBI 
had a very speckled pattern. Since the NDVI values were very low, LIC3 was 
assumed to be the best index. Indeed the difference between the vegetation and 
unvegetated areas is clearest on the LIC3 image. Vog1 clearly shows the 
difference between high and low biomass, but the differences within the areas 
of low biomass are small.   
 

Seep 
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Figure 7.7 Indices calculated on Probe-1 image. The grey tones are stretched to show 
the best distinction between the seep and the vegetation. Dark tones represent low 
biomass; light tones represent high biomass. The yellow circle indicates the seep. 
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As visible in West-East transects over the seep centre, the indices have a 
slightly increased value directly next to the soil halo in the centre (Figure 7.8). 
This is possibly the influence of the ring of high biomass around the soil centre 
(described by Cluster 3).  
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Figure 7.8 W-E transects of OSAVI, Vog1 and LIC3 on the Probe-1 image. The indices 
show a slightly increased value on the pixel next to the centre halo, which may be the 
influence of Cluster 3.  
 
 
7.3.4 Detection of hydrocarbon seepages 
 
The previous section has shown that the seep may be observed using vegetation 
indices derived from hyperspectral imagery. However, even when the most 
accurate index is used to map the seeps, many other pixels in the image have the 
same index values. Figure 7.10a demonstrates that when LIC3 is used to map 
the seep, other low vegetation areas such as roads and asphalted areas also light 
up. To reduce the number of false anomalies and to exclude all areas where gas 
leaks are not expected to take place, metadata such as maps of the geology or 
gas pipelines could be used to decrease the area of interest. In this study, built-
up areas and forests were removed. Although gas leaks and seeps may occur in 
these areas, the techniques described in this thesis were designed for detecting 
leaks in grassland and crop vegetation. Further studies should determine which 
techniques are appropriate to detect gas leaks in built-up and forested areas. The 
forests were filtered out by thresholding the NDVI, while the built-up areas and 
roads were removed using topographical maps. In Chapter 5 it was shown that 
applying a filter that searches for leak-specific spatial patterns assists in 
identifying leaks. In this chapter it was shown that the seep was surrounded by a 
ring of vigorous vegetation. Therefore, a filter that looks for a ring of high 
biomass around a pit of no biomass, or in other words, a filter that resembles the 
transects in Figure 7.8 may be applied. Since the shape resembles that of a 
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Gaussian filter, a 6-pixel wide filter was created based on a high-pass Gaussian 
filter (Figure 7.9) and applied to the OSAVI, LIC3 and Vog1 images. The 
output images show bright pixels where the filter has a high fit (Figure 7.10b-d). 
When the 1% brightest pixels are shown (arbitrarily chosen to indicate only 
those areas that resemble the filter’s shape most), OSAVI and Vog1 do not filter 
out the seep, but LIC3 clearly shows the seep centre in addition to the three 
remnant seeps. In conclusion, by removing the areas that are not of interest and 
by applying a filter that searches for the specific spectral and spatial 
characteristics of the seeps, the number of false anomalies has reduced sharply. 
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Figure 7.9 Shape of the filter used for the detection of the seeps 
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Figure 7.10 a) LIC3 image, showing the seep and several false anomalies that have the 
same index value as the seep; Filtered and masked images of b) LIC3, c) OSAVI and d) 
Vog1. The 1% brightest pixels are shown in red.  
 
 
7.4 Discussion 
 
Vegetation cover and species diversity show that close to the seep, plant life is 
affected. Within a radius of 10 to 20 meters of the seep, average cover is 16% 
while the average number of species is 4 (west and south transects), as opposed 
to a cover and diversity of 94% and 9.5 respectively 10 meters further. 
Although not measured, it is assumed that a low oxygen concentration in the 
halo is the reason for the absence of plant growth. As shown in the previous 
chapters, methane did not affect plant growth, whereas the effects of ethane are 
difficult to distinguish when oxygen shortage takes place. As was demonstrated 
in this thesis and by Hoeks (1972a) and Smith et al. (2004b), gas concentrations 
in the soil decrease non-linearly with distance from the seepage. In this thesis it 
was shown that in a mono-species canopy plant height and leaf area was low in 
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the centre of the gas leak, but increased with distance to the leak. However, this 
chapter shows that outside the halo of bare soil, a ring occurs of apparently 
healthy vegetation (Cluster 3). Vegetation cover in this cluster is 15% higher 
than in the area surrounding it, and most of the vegetation indices indicate that 
Cluster 3 contains the highest biomass. Although four species (Rumex acetosa, 
Tanacetum vulgare, Anthemis cotula and Vicia benghalensis) that are 
commonly found in waste places and roadsides dominate the ring, the average 
number of species in the ring is higher than outside the ring. A change in 
species composition next to gas seeps is in accordance with Bizecki Robson et 
al. (2004), who showed that hydrocarbon pollution near oil wells caused a 
decrease in vegetation cover and species richness, while five species were found 
to be tolerant. The change in vegetation patterns may have several reasons. Van 
der Werff (2006) showed that soil moisture was much lower inside than outside 
the halo. Since long-term gas and oil seepage is known to bring groundwater to 
the surface (Jones and Drozd, 1983), it is possible that groundwater collected at 
the edges of the halo, where the gas fluxes are lower than in the central vent. 
The gas fluxes in the halo were probably so high that the soil dried out 
completely. This would explain the high values of the water band index (WBI) 
in the ring. Moreover, the four most common species in Cluster 2 and 3 are 
known to grow in moist soil. Another possibility is that groundwater seepage 
did not play a role, but that the decrease in soil moisture in the halo caused a 
favourable environment for water-use efficient plants compared to plants that 
are less water-use efficient, thereby causing a shift in species composition. Yet 
another reason for the shift in species composition may be that just outside the 
halo small quantities of gas occur in the soil and that oxygen concentrations are 
sub-optimal. Since species have shown varying sensitivity to root zone oxygen 
shortage, the species in the ring may have been species that are tolerant to low 
oxygen concentrations. For the latter two explanations, one would expect a 
succession of Cluster 1 (halo) to Cluster 3 (ring around halo) to Cluster 2 
(probably unaffected). However, since the succession of zones showed that 
Cluster 2 accompanied Cluster 3 on both sides, the first explanation is the most 
likely: Cluster 1 being the central vent (dry soil), Cluster 2 the transition zone to 
Cluster 3 (intermediate soil water content) and Cluster 3 being the groundwater 
seepage zone (high soil moisture).  
 
The results from this chapter confirm that the selected indices can distinguish 
the gassed area from the surrounding areas due to the lower vegetation density. 
Since the scope of this thesis is characterizing the behaviour of vegetation 
growth and reflectance affected by gas seepage in order to define a general 
method for gas leak detection, the behaviour of each species and its reflectance 
in this particular case were not investigated. A detailed investigation of the 
reflectance of each species would lead to a description of a situation that is only 
valid in this particular place at this particular time. Although this would give 
insight in the behaviour of the investigated species in relation to gas seepage, 
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further research would have to be undertaken to understand the behaviour of 
these species and their reflectance in time. Instead, the scope of this chapter was 
to test whether the methods that were defined in the previous chapters could be 
applied to a field situation. Despite different species, gas fluxes, temperatures, 
etcetera, this chapter shows that the indices defined earlier in this thesis, in 
combination with spatial information, can observe changes in biomass caused 
by gas leakage on hyperspectral imagery.  
 
Of course, when using general indices that are related to biomass and 
chlorophyll, many false anomalies occur. Therefore the classification must be 
limited to only the areas of interest. In this chapter it was demonstrated that 
removing all areas that are not of interest and including expert knowledge 
resulted in a decrease of the number of false anomalies. This is in accordance 
with the work by Van der Werff and Lucieer (2004) and Van der Werff et al. 
(2006), who demonstrated that the detection of seeps was improved when a 
contextual algorithm was used that takes into account the spatial patterns. 
Where they used the round shape of the bare soil as input for the spatial 
classifier, this study shows that in addition to the bare soil halo, the ring of 
vigorous vegetation could be included. A complicating factor in the analysis is 
the variable size of the halo (and so, of the filter), which depends on the gas 
flux, soil type and season. Filters of variable sizes should therefore be used. The 
main complication however is not the variability in size, but the small size of 
the halo compared to the pixel size. Large gas fluxes caused halos of less than a 
meter wide (simulated gas leaks, 150 l/h for several weeks) up to 20 m wide 
(natural seeps). Very high spatial resolution images are therefore needed to be 
able to detect circles of such small size.  
 
 
7.5 Conclusion 
 
In this chapter the results of the previous chapters were tested in the field. In 
addition, a vegetation survey was performed to determine whether long-term 
gas seepage affects vegetation patterns. Close to the seep source plant growth 
was disturbed. Up to a distance of 20 m from the source, a halo of bare soil 
prevailed, around which a maximally 10 m wide ring occurred in which a few 
species grew vigorously. It is hypothesized that a combination of changes in soil 
oxygen and groundwater caused these patterns. Even though the hyperspectral 
imagery dated from several years earlier, the patterns observed in the field were 
also observed in the image when the indices that were suggested in Chapter 5 
were used. This supports the conclusion of Chapter 5 that the selected indices 
are not season dependent and can be used at any moment in time. Moreover, 
using indices that are related to biomass makes the method generally applicable. 
The disadvantage is the large number of false anomalies, however, including a 
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filter that searches for the round patterns in the vegetation reduced the number 
of false anomalies remarkably and should therefore be an integral part of the 
detection process.  
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CHAPTER 8  
 
SYNTHESIS 
 
The aim of this thesis was to characterize the effects of hydrocarbon gases in the 
soil on vegetation growth and reflectance. Two experiments were conducted to 
study the effects of anomalous gas concentrations on leaf and canopy 
reflectance, while the effects of long-term hydrocarbon seepage on vegetation 
canopy patterns were studied in the field. This chapter discusses the results of 
each study with regard to their implications for the remote detection of gas 
seepage.   
 
 
8.1 Effects of low gas concentrations on plant growth and 

leaf reflectance 
 
Until now, most studies on the effects of gas leakage on vegetation growth and 
reflectance were undertaken on large leaks - e.g. 100 l/h (Smith et al., 2004b), 
250 l/h (Pysek and Pysek, 1989) – and in each of these studies, soil oxygen 
shortage accompanied the leaks. Since most plants need oxygen in the root 
zone, any change in growth or reflectance was attributed to the lack of oxygen. 
It was not known whether natural gas itself affects plant growth and reflectance. 
If natural gas would affect leaf or canopy reflectance in a different way than 
oxygen shortage, the exploration for gas leaks could then focus on this feature 
and differentiate between reflectance changes caused by gas leakage and 
changes caused by oxygen shortage.  
 
In this thesis the effects of hydrocarbon gases on plant growth and reflectance 
were tested in an environment where oxygen shortage was avoided. Natural gas, 
methane and ethane were delivered to the root zone of maize and wheat plants 
in concentrations ranging from 0.75 to 2.5%. Natural gas and methane did not 
cause any significant change in maize or wheat growth, but ethane caused a 
decrease in maize plant height and leaf area. The effect of ethane on the wheat 
plants was less obvious: although a small increase in the number of leaves and 
chlorophyll was observed, none of the measured effects was statistically 
significant. Since there has been no research so far on the effects of ethane on 
plant growth, interpretation of the results is difficult. Plants can produce ethane 
when they are wounded, but concentrations are very low (stressed maize plants 
produced 0.0006 ml ethane per cm2 of plant material; Kimmerer and 
Kozlowski, 1982). Concentrations as used in this thesis only occur in 
hydrocarbon gas seeps and leaks. A possible explanation for the reduced growth 
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caused by ethane is that bacteria or fungi generated ethylene from ethane, which 
is a plant hormone that can be inhibitory to plant growth (Leopold and 
Kriedemann, 1975). The reason for the absence of an effect in the wheat plants 
may be due to an increased tolerance of wheat plants to ethane or possibly 
ethylene compared to maize. Since the reactions of plants to ethylene in the soil 
are dependent on species and even on cultivar (Huang et al., 1997a), this is not 
certain. Another reason for the difference in reaction may be an increased 
sensitivity by maize plants to external stresses as a result of the relatively low 
greenhouse temperature.  
 
In contrast to ethane, methane occurs in the (soil) atmosphere as a result of 
biological activities and plants are known to grow in high methane 
environments. Moreover, it was recently established that living plants produce 
methane (Zeeya, 2006). Methane has previously shown to be harmless to plant 
roots (Arthur et al., 1985) and aboveground parts of plants (Gustafson, 1944). 
This thesis shows that methane did not affect plant growth, which supports the 
general assumption that methane is harmless to plants.  
 
The difference between the effects of ethane and methane on maize plants was 
also found in the leaf reflectance. Whereas natural gas and methane caused a 
minor decrease in band depth in the chlorophyll absorption regions, only ethane 
caused a significant decrease in band depth in the 550-750 nm absorption 
feature, in particular in the yellow region (560-600 nm). Since this area is 
related to leaf chlorophyll, ethane appears to have caused a decrease in leaf 
chlorophyll early in the experiment. The increased physiological reflectance 
index PRI confirmed this suggestion. The red edge position (REP) is commonly 
used to reveal changes in chlorophyll content, particularly in studies related to 
gas seepage (Table 1.2). However, the very subtle changes in chlorophyll 
caused by ethane did not result in a shift of the REP. In this thesis it is 
demonstrated that the yellow reflectance around 580 nm can assess subtle 
differences in chlorophyll (Chapter 3) and when used in combination with the 
REP, it increases the correlation with chlorophyll (Chapter 4).    
 
Since the natural gas that was used in the experiment contained 3% ethane, the 
real concentration of ethane in the natural gas treatments was 0.075% (3% of 
2.5%). These small concentrations did not affect maize growth and reflectance 
significantly.  
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8.2 Effects of high gas concentrations on plant growth and 
reflectance 

 
Since concentrations of 0.75% ethane in soil caused an increase in reflectance in 
the yellow part of the spectrum, it was expected that natural gas concentrations 
between 4 and 20% (corresponding to approximately 3% to 20% ethane in 
natural gas) would cause a similar increase in yellow reflectance and the 
physiological reflectance index (PRI). In Chapter 6, the latter was tested on 
maize and wheat leaves growing in high concentrations of natural gas. Contrary 
to the plants in the controlled experiment, these plants experienced oxygen 
shortage in the root zone and a strong decrease in leaf chlorophyll. Although the 
expected increase in yellow reflectance and PRI occurred, the changes were 
much more pronounced than in the controlled experiment and therefore more 
likely a result of the decreased chlorophyll content. This confirmed that the 
changes in the yellow reflectance in the controlled experiment had been a result 
of low leaf chlorophyll content early in the experiment.  
 
High gas concentrations cause a reduction in soil oxygen. Smith et al. (2004a) 
demonstrated that oxygen shortage resulting from different agents had a similar 
effect on plant reflectance. To test the assumption that oxygen shortage is the 
main cause of changes in reflectance, several indices that are known to react to 
changes in canopy cover or leaf area and chlorophyll changes were used to 
establish a relationship between the soil oxygen and the reflectance. The focus 
was on finding a reflectance index that is correlated with oxygen levels in the 
soil during the entire growing season and for both species. It was not possible to 
find one index that could predict oxygen concentrations under both species over 
time. However after normalizing for species, the optimized soil adjusted 
vegetation index (OSAVI) was the best predictor of oxygen concentrations in 
the soil 29 days after gassing started, whereas after normalizing for time, the 
Vogelmann (Vog1) and Lichtenthaler (LIC3) indices could predict oxygen 
concentrations under the maize and wheat canopy respectively. All these indices 
react on a decrease in biomass and chlorophyll content, which translates as a 
relative decrease in near infrared (NIR) and increase in red reflectance. In 
previous studies where oxygen shortage accompanied gas leaks (Smith et al., 
2004b and Pysek and Pysek, 1989), the same reactions were found. As in this 
thesis, decreased leaf chlorophyll in combination with decreased biomass in the 
gassed plots was the cause of the reflectance changes. Since a decrease in 
chlorophyll and biomass is a generally known sign of stress, it can be concluded 
that large gas leaks that are accompanied by oxygen shortage can be recognized 
by any reflectance index that enhances the differences between the red and the 
NIR.   
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The confusion that exists about the effects of gas on vegetation reflectance is 
mainly focused around studies that deal with hydrocarbon microseepage. 
Microseepage is generally a long-term process, which can result in changes in 
the soil mineralogy depending on geology and soil type (see Chapter 1 for an 
overview of the effects of microseepage on soil). The effect these changes have 
on vegetation reflectance depends again on vegetation type and so a 
generalization of the effects of microseepage on vegetation reflectance cannot 
be made. However, the changes in reflectance as found by Reid et al. (1988), 
Bammel and Birnie (1994) and Almeida-Filho et al. (1999) have in common 
that they are similar to those found in vegetation affected by oxygen shortage. 
As Etiope and Klusman (2002) point out, negative methane fluxes are common 
in microseepage areas due to methanotrophic oxidation of CH4. A combination 
of low seepage rates with oxygen depletion due to methanotrophic oxidation 
could be the reason for the changes in reflectance. Yang et al. (1999) found a 
shift of the red edge towards longer wavelengths over wheat canopy affected by 
microseepage. This shift towards longer wavelengths is a result of increased leaf 
chlorophyll and/or biomass. In this thesis it was demonstrated that small 
concentrations of methane and ethane did not increase either of these. In 
contrast to the experimental seepage in this thesis, the microseepage described 
by Yang et al. (1999) is long-term. A possible explanation for the shift of the 
red edge position (REP) towards longer wavelengths is that methanotrophic 
oxidation took place, during which water was produced (Steven et al., 2006). In 
dry soils this extra moisture in the soil may have improved the growing 
conditions of the wheat. Another possibility for the changes in REP could be 
increased availability of micronutrients, or perhaps the changes in REP were 
caused by something else than gas seepage, as in this thesis it was demonstrated 
that wheat leaf and canopy reflectance was not a good predictor of gas seepage. 
 
This thesis has shown that methanotrophic oxygen depletion is an integral part 
of gas leakage. Oxygen depletion ranged from 2.78% in the wheat plots to 
3.91% in the maize plots, which corresponds to average CO2 concentrations 
between 1 and 3% (Chapter 6). For the detection of high gas concentrations, the 
depletion of oxygen is of more importance than the increased CO2 
concentrations. Whereas 10% CH4 would in theory correspond to 18% O2 (not 
harmful to plant growth), methanotrophic oxygen depletion may reduce the 
oxygen concentrations dramatically to concentrations less than 5%, resulting in 
adverse growth conditions. An increase in CO2 concentrations on the other hand 
has not shown to affect plant growth and reflectance up to concentrations of 
10%. 10% and 20% CO2 even caused an increase in leaf chlorophyll and water 
content during the first three weeks of CO2 delivery, suggesting that a moderate 
CO2 concentration in the soil may be beneficial to maize growth. This supports 
the findings by Enoch and Olesen (1993) and Huang et al. (1997b). Although 
leaf chlorophyll, plant height and dry weight decreased with increasing CO2 
concentrations, only concentrations over 20% resulted in significant differences.  
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The REP-YEP index was the best predictor of CO2 concentrations, which 
showed that only 50% CO2 could be distinguished from the control with 
certainty. Such concentrations are found in landfills and in CO2 seeps, but rarely 
in gas leaks. It is therefore concluded that the CO2 concentrations that are found 
in hydrocarbon gas leaks do not significantly contribute to the changes in 
reflectance.  
 
8.3 Vegetation patterns  
 
A detailed vegetation survey was performed along transects over a hydrocarbon 
seepage in the Santa Barbara basin, USA, to determine whether vegetation 
cover and diversity change as a result of long-term gas seepage. It was 
demonstrated that within 10 m distance to the seep, bare soil dominates in a 
halo-like shape while between 20 and 30 m distance a ring of a few species 
occurs. With a filter that searched for this round-shaped pattern, the seep could 
be detected on hyperspectral imagery, which showed that the indices selected in 
Chapter 5 were generally applicable and not seasonally dependent.  
 
8.4 General Seepage Model 
 
Based on the results of this thesis and literature, a general overview of the 
effects of gas leakage on plant growth and reflectance is presented in Figure 8.1.  
 

 
 
Figure 8.1 Schematic overview of the influence of hydrocarbon gas seepage on 
vegetation growth. S.T. = short term; L.T. = long term. The information in the coloured 
rectangles is derived from this thesis. 
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The effects of gas seepage on vegetation growth were separated into three 
groups: gas concentrations under 2%, between 2% and 25% and over 25%. The 
effects of these concentrations on plant growth were subsequently subdivided in 
short-term gas seepage (S.T. in Figure 8.1) and long-term gas seepage (L.T.). 
Gas concentrations below 2% as found in microseepage areas correspond to 
oxygen concentrations between 19% (without oxygen depletion) and 16% (with 
oxygen depletion). In Chapter 5 it was shown that canopy reflectance of maize 
and wheat was affected by oxygen concentrations lower than 16%. To illustrate 
this, the predicted oxygen concentrations under the maize canopy are shown in 
relation to the measured leaf area (Figure 8.2). This figure shows that maize leaf 
area reduces significantly when oxygen concentrations are less than 16%. 
Therefore the concentration under which terrestrial plant growth is affected was 
set on 16%, even though species differ in their sensitivity to oxygen 
concentrations. Short-term gas concentrations up to 2% will probably go 
unnoticed, but long-term low gas concentrations may cause changes in the soil, 
eventually leading to a shift in vegetation diversity. The oxygen concentrations 
in the 2%-25% gas concentrations are dependent on bacterial oxygen depletion. 
In short-term leakage, bacterial oxygen depletion may not take place and effects 
on plant growth may be unnoticed. However in long-term leaks bacterial 
oxygen depletion is likely to take place and the effects may be similar to the 
effects of the highest gas concentrations. Gas concentrations over 25% cause 
oxygen concentrations that are limiting to plant growth, which can lead to death 
of the vegetation and in long-term seepage a shift in vegetation diversity.  
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Figure 8.2 Leaf area versus modelled oxygen concentrations in the maize plots (Chapter 
5) 
 
All gas concentrations can occur within one gas leak. Methane and ethane 
concentrations are high close to the gas source, resulting in low oxygen 
concentrations. Bacterial depletion cannot take place here due to a limiting 
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oxygen supply, whereas at the far end of the gas distribution the methane supply 
is limiting and bacterial depletion stops (Steven et al., 2006). Between these 
extremes bacterial activity reduces the oxygen concentration and increases the 
CO2 concentration by several percents. A schematic overview of the gas and 
oxygen patterns in a gas leak is shown in Figure 8.3a, which does not show a 
scale because the absolute values of methane, ethane oxygen and carbon dioxide 
vary per seepage. The associated vegetation changes are shown in Figure 8.3b. 
LAI is shown as an example, as both ethane and oxygen shortage caused 
changes in LAI. Vegetation cover and leaf chlorophyll showed less clear 
patterns at low gas concentrations, but at higher gas concentrations they most 
likely follow the same pattern as LAI. Although the LAI values in Figure 8.3b 
do not represent measured values, they were estimated based on the changes in 
LAI as measured in the greenhouse and field experiments. The blue line 
indicates the decrease in LAI if the leaking gas consisted of pure methane and 
methanotrophic bacteria would not be present. It is assumed that LAI would 
decrease at oxygen concentrations lower than 15% (corresponding to a methane 
concentration of 25%; equation 6.1), until at 5% oxygen (75% methane) the 
plants would die. However, at methane concentrations over 15%, ethane has an 
additional –reducing- effect on LAI (yellow line in Figure 8.3b). This effect is 
assumed to get more evident at higher gas concentrations. Finally, at moderate 
methane concentrations bacterial oxygen depletion leads to a very fast decrease 
in oxygen, which in turn leads to a strong reduction in LAI.   
    

 

 
Figure 8.3a Generalized representation of seepage. 
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Figure 8.3b Generalized effects of ethane and bacterial oxygen depletion on leaf area in 
a natural gas leak  
 
 
8.5 Gas detection using remote sensing 
 
Finally, the implications of the plant growth characteristics described in the 
previous section for the remote detection of gas seepage can be summarized as 
follows:  
 
o Methane does not affect maize and wheat reflectance; methane or natural 

gas concentrations under 2 % are therefore untraceable using vegetation 
reflectance. 

o Ethane caused an increase in maize leaf reflectance in the 580 nm region. 
This is most likely the result of small changes in chlorophyll content, and 
not a unique effect of gas leakage; a leaf reflectance feature purely related 
to gas leakage is therefore not available.    

o Since a decrease in leaf area was the most evident result of both small and 
large soil gas concentrations, reflectance indices that are sensitive to leaf 
area should be used as indicators of gas leakage. Based on the results of 
this thesis, it is suggested that LIC3 (R440/R740) be used on canopies that 
have an NDVI under 0.75 and Vog1 (R740/R720) on canopies that have 
higher NDVI values. 

o When gas seepage originates from a point source (gas pipeline) or fault and 
gas concentrations decrease equally to all sides of the source, the changes 
in reflectance follow a round-shaped pattern. Using an exponential or 
Gaussian filter increases the chance of detecting the leak.   

o Long-term gas seepage causes changes in vegetation diversity in a multi-
species canopy. A ring of high biomass surrounds a halo of bare soil. The 
absence of vegetation in the seepage centre is thought to be the result of 
low oxygen concentrations in addition to low soil moisture content. Since 
mains gas is dehydrated during processing (Kennedy 1993), gas pipeline 
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leakage is also expected to dry out the soil. Although this had been 
controlled for in the experiments in this thesis, it is expected that a decrease 
in canopy water content will accompany the changes as found in this thesis. 

 
Finally, the following practical issues should be considered for gas leak 
monitoring: 
- which sensor is suitable?  
- what is the best moment for detection?  
 
8.5.1 Sensor 
 
The ideal sensor for the remote detection of gas leakage based on vegetation 
reflectance should have narrow bands in the visible and NIR, but would not 
need to be hyperspectral in the whole NIR and SWIR. Instead, the spatial 
resolution should be as high as possible. In Chapter 5 it was shown that a gas 
flux of up to 153 l/h in a clayey soil can result in patches of just 1 m wide, 
whereas the natural hydrocarbon seepage in California affected the vegetation 
up to a distance of 30 m. Present hyperspectral sensors have a spatial resolution 
of up to 2 m (Hymap, airborne; Cocks et al., 1998) or 15 m (ASTER, 
spaceborne; URL1). As a result, airborne or spaceborne remote sensing is 
presently not able to detect leaks that have a spatial extent of less than 2 meters. 
Larger leaks that cause a patch of bare soil or a larger area of changed 
vegetation reflectance can be mapped using airborne hyperspectral sensors. It 
has been shown that including expert knowledge and additional information 
such as maps of the geology, soil type or vegetation type improves the 
classification results significantly (Skidmore et al., 2001; Schmidt et al., 2004, 
Van der Werff et al., 2006). Since the decrease in leaf area and chlorophyll is a-
specific of gas leakage, additional information would facilitate the identification 
of leaks and reduce the number of false anomalies. Since the location of a 
pipeline is exactly known whereas the locations of microseepage areas or faults 
are often unknown, it follows that the chance of detecting gas pipeline leaks 
using vegetation remote sensing is higher than detecting microseepage. 
 
8.5.2 Timing 
 
The best time for gas leak detection is dependent on two factors: I. the species 
and II. the time of year. As shown in this thesis, different species have different 
reactions on gas leakage; e.g. wheat was not affected by ethane and the species 
diversity change described in Chapter 7 showed that some species are more 
tolerant to low oxygen concentrations than other species. However, species are 
most sensitive to changes in the root zone (such as oxygen shortage) during 
early growth, and the effect of stress in the early growth stages is still visible for 
several weeks after the stress ends (e.g., Chapter 4; Lichtenthaler, 1996). For 
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annual plants early growth usually corresponds to spring and early summer. In 
this thesis it was demonstrated that the differences between the gassed and 
control reflectance were most pronounced when the plants were between 1 and 
1.5 months old (Chapter 3 & Chapter 5). At t = 22 and t = 29 the relationship 
between oxygen concentrations and the selected indices was similar for both 
species (Chapter 5). This coincided with a canopy cover between 40 and 80% 
(Figure 2.6). When canopy cover is lower than 40%, the difference between the 
gassed and control areas is so small that leak detection is difficult, whereas at 
very high cover the plants growing adjacent to a small gas leak can overgrow 
the gassed plants. The most optimal situation for detecting gas leakage is 
therefore early in the growing season on canopies that have a cover of 40 – 
80%. As explained in Chapter 5, a canopy of 40% - 80% corresponds to NDVI 
values between 0.6 and 0.9. The wheat canopy never reached NDVI values over 
0.75, whereas the maize canopy had NDVI values over 0.75 apart from the first 
measurement date (t = 16). Since in Chapter 5 it was shown that LIC3 and Vog1 
could predict O2 concentrations under the wheat and maize canopies 
respectively, it is expected that in practice LIC3 will be a better predictor of O2 
under canopies having NDVI values below 0.75, while Vog1 will be a better 
predictor under canopies of higher NDVI.     
 
 
8.6 Conclusion  
 
The results of this thesis contribute to the understanding of the influence of gas 
leakage on plant health. Hyperspectral reflectance has shown to be a useful tool 
to study changes in plant health and canopy patterns as a result of gas leakage.   
Although no reflectance feature was found that is uniquely related to gas 
leakage, it was shown that both ethane and oxygen shortage cause a decrease in 
leaf area and an increase in reflectance in the chlorophyll absorption regions. 
Most reflectance indices that are sensitive to changes in LAI and chlorophyll 
can therefore be used as indicators of gas leakage, however two indices are 
recommended for their insensitivity to changes over time. Since the reflectance 
changes were a-specific to gas leakage, additional information must be used to 
verify whether changes are related to gas leakage. Using an exponential or 
Gaussian filter increases the chance of detecting the leak, while field 
verification is always needed after a leak is detected.   
 
This thesis has shown that in theory gas leaks can be detected as early as 2 
weeks after gas leakage starts. Early detection of gas pipeline leaks will 
decrease the loss of gas and assist in avoiding a dangerous accumulation of 
explosive gases in the soil. In undisturbed vegetated areas the detection of 
anomalous gas concentrations can lead to the discovery of microseepage and 
related gas or oil reservoirs. It is concluded that if the spectral resolution of the 
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sensor is high in the visible and NIR and the spatial resolution as high as 
possible (preferably as high as 1 m), vegetation reflectance can be used as 
indicator of gas leakage. 
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Appendix 1 Reflectance indices tested in Chapter 5.   
 
Index name Equation Reference 
Anthocyanin Reflectance Index 1 
(ARI1) (1/R550) – (1/R700)* (Gitelson et al., 2001) 

Anthocyanin Reflectance Index 2 
(ARI2) R800 *[(1/R550) – (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) – (1/R550) (Gitelson et al., 2002) 

Carotenoid Reflectance Index 2 
(CRI2) (1/R510) – (1/R700) (Gitelson et al., 2002) 

Carter Indices (CTR) CTR1 = R695/R420 (Carter, 1994) 
 CTR2 = R695/R760 (Carter, 1994) 
Curvature Index (CUR) (R675*R690)/R2683 (Zarco-Tejada et al., 2000) 

Enhanced Vegetation Index (EVI) 2.5*(RNIR-RRed)/(RNIR+6*RRed–
7.5*RBlue+1) (Huete et al., 1997) 

Gitelson and Merzlyak (GM) GM1 = R750/R550 (Gitelson and Merzlyak, 
1997) 

 GM2 = R750/R700 (Gitelson and Merzlyak, 
1997) 

Improved SAVI with self-adjustment 
factor L (MSAVI) 

0.5*[2*R800+1–((2*R800+1)2 –8*(R800-
R670))0.5] 

(Qi et al., 1994) 

Lichtenthaler Indices (LIC) LIC1 = (R800-R680)/(R800+R680) (Lichtenhaler et al., 1996) 
 LIC2 = R440/R690 (Lichtenhaler et al., 1996) 
 LIC3 = R440/R740 (Lichtenhaler et al., 1996) 
Modified Cab Absorption in 
Reflectance Index (MCARI) 

[(R700-R670)-0.2*(R700-
R550)]*(R700/R670) (Daughtry et al., 2000) 

Modified Chlorophyll Absorption in 
Reflectance Index (MCARI1) 1.2*[2.5*(R800-R670)-1.3*(R800-R550) (Haboudane et al., 2004) 

Modified Chlorophyll Absorption in 
Reflectance Index (MCARI2) 

1.5*[2.5*(R800-R670)-1.3*(R800-R550) 
√((2*R800+1)2 – (6*R800-5*√R670))-0.5 

(Haboudane et al., 2004) 

Modified Red Edge Normalized 
Difference Vegetation Index 
(mNDVI705) 

(R750-R705)/(R750+R705-2*R445) (Sims and Gamon, 2002) 

Modified Red Edge Simple Ratio 
Index (mSR705) (R750-R445)/(R705-R445) (Sims and Gamon, 2002) 

Modified Simple Ratio (MSR) (RNIR/RRed -1)/((RNIR/RRed)0.5+1) (Chen, 1996) 
Modified Triangular Vegetation Index 
(MTVI1) 1.2*[1.2*(R800-R550)-2.5*(R670-R550) (Haboudane et al., 2004) 

Modified Triangular Vegetation Index 
(MTVI2) 

1.5*[1.2*(R800-R550)-2.5*(R670-R550) 
√((2*R800+1)2 – (6*R800-5*√R670))-0.5 

(Haboudane et al., 2004) 

Moisture Stress Index (MSI) R1599/R819 (Hunt and Rock, 1989) 
Normalized Difference Infrared Index 
(NDII) (R819 - R1649)/(R819 + R1649) (Hardisky et al., 1983) 

Normalized Difference Nitrogen 
Index (NDNI) 

log(1/R1510) - log(1/R1680) 
log(1/R1510) + log(1/R1680) (Serrano et al., 2002) 

Normalized Difference Vegetation 
Index (NDVI) (RNIR- RRed)/(RNIR + RRed) (Rouse et al., 1974) 
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Normalized Difference Water Index 
(NDWI) (R857- R1241)/(R857 + R1241) (Gao, 1995) 

Normalized Phaeophytinization Index 
(NPI) (R415- R435)/(R415 + R435) (Barnes, 1992) 

Normalized Pigment Chlorophyll 
Index (NPCI) (R680- R430)/(R680 + R430) (Penuelas et al., 1994) 

Optimized Soil-Adjusted Vegetation 
Index (OSAVI) 

(1+0.16)*(R800-
R670)/(R800+R670+0.16) (Rondeaux et al., 1996) 

Photochemical Reflectance Index 
(PRI) (R531- R570)/(R531 + R570) (Gamon et al., 1992) 

Plant Senescence Reflectance Index 
(PSRI) (R680-R500)/R750 (Merzlyak et al., 1999) 

Red Edge Normalized Difference 
Vegetation Index (NDVI705) (R750 - R705)/(R750 + R705) (Sims and Gamon, 2002) 

Red Edge Position Index (REP) 700+40*[((R670+R780/2)-R700)/(R740-
R700)] (Guyot & Baret, 1988) 

Red/Green Index (RGI) R690/R550 (Zarco-Tejada et al., 2005) 
Renormalized Difference Vegetation 
Index (RDVI) (R800- R670)/√(R800- R670) (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) (R800 – R450)/(R800 + R650) (Penuelas et al., 1995) 

Sum Green Index (SG) Average of R500 till R600 (Gamon and Surfus, 1999) 

Transformed CARI (TCARI) 3*[(R700-R670)-0.2*(R700-
R550)*(R700/R670)] (Haboudane et al., 2002) 

Triangular Vegetation Index (TVI) 0.5*[120*(R750-R550) - 200*(R670-
R550)] (Broge and Leblanc, 2000) 

Vogelmann Indices (VOG) VOG1 = R740/R720 (Vogelmann et al., 1993) 
 VOG2 = (R734 - R747)/(R715 + R726) (Vogelmann et al., 1993) 
 VOG3 = (R734 - R747)/(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) 

 
* R is reflectance at the specified wavelength
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