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Abstract 

Considerable variation of landfill gas  (LFG)  emission rates and composition occur both 
spatially and temporally. Landfill vegetation often shows signs of damage commonly 
caused by the presence of  LFG  in the root zone and since landfill vegetation is subject to 
the influence of  LFG  over its entire existence, it represents a possibility for observing 
emissions on a longer term basis. Methane oxidation may reduce methane emissions 
through the top cover of a landfill but the temperature drop occurring during winter 
and the freezing of the soil surface may inhibit methane oxidation inducing methane 
emissions peaks. Methane oxidation capacity was also found to be higher in the soils of 
areas irrigated with leachate, which were also well vegetated. The positive correlation 
between methane oxidation capacity of the soils and the tree presence is interesting in 
the perspective of reducing methane emission from landfills. 



Landfill Gas Emission and Landfill Vegetation 

SUMMARY 

Landfill gas  (LFG)  is mainly composed of methane and carbon dioxide which are both 
greenhouse gases. Methane has however a greater specific greenhouse effect than carbon 
dioxide. Large spatial and temporal variations of  LFG  emissions may occur and 
extensive measurement efforts are required to be able to quantify these variations. 
Landfill vegetation often shows signs of damage commonly caused by the presence of  

LFG  in the root zone. Since landfill vegetation is influenced by  LFG  over its entire 
existence, it represents a possibility for observing emissions on a longer term basis. 

In the studies, reported in this thesis, static-chambers and profiles of gas concentrations 
in soils have been used to estimate  LFG  emission. The effects of  LFG  emissions on 
naturally vegetated areas were studied. Both the occurrence of species and the growth of 
plants were investigated. A second study was conducted on energy forests to eliminate 
species variation. 

There is a need to develop methods to estimate  LFG  emissions which take spatial and 
temporal variations into account. Methane oxidation has a major influence both on the 
total methane emission and its variation. Methane oxidation is a biological process which 
is sensitive to environmental variations. The process may, for example, be inhibited 
during cold periods with frozen top cover. 

A large vegetation diversity may be observed at landfills because a large variation of 
environmental conditions are developed here. The occurrence of a natural vegetation at 
a landfill may be influenced by so many factors that it is difficult to clearly identify the 
effect of a single variable such as  LFG  emission. In the studied energy forests, the large 
trees occurred on the areas irrigated with leachate. Presumably it is due to the positive 
effect of the water and nutrient supply. 

Plant sensitivity to  LFG  presence in a soil depends on the species considered. Most of 
the  ruderal  species, naturally occurring at landfill sites, seem to be resistant and survive 
there. The methane oxidation capacity was higher in the soils of areas irrigated with 
leachate. These areas were also well vegetated. The positive correlation between 
methane oxidation capacity of the soils and the presence of trees is interesting in the 
perspective of developing a landfill top cover with efficient methane emission. 
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SAMMANFATTNING 

Deponigas består huvudsakligen av metan och koldioxid som båda är växthusgaser. 
Metan  har en  mycket större specifik växthuseffekt än koldioxid. Deponigasavgången kan 
variera mycket i  rum  och tid och för att kunna kvantifiera  den  krävs därför  en  
omfattande mätinsats med upprepade mätningar.  Vegetation  på avfallsupplag visar ofta 
skador orsakade av deponigas i rotzonen. Eftersom växter kan påverkas  under  hela sitt 
liv av markgaserna, finns möjligheten att genom vegetationen indirekt kunna observera 
deponigasavgången i ett längre tidsperspektiv. 

I  de  här avhandlade undersökningarna  har  deponigasavgång mätts m.h.a. statiska 
kammare och gasprofiler i marken. Påverkan av deponigasavgång  har  studerats på 
områden med vild  vegetation.  Både artförekomst och tillväxt  har  undersökts.  En  andra 
studie  har  gjorts i energiskogar för att eliminera artvariabeln. 

För att rätt kunna skatta deponigasavgång måste metoder utvecklas som tar hänsyn till 
emissionens  variation  i  rum  och tid. Metanoxidation i täckskiktet  har en  betydande 
påverkan, både på  den  totala metanavgången och dess  variation.  Metanoxidationen är  en  
biologisk process som är känslig för miljövariationer.  T ex  kan processen inhiberas  
under  kalla perioder med tjäle i täckskiktet.  

En  stor artrikedom kan observeras vid avfallsupplag, bl  a  därför att ett stort antal 
miljöförhållanden utvecklas vid dessa platser. Förekomsten av  en  naturlig  vegetation  på 
ett avfallsupplag kan påverkas av så många faktorer att det blir svårt att identifiera 
effekten av  en  särskild  variabel  som t.ex. deponigasavgång. I  de  studerade 
energiskogarna förekom  de  största träden i  de  lakvattenbevattnade områdena. 
Förmodligen beror det mest på  den  positiva effekten av vatten- och näringstillskottet. 

Växternas känslighet för deponigasförekomst i jorden varierar med  arten. De  flesta 
arter som förekommer naturligt på avfallsupplag verkar vara tåliga och kan överleva 
där. Metanoxidationskapaciteten var högre i områden som bevattnats med lakvatten, 
vilka också hade  den  kraftigaste vegetationen.  Den  positiva korrelationen mellan 
metanoxidationskapacitet i jorden och trädförekomst indikerar  en  intressant möjlighet 
för utveckling av täckskikt med  effektiv  metanoxidation. 
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RESUME 

Le gaz de  decharge  se compose principalement de methane et de dioxyde de carbone qui 
sont tous  les deux  des gaz a effet de  sene.  Le methane a un effet de  sene  specifique 
beaucoup plus grand que le dioxyde de carbone. Les emissions de gaz de  decharge  
peuvent varier beaucoup  dans  l'espace et  dans  le temps. De  vastes  campagnes de 
mesures, repetees, sont necessaires afin de pouvoir quantifier  ces  variations. La 
vegetation  sur les decharges montre  souvent des  signes  de dommages causes par la 
presence de gaz de  decharge dans  la zone racinaire.  Comme les  plants sont exposees 
durant toute leur vie au gaz,  une  possibilite existe d'observer indirectement, grace a. la 
vegetation,  les  emissions de gaz de &charge  dans  une  plus longue perspective de temps. 

Au  cours  des etudes  presentees  dans  cette these,  les emissions de  gaz  ont  ete mesurees  
avec les  methodes  de la chambre  statique  et du gradient de  gaz  dans le sol.  L'influence  
des  gaz  de decharge a  ete etudiee  dans des zones  couvertes  de vegetation  sauvage.  La  
presence  des especes et  leur croissance  ont  ete mesurees.  Une  seconde  etude a  et6  men& 
dans des  plantations  de  saule afin d'eliminer  la variation due  aux  especes  differentes.  

Pour  pouvoir estimer les emissions de gaz, des methodes prenant en compte les 
variations spatiales et temporelles, doivent etre developpees. L'oxydation du  methane  
dans la couverture avait un effet decisif, a. la fois sur les emissions  totales  de  methane  et 
sur leurs variations. L'oxydation du  methane  est  un processus biologique qui  est  sensible 
aux variations environnementales. Le processus peut, par exemple, etre inhibe pendant 
les periodes froides  où  la couverture  est  gelee.  

Une  grande richesse en especes  pent  etre observee sur les decharges, entre autre a.  cause  
des grandes variations environnementales qui sy developpent. La  presence  d'une 
vegetation naturelle sur  une  decharge peut etre influencee par tant de facteurs qu'il peut 
etre difficile d'identifier l'effet d'une variable en particulier, par exemple les emissions 
de gaz de decharge. Dans les  plantations  etudiees, les plus grands arbres poussaient dans 
les zones irriguees avec des lixiviats. Probablement  est  ce du a. lapport en eau et en  
nutriments.  

La sensibilite des plantes a la  presence  de gaz de decharges dans le sol vane suivant les 
especes. La plupart des especes qui poussent naturellement sur les decharges semblent 
etre resistantes et peuvent y survivre. La capacite a. oxyder le  methane  etait plus grande 
dans les zones irriguees avec des lixiviats. Ces zones avaient aussi la vegetation la plus 
importante. La  correlation  positive entre la capacite des sols a. oxyder le  methane  et la  
presence  d'arbres indique  une  alternative interessante  pour  le developpement de 
couvertures ayant  une  oxydation du  methane  efficace. 
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1 INTRODUCTION 

This thesis deals with the question of emissions of landfill gas  (LFG)  through the 
landfill top cover and the interaction with the vegetation, growing on the surface of the 
landfill. It is based on a literature review and three papers. From now, these papers are 
referred to by their Roman numerals. 

Maurice,  C.  &  Lagerkvist,  A. (1997). Landfill gas properties and effect on 
green plants - Literature Review. Report  N°  1998:01, Division of Landfill 
Science & Technology,  Luleå  University of Technology, Sweden. 

II 	Maurice,  C.,  Bergman, A.,  Ecke,  H.  &  Lagerkvist,  A. (1995). Vegetation as a 
biological indicator for landfill gas emissions: Initial investigations. 
Proceedings from Sardinia '95: Fifth International Landfill Symposium, 2-6 
Oct. 1995, St Margherita di Pula, Cagliari, Italy, Vol.  IH, p.  481-494. 

III 	Maurice,  C.  &  Lagerkvist,  A. (1997). Seasonal variation of landfill gas 
emissions. Proceedings from Sardinia'97: Sixth International Landfill 
Symposium, 13-17 Oct. 1997, St Margherita di Pula, Cagliari, Italy, 
Vol. IV, p.87-93. 

IV 	Maurice,  C.,  Ettala, M. &  Lagerkvist,  A. (1997). Effect of leachate irrigation of 
landfill vegetation on methane emissions. 
Submitted to Water, Air and Soil Pollution. 

The abbreviations used in the thesis are listed in chapter 7. 

Methane and carbon dioxide are the main constituents of  LFG  and they are both 
greenhouse gases. Methane has however a greater specific greenhouse effect than carbon 
dioxide. Over a 10 year period, one molecule of methane has about 27 times greater 
impact on global warming than a carbon dioxide molecule. This difference decreases to 
7,5 for a 100 year period because methane eventually is oxidised to carbon dioxide in 
the atmosphere (Lelieveld et al. 1993). Over the last few years, the atmospheric 
methane concentration seems to stabilise. But the control of landfill methane emission is 
still one of the most efficient way to reduce the greenhouse effect (Blake &  Augenstein  
1994).  

LFG  emissions are influenced by many factors such as gas abstraction, wind or air 
pressure. Part of the methane may also be oxidised in the top cover and seasonal 
variations of the rate and quality of  LFG  emissions may also occur. 

Natural or planted vegetation at a landfill site has, beside its aesthetic function, an 
important role to play in erosion control. Moreover, it may also be used in leachate 
treatment. Landfill vegetation often shows signs of damage commonly caused by the 
presence of  LFG  in the root zone. For short-rotation tree plantations, it is of interest 
both for leachate treatment and energy recovery, to optimise the plant productivity and 
to avoid negative effect of  LFG  presence in the soil. 
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Measurement techniques have limitations and  LFG  emission may vary much which 
makes it difficult to assess over large areas and longer periods of time. The 
uncertainties related to spatial variation may be avoided by using both methods based on 
punctual measurements and more global methods. To assess temporal variation, 
repeated measurements or a combination of short term and long term measurements are 
needed. Since landfill vegetation is influenced by  LFG  over its entire existence, it 
represents a possibility for observing emissions on a longer term basis. 

The most usual reason for vegetation damages at landfill is the presence of  LFG  in the 
root zone. The main dying process is asphyxia i.e. an insufficiency of oxygen to sustain 
respiration in the roots.  LFG  displaces oxygen and the soil gas phase content may fall 
under levels most plant require i.e. 5 to 10 %. Elevated carbon dioxide content is 
directly toxic to the roots even if enough oxygen is available (see table 1). The normal 
concentration of carbon dioxide in soils is between 0.04 and 2 % and a normal 
development may occur at concentrations up to 5%. Over 20%, is generally phytotoxic 
(Hoeks 1972). 

Table 1 	Effect of  LFG  on the growth of different species (Gendebien et al. 1992) 

Plant studied 	 02 	CO2 CH4 Effect on the plant 

Tomato (Lycopersicon esculentum) 7% 	 - 	Normal development 
If 	 7% - 45% 

7% 34% 	Damaged 
7% 34% 45% Damaged  

2 RESEARCH QUESTIONS 

Plant species are affected by  LFG.  As they stand on the landfill surface during the 
growing period, the symptoms caused by the exposition to  LFG  of the plants might be 
used to register  LFG  emissions. Tolerance of plants varies between species and it may 
be possible to find indicator species for which a relation between harm and  LFG  
emission rate is visible. Such measurement of  LFG  emissions over the growing season 
would be helpful when estimating  LFG  emissions in temporal perspective. However, 
environmental factors may also influence the vegetation and overshadow the correlation 
between  LFG  and plants. To be able to use the vegetation as an indicator for  LFG  
emissions, a good knowledge of the system  LFG-plant where soil acts as an interface, is 
needed. After a discussion of the methods used during the different studies, results 
concerning  LFG  emissions and landfill vegetation are presented and discussed on their 
own. Finally, the interaction between  LFG  emissions and landfill vegetation are 
discussed 

Only the two main components of  LFG  i.e. methane and carbon dioxide, are 
investigated and the study is limited to the landfill vegetation growing on top soil 
covering waste.  LFG  emissions were estimated during on day long measurement 
campaigns. Only external symptoms of  LFG  on plant specimens were considered. 
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3 DISCUSSION 

3.1 Method discussion 

Methods used in the different studies, for  LFG  emissions, potential methane oxidation 
estimation and vegetation data collection and their statistical evaluation are described in 
details in the literature review. 

3.1.1  LFG  emission measurements 

Several methods available to measure  LFG  emissions are described in the literature 
review. To study the influence of  LFG  on plants at different test areas on a landfill, the 
only methods usable are those estimating  LFG  emissions through a limited area. As the 
root systems of plants develop in a limited volume of soil, an estimation of the local  

LFG  emissions close to the studied specimens, was necessary. 

Techniques 

To study spatial variation of  LFG  emissions, the concentration gradient and the chamber 
techniques have been used. Gas profiles in the soil are interesting because they provide 
information concerning both  LFG  emissions and the soil atmosphere in the root zone. 
Static chambers were chosen as they are simple to use. 

Material  

The cylindrical shape of the chamber is motivated by the concern to have the lowest 
area/perimeter ratio, in order to minimise edge effects. Different types of chambers 
have been tested (see paper III). Permanent chambers were tested during winter to 
avoid problems caused by a frozen soil surface i.e. it may be difficult to obtain a gas 
tight connection between the chamber and the soil. These chambers were square shaped, 
which still gives a good area/perimeter ratio. Permanent frames have 3 main 
advantages: 

• The installation work is done only one time 
• The samples are always taken at the same place 
• The sealing of the chamber can be done under favourable soil conditions  

LFG  emission through snow 

In Northern Sweden the air temperature may vary between +30°C during summer and 
-30°C in the middle of winter. Winter lasts about 6 months and the effect of the snow 
layer on  LFG  emissions was studied. The  LFG  transport is not hindered by the snow 
layer. The diffusion coefficient of the two main components of  LFG  in a snow column 
was estimated to about 1.02 10-6  respectively 0.54 10-6  m2/s for methane and carbon 
dioxide (paper III). The variation of snow density studied (between 0.33 to 0.22 kg/1) 
had no measurable effect on the transport. The diffusion coefficients found are about 
one order of magnitude lower than the diffusion coefficients of  LFG  in other gases 
(Bergman 1995). During the spring, the snow surface is often hard while the underlying 
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snow is cold powder. The gas moves almost freely under the hard crusted snow 
diffusing rapidly through the snow cover. Measurements with static chambers on the 
snow surface are not to recommend because gas diffuses by any disruption of the snow 
cover e.g. the footsteps holes made in the cover when installing the chamber. The gas 
diffuses to the atmosphere and the gas gradient in the snow layer under the chamber is 
reduced inducing underestimation of the emissions. Permanent chambers starting from 
the landfill surface, could be used, but they have to be build up in segments as the snow 
cover changes and it has been proved difficult to attain gas tight seals between the 
segments. Finally the best way to sample emissions was to remove the snow and apply 
the chamber directly on the soil surface. The chamber reached the soil surface. The 
main drawback was the difficulty of providing a gas tight sealing. 

3.1.2 Vegetation measurements 

The Braun-Blanquet scale method was adopted. It permits to estimate both occurrence 
and abundance of the species growing on a sample area with a reasonable time 
consumption per sample allowing also a large number of samples. A quantitative 
measurement of the vegetation is necessary to be able to compare the vegetation at 
different sites. 

As far as tree plantations are concerned, the variables "base diameter" and "size" of the 
trees were believed to be representative of the growth of the trees and indirectly of the 
tree health and eventual effects of  LFG.  The base diameter is a more reliable variable 
for the growth of the trees than the height because it is easier to measure with precision. 
Furthermore the height of the trees depends also on the last coppicing while the 
diameter is a better indicator for the total growth of the trees. The growth of trees at 
three different landfills were compared and the difference between the average length 
of the trees at the three sites was statistically proven (p<0.01). To be able to compare 
the three plantations, the diameter and the size of the trees have been normalised for the 
statistical calculations. The normalised diameter  (Dn)  of a tree is equal to the difference 
between its diameter  (D)  and the average diameter  (Dav)  of the trees from the site 
divided by the average diameter.  

Dn  =  (D  -  Dav)  / Day 
This transformation reduce the variations due to different sampling sites and should 
insure that the observed variations are caused by the other variables. 

Plants are affected by the environmental conditions in which they grow. Soil, air, water, 
pollution and sun light exposition are some of the factors influencing the plant growth. 
During the studies, the efforts are focused on specific variables which are believed to 
influence the vegetation while the other variables are assumed not to have significant 
effects. When several variables are considered, it may also be difficult to identify the 
effect of a particular variable among the others. Such problems were encountered 
during the first study (see paper II) where the site appeared to be the main variable 
governing species occurrence. The chosen variables did not contain enough information. 
Moreover important variables were "hidden" in the variable called site and were left out 
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of the statistical model. The variation due to the variable site on the vegetation at the 
landfill made it impossible to identify the effect of each of the studied variables. In the 
second study (paper IV), the vegetation of the chosen sites was energy forests of only 
two species i.e. Salix vinirrialis and S. aquatica. The variation between environmental 
parameters was minimised to avoid the problem encountered with "hidden" variables. 
Moreover each site was also studied for itself to reduce even more environmental 
variation. Even if the correlation between several variables appeared more clearly, it 
was for example not possible to draw clear conclusions concerning the effect of  LFG  on 
the growth of the trees. This is probably not due to the effect of a "hidden" variable. 
The  LFG  emission range observed did not give clearly observable effects on the trees 
and the willows planted seemed to be very of high carbon dioxide concentrations. The 
tolerance of  ruderal  species for the variation of the chosen variables may probably also 
explain part of the difficulties encountered during the first study. 

3.1.3 Methane oxidation potential 

The presence of methane oxidising bacteria populations in the soil means that the 
substrate they require i.e. methane, occurs and it could be used as indication for  LFG  
emissions. The rate of oxidation is related to the oxidising capacity of the soil. It gives 
information on the quantity of methane which may be oxidised before it reaches the 
atmosphere. A good oxidising capacity is related to favourable environment for bacteria 
in the soil e.g. good temperature and humidity conditions but also availability of 
methane to permit to bacteria populations to develop. 

The "Methane Oxidation Potential" (MOP) capacity of the investigated soil was assessed 
by a series of batch experiments. The methane oxidation is estimated by the induced 
pressure decrease. When methane oxidation occurs, three molecules of gas are 
transformed into one molecule of gas and two of liquid, inducing a pressure decrease. 

CH4  (g)  + 2 02  (g)  --> CO2  (g)  + 2 H20 (1) 

If organic material is produced, two molecules of gas also are consumed: 

CH4  (g)  + 02  (g)  --> [CHOHi(S) + H20  (1) 

Methane oxidation occurred with every soils but the rapidity with which it started and 
the rate of oxidation varied. This is probably due the presence and abundance of 
oxidising bacteria in the soil at the beginning of the experiment. As it is likely that soil 
in which  LFG  emissions occur have methane oxidising bacteria populations, the methane 
oxidation in the assay will start fast. 

At the end of the experiment, the methane and carbon dioxide contents are measured. In 
the assay done during the study reported in paper IV, methane oxidation could explain 
about half of the carbon dioxide present in the bottles. The resting carbon dioxide is 
produced by the turnover of other soil organic material. 
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3.2  LFG  emission 

The anaerobic degradation of a landfilled waste leads to the production of  LFG  which 
contains mainly a mixture of methane and carbon dioxide.  LFG  migration occurs 
because of pressure and concentration gradients caused by  LFG  production. 

The temperature and humidity conditions of the waste are affecting the bacterial 
population and consequently the degradation rate.  LFG  generation may last for about 
30-40 years until most of the degradable waste is degraded. The gas production 
generally reaches a production top after few years and then slowly decreases. 

Atmospheric pressure variations, rainy periods, soil permeability, frost, and dryness are 
some of the factors which may influence the emissions of  LFG.  During migration, the 
gas composition may be modified by reactions such as methane oxidation in the top 
cover and dissolution of carbon dioxide in the pore water. For the estimation of  LFG  
emissions, the heterogeneity caused by the previously named factors, presents 
difficulties for the extrapolation of results from observations. 

During the three measurement campaigns presented in the appended papers three types 
of  LFG  emissions variation could be observed: 

• a spatial variation 
• a daily variation 
• a seasonal variation 

The spatial variation 

Large emission rate variations were observed within limited areas (100 to 10000 m2) 
which apparently looked homogeneous. The standard deviation of the methane 
emissions measured at the five sites presented in table 2 are large in comparison to the 
average values. The sites presented in paper IV had no  LFG  collection systems and 
higher average methane flows could therefore be observed. At the landfill in the town 
of  Malmö,  the methane emission rates calculated from gas concentration profiles varied 
between non detectable rates and 3,3 mol/m2/d, over a 100 m2  area. Large spatial 
variations have also been reported by Bogner & Scott (1994), Williams & Williams 
(1995) and  Börjesson  & Svensson (1997). 

Table 2 	Methane emission measured at different sites, under the same 
measurement campaign, on apparently homogeneous areas. 

Site Methane flow 
[mol/m2  /d]  

Std dev Number of 
observations 

Stockholm* 0,6 0,31 40  
Malmö*  0,14 0,34 36  
Helsingborg *  0,016 0,065 42  
Lohja **  1,84 2,45 8 
Lahti** 2,81 7,13 8  

see paper I 
** 	see paper IV 
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The spatial variation is mainly due to heterogeneity of the top cover.  LFG  is 
transported in a preferential pathway i.e. where the gas conductivity is higher. Cracks, 
areas where the compaction grade is lower, porous material, holes made by roots of the 
plants may conduct gas and enhance the spatial variation. Moreover the top of a landfill 
is often well compacted while the slopes are not inducing higher emissions on the 
slopes. 

Both static chambers or gradient methods are sensitive for spatial variation. To estimate  
LFG  emissions over larger areas, two strategies are possible: 

• increasing the number of sampling points. 
• using methods estimating emissions over larger surface areas such as 

micrometeorological or plume dispersion methods (see paper I). 

The main drawback of rnicrometeorological methods is their complexity and costly 
equipment. An increased sampling density with punctual methods leads also to increased 
costs but has the advantage of identifying high  LFG  flow areas and thus provide useful 
information for remediation. 

The daily variation 

A short term temporal variation has also been observed (see figure 1). The difference 
of results from subsequent measurements was quite large at cell  C  in  Malmö  and at Cell  
B  in  Helsingborg  (see figure 1). Atmospheric pressure variation and increase of soil 
water content due to rain may change the  LFG  emission pattern rather rapidly. Varying 
under-pressure in  LFG  collecting systems may also influence the  LFG  emissions. Such 
effect was observed during the measurement campaign at the landfill of  Helsingborg.  
The first day, the pumping system was stopped. 

2 

- 

Malmö 	 Helsingborg  

% 	l. ES1 Day 1 

Day 2 

0 \,\E 

Cell 	A 	B 	C 	D 	A 	B 	C 	D 
Figure 1 	Average carbon dioxide emission measured two days in a row. 

The seasonal variation 

Atmospheric conditions such as air temperature, precipitation and wind also affect the 
top cover and  LFG  emissions. Investigating the effect of cold climate conditions on  LFG  
emissions during a one year long study a variation with a longer periodicity was 
observed (paper III).  LFG  was emitted during all seasons but the quality of the emitted 
gas varied. Methane emissions were only observed during wintertime. During summer 
high carbon dioxide emissions were recorded while no methane emissions occurred. 
Since the studied site has a sparse vegetation and the soil is poor in organic material it is 
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likely that the main contribution to the carbon dioxide emission is coming from the  
LFG  emission directly or through methane oxidation. 

The temporal variation makes the extrapolation of emission measurements difficult. 
Repeating measurements are the only way to assess  LFG  emissions over a longer period 
of time, independently of which method is used. A main problem is to match the 
sampling periodicity with the periodicity of the emission variation. 

One of the factors which may affect the quality of the  LFG  emission is methane 
oxidation. Methane oxidation is performed by bacteria living in the top cover. Since the 
soil surface may freeze down to several decimetres during winter time, it is likely that 
winter conditions affects the bacteria population. The following part of the discussion 
gives a special attention to the effect of the climatic conditions prevailing in Northern 
Sweden i.e. sub-Arctic conditions, on  LFG  production and emission. The relation 
between methane oxidation and vegetation will be discussed in chapter 3.4. 

Methane oxidation in subarctic conditions 

Methane oxidation affects the  LFG  composition, decreasing methane and increasing 
carbon dioxide concentration in  LFG  and lowering the total gas volume. It occurs in the 
upper part of the cover, where the migrating  LFG  meets the air moving down in to the 
soil, commonly at about 20-30 cm depth. 

Gas  concentration  [vol-70] 
	

Flow [mol/m2/ci] 

Figure 2 	LFG  concentration and the calculated methane flow in the top soil profile 
at cell 2 at the landfill of  Malmö,  1994. 

Methane oxidation may be underscored by a relative increase of the nitrogen 
concentration above the atmospheric 78% (see figure 2) caused by the consumption of 3 
molecules of gas and producing only one gas molecule: 

CH4  (g)  -I-  2 02  (g)  -> CO2  (g)  + 2 H20 (1) 

The diffusive flow between the different soil levels may also be calculated. In this case, 
an increase of the flow could be observed close to the oxidation zone (see figure 2). 
Methane is consumed and the diffusion close to the oxidation zone increases. 
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Large seasonal temperature gradients occur at the soil surface. In figure 3, an example 
of seasonal temperature profile at a shallow landfill in a subarctic climate is shown. In 
this case, the air temperature variation influenced the temperature of the wastes down to 
a depth of about 3 m and may thus to some extent retard the degradation, but only the 
upper part of the cover was periodically frozen. Thus  LFG  emissions may be expected 
to occur all the year around. It is likely that the temperature will never drop so low that 
the gas production and the emission are prevented. For deeper landfills the relative 
impact of cold weather on the gas generation will be still lower.  

	 07 mars 

	28 mars 

— - — - — - 10  april  

17 may 

0 	25 june 

Figure 3 	Temperature profile in the test cell during the first half of the year. 

The occurrence of methane emissions, only detected during the late winter when the soil 
was frozen, leads to the conclusion that methane oxidising organisms must be inhibited 
during this time. The phenomenon may be a combined effect of low temperature and 
drought. Boeckx & Van Cleemput (1996) and Whalen et al. (1990) reported optimal 
temperatures for methane oxidation around 30°C and water contents of 30%. The 
results indicate that the methane oxidation seems to be almost complete during other 
seasons, judging from the emissions. In this case, the main methane emission occurs 
during winter time and extrapolation of  LFG  emissions based on summer measurements 
would lead to an underestimation of the methane emissions. In a cold climate area, the 
strong contrast between winter and summer conditions had a clear effect on the emitted  
LFG  composition. 
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3.3 	Landfill vegetation 

Although landfills only cover a limited surface, they often offer a large diversity of 
environmental niches for species. Several fluxes of waste and cover materials with 
different origin end up at the landfill and will create micro habitats on which a certain 
type of vegetation will have a competitive advantage and develop while other species 
will be rare. The different origin of the waste also contribute to the concentration of 
plants and grains which may have their origin very far from the landfill. 

Vegetation diversity 

Both cultured and wild species may occur on landfills. At the MSW landfill of the 
commune of  Kalix,  in Northern Sweden, several species related to human activity were 
found e.g. vegetables, bird food and garden plantation species  (Stenberg  1997). Papaver 

somniferum which is used for bread baking, was one of the 6 species found for the first 
time in the province. Waste water treatment sludge is disposed on the site and it is likely 
that vegetables and bird food grains come with the sludge. Sludge disposed in the 
beginning of the summer may function as a good substrate for the plants. Large fields 
of tomato or sunflower are also common on landfills. The climatic conditions of 
Northern Sweden however do not allow most culture plants and vegetables coming 
usually from warmer climates to survive during the winter. The slopes exposed to the 
south were especially well vegetated. 

Wild species were also found at an industrial landfill situated close to the village of 
Karlsborg, North Sweden, receiving bark waste from wood imported from South 
Sweden and European countries. On the site, 10 species, new or very rare in the 
province were found. Centaurea phrygia ssp phrygia which is rare and on the list of the 
protected species in Sweden, was found. Festuca Gigantea is also a rare grass species 
which grew on the site. No specimen of these species have been previously reported 
from a location so far in the Northern part of Europe  (Stenberg  1997). It is likely that 
grains follow with the imported wood. The new species were found mainly on the South 
side of the landfill, which is warmer. As some of these species found have been growing 
for several years, the heat produced by the landfill may help them to survive the winter. 

During the field study reported in paper II, only 36 different species were observed. 
The vegetation grew naturally on the landfill surfaces and only 9 species were found 
occurring at each site. The vegetation investigations were not done on the whole landfill 
but only on few sampling points (4 squares of 100 m2  each) which explain the small 
number of species found. Moreover the sampling areas were mostly sparsely vegetated 
and situated on homogeneous areas. The vegetation types were also very different at the 
visited sites e.g. grass meadows,  ruderal  vegetation, which explains the low number of 
species common at all sites. 

Colonisation and age of the vegetation 

The age of the cover seemed to be of importance for the occurrence of certain species 
as well as for the species richness. At  Helsingborg  and  Malmö,  where the top cover soil 
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has been partially disturbed because of alteration work,  ruderal  species were growing 
whereas on the undisturbed places, grasses occur. The same trend has been observed at 
the landfill of  Luleå  where the occurrence of certain types of species could be related to 
the previous alteration. On the areas which had been disturbed during the previous 
winter, the vegetation was very sparse. On parts of the landfills where the vegetation 
was established over 2 or 3 years, a thick cover of  ruderal  species developed and finally 
after several years, the vegetation diversity decreases and mainly species occurring 
naturally in the surrounding forest and meadows grow. 

The site effect 

Many factors in the landfill environment may influence plants, positively or negatively 
e.g. dryness, poor soil quality, compaction, bare soil areas,  LFG  presence etc ... . A 
study was carried out to identify the main factors influencing the occurrence, size and 
degree of cover of the common plant species. The other studied factors were the 
approximate age of the vegetation cover, the  LFG  emissions and the soil quality. 

Results are presented in a partial least square (PLS) analysis (see figure 4). A projection 
of a predictor variable in a loading plot close to the origin means that the variable has 
little influence and vice versa a score far from the origin show that the variable has a 
large impact. The direction of the score from the origin shows how an increase of the 
variable will work. The closer the direction (or close to opposite direction) from the 
origin between variables are the closer the correlation is. 
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Figure 4 
	

A loading plot from a PLS calibration. The predictor variables are 
marked with bold notations and the response variables are plain.  LFG  
emissions for each day were used. 

It seems that the variable having the strongest influences on the plant distribution is the 
site. This specificity is mainly due to other variables "hidden" in the variable site, which 
were not studied. Information about e.g. the climate, nutrition status, landfill 
management practice are baked into the site variables. Any of those not measured 
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variables (or a combination of them) may just as likely as the pH explain the 
distributions. The soil-pH and -conductivity are very closely correlated to the sites 
because of very different topsoil quality. 

Irrigation of vegetation with leachate 

Irrigation with leachate may be used to reduce both the volume of leachate and its 
nutrient content. The nutrient and water supply could have a favourable effect on the 
vegetation. To be able to identify the effect of a specific variable e.g. irrigation with 
leachate and to reduce the variability between the different sites, plant growth, soil 
quality and  LFG  emissions were studied in energy forests where only two species of 
trees have been planted (paper IV). The irrigation level was known. 

The larger number of fixed factors was expected to make the identification of the 
effects of the single variables easier. A multivariate data analysis (MVDA) was used 
(Martens & Naes 1989) to study field data variations to identify the relative importance 
of the studied variables on the gas emission rates and on the performances of the forest 
(see figure 5). A PCA (principal component analysis) was done in which pH, LOT, TS, 
electrical conductivity (Cond.), NO3  (N)  content in soils, irrigation (I), tree diameter  
(D),  length (L) and the location (site A,  B  &  C)  were used as variables (Maurice et al. 
1997). 
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Figure 5 A loading score scatter plot from the PCA calibration. 

The following correlation between variables can be seen from the PCA calibration: 

• Irrigation is positively correlated to LOT,  N,  and negatively correlated to TS. 
• The variation between the sites clearly appear. 
• The length and the diameter of the trees are positively correlated. 
• The soil pH and electrical conductivity do not appear to be related to other variables. 

In 1983-1985 the tree plantations at one of the sites were irrigated with leachate (0.5 - 
1.3 m/year), which proved to increase biomass production significantly (p<0.01) (Ettala 
1987). Unpaired comparison tests with 95% confidence were used in order to see if 
irrigation influenced the growth of the trees. It was not possible to relate the length 
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difference between the samples to their irrigation. On the opposite, the diameters of the 
irrigated trees were significantly higher than the diameters of the non irrigated ones 
(p<0.01) but no significant effect of different levels of irrigation was observed. 

It was possible to show differences between the results of the analysis of the soils which 
received irrigation from the ones which did not. The effect of irrigation on the average 
LOT and NO3 content in the soil is statistically proven  (p  < 0.05) but the effect of 
different levels of irrigation was not statistically proven (see table 3). The effect of 
irrigation on TS was only visible between the soil from areas with double level of 
irrigation and the non irrigated ones was statistically proven  (p  <0.05). 

Table 3 	Effect of irrigation on soil parameters. 

Average value for factor Unit Irrigation level (m/year) 
0 0.5 1.3 

** LOI % 6 14 21 
** NO3 mg/100gTS 3.9 8.9 10.7 
* 	TS % 74 69 60 

** Significant differences between both 0.5 and 1.3 m irrigation and no irrigation 
* 	Significant difference only between 1.3 m irrigation and no irrigation 

Irrigated soils have a high LOT, a higher nutrient and water contents than the non-
irrigated soils. The nutrient and the water content are related to the presence of organic 
material in the soil. The nutrient content of the soil has been found to be positively 
correlated to the diameter of the trees. The correlation between irrigation level and 
nutrient content was found in an earlier study (Ettala 1985). A decrease of the nutrients 
content was also noticed at the autumn compared with the spring, presumably caused by 
the vegetation uptake. These soils also have a high LOT and a low TS. The high nutrient 
content is favourable to the tree growth which also is related to a high organic content 
and a high water content. 

3.4 Interaction between  LFG  emissions and landfill vegetation 

Before being released to the atmosphere,  LFG  passes the upper part of the soil profile 
where the root system of the plants are growing. Biochemical methane oxidation occur 
in this soil layer, as discussed in chapter 3.2. Here the discussion will focus on the 
interaction between the plants and the  LFG. 

LFG  damages on plants 

The harmful effect of  LFG  on plants is well documented. Dead trees were observed in 
energy forest studied in Finland but  LFG  was not the only possible cause of the death. A 
bad coppicing technique may also have caused the death of the trees. No clear 
correlation between  LFG  emissions and bad growth was observed. 

On the naturally vegetated sides of the landfill at  Malmö,  a general diminution in degree 
of cover was observed as carbon dioxide emissions increased. For a carbon dioxide flux 
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varying between 0 and 2 mol/m2  /d,  the degree of vegetation cover of Festuca ovina 
was found to be negatively correlated to the gas flux (paper 

Indications of  LFG  emissions could be: 

• spots with no vegetation at all 
• spots with dry or yellowing vegetation 
• size variation between groups of specimens of the same species at the same site 

Methane oxidation in an energy forest  

LFG  emissions vary much, influenced by several environmental factors. To study more 
in detail the role of the effects of these factors, a PLS analysis was done with the data 
collected at the short rotation tree plantations. The  LFG  emissions were taken as  Y  
variables (see figure 6). The abbreviations used for the statistic calculations are listed in 
chapter 7. At the site it was possible to study the difference between the irrigated and 
the non irrigated parts of the forest. The MVDA was used to study field data variations 
to identify the relative importance of the studied variables on the gas emission rates. 
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Figure 6 
	

PLS analysis of the different environmental factors studied at the site. 

From the analysis, it is possible to see the following trends: 

• Methane oxidation is grouped with carbon dioxide emissions and the loss on ignition. 
• Methane emissions is negatively correlated to the previous group. 
• Irrigation is positively correlated to methane oxidation group, the nitrogen content 

and the tree variables on the first PC 

The strong positive correlation between carbon dioxide emissions and methane 
oxidation is probably due to a relatively high contribution of methane oxidation to the 
total carbon dioxide emissions. The methane emissions seem to be noticeably reduced by 
methane oxidation. 

Irrigated soils have a high loss on ignition, methane oxidation potential and a higher 
nutrient and water contents than the non-irrigated soils (see table 4). The observed 
methane oxidation potentials are not out of a reasonable range when compared with the 
organic content of the soils (paper IV). The organic matter production which may be 



Landfill Gas Emission and Landfill Vegetation 
15 

expected with such methane oxidation levels could explain the LOT of the soil. 
Presumably these soils have larger bacteria populations which can oxidise methane. 
These bacteria are also probably more abundant in zones where large methane flows 
occur and the size of these bacteria populations might may be correlated to the methane 
flow in the soil in these areas. The correlation between methane, carbon dioxide and the 
results from the Mox tests observed at the site indicates that this relation exists. In this 
example, the methane and the carbon dioxide emissions are negatively correlated to 
each other indicating that the methane oxidation has a significant effect on the 
composition of the emitted  LFG.  Part of the emitted carbon dioxide is the product of 
respiration and methane oxidation while the rest is  LFG  generated in the wastes. A 
second example presented in the paper IV (site 2) did not showed the same clear 
correlation between the two gases while the methane oxidation potential was still 
negatively correlated to methane emission. This is probably because the  LFG  source 
term is overshadowed by other carbon dioxide sources such as respiration and 
degradation of organic material. The methane concentration at the beginning of the 
Mox assays is about 2  vol-%.  Only about half of the carbon dioxide production at the 
end of the assays can be explained by the oxidation of added methane, so the turnover of 
other organic soil material was also important (see table 4). 

Table 4 	Results from the methane oxidation tests with soil sample from areas 
irrigated with leachate and non irrigated areas. 

Irrigation with leachate no yes 
Mox 

kPaiday.gTS  
CO2-C 
vol-%  

Mox 
kPaiday.  g  TS  

CO2-C 
vol-%  

Number of Observations 4 4 4 4 
Min. 1,1 3,4 2,5 3,3 
Max. 4,6 7,1 18,0 9,5 
Mean 2,4 5,7 7,3 5,6 
St-Dev 1,5 1,7 7,2 2,8 

The correlation between tree growth and  LFG  emissions rate did not appeared clearly. 
The willows used seem to be very tolerant of high carbon dioxide concentrations and no 
clear effect from  LFG  on tree growth could be noted. Only for the highest  LFG  
emissions, a weak negative correlation to the tree growth was observed. On the other 
hand, the  LFG  composition i.e. the methane concentration, was found to be correlated 
to the vegetation. Methane oxidation was found to be positively correlated to the organic 
content of the soil and the occurrence of larger trees. The high nutrient content is 
favourable for the tree growth which is also positively related to a high organic content 
and a high water content. Furthermore the methane emissions are lower on these areas. 
The presence of roots may insure a better environment for bacteria e.g. methane 
oxidisers, which can contribute to the lower methane emission rates. The root system of 
willows, which are adapted to flooded areas, may be able to transport oxygen down in 
the root zone (Armstrong 1979) which could also contribute to a larger methane 
oxidation. 
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4 CONCLUSIONS 

• Considerable variation of  LFG  emission rates and composition occur both spatially 
and temporally. Both daily and seasonal variation occurred. There is a need to 
develop methods to estimate  LFG  emissions which take these variations into account. 
As the  LFG  production is not highly affected by winter conditions and is probably 
fairly constant, it is likely that  LFG  emissions occur even during winter time. 
Methane oxidation was found to have a major influence on methane emissions. 
During winter in cold climate areas, when snow covers the soil surface,  LFG  was 
found to move almost freely in the snow layer. While methane oxidation may 
tangibly reduce methane emissions through the top cover of a landfill during the 
warm period of the year, the temperature drop occurring during winter and the 
freezing of the soil surface may inhibit methane oxidation inducing methane 
emissions peaks during this period of the year. 

• A large vegetation diversity may be observed at landfills because a large variation of 
environmental conditions develop at landfills. Even rare and protected species have 
been found. The variation is caused by different waste and support material, the 
landfill topography and the landfill operation practices. Landfill management 
contributes to the creation of new bare areas where new vegetation can establish and 
the vegetation cover changes also when ageing. The occurrence of a natural 
vegetation at a landfill may be influenced by so many factors that it is difficult to 
identify clearly the effect of a single variable such as  LFG  emission. Irrigation with 
leachate increases the organic and nutrient content in the soil. In energy forests, the 
large trees occurred on irrigated areas, presumably due to the positive effect of the 
water and nutrient supply. 

• A general indicator for  LFG  emissions should be found among the most common 
species to be able to use it at many sites. The correlation found between the degree of 
cover or the size of the specimens and the gas emissions is believed to be more useful 
than the occurrence or non occurrence of a species. Plant sensitivity to  LFG  presence 
in the soil depends on the species considered. It seems that most of the  ruderal  
species occurring naturally at landfill sites are too resistant and survive most of the  
LFG  concentration occurring usually in the soil. The Salix sp, which are adapted to 
flooded conditions seemed to present the same tolerance to the presence of  LFG  and 
could not show a clear correlation to  LFG  presence. Methane oxidation capacity was 
found to be higher in the soils of areas irrigated with leachate, which were also well 
vegetated. The presence of roots may insure a better environment for bacteria e.g. 
methane oxidisers, which can contribute to the lower methane emission rates. It 
seems that irrigation with leachate favours the microbiological activity in general, 
including the methane oxidation. The positive correlation between methane oxidation 
capacity of the soils and the tree presence is interesting in the perspective of reducing 
methane emission through landfill top cover. 
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5 FURTHER RESEARCH 

• There is a need to estimate  LFG  emissions over longer periods of time to increase 
knowledge about the carbon balance at landfills. One alternative is to let vegetation 
"record"  LFG  emissions and to estimate emissions from the vegetation study. The 
principal challenge is to identify the right species, the occurrence of which could be 
used as indicator for  LFG  emissions. Seeds of certain species could be sown and the 
growth results followed. These species should be able to grow at moderate  LFG  
concentrations but should still be more sensitive to  LFG  than  ruderal  species and 
present visible damages. A second alternative might be to look at methane oxidising 
bacteria populations which occur in the soil. It is likely that microorganism 
populations are more developed in soils where more substrate is available i.e. where 
higher methane emission occur. 

• To control methane emissions to the atmosphere is an important issue in the struggle 
to reduce the greenhouse effect. Promoting methane oxidation in the top cover soil is 
one method to reduce these emissions. The positive correlation between irrigation, 
methane oxidation potential of the soils and the occurrence of large trees should be 
further studied. It may result in new techniques of combined leachate treatment and 
gas emission control. Further research and development is also needed in order to 
optimise the top cover according to the climatic conditions prevailing at each landfill 
site. 

• The use of plants as indicator for a  LFG  presence in the soil could be enlarged to 
other types of pollutants which may have directly visible effect on plants. Pollutants 
such as metals or organic compounds which presence in the soil may have visible 
effects on the plant might also be used to obtain an overview of the distribution and 
possibly also the character of pollution. 
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7 LIST OF ABBREVIATIONS 

A,  B, C 	Studied sites 
CH4 	Methane 
CO2 	Carbon dioxide 
CO2-C 	CO2 content at the end of the methane oxidation assay 
Cond. 	Electrical conductivity  
d 	 Day  
D Tree diameter 
Day 	Average diameter  

Dn 	Normalised diameter 
e.CH4 	Methane emission 
e.0O2 	Carbon dioxide emission 
I 	 Irrigation 
L Length  
LFG 	Landfill gas 
LOT 	Loss on ignition  
LTU 	Luleå  University of Technology 
MVDA 	Multivariate data analysis  
N Nitrogen content in soils 
MOP 	Methane Oxidation Potential 
Mox 	Methane oxidation 
02 	Oxygen 
PCA 	Principal component analysis 
PC 	Principal component 

PH 	Negative logarithmic proton activity 
PLS 	Partial least square 
TS 	Total solid  
X 	Predictor variable  
Y 	Response variable 
X(g) 	X  in gas form 
X(l) 	X  in liquid phase 
X(s) 	X  in solid phase 
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SUMMARY 

The control of landfill gas  (LFG)  could improve the atmospheric pollution. Decreasing 
methane emissions by landfill gas collection is one of the cheapest way to reduce 
greenhouse gas emissions and controlling the landfill methane emission is still one of the 
most efficient way to reduce the greenhouse effect. During its migration in the landfill top 
cover,  LFG  will affects on both soil and vegetation cover. Mineralogical transformation 
caused by variation in the  redox  conditions may occur and part of the methane may also 
be oxidised. 

This literature review presents different aspects of the system  LFG-soil-vegetation. After 
a presentation of  LFG  and its main properties, the aspects dealing with the presence of  
LFG  in the soil and the effects of  LFG  on plants are aborded. Methods available to study 
the system  LFG-soil-vegetation are presented in appendix. 

Plant species are affected by  LFG  and as they stand on the landfill surface during the 
growing period, the symptoms on the plants might be used to register  LFG  emissions. 
Tolerance of plants varies between species and it may be possible to find indicator species 
for which a relation between harm and  LFG  emission rate is visible. It is difficult to 
identify the effects of different gases. The interactions between oxygen, carbon dioxide 
and methane are also complex. Such measurement of  LFG  emissions over the growing 
season would be helpful when estimating  LFG  emissions in temporal perspective. 
However, environmental factors may also influence the vegetation and overshadow the 
correlation between  LFG  and plants. 

Different types of organisms could be used to indicate emissions of polluants. Biological 
indicators such as lichens and mosses can be used to map an area in order to identify the 
pollution extension, using the organism occurrence. If the interesting organism is missing 
it is possible to take it from a non polluted area to the one which has to be studied. After a 
certain time, analysis can be conducted. This transplantation is possible with lichens and 
mosses. It is also possible to use higher plants and to study progressive damages, such as 
leaf necrosis. These observations can also be done on herbaceous plants.  LFG  has a toxic 
effect on vegetation. Considering  LFG  constituents as the pollutants, the same type of 
relation between  LFG  and landfill vegetation may also be found and used for the 
estimation of  LFG  emissions. 
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INTRODUCTION 

The control of landfill gas  (LFG)  could improve the atmospheric pollution. Decreasing 
methane emissions by landfill gas collection is one of the cheapest way to reduce 
greenhouse gas emissions and controlling the landfill methane emission is still one of the 
most efficient way to reduce the greenhouse effect. During its migration in the landfill 
top cover,  LFG  will affects on both soil and vegetation cover. Mineralogical 
transformation caused by variation in the  redox  conditions may occur and part of the 
methane may also be oxidised. 

This literature review presents different aspects of the system  LFG-soil-vegetation. 
After a presentation of  LFG  and its main properties, the aspects dealing with the 
presence of  LFG  in the soil and the effects of  LFG  on plants are aborded. Methods 
available to study the system  LFG-soil-vegetation are presented in appendix. 

Carbon circulates in the biosphere. From the atmosphere it is fixed by green plants and 
algae through photosynthesis. The organic compounds (CH20)n are degraded in aerobic 
conditions to carbon dioxide and water by plants, animals and microorganisms through 
the respiration process. However, part of the organic material may be trapped e.g. in 
soil, sediments or landfills and be degraded by microorganisms in anaerobic 
environment to methane and carbon dioxide. Methane may finally be oxidised to carbon 
dioxide when it reaches aerobic conditions or is released in the atmosphere. 

CO2 

CO2 
Cellolosis  

CH4 

	1P
ir

\-14 CO2 	
bCO2 

 

Organic matter Landfill 

Sediments 

Figure 1 	Simplified carbon cycle 

In a landfill, similar processes occur (see figure 1). Organic material present in the 
wastes is buried in an anaerobic environment. Landfill gas  (LFG)  production is 
unavoidable in a modem sanitary landfill where waste are deposited. Even if oxygen is 
trapped with the wastes, it will soon be consumed and conditions will become anaerobic 
permitting bacteria to start  biogas  production. The main substrate in landfills is 
cellulose present in all vegetal tissues, the degradation of which leads to  biogas  
formation. The anaerobic decomposition of the organic material leads to the production 
of a complex mixture of products released into solid, liquid and gaseous phase. 

Just after landfilling, the decomposition of the wastes begins with an aerobic phase until 
the available oxygen is consumed. During this phase which may last several weeks, the  
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pH is about 8, pE = 12 to 14 and the heat production is high. When all oxygen is 
consumed, the anaerobic degradation takes place where organic molecules are 
hydrolysed into fatty acids. The pH falls to about 5 and pE = -2 to -4. This phase is 
called acidogeneous and may last between several months to a couple of years. The heat 
production is low and the produced gas is mainly carbon dioxide. Finally, the 
methanogenous arcane population colonise the waste and fatty acids are degraded to  
biogas.  The methanogeneous phase may last several decades. The pH has risen to 7, pE 
= -4 to -7 and the heat production is low. This phase lasts the longest time, explaining 
that methanogenic  biogas  dominates in  LFG  composition. 

Methane contribution to the greenhouse effect makes it undesirable. Methane has several 
sources and estimations of emission rate from the each source vary much between 
studies. Table 1 shows the range of the emissions calculated in several studies compiled 
by Tyler (1991). The range of variation for the estimations is wide because of large 
uncertainties about the production of each source. A distinction is made with regard to 
the origin of the carbon atom present in the methane molecule. The carbon atom may 
have its origin in the biosphere i.e. in organisms living recently or come from fossil 
carbon. This origin is determined with the 14C method. 

Table 1 	Estimation of the methane emissions from different sources. 

Source of CH4 	 Range of strength  
(Tg  of CH4/year) 

Radiocarbon from living material 
Wetlands 	 120-200 
Rice paddies 	 70-170 
Livestock 	 80-100 
Termites 	 25-150 
Solid wastes 	 5-70 
Biomass burning 	 10-40 
Oceans 	 1-20 
Tundra 	 1-5 

Subtotal 	312-755 

Fossil radiocarbon 
Coal mining 	 10-35 
Gas and oil industry 	 30-75 
Methane hydrates 	 2-4 
Volcanoes 	 0.5 
Automobiles 	 0.5 

	

Subtotal 	43-115 

	

Total 	355-870  

LFG  contributes significantly to the methane emission to the atmosphere. Compared to 
other sources which cover large areas, landfills appear as point sources, easy to delimit 
and for which a treatment of the methane emissions is feasible and would not have any 
negative effect. Incineration of methane has no negative economical consequences and  
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may even become profitable thanks to energy recovering. On the opposite, limitation 
concerning rice culture or livestock is not possible without serious economical 
consequences. However, beside methane and carbon dioxide, many other gases may 
occur in  LFG,  often at trace level. 

1  LFG  PROPERTIES  

LFG  is mainly a mixture of the seven gases listed in table 2, where the products of 
anaerobic degradation e.g. methane and carbon dioxide are dominating at 
concentrations varying between 40 and 60% of each. Methane and carbon dioxide 
properties are presented in table 3. Even if they are not products of the degradation of 
organic material, oxygen and nitrogen may occur in  LFG.  This is due to the presence of 
air in the  LFG  which may occur for example when  LFG  is pumped. If the under 
pressure created is to high, air may penetrate through the top cover to the waste and be 
mixed to  LFG.  

Table 2 	Major constituents of  LFG  (modified from Gendebien, et al., 1992) 

Constituent 
	

Specific Ignition Content in Common properties 
mass range in 	LFG  

air 
kg / m3  vol-% 	vol-%  

Methane CH4 0.717 5/15 0-85 Odourless, colourless 
non poisonous 

Carbon dioxide CO2 1.977 0-88 Odourless, colourless, non 
poisonous at low concentration 

Carbon monoxide CO 1.250 12,5/74 0-3 Odourless, colourless 
poisonous, inflammable 

Hydrogen H2 0.090 4/74 0-3.6 Odourless, colourless 
non poisonous, inflammable 

Oxygen 02 1.429 0-21 Odourless, colourless 
non poisonous 

Nitrogen N2 1.250 0-82.5 Odourless, colourless 
poisonous 

Hydrogen sulphide H2S 1.539 4.3/45.5 0-0.00007 Colourless, poisonous 

Up to 200 different constituents may occur in  LFG  (Gendebien, et al., 1992). Most of 
these occur as trace constituents. The organic compounds present in  LFG  belong to the 
following groups: alcohols, organosulphur compounds, halogenated hydrocarbons, 
aromatic hydrocarbons, aldehydes, ketones, alkanes, cycloalkanes, esters and ethers.  
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Table 3 	Methane and carbon dioxide properties 

Methane Carbon dioxide 

Density [kg/Nm3] 0.72 1.98 
relative density 0.56 1.53 
Molecular weight [g/mol] 16.04 44.01 
Solubility in water [gill 0.06 3.38 
Odour no  slight 

Global warming effect 
(10 year perspective) 26.9 1 
(100 year perspective) 7.5 1 

The main forces involved in gas movement in landfills are: 

• Diffusion along gas concentration gradient 
• Pressure build up inside the landfill and gas moves to a pressure sink 

Diffusion is however the principal processes behind  LFG  emissions to the atmosphere. 
During its transport, gas follows the easiest way and when vertical movement is 
difficult large lateral movement along preferential pathway may occur. Methane has a 
lower density than air (see table 3). It tends to move upward to the surface due to 
density difference. Carbon dioxide is denser than air and according to Tchobanoglous et 
al., (1993) should then tend to accumulate in the bottom of the landfill. This 
phenomenon has never been noticed in practice, probably because forces driving gas 
movements in landfills are interacting.  

LFG  emissions should be controlled in order to avoid air pollution or accidents which 
are related to the gas entering in the  LFG  composition. The interest for  LFG  has 
progressively increased when its effects and hazards were discovered. The potential 
hazards related to  LFG  presence are: 

• LFG  methane content is about 50%. Mixed with air at concentrations between 5 and 
15 %, methane present an explosion risk. When lateral transport occur, methane may 
accumulate in the basement of buildings causing explosions and fires. Landfill fires 
may also occur due to the combination of methane presence and high temperature in 
the wastes. At concentrations above 15%, methane burn without explosion. 

• LFG  displaces oxygen when accumulating and may cause asphyxia of living 
organisms. A partial pressure of oxygen falling under 16% may cause brain damage 
to human. Humans have died because of  LFG  accumulation in culverts or house 
basements (Gendebien, et al., 1992). Plants may also suffer of oxygen displacement 
in the root zone. 

• The trace components occurring in  LFG  may cause a repugnant odour. Odours are 
mainly associated to the acidogeneous phase and the presence of organo-sulphur 
compounds, hydrogen sulphide and esters. Usually these organic compounds 
represent a nuisance but they can become a hazard when accumulating in confined  
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places. Hydrogen sulphide is highly toxic, affecting the nervous system and carbon 
dioxide is classified as intermediary between toxic and non toxic because it displace 
oxygen in the respiratory system (Gendebien, et al., 1992). Carbon monoxide is 
heavily toxic evicting oxygen from haemoglobin. 

• Methane and carbon dioxide are both greenhouse gases. Energy radiated by the earth 
is absorbed by these gas molecules and cannot leave to space, inducing a temperature 
increase of the earth surface. However, methane has a much worse effect than carbon 
dioxide (see table 3). Over a 10 year period methane has a global warming effect of 
27 (mole CO2 / mole CH4) worse than carbon dioxide. This difference decreases to 
7,5 for a 100 year period (Lelieveld, et al., 1993) due to oxidation of methane. The 
methane contribution in the greenhouse effect is admited. Blake &  Augenstein  (1994) 
estimates that between 1980 and 1990, methane build-up is responsible for about 20 
% of the greenhouse effect caused by all greenhouse gases taken together, during this 
period of time. 

• Other trace gases present in  LFG  such as chloro-flouoro-carbons (CFC) have a role 
to play in the ozone layer destruction. These compounds are destroyed 
photochemicaly in the stratosphere by consumption of ozone molecules (Gendebien, 
et al., 1992,  Rydberg  1994). CFC are also greenhouse effect gases. 

• Both methane and carbon dioxide may harm the landfill vegetation (directly or 
indirectly) and are responsible for injuries and death of plants. 

The control of landfill gas could reduce the atmospheric pollution. Decreasing methane 
emissions by landfill gas collection is one of the cheapest way to reduce greenhouse gas 
emissions (Blake &  Augenstein,  1994). It seems that methane concentration in the 
atmosphere tends to stabilise. But controlling the landfill methane emission is still one 
of the most efficient way to reduce the greenhouse effect.  
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2  LFG  IN THE  SOIL 

During its migration,  LFG  will influence the soil air composition in the surface of the 
landfill. It affects  redox  conditions in the soil and the composition of the air available 
for the roots. 

2.1 Modifications in the soil profile  

LFG  will first affect soils in which it flows. The soil atmosphere changes and it may 
cause changes in the soil mineralogy. In a landfill,  redox  conditions make minerals such 
as iron oxide (Fe03), iron carbonate (FeCO3) and manganese oxides (Mn02) become 
more soluble than in aerated soil. These mobilised metals can precipitate again during 
transport when  redox  conditions changes. As a consequence, stratification in the landfill 
top cover may appear with horizons enriched in certain elements (fig. 2). Laminations 
have been observed by Adams & Ellis (1960), studying natural gas saturated soils. 
Increases of exchangeable ferric ions and manganese were also noticed. 

Crack in the clay layer  

hon  & manganese 
oxides 

Aerobic zone 

Manganese oxide 
formation  
hon  oxide formation 

Anaerobic zone 

Waste 

Figure 2 	Migration and fixation of certain elements in the top cover of a landfill 

A second phenomenon is cracks formation when clay cover dry. In these cracks, the gas 
exchanges are better and oxygen penetrates deeper. If the soluble forms of elements like 
iron or manganese come to contact to these cracks, they may crystallise on place and 
accumulate in the cracks (see fig. 2). The cracks remain open which may become a 
privileged way for both gases and rain water (Fukushi, et al., 1974). 

The dissolution of carbon dioxide in ground water or leachate lowers their pH value 
and, if calcium carbonate is present, it will be dissolved until equilibrium is reached. 

CaCO3 + H2CO3 -> Ca2+ + 2 HCO3- 
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Similar reaction can occur with magnesium carbonates. 

Harper (1939) observed when natural gas diffuses slowly into soil where moisture is 
sufficient and temperature not too low, dark-coloured residues accumulation. In these 
areas, total nitrogen content increased as well as the populations of Clostridium, 
bacteria able to fix nitrogen under anaerobic conditions. This enrichment in nitrogen 
was favourable to plant growth and during experiment, wheat made a better growth on 
this soil than on reference soil. 

2.2 Methane oxidation in the soil 

Methane oxidation is a bacterial process which occurs when methane and oxygen are 
present in a soil. 

CH4 + 202 -> CO2 + 2 H20 

Landfill top cover is a favourable environment to methane oxidation because methane 
produced by waste degradation is available in large amount. In environments where 
methane is present at high concentration, methane oxidation is likely achieved by 
obligate methanotrophic bacteria, i.e. bacteria which can use methane as their only 
source of carbon and energy for growth (Hanson & Hanson 1996) Kightley et al. 
(1995) identified two types of methane oxidising bacteria communities. The first had a 
high affinity to methane but a low methanotrophic capacity while the second had a low 
affinity but a high oxidation capacity and could reach rapidly high oxidation rates. The 
first group was believed to be facultative methanotrophic and could survive long 
periods without methane. 

Methane can also be oxidised by ammonium-oxidising bacteria at a low rate, due to 
similarities between the CH4 and the NH4 + oxidising enzyme. The presence of NH4 + in 
the soil was found to be negatively correlated to methane oxidation (Boeckx &Van 
Cleemput 1996). NH4 + is oxidised instead of CH4 causing a decrease of methane 
oxidation. 

Carbon is assimilated as formaldehyde (CH20) by bacteria for their growth process. 
About 65% of the carbon may be assimilated by the oxidising bacteria during the 
process (Bergman 1995). Whalen et al. (1990) found that up to 69 % of the oxidised 
methane was assimilated into biomass. Adams & Ellis (1960) observed an increase in 
total carbon in soil saturated with natural gas. In the absence of sufficient nutrient for 
growth, the bacteria can store carbon as PHB (poly-ß-hydroxybutyrate) until sufficient 
nutrient is available  (Börjesson  1997). 

Methane oxidation is correlated with the soil temperature.  Börjesson  (1997) explained 
the effect of temperature by the reduction of the bacterial activity when the temperature 
decreases. A temperature of 31°C was found as optimal for methane oxidation by 
Whalen et al. (1990). Boeckx & Van Cleemput (1996) reported an optimum 
temperature between 25 and 30  °C  and an optimal moisture content of 15%. Moisture is 
an essential factor for the bacterial activity but an excess of water enhance the 
formation of water films which stop the diffusion of methane and oxygen. Jones &  

C.  Maurice & A.  Lagerkvist,  Div. of Landfill Science & Technology, LW, 1998 



Landfill Gas Properties and Effects on Green Plants 
8 

Nedwell (1993) found water content to influence most seasonal variation of methane 
oxidation. The presence of inhibitory trace gas in the  LFG  may also reduce or stop the 
oxidising bacteria. 

2.3 Effect of vegetation on the  LFG  emissions 

Plants growing on the landfill top cover affect also the gas profile in the soil. The 
metabolic processes in the root consume oxygen and release carbon dioxide. Part of the 
oxygen required for the plant survival is transported from the aerial part but intake 
from the root occur also, reducing the available oxygen in the soil. This respiration is 
in competition with methane oxidation process. The vegetation can be considered as 
source of carbon dioxide which effects are combined with  LFG  emission. Moreover, it 
may influence methane emissions by reducing the oxygen available to methane 
oxidation. 

In some cases, the vegetation may also facilitate  LFG  emissions by acting as a drainage 
system. The roots of the plants open channels which drain  LFG  to the atmosphere. 
Interaction between plants and  LFG  are studied more in detail in chapter 3. 

2.4 Effect on the metal mobility 

Anaerobic conditions decrease  redox  potential, reducing several heavy metals such as 
iron, manganese, zinc, which then become more soluble in water and consequently, 
available to the plants in toxic concentration. The plant death is then not directly due to 
landfill gases but to the anoxic environment (Gendebien, et al., 1992; Wong & Yu, 
1989; Leone, et al., 1977).  
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3. GAS EFFECT ON PLANTS 

3.1 The gas balance in green plants 

Two main reactions have to be distinguished concerning the gas balance in green plants: 
• Photosynthesis, making use of sun energy, allows green plants to synthesise 

carbohydrate e.g. as cellulose and starch. This synthesis occurs mainly in the 
chloroplastes of the leaves (see fig. 3). 

• Oxidation of some of the carbohydrates in the mitochondria of the cells. This 
process takes place both in the aerial and the subterranean part of the vegetal. 
Oxygen is consumed and carbon dioxide is released. 

02 	 CO2 

CO2  

Figure 3 	Green plants gas exchanges 

The soil has limited air capacity and its atmosphere composition will gradually change. 
Oxygen has to be replaced and carbon dioxide to be removed otherwise critical 
conditions may be reached at which the various organism will die from the effects of 
lack of oxygen, excess of carbon dioxide or both. The  LFG  flow tends also to reduce 
the oxygen supply from the atmosphere. 

3.2 Adaptation to anoxic environment 

Rice coleoptiles are able to grow under anoxia and to preserve undamaged 
mitochondria and other organelles but it is not due to a special resistance of its cell 
organelles to oxygen deficiency. There is yet no evidence to suggest that roots of any 
higher plant can grow without oxygen and it is also not proved that wetland plants roots 
have a higher anaerobic metabolism capacity than non-wetland plants or if they are less 
sensitive to anaerobic end products (Armstrong, 1979). The extensive gas space 
development in the roots, called aerenchyma, is obviously a response to the lack of 
oxygen and this special tissue does not develop or is reduced in aerobic soils. 
Ventilating capacity and efficiency is much higher in wetland plants, which allow them 
to endure unfavourable conditions.  

C.  Maurice & A.  Lagerkvist,  Div. of Landfill Science & Technology, LW, 1998 



Landfill Gas Properties and Effects on Green Plants 
10 

During anaerobic conditions, fermentation is an alternative for plant tissues to produce 
some extra energy which yields ethanol and carbon dioxide as end products. Ethanol is 
potentially phytotoxic and under a prolonged water logging, it may accumulate in 
damaging concentrations. In the wetland habitat, the survival of plants is closely linked 
with their ability to transform the numerous soil-borne toxins to less harmful products. 
Plants growing in landfill gas saturated soil conditions have to endure "wetland 
conditions" even if the water content of the soil is not high. Plants with sufficient 
aeration and reduced oxygen leakage from their roots should be better adapted to 
landfill gas environment. 

Landfills are usually rich in species. This great variety of plant species seems to reflect 
a large number of micro habitats. Wine species, able to creep, can be rooted in places 
not contaminated and cover contaminated ones where no plant is able to grow (Wong & 
Yu 1989). 

3.3  LFG  effects on plants 

3.3.1 Death by lack of oxygen 

The principal dying process of plants in landfill environment is asphyxia caused by the  
LFG  flow which remove oxygen from the root zone. The resulting lack of oxygen 
cause death by asphyxia. Asphyxia can lead to deficiencies in potassium, nitrogen, 
phosphorus, calcium and magnesium. Anoxia also stimulates the potential production of 
some toxic compounds within the root tissues. Anaerobic microbial activity, induced by 
the lack of oxygen, tends to lower the organic carbon to nitrogen ratio of the soil and 
may also lower soil pH to values unfavourable for plant growth (Gendebien, et al., 
1992). 

Most plants require an oxygen concentration in the soil gas phase between 5 to 10 %. 
The first symptom of asphyxia is chlorosis, i.e. leaves start to yellow because of loss or 
reduced development of chlorophyll. This phenomenon can also be caused by extreme 
temperatures, lack of water, infection, iron deficiency, growth in high pH soil etc. In 
extreme cases, the plant may lose leaves (Flower, et al., 1981). The variability between 
various species is large. Table 5 gives a review of different studies carried out by 
several authors concerning the tolerance of several species to low level of oxygen. 

3.3.2 Death by excess carbon dioxide 

Usually carbon dioxide is a limiting factor in photosynthesis and is essential for plant 
survival. But it can also be directly toxic to the plants. The normal concentration of 
carbon dioxide in the soil varies between 0.04 and 2 %. It is agreed that an excessive 
concentration of carbon dioxide, situation which occurs typically in landfills, is directly 
toxic to the roots even if there is enough oxygen available. A normal development can 
occur up to 5%. Over 20%, carbon dioxide is often phytotoxic (Gendebien, et al., 1992; 
Hoeks, 1972). Among plants, the tolerance to carbon dioxide vary from one species to  
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another. In Table 4, experiences from tomato and beans show without any doubt the 
negative effect of carbon dioxide. 

The mechanism by which carbon dioxide damages the plant roots by direct toxicity is 
not known. One hypothesis is that carbon dioxide is not toxic in itself but it displaces 
oxygen in the respiratory system of the plant roots (Gendebien, et al., 1992). 
Concentrations of carbon dioxide exceeding those normally found in the air, inhibit 
respiration. The mechanism is not clear. All the decarboxylation steps in respiration are 
reactions that yield a substantial amount of energy but it is unlikely that even a 
relatively high concentration of the end product, CO2 would have much effect on the 
reaction rate although carbon dioxide has an inhibitory effect on succinwddase. Carbon 
dioxide does also affect stomata, closing them when present in high concentration, but it 
is doubtful whether it is a lethal factor to the plants (Bidwell, 1979). 

Table 4 	Studies carried out on several species showing the influence of gas 
concentration in the soil atmosphere on their growth. 

Plant studied 02 

% 

CO2 

% 

CH4 

% 
Effect on the plant 

Apple tree *** 5-10 minimum level for growth 
Red raspberry * 10 It  

Black raspberry * 10 
Tomato (Lycopersicon esculentum)*  18 Damaged 

* * * 20 - Normal development 
* * * 7 
* * * 7 45 
* * * 7 34 Damaged 
* ** 7 34 45 Damaged 

17 18 Death 
6 44 No symptom until CO2 raise 

Pea seeds (Pisum sativum L.) *** 

 1 Death 
*** Barley (Hordeum vulgare L.) 20 Normal 

Cotton seeds *** 7,5 10 Optimum 
* * *  30-45 Damage 

Broad bean *** 5,5 No root growth 
Kidney Bean *** 5,5 No root growth 
Red maple (Acer rubrum) *  3 40 50 Bad growth 
Sugar Maple (Acer sacharum) *  3 40 50 Bad growth 
Cystisis racemosis ** 11,5 15 22 Death 
* 	: (Flower,  etal.,  1981) 

: (Leone, et al., 1977) 
*** : (Gendebien, et al., 1992) 

Gases in the atmosphere affect plants at different stages of growing. Seed germination is 
essential for renewing of vegetation, especially of annual species. Germination is a  
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energy-requiring process and is therefore dependant on the respiration of the seed 
which requires oxygen. In this respect, one can distinguish three different stages in the 
germination: First a rapid uptake of oxygen, followed by a lag period of fairly constant 
rate and finally a new increase to reach a maximum. The lag period is associated with 
an anaerobic respiration due to limited oxygen supply to the respiring tissue. Rice is 
able to germinate and grow under anaerobic conditions but most plants show a decrease 
in the time rate of germination and in the final germination percentage at reduced 
oxygen levels. 

The carbon dioxide action on germination is complex. It may inhibit respiration and 
root growth on one hand but low concentrations of carbon dioxide promote growth as 
long as the oxygen supply is sufficient. Carbon dioxide can for example have either a 
toxic or a tonic effect on radicle growth, depending on the time and duration of 
application and other factors. Dasberg et al. (1966) have studied five grass species and 
observed that the main factor regulating germination was actually oxygen levels. Higher 
oxygen tension gives a more successful germination. Carbon dioxide influence is visible 
when oxygen supply is not the limiting factor. 

3.3.3 Damage due to presence of methane 

Methane has not been reported to be phytotoxic in itself but it can indirectly lead to 
asphyxia (Flower, et al., 1981; Leone, et al., 1977). Bacteria able to oxidise methane to 
carbon dioxide consume oxygen and it may result in a very low, phytotoxic, oxygen 
tension in the vegetation root zone. Depending how deep this oxidation occurs, different 
species will be affected by the resulting lack of oxygen. This oxidation is also 
exothermic and lead to a warming of the soil which also can promote asphyxia. Several 
experiment with tomato plants (see table 4) have shown that methane is not directly 
toxic to the plants even in high concentrations but on the other hand carbon dioxide is, 
and a high drop in oxygen content may become dangerous. So, even if methane is not 
directly responsible of death it can lead to lethal conditions indirectly. 

3.3.4 Ethylene effect 

Ethylene is a vegetal hormone which mainly has negative effects on plants i.e. reduces 
growth, makes leaves fall, etc . It is a small molecule which moves in cells by diffusive 
processes. Ethylene moves passively in the plant with a mode of transport very similar 
to that of carbon dioxide. It may move through air space but its lipophilic quality 
should permit movement through cell membranes (Leopold & Kriedemann, 1975). 

Ethylene is active at concentrations lower than 1  ppm.  Carbon dioxide at high 
concentrations (5 to 10%) inhibits ethylene production. This property is used to avoid 
fruit ripening. In natural conditions, CO2 is unlikely to act as an antagonist because of 
the high concentrations required. Ethylene is an important mediator of flooded plant 
reactions such as epinasty, aerenchyma formation, adventitious rooting and leaf 
senescence. Root anaerobiosis induces elevated ethylene levels in the shoot. One of the  
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first responses to water logging is epinasty and ethylene have been found to be 
responsible of it (Leopold & Kriedemann, 1975). 

According to Dobson & Moffat (1993) ethylene is present in  LFG  at a concentration of 
about 180  ppm.  It is much higher than the usual natural concentrations found in living 
plant tissues (0,1-10  ppm).  The high concentrations occurring in landfill gas may 
interfere with the hormonal system governing the growth. Concentrations around 1-5  

ppm  may disturb the plant growth. 

3.4 Effect of metal on plants 

Many studies have been carried out to understand how heavy metals influence plants. 
Often the purpose has been to use waste water treatment sludges as fertilisers for crops 
(Crosby & Stover, 1983; Wolkowski, 1992; Wolt, 1982). The availability of heavy 
metals to the plants is governed by their solubility. Increasing pH will reduce the 
solubility for  Zn,  Cd,  Mn,  and  Ni  (Chaney, et al., 1982). Adsorption on carbonates 
surface or precipitation of metal hydroxides with silica producing insoluble silicates can 
bind ions (Elrasnidi, 1988). Most of heavy metals are strongly adsorbed on particle 
surfaces in soils. Cowherd (1983) studied soil surface runoff water from plots where 
sludges were mixed to the soil. He found that as soon as the sludge was incorporated 
there were no noticeable elevation in metal concentration which tends to prove that 
heavy metals build complexes in the soil. The principal mechanism responsible for free 
ions migration is diffusion (Corey, 1983). Metals ions cross the cell wall probably 
thanks to specific elements, carrying them. Inside the root, they can be immobilised or 
migrate to the shoot (Corey, et al., 1981). 

Certain species accumulate actively metals from the soil and bound them in a safe way 
while other tend to exclude metals from their tissues. The strategy used regarding metal 
content in the soil depends on the species concerned but the resistance to high metal 
concentration in the soil may also vary between individuals from the same species. 
Individuals growing on polluted soils may develop a special resistance to the pollutants 
and survive high pollution levels while an individual of the same species taken from 
another soil exposed to the same conditions would die (Morel et al. 1996). 

Heavy metals disturb plant metabolism. For example, Phaseolus vulgaris carbohydrates 
translocation decreases, due to high  Zn  concentration and sugars and starch accumulates 
in the primary leaves. One other alteration caused by  Zn  is on the membrane 
permeability. It has been noticed that  Zn  causes membranes to become "leaky" to  K.  
Interfering in Fe metabolism, it causes chlorosis of leaves (Collins, 1981). 

3.5 Vegetation on landfill 

3.5.1 Vegetation growth in landfill environment 

Completed landfill vegetation is often poor and damaged (Gendebien, et al., 1992; 
Leone, 1977; Moffat & Houston, 1991). Herbaceous plants and trees are damaged, 
losing leaves and with dead twigs or branches. Landfills are built to store substances 
potentially dangerous for the environment and the measures taken to insure a waste  
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storage as good as possible are not optimal to plant growth. Table 5 shows factors 
which may have a negative influence on the vegetation. The soil is often poorly fertile 
and compacted. Dryness is a major problem plants have to face due to the drainage to 
lessen rainwater infiltration, to high temperatures related to microorganisms activity or 
wind effects. However the most usual reason for vegetation damages is the presence of 
landfill gas in the roots zone. Landfill gas components either displace air, creating 
anoxic and therefore, asphyxiating conditions, or create a toxic atmosphere. Hoeks 
(1972) noticed that plants have periods of high sensitivity (during spring, the 
germination period, i.e. when plant metabolism requires large amounts of energy). A 
period of inundation, during summer is much more harmful than during winter, 
reducing drastically oxygen availability for the root system. 

Table 5 	Usual landfill conditions land their consequences for the vegetation. 

Usual landfill conditions 	Consequences for plants 

- Good drainage 	 - Risk for dryness 
- High temperature 	 - Dryness and increase of 02 demand 
- Construction above the surface - Exposure to wind, dryness 
- Infertile top cover soil 	- Bad growth conditions 
- Gases 	 - Bad growth and death 
- Compact soil 	 - Extra energy required to push root tips 

Almost of the tree died during a tree establishment experiments on a 0.2 m soil cover 
reported by Moffat and Houston (1991). Addition of a 1.5 m thick clay layer which 
prevented  LFG  migration improved markedly survival and growth. The material 
provided also sufficient plant-available soil moisture to permit to plants to survive 
during summer. Energy-forest may be planted on landfill sites to treat leachate (Ettala 
1985, 1987 and 1988). These short-rotation tree plantations reduce water and nutrient 
contents of the leachate and the wood is used for energy recovery. Different tree species 
or grass may also be used. 

The environmental factors interact with the other influencing plant response. High 
temperature, related to methane oxidation have been found to increase the need for 
oxygen by growing root tips. A dense soil can also increase the oxygen requirement. 
This is believed to be due to the extra energy required to push the root tips through the 
soil. (Flower, et al., 1981). Other components present in landfills can be responsible of 
death. Ammonia (NH3), carbon monoxide (CO), and hydrogen sulphide (H2S) are 
known to be hazardous to plants. Hydrocarbons and ethylene (C2H4) can also be toxic 
(Leone et al. 1977; Leone, 1977; Hoeks, 1972). 

Wong and Yu (1989) studied vegetation performance on side slope area of several 
different landfills in Hong Kong to explain variations on the vegetation cover on these 
places. Among the variables analysed, eight were found to be correlated to plant cover. 
Ammonia nitrogen, total nitrogen and, to a less extent, organic carbon were related to  
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landfill gas contents and a strong negative correlation between plant cover and gas 
content was observed. They came also to the conclusion that the plant cover can be 
described quite well by five variables (methane, oxygen, carbon dioxide, ethylene and 
extractable lead). On the other hand, ammonium nitrogen, total nitrogen and phosphate 
did not seem to be very decisive. They also conclude that factors such as elevated metal 
contents and higher levels of electrical conductivity, moisture, and organic carbon did 
not seem to have great significance for the growth of the studied plants. 

3.5.2 The species richness at landfill sites 

A landfills usually covers limited areas but may offer many different environments. 
Several fluxes of waste and cover material with different origin end at the landfill for 
storing. These environmental variations combined with the effect of the processes 
associated with waste degradation will create microhabitats on which a certain type of 
vegetation will have a concurrence advantage and develop while other species will be 
rare. A special environment where large and rapid variations occur is created, in which 
the vegetation will take place and grow. The different origin of the wastes contribute 
also to the concentration of plants and grains which may have their origin very far 
from the landfill. 

During a botanical investigation on several landfill in the province of  Norrbotten,  in 
North Sweden, several interesting species were found.  (Stenberg  1997). Both cultured 
and wild species may occur on landfills. At the MSW landfill of the city of  Kalix,  in 
North Sweden, several species related to human activity were found e.g. vegetables, 
bird food and garden plantation species  (Stenberg  1997). Papaver somniferum L. which 
is used for bread baking, was one of the 6 species found for the first time in the 
province. Wild species where also found at an industrial landfill situated close to the 
village of Karlsborg, North Sweden, receiving bark waste from wood imported from 
South Sweden and European countries. On the site, 10 species, new or very rare in the 
province were found. Centaurea phrygia ssp phrygia L. which is rare and on the list of 
the protected species in Sweden, was found  (Stenberg  1997).  
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CONCLUSIVE REMARKS 

Plant species are affected by  LFG  and as they stand on the landfill surface during the 
growing period, the symptoms on the plants might be used to register  LFG  emissions. 
Tolerance of plants varies between species and it may be possible to find indicator 
species for which a relation between harm and  LFG  emission rate is visible. It is 
difficult to identify the effects of different gases. The interactions between oxygen, 
carbon dioxide and methane are also complex. Such measurement of  LFG  emissions 
over the growing season would be helpful when estimating  LFG  emissions in temporal 
perspective. However, environmental factors may also influence the vegetation and 
overshadow the correlation between  LFG  and plants.  

Ruderal  species are especially resistant to the particular growing conditions of landfills. 
Tolerance of plant species is believed to be due to a combination of adaptive 
mechanisms to survive landfill conditions, that is the capacity to adapt to flooded or 
poorly aerated soils, tolerance of landfill gases and in particular elevated concentrations 
of carbon dioxide. 

Landfill vegetation may present a large variation due to the diversity of material with 
different origin disposed. To study the interaction between  LFG  and vegetation, 
methods to measure both parameters are needed. Moreover the soil conditions influence 
the vegetation and have to be considered. Methods permitting to estimate  LFG  emissions 
at a local scale should be chosen, representing the conditions in the soil volume where 
the root system grow. Available methods are listed in appendix. 

Different types of organisms have been used to indicate emissions of polluants. 
Biological indicators such as lichens and mosses can be used to map an area in order to 
identify the pollution extension, using the organism occurrence. If the interesting 
organism is missing it is possible to take it from a non polluted area to the one which 
has to be studied. After a certain time, analysis can be conducted. This transplantation is 
possible with lichens and mosses. It is also possible to use higher plants and to study 
progressive damages, such as leaf necrosis. These observations can also be done on 
herbaceous plants.  LFG  has a toxic effect on vegetation. Considering  LFG  constituents 
as the pollutants, the same type of relation between  LFG  and landfill vegetation may 
also be found and used for  LFG  emission estimation.  
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Appendix 1 - Soil sampling and analysis 

1.1 pH 

The pH of the mixture soil-distilled water is measured according to Emteryd (1989). A 
soil sample of 10  g.  (±0,1g) is mixed with 50  ml  distilled water in a 150  ml  glass bottle 
with a plastic lock. The samples is shacked (120 /min) under 15 minutes and stayed over 
night. The pH is measured the morning after in the water solution above the soil 
deposition. The pH measurements are achieved using a microprocessor-controlled 
laboratory instrument PHM95 pH/ION Meter. The measurements are performed after a 
2 point calibration is done. The calibration solutions (pH 4 and pH 7) stay one hour at 
room temperature before the calibration, according to Swedish Standard  SIS  02 81 22. 
If the electrical conductivity and pH are measured on the same samples, the electrical 
conductivity has to be measured first. If the samples are not handled carefully (avoiding 
drying), changes may occur. To minimise the risk, the measurement should be done, if 
possible, on the field. The buffer capacity of the soil samples is estimated by measuring 
the volume of HC1 (0,1M) needed to decrease the pH of a soil-distilled water mixture 
(10g-50  ml)  to pH 4. The same soil samples as the one used to measure pH can be used. 

1.2 The electric conductivity 

The electric conductivity of the mixture soil-distilled water is measured according to 
Emteryd (1989). A soil sample of 10  g.  (±0,1g) is mixed with 50  ml  distilled water in a 
150  ml  glass bottle with a plastic lock. The samples are shacked (120 /min) under 15 
minutes and stay over night. The pH is measured the morning after in the water solution 
above the soil deposition. The measurements are performed after a 2 point calibration is 
done. The first point is taken in the air (0 j.tS) and the second is a 1413 i_tS calibration 
solution which is at room temperature, according to Swedish Standard  SIS  02 81 23. 
The electrical conductivity and pH are measured on the same samples. The Electrical 
conductivity is measured first. 

1.3 Total solid and loss on ignition 

The water content of 5-10  g.  of soil sample is measured according to Swedish Standard  
SIS  02 8113. The sample is dried 24 hours at the temperature of 105°C. It is weighted 
after being cooled down to the ambient temperature during 2 hours in a dry air 
container. The loss on ignition is measured on the same samples according to Swedish 
Standard  SIS  02 8113. First the sample spends 1 hour at a temperature of 550°C. It is 
weighted after being cooled down to the ambient temperature during 2 hours in a dry 
air container. 

1.4 Available phosphorus 

The available Phosphorus is determined according to Bray and Kurtz Method (Emteryd 
1989). About 1  g.  of soil is mixed with 50  ml  0.1-M HC1 and shacked (120 /min) under 
a 30 minute period. Then 1.0  g.  NH4F are added and the mixture is shacked (120 /min) 
under a 60 minute period. The suspension is filtered with Munktells filter 00H and the  
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samples are mixed with 40  ml  boric acid (50 g/l) and analysed with a TRAACS 
equipment according to method n°3-004-88-B. 

1.5 Available Nitrogen 

The available Phosphorus is determined according Emteryd (1989). About 20  g.  of soil 
is mixed with 50  ml  2-M HCI and shacked (120 /min) under a 2 hour period. The 
suspension is filtered with Munktells-00H filter firstly rinsed through with  Hd.  The 
samples are analysed with a TRAACS equipment according to method n°J-002-88-B. 

1.6 Potential Methane Oxidation 

A 135  ml  glass bottle containing about 5  g.  of soil is closed with a butyl rubber 
connection and crimped with an aluminium ring. The sample spends 24  h  in a constant 
temperature room (+30°C). 5  ml  methane-nitrogen gas mixture is injected in each 
bottle. From this time the pressure in the bottles is recorded permanently by baro 
sensor during 120 hours. The initial gas content is 77% N2, 21%02, 2% CH4 and 0,5% 
CO2. The relative pressure between the atmosphere and the sample is measured. The 
final pressure is corrected for the atmospheric pressure variations. When methane 
oxidation occurs, three molecules of gas will be transformed into one molecule of gas 
end one of liquid i.e. two molecules of oxygen and one molecule of methane are 
transformed in one molecule of carbon dioxide and one molecule of water. This will 
cause a decrease of pressure registered. 

CH4 (g) + 2 02 (g) --> CO2 (g) + 2 H20 (1)  

If organic material is produced, 2 molecules of gas are also consumed. The reaction 
becomes: 

CH4 (g) + 02 (g) --> [CHOH1(s) + H20 (1) 

The samples are taken away from the constant temperature room and stay 2 hours at 
room temperature (+20°C). The gas quality of 5  ml  samples taken from each small 
bottle is analysed for methane and carbon dioxide.  
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Appendix 2 - Gas emission measurement 

There are basically two strategies to estimate gas emissions through the top cover 
surface in landfill environment. One consists in measuring gas flow coming out from 
the landfill through a known surface area. The second is to calculate the gas flow 
assuming that gas diffusion is the main driving force and knowing the gas gradient in 
the soil. 

Certain methods estimate  LFG  emission from small areas and give "punctual"  LFG  
emissions while other are based on global estimation of the fluxes. Chamber techniques 
and the soil concentration gradient method belong the first group while 
micrometeorological methods, stable isotope of carbon, satellite observation belongs the 
second. These methods give global emissions for larger areas, for example a whole 
landfill. 

2.1 Chambers 

Chamber measurements are based on the first strategy. Chambers are used to measure 
the gas flow coming out through a known soil surface area under a certain period of 
time.  LFG  emissions may be estimated for larger areas by extrapolation. The principle 
is to measure the gas concentration increases in a known volume of air. 

Chambers may be used statically or dynamically. In a static chamber, the air is enclosed 
in the chamber and the  LFG  accumulates in the chamber. In a dynamic chamber, a 
known air flow is going through the chamber avoiding  LFG  accumulation in the 
chamber.  LFG  is analysed at the outlet of the chamber. 

Chambers measure the gas emission during a short period of time and temporal 
variation of the emission rate are not considered. Jones & Nedwell, (1990) recorded 
higher emissions during summer than winter. Many factors can be responsible for such 
variations: the lower temperature may lower the gas production, the soil is full with 
water in which gas transport are smaller than in gas phase 

Static chambers 

Gas concentration in the chamber has to be measured at several occasions. Commonly 
the sampling period lasts between 30 min and a couple of hours. Under this time, at 
least 4 to 6 gas samples must be taken (Bogner & Scott, 1994). Gas samples may be 
saved in glass bottles to be analysed later or the chamber may also be coupled directly 
to a gas analysing equipment. Gas concentration is then analysed on line. Samples are 
taken through a butyl rubber connection. Samples can be taken with a syringe and saved 
in a glass bottle (see fig. 4). If the bottle has been previously been previously vacuum 
emptied, it can be directly applied to a double needle placed in the a butyl rubber 
connection. The sample is sucked into the bottle due to the pressure difference. Using 
this procedure, no over pressures are generated. 

The form of the chamber may vary. As it is of importance that the concentration in the 
chamber does not rise to fast to the high levels, the volume of the chamber has to be  
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chosen in accordance to the expected emission level. The contact between the chamber 
and the soil surface is a zone where disturbances of the natural conditions occur. In 
order to reduce these disturbances, chambers presenting a the highest area/perimeter 
ratio should be chosen (Bergman 1995). A chamber with a circular shape will give the 
best ratio compared to a square or a rectangular shape. Having a volume as small as 
possible is interesting to have a sensitive measurement. Small emissions will give 
detectable concentrations. When high emissions rate occur, this sensitivity will become a 
disadvantage. The vessel will rapidly be full and the emission rate perturbed. 

The wind effects and the eventual perturbation due to air channels may cause leakage 
from the chamber. To avoid these, the contact between the chamber and the soil surface 
has to be sealed. It is possible to push the chamber in the soil, several centimetres but 
risks of air over pressure may occur in the vessel. It is also possible to have a seal made 
of a mixture of clay and water. No over pressure is created by this technique. 

Pressure built up may occur in the chamber and disturb the natural gas emission. A 
system providing a pressure equalisation after sampling may be added. 

A good mixing of the gas inside the chamber has to be ensured to avoid formation of 
gas layers cause by density differences. One of the advantages of using a syringe to take 
the gas sample is that it is easy to mix the gas just before the sampling. The same mixing 
is also achieved by "on line analysis". 

The gas flow through the soil can be calculated from the increase of the gas 
concentration. Chambers influence gas emissions. They increase the gas concentration at 
the soil/atmosphere interface which tends to decrease the net gas diffusion from the soil. 

a) Sample collection with 	 b)  Sample conservation 
a syringe 	 in a glass bottle 

7 

  

   

Evacuated 	 .9( 
sampling bottle 

Chamber 

Sealing with clay 

Top cover 

Figure 4 	Sampling of gas and conservation of the sample in a glass bottle 

As diffusion is at the origin of the gas flow, the  LFG  concentration will reach a 
maximum in the chamber and the net emission will decrease until it stops (Bergman 
1995). To obtain a good estimation of the  LFG  flow, measurement have to be achieved 
at the beginning when the  LFG  concentration in the chamber is still low and has a 
negligible influence. Concentration is plotted in function of time (se fig. 5). Only the 
first values, should be approximated as a straight line, to give the flow. The  LFG  flow 
may be calculated as follow:  
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F = dc/dt . 525600. V/A 
where  

F 	• . Gas flow [m3/ m2  /year] 
dc/dt 	• . Concentration increase [m3/m3  /min] 
A 	: 	Area covered by the chamber [m2] 
V 	: 	Volume of the chamber [m3] 
525600 : Number of minutes in a year 
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Figure 5 	Concentration increase of gas in the chamber 

Advantages 
Chambers are very practical, they do not require any preparation of the soil, minimise 
disturbance and give results in a short period of time. It is also cheaper compared to 
other methods. No energy is needed during the gas sampling which is of interest when 
doing measurements on large landfill, far from any energy source. 

Disadvantages 
Chambers affect anyway the gas balance, providing an accumulation of  LFG  which 
influence the net gas diffusion. They also reduce turbulence on the surface of the 
landfill, which influences the emissions. The surface covered by the chamber is small 
and to obtain representative value for gas flow for a large area, a large number of 
sample is required.  Börjesson  & Svensson (1997) describing the spatial variability of 
methane emissions, found that more than 5000 chambers would be necessary to estimate 
the average flux within a 90% confidence interval, for the sites studied.  
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Dynamic chambers 

Remarks concerning the shape and the installation of static chambers are still true for 
the dynamic chambers. The difference to static chambers is that a known air flow pass 
through the dynamic chambers (see fig. 6). The air gas concentrations are measured 
before and after the chamber and the  LFG  emission rate is calculated from the 
concentration and the flow variation. 

Chamber 

Inlet 	 Outlet 
Fin 	 Fin +  Fem  

Fem  
Cem 

Figure 6 
	

Description of the dynamic chamber principal 

where  

C 	Gas concentration at the outlet [g/m3] 
Gas concentration at the inlet [g/m3] 

Cem 	Concentration of the gas in the emitted  LFG  [g/m3] 
Controlled gas flow [g/m3]  

Fem 	LFG  flow [g/m3] 
V 	Volume of the chamber [m3]  

The gas concentration at the inlet and the outlet is measured. When measuring methane 
emission, the methane concentration at the inlet may be taken as 0, i.e. Cin = 0. 

The concentration variation in the chamber may be expressed as:  

C  = (Cem •  Fem)  /  (Fm  +  Fem)  

As  Fem  is much larger than Fin, the previous equation may be simplified to  

C  = (Cem • Fein) / (Fin) 

Fin is estimated as the difference between the outlet and the inlet flow. The gas flow per 
area unit (Cem  Fem)  may be calculated: 

Fgas  =  (C  • Fin) / A 

where 
Fgas  : 	Gas emission rate [m3] 
A 	: 	Area of the chamber  
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Advantages 
The effect of concentrations build-up is avoided by using dynamic chambers and the gas 
flux provide also air mixing. 

Disadvantage 
The inlet and outlet flows have to be measured with precision and this may lead to 
errors. These type of chambers require also more equipment than static. Especially 
energy is needed for the pumping system. Due to difference in pressure between the 
different parts of the system, the flow pattern may be affected. The problem may be 
avoided by choosing carefully the air flow. 

2.2 Gas flow using concentrations gradient 

This methods described by Rolston (1986) is based on the  Ficks  law of diffusion. The 
soil-gas diffusivity and the gas gradient in the soil are needed. 

f = - ADp S
o
t' 

(dc/dx)dt 

or 	 F = - Dp (dc/dx) 

where 

f 	: 	amount of gas which diffuses  [g]  
A 	: cross section of soil [m3] 
Dp 	: soil-gas diffusivity [m3/m Is] 
t 	: 	time [s] 
dc/dx : gas gradient in the soil [g/m3  /m] 
F 	: 	gas emission [g/m2  /s] 

The soil-gas diffusion constant may be calculated or measured. Knowing the gas filled 
porosity, it is possible to calculate Dp according to the equation (Rolston 1986) 

DP / Do = 0,66  ne  

where  

Do  

ne  
diffusion constant gas-gas [m3  /m /s] 
gas filled porosity 

The soil diffusivity may be measured in a laboratory on samples, in columns, or 
directly in the field. One technique to measure the gas gradient, is to bore a hole in the 
soil and to insert a plastic tube, closed at the two extremity. An air space is provided at 
the bottom of the pipe in which gas accumulates by diffusion. Gas is collected with the 
help of a syringe and a second pipe connected to the air space (see fig. 7). Bergman et 
al. (1993) describe a probe designed on this principle. 

An alternative is diffusive probes. Several gas space are provided along the probe in 
which gas accumulate by diffusion through a membrane. When the probe is removed 
from the soil, the gas space are closed by an impermeable film (Jones & Nedwell,  
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1990). The main advantage is that no under pressure which possibly can mix gas from 
several level, is generated by sampling. 

Percution UNIT 
with handle 	

EXTENSION UNIT 

Tube for 
sampling 

Steel tube 
	

0-Seal 	Steel tube 	0-Seal 

TIP 

FILTER 

0 

Figure 7 	Design of the probe used for gas sampling. 

One advantage of this method is that it does not disturb much the soil. The gas profile in 
the soil, especially in the root zone are measured. But there are uncertainty when 
measuring the concentration gradient and the soil-gas diffusivity. A large number of 
samples are required because the samples represent only a very small volume of the 
soil. The equation considers only the diffusion of gases. Gas pressure is also a driving 
force which plays a role in gas emissions. This method gives anyway acceptable results 
when compared with chambers technique (Bogner & Scott, 1994). 

2.3 Micrometeorological methods 

These methods use to determine gas flux measured or calculated transfer coefficient 
above the soil/atmosphere interface. There are based on the assumption that gas flux 
densities measured in the atmosphere's surface layer represent the gas flux from the 
cover soil. This assumption is valid if the soil cover is uniform and the fluxes are steady 
with time. The thickness of the atmosphere's surface layer vary diurnally due to the 
heating and cooling processes, winds, surface topography which occur on the earth 
surface. According to Bogner & Scott (1994), to be considered as uniform, a surface 
should extend for a distance 75 to 100 times the flux measurement height. The main 
advantage of these methods is that they can give information concerning a large area, 
when measuring diurnal and seasonal variations and that they do not disturb the soil but 
they require an sophisticated and expensive instrumentation. 

Bowen Ratio Methods (Energy Balance) 

This method is based on the energy balance at the ground. The incoming net radiation is 
partitioned between three terms: the sensible heat flux, the latent heat flux and the soil 
heat flux. The ratio between the sensible heat flux and the latent heat flux is the Bowen 
ratio. A another term corresponding to the heat storage in the vegetation should be used 
when achieving measurements over forest. Replacing the sensible and the latent heat 
flux in flux equations for a gas permit to calculate the emission rate of a gas on an area. 
The measurement needed to use energy balance methods are vertical gas gradient,  
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temperature and humidity. The fluxes of sensible heat, water vapor, and trace gas are 
estimated without uncertainty of stability correction (Flowler & Duyzer, 1989). 
Substantial net radiation fluxes are needed to obtain accurate measurement and the 
method cannot be used during night or winter conditions. 

Gradient technique 

In order to determine the vertical flux of a trace gas, the gas gradient Dc/az in the 
atmosphere caused by turbulent transport has to be measured. The turbulent transfer is 
assumed to be analogous to molecular diffusion. The following equation where IQ is the 
diffusion coefficient estimate the flux (F) 

F = IQ aca 

IQ has to be determined by micrometeorological measurements (wind gradient, 
temperature gradient). The major difficulty is the estimation of the diffusion 
coefficient. This coefficient may vary for different gas species. Measurement have to be 
conducted at least at two point simultaneously. Estimation of the gradient to close to soil 
surface are not recommended because of the risk of counter-gradient transfer (Bogner 
& Scott 1994). At higher height, the gradient are smaller but the diffusion coefficient 
should match better. The analysis equipment needs a high resolution, a high precision 
and fast response. The measurements have to be conducted on homogenous surfaces, 
and small scale variations are not detectable  (Schütz  & Seiler, 1989). 

Eddy correlation technique 

Except over very short distance closed to the absorbing surface (<1 mm) where the 
transport relies on molecular diffusion, the dominant mechanism for gas transport is 
turbulent winds. The Eddy correlation technique requires only one measuring 
instrument. Two parameters have to be measured, the vertical wind speed (Wv) and the 
trace gas concentration  (Cg)  over a sufficiently large interval at one height above the 
measuring site  (Schütz  & Seiler, 1989). The following equation gives the flux (F) 

F = Wv  Cg  

The main problem with this method is the instrumentation which have to analyse 
between 5 to 10 times per second and a sampling duration of 30 to 60 minutes. 
Especially, measurements of vertical gradients need sensitive material, giving fast 
response. Correction for humidity and temperature variations must be applied. These 
methods are interesting to deal with large areas because they give average value over 
the whole site (Bogner & Scott, 1994). 

2.4 Tracer and plume dispersion 

These methods are based on the measurement of an inert tracer gas released at a known 
rate and the gas of interest. The concentration ratio of the two gas is measured at 
different locations around the landfill where a plume of the gas develop downwind. The 
gas emission rate from the landfill is calculated from the ratio measured in the plume  
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and the volume of tracer released. Bogner & Scott (1994) reported that SF6 has been 
used has tracer gas mostly to study natural gas emissions from pipelines. 

Flowler & Duyzer (1989) describe a mass balance method where no tracer gas is used. 
The gas flux is the result of an horizontal flux and a turbulent diffusion. As turbulent 
diffusion has been shown to be less than 10% of the convective flux, the gas flux may be 
estimated to be the product of mean wind velocity and the gas density. The gas 
measurement should be achieved at different height to a upper limit at the height of 0.1  
x  (where  x  is the distance to the source). The horizontal fluxes across a vertical plane 
are measured and used to calculate gas emissions. This method does not require such a 
precision as the gradient technique. 

2.5 Element isotope method 

Methane can have several origins and depending on this origin its enrichment in 
different isotope will change (Levin, et al., 1993). Analysing its composition will 
permit to identify its origin. Methane resulting from microbial anaerobic degradation is 
enriched in 12C and depleted in 13C compared with methane produced thermogenically, 
during the oil formation process which reveal a small isotope fraction. It has also been 
shown that bacteria oxidise more rapidly 12C than 13C. As a consequence, methane 
escaping from an area where oxidation occur, will be enriched in 13C (Coleman, et al., 
1981). Methane isotopes can be used to determine methane origin, to detect methane 
oxidation in the soil, etc. Oil companies have used it to make the difference between 
natural gas coming from oil deposit and other methane sources. These measurements 
can also be used to identify other sources of methane (Kaplan, 1994). 

Radioactive properties of radon (226Ra to 222Rn) produced by certain wastes in the 
landfill can also be used. Radon is inert in the landfill and the ratio between methane 
and radon should be constant along the profile in soil. Measuring 222Rn concentration 
profile and emissions permit to deduce methane emissions  (Dörr,  et al., 1993).  
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Appendix 3 - Vegetation analysis 

3.1 Sampling of the surface vegetation 

To study the impact of  LFG  on vegetation, a quantitative method is required which 
permit to make comparisons between different sites. For Ludwig & Voice, (1985), four 
principal variables are of interest for vegetation monitoring: plant occurrence, 
distribution, abundance and productivity. To have an exhaustive list of the species is not 
the primary goal. A species for which only few specimens occur, is not of great help to 
compare areas. As recording species occurrence is not sufficient, abundance is also 
needed. To obtain this information, the relative surface covered by each species may be 
estimated. At the same time, the area covered by bare soil can be registered. Using this 
approach information concerning both presence and abundance are obtained. 

The Braun-Blanquet scale (Causton, 1988) is a cover-abundance scale which fits the 
requirements. It corresponds to an estimation in percentage covered after projection on 
the soil surface by each species. The sample size is about 3 m2  in order to have a 
representative area. The covered surface is estimated visually and each species is 
classified according to the following scale: 

r= rare, less than one per cent, very few individuals. 
+= less than one per cent but more individuals. 
1= covering between 1 and 5 per cent 
2= covering between 5 and 25 per cent or 

between 1 and 5 per cent but with many individuals. 
3= covering between 25 and 50 per cent 
4= covering between 50 and 75 per cent 
5= covering between 75 and 100 per cent 

Vertical projection on the soil surface 

Figure 8 	Vertical projection of the plant on the soil surface. 

The Braun-Blanquet scale gives both an estimation of the occurrence of the species and 
the surface covered which is related to the abundance. Estimating the covered surface 
may be misleading when species as far as particular plant morphology is concerned. 
Grass specimens have a much smaller covering than herbaceous plants. A danger, taking 
care only of the surface covered, is to underestimate species such as grasses which do  
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not, due to there shape, cover a large area (see fig 8). The number of individuals may 
appear in a way in the recording method when these king of species are concerned. 

3.2 Photographic techniques 

Photographing the same place at different time is an easy way to show vegetation 
succession. More advanced techniques, described by Ludwig & Voice, (1985), using 
infrared light, can be used to map areas. Infrared will record the temperature and the 
chlorophyll content of leaf surfaces. This permits to distinguish healthy vegetation from 
stressed. This technique, used at different scales can give interesting information 
concerning water stress, nutrient stress, disease: aeroplane pictures over a landfill, 
pictures of a single leaf to reveal lack of nitrogen, boron or copper high concentration, 
by change of chlorophyll distribution and coloration. 

3.3 Use of biological indicators for pollution. 

3.3.1 Strategy for pollution study 

The impact of a pollution source can be studied at 3 levels: 

- Concentrations changes of different pollutants in the inorganic media (water, 
soil, air) and recording of several physical parameters. 

- Accumulation of some pollutants, in organisms. 
- Reaction of the ecosystem to changes of different environmental factors. 

Biological indicators may be used to obtain information about the second and the third 
levels. Indicator species can be classified in several groups regarding the type of 
reaction they present when exposed to pollutants: 

- Indicator organisms: species with low tolerance which disappear as soon as a 
pollutant come to their contact. Their presence and their abundance can be 
used as indicators of good environmental conditions. 

- Monitoring organisms: species which may be used to indicates the level of 
pollution. The symptoms they present can be interpreted as an exposure to a 
precise component. Other species are not harmed by pollutants and 
accumulate pollutants in their tissues. 

- Test organisms are used in toxicological study of a given pollutant. 

Measuring physical and chemical parameters gives figures about concentrations, 
temperatures but do not show the impact on the ecosystem. Biological indicators show 
directly the influence on the organisms and especially when several pollutants interact. 

3.3.2 Different kind of organisms available for research 

The main difficulty is to chose the ones which are the most efficient. Plants have often 
been used as biological indicators. Organisms from the different kingdoms may be 
chosen according to their specificity for problem.  
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The lichens 

Lichens are sensitive to pollutants. Compared with higher plants, they present 
morphological specificity which make them more sensitive. 

- The absence of cuticle facilitates the pollutants access in the organism. 
- Their low chlorophyll content induce a slow growth and a limited capacity to 

regenerate. 
- The water incomes are almost only due to precipitation and air humidity. 
- They accumulate metals 
- They do not have any excretion, i.e. everything accumulates. 

It is possible to classify lichens regarding parameters such as water demand, tolerance 
to toxicity, acidity of the substrate etc. Lichens have been used successfully as far as air 
pollution is concerned. Their sensitivity to SO2 make possible to map pollution impact. 
They have also been used for metals, hydrogen fluoride pollution, radioactive elements 
etc (Koväcs, 1992). 

The bryophytes 

The main advantage of bryophytes or mossescompared to higher plants is: 

- They are always green and almost without exception perennial. 
- Many species has a wide distribution both geographically and as far as concerned 

the habitat which is useful for comparative studies. 
- Most of the species do not have a cuticle. 
- Their nutrients come directly from the atmospheric deposition. 
- They accumulate certain elements, for instance heavy metals. 

Bryophytes have been used for air pollution control. Especially SO2 has a noticeable 
impact on the reproduction of the mosses. Radioactive substances accumulate also in 
their tissues. One species, Hylocomium splendens, producing annual segments has been 
widely used in Nordic countries to study heavy metals (Koväcs, 1992). Each segment is 
representative for a year (see fig 9). 

Actual segment 

Previous year segment 

Two year old segment 

Figure 9 	The moss species Hylocomiurn splendens. 

The herbaceous (flowing) plants 

The higher plant response to pollution depends not only on the species characteristics 
but also on the stage of development, the age, the physiological activity. Acute exposure  
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to pollutants will in general induce external symptoms such as necrosis. Chronic 
exposure will on the opposite not provoke external changes but the cells metabolism 
may be affected and the growth retarded. Plants have also used in air pollution control. 
Certain species are sensitive to pollutants and other accumulates them. Plants can be 
used for S02, fluorine compounds, nitrous gases, heavy metals. Lolium perenne and L. 
multiflorum are two common species which can be used as accumulator for metals. One 
can distinguish the accumulation in the roots and the leaves depending on the 
environment. The leaf indicates both soil pollution and floating dust loads. Fruits do not 
usually present high concentrations (Kovacs, 1992). 

- Use of vegetation in case of accidental exposure to toxic gases 

Studies have been carried out concerning accidental releases of gas, at levels able to 
cause serious injuries or death. But as far as low level emissions are concerned, less 
work has been done. Griffiths & Smith (1990) have used vegetation damages as a 
quantitative indicator of exposure to small but frequent releases of chlorine. 
Symptoms noticed after accidental release on lettuce are development of necrotic 
lesions along the margins of the outer leaves, extending inwards in solid patches in 
severe cases. Less severe damage was in the form of brown spots on the leaf upper 
surface. Grasses and woods showed pale yellow/white bleached areas at the leaf tips. 
After few days the necrosis gets larger and sometimes can lead to complete necrosis 
of the leaf. 

Two species have been specially studied, Lolium perenne and Trifolium  repens.  
Damages were progressive with the increase of concentration. The graduated 
response from these species could be used to determine the concentration of gas 
present. These two species have been used in this case to detect chlorine gas; the 
method could be extend to other species and other gases such as landfill gas where 
exposure is also at a low level for long periods. 

The trees 

Trees can also be used as biological indicators. Only leaves or needles are collected and 
studied. The necrosis on a leaf may be used as a damage scale. Depending on the 
pollution, certain species suit better than other. Trees can be used for the same kind of 
studies as herbaceous plants.  
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Appendix 4 - Statistical analysis 

Statistical methods such as t-test, regression analysis or variance analysis may be used to 
study correlation between variables. When several variables have to be studied it is 
possible to use multiple regressions or factorial design. These classical statistics methods 
are well adapted when a large number of observations is available and only few 
variables are studied. When studying cases where many variables are involved, co-
linearity between several of them reduce the real degree of freedom and few 
observations are available, classical statistic methods become limited. 

Multivariate data analysis (MVDA) is a more recent technique which is now possible to 
use thanks to the improvements in computer technology. MVDA is especially well 
adapted to cases where many variables and few observations are available. The method 
is based on the least-square method. The objective is to represent the data set, which is 
originally in a space of  n  dimensions (if  n  variables have to be studied) in a 2 
dimensional plane. To explain the method, an example is shown in figure 10. 

• Taking a data set with three variables. Each observation can be represented by one 
point in a 3 dimensional space (a). 

• The axes along which the data set has is largest spread is taken as first axes  (b)  and is 
called principal component 1 (PC1). 

• A second axes, orthogonal to the first one is chosen along which the data set has its 
next largest spread  (c).  

• The second axes is called principal component 2 (PC 2). PC1 and PC2 defined a plane 
on which the data set is projected  (d).  

The projection of the data set on the  PC-plane  is called score plot and the projection of 
the original axes representing each variable is called scatter plot. If a variable has a 
large influence on the data set, it will be almost parallel to the PCs and will meet the  
PC-plane  far from the origin. If a variable has no influence on the data set, the 
observations are randomly spread along this axes and the axes will meet the  PC-plane  

close to the origin. 

Classical statistic require more observations than variables. The variables have to be 
independent and orthogonal to each other. The statistical error is normally distributed. 
MVDA may handle situations where more variables than observations are available. 
The method does not require independence and orthogonality of the variables. The 
error does not have to be normally distributed. The requirement for using MVDA are 
not as high as with classical statistics and permit to handle more various data sets. If 
many variables are  studie  but the number of data is limited because of economical and 
time consumption reasons, MVDA may give better results than classical statistics. 

It is also possible to define  X  and  Y  variables and to analyse the data with a partial least 
square (PLS) analysis. Contrarily to classical statistics, it is possible to have several  Y  
variables. The result is a representation of the  PC-plane  where variables or observations 
and where correlation between them appear. A disadvantage is that MVDA does not  
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give numbers such as regression coefficient or confidence interval as with classical 
statistics. 
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Figure 10 Principles of the multivariate data analysis (MVDA) 
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VEGETATION AS A BIOLOGICAL INDICATOR FOR 
LANDFILL GAS EMISSIONS. INITIAL INVESTIGATIONS  

C. MAURICE, A.  BERGMAN,  H.  ECKE &  A. LAGERKVIST 

The Landfill group,  Luleå  University of Technology, S-971 87  Luleå,  Sweden 

SUMMARY: Landfill gas is harmful for the vegetation. A study has been carried out on 
three Swedish landfills during which gas emissions, gas concentration in the soil and the 
vegetation growing on the surface were recorded to see if and how the vegetation was 
influenced by the gas emissions. The main factor influencing the vegetation appeared to 
be the site itself. 

INTRODUCTION 

Landfill gas is mainly a mixture of methane and carbon dioxide. Methane and carbon 
dioxide are both greenhouse gases, but methane has a greater specific effect than carbon 
dioxide. Over a 10 year period, one molecule of methane has 26.9 times greater impact 
on global warming than a carbon dioxide molecule. This difference decreases to 7.5 for 
a 100 year period (Lelieveld, et al., 1993). The methane contribution in the greenhouse 
effect is recognised. Blake &  Augenstein  (1994) estimates that between 1980 and 1990, 
methane is responsible for about 20 % of the greenhouse effect. Methane has also a role 
to play in the ozone layer destruction. At the moment, it seems that methane 
concentration in the atmosphere tends to stabilise. But controlling the landfill the 
methane emission is still one of the most efficient and the cheapest way to reduce the 
greenhouse effect (Blake &  Augenstein,  1994). 

It is difficult to estimate methane emissions from a landfill. Part of it may be oxidised 
in the top cover. Measurement techniques have their limits. Emission rates vary very 
much with time and space, i.e. from one day to another the rate may vary, influenced 
by wind, air pressure, etc and on the same site within a few meters because gas uses 
preferential pathways. 

Poorness of vegetation at completed landfills has been reported by several authors 
(Gendebien, et al., 1992; Leone, 1977; Moffat & Houston, 1991). Green plants and trees 
are damaged, having their leave margin withered. 

Certain species resist better to the landfill environment than other. Some may show 
different types of harm depending on the gas concentration. Our idea is to develop a 
method to use the vegetation as an indicator of gas emission. The main advantages of 
using this method would be: 

- information regarding "average" conditions may be accessed since the plants are 
continuously exposed to the site conditions. 

- no need to disrupt the surface. 
- data could be obtained from greater surfaces with less effort. 
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1. BACKGROUND 

Landfill gas is generated in the hart of the landfill by decomposition of the buried 
wastes. It will flow through the soil and finally be released in the atmosphere. Before 
reaching the open air, landfill gas passes the top soil and the vegetation. During the 
contact with soil and vegetation, the landfill gas can influence both. 

1.1 Effects on soil 

The transport of landfill gas through the soil creates a  redox  gradient. Under reduced  
redox  conditions elements such as iron and manganese become more soluble than in 
aerated soils. These mobilised metals can then be fixed again during transport where 
conditions are different. A stratification in the landfill top cover may appear with 
horizons enriched in certain elements. Some laminations have been observed by Adams 
& Ellis (1960), studying natural gas saturated soils. Increases of exchangeable ferric 
ions and manganese were also noticed. The increased water solubility also means that 
the elements become more available to the plants, sometimes even in toxic 
concentrations. (Gendebien, et al., 1992; Wong & Yu, 1989; Leone, et al., 1977). 

1.2 Effects on vegetation 

Some of the measures taken to insure a good waste storage are not always the best to 
provide a good growth environment for plants. 

- The soil used may be too compact and not fertile. 
- Efficient drainage may cause dryness. 
- The winds have a greater drying effect on landfill when they are built above the 

soil surface. 

But the most usual reason for vegetation damages is the presence of landfill gas in the 
roots zone. Mainly two gases may influence the root system: CO2, CH4. Experiments on 
tomato plants show that even at low 02 concentration the plant has a normal 
development. High methane concentrations do not affect it directly. High carbon dioxide 
concentration harms the plant (see table 1). 

Table 1 	Studies carried out on several species showing the influence of 
gases on their growth (Gendebien, et al., 1992). 

Plant studied 02 CO2 CH4 Effect on the plant 
Tomato (Lycopersicon esculentum) 20% - Normal development 

7% - „ 

7% - 45% „ 	II 

11 	 tt  7% 34% Damaged 
„ 7% 34% 45% Damaged 

Pea seeds (Pisum sativum) 1% Death 
Barley (Hordeum vulgare) 20% Normal  
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The first dying process is asphyxia i.e. an insufficiency of oxygen to sustain respiration 
in the roots. Methane and carbon dioxide are both present in such high concentrations 
that they displace oxygen and its concentration falls under the requirement level of the 
plant. The resulting lack of oxygen causes death by asphyxia which seems to be the first 
cause for vegetation kill (Gendebien, et al., 1992). Most plants require an oxygen 
concentration in the soil gas phase between 5 to 10 %. The first symptoms of asphyxia 
are chlorosis, i.e. leaves start to yellow because of lost or reduced development of 
chlorophyll. This phenomenon can also be caused by extreme temperatures, lack of 
water, infection, iron deficiency, high soil-pH, etc (Flower, et al., 1981). The 
variability between various species is large. 

Usually carbon dioxide is a limiting factor for photosynthesis and is essential for plant 
survival. But it can also be directly toxic to the plants. The normal concentration of 
carbon dioxide in soils is between 0.04 and 2 %. An elevated concentration of carbon 
dioxide, a situation which often occurs at landfills, is directly toxic to the roots even if 
there is enough oxygen available. A normal development can occur with a CO2 
concentration of 5%. Over 20%, the carbon dioxide is generally phytotoxic (Gendebien, 
et al., 1992; Hoeks, 1972). As illustrated by table 1, the tolerance of plants to carbon 
dioxide vary from one species to another. 

Methane has not been reported to be phytotoxic in itself but it can lead to asphyxia 
(Flower, et al., 1981; Leone, et al., 1977). Bacteria able to oxidise methane to carbon 
dioxide consume oxygen and that can result in a very low, phytotoxic, oxygen tension in 
the vegetation root zone and an increased CO2 concentration. This oxidation is also 
exothermic and can lead to a warming and a drying of the soil. 

2. PRELIMINARY FIELD INVESTIGATIONS 

2.1 Presentation of the sites 

During the summer of 1994 three landfill sites were studied. They are situated in south 
Sweden close to the cities of Stockholm,  Malmö  and  Helsingborg.  The studied parts of 
these landfills were test-cells from the integrated test cell program  (Lagerkvist  1991) 
which had received their top cover over the last three years. 

At Högbytorp, close to Stockholm, a one meter waste water treatment sludge and a 
moraine layer has been used as top cover. The soil is very rich in organic matter and is 
quite loose. It was filled during the later part of 1992. The site is well vegetated but 
several large spots of dry vegetation occur. Some large cracks, often more than 30 cm 
deep, are visible from the surface. 

At  Malmö,  the organic soil layer is very thin (a few centimetres) and may be eroded by 
the surface runoff. Originally the top cover consisted of a 0.5m clay layer and a 0.3m 
topsoil. Some trees and bushes plantation has been carried out on some part of the 
landfill disturbing the soil surface. The cells were closed at the end of 1989. The 
vegetation is very sparse, sometime not continuous and seems to be dry.  
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At  Helsingborg  the soil layer is a few decimetres thick. Originally the top cover consists 
in a 0.5 m clay layer and 0.3 m topsoil. The cells were closed in the middle of 1991. 
Some alteration work was done on the surface of the cells, removing the old vegetation. 
The new vegetation was thick and green. The plants where also quite high. 

On the studied cells, four test squares (10  x  10m) have been marked on the surface (see  
figurel).  These squares were divided in 25 sample squares (2  x  2m) and all the samples 
quoted later have been taken on these last ones. Gas measurements and vegetation 
studies have been conducted on some of these (2  x  2m) squares. 

Gas sampling with:  

iS Probe 

0 Chamber 

Chamber on line with a gas monitor 
V 

it 	 

 

leb  

 

10 m  

Figure 1 	Arrangement of test squares. 

2.2 Methods 

2.2.1 Vegetation study 

Three different variables have been recorded: species occurrence, species abundance 
and average size. Nomination was made according to The Nordic Plant Guide"  
(Mossberg  et al, 1992). A square  (lm  x  lm)  was located around the studied sample. All 
the species present were recorded as well as their abundance (according to the Braun-
Blanquet scale). The Braun-Blanquet scale (Causton, 1988) is a cover-abundance scale 
which corresponds to an estimation in percentage of the surface of the soil covered with 
a vertical projection by the aerial part of the plant. The percentage of the soil surface 
covered by each of the different species growing on the 1m2  square was recorded 
according to this scale. An "average" cover index has been calculated. For calculations 
of average cover values, the index r and + have been replaced by 0.1 and 0.5. 

r = rare, less than one per cent, very few individuals. 
+ = less than one per cent but more individuals. 
1 = covering between 1 and 5 per cent 
2 = covering between 5 and 25 per cent or 

between 1 and 5 per cent but with many individuals. 
3 = covering between 25 and 50 per cent 
4 = covering between 50 and 75 per cent 
5 = covering between 75 and 100 per cent 

The size of some specimens have been also recorded in several occasion. Some remarks 
concerning their appearance were done when needed.  

C. Maurice, A.  Bergman,  H.  Ecke  c2 A.  Lagerkvist,  1995  

0 0 
0 0 

• S 
o o 

at ) 



Vegetation as a Biological Indicator for  LFG  Emissions 
5 

The biomass of the aerial part of the plant was measured. On two samples of each test 
square, one square meter of the vegetation have been clipped (2 cm above the surface), 
weighted and taken for further analysis. These samples were dried (105°C) and 
weighted until a constant weight was reached. 

2.2.2 Soil sampling 

From each site, about one litre surface soil was taken after the vegetation had been 
removed. The samples were kept in plastic bags. They were then air-dried for a month. 
From this soil, two samples have been analysed for pH (soil: distilled water 1:2.5 and 
1:10), conductivity (soil: distilled water 1:2.5 and 1:10), loss on ignition at 775°C for 1 
hour after being first oven dried at 105°C for one day. 

2.2.3 Gas measurements 

Static chambers were used to measure the gas flow coming out through the soil surface. 
Gas samples were taken after 2, 4, 8, 16 and 32 minutes in small evacuated glass tubes. 
The gas analyses have been carried out later by gas chromatography. The detection 
limit was 0.1  ppm  for methane and 100  ppm  for carbon dioxide. A ring of clay was 
applied all around the vessels to reduce disturbances due to wind and leakage. For each 
test square, one of the chamber was coupled on line with an infrared acoustic gas 
monitor. Methane and carbon dioxide concentration were measured with a detection 
threshold of 0.3  ppm  and 1.7  ppm  respectively. 

Gas profiles of the soils were done with a probe with a diameter of 13.5 mm. An 
opening protected by a filter, is provided at the bottom of the probe to collect gas. 

Filter 	 Valve 

Tip 	 Air space 	 Syringe 

Figure 2 	Description of the probe used for gas sampling in the soil. 

Gas is collected with the help of a hypodermic syringe and a tiny rubber tube connected 
to the air space (see figure 2). The penetration of the soil was carried out step by step 
with 5 cm between the different levels. Gas samples were taken at various depth. First 
15  ml  of gas were taken out to flush out the system and then 15  ml  more were taken 
and saved in a glass bottles. The samples have been analysed for CH4, CO2, N2 and 02 
by gas chromatography for concentrations higher than 100  ppm.  

2.2.4 Multivariate analysis 

A multivariate bilinear calibration approach (from here called MVDA: multivariate 
data analysis) has been used for a evaluation of the results. The calibration method used 
here is a PLS-DA (partial least squares - discriminant analysis) outlined e.g. by Martens 
&  Næs  (1991).  
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2.3 Results 

2.3.1 The soil analysis 

Table 2 presents the results from the soil samples analysis. Most of the samples have a 
loss on ignition around 6% except three samples from Högbytorp which contained water 
treatment sludge. These sludge samples were very light and they had to be mixed with a 
high quantity of water (1:10 instead of 1:2.5) in order to get a solution to measure pH 
and electrical conductivity. 

Table 2 Results from soil analysis. 

Sample Loss on ignition (LOT) 	pH Conductivity Type of soil 
[% of  DS]  [Rs/m]  

Hög  1  4.4 7.91 2890 Clayey moraine 
Hög  2  42.4 5.00* 1636* Sludge 
Hög  7  48.1 4.85* 3025* Sludge 
Hög  9 34.0 5.72* 7830* Sludge  

Hel  A 5.7 5.40 399 Clay + org. mat.  
Hel B  7.6 6.16 120 Clay + org. mat.  
Hel C  7.5 6.02 89 Clay + org. mat.  
Hel D  5.8 5.77 95 Clay + org. mat. 

Mal A 5.3 8.07 189 Clay 
Mal B 5.4 8.10 124 Clay 
Mal C 5.9 8.05 180 Clay 
Mal D 4.8 8.12 134 Clay 

*: mixture soil/water: 1:10 

2.3.2 The most common species 

During the study, 57 squares have been sampled. The distribution of species vary 
considerably. Some may be present at only one of the landfills or only on one part of it. 
They may also be spread all around with only few individuals or concentrated on one 
spot and dominate. Most of the species did not occur very often. Only 4 of them occur 
more the 20 times and 3 between 10 and 20 times. Four different families (Poaceae, 
Ateraceae, Polygonaceae and chenopodiacea) are mainly present while the other species 
and families only occur sporadically. Only two species (Matricaria perforata and 
Cirsium vulgare) have been found at the three sites (among the one having a high 
occurrence). 

Table 3 gives the number of species found at the each site and the average number of 
species per m2. It appears that the total number of species as well as per m2 decrease 
with the age of the cover. Polygonaceae and chenopodiacea are two families of green 
plants which have small flowers sometimes not really visible and that one could classify 
as "landfill species". These two families are characteristic from  Helsingborg  landfill 
(which is very young) and are not well represented at the others. This may be a sign of 
a vegetation succession with time. At first will grow on a bare soil many colonising  
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species. Then some of them disappear with time, some new come but the total number 
of species will decrease. 

Table 3 General information concerning the vegetation cover of the studied sites. 

Site Number of species Average number 
of species per m2  

Last major disturbance of 
the top soil cover 

Högbytorp  
Helsingborg  
Malmö  

12 
22 
12 

3.3 
5.7 
2.8 

92  
94  
89 

Table 4 gives the list of the most common species on the 3 landfills visited. "Common" 
may be understood in several ways. Here are given both the species which occur with 
the highest frequency on the landfills (with no interest for how many individuals or 
which surface is covered) and the species which have the greater degree of cover, i.e. 
the species one see directly when looking at a landfill. 

Table 4 
	

List of the most common species on the landfill visited. Both the species 
occurring the most often (the number of time the species has been found 
is given) and the one having the largest covering are listed. The 
"average" cover index for the corresponding species is also given. 

Occurrence Degree of cover Average 
cover 

Matricaria petforata (32) Festuca ovina 1.7 
Cirsium arvense (27) Matricaria petforata 1.2 
Festuca ovina (24) Cirsium arvense 1.0 
Rumex crispus (22) Rumex crispus 1.2 
Artemisia vulgaris (14) Artemisia vulgaris 1.7 
Phleum pratense (13) Agrostis sp 3.1 
Cheonopodium suecicum (12) Chenopodium bonus-henricus 2.0 

Cheonopodium suecicum 1.3 

The species with a high occurrence rate are interesting to make comparison between 
several part of the same landfill or several different landfills. The species with a high 
occurrence are often also the ones with a high degree of cover. Some species were 
typical from a landfill. Matricaria petforata occured specially very much in Högbytorp 
whereas Chenop odium sp. are common at  Helsingborg.  

2.3.3 The biomass production 

Table 5 gives the result of the aerial biomass production on several sample squares. The 
production on the 1m2 samples is much lower at  Malmö  than at  Helsingborg  and 
Högbytorp. At  Malmö,  the vegetation was predominantly low grass (Festuca ovina) 
while in  Helsingborg  and Högbytorp several species of high plants occured. The % of 
dry material is higher in  Malmö  than  Helsingborg  because the plants were already quite 
dry on the landfill.  
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Table 5 	Aerial biomass per m2. 

Sample Original 	Total 
weight  g  solid  (g)  

% dry 
material  

Helsingborg  A3E  700 340 47 
Helsingborg  BlE  700 260 36 
Helsingborg  B3E  700 240 34  
Helsingborgs C4E  1550 597 39 
Helsingborg  D3E  900 230 25  
Högbytorp  1 2250 370 16  
Högbytorp  2 1450 330 23  
Högbytorp  7 1100 190 17  
Högbytorp  9 5100 1420 28  
Malmö AlE  150 110 75  
Malmö  B  lE  70 50 66  
Malmö  CIE  100 80 81  
Malmö C2E  40 30 80  
Malmö  DIE 20 10 55  
Malmö  D  B&K  60 40 60 

2.3.4. The gas emission rates 

Results from the gas measurements achieved on the landfills are given in tables 6, 7, 8 
& 9. The flow are given for the cells with the lowest and the highest emission rate and 
the mean emission rate for every site. The number of samples on which emissions were 
calculated are also given. The flow calculated from the soil gas profiles are higher than 
the ones measured one the surface for both Högbytorp and  Malmö.  The flow calculated 
from the soil gas profiles are based on the assumption that the driving mechanism for 
gas transport is only diffusion at the deepest sampling achieved (around 50-60 cm deep 
in the soil). Other forces may influence the gas transport and make this assumption 
partially invalid. Pressure build-up in the deeper part of the landfill is a driving force. 
The gas use also preferential pathway where the resistance is lower and provoke a non 
homogeneous emission. Some transformation may also affect the gas composition. 
Methane oxidation is one of them which reduces methane and increases carbon dioxide 
content. 

There is often a difference between the median and the mean value. These differences 
are due to the variation between the samples which may be quite high. The emission 
rates between several samples on the same cell may vary in a wide range. Emissions 
through the soil surface have been measured directly on the site with a gas analyzer or 
samples have been taken and sent for analyse. The principle of the measurements is the 
same and the values found are equivalent. The measurements achieved directly on the 
site gave slightly higher emission rates but the differences are not statically significant. 

The carbon dioxide was found to be high and occur on all the samples (see tables 6 & 
7). Some negative flow have been recorded in several occasions. This means that the gas 
concentration on certain soil layers decrease with depth. This may be due to the 
production of CO2 by methane oxidation in these very layers. Closer to the surface, 
positive flows always occur.  
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Table 6 	Flow calculated from the soil gas profiles (CO2). 

Site CO2 flow 
[mol/m2/c1] 

Std 
deviation 

Number of 
samples 

Median 

Högbytorp max. 3.290 2.550 6 4.000 
min. 0.117 0.095 3 0.150 
mean 2.340 2.320 18 1.850  

Malmö  max. 0.267 0.497 3 -0.020 
min. -0.325 2.570 6 0.080 
mean 0.384 L780 21 0.180  

Helsingborg  max. 0.793 0.002 6 0.090 
min. -0.047 0.713 6 0.090 
mean 0.245 0.001 24 0.065 

Table 7 	Emission calculated from the chamber measurements (CO2). 

Site Emission 
[mol/m2/d] 

Std 
deviation 

Number of 
samples 

Median 

Högbytorp max. 0.590 0.900 12 0.250 
min. 0.080 0.100 7 0.000 
mean 0.400 0.620 40 0.230  

Malmö  max. 0.650 0.540 14 0.550 
min. 0.320 0.240 7 0.240 
mean 0.430 0.410 47 0.320  

Helsingborg  max. 1.020 0.710 13 0.860 
min. 0.250 0.070 12 0.230 
mean 0.670 0.550 51 0.470 

The median for methane emissions is often 0. Most of the samples had no or very low 
methane emission rates except a few samples at  Malmö  and Högbytorp. The higher flow 
of CH4 in the soil than at the surface can be interpreted as a sign for methane oxidation 
in the soil. The diffusive flow of methane increase when the soil level where it is 
oxidised gets closer. This trend with a methane flow increasing first then decreasing 
near the soil surface, has been noticed several times. Methane oxidation produces 
carbon dioxide which may induce a smaller flow by diffusion deep in the soil and may 
occasionally induce an opposite flow down into the landfill. The negative values of flow 
found at  Helsingborg  and  Malmö  may be considered as methane oxidation signs. 

Table 8 	Flow calculated from the soil gas profiles (CH4). 

Site CH4 flow 
[mol/m2/d] 

Std 
deviation 

Number of 
samples 

Median 

Högbytorp max. 0.157 0.220 6 0.065 
min. 0.053 0.076 3 0.020 
mean 0.118 0.149 18 0.055  

Malmö  max. 3.330 0.071 6 0.010 
min. 0.000 0.000 6 0.000 
mean 0.031 0.091 21 0.000  

Helsingborg  max. 0.008 0.016 6 0.000 
min. 0.000 0.000 6 0.000 
mean 0.002 0.008 24 0.000  
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Table 9 	Emission calculated from the chamber measurements (CH4)- 

Site Emission 
[mol/m2/d] 

Std 
deviation 

Number of 
samples 

Median 

Högbytorp max. 0.200 0.560 12 0.000 
min. 0.000 0.000 14 0.000 
mean 0.060 0.310 40 0.000  

Malmö  max. 0.360 0.500 13 0.010 
min. 0.001 0.003 10 0.000 
mean 0.140 0.340 36 0.000  

Helsingborg  max. 0.060 0.130 10 0.000 
min. 0.000 0.000 10 0.000 
mean 0.016 0.065 42 0.000 

Landfill gas emission rate through the top cover is not homogeneous. It may vary with 
time, depending on the season, the gas production, the air pressure, etc and on the 
landfill depending on the soil porosity, its resistance to gas transport, etc (Bergman, 
1995). The gas measurements are valid for the very moment and the very place they 
have been performed at. Figure 3 shows the difference in the results of measurements 
achieved two days in a row. The emission rate may vary quite much such as in  Malmö-
cell  C  and  Helsingborg-cell  B.  No measurement have been taken the first day in  Malmö-
cell  D.  

Malmö 
	

Helsingborg  

Lm  

A B 
Average carbon dioxide emission for the two days they have been 
measured on  Malmö  and  Helsingborg  different landfill cells. 

1250 

n, 1000 

750 - *A 

o 

250 -  

 

	• 
30 	 40 10 	 20 

Time [min] 

Figure 4 	Methane concentrations during three measurements done close to 
each other at the  Malmö  landfill.  
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The variation between samples occurs also in space. Figure 4 shows the results of three 
samplings performed on the same site  (Malmö-cell  C).  The methane emissions on 

sample  Malmö  2C3 and  Malmö  2C1 are similar. The two samples were 2 meters one 
from the other. Sample  Malmö  2C5 was laid 3 meters from  Malmö  2C3 and no methane 
emission was noticed. 

2.4 Discussion 

2.4.1 The vegetation 

The vegetation on the landfill vary very much from one site to another. At Högbytorp 
and at  Helsingborg,  the vegetation was quite thick and high (between 0.7 and 5.1 kg/m2 
fresh organic matter). On the opposite at  Malmö,  the vegetation was very sparse and 
short (between 0.02 and 0.15 kg/m2 fresh organic matter). Several factors susceptible to 
influence the vegetation have been identified. 

The age of the cover seems to be of importance for the species richness and the 
occurrence of certain species. At  Helsingborg  and  Malmö  where the top cover soil has 
been partially disturbed because of alteration work, species which can be called "typical 
landfill plants" were growing whereas on the undisturbed places, grasses occur. 

Two reasons may be put forward to explain these deaths: the presence of landfill gases 
and the dryness which stroked during the summer of 1994. The thin layer of organic 
soil and the slope of the sides which did not store water may explain the bad health of 
the vegetation in  Malmö.  Some dead specimens have been seen at Högbytorp and  
Malmö.  

For a CO2 flux between 0 and 2 mol/m2  /d,  the degree of vegetation cover of Festuca 

ovina has been found to be negatively correlated to the gas flux. The higher cover levels 
occur between 0 and 0.25 mol/m2  /d  and the cover is only 1-5% for flux between 1 and 
2 mol/m2  /d.  A general diminution in degree of cover is also noticeable as the CO2 
emission increase. 

The average size of the most common species have been recorded on several occasion. 
For a CO2 flux between 0 and 2 mol/m2  /d  the size of Matricaria Petforata varied 

between 0.35 and 0.55 m and was randomly distributed. The size of Rumex crispus 
specimens varied between 0.5 and 0.75 m and a the maximum and average size 
decreased when the gas flux increases. Their usual size in nature are respectively 30-60 
cm and 40-100 cm ("The Nordic Plant Guide"  (Mossberg  et al, 1992) has been used as 
reference). It has also to be noticed that the specimens can be qualified as "short" i.e. 
their average size is close to their lower average size in nature. Several environmental 
factors can also be responsible for the poor growth. 

The size of the specimens recorded correspond to the "average" size of the plant on the 
sample which was studied and the measurements were not achieved systematically. 
These may be two reasons why the trends are not as clear as expected. It may also be 
difficult to compare specimens from different landfills. Several environmental factors 
such as dryness, availability of nutrients etc may also influence the size of the plants. On  

C. Maurice, A.  Bergman,  H.  Ecke &  A.  Lagerkvist,  1995  
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the same landfill, one can assume that most of the environmental factors are constant 
and only a few such as gas emission vary. Recording specimen size, on the same 
landfill, in a systematic way, for every specimen on the sample, may give then better 
results with a clearer trend. 

Among the 36 different species encountered during the field study, 9 have been found 
to occur commonly on the landfills. That means that either they occur often or that they 
have a high degree of cover. Often the species with a high degree of cover also have a 
high occurrence. An indicator that could be used on different landfills could be found in 
this group of species. 

2.4.2 The gas emissions 

The gas concentration in the soil were often very low. Most of the time no methane was 
detected. Methane emissions were also often very low except on one cell. Large 
variations in time and in space were noticed. 

Methane oxidation may influence the vegetation by reducing the oxygen available to the 
roots, increasing temperature and producing carbon dioxide. Signs of methane 
oxidation has been noticed: 

- Methane oxidation may be seen when comparing the ratio CH4/CO2 in the soil 
profiles. The landfill gas composition is originally 50% CO2 and 50% CH4. The 
emission measured on cell A at Högbytorp on a crack at the surface of the soil 
may be considered as pure landfill gas coming directly from the hart of the 
landfill. Figure 5 shows the evolution of gas concentration in the soil at different 
depth on one sample from Högbytorp. The ratio CH4/CO2 decrease from 1.25 to 
0.12 which can be considered as a sign of methane oxidation. 

- Figure 6 show the soil profile of the methane flow at one location at  Helsingborg.  
The increase of the flow is en indication of methane oxidation. 
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-40-N 

E 
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Figure 5 	Ratio CH4/CO2 in the soil 	Figure 6 	Calculated flow in the soil 
versus the depth. 	 (example from  Helsingborg). 
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- Methane oxidation is achieved by microorganisms communities which develops in 
the soil. When gas emission occurs and methane is oxidised, the organic content 
and the CO2 emission should increase. Figure 7 shows the correlation between the 
organic content of the soil and the carbon dioxide emission rate on the different 
cells at  Helsingborg  and  Malmö.  

4 	 5 	 6 	 7 	 8 

loss on ignition 

Figure 7 	% loss on ignition versus the gas emission rate in mol/m2  /d  
(samples from  Malmö  and  Helsingborg).  

Bergman (1995) found, studying methane oxidation in the top cover, more strong signs 
of methane oxidation were often noticed on places which were well vegetated compared 
to the one with less vegetation. The comparison between well and bad vegetated areas 
concerned the same site and they are not comparisons between several sites. His study 
included the landfill we visited and he found signs of methane oxidation at the three 
landfills and especially at  Malmö  where the signs were very strong. During our 
investigation,  Malmö  has been considered as sparsely vegetated compared to the two 
other sites but as explained above, the criteria "well vegetated" was applied only at the 
same site to compare two areas. 

According to Bergman (1995) observations, the vegetation might be used to identify 
methane oxidation areas. It is not really possible to answer this question now. The three 
landfill visited present methane oxidation, which did not permit to have areas without 
methane oxidation to compare with. A second reason is that very few vegetation data 
recording have been achieved on the samples studied regarding methane oxidation. 

2.4.3 Multivariate analysis 

If some predictor variables  X  are believed to influence some response variables  Y  the 
equation  Y  <= f(X) explain the relationship. With the MVDA approach many 
(correlated)  X  variables can be replaced by a few (uncorrelated) latent variables called 
principal components (PC) in a model  Y  <= f(PC) where PC <= f(X). One advantage 
with these transformations is that the data can be interpreted from simple graphs. From 
a MVDA score scatter plots can be generated. In a score scatter plot the distribution of 
projections of individual observations on a  PC-plane  is illustrated. In the score scatter 
plot information on patterns in the plot e.g. observation clustering (observations with 
similar variable response behaviour usually cluster) and solitaire observations (may 
contain unique information or simply be an outlier) are sought for.  
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Also loading scatter plots can be generated. A loading scatter plot graphically presents 
the relations between the predictor- and response variables as well as the PCs on a  PC-
plane.  The projection of a predictor variable can be thought of as the tip of a force 
vector working from the origin of the  PC-plane.  The direction and distance from the 
origin correspond to the direction and force at which the predictor variable works when 
the variable value is increased. The score- and loading plots from a calibration are 
presented on the same plane with the same origin for the PCs. This allows a 
simultaneous interpretation of the two different plots. By doing so information on the 
variables influence on single observations can be revealed. 

Here the MVDA has been used to study field data variations at three levels; 

-To identify the relative importance of the studied variables on the distribution of 
plants. 

-To study correlations between variables i.e., prediction- vs. prediction variables 
and prediction- vs. response variables. 

-To create a numerical bilinear model for the prediction of CH4 and CO2 emissions 
from topsoils based on variations in the plant distribution. 

A PLS (partial least squares) revealed two principal components. As  X  variables CO2, 
CH4, soil - pH, - loss on ignition, conductivity and location (site) were used. The 
population density of the different plants were used as  Y  variables. 

Figure 8 shows a very sharp clustering of the observations into three groups depending 
on the site at which the observation was done. 

Malmö  

CDHeisingborg 

0  

Högbytorp  1  

.  
Högbytorp 

-3 	-2 	-1 	 2 
	

3 
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Figure 8 	A score scatter plot from the PLS calibration. 

A projection of a predictor variable in a loading plot close to the origin between the 
two PCs means that the variable has little influence on the variation of plant distribution  
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and vice versa a score far from the origin show that the variable has a large impact. 
The direction of the score from the origin show how an increase of the variable will 
work on the plant distribution. The closer the direction (or close to opposite direction) 
from the origin between two  X  variables are the closer the correlation between them 
are.  

In Figure 9 the projections of the  X  and  Y  variables on the loading plot plane are 
shown. 

-pH CH.4 

• site  C  
• Rumex  C.  

• 
Chenopodium s. 

• Cirsium a. 

• CO2 

• site  B  • • nueum  p.  
Festuca o. 	•CH4 

*C°2 • Matricaria  p.  
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• To loss on ign 
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Figure 10 A loading score scatter plot  (wc-plot) on the variables from a PLS 
calibration. The predictor loading projections are marked with 
bold notations and the response loading projections are plain. 

From Figure 10 it seems that the variables that have the strongest influences on the 
plant distribution are: 

- the site 
- the pH in the soil 
- the conductivity 

The analysis was carried out on some "common plant species". These species are often 
common on one of the landfill but missing on an other. This explains the strong 
correlation between the site variables and the plant distributions. 

The soil -pH and -conductivity are very closely correlated to the site. This is of course 
no surprise because the sites have different topsoils. The close correlation makes it 
impossible to evaluate e.g. the impact of changes in soil-pH on the distribution of 
Phleum  p  and Artemissia v. Information about e.g. the climate, nutrition status and 
plant selection at  revegetation  are baked into the site variables. Any of those not 
measured variables (or a combination of them) may just as likely as the pH explain the 
distributions. 

It is however evident that the soil pore content of CH4 and CO2 in the studied 
concentration ranges does not correlate well with the plant distribution.  

C. Maurice, A.  Bergman,  H.  Ecke &  A.  Lagerkvist,  1995  



Vegetation as a Biological Indicator for  LFG  Emissions 
16 

The chosen variables do not contain enough information about the  biogas  emissions 
from topsoil to allow a numerical model to be built. Either too much information is 
"hidden" in the variable called site or some important variables have been left out of the 
calibration. 

Multivariate calibrations were carried out using only observations from respective site, 
in order to eliminate the "site" parameter. These calibrations did not give any further 
valuable information and are not presented here. 

2.5 Conclusion 

Some signs of methane oxidation have been seen with  Helsingborg  of the soil gas 
profiles achieved in the top cover. Methane oxidation reduces oxygen availability, 
increases carbon dioxide content and increases temperature, three factors which are 
negative for plants. 

The vegetation distribution on the visited landfills was influenced by several factors.The 
location of the landfill influence very much the plant distribution. It might be difficult 
to find one plant species which could be used as an indicator on every landfill even if 
several species are very common on the landfills. These species can probably adapt 
themselves to various type of environment and a general indicator should be found 
among them. However they may not be sensitive enough to be used as indicators for 
landfill gas and trying to find indicator species may not be the best way to use 
vegetation as an indicator for landfill gas emissions. The correlation found between the 
degree of cover or the size of the specimens and the gas emissions may be more useful 
than the occurrence or non occurrence of a species. Studies should be carried out on the 
same landfill where as few parameters as possible vary in order to give importance to 
the gas emissions. Reference areas without gas influence would also be of great help to 
show the gas effects. 

Potential gas emission indicators maybe: 

- spot with no vegetation at all 
- spot with dry or harmed vegetation (drying or yellowing leaves, etc) 
- size variation between groups of specimens of the same species at the same landfill 

More research should be done concerning the "common species" by studying precisely 
their reaction to landfill gas i.e. at which level of gas they start to present yellow or 
dry, they die, etc. Such bioassays have e.g. been done with pea seedlings to identify the 
presence of ethylene (Taiz &  Zeiger,  1991). 

The area covered by the chambers is 0,064 m2 and many samples are required to extend 
the results to the whole landfill. The vegetation samples taken were 1 m2 and more 
would have been needed, especially from areas not affected by gas emissions, to find 
better trends. Additional tools are needed for the observation of plant response over 
larger surfaces.  
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SEASONAL VARIATION OF LANDFILL GAS EMISSIONS  
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SUMMARY: Landfill gas emission rate and quality have been recorded once a month 
during a one year period. Methane emissions were only observed in late winter, when 
the top soil was frozen. Carbon dioxide was emitted during the whole year. For most of 
the year methane oxidation was complete. The  LFG  emission during one year for the 
test cell studied was estimated to be about 432  mol  carbon dioxide /m2  /year and to 
about 8  mol  methane /m2  /year. 

1. INTRODUCTION 

Landfill gas  (LFG)  emissions can be highly variable as it is influenced by many factors 
such as gas abstraction, wind, air pressure, etc. The rate and quality of  LFG  emissions 
may also be affected by seasonal variations. 

Even in cold climate areas, the surface of  bio-active landfills will rarely cool down 
much below 0°C and under the cover, the seasonal variations of waste temperatures will 
be fairly small, thus, gas generation will not be slowed much by seasonal cooling. 
However, the surface temperature changes may influence the gas transport and 
emission.  Börjesson  & Svensson (1996) measuring landfill gas emission along the year 
on a landfill in South Sweden recorded lower methane emissions both during the winter 
when snow covered the landfill surface, and during the summer. These low emission 
levels were respectively explained by the building of an ice layer stopping gas and, 
during summer, oxidising bacteria's activity. 

The aim of this study was to investigate the seasonal variation of both the  LFG  emission 
rate and the gas composition from a landfill situated in a subarctic climate area and 
especially the  LFG  emission through the snow cover. The aspects which have been 
especially studied are: 

• Variation of the gas composition 

• Indications of methane oxidation 

• Diffusion of  LFG  in snow 

• Climatic influence on the waste temperature 

• Advantages and drawbacks of the different measurement technics used. 
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2. FIELD INVESTIGATION 

2.1 Presentation of the site 

A one year long study has been carried out on a test cell situated at the landfill of the 
town of  Luleå,  in North Sweden (66  N  - 22  E).  The test cell contains a 3 meter thick 
layer of waste under a 1.2 meter thick soil cover. In North Sweden the winter begins in 
October and finishes in April. The soil is deeply frozen down to several decimetres and 
a snow layer of several decimetres usually covers the surface. The 2 month long 
summer can be dry and sunny with temperatures which may reach up to 25-30°C 
average air temperature. 

2.2 Methods 

The study started in February 1996. Once every month, gas emissions were measured 
with static chambers and the gas samples are analysed "on line" by an infrared acoustic 
Brüel &  Kjær  Multi-gas monitor Type 1302. Measurements are compensated for 
temperature fluctuations, water-vapour interference and other gas interferences. 
Methane and carbon dioxide concentrations are measured with a detection limit of 0.3  
ppm  and 1.7  ppm  respectively. For the last measurement campaign, the gas samples 
have been taken in 13  ml  glass bottles and analysed later. 

Three different sampling approaches have been used to measure  LFG  emissions during 
wintertime. 
• The first winter, gas emissions through the snow cover were recorded with a 

chamber set 10 cm deep in the snow. 
• During the autumn 96, three permanent chambers were installed in order to record 

emissions through the frozen soil surface. These chambers are built of several 
frames which can be put on the top of each other in order to increase the height as 
the snow layer becomes thicker. 

• During the last measurement campaign, the snow has been removed and the 
chambers were installed directly on the soil surface. 

In the summer, static chambers put on the soil surface have been used, as described in 
Maurice et al. (1995). 

Temperature profiles in the soil were recorded in parallel with the gas measurements 
using permanently installed temperature probes. 

The total solid (TS) content and the loss on ignition (LOT) at 550°C of 5-10  g.  of soil 
samples have been measured according to  SIS  02 81 13. 

The diffusion of methane and carbon dioxide through half meter high columns of snow 
have been estimated. The total volume of the columns was 8.1 litres. Gas (50 % of 
either CO2 or CI-14 in N2) was injected at the bottom of the column and the gas 
concentration at the top of the column was registered continuously. The bottom of the 
column was filled with stones and a filter separated the snow from the stone layer.  

C. Maurice & A.  Lagerkvist,  1997 
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Two series of measurements were performed. The first one (column n°1) outdoors 
during a winter day when the temperature varied between -3°C to 0°C. The newly 
fallen snow was taken directly in the morning and measurement were made during the 
same day. 

The second series was done in the lab, at a constant temperature of -3°C. Two additional 
columns were used (columns  n°  2 & 3). Before putting snow in the columns, all the 
pieces of the equipment were cooled to the snow temperature. 

3.  RESULTS  

3.1  LFG  emissions rate  

Methane emissions were only observed during the late winter when the soil surface was 
frozen. During summer and autumn no methane emission could be detected (see 
table 1). 

Carbon dioxide emissions have been observed all along the year (see table 1). In May, 
just after the snow smelting period, a high peak was registered. The emission rate 
increased during summer from 300 to about 700 mol/m2/year. During the autumn and 
the winter, the emissions are low with exception for the measurement made in February 
1997. During the autumn, the emissions measured with the permanent chambers were 
low. The measurement in March 1996, placing the chamber on the top of the snow 
cover, resulted in low values. 

Table 1 	Results from the gas emission measurements during the period 7th March 
1996 to 21st February 1997. 

Datum 	7/03 17/05 25/06 27/06 30/07 28/08 10/10 23/10 27/11 18/12 21/02 

CO2 emission rate from the test cell [mol/m2/year] 

Numb.  Obs. 	9 	11 	12 	6 	10 	8 	3 	3 	3 	3 	12 
Mean 	11 897 303 395 647 713 69 79 365 170 752 
Std. Dev. 	5 	505 	284 	285 	293 	193 	57 	48 	293 	133 	289 
Min. 	8 401 66 122 246 507 21 41 43 25 288 
Max. 	16 2169 1121 826 1007 1120 131 133 616 287 1197 

CH4 emissions from the test cell [mol/m2/year] 

Numb.  Obs. 	9 	11 	12 	6 	10 	8 	3 	3 	3 	3 	12 
Mean 	17 	<1 	<1 	<1 	<1 	<1 	<1 	<1 	<1 	<1 	46 
Std. Dev. 	23 	 - 	- 	 - 	- 	 - 	37 
Min. 	 2 	 13 
Max. 	72 	 - 	 122  
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Table 2 	Result from the soil analysis 

Sample TS [%] LOT [%] 

Ti 84 0.56 
T2 84 2.57 
T3 77 2.64 
T4 86 0.95 
T5 76 0.34 

The vegetation cover on the test cell was very thin and the organic content of the soil 
was low (see table 2). The LOT of the cover soil of the test cell is about 1.4 %. 

3.2 Temperature variation in the soil 

In March 1996, the snow layer was about 40 cm thick on the test cell and the soil 
surface was frozen. At the soil surface large temperature gradients occur. During sunny 
days, the soil surface is warmed up while the soil under is still frozen. In the summer, 
temperatures as high as 25  °C  are reached. 

Temperature (°C) 

-10 	0 	10  

	 07-mar  

	28-mar 

—. — - — - 10-apr  

	 17-maj  
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20 
	

30 

Figure 1 	Temperature profile in the test cell during the first half of the year.  
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Figure 2 	Temperature profile in the test cell during the second half of the year. 

The soil is partially frozen until May. At 3 m depth, the waste temperature only varies 
about ±1°C over the year. The soil under the waste has a constant temperature of 5°C 
which is about 1 degree higher than the average air temperature of the location. The 
increase of temperature caused by the waste decomposition is noticeable in figure 2 
while the soil under the wastes is 3 to 4  °C  colder than the wastes. 

3.3 Gas transport in snow 

The injection of gas in the lower end of the columns induces an increase of the methane 
and carbon dioxide concentrations in the upper part of the column after a period of 
time. The results shown in table 3 indicate that methane is transported faster than 
carbon dioxide through the snow. 

Table 3 Concentration increase at the top of a column, 1.5  h  after the addition of 
methane and carbon dioxide in the bottom, and time between the addition 
and the first detection of a gas concentration increase. 

Injected gas 
(ml)  

A Conc.  (ppm)  
CH4 	CO2 

Transport time (min) 
CH4 	CO2 

Column  

5 380 310 12 18 1 
5 380 217 9 21 2 
5 270 9 18 3 

20 1430 850 9 18 1  
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The diffusion coefficient has been calculated according to the formula: 

q=DAI  

q : 
D:  
A:  
I 	:  

gas flow in  g/s  
diffusion coefficient in m2/s 
area in m2  
gas concentration gradient in g/m3  Im  

For the calculations, the concentration above the snow layer has been taken equal to 0 
for methane at the beginning and the concentration under the snow layer has been 
calculated from the gas volume injected. The flow is calculated at the beginning when 
the slope is greatest. 

Table 4 	Diffusion coefficient in m2/s 

Column Snow density 
t/m3 

Injected gas 

(m1) 

Diffusion coefficient (m2/s) 
CH4 	CO2 

1 0.33 5 1.00E-06 0.58E-06 
2 0.22 5 0.99E-06 0.57E-06 
3 0.22 5 1.14E-06 0.54E-06 
1 0.33 20 0.95E-06 0.45E-06 

4. DISCUSSION  

LFG  emission occurred independently of the season but the gas quality varied. The 
vegetation and the organic content of the soil are low at the test cell and it is likely that 
the main contribution to carbon dioxide emission is from the  LFG  emission directly or 
through methane oxidation. During summer high carbon dioxide emissions have been 
recorded while no methane emissions occur. This indicates an efficient methane 
oxidation. The low emissions observed during the autumn when measuring with 
permanent chambers are probably underestimations since it was established later that 
gas leaks occurred between the two parts of the chamber. 

The estimation of the carbon dioxide emission rate for the test cell was about 
432  mol  /m2  /year and about 8  mol  CH4 /m2  /year. The waste layer is 3 m thick and the 
density of the waste is 0.65 tonnes/m3. Assuming a gas production potential of 200 1/kg 
waste, the potential  LFG  carbon emission is about 20000 mol/m2. With observed rates, 
it would take at least 40 years before all the  LFG  is emitted, which is a reasonable 
range. 

The  LFG  emissions corresponds to about 5 m3  of  LFG/  tonne of waste and year. Since 
the waste temperature averages only about 9°C this is a fairly intense generation. In 
comparison, the test cells at  Helsingborgs  landfill  (Lagerkvist  & Maurice 1996) which 
operate at a waste temperature of about 30°C, only twice as much  LFG  is generated on 
the average. This seems to contradict  vant  Hoffs rule, but one might assume that the test  
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cell at  Luleå  is still drawing from a supply of accumulated organic acids and alcohols, 
i.e. that the hydrolysis is not a limitation for the gas generation yet. 

The seasonal variation of air temperatures may influence the decomposition of the 
wastes down to a depth of about 3 m, but only the upper part of the cover will freeze. 
Thus  LFG  emissions may be expected to occur all year around. Since the winter is 
fairly dry in  Luleå,  no ice cap formation occurs on the soil surface as was observed in 
South Sweden. The occurrence of methane emissions only during the late wintertime 
when the soil was frozen, leads to the conclusion that methane oxidising organisms must 
be inhibited during this time. This may be a combined effect of low temperature and 
drought. However the methane oxidation seems to be almost complete during warmer 
(and wetter) periods, judging from the emissions. 

The snow density (0.33 to 0.22 kg/1) does not seem to influence the diffusion much. The 
three columns had similar behaviour and the variability is low (see table 4). Even at the 
highest density studied, snow porosity is still very large in comparison to most soils. 
The porosity of the snow has been estimated to 0.78. This corresponds to a "soft dry 
wind slab" (Gray & Male 1981). The porosity seemed to be constant in spite of the 
density changes. 

After 1.5 hours, the gas concentrations are constant in the top of the column (see 
table 3) and the concentration gradient may be assumed to have disappeared. The initial 
volume of methane injected is 2.5  ml.  Assuming that methane is not dissolved in the 
snow, the air volume in the column can be estimated to 6.8 1. An average concentration 
of 260  ppm  of carbon dioxide in an air volume of 6.8 1 means that 1.8  ml  of carbon 
dioxide is present in the gas phase and that the missing quantity (0.7  ml)  is retained in 
the snow. A higher snow density did not result in a higher carbon dioxide retention, this 
may be caused by different snow structures, affecting the available surface area. 

The difference between the diffusion coefficient of methane and carbon dioxide (see 
table 5) may be explained by the retention of carbon dioxide in the snow. The carbon 
dioxide transport will be retarded because of an exchange between the gas phase and the 
solid/liquid phase, presumably the dissolution of carbon dioxide in the water film on the 
surface of snow particles is the most important factor contributing to the apparent 
decrease of the diffusion speed. 

During the spring, the snow surface is often hard while the underlying snow is cold 
powder. The diffusion coefficient in snow is so high that the gas move almost freely 
under the hard crusted snow. Measurement with static chambers on the snow surface 
will underestimate the emission because the gas will not accumulate in the chamber but 
diffuse to the atmosphere. This phenomenon can explain the low emission rate recorded 
in March 1996. It is also impossible to use the same place for measurement twice 
because the snow surface is disturbed. Permanent chambers are usable if they can be 
built up to keep about the same level as the snow surface. But it has proved to be 
difficult to keep such constructions gas tight. The simplest way to sample emissions was 
to remove the snow and apply the chamber directly on the soil surface.  

C. Maurice & A.  Lagerkvist,  1997 
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4. CONCLUSIONS  

LFG  emission rate and quality varied between the different seasons. There seems to be 
two emission peaks, one in the spring and one in the autumn. The carbon dioxide 
emission rate varied between 11 and 897  mol  /m2  /year and the methane emission rate 
between <1 and 46  mol  /m2  /year. The  LFG  emission during one year for the test cell 
was estimated to about 432  mol  carbon dioxide /m2  /year and to about 8  mol  
methane /m2  /year. 

Methane was completely oxidised in the top soil, except for during a part of the winter 
when the soil was frozen.  

LFG  was found to move almost freely in the snow layer. As a consequence, 
measurements with static chambers on the top of the snow surface are difficult, it is 
better to measure directly at the soil surface. 

Diffusion of both methane and carbon dioxide in snow was found to be about one order 
of magnitude slower than in air. Methane was found to diffuse faster than carbon 
dioxide. The difference may be explained by the exchange and retention of a part of the 
carbon dioxide in the snow. 

The climate influence on the waste temperature was noticeable down to about 3 m depth 
in the test cell. The snow layer works as a thermal protection preventing frost to 
penetrate deeply in the soil. As the waste temperature only varies a few degrees, the  
LFG  production is probably also fairly constant. 

In order to obtain a better estimation of  LFG  emission from landfills, measurements 
should be performed during different seasons. With respect to emissions affecting the 
atmospheric heat balance, it seems to be important to consider the seasonal variability of 
methane oxidation. 
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ABSTRACT 

Irrigation of short-rotation tree forests with leachate is practised in order to reduce 
both leachate volume and nutrient content. It is of interest both for leachate treatment 
and energy recovery, to optimise the productivity of such plantations. This study aimed 
to investigate the effect of irrigation on the soil quality, the tree growth and the landfill 
gas  (LFG)  emissions. 

Soils irrigated with leachate had on average a higher nutrient content. These soils had 
also a high organic content and a lower dry solid. Larger trees occur on irrigated areas, 
presumably due to the positive effect of the water and nutrient supply. The willows used 
seem to be very tolerant of high carbon dioxide concentrations and no clear effect from  
LFG  on tree growth could be noted. The root system of the trees seems to promote a 
favourable environment for methane oxidising bacteria. 

The methane oxidation levels observed were estimated to vary between 50 and 950 
mol/m2/year. The positive correlation between methane oxidation capacity of the soils 
and the tree presence is interesting in the perspective of reducing methane emission 
through lanfill  topcover.  Optimising methane oxidation could reduce the discharge of 
methane from the landfill to the atmosphere. 



Effect of Leachate Irrigation of Landfill Vegetation on Methane Emissions 
2 

1. INTRODUCTION 

Landfill leachate is applied to short-rotation tree forests to reduce both leachate volume 
and nutrient content. The top soil nutrient and water contents are consequently 
increased, which may affect tree growth and the microbiological processes in the soil. 
Methane oxidation is of particular interest regarding landfill gas  (LFG)  emission 
control. 

In a previous study dealing with  LFG  emission and landfill vegetation, the variability of 
environmental conditions e.g. the age of the cover and the soil quality, between the sites 
was found to be the determinant variable affecting the plant distribution (Maurice et al. 
1995). To minimise variation, the present study was carried out on two landfills where 
energy forests have been planted and irrigated with known volume of leachate, i.e. the 
sites had similar characteristics, the same species of willow were planted (Salix 
viminalis and S. aquatica), a known volume of leachate was used to irrigate the sites and 
the former performance of the forests have been recorded for more than ten years. 

It is of interest both for leachate treatment and energy recovery, to optimise the 
productivity of such plantations. Irrigation with leachate should directly influence 
methane oxidation,  LFG  emission and vegetation. This study aimed to investigate the 
effect of irrigation on the soil quality, the tree growth and the  LFG  emissions. The 
aspects which have been especially studied are: 

• The relationships between irrigation and soil quality, methane oxidation and tree 
growth. 

• The relationships between tree growth and methane oxidation. 
• The effect of methane oxidation on methane emissions. 

2. FIELD INVESTIGATIONS 

2.1 Presentation of the sites 

The sanitary landfills are situated in Southern Finland in Lahti (61°00' 25°50') and 
Lohja (60020 24°10'). The plantations were established in 1983-1984 in Lahti, and in 
1986-1993 in Lohja. The plantations were irrigated with leachates to increase 
evaporation and reduce leachate discharge. The studied landfills have been shown to be 
in their methanogenic phase (Ettala 1988). 

At Lohja (site 1), the forest is situated on the top of an older part of the landfill. 
Irrigation is done with a sprinkler which irrigates one part of the forest while the rest is 
not. At Lahti (site 2), the forest is situated on an old part of the landfill and is divided in 
plots (approximately 30  x  30 m). Certain plots receives about 0.5 m/year leachates 
while other received about 1.3 m/year. The irrigation levels were precisely measured 
during the period 1983-1985 and were kept at about the same levels in the following 
years. Sprinkler and hose have been used at the site. One reference sample was taken 
beside the irrigated plots. No tree have been planted on this area and no irrigation was 
applied.  

C. Maurice, M. Ettala & A.  Lagerkvist,  1998 
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The two sites have been studied separately to investigate the effect of irrigation on the 
other environmental conditions. At site 1, it was possible to study the difference 
between the irrigated and the non irrigated parts of the forest. At site 2, it was possible 
to study the effect of different levels of irrigation on the variables. 

The leachates are applied during the growing season from May to September. The 
precipitations in South Finland, usually vary between 50 and 100 mm/month during this 
period of the year (Ettala 1988). The leachates applied to the plantations are fairly 
diluted (see table I). They are occasionally applied at high intensity (155 mm/day) to 
keep low the salt concentration. 

Table I 	Quality of the leachates at the Lahti landfill in 1983-87. 

Parameter  n*  Average  Std  dev 

Conductivity (mS /m) 34 550 110 
BOD7 (mg 02 /1) 34 73 100 
Total nitrogen (mg  N  /I) 35 130 31 
Total phosphorus (mg  P  /1) 35 0.6 1.1 
Chloride (mg  Cl  /1) 28 360 110 
Sodium (mg  Na  /1) 14 860 160 

*  n:  number of observations 

2.2 Methods 

Both gas emissions and vegetation growth were recorded and soil samples from growth 
layer were taken and analysed. 

2.2.1 Tree measurement 

Figure 1 	Design of the sampling lines.  

C. Maurice, M. Ettala & A.  Lagerkvist,  1998 
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Two sampling lines of 8 m each, crossing in their middle were made. The soil and gas 
samples were taken at the crossing of the lines. The size and the base diameter of each 
sprout on the cross was measured (see figure 1). Measurement lines were chosen at 
random. However, edges of the plantations were avoided. 

2.2.2 Gas sampling  

LFG  emissions were estimated with help of static chambers (see figure 2) as described 
in Maurice et al. (1995). Gas analyses were carried out using an infrared acoustic  Multi-
gas  monitor. The detection limits were 0.3  mol-ppm  for methane and 1.7  mol-ppm  for 
carbon dioxide. 

a) Sample collection with 
a syringe 

- 

b)  Sample conservation 
in a glass bottle 

Evacuated 
sampling bottle  

Chamber 

Sealing with clay 

Top cover 

Figure 2 
	

Sampling of gas (a) and conservation of the sample in a glass bottle  (b)  

2.2.3 Soil sampling 

The first 5 cm of soil were removed and about one litre of soil was taken down to 20 
cm depth, put in plastic bags and stored in a dark and cool room (+4°C). 

• For electrical conductivity and pH measurements, sample preparation was performed 
according to Emteryd (1989) and the measurements according to  SIS  02 81 22 and  
SIS  02 81 23 (SSK 1976). 

• The total solid (TS) content and the loss on ignition (LOI) at 550°C of the soil were 
measured according to  SIS  02 81 13 (SSK 1976). 

• The available phosphorus was estimated with Bray and Kurtz method (Emteryd 
1989). Available nitrogen was also analysed (Emteryd 1989). The obtained 
suspensions were analysed with a TRAACS equipment according to method n°J-004-
88-B n°J-002-88-B respectively (TRAACS 1993). 

The "Methane Oxidation Potential" (MOP) capacity of the soil was assessed by a series 
of batch experiments. In the assay, a 135  ml  glass bottle containing about 5  g  of soil is 
closed with a butyl rubber stopper and spends 24  h  in a constant temperature room 
(+30°C) to reach a temperature equilibrium. Methane is injected in each bottle and from 
this time the relative pressure in the bottle and the atmospheric pressure are recorded 
continuously during 120 hours. The initial gas content is 77% N2, 21%02, 2% CH4 and 
0,5% CO2. When methane oxidation occurs, three molecules of gas are transformed  
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into one molecule of gas and two of liquid. The methane oxidation is estimated by the 
induced pressure decrease. 

CH4  (g)  + 2 02  (g)  --> CO2  (g)  + 2 H20  (i)  

If organic material is produced, 2 molecules of gas are also consumed: 

CH4  (g)  + 02  (g)  --> [CHOI-1](s) + H20 (1) 

The final pressure is corrected for the atmospheric pressure variations. At the end of 
the experiment, the methane and carbon dioxide content are measured. 

2.2.4 Statistical methods 

Unpaired t-tests were used to evaluate the effect of irrigation on the studied variables. 
In order to investigate the correlation between several factors, a multivariate data 
analysis (MVDA) approach was used as described in Maurice et al. (1995). In principal 
component analysis (PCA), all variables are analysed as a single set in a data matrix  X.  
This analysis permit to investigate the relationships among a large number of variables 
and aims to reduce the  X  dimension of the original data set to the minimum number i.e. 
the principal components (PC), to describe the information (Martens,  H.  & Naes, T. , 
1989). A Partial least square (PLS) model is a dependency model between several 
predictor variables  X  and several responses  Y.  The calculated model approximates the  
X  space and predicts the  Y  space. In the plots obtained, a projection of a predictor 
variable in a loading plot close to the origin between the two PC means that the variable 
has little influence; a score far from the origin shows that the variable has a large 
impact. The direction of the score from the origin shows how an increase of the 
variable will work. The closer the direction (or close to opposite direction) from the 
origin between two  X  variables, the closer the correlation is. 

A PLS analysis was used to study field data variations to identify the relative importance 
of the studied variables on the gas emission rates.  LFG  emissions were chosen as  Y  
variables and the other variables were taken as  X.  

3. RESULTS 

3.1 Field measurements 

Statistical results concerning the field measurements at the Lohja landfill (site 1) are 
presented in table II, and at the Lahti landfill (site 2) are presented in table III. 

The following abbreviations have been used: number of observations  (N),  pH, loss on 
ignition (L01), total solid (TS), electrical conductivity (Cond.), NO3  (N)  and P-PO4  (P)  
content in soils, methane oxidation (Mox), irrigation (I) CO2 and CH4 emissions (e.0O2 
and e.CH4 respectively), tree diameter  (D),  length (L), the CO2 content at the end of the 
methane oxidation assay (CO2-C).  
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Table II 	General statistics on the results from the investigations at site 1. 

Variable Units  

No irrigation Irrigation 

N  Min Max Mean Median StdDev  N  Min Max Mean Median StdDev 

L cm 92 130 660 378 360 165 62 290 850 585 600 129  
D  mm 92 6 88 34 26 21 61 14 121 60 63 25  
N  mg/100 gTS 4 1.4 5.3 3.4 3.4 1.6 4 4.0 6.2 5.3 5.5 0.9  
P  mg/100 gTS 4 1.5 2.8 2.2 2.2 0.6 4 2.4 4.6 3.3 3.0 1.0  
e.  CO2 mol/m2/year 4 420 1470 870 800 440 4 593 2800 1370 1050 1030  
e.  CH4 mol/m2/year  4 0 1960 521 60 960 4 0 605 151 0 300 
TS % 4 67 84 74 72 8 4 66 79 71 70 6 
LOT % 4 2.4 8.9 5.5 5.3 3.3 4 3.6 24.3 10.5 7.0 9.4 
cond ttS/cm 4 72 137 120 135 32 4 114 153 131 128 16 
PH 4 6.1 6.7 6.4 6.4 0.3 4 6.5 6.6 6.5 6.5 0.0 
Mox kPa/day.gTS 4 1.1 4.6 2.4 2.0 1.5 4 2.5 18.0 7.3 4.5 7.2 
CO2-C  vol  - % 4 3.4 7.1 5.7 6.1 1.7 4 3.3 9.5 5.6 4.9 2.8 

Table III 	General statistics on the results from the investigations at site 2. 

Irrigation Level 

Variable 	Units  

0.5 m/year 1.3 m/year 

N  Min Max Mean Median StdDev  N  Min Max Mean Median StdDev 

L cm 41 220 560 351 350 75 22 240 540 352 335 75  
D  mm 41 15 94 44 41 17 22 23 103 49 41 23  
N  mg/100 gTS 4 3.4 18 10.1 9.5 7.5 3 8.1 14.7 10.7 9.3 3.5  
P  mg/100 gTS 4 3 773 245 102 364 3 31 674 364 388 322  
e.  CO2 mol/m2/year 4 280 1680 950 930 610 3 700 1540 1020 840 450  
e.  CH4 moym2/year 4 25 168 82 68 65 3 78 222 137 112 75 
TS % 4 46 89 70 72 19 3 51 69 60 60 9 
LOI % 4 3.3 35 15 10 14 3 15 29 21 19 7 
cond ttS/cm 4 63 129 100 104 31 3 127 142 135 137 8 
pH 4 5.6 7.3 6.3 6.2 0.7 3 5.1 6.5 6.0 6.3 0.8 
Mox kPaJday.gTS 4 3.4 12.8 7.5 6.9 3.9 3 8.5 22.6 14.4 12.0 7.3 
CO2-C  vol  - % 4 4.4 6.6 5.7 6.0 1.0 3 5.3 9.2 7.7 8.5 2.1 

3.2 Statistical analysis 

3.2.1 Unpaired comparison tests 

Unpaired comparison tests showed that the diameter of the irrigated trees was 
significantly higher (p<0.01) than the diameters of the non-irrigated ones but no effect 
of different levels of irrigation was observed. Two species of tree occurred in the 
forests. No significant difference was found between the observations due to species. 
For the following analysis, no distinction was made between the two species of willows. 

To evaluate the effect of irrigation with unpaired t-tests, the irrigation level at site 1 
was taken equivalent to the low level of irrigation at site 2 i.e. about 0.5 m/year. It was 
possible to show differences between the results of the analysis of the soils which 
received irrigation from the ones which did not (see table IV). The effect of irrigation 
on the average  LUI,  NO3 content in the soil and the methane oxidation is statistically 
proven  (p  < 0.05) but the effect of different levels of irrigation was not statistically 
proven.  
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The influence of irrigation on TS, P-PO4 content and CO2 concentration after methane 
oxidation (see table IV), was only proved  (p  < 0.05) between the soil from areas 
irrigated with 1.3 m/year and the non irrigated ones. The phosphorus concentrations 
registered are much higher than previous measurements (Ettala 1985) at site 2. The 
variation is larger than what could be expected as an effect of irrigation and may be due 
to substrate variations or an heterogeneous distribution of phosphorus. 

Table IV 	Average values for the different soil factors depending on the irrigation 
level. 

Average value for factor Unit Irrigation level (m/year) 
0 0.5 1.3  

**LOJ  % 6 14 21 
** NO3 mg/100gTS 3.9 8.9 10.7 
** Mox kPa/day.gTS -0.3 -0.8 -1.4 

*TS % 74 69 60 
4, 	p-PO4 mg/100gTS 6 165 365 
* 	CO2 -  C  % 5.1 6.0 7.7 

** Significant difference between both 0.5 and 1.3 m irrigation and no irrigation 
* 	Significant difference only between 1.3 m irrigation and no irrigation 

No correlation could be found between irrigation and the electrical conductivity or the 
pH of the soil samples. 

3.2.2 Multivariate data analysis 

The plots obtained with the PLS analysis are presented in figure 3. A principal 
component analysis (PCA) for site 1 showed the same clustering of the variables in the  
PC-plane.  
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Figure 3 	Plot from the PLS analysis for site 1 (a) and for site 2  (b)  
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From the analysis of the observations from site 1, it is possible to see the following 
trends (see figure 3 a): 

• The projection of the variable "Irrigation" is on the PC 1. It seems to influence the 
data set distribution. 

• Methane oxidation is grouped with carbon dioxide emissions loss on ignition. These 
variables are positively correlated together and methane emissions are negatively 
correlated to the previous group. 

• Irrigation is positively correlated to methane oxidation group, the nitrogen content 
and the tree variables on the first PC. 

• Irrigation is negatively correlated to total solid. 
• No clear correlation between tree size and the other variables can be seen. 

In the PLS analysis done for site 2, methane oxidation and the loss on ignition are still 
in the same group (see figure 3  b).  The nutrient content is also clustered with these 
variables. The tree size is not correlated to the other variables. The main difference 
compared to the results from site 1 is that: 

• Irrigation is on PC 2 and seems to have negligible effect on the distribution of 
variables on PC 1. 

• Both methane and carbon dioxide emissions are negatively correlated to the methane 
oxidation group. 

4. DISCUSSION 

4.1 Methods Discussion 

The statistical analysis is mainly based MVDA because it is robust to skewness and does 
not require a normal distribution of the data set. It does not either require independence 
and orthogonality of the variables (Martens & Naes, 1989, Nortvedt,  R.  et al, 1996). 
Some of the variables presented very skewed distributions, especially e.CH4 and Mox at 
the first site and MVDA is thus applicable to these data. The correlation between LOT 
and methane oxidation was observed with MVDA (see figure III). It is however difficult 
to find the same correlation with classical statistical methods because there are only 4 
observations for each soil and irrigation types. MVDA does not have requirements 
about the number of observation compared to the number of variables and may 
therefore handle situations where more variables than observations are available 
(Martens & Naes, 1989). 

Diameter is a more reliable variable for tree growth than the height because it is easier 
to measure with precision and is a better indicator for the total growth of the trees. 
Furthermore the height of the trees depends on the last coppicing.  
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4.2 Effect of irrigation on  LFG  emissions 

Irrigation of the forest seemed to have an effect on  LFG  emissions, nutrient and organic 
contents and methane oxidation. The different levels of irrigation used did not seem to 
have so large effect. 

The correlation between irrigation level and nutrient content was noticed at the same 
sites in an earlier study (Ettala 1985). A decrease in the nutrient content was also 
noticed in the autumn compared with the spring, presumably caused by vegetation 
uptake. In 1983-1985 the tree plantations at site 2 were irrigated with leachate, which 
proved (p<0.001) to increase biomass production (Ettala 1987). The high nutrient 
content is favourable to tree growth which also is related to high organic matter and 
water contents. The irrigated soils also have a high LOT and a low TS. 

The effect of methane oxidation on methane emissions was noticed at both sites while its 
contribution to the total carbon dioxide emissions was not visible at site 2. The strong 
positive correlation between carbon dioxide emissions and methane oxidation at site 1, is 
probably due to a relatively high contribution of methane oxidation to the total carbon 
dioxide emissions. Methane emissions seem to be noticeably reduced by methane 
oxidation. When  LFG  emission is dominant, the correlation between methane and 
carbon dioxide is stronger. The apparent negative correlation between carbon dioxide 
emission and methane oxidation observed at site 2 may be explained by a relatively low 
contribution of oxidation to total carbon dioxide emission. The negative correlation of 
carbon dioxide emissions to methane emissions found at site 1 and the positive one at 
site 2, implies that the  LFG  source variation overshadowed the other sources of carbon 
dioxide at site 2 while methane oxidation effect was noticeable at site 1. 

The final carbon dioxide concentrations of the methane oxidation potential (MOP) 
assays were measured. The samples taken where the larger trees are growing gave 
higher final carbon dioxide concentrations. Only about half of the carbon dioxide 
production in the MOP assays can be explained by the oxidation of added methane, so 
turnover of other organic soil material was also important. Part of the emitted carbon 
dioxide is the product of respiration and methane oxidation while the rest is  LFG  
generated in the wastes. 

4.3 Methane oxidation in the top cover of the forests 

Irrigated soils have a high LOT, a higher nutrient and water content and give a faster 
pressure fall than the non-irrigated soils. The nutrient and the water content are related 
to the presence of organic material in the soil. Presumably these soils have larger 
bacteria populations which can oxidise methane. These bacteria are also probably more 
abundant in zones where large methane flows occur. Furthermore the methane 
emissions are lower in these areas. The presence of roots may ensure a better 
environment for bacteria e.g. methane oxidisers, which can contribute to the lower 
methane emission rates. The root system of willows, which are adapted to flooded areas,  
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may be able to transport oxygen down in the root zone (Armstrong 1979), which could 
also contribute to a larger methane oxidation. 

The methane oxidation levels observed varied between 1 and 19 mol/year*kg TS. 
Assuming that the methane oxidising bacteria are present in a 10 cm thick layer of soil 
and a dry density of 0.5 ton/m3, the oxidation capacity is between 50 and 950 
mol/m2/year. Carbon is assimilated as formaldehyde (CH20) by bacteria for their 
growth process. Whalen et al. (1990) observed that up to 69 % of the oxidised methane 
could be assimilated into biomass. Assuming that only 40% of the oxidised methane 
contributes to organic material, the annual production of organic material caused by 
methane oxidising bacteria may be estimated to generate a LOT in the soil equivalent to 
of 0.6 to 12%-TS. The TS observed during the field study varied between 2.4 and 29 
%-TS. Methane oxidation has occurred for several years and the associated potential 
production of organic material could correspond to the total LOT content of the soils 
and more. A comparison between methane emissions and the methane oxidation 
potential is shown in table V, for each sampling point. The last sample at site 2 did not 
receive any irrigation and no trees were planted. It can be seen that it has the highest 
methane emission rate and one of the lowest methane oxidation potentials.  

Börjesson  & Svensson (1996) estimated the highest methane oxidation potential of a top 
cover soil to be 0.44 mol/year/g of organic material. Assuming the same oxidation 
potential for the soil giving the lowest and the highest methane oxidation in the assay 
e.g. samples with a LOT of 3 and 19 % respectively, the methane oxidation potential of a 
10 cm thick layer of soil as described above may be estimated to be 660 and 4180 
mol/m2/year for these samples. The measured oxidation capacity is much lower than 
this calculated "maximum" methane oxidation potential. In other words, the observed 
methane oxidation potentials are not out of a reasonable range. 

Table V 	Comparison of the methane emissions and the estimated methane 
oxidation for the 8 sampling points. 

Site 1 Site 2 
Irrigation Emission 

mol/m2/year 
Oxidation 

mol/m2/year 
Irrigation 

m/year 
Emission 

mol/m2/year 
Oxidation 

mol/m2/year 

No 
II 

II 

Yes 
It  

76 
48 

<30 
1959 

605 
<30 
<30 
<30 

193 
84 
88 
42 

235 
139 
105 
756 

about 0.5 
„ 
„ 
„ 

about 1 
„ 
„ 

0 

25 
168 
98 
38 
78 

112 
222 

7463 

302 
277 
143 
538 
949 
357 
504 
193  
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5. CONCLUSIONS 

Tree diameter was strongly correlated with soil variables. Tree height was not as 
clearly correlated with these, partly because the measurement accuracy is better and 
partly because the diameter is not related to the previous coppicing, i.e. the age of the 
sprouts, in the same way that the height of the trees is. 

Soils irrigated with leachate had a higher nutrient content. These soils had also a high 
organic content and a lower TS. Larger trees occured on irrigated areas, presumably 
due to the positive effect of the water and nutrient supply. The planted willows seemed 
to be very tolerant to high carbon dioxide concentrations and no clear effect from  LFG  
on tree growth could be noted. A weak negative correlation to the growth of the trees 
was noted only for the highest  LFG  emissions. 

Methane oxidation does not seem to harm the growth of the willows. A weak positive 
correlation between large trees and high methane oxidation capacity of the soil was 
found. The root system of the trees seems to promote a favourable environment for 
methane oxidising bacteria. Irrigated soils had a higher methane oxidation potential than 
the non-irrigated ones. Methane emissions had a negative correlation to the methane 
oxidation capacity of the soil. It seems that irrigation favours microbiological activity in 
general, including the methane oxidation. 

The methane oxidation levels observed were estimated to vary between 50 and 950 
mol/m2/year. It could be of interest to favour tree growth by irrigation which in turn 
enhances a favourable environment to promote methane oxidation. Optimising methane 
oxidation could reduce the discharge of methane from the landfill to the atmosphere. 
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