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Abstract 
This thesis investigates the use of plants, fungi, and microorganisms to assess and treat 
landfill gas, leachate, and contaminated soils. As landfill emissions can occur over 
extended time periods, it is a practical strategy to develop passive and economical 
methods for emission control i.e., requiring little human involvement. Organisms can 
play an important role in such methods if their living requirements can be met, e.g., 
adequate temperature, nutrient, or moisture content. A broader understanding of how 
organisms respond to and are affected by pollution may be used to develop landfill 
design strategies and engineering technologies that favour bioremediation. A secondary 
benefit is that a greater knowledge of organism response may be used to determine the 
pollution state of a site. The potential utilisation areas for bioindication and remediation 
investigated in this thesis are: 

•  Methanotrophic bacteria in the soil can be used to identify methane emission areas. 
This strategy is less sensitive to sudden variations in emissions that can occur over 
time than are direct measurement methods. An assay method was developed, based 
on the pressure change induced by methane oxidation. The lag period before 
oxidation reached a steady rate was shortened when the soil had been exposed to 
methane. An incubation temperature of 30°C and a moisture content at the water 
holding capacity of the soil are recommended for the assay.  

•  The fungus Telephora caryophyllea accumulates arsenic and can be used to indicate 
contaminated areas. Leaching the fungus, with ammonium acetate, gave arsenic 
concentrations that are measurable with a colorimetric test. The method could be 
sufficient to delimit arsenic contaminated areas.  

•  Landfill vegetation is exposed to pollutants and can indicate their presence. Despite 
high species diversity, no damages to the vegetation, due to the presence of Cu, Zn, 
Pb, As, methane, and carbon dioxide, could be observed. Likely is that the landfill 
vegetation studied have a high tolerance to these pollutants.  

•  The oxidation capacity of the studied soil (up to 24.6 mol y-1 kg-1
TS soil) is sufficient 

to completely oxidise the methane emissions at old and small landfill sites. Even 
though the oxidising capacity is sufficient, non-optimal conditions result in methane 
emission peaks e.g., when the soil temperature is low and when the soil is dry. As 
methanotrophic bacteria live in the superficial part of the cover, they are exposed to 
climatic conditions. Leachate irrigation can limit drought in landfill covers and has a 
positive effect on methane oxidation.  

•  Wetlands can reduce the nitrate concentration in leachates. The construction with 
high edges provided an additional 50-cm insulating snow cover. However, the water 
temperature was below 5°C during more than one third of the year. A high water 
level after transplanting seedlings and a thin soil layer enhance the vegetation 
establishment. In the cold climate regions studied, at least four years are needed to 
have a fully established vegetation cover and degraded organic material. A 30% 
reduction of nitrate was attributed to denitrification. However a precise mass 
balance is needed to accurately evaluate the treatment capacity.  

•  The vegetation at the investigated site may immobilise soil contaminants such as 
Cu, Zn, Pb, and As. However, the application of soil amendments is recommended 
to reduce foliar accumulation of contaminants. Despite the presence of the zinc-
hyperaccumulating species Thlaspi caerulescens at the site, phytoextraction is not 
recommended because of the low biomass production of this species and the 
presence of other contaminants i.e. Cu, Pb, and As.  



 

Résumé 
L’objectif de cette thèse était d’étudier la possibilité d’utiliser des plantes, champignons 
et microorganismes pour indiquer et traiter les gaz de décharge, les lixiviats et les sols 
pollués. Considérant la longue période durant laquelle des polluants sont émis par les 
décharges, il est nécessaire de développer des méthodes passives de control des 
émissions qui requièrent peu de maintenance. Des organismes vivants peuvent jouer un 
rôle important dans de telles méthodes, si leurs besoins vitaux sont satisfaits, par 
exemple en ce qui concerne la température ou la teneur en humidité. Il est possible de 
concevoir et gérer les décharges afin de promouvoir ce type de traitements biologiques 
mais il est aussi possible de déterminer le statut des polluants dans le sol en étudiant ces 
organismes. Les méthodes d’indication et le traitement biologique potentielles, étudiées 
dans cette thèse sont: 

•  Les bactéries methanotrophes du sol peuvent être utilisées pour indiquer les zones 
d’émission de méthane. La stratégie utilisée est moins sensible que les méthodes 
classiques, aux variations soudaines des émissions dans le temps. Une méthode 
analytique a été développée, basée sur la chute de pression liée à l’oxydation du 
méthane. La période de repos avant que l’oxydation n’atteigne son taux maximum, 
était plus courte quand le sol avait préalablement été exposé au méthane. Une 
température de 30°C et une teneur en eau correspondant à la capacité de rétention du 
sol sont recommandées. 

•  le champignon Telephora caryophyllea, accumule l’arsenic. Un test colorimétrique a 
été utilisé pour mesurer le niveau d’arsenic dans le lixiviat du champignon. Les tests 
de lixiviations avec NH4

+Ac (1M) ont donné des concentrations mesurables. Les tests 
sont rapides et pourraient être suffisants pour délimiter les zones contaminées.  

•  Malgré la grande diversité d’espèces, l’observation de dommages sur la végétation n’a 
pas permis d’indiquer la présence de polluants étudiés (Cu, Zn, Pb, As, CH4 et CO2). 
Probablement la végétation naturelle est-elle tolérante à ces polluants.  

•  Les sols étudiés ont la capacité d’oxyder (jusqu’à 24.6 mol y-1 kg-1
TS sol) 

complètement les émissions de méthane provenant de décharges anciennes et petites. 
Comme les bactéries méthanotrophes vivent dans la partie superficielles du sol, elles 
sont exposées aux conditions climatiques. Par conséquent, des conditions non 
optimales provoquent des piques d’émissions, par exemple, des températures basses et 
le manque d’eau limitent les réactions. L’irrigation avec des lixiviats avait un effet 
positif sur l’oxydation du méthane et peut limiter le dessèchement.  

•  La construction des bassins des zones humides avec de hauts rebords a provoqué la 
formation d’une couche isolante de 50 cm de neige supplémentaire. Cependant la 
température de l’eau était en dessous de 5°C pendant plus d’un tiers de l’année. Au 
moins quatre ans sont nécessaires pour obtenir une couverture végétale et de la 
matière organique dégradée. Un haut niveau d’eau et une couche de terre sont 
recommandés afin de favoriser le développement des plantes. La réduction par 30% 
de la teneur en nitrate est attribuée à la dénitrification. Cependant un control précis du 
transport des éléments est nécessaire pour juger de l’efficacité du traitement.  

•  La végétation peut être utilisée pour immobiliser les polluants du sol comme le Cu, 
Zn, Pb, et As. L’application d’amendements est recommandée afin de limiter 
l’accumulation dans les feuilles. Malgré la présence de l’espèce Thlaspi caerulescens 
sur le site, l’extraction avec l’espèce n’est pas recommandée à cause de sa faible 
production de matière organique et la présence des autre polluants.  



Sammanfattning 
Syftet med avhandlingsarbetet var att undersöka huruvida växter, svampar och mikro-
organismer kan användas för att indikera respektive behandla deponigas, lakvatten och 
förorenad jord. Eftersom emissioner från deponier sker under lång tid, är det nödvändigt 
att utveckla passiva och billiga metoder för emissionskontroll, dvs sådana som kräver 
lite mänsklig inblandning. Vissa organismer kan spela en viktig roll i sådana metoder, 
såvida de har goda livsbetingelser, dvs att deras krav på t ex temperatur, näring och 
fukthalt är uppfyllda. Utformning och drift av deponier kan utvecklas för att gynna 
denna typ av passiva biologiska behandlingar. En kartläggning av förorenings-
situationen kan erhållas genom att studera organismers reaktion på densamma. Följande 
potentiella användningsområden för bioindikation och –sanering har studerats: 
•  Metanoxiderande bakterier i marken kan användas för att indikera metanemissioner. 

En indirekt mätmetod har utvecklats, som är mindre känslig för plötsliga emissions-
variationer över tiden än direkta mätmetoder. Metoden baseras på mätningen av den 
tryckförändring som resulterar från metanoxidationen. Längden på perioden innan 
metanoxidationen når sin maximala nivå används som indikator för metanemissioner. 
Perioden förkortades när jorden tidigare exponerats för metan. En inkubations-
temperatur av 30°C och en vattenhalt motsvarande fältkapaciteten rekommenderas. 

•  Svampen Telephora caryophyllea tar upp arsenik från förorenad mark och kan 
indikera arsenikföroreningar i jorden. Mätbara halter av arsenik kunde påvisas efter 
lakning av svampen med ammoniumacetat och efterföljande färgtest, som tar några 
minuter. Användning av metoden kan vara tillräcklig för att avgränsa ett arsenik-
förorenat område.  

•  Deponivegetationen exponeras för föroreningarna och kan indikera dessa. Trots 
täckskiktets stora artrikedom kunde inte några skador på vegetationen upptäckas, som 
orsakats av förekomsten av Cu, Zn, Pb, As, metan och koldioxid. Detta beror 
troligtvis på att den naturliga vegetationen är tolerant mot dessa föroreningar.  

•  Metanoxidationskapaciteten hos de undersökta jordarna (upp till 24.6 mol metan år-1 
kg-1

TS jord) är tillräcklig för att oxidera all metanemission från gamla eller små 
deponier. Trots att kapaciteten är tillräcklig, resulterar icke optimala förhållanden i 
metanemissionstoppar, t.ex. när marktemperaturen är låg eller marken torr. Eftersom 
metanoxiderande bakterier lever i den övre delen av täckskiktet, är de utsatta för olika 
klimatförhållanden. Lakvattenbevattning kan begränsa torka i avfallsupplagets 
täckskikt och har alltså en positiv effekt på metanoxidationen.  

•  Våtmarker kan minska nitrathalten i lakvatten. Höga kanter runt våtmarks-
anläggningar i kallt klimat leder till att ett extra 50 cm isolerande snötäcke kan bildas. 
Trots detta var vattentemperaturen lägre än 5°C under mer än en tredjedel av året. 
Högt vattenstånd efter planteringen och ett tunt jordlager gynnar växtetableringen. 
Minst fyra år behövs för att få en etablerad vegetation som genererar vissna växtdelar, 
vilka kan användas av mikroorganismer för t ex denitrifikation. En 30-procentig 
nitratminskning kunde erhållas tack vare denitrifikation. Det finns dock en osäkerhet i 
beräkningen och en noggrann massbalans behövs för att utvärdera behandlings-
kapaciteten. 

•  Vegetationen på det undersökta området skulle kunna användas för att binda t.ex. Cu, 
Zn, Pb och As i sina rötter. Dock rekommenderas användning av tillsatser för att 
binda föroreningarna i jorden och minska transporten av dessa till bladmassan. Trots 
förekomsten av det zink-hyperackumulerande gräset Thlaspi caerulescens på området, 
rekommenderas inte phytoextraktion, eftersom arten har låg biomassaproduktion och 
andra föroreningar förekommer (Cu, Pb och As). 
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1 Introduction 
 
Plants, fungi, and bacteria develop in situ at landfills and are affected by the surface 
environmental conditions. They are continuously exposed to pollutants at a landfill site. 
Thus, there is a potential to use these organisms to obtain information about a site’s 
“average” emissions or pollution state. 
 
Landfills can emit pollutants into the soil, water and air long after site closure. The time 
perspective for landfill stabilisation can vary between decades up to millennia; 
depending on the type of pollutant: 
 

•  The gas generation in municipal solid waste landfills can last for about 50 years; 
releasing a mixture of gas consisting mainly of methane and carbon dioxide.  

•  In landfill leachates, high concentrations of nitrogen, primarily in the form of 
ammonium-nitrogen, is a common problem. Based on leaching data, the half-life 
of nitrogen in landfills has been estimated to be several hundred years 
(Lagerkvist 1995).  

•  Landfills, former industrial areas, and petrol stations are areas of potential soil 
contamination. The scope of potential pollutants varies widely and is dependent 
on the former use and age of any particular site. Emissions of pollutants such as 
metal ions can last for hundreds up to thousands of years.  

 
It is not practical to plan or operate emission control measures over the entire time 
needed for landfill stabilisation. Therefore, techniques requiring minimal human and 
economic resources need to be developed. Some organisms can use the pollutants for 
metabolic purposes. Methane oxidation, metal uptake, and denitrification are examples 
of natural processes that might be used for the treatment of landfill emissions. However, 
those processes are limited by environmental conditions. For example, low soil moisture 
and low temperatures limit methane oxidising and denitrifying bacterial activity. To 
develop well functioning bioremediation systems for landfill emissions, the 
understanding of the process requirements must be developed together with measures, 
e.g., in the landfill design, to improve environmental conditions for the bioremediation.  
 
The aim of this thesis is to investigate if and how plants, fungi, and microorganisms 
may be used to indicate and treat some of the emissions of landfill sites and other 
polluted areas.  
 
1.  The potential indicators of exposure to pollutants studied were: 

•  Development of bacteria growing on landfill gas. 
•  Development of a particular species compositions and/or external symptoms as a 

response to the exposure to exceptional environmental conditions.  
•  Accumulation of pollutants in the vegetation cover.  

 
2.  The remediation methods investigated were: 

•  Biodegradation of methane in landfill covers. 
•  Denitrification of leachate in subsurface-flow constructed wetlands. 
•  Phytoremediation of metal polluted soils including extraction and 

immobilisation. 
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The research combined field and laboratory investigations. The fieldwork was done at 
landfills situated in Sweden and Finland. An additional focus of the investigations was 
therefore the effect of climatic conditions on bioremediation. 
 
The terms bioindication and bioremediation refers to biological processes used for 
emission indication and remediation. The term Phytoremediation refers to methods, 
primarily mediated by plants, to remediate contaminated soils. The term Bioremediation 
is often used to describe the use of microorganisms but here it is used in a more general 
meaning i.e., the use of organisms for the destruction, inactivation or immobilisation of 
pollutants. The term Bioindication refers to the use of organisms as an indicator of the 
presence of pollutants.  
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2 Bioindication of landfill emissions  
 
2.1 Introduction and hypotheses 
 
The emission flows of landfills often contain compounds at concentrations exceeding 
the concentrations in surrounding environments. Such concentrations can lead to the 
development of different ecosystems with specific organisms. The conditions may 
either favour tolerant species able to handle and use pollutants for metabolism or 
provoke the elimination of sensitive species. The vegetation can for example, take up 
nitrogen, phosphorus, copper, and zinc from leachate and polluted soil. Moreover, 
methanotrophic bacteria use methane as source of carbon and energy while denitrifying 
bacteria use nitrate and organic material.  
 
The research hypothesis of the investigations was that the plant, fungus, and 
microorganism communities of ecosystems exposed to landfill emissions could be used 
to indicate the occurrence of emissions and contaminated areas. For example, the 
presence of pollutants can be determined by the: 
 

•  Development of bacteria growing on landfill gas. 
•  Development of a peculiar species composition and/or external symptoms as a 

response to the exposure to exceptional environmental conditions.  
•  Accumulation of pollutants in a vegetation cover.  
 

Development of bacteria growing on landfill gas 
 

Methane and oxygen are present in landfill top covers, which makes the covers a 
favourable environment for methane oxidation. Kightley et al. (1995) identified two 
groups of methane oxidising bacteria communities. The first had a high affinity for 
methane but a low methanotrophic capacity while the second had a low affinity for 
methane but a high oxidation capacity. Methanotrophic bacteria are able to survive 
periods of methane starvation and to propagate rapidly when the methane flow is 
restored.  
 
The first step in methane oxidation is the conversion of methane (CH4) to methanol 
(CH3OH) by the enzyme methane monooxygenase. Methanol is further converted to 
formaldehyde (CH2O) and used either for catabolism or for biosynthesis by 
methanotrophic bacteria (Lengeler et al. 1999). With catabolism, formaldehyde may be 
further oxidised to carbon dioxide. The net reaction of methane oxidation is:  

CH4 (g) + 2 O2 (g) → CO2 (g) + 2 H2O (l) 

For biosynthesis, formaldehyde enters the serine or the ribulose monophosphate 
pathway resulting in the net reaction:  

CH4 (g)  + O2 (g)   →   [CH2O](s) +  H2O (l) 

Methane oxidation results in a net decrease in the number of gas molecules.  
 
As methanotrophic bacteria live on methane, it was hypothesized that soils exposed to 
methane emissions should accommodate large methanotrophic populations. 
Consequently, the exposure to methane should enhance the oxidation capacity of those 
soils (Paper III).  
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Development of a peculiar species composition and external symptoms 
 
Landfill gas presence in the root zone is the most usual reason for vegetation damage at 
landfills. The main dying process is asphyxia, i.e., the insufficiency of oxygen to sustain 
respiration in the roots. Landfill gas emissions can lower the oxygen content in the soil, 
below levels that most plants require, i.e., 5 to 10 %. Furthermore, elevated carbon 
dioxide content is toxic even if enough oxygen is available (Table 1). The normal 
concentration of carbon dioxide in soils is between 0.04 and 2 %; normal growth can 
occur at concentrations up to 5%. A CO2 concentration above 20% is generally 
phytotoxic (Paper I).  
 
Table 1  Methane and carbon dioxide effect on the growth of tomato 

(Lycopersicon esculentum) at a constant oxygen of 7% (Gendebien et 
al. 1992). 

 
Effect on the plant CO2 

[%] 
CH4 
[%] 

Normal development 0 0 
Normal development 0 45 
Damages 34 0 
Damages 34 45 

 
At landfills and similar sites plants are continuously exposed to the site conditions e.g., 
landfill gas. Thus, a method based on vegetation could give information regarding 
"average" conditions. Further, landfill vegetation is of interest due to its diversity. 
Although landfills cover a limited surface, they often offer a large diversity of 
environmental niches for species. Fluxes of waste and cover materials with different 
origins end up at a landfill and create microhabitats. A certain type of vegetation will 
have a competitive advantage and develop while other species will be rare. As certain 
species are tolerant to a given landfill environment, it was hypothesized that the 
vegetation composition and development could be used to indicate pollutant emissions.  
 
Accumulation of pollutants in fungi and plants 
 
Plant and fungi take up nutrients but also other compounds, such as heavy metal ions 
from the soil. Plants growing on soil, where abnormal concentrations of certain 
compounds occur, can therefore characterise polluted soils through high tissue 
concentrations and eventually, symptoms of poisoning. 
 
The interaction between plants and the elements present in the soil varies according to 
species and the element considered. The passive uptake (non metabolic) of elements is 
distinguished from an active (metabolic) uptake (Baker 1981). Three different responses 
from plants to metal ions may be observed (Paper I): 
 
•  Exclusion: Ion penetration of tissues is hindered or blocked. Plants with these 

properties have lower concentrations of the element than the surrounding soil.  
•  Diffusion: The ion diffuses into the plant. The plant exhibits similar concentrations 

as the surrounding soil. 
•  Accumulation and hyperaccumulation: Much higher concentrations of certain 

elements may be observed in the plant than in the surrounding soil. The elements are 
stored in a more or less hazardous form in certain parts of the plant.  
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It was hypothesized that relationships between the concentrations in the plants and in 
the soil would be helpful in the identification of the presence of contaminants in soil. 
This information could provide valuable information and reduce the number of samples 
needed to be taken. As a typical plant root system develops in a volume of soil larger 
than the normal size of a soil sample it could indicate an average pollution level in the 
soil layer.  
 
2.2 Methods 
 
Development of bacteria growing on landfill gas 
 
Soil from a biofilter treating landfill gas was used to investigate the oxidation capacity 
of soils exposed to methane. The biofilter was built at the Umeå landfill located in 
Northern Sweden (63.8N-20.3E). It was 10 m long and was divided into two 5-m 
sections. Landfill gas was collected at the top of the landfill and injected at a depth of 1 
m in the first half of the filter. The second half of the filter was used as a reference, not 
exposed to methane emissions, either from the pipe or from the landfill. The filling 
material of the biofilter was an organic soil. A gas-tight wall delimited the biofilter on 
one of the long sides while the other sides were filled with bottom ash from municipal 
waste incineration. Methane emissions were measured using static chambers (Paper II).  
 
The oxidation activity was measured using the assay method presented in Paper III. It is 
based on the pressure decrease caused by the net decrease in the number of gas 
molecules resulting from the oxidation. Figure 1 shows the pressure evolution during 
methane oxidation when assessing landfill soil. After methane was oxidised the pressure 
stabilised at below the atmospheric pressure (-4 kPa in Figure 1) as air was pumped out 
from the bottle at the start of the experiment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Pressure evolution in a 330-ml glass bottle containing 10 g of soil. 

After the bottle was closed, 50 ml of air was extracted and 50 ml of 
oxygen and 50 ml of a mixture of methane and nitrogen (50% of each) 
were added to. On day 7, 50 ml of the methane-nitrogen mixture was 
added (Paper III).  

 
The methane oxidation capacities of organic soil sampled in the biofilter and the 
reference section were compared. The variables studied were the previous exposure of 
the soil to methane and the sampling depth. The tests were done according to a factorial 
design. The responses investigated were the length of the lag period before methane 
oxidation reached the steady rate and the maximum oxidation rate.  
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Development of a peculiar species composition and external symptoms  
 
To investigate if vegetation composition and development could be used to identify 
methane emissions areas, the vegetation cover was inspected at three landfill cells in 
Southern Sweden (Paper V): Stockholm (59.2N-18.0E), Malmö (55.4N-13.0E), and 
Helsingborg (56.0N-12.4E). The cells studied are described in Lagerkvist (1997). High 
landfill gas emission levels may be indicated by the death or the absence of vegetation. 
To obtain a more precise assessment, any anomaly in the vegetation cover was 
compared to landfill gas emissions. The growth of herbaceous species Festuca ovina, 
Rumex crispus, and Matricaria perforata were measured and compared to the carbon 
dioxide emissions. Anomalies in a homogeneous vegetation cover, i.e., in short-rotation 
tree forests, were investigated at two landfills in Southern Finland: Lohja (60.2N-24.1E) 
and Lahti (61.0N-25.5E). After the final landfill covers were laid, plantations of willows 
(Salix vinimalis) were planted on parts of the landfills (Paper IV). Tree growth was 
estimated by measuring the diameter and the height of the trees. LFG emissions were 
measured using static chambers. 
 
Accumulation of pollutants in fungi and plants 
 
The relationships between the concentrations in plants and in soil were investigated at a 
contaminated site where ”siliceous-ash” was disposed. The site is situated outside 
Sundsvall, Sweden (62.2N-17.8E). The deposits are the main sources of pollution at the 
site (Paper VI). ”Siliceous ash” is a waste generated during sulphuric acid production, 
containing mainly iron oxide, also arsenic compounds and other hazardous elements. 
Preliminary surveys showed that four elements had strongly elevated concentrations: 
arsenic, copper, lead, and zinc. The following investigations therefore focused on these 
elements (Paper VI).  
 
The investigations and sampling were restricted to the most polluted areas, two deposits 
called EN and ES. Soil was sampled with a density corresponding to 400 soil 
analyses/hectare of land. The sampling was done on apparently homogeneous ground. 
The vegetation was assessed in 10 x 10 m squares centred on the soil sampling spots. 
This included: birch leaves, branches, and roots (Betula pendula), one herbaceous plant 
(Thlaspi caerulescens) and four species of fungi (Amanita muscaria, Lactarius rufus, 
Paxillus involutus, and Telephora caryophyllea). The species were chosen because they 
were common at the site and made comparison between deposits practical.  
 
The first step in the approach was to observe external signs of harm on the vegetation. 
The second step was to analyse the plant material to relate the pollutant content in the 
vegetation to the pollutant content in the soil. An analytical method was developed to 
assess the arsenic content in soil and fungi. It is described in Paper VI. It is based on a 
colour change on test strips that are dipped in the solution obtained after the leaching of 
the material e.g., soil and fungi samples. The tri- and pentavalent arsenic compounds in 
the leachate are converted to arsine, which react with the strips. The reaction gives a 
coloration that is compared to a colour scale. As the test has to be conducted in a water 
solution, the solid samples have first to be leached.  
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To obtain the leaching solution, the following leaching media were examined: 
 

1. Water  
2. Acetic acid (0.5M) and ammonium acetate (0.5M), pH 4.65 - a common method 

used to mobilise soluble trace elements in soil (Lakanen 1962).  
3. Ammonium acetate (1M) - the first step of a sequential leaching test (Calmano 

and Foerstner 1983) to leach exchangeable ions. 
4. Sodium acetate (1M) - the second step of a sequential leaching test (Calmano 

and Foerstner 1983) to dissolve carbonates.  
 
2.3 Results and discussion 
 
Development of bacteria growing on landfill gas 
 
The assay method was used to compare the methane oxidation capacity of the soils from 
the biofilter and the reference section. The results are presented in Table 2. 
 
Table 2 Results from the experiments done with samples taken in the biofilter 

and the reference section (Paper III).  
 
Sample LFG1 Depth1 TS1 LOI1 Length of the lag 

period 
Maximum methane oxidation rate 

  [cm] [%] [% TS] [d] [kPa/h] [mol y-1 kg-1
TS] 

1 yes 30 88 8.0 1.5 0,11 3.8 
2 yes 30 88 8.0 1.5 0,14 4.6 
3 yes 10 92 7.5 2.0 0,27 9.5 
4 yes 10 92 7.5 1.0 0,19 6.7 
5 no 30 81 10.7 2.0 0,11 3.4 
6 no 30 81 10.7 3.0 0,18 5.7 
7 no 10 81 8.3 2.0 0,18 5.6 
8 no 10 81 8.3 2.0 0,20 6.2 
1: LFG: Exposure to landfill gas, Depth: sampling depth, TS: total dry solid, LOI: Loss on ignition.  
 
The analysis of variance and comparison tests found the following: 

•  A paired-comparison showed that the length of the lag period was shorter (p < 0.05) 
for the soil exposed to landfill gas than for the references (Table 2).  

•  The soil samples had the same oxidation rate independent of the level at which the 
sample was taken and the exposure to landfill gas (p > 0.05).  

•  There was no significant difference between the oxidation rate after the first and the 
second injection of gas into the bottles (Figure 1). 

 
It is likely that soil exposed to the substrate could accommodate large populations of 
bacteria. The larger the methanotrophic populations are the earlier the maximum 
oxidation rate is reached; as is indicated by the elimination of the lag period after the 
second methane addition (Figure 1).  
 
Monitoring the pressure automatically facilitates the measurement of the lag period. The 
alternative would be to measure the gas concentrations with a frequent and time-
consuming sampling to obtain the same monitoring precision. The pressure assessment 
was therefore adopted for the different investigations.  
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However, the method is sensitive to experimental conditions such as the incubation 
temperature and the water content of the samples. When the bacterial oxidation rate 
exceeds the rate of methane dissolution in the water phase, the methane solubility 
restrains the oxidation rate. The maximum oxidation rate then depends more on the soil 
texture and the water content in the sample than on the number of bacteria.  
 
To be able to compare different soils, the experimental conditions need standardisation. 
An incubation temperature of 30ºC and a water content at the water holding capacity are 
recommended.  

•  30ºC is probably more representative than 50ºC of temperatures in landfill 
covers. This is even if the investigations showed that methane oxidation 
occurred both at 30 and 50ºC. Optimum temperature of 30 respective 31ºC for 
methane oxidation were reported by Boeckx and Van Cleemput (1996) and 
Whalen et al. (1990). It corresponds to the optimum temperature for the bacteria 
Methylomonas (Bergey 1984). However other bacteria, such as Methylococcus, 
have an optimum temperature of 37ºC and develop in the range 30-50ºC (Bergey 
1984).  

•  The water holding capacity is recommended because it is a defined water 
content that can be maintained in the top cover or a biofilter.  

 
As landfill gas emissions are variable, repeated samplings are needed to detect variation 
over time. The soil bacteria are exposed to these variations. Therefore, they can provide 
information about the “average” exposure of the soil to methane. The activity of the 
methanotrophic bacteria can be assessed by the described method and soil exposed to 
methane emissions can be identified.  
 
Development of a peculiar species composition  
 
The investigations showed that the vegetation covers, i.e., the composition and the 
amount of biomass produced, were largely site dependent. The biomass production is 
closely related to the species but also to soil quality and precipitation. A natural 
selection seemed to occur with ageing. Ruderal species were rapid to colonize any open 
area left after different cover disruption work, whereas grasses were predominate on the 
undisturbed surfaces. The age of the cover affected the species richness. (1) The first 
year after a disturbance, the vegetation was sparse. (2) After two or three years, a thick 
cover of ruderal species had developed. (3) In the end, the vegetation diversity 
decreased and species indigenous to the surrounding forest and meadows predominated 
(Paper V).  
 
Using the biomass production of the plant does not appear to be a viable method for 
assessment of exposition to pollutants. Negative correlations between the carbon 
dioxide emissions and the thickness of the cover of Festuca ovina or the size of Rumex 
crispus were observed. Even though the size of Matricaria perforata varied, no 
correlation to landfill gas emissions was found. Various environmental factors can 
explain poor plant development e.g., nutrients deficiency, drought, and high soil 
compaction (Paper V). Even if landfill gas is toxic to plants, the correlation between the 
vegetation cover status and the landfill gas emission levels is hidden by other site 
related variables.  
 
The development of a simple method using phytoindicators to detect landfill gas 
emissions seems difficult. Anomalies in homogeneous vegetation covers can indicate 
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landfill gas emissions. However, the investigations on short-rotation tree forests (Salix 
vinimalis) did not show a clear correlation between plant development and landfill gas 
emission levels. The willows seemed to tolerate high landfill gas concentrations. Only 
with the highest emission levels was a weak negative correlation to the growth noted 
(Paper IV). However, tolerant species remain of interest for landfill restoration even if 
their use as indictors is limited.  
 
As natural landfill vegetation can tolerate landfill gas it does exhibit damage that can act 
as an indicator of landfill gas emissions. Extreme gas exposure may lead to the death of 
specimens but the vegetation is not a sensitive tool to map lower levels of landfill gas 
emissions. However, a vegetation cover that is lacking pollutant-sensitive species may 
be used to indicate the presence of toxic pollutants. 
 
The landfill vegetation offers a high species diversity, accommodating not only the 
common ruderal species but also vegetables and species listed as endangered. However, 
the rich species composition should not be interpreted as an indication of the presence 
or absence of pollutants. Both cultivated and wild species occur at landfills. Stenberg 
(1997) observed several vegetables, birdseeds and garden species, at the municipal 
landfill at the city of Kalix in Northern Sweden. Furthermore, large fields of tomatoes 
or sunflowers are common at landfills. Wild species were also found at an industrial 
landfill in the same city that received bark waste from wood imported from South 
Sweden and European countries. At the site, 10 species, new or very rare for the 
province, were found e.g., Centaurea phrygia ssp phrygia which is rare and on the list 
of the protected species in Sweden. Festuca gigantea is another example of a rare grass 
species growing at the site and that is usually only found in Southern Sweden (Stenberg 
1997). It is likely that seeds ended at the site because they were on the imported wood. 
Some of these species have been growing for several years which suggests that the heat 
produced in the landfill may help them to survive the winter. 
 
Accumulation of pollutants in fungi and plants 
 
The results of the soil analyses showed that the studied site was heterogeneously 
polluted. The birches (Betula pendula) growing on soil contaminated with several 
hundreds of mg/kg-TS of the four pollutants did not show any external signs of harm. In 
one place, the root systems of small birches were developing horizontally but it can 
either be a symptom of the soil toxicity (Kabata-Pendias and Pendias 1992) or the 
compact soil texture.  
 
Even if the birches took up pollutants, no clear relation between the pollutant levels in 
the soil and in the vegetal tissues could be observed. Thlaspi caerulescens, as are other 
species of the crucifer family, is a known zinc-accumulator (Brooks et al. 1977). The 
studied specimens had 9 mg/kg-TS zinc in their tissues, which was more than 20 times 
the concentration of available zinc observed in the soil. Among the four fungi species 
studied, only Telephora caryophyllea accumulated pollutants.  
 
Three leachate solutions gave distinct results with the analytical test: one of acetic acid 
(0.5M) and ammonium acetate (0.5M), one of ammonium acetate (1M), and the third of 
sodium acetate (1M). Ammonium acetate (1M) gave the strongest coloration, which 
made it possible to use the full colour scale of the test strips. It was therefore chosen as 
leaching medium for all the tests.  
 



Bioindication and Bioremediation of Landfill Emissions 

10 

The tests done directly on soil samples gave observable responses but the results were 
difficult to interpret because arsenic concentrations in the solution were too low for 
accurate reading. The tests on the fungus Telephora caryophyllea gave a measurable 
arsenic concentration. A correlation can be observed between the arsenic concentration 
in the leachate and in the fungi (Figure 2). The former is about 2 orders of magnitude 
lower than the latter.  

y = 0.0094x + 0.9175
R2 = 0.89
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Figure 2 Comparison of the arsenic content of the fungi and the arsenic content 
of the leachate after leaching with ammonium acetate. Two types of 
regression analysis were done, taking the observation ESII as outlier 
(Paper VI). 

 
Methods to obtain a better overview of pollution distribution would be of interest in 
order to reduce the cost of the preliminary stages of remediation work. In the study, as 
birches did not show any signs of damage it was not practical to use a visual inspection 
of the trees to locate polluted areas. The species Thlaspi caerulescens can indicate the 
presence of zinc in the ground. Herbarium specimens have for example been used to 
identify potential ore deposits (Reeves and Brooks 1983). But as it actively accumulates 
certain elements, it is difficult to correlate the soil and the plant concentrations. Even 
low soil concentrations lead to a high content in the tissues.  
 
The concentrations in the leachate were about 2 orders of magnitude lower than in the 
fungi. The colorimetric test was performed with the leachate while the dry fungi was 
analysed directly. Dilution caused by the leaching process explains part of the 
difference. Furthermore, the colorimetric test lost precision at high arsenic 
concentrations. Therefore, the estimation is more qualitative than quantitative. Thomas 
et al. (2000) proposed the utilisation of KH2PO4 to displace soil-bound arsenate, 
enhancing the sensitivity of a similar test. However, the fungus Telephora caryophyllea 
combined with the colorimetric test can be used to estimate the arsenic content in the 
soil and delimit a polluted site. It is not possible to correlate the arsenic content of the 
soil from the analysis of the fungi, as it accumulates arsenic. Even if a passive 
accumulator would be more accurate in the measurement of soil pollution, an active 
accumulator can be useful when dealing with elements with low background levels. 
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3 Bioremediation of landfill emissions 
 
3.1 Introduction an hypotheses 
 
Landfill emissions often occur over long period of time. Furthermore, effective 
emission control and remediation means that it is necessary to treat the large areas and 
volumes of a landfill. To treat such emissions, natural processes could offer robust and 
low cost alternatives. Such natural processes are: 

•  Biodegradation of methane in landfill cover. 
•  Denitrification of landfill leachate in constructed wetlands. 
•  Phytoremediation of polluted soils, including extraction and immobilisation. 

 
However, natural processes are limited by the environmental conditions, e.g., the 
climatic conditions and the soil quality, and may therefore lose efficiency during 
unfavourable conditions.  
 
Biodegradation of methane in landfill cover 
 
The upper part of landfill top cover is a favourable environment for methane oxidation 
because methane and oxygen are available in large amounts. The oxidation of methane 
leads to a reduction of the number of gas molecules. Bergman (1995) observed that the 
methane oxidation layer could be identified by a local enrichment of nitrogen in the 
pore gas exceeding the atmospheric content. The layer is observable a few decimetres 
below the ground surface (Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 Gas concentration profiles in soils where methane emission and 

oxidation occur. The profile was recorded in 1994 at a landfill located 
in Malmö, Sweden (Maurice 1998).  

 
The hypothesis tested was that landfill covers could be used in cold climate regions, as 
filters to mitigate methane emissions.  
 
 
 
 
 

0

10

20

30

40

50

60
0 20 40 60 80

Gas concentration [vol-%]

D
ep

th
 [c

m
] CH4

CO2
O2
N2



Bioindication and Bioremediation of Landfill Emissions 

12 

Denitrification of landfill leachates in constructed wetlands  
 
Constructed wetlands (CW) could be used as a complementary system to existing 
techniques for the treatment of wastewater, storm water, and landfill leachate (Brix 
1993; Brix and Schierup 1989). Constructed wetlands have been used for wastewater 
treatment in Scandinavia and especially in Norway (Jenssen et al. 1993; Jenssen et al. 
1994; Mœhlum and Stålnacke 1999; Giaever 2000). Low temperatures are a limiting 
factor for plant development and microbiological activity. Climatic conditions in 
Northern Sweden are more severe than in the oceanic climate of the Norwegian coast. 
The suitability of CW systems should therefore be investigated before implementation 
in Northern Sweden.  
 
It was hypothesized that wetlands could be constructed in a way to reduce the effects of 
the climatic limitations. To evaluate the treatment potential of constructed wetlands in 
the climatic conditions of Northern Sweden investigation focused on: 
 

•  The selection and the growth of plants.  
•  The prevention of the harmful effects of low temperatures. 
•  The nitrogen treatment capacity of the wetlands. 

 
Phytoremediation of metal polluted soil 
 
The alternative to remediate metal contaminated soils is to extract the contaminants or 
to immobilise them in a form that hinder leaching in the environment. Remediation 
techniques to either extract or stabilise metal contaminated soils are: 
 

•  Excavation and landfilling. 
•  Soil washing. 
•  Phytoextraction. 
•  Soil capping. 
•  Phytostabilisation. 

 
The hypothesis is that phytoremediation could be used to treat contaminated soils, as an 
alternative to conventional remediation techniques. The feasibility of using 
phytoremediation to treat an investigated site is discussed. No remediation work has 
been attempted at the studied site.  
 
 
3.2 Methods  
 
Biodegradation of methane in the landfill cover 
 
Landfill gas (LFG) emissions were monitored over one-year periods at three sites in 
Northern Sweden and Finland using static chambers. A biofilter was also used during 
the investigation. The sites were: 

•  Site 1 is a test-cell at the landfill of the city of Luleå in Northern Sweden 
(65.6N-22.0E). The tests cell is described by Lagerkvist (1995). Methane and 
carbon dioxide emissions were monitored for a one-year period from February 
1996 to March 1997. Temperature in the cell and its top cover was monitored 
(Paper II). 
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•  Site 2 is an inactive part of the landfill of the city of Kemi in Northern Finland 
(65.7N-24.7E). Three measurements of landfill gas emissions took place during 
the late summer of 1999, the winter 2000, and the spring 2000. The 
measurements were carried out using two transects that started at the top and 
went to the base of the landfill (Paper II).  

•  Site 3 is a methane oxidising biofilter at the landfill of the city of Umeå in 
Northern Sweden (63.8N-20.3E) and already described in section 2.2. LFG 
collected at the surface of the landfill was injected in the biofilter during the 
period February-November. It was the only source of methane in the filter. LFG 
emissions were measured during the period August 1998 to March 2000. The 
temperature in the biofilter was measured every hour, using thermocouples.  

 
The effects of irrigation on the vegetation cover and the oxidation capacity of the soil 
were investigated at two landfills in Finland where short-rotation tree forests were 
planted. Soils properties, LFG emissions, and tree growth were investigated (Paper IV). 
The methane oxidation capacity was measured using the assay based on the oxidation-
induced pressured decrease, described in Paper III. The landfills were situated in the 
cities of Lohja (60.2N-24.1E) and Lahti (61.0N-25.5E) in Southern Finland. The 
plantations were established after the final cover was laid on parts of the landfill. The 
plantations were irrigated with landfill leachate to increase evaporation rate and reduce 
leachate discharge. A sprinkler irrigated portions of the forests. The leachate irrigation 
levels were 0 and about 0.5 m/year in Lohja and about 0.5 or 1.3 m/year, in Lahti.  
 
Denitrification of landfill leachates in constructed wetlands  
 
Two subsurface flow wetlands were built at the landfill of Umeå in Northern Sweden 
(63.8N-20.3E), where the average winter temperature is –6°C. They are the last step of 
a 3-step treatment sequence starting with a sand filter with aeration, then a rotating 
biological contactor with the constructed wetlands serving as a final polishing and 
denitrification step (Paper VII). Both wetlands are 50 m2 (5 x 10 m) in size and divided 
in several sections filled with 0.7 or 0.85 m material. Seedlings of 12 different species 
were planted. 
 
The wetlands were built below the surrounding ground level with high edges, enabling 
the water table to be elevated and favouring snow accumulation. An ice or snow layer 
can provide a good insulation, and raising the water level during the autumn enhances 
the formation of a thick ice layer.  
 
The temperature in the wetlands was monitored using thermocouples. Leachate was 
pumped to the wetlands and the inlet and outlet flows were measured. The nitrate 
concentrations were monitored in the inlet and outlet leachate of the wetlands.  
 
Phytoremediation of metal polluted soil 
 
The use of phytoremediation as an alternative to treat contaminated soils is discussed 
using the results from the investigation of a metal-contaminated industrial site. Soil and 
vegetation samples were taken at the site (Section 2.2 and Paper VI). It is situated along 
the western shore of an estuary. It has been used for industrial activities since the 
beginning of the twentieth century, e.g., two paper industries and several chemical 
industries. Industrial wastes have been dumped at the site. One product of sulphuric acid 
production containing mainly iron oxide, called ”siliceous-ash”, has been deposited in 
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several places. The ”siliceous-ash” deposits are one of the main sources of pollution in 
the area. The wastes have been used as filling material along the shores of the river and 
to level the area. The depth of the waste varies between a few decimetres up to a couple 
of meters. It is 34 hectares in size and is mostly covered by a birch (Betula pendula) 
forest. The soil surface is slightly sloped towards the river. Fences have been erected 
around the two most heavily polluted areas, called EN and ES. If the remediation is 
centred on these most contaminated, fenced zones, the area in need of remediation still 
covers several hectares. After preliminary surveys the investigations have focused on 
the major contaminants in the area: arsenic, copper, lead, and zinc (Paper VI).  
 
The vegetation investigations included birch leaves, branches, and roots (Betula 
pendula), one herbaceous plant (Thlaspi caerulescens), and four species of fungi 
(Amanita muscaria, Lactarius rufus, Paxillus involutus, and Telephora caryophyllea). 
The species were chosen because they were common at the site. The branches and the 
leaves were washed with distilled water before analysis. 
 
 
3.3 Result and discussion 
 
3.3.1 Biodegradation of methane in landfill covers 
 
The landfill gas emission measurements showed similar patterns. Carbon dioxide 
emissions were observed at each measurement (Paper II) while methane emissions were 
unevenly distributed between the seasons (Paper II and Figure 4). Figure 4 shows that 
the main methane emissions were observed during the late winter (February-April) at 
the three sites and during the late summer in August, at sites 2 and 3. In October, 
methane emissions were observed at site 3. Most of the methane seemed to be oxidised 
during the June and July but methane emissions reoccurred at the end of the summer at 
sites 2 and 3 (Figure 4).  
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Figure 4 Repartition of the measured methane emissions along the year for the 3 

sites. Site 1 is the test cell at Luleå, site 2 is the landfill at Kemi (results 
from three samples are presented) and site 3 is the biofilter at Umeå. 
Each bar represents the share of the total emission registered for each 
studied point. No assumption is made on the daily variation of the 
emissions (Paper II).  
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The snow layer works as an insulator preventing frost from penetrating deep into the 
soil. The temperature monitoring at site 1 showed that the climatic influence on 
temperature was noticeable down to only about 3-meters depth (Figure 5).  
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Figure 5 Evolution of the temperature profile in a test cell and its top cover 

during the spring of 1997 at site 1 (Paper II). 
 
Methane oxidation is an exothermic reaction. Figure 6 shows the temperature evolution 
in the biofilter (site 3) and the reference section. LFG injection started in February 1999 
and continued until November 1999. During 2000, the gas injection was hindered by 
condensed water into the collection pipes. The temperature difference between the 
biofilter and the reference section began to increase after the gas injection started. The 
temperature was significantly higher in the biofilter than in the reference section, when 
gas was injected (Paper II). The temperature difference was 10°C, at most, during the 
period July - September. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6  Temperature variations along the year at 45 cm depth in the biofilter 

and in the reference (Ref.) section at site 3 (Paper II).  
 
Data from the investigations done at the two short-rotation tree forests were analysed 
with multivariate data analysis. Results from the statistical analysis are presented in 
Figure 7 (Paper IV).  
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a) Comparison between irrigated and non-irrigated portions of the forest. 
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b) Effects of different amounts of leachate irrigation. 

 

-0.4
-0.2

0
0.2
0.4
0.6
0.8
1.0
1.2

0.6-0.4 -0.2 0 0.2 0.4

cond

e.CO2

e.CH4

I

TS
pHN

P LOI
Mox

CO2C

D
L

PC1  
 
PH I:          irrigation  e.CO2:  CO2 emissions 
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Figure 7 Plots from the multivariate data analysis for the site at Lohja (a), and 

for site at Lahti (b) (Paper IV). 
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The statistical analysis showed that: 
 

•  Leachate irrigation is positively correlated to nutrient and organic contents, and 
negatively to total solid content.  

•  Larger trees occur on irrigated areas, presumably due to the positive effect of the 
water and nutrient supply.  

•  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 rate than the non-irrigated ones.  
•  Methane emissions had a negative correlation to the methane oxidation capacity 

of the soil, indicating that methane oxidation reduced emissions. 
 
Laboratory measurements showed that bacteria in the soils had the capacity to oxidise, 
the methane emissions observed at the landfills (Paper II and III). Methane oxidation 
rates over 20 mol y-1 kg-1

TS were observed. The methane oxidation levels observed in 
soils from different landfills are presented in Table 3. Methane oxidation capacities are 
measured in mol y-1 kg-1

TS while methane emissions are measured in mol y-1 m-2. In 
order to compare oxidation to emissions, the thickness and the density of the oxidation 
soil layer needs to be assumed. Estimating a thickness of 0.1 m with a density of 1000 
kg/m3 gives a factor of 100 i.e., a comparison between the MOC and the emissions can 
be done by first multiplying the MOC by 100 (Table 3). 
 
Table 3 Comparison of methane emissions and estimated methane oxidation 

capacity for the sites investigated during the different studies. 
 

Site  Type of material MOC1 Emissions Comments Reference 
 investigated [mol y-1 kg-1 TS] [mol y-1 m-2]   
Kemi Landfill cover 1.7 - 13.2 < 2 - 40  Paper II 
Umeå Soil 5.2 – 6.2 < 2 - 18  Paper II 
Umeå Bottom ash 2.8 – 2.9 < 2 - 357  Paper II 
 Filter material 4.6 - 24.6   Paper III 
Lohja Forest soil 0.8 – 3.7 30 -1959 No irrigation Paper IV 
Lohja Forest soil 2.8 - 15.1 30 - 605 Irrigation 0.5 m y-1 Paper IV 
Lahti Forest soil 0.6 - 10.8 25 - 168 Irrigation 0.5 m y-1 Paper IV 
Lahti Forest soil 3.7 - 19.0 78 -7463 Irrigation 1.3 m y-1 Paper IV 
1: MOC: Methane oxidation capacity 
 
As the waste temperature only varies a few degrees (Figure 5), methane production is 
likely to be fairly constant. Non-optimal conditions for methane oxidation are believed 
to cause the observed methane emissions peaks while all the methane is oxidised during 
the favourable periods (Figure 4). The occurrence of methane emissions only during the 
winter at site 1, when the soil was frozen, suggests that methane-oxidising bacteria are 
inhibited during this period. This may be a combined effect of low temperature and 
drought. Judging from the emissions, the methane oxidation seems to be almost 
complete during warmer (and wetter) periods. 
 
As methane oxidation is exothermic, the heat generated by the oxidation could be 
expected to keep the soil warm enough during winter. The temperature was higher in 
the biofilter during methane injection than in the reference (Figure 6). However, the 
temperature difference decreased during the autumn. The temperature may have been 
kept higher without the problem that impaired methane injection (Paper II).  
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Most of the methane seemed to be oxidised during the summer period but methane 
emissions reoccurred at the end of the summer at sites 2 and 3 (Figure 4). The heat in 
combination with gas flow through the soil is believed to lead to desiccation of the soil 
and to restrain the methane oxidation. The low precipitation during summer and the heat 
generated by the oxidation are enough to reduce the pore water content of the soil 
(Paper II). Firstly, the low pore water content facilitates methane emission, especially 
where the soil cover is very shallow. Secondly it inhibits the bacterial activity, leading 
to decreased oxidation. Leachate irrigation seems to favour the microbiological activity 
in general, including the methane oxidation (Paper IV). Thus, leachate irrigation is a 
way to promote methane oxidation during the dry season.  
 
The observed methane oxidation capacities and emission levels are in the same order of 
magnitude (Table 3). The extrapolation of the laboratory measurements of the oxidation 
capacity to field conditions is based on two assumptions: (1) the estimation of the 
volume and the density of the oxidation layer, (2) comparable soil conditions e.g., 
moisture content and temperature. Even if the laboratory measurements of the methane 
oxidation capacity cannot directly be applied to landfill covers, the investigations 
showed that landfill covers could be used to markedly reduce methane emissions from 
landfills.  
 
3.3.2 Denitrification of landfill leachates in constructed wetlands  
 
The selection and the growth of the plants.  
 
A natural selection of the plant species occurred. Two years after the establishment, the 
most abundant species were Glyceria maxima, Typha latifolia, Phalaris arundinacea, 
Triglochin maritimum, and Juncus geradii ssp. geradii. Some species did not spread 
further, e.g., Phragmites australis, while other disappeared, e.g., Leymus arenarius, 
Schenoplectus lacustris, and Puccinellia capillaris (Table 4).  
 
Table 4  Organic material production and survival of the plant species two 

years after (September 2000) seedlings were planted. Sections CW(70), 
filled with 70 cm material, were flooded while sections CW(85), filled 
with 85 cm material, were above the water table (Paper VII). 

 
Species Organic material  Plant development in the CWsb  

 g/tuft a g/m2 CW1(70) CW1(85) CW2(70) CW2(85) 

Bolboschoenus maritimus 34 1016 + - + - 
Glyceria maxima * 4451 ++ n p ++ n p 
Iris pseudacorus   - n p - n p 
Juncus geradii ssp. geradii 8,5 254 ++ n p ++ n p 
Leymus arenarius   0 0 0 0 
Phalaris arundinacea 316 4698 0 ++ 0 ++ 
Phragmites australis   + 0 - 0 
Puccinellia capillaris   0 0 n p n p 
Schenoplectus lacustris 103 3050 0 0 0 - 
Schenoplectus tabernaemontani 23 671 + n p + - 
Typha latifolia * 1924 ++ - ++ + 
Triglochin maritimum 69 2049 ++ n p ++ n p 
a:  *: The specimens expand laterally, no vegetation tuft could be separated. 
b:  0: The specimens died; -: The specimens occur, but have not yet expanded compared to the 

plantation time; +: The specimens are at least twice as large as they were the previous year;            
++: The specimens are at least 10 times as large as they were the previous year; n p: not planted. 
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Weed development in the section with an organic soil layer had no negative effect on 
the wetland vegetation. After two years weeds disappeared naturally. Certain species 
preferred flooded soil, though the survival of Phalaris arundinacea required drained 
soil during the winter. Therefore, it might be advisable to lower the water level in a 
wetlands before the water surface freezes. Phragmites australis survived only when 
planted below several decimetres of water and could be used in deep-water zones with 
other semi-aquatic species, i.e., Schnoplectus lacustris, Schenoplectus tabernaemontani, 
and Bolboschoenus maritimus.  
 
Prevention of harmful effects of low temperatures 
 
Frost penetration is a potential hazard for wetland systems. In this study, the design of 
the wetlands caused the accumulation of a 60 cm thick snow layer up to the edges of the 
basins, while the snow depth on the surrounding landfill was only about 10 cm. During 
the first winter (1998-1999), the wetlands were nearly completely frozen with ice-free 
water layers of only about 15 cm at the bottom (Figure 8). The water temperature was 
above 5°C for 195 and 210 days (respectively) during the investigated years and above 
10°C for 120 and 153 days (respectively).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 Average water temperature variations at three different depths in the 

constructed wetlands (Paper VII).  
 
 
The nitrate treatment capacity of the wetlands 
 
The nitrate concentrations in the outlet water from wetland number 2 were lower than in 
the inlet water (Figure 9). During August, the average leachate load in the wetlands was 
6 10-3 m3m-2d-1, and the average volume of precipitation, was 3 10-3 m3m-2d-1. The 
retention time was three weeks. Comparing the average inlet and outlet concentrations 
over August and September gives a nitrate reduction of 30%. The same comparison of 
the ammonium concentrations shows that the inlet and outlet concentrations were 
steady, at about 12 mg/l.  
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Figure 9 Nitrate-nitrogen concentration (mg/l) in the inlet and outlet water of the 

constructed wetland number 2 (Paper VII).  
 
A rapid development of the vegetation is essential for the denitrification capacity of 
wetlands. To ensure a rapid vegetation establishment, a thin organic soil layer and a 
high water level during the establishment period of vegetation are recommended (Paper 
VII). Even if species such as Glyceria maxima and Phalaris arundinacea, produced 
large quantities of organic material up to 4.5 kg m-2 planting several species limits risk 
if one were to disappear. In the most favourable conditions, the wetlands required three 
years to attain a full-grown cover. Furthermore, according to Kadlec (1989), the half-
life for the biomass degradation of common wetland species varies from half a year to 
two years. Therefore, the wetlands need at least four years to reach full capacity.  
 
High edges and lowering of the water level before winter are two recommendations to 
ensure a better winter transition. The frost penetration was limited to the upper 40-cm of 
the wetlands. Construction of edges caused the build-up of an additional insulating layer 
of 50-cm of snow. Though the temperature is below 5°C for almost half a year and the 
top of the wetlands is frozen, the period of operation is prolonged in the interior part of 
the wetlands. Experiences from Norway have shown that significant biological activity 
occurs at temperatures below 5°C (Mœhlum et al. 1995).  
 
The annual biomass production of 4.5 kg m-2 is enough to denitrify about                     
60 m3

leachatem-2y-1, assuming a nitrate concentration of 125 mg l-1. Even if not all the 
biomass is available for denitrification, wetlands still are a potential alternative to treat 
leachate landfills. The total available organics is higher as the root biomass was not 
included in the calculation.  
 
The concentration of nitrate in the effluent is not only governed by the denitrification 
activity, but also by the water balance of the system i.e., precipitation dilutes the 
effluent while evapotranspiration concentrates it. The average leachate load in the 
wetlands was twice the volume of precipitation. It means that precipitation dilutes the 
effluent by 33%. Another source of error is the temporary dilution and varying mass 
flows after rain periods. Thus, many intervening variables make a direct comparison of 
the concentrations in the influent and effluent impractical. 
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Because of the water retention time, the concentrations in the effluent are best compared 
with the concentrations measured in the influents three weeks earlier. The ammonium 
concentrations were not affected by the wetland. This suggests that evaporation and 
precipitation cancelled each other out. The nitrate concentrations were reduced by 30 % 
during the same period, indicating that denitrification occurred.  
 
3.3.3 Phytoremediation of metal polluted soil 
 
Thlaspi caerulescens is a species that is an effective phytoextractor. Thlaspi 
caerulescens naturally occurs at the site studied and, as with other species of the 
crucifer family, it is a zinc-accumulator (Brooks et al. 1977). At the studied site, the 
specimens had only 9 gZn kg-1

TS  The species is an hyperaccumulator i.e., it can 
accumulate more than 10 gZn kg-1

TS in the stem and the leaves. Contents of up to 52 gZn 
kg-1

TS have been observed (Brooks et al. 1977).  
 
Among the four fungi species studied, only Telephora caryophyllea accumulated 
arsenic, copper, zinc, and lead (Paper VI). The fungi Amanita muscaria and Lactarius 
rufus were found to exclude the four elements studied. The excluding response of 
Amanita muscaria corresponds to the results obtained by Rühling and Söderström 
(1990).  
 
The birch roots and leaves had higher concentrations of arsenic, copper, zinc, and lead 
than the wood of the branches. The birches growing in the polluted soils accumulated 
the contaminants but no clear relation between the concentration in the soil and in the 
vegetal tissues could be observed (Table 5). Normal leaf concentrations of the four 
elements are also shown in Table 5 (Kabata-Pendias and Pendias 1992). 
 
Table 5 Average contents in developed leaves are given in the three first 

columns in [mg kg-1
TS] (Kabata-Pendias and Pendias 1992) and ranges 

observed in the roots, branches and leaves of young trees and grown 
trees (Betula pendula) are presented in the lasts columns (Paper VI).  

 
Element  Developed leaves Birch 
 Deficiency Normal Excess Root Branch  Leave  
     Young Old Young Old 
As -  1-1.7   5-20 3-42    0.2-1 0.1 1-7  0.3-3 
Cu 2-5 5-30   20-100 15-126    8-19   5-17 10-77     8-10 
Pb - 5-10   30-300 4.5-157    1-49 2-8   1-77     1-6 
Zn 10-20 27-150 100-400 128-568  148-424   91-254 181-963 254-866
 
 
Pollution management through excavation and landfilling would stir up the surrounding 
area and require the transport of a lot of material. The shore of the site is made up of 
alluvial sediments mixed with waste and the groundwater level is near the surface. 
Excavation of landfill in such unstable geological conditions so close to the shore is not 
practical as it could easily cause the spread of polluted water and slurry into the main 
water body. The same risks are related to in situ soil washing as leachate control is risky 
in alluvial shores. 
 
Phytoextraction with Thlaspi caerulescens is an alternative. It naturally occurs at the 
site and was found to contain 9 gZn kg-1

TS. This is more than 20 times the concentration 
of available zinc observed in soil samples. The major problem is that Thlaspi 
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caerulescens, is a small plant (10-30 cm high) and its biomass production is limited to 
of 4 t ha-1 y-1 (Brooks et al. 1998). Assuming that the upper 30 cm of the soil is treated 
means that a total of 3000 m3 soil will need treatment. Assuming a soil density of 1 500 
kg m-3 with 1150 mg kg-1 zinc (observed at site EN II, paper VI), it corresponds to about 
5 tons of zinc. The extraction rate of zinc would be between 400 and 2000 kg ha-1 y-1. 
The phytoremediation of zinc would take about 12 years.  
 
If the zinc uptake can be enhanced to higher levels the time could be shortened. 
Amendment can be used to increase zinc uptake but it also increases the mobility of 
other elements and risks for leaching (Robinson et al. 1999). The specimens of Thlaspi 
caerulescens contained about 30 mgCu kg-1

TS and 8 mgPb kg-1
TS. Other species would 

therefore be needed to take up copper and lead. Hyperaccumulators of lead and copper 
exist but are not adapted to the climatic conditions of central Sweden (Brooks et al. 
1998). The main challenge is to obtain a high biomass production of the accumulator. It 
would require a clearing of the actual forest, a levelling, and an intensive soil 
amendment to enable the cultivation of the hyperaccumulating species. Using the 
fungus Telephora caryophyllea to accumulate pollutants (Paper VI) is impractical as 
cropping of fungi is not feasible.  
 
Stabilisation of the site is more attractive than contaminant extraction as the 
contaminated area is large and the resources available for remediation are limited. 
Capping can limit the emission of contaminants and can either be considered as a 
provisory or a definitive remediation, at least of the less contaminated areas. Beside the 
classical soil capping methods using geomembranes or clay liner, phytostabilisation 
could be used (Paper I). The objectives of the stabilisation are to reduce the mobility of 
the contaminants, by binding them to the soil particles and the roots of the plants. 
Further transport of the contaminants to the stem and the leaves of the plants should be 
reduced to avoid contamination of grazing animals.  
 
The birch leaves had high concentrations of arsenic, copper, zinc, and lead. High foliar 
concentrations may be due to the soil particles being deposited on the leaves. As the 
leaves were washed before analysis it is more likely that the high concentrations are due 
to sap transport of contaminants to the active parts of the plant i.e., the leaves. The 
uptake of pollutants might be higher in younger plants with a more intensive 
metabolism than in fully-grown plants. Foliar accumulation prior to defoliation may be 
interpreted as a detoxification process (Porter and Peterson 1975; Dahmani-Muller et al. 
2000).  
 
Some of the species observed at the site e.g., Betula pendula, Thlaspi caerulescens, and 
Telephora caryophyllea, take up metal ions and are potential pathways for the spread of 
contaminants. Amendment can be used to bind the elements in the ground and 
consequently reduce the accumulation in the plant tissues. Among possible amendments 
to stabilise the four elements considered are iron and manganese oxyhydroxides, 
organic matter, natural and artificial clay liners (Berti and Cunningham 2000; Chen et 
al. 2000). Phytostabilisation techniques are most appropriate for relatively immobile 
contaminants and become an economically interesting treatment approach for large 
surface areas. An economical comparison presented by Berti and Cunningham (2000) of 
different stabilisation techniques showed that phytostabilisation was 50-60% cheaper 
than asphalt and soil capping. It is less disruptive than other remediation techniques and 
can be adapted to various kinds of soil conditions.  
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4 General discussion and conclusions 
 
4.1 Introduction 
 
4.1.1 Bioindication  
 
The strategy of using organisms growing on pollutants to indicate the presence of 
emission spots is a promising approach for the study of pollutants with varying emission 
flows. The method can be cost efficient because it overcomes the problems related to 
sudden variations in emissions.  
 
Plants, naturally growing on contaminated soils, are usually tolerant to the conditions 
and do not show external signs of harm. However sampling organisms that are exposed 
to contaminant emissions is of practical interest as the strategy can provide information 
about exposure over a longer period of time e.g., landfill gas or polluted soils.  
 
The root system of a plant and the mycelia of fungi grow in a larger soil volume and 
give a better average estimation of the pollutant content compared to the traditional soil 
sampling. Further, vegetation is related to the available fraction of the pollutants in the 
soil which is more relevant than total content when discussing risks to the environment. 
 
4.1.2 Bioremediation  
 
The landfill top cover can be used to decrease methane emissions, as a complement to 
other techniques. Methanotrophic bacteria do play a significant role in mitigating 
methane emissions from landfills. Vegetation could be used to improve the efficiency of 
the cover. The results indicate a need for further studies on how to optimise 
bioremediation in unfavourable conditions. The landfill top covers should be 
constructed to better keep soil moisture. Methane oxidation in landfill covers is cheaper 
to implement and requires less maintenance than other more active landfill gas recovery 
systems. In combination with an efficient gas abstraction system, bacterial methane 
oxidation in landfill soils may even result in a net uptake of atmospheric methane.  

 
Constructed wetlands can be used in cold climate regions to denitrify landfill leachate. 
A proper design of the wetlands, taking advantage of snow insulation, and selection of 
the plant species could ensure the viability of the treatment facilities. The vegetation 
establishment in wetlands should be enhanced. Constructed wetlands have many 
advantages when compared to conventional systems (Wittgren 1994). These are: 

•  Low operation and energy expenses. 
•  Low maintenance requirements. 
•  The wetlands can be established where wastewater is produced. 
•  As “low-technology” systems, they can be operated by relatively untrained 

personnel. 
 
Phytoremediation is a permanent in situ treatment method that avoids excessive soil 
disturbances and that handles the bioavailable fraction of the contaminants. Using 
vegetation to remediate contaminated soils does not disfigure the site as much as other 
techniques and thus is more acceptable to the general public. The time perspective for 
finishing remediation of a site is 10 to 20 years. The climatic conditions may also 
reduce the number of potential species that are practical to use. Finally, 
phytoremediation is mostly efficient for management of superficial soil, down to about 
a 1 meter depth. Chelators could be used to enhance the efficiency of phytoremediation. 
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Selection and breeding of well-adapted plants with genetically improved tolerance, to 
contaminants are also possible ways to improve bioremediation (Ajwa et al. 1998; Rugh 
et al. 2000). The major costs of phytoremediation are related to the tilling and 
preparation of the soil, planting the seeds, weed control, harvesting and disposal of the 
biomass. However, there are few documented phytoremediated sites, which hinders 
there being a wider acceptance of the technique (Glass 2000).  
 
Bioremediation seems to be a cost efficient alternative at landfills, with respect to the 
size of the polluted areas and the time needed for landfill stabilisation. Such measures 
may require less maintenance than other, more active systems. They may therefore be 
useful in small waste sites or in landfills where expensive treatment alternatives are not 
economically feasible. It can be a provisory or permanent solution depending on 
toxicity, pollution risks, and resources available for remediation.  
 
4.2 Summary of observations 
 
Plants, fungi and microorganisms growing at landfills can be used to indicate and to 
treat some of the landfill emissions.  

Indication of methane emissions 

•  Methanotrophic bacteria in the soil can be used to indicate methane emissions. 
The assay method developed is based on the monitoring of the pressure fall 
induced by methane oxidation. When assessing the oxidation capacities of a soil, 
the length of the lag period before oxidation reaches a steady rate is usable to 
identify soils previously exposed to methane emissions. The identification of 
methane emission areas, using methanotrophic bacteria, is less sensitive to 
sudden variations in emissions that can occur over time than direct measurement 
methods.  

•  The assay must be carried out in standardised conditions to give comparable 
results. Based on the results, an incubation temperature of 30°C and a moisture 
content at the water holding capacity of the soil are recommended. The 
maximum oxidation rate is more related to the experimental conditions, i.e., the 
limited methane solubility in water, than the oxidation capacity of the bacteria.  

Indication of pollutant emissions by the flora.  

•  Landfill vegetation offers a high species diversity, accommodating not only 
common ruderal species but also vegetables and species listed as endangered. 
Since this diversity is partly due to the disposed wastes and the landfill 
operation, it does not necessarily indicate the emission of pollutants. The plants 
growing at the studied sites were tolerant to landfill gas emissions and 
contaminated soils. For example, the birches were useless as indicators since no 
external signs of harm could be observed even though the pollutant content was 
high in the plant tissues and in the soil. This kind of vegetation has the potential 
to provide good site stabilisation but does not appear to be useful as an indicator 
of emissions. However, species composition, when dominated by tolerant 
species, can indicate unfavourable soil conditions caused by pollutant emissions.  

•  Two accumulating species were observed at the site, the herbaceous plant 
Thlaspi caerulescens and the fungus Telephora caryophyllea. However, the 
presence of accumulating species does not necessarily indicate that the soil is 
contaminated.  
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Pollutant accumulation in the tissues 

•  The fungus Telephora caryophyllea will grow in arsenic contaminated areas and 
can be used together with a colorimetric test to indicate arsenic contamination in 
soils. Leaching the fungus with ammonium acetate (1M) gave measurable 
arsenic concentrations while direct leaching of the soil did not. The tests are 
rapid and inexpensive compared to traditional soil analysis. Even though 
assessment of the contaminant content is uncertain, the tests could help to scan 
for arsenic contaminated areas.  

Phytostabilisation and phytoextraction 

•  Vegetation could be used to immobilise contaminants and prevent leaching from 
contaminated sites. However, at the studied site zinc, copper and lead were 
observed at foliar concentrations higher than normal, especially in small birches. 
The presence of contaminants in leaves increases the risk of contamination 
entering food chains. The application of soil amendments is recommended as a 
strategy that will reduce the accumulation of contaminants in the foliage.  

•  The hyperaccumulating herbaceous species Thlaspi caerulescens was growing at 
the site. The species can be used for phytoextraction of zinc. However, its 
biomass production is low (4 t ha-1 y-1), and it could not extract the other 
contaminants present i.e., copper, lead, and arsenic. Other accumulator species 
would have been needed but they might not have been able to adapt to cold 
climate conditions. The depth of the polluted deposits, greater than 1 m, is also a 
hindrance to the technique as the roots only reach the superficial soil layer. 
Therefore phytoextraction was not recommended for the studied site.  

Methane oxidation in the landfill cover 

•  Methanotrophic bacteria have a mitigation effect on the methane emissions. In 
the presented studies, oxidation capacities of up to 24.6 mol y-1 kg-1

TS soil have 
been observed. With such methane consumption rates the landfill covers were 
able to oxidise all the methane emissions at the studied sites. Complete oxidation 
of the methane emissions could probably be obtained at old and small landfill 
sites.  

•  The temperature monitoring of the landfill body indicated that methane 
generation is probably fairly constant during the year. Thus, the observed 
seasonal trends of methane emissions indicate that the efficiency of methane 
oxidation varied. As the methanotrophic bacteria live in the superficial part of 
the cover, they are exposed to the weather conditions. Consequently, non-
optimal climatic conditions result in methane emissions peaks e.g., when the soil 
temperature is low and when the soil is dry.  

•  The heat generated by methane oxidation could help to mitigate the effects of 
the low winter temperatures. LFG injection in the studied biofilter resulted in a 
temperature increase of 5 to 10°C. The heat resulting from methane oxidation 
may lead to the desiccation of the soil. Leachate irrigation is one way to limit 
drought in landfill covers and provide a balance in the system. In the studied 
short-rotation tree forests, irrigation enhanced the growth of the willows and 
increased the organic matter and nutrient content of the soil, contributing to 
higher oxidation capacities.  
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Denitrification in constructed wetlands 

•  Frost penetration was limited to the superficial 40-cm of the wetlands. A 50-cm 
layer of snow on top of the frost layer provided additional insulation. This was 
possible due to the construction of a system with high edges and a surface level 
set below the surrounding ground surface. However, the temperature in the 
wetland was below 5°C during more than one third of the year which limited the 
denitrification capacity. 

•  The wetland plants Glyceria maxima and Phalaris arundinacea produced up to 
4.5 kg m-2 y-1 of organic matter. This organic matter could partly be used for 
leachate denitrification in the subsurface-flow constructed wetlands. A naturally 
occurring wetland vegetation did not cause competition problems for the planted 
vegetation. At least four years are needed in cold climate regions to obtain a 
fully established vegetation cover and degraded organic material.  

•  To enhance vegetation establishment, a high water level after planting of 
seedlings and a thin soil layer are recommended. Lowering the water level in the 
wetlands before winter is recommended because it ensures the survival of 
Phalaris arundinacea without leading to deeper frost penetration. 

•  The measurement of ammonium concentrations indicates that precipitation and 
evaporation seemed to cancel each other. The 30% reduction of nitrate in the 
leachate passing through the wetland can therefore be attributed to 
denitrification. However, considering the uncertainties due to the diluting and 
concentrating effects of precipitation and evaporation, a precise mass balance of 
the elements is needed to accurately evaluate the nitrate removal.  

 
The main advantage of bio- and phytoremediation methods is their higher tolerance to 
sudden variations that can occur over time and space when compared to traditional 
techniques. Phytoremediation is attractive with respect to the amount of effluent 
generated by landfills and the long time perspective of landfill emissions.  
 
The different investigation methods are based on microorganisms, fungi and plants. As 
they are exposed to environmental conditions, i.e., soil and climatic conditions, the 
efficiency of the methods could be reduced during less favourable seasons. Engineering 
solutions could be applied e.g., to enhance snow insulation and to avoid drought. Such 
measures can reduce the inhibition effects present during unfavourable periods and may 
be technically far simpler and cheaper to implement and requiring less maintenance 
than other more active systems. They may therefore be useful at small landfills or at 
sites where emission intensities are low.  
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4.3 Further research 
 
The advantage of bioindication is that microorganisms, fungi, and plants give an 
“average” estimation of emissions. An assessment that is independent of very local and 
sudden variations is also possible.  

•  Further research should focus on the quantification of the correlation between 
the reaction of bacteria and elapsed time since previous emissions. A further 
standardisation of the used assays is needed with regard to the experimental 
variables.  

•  Indication of soil contaminants using fungi and other organisms should be 
further developed with regard to the correlation between the contaminant uptake 
and the contaminant level in the soil. For example, KH2PO4 seems to be a 
promising leaching medium for soil. This strategy could also be extended to 
other pollutants as comparable methods exist for several other elements than 
arsenic.  

 
The advantage of bioremediation is that microorganisms, fungi, and plants could 
provide robust and sustainable treatment alternatives considering the time perspective of 
landfill stabilisation. Thus there is a need to find engineering solutions that could 
enhance remediation and shorten low efficiency periods.  

•  Mitigation of methane emissions in landfill top covers needs to be optimised to 
better control the soil conditions in the cover to limit the effects of low 
temperatures and drought but also to enhance the development of the 
methanotrophic bacteria.  

•  Enhancing efficiency through vegetation establishment, protection of 
constructed wetlands, and landfill top cover against the effects of winter should 
be investigated. Cold climate tolerant species and proper designs could prolong 
the operation period during the autumn.  

•  As organic material is available in vegetated landfill cover it could provide 
proper denitrifying conditions. Leachate irrigation could be used not only to 
improve methane oxidation but also to obtain denitrification in covers.  

•  The heat generated by waste degradation could be used to sustain biological 
treatments e.g., using the heat of the leachate. Further, wetlands constructed 
above a landfills could take advantage of the heat of the landfill. 

•  Plant species and amendments, adapted to the climatic conditions, need to be 
tested in pilot tests to judge of the potential of phytoremediation. 
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