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Abbreviations

DEHP Di(ethyl hexyl) Phthalate
DBP Di(butyl) Phthalate
DM Dry Matter
EC10 Estimated (Effect) Concentration that provokes a 10% reduc-

tion in endpoint (e.g. reproduction)
LAS Linear Alkyl Sulphonates
LC50 Estimated (Lethal) Concentration that provokes a 50% re-

duction in survival
LOEC Lowest Observed Effect Concentration. The lowest test con-

centration that is significantly different from the control
NOEC No Observed Effect Concentration. The highest test concen-

tration that is not significantly different from the control
PAH Polycyclic Aromatic Hydrocarbons
PEC Predicted Environmental Concentration
PNEC Predicted No Effect Concentration
RQ Risk Quotient equals PEC divided with PNEC
SQC Soil Quality Criteria
WWTP Wate Water Treatment Plant
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Sammenfatning

Organisk affald fra husdyr og husholdninger har været anvendt som
gødning siden oldtiden. I de seneste årtier er mere og mere
spildevand blevet renset i moderne rensningsanlæg. Hovedformålet
har været at begrænse eutrofiering af søer og vandløb samt udslip af
miljøfremmede stoffer til vandmiljøet. Denne øgede rensning af vort
spildevand har medført en tilsvarende stigning i produktionen af
spildevandsslam.

For at undgå overdreven gødskning og utilsigtede påvirkninger af
miljøet er anvendelsen af spildevandsslam reguleret og kontrolleret.
En sådan lovgivning og kontrol bør ideelt set være solidt baseret på
viden og konkrete risikovurderinger. Det overordnet formål med
denne PhD har derfor været at fremskaffe den nødvendige viden,
som muliggør en risikobaseret regulering af spildevandsslam i Dan-
mark.

Målet har været at producere økotoksikologiske data samt udføre
økotoksikologiske risikokarakteriseringer af udvalgte miljøfremmede
stoffer i spildevandsslam. Dette er sket med henblik på at vurdere
den potentielle miljørisiko af disse stoffer og herved evaluere de nu-
værende grænseværdier i spildevandsslam.

Arbejdet i denne PhD har gjort det muligt at konkludere følgende:

1. Nye økotoksikologiske data har gjort det muligt at revurdere en
række danske jordkvalitetskriterier. Miljømæssige sikre koncen-
trationer (predicted no effect concentrations) af LAS og PAH i jord
er i to artikler estimeret til henholdsvis 4,6 og 25 mg kg-1. Det sidste
kriterium er foreslået som et sum-kriterium for otte PAH (ace-
naphthalen, flouren, anthracen, phenanthren, pyren, fluoranthen,
benz(a)anthracen og chrysen). For plastblødgørerne DEHP and
DBP foreslås konservative og miljømæssige sikre koncentrationer
på 10 and 1 mg kg-1.

2. Hvis man isoleret kun ser på økotoksikologiske egenskaber og de
ovennævnte miljømæssige sikre koncentrationer, vil det være mu-
ligt at hæve nogle af de eksisterende grænseværdier i
spildevandsslam. Følgende grænseværdier er foreslået:

a) Det nuværende jordkvalitetskriterium på 5,0 mg LAS kg-1 er
stadig fornuftigt. På den baggrund er det konkluderet at den
nuværende grænseværdi på 1.300 mg kg-1 er tilstrækkelig til at
beskytte jordmiljøet og at en grænseværdi på f.eks. 2,500 mg
kg-1 næppe vil medføre skade på jordbundsdyr og planter.

b) Grænseværdien for PAH i slam kunne hæves fra de nu-
værende 3,0 til 50 mg kg-1 uden at det ville forventes af med-
føre skader på jordbundsdyr og planter. Det bør dog samtidig
sikres, at der ikke sker en ophobning i miljøet.
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c) Selv med en konservativ vinkel kunne grænseværdien for
plastblødgøren DEHP hæves fra de nuværende 50 til f.eks.
500 mg kg-1. Det bør dog samtidig sikres, at der ikke sker en
ophobning i miljøet. Ud fra et økotoksikologisk synspunkt
kunne det overvejes at erstatte eller supplere grænseværdien
for DEHP med en grænseværdi for DBP.

Baseret på indeværende undersøgelser samt anden information
konkluderes det, at der hverken fra laboratorie- eller feltundersøgel-
ser er nogen indikationer på at dansk spildevandsslam udgør nogen
risiko for landbrugsøkosystemer eller væsentlige jordbundsfunk-
tioner.
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Summary

Organic waste has been used as fertiliser by generations of farmers
going back to ancient times where more or less composted material
from households and husbandry was used directly on the surround-
ing fields. In the recent decades more and more waste water is treated
with the main objective to reduce the outlet of eutrofying substances
and xenobiotics to the aquatic environment. This results in an in-
creasing production of sewage sludge.

To avoid excessive fertilisation and prevent unacceptable environ-
mental effects or accumulation of contaminants, the use of sewage
sludge must be regulated and controlled. Such a regulation should
ideally be founded on a risk based procedure. The overall objective of
this thesis has been to provide some of the scientific basic that is re-
quested to undertake a risk-based regulation of sewage sludge in
Denmark.

The aim has been to generate terrestrial ecotoxicological data and/or
to perform ecotoxicological risk characterisations for selected hazard-
ous substances in sewage sludge. This has been done with the overall
purpose to assess the potential risk of these substances to soil eco-
systems and to evaluate the current cut-off values for organic pollut-
ants in Danish sewage sludge.

The work presented in this thesis has made it possible to conclude
that:

1. Generation of new ecotoxicological effect data and collection of
existing data has made it possible to predict no-effect concentra-
tions and to re-evaluate the existing Danish soil quality criteria.
Predicted no-effect levels for LAS and PAHs are in two papers (III,
V) proposed at, 4.6 mg LAS kg-1 dw and 25 mg PAH kg-1 d.w. re-
spectively for the sum of the eight PAHs acenaphthene, flourene,
anthracene, phenanthrene, pyrene, fluoranthene, benz(a)anthra-
cene and chrysene. For the phthalates DEHP and DBP, conserva-
tive no-effect levels of, respectively, 10 and 1 mg kg-1 were sug-
gested.

2. If only looking at ecotoxicological properties and the estimated no-
effect levels for soil dwelling species, some of the existing cut-off
criteria could be raised. The following ecotoxicological-based cut-
off criteria in sludge was suggested:

a) The current soil quality criteria for LAS on 5 mg kg-1 seems con-
servative but sensible as a predicted no-effect level. It is there-
fore concluded that the current cut-off value of LAS in Danish
sludge on 1,300 mg kg-1 dw is appropriate to protect agro-
ecosystems and that a cut-off value of e.g. 2,500 mg kg-1 is un-
likely to have negative impact on soil fauna and plants.
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b) Based isolated on ecotoxicological concern, the cut-off value of
eight selected PAHs in sludge could be at least one order of
magnitude higher than the current value of 3.0 mg kg-1 dw, e.g.
50 mg kg-1 d.w. Unwanted accumulation in the environment
should, however, be avoided.

c) Even with a conservative approach the cut-off value of DEHP
could be raised to 500 mg kg-1. Unwanted accumulation in the
environment should, however, be avoided. It should be consid-
ered to exchange or supplement the cut-off value for DEHP
with other - more ecotoxicological relevant- phthalates like
DBP.

Based on the papers included in this thesis and other information it is
concluded that there are no indications, from neither laboratory eco-
toxicity studies nor field studies, that Danish sludge, which fulfils the
existing quality criteria, poses any risk to soil dwelling species or im-
portant soil functions.
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1 Introduction

1.1 Introduction and objectives

Organic waste has been used as fertiliser by generations of farmers
going back to ancient times where more or less composted material
from households and husbandry was used directly on the surround-
ing fields. In the recent decades more and more waste water is treated
with the main objective to reduce the outlet of eutrofying substances
and xenobiotics to the aquatic environment. This results in an in-
creasing production of sewage sludge.

Agricultural use of sewage sludge has without doubt many beneficial
aspects as a recycling of nutrient from human and animal waste gen-
erally is in line with a sustainable development. It helps to increase
crop production, maintain the organic pool in soils and to reduce the
use of mineral fertilisers, which are a limited resource, produced un-
der large energy consumption. However, one of the drawbacks of the
use sewage sludge may be the input of contaminants into the soil and
the food-chains associated with arable land. To avoid excessive fer-
tilisation and prevent unacceptable environmental effects or accu-
mulation of contaminants, the use of sewage sludge must be regu-
lated and controlled. Such a regulation should ideally be founded on
a risk based procedure.

The overall objective of this thesis has been to provide some of the scientific
basic that is requested to undertake a risk-based regulation of sewage sludge
in Denmark.

The aim has been to generate terrestrial ecotoxicological data and/or
to perform ecotoxicological risk characterisations for selected hazard-
ous substances in sewage sludge. This has been done with the overall
purpose to assess the potential risk of these substances to soil eco-
systems and to evaluate the current cut-off values for organic pollut-
ants in Danish sewage sludge.

More specific, the thesis has focused on the effects of two groups of
chemicals, LAS (paper I, III and IV) and PAHs (paper IV and V), but
has also investigated the ecotoxicological effects of phthalates (paper
II). These compounds cover different release pattern (e.g. households
and industry) and exposure routes (e.g. waste water, disposal and
emission) and different physico-chemical properties (e.g. high and
low water solubility). However, their toxicological properties are
similar as the main environmental risk is associated to narcotic acting
activities such as perturbation of membranes, proteins etc.

The chosen chemicals cover three out of the four organic pollutants
currently regulated in the Danish sewage sludge ordinance. The
fourth pollutant included in the ordinance, nonylphenol and its eth-
oxylates, is not considered in this thesis as it is the believe of the de-



12

fender that these substances gradually will be phased out of produc-
tion due to their potential estrogenic properties.

Questions that this thesis seeks to answer include:

• What are the predicated levels of no effects in soil for LAS, PAHs
and phthalates?

• Does the level of LAS, PAHs and phthalates in Danish sludge pose
a risk for terrestrial species in arable land?

• Are the current Danish cut-off values for organic contaminants
sufficient to protect unwarranted ecosystem effects of sewage
sludge application on arable land?

I have tried to answer these questions by collecting and reviewing
essential data on fate and effects, by conducting ecotoxicological as-
says with soil invertebrates and by performing risk characterisations
for the selected substances. In these risk characterisation I have used
data generated by my self as well as data collected from the open
literature.

1.2 Outline of the thesis

The driving force in this PhD thesis has been to generate and collect
ecotoxicological information that can improve the scientific founda-
tion for the regulation of (organic) contaminants in organic waste.

In this thesis, priority has been devoted to effect studies with soil
fauna. The thesis is primarily based on five publications and addi-
tional information and knowledge that is collected through my em-
ployment at the National Environmental Research Institute, the De-
partment of Terrestrial Ecology, where I work as a senior advisor and
head of the Soil Fauna and Ecotoxicology Section (www.dmu.dk and
www.sofar.dk).

After setting the scene in chapter one, the report takes off in chapter
two with a review of the current status on the use and regulations on
sewage sludge in Denmark. Chapter three presents a general intro-
duction to ecological risk assessment procedures and describes a ge-
neric risk assessment of a number of potential hazardous substances
in sewage sludge. The bulk of work found in this thesis is presented
in chapter four, where ecotoxicological data and risk characterisation
of LAS, PAHs and phthalates are presented with the overall purpose
of evaluating the current cut-off values in sludge. In chapter five,
these informations form together with other information the line of
evidence necessary for the final conclusions. This chapter also con-
tains my personal view on whether or not the present use of organic
waste in Denmark pose a risk to terrestrial agro-ecosystems, and
whether or not the current cut-off values are appropriate to protect
agro-ecosystems.

The thesis is primarily based on the following five papers, which all
can be found in the annex of this thesis:
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I. Jensen, J. 1999. Fate and Effects of Linear Alkylbenzene Sul-
phonates (LAS) in the Terrestrial Environment - A Review.
Science of the Total Environment 226: 93-111

II. Jensen, J., van Langevelde, J., Pritzl, G., Krogh, P.H. 2001. Ef-
fects of the phthalates di-(2-ethyl-hexylphthalate) (DEHP) and
di-butylphthalate (DBP) on the Collembolan Folsomia fimetaria.
Environmental Toxicology and Chemistry 20: 1085-1091.

III. Jensen, J., Løkke, H., Holmstrup, M., Krogh, P.H., Elsgaard, L.
2001. Effect and risk assessment of Linear Alkylbenzene Sul-
phonates (LAS) in agricultural soils. V. Risk Assessment of
LAS in sludge amended soils. Environmental Toxicology and
Chemistry 20: 1690-1697.

IV. Jensen, J., Sverdrup, L.E. 2002. Joint toxicity of linear alkyl-
benzene sulphonates (LAS) and pyrene on Folsomia fimetaria.
Ecotoxicology and Environmental Safety 52: 75-81.

V. Jensen, J., Sverdrup, L.E. 2003. Polycyclic Aromatic Hydrocar-
bon Ecotoxicity Data for Developing Soil Quality Criteria. Re-
view of Environmental Contamination and Toxicology 179:
73-97.

Furthermore the following publications involving work from the de-
fender fall within the overall topic of this thesis. Data and conclusions
from these papers have therefore been used in some of the chapters.
These papers may be referred to in the text but are not included in the
thesis. They can be found in the open literature, obtained from the
web or requested from the defender.

A. Scott-Fordsmand, J.J., Pedersen, M.B., Jensen, J. 1996. Setting soil
quality criterion. Toxicology and Ecotoxicology News, 3 (1): 20-24.

B. Bak, J. Jensen, J., M.M. Larsen, Pritzl, G., Scott-Fordsmand, J. 1997.
A heavy metal monitoring-programme in Denmark. The Science of
the Total Environment 207: 179-196.

C. Sverdrup, L.E., Kelley, A.E., Krogh, P.H., Nielsen, T., Jensen, J.,
Scott-Fordsmand, J.J., Stenersen, J. 2001. Effects of eight polycyclic
aromatic compounds on the survival and reproduction of the
springtail Folsomia fimetaria L. (Collembola, Isotomidae). Envi-
ronmental Toxicology and Chemistry 20:1332-1338.

D. Sverdrup, L.E., Jensen, J., Kelley, A.E., Krogh, P.H., Stenersen, J.
2002. Effects of eight polycyclic aromatic compounds on the sur-
vival and reproduction of the Enchytraeus crypticus (Oligochaeta,
Clitellata). Environmental Toxicology and Chemistry 21: 109-114

E. Sverdrup, L.E., Jensen, J., Krogh, P.H., Stenersen, J. 2002. Studies
on the effect of soil ageing on the toxicity of pyrene and phenan-
threne to a soil dwelling springtail. Environmental Toxicology and
Chemistry21: 489-492
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F. Scott-Fordsmand, J.J., Jensen, J. 2002. Ecotoxicological soil quality
criteria in Denmark. In: The use of species sensitivity distri-
butions (SSD) in Ecotoxicology. Eds Posthuma L, Suter GW.
Lewis Publishers, pp. 275-282.

G. Jensen, J., Jepsen, S.E. In press. The production, use and quality
of sewage sludge in Denmark. Waste Management.



15

2 The production, use, quality and
regulations of sewage sludge in
Denmark

In the beginning of the 80’s visible problems with eutrofication of
streams, lakes and inner seas in Denmark called for political actions
to reduce the outlet of especially phosphorous and nitrogen to the
aquatic environment. This has led to a number of regulations dealing
with the use and handling of manure and to an improved cleaning of
waste water from households and industry. The majority of the Dan-
ish waste water treatment plans (WWTP) were built during the last
twenty years or so.

Common for all use of fertilisers is that regulations seek – or should
seek - to be in accordance with three major targets. First of all, a pre-
requisite for agricultural use is that the fertilisers should be an effec-
tive supply of nutrients improving the growth of crops and generally
improving the quality of the soil. Secondly, the use of fertilisers
should be regulated in a way that prevent (excessive) eutrofication of
connective areas or water systems. Finally, a normal use of fertilisers
should not lead to unacceptable and adverse effects or accumulation
of contaminants in the environment including feed for animals and
food for humans.

2.1 Sewage sludge in Denmark

Denmark with 5.4 million people has approximately 1,400 munici-
pality and private waste water treatment plants (WWTP) to treat the
waste water from households and industry. Waste water from
households in less dense areas may be treated with alternative meth-
ods such as sieve wells. Finally a number of (predominantly) large
industries have their own waste water treatment plants, where qual-
ity of waste water and sewage is controlled and approved by the local
communities, typically the county.

The Ministry of Environment issues the Statutory Order governing
the use and applications of waste in Denmark including sewage
sludge and compost for agricultural purposes. The Plant Directorate
under the Ministry of Food, Agriculture and Fisheries supervises the
quality of the sludge from the municipalities, and is responsible for
the actual sampling and quality control. Any laboratory accredited
for this purpose can make the sampling and analyses. The sampling
and analysis frequency are specified by the Plant Directorate and de-
pend, among many other things, on the production and quality of
sludge, i.e. the higher number of person equivalents and the closer to
the quality limits the higher sampling frequency. Prior to applying
any waste products on agricultural soil, the Plant Directorate has to
approve the analyses and the quality measures. The Danish EPA de-
cides the parameters for analyses and the necessary minimum treat-
ment of the sludge.
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For other waste than sewage sludge the County Council has the re-
sponsibility to supervise the quality of the waste, and they may de-
cide to vary from the general rules specified by the Statutory Order
with respect to analytical frequency and number of parameters ana-
lysed.

Sewage is created when waste water is treated at the WWTP by
sedimentation of particle in the waste water and produced biomass
(bacteria). To stabilise the sludge prior to its use both biotic and abi-
otic processes are used. The biological stabilisation processes include
anaerobic and aerobic digestion. The chemical processes mainly con-
sist of lime stabilisation. A small fraction of all sludge does not un-
dergo any kind of stabilisation processes before use. The use of the
different stabilisation methods and after treatment is reviewed in
Jensen and Jepsen (in press [G]).

2.1.1 Production of sewage sludge in Denmark
The total production of sludge in Denmark has increased since the
beginning of the 1980s where the large investments in production of
waste water treatment plants initiated. Over the last five years the
sludge production has been stable between 150,000 and 160,000 tons
of dry matter per year with a drop to 140,000 t dm in 2002 (Figure
2.1).

The Danish sludge has historically been end-deposited in one of three
major ways. It has been used as fertiliser on agricultural land, it has
been deposited on controlled dumpsites or it has been dried and in-
cinerated either internal at the WWTP or external at large incineration
plants. From 1997 the Statutory Order on sewage sludge has opened
up the possibility of long term storage. In fact, today the local council
is required to have storage capacity to at least nine months of sewage
production. The sludge shall be stored according to the terms speci-
fied in the Statutory Order from 1997, which exclude field stacks but
allows mineralisation in controlled wetlands.

From 1995 to 2001 the relative fraction of sewage sludge that was
used as fertilisers by farmers decreased from approximately 70% to
60% as a result of increasing quality requirement to the sludge and a
demand from the municipality for stable and reliable long time solu-
tions. In 2002 it increased again to 66% mainly as a result of more
composted sludge being used in agriculture. The total amount of dry
matter that is recycled to agriculture dropped by more than 20,000
tons in that period, i.e. from 115,700 in 1995 to 92,100 tons in 2002.
Using the average level of nutrients this correspond to a loss of ap-
proximately 1000 tons of both nitrogen and phosphorous. This should
be compared to the total application of approximately 300,000 tons N
and more than 20,000 tons P from inorganic fertilisers and more than
275,000 tons N and 40,000 tons P from manure (Eilersen et al 2001).
Seen in this perspective, it is a relative small loss and it should still be
possible to meet the goal of the Waste 21 – the Action Plan on waste
by the Danish Government – of using half of the sewage sludge as
fertilisers on agricultural land.
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2.2 Quality of Danish sludge

Defining a good or acceptable quality for a miscellaneous product
like sewage sludge may be difficult. Sewage sludge is a very complex
product containing residues or traces of a considerable fraction of the
large number of chemicals used in society as a whole. How do we
select the relevant components and how do we define the quality
criteria? The definition of a good quality or an acceptable risk caused
by sewage sludge may therefore differ significantly depending on
whether you e.g. are a sludge producer, a farmer, a consumer, an
angler or from the authorities.

The EU Directive 86/278/EEC formed the basis of the Danish regu-
lation, as it contained a set of directions and a number of minimum
rules that should be obtained if sewage sludge was used for agricul-
tural purposes throughout the member states. However, already in
1984 the first Danish Statutory Order on sewage sludge was
launched. It contained – in the hindsight of current knowledge – a set
of relatively high cut-off values, i.e. 6, 8, 50 and 400 mg kg-1 d.w. of
mercury, cadmium, nickel and lead. The EU Directive allows separate
member states to intensify the rules laid down by the Council Direc-
tive. Denmark has used this opportunity. In the period from 1984 to
1995 cut-off values for copper, zinc and chrome were introduced just
as the cut-off values for especially cadmium and mercury were ad-
justed down a number of times. Since 1995 only minor changes have
occurred regarding heavy metals. Table 2.1 lists the current cut-off
values for heavy metals in Denmark and in the latest amendment of
the Council Directive of sewage sludge. For cadmium, mercury, lead
and nickel, phosphorous related cut-off values exist in addition to the
dry matter related criteria, i.e. 100, 200, 2,500, 10,000 mg kg-1 P, re-
spectively. The sludge producer may choose between the most fa-
vourable set of criteria.

A Statutory Order on sewage sludge, launched in 1997, introduced
for the first time cut-off values for four organic contaminants: Linear
alkylbenzene sulphonates (LAS), polycyclic aromatic hydrocarbons
(PAHs), nonylphenol and a phthalate. To give the municipalities
some time to react, the strategy was step-wise to lower the level of the
cut-off values. In 2003 the planned end-points for the criteria were
reached. The current cut-off values for organic pollutants are found in
Table 2.1

Figure 2.1. The total
production of sewage
sludge in Denmark and
the relative fraction of its
end-use in the period
1987-2002.
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2.2.1 Temporal development of sludge quality in Denmark
The quality of Danish sludge has generally improved in the last dec-
ade, although the changes in the last five years are less substantial.
Table 2.1 shows the development in contaminant levels in Danish
sludge in the period 1987 to 2002. The number of analyses and in-
cluded WWTPs are only comparable since 1995, and even after this
period, minor differences may exist between the total amount of
sludge analysed and the types of WWTP that reports to the EPA

In Figure 2.2 the sludge concentrations of the four organic pollutants
PAH, LAS, DEHP and nonylphenol in the period 1997 to 2002 are
presented.

The level of nonylphenol, DEHP, LAS, and to a lesser degree also
PAHs, was significantly reduced in the period 1997-2002. The cut-off
criterion for nonylphenol was gradually reduced from 50 mg kg-1 in
1997, 30 mg kg-1 in 2000 to 10 mg kg-1 in 2002 and the criterion for LAS
halved from 2600 to 1300 mg kg-1. This led to only a small reduction
in the amount of sewage sludge appropriate for use on agricultural
land as a significant reduction in the level of nonylphenol and LAS in
sludge was observed in the same period. The average concentration
of nonylphenol in sludge dropped by 65% and LAS by 40% in the five
years from 1997-2002. Table 2.2 shows the approximate fraction of all
sludge in 2002 that met the latest set of cut-off criteria.
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Figure 2.2. Concentrations of the organic pollutants PAH, LAS, DEHP and nonylphenol as fractions of all
sludge in the period 1987 to 2002. Dotted lines and numbers in brackets represent the cut-off values in the
Danish Statutory Order on sewage sludge.
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All in all, five years (1997-2002) with cut-off values for organic pollut-
ants have resulted in a significant reduction of the level of at least
these four groups of organic contaminants. To what extend this is a
result of an active phase out policy and source tracking or a coinci-
dence or disconnected changes in consumer and production pattern
is difficult to ascertain. Furthermore, it would be interesting to have
data on the fluctuations in concentrations of chemicals potentially
used as substitutes in the same or in similar products.

Table 2.2. Approximate percentile of sludge with concentrations below the
current cut-off values. For cadmium, lead, mercury and nickel also cut-off
values related to phosphorous exist. The sludge producers may choose be-
tween the most favourable set of criteria.

Chemical Cut-off criteria (2003)
mg kg-1 dw1

(mg kg-1 P)1

Percent of sludge (2002) with
concentrations below the indi-
vidual cut-off criteria.

Cadmium 0,8 (100) 20 (>95)

Mercury 0,8 (200) 40 (>95)

Lead 120 (10,000) >95 (>95)

Nickel 30 (2,500) 80-90 (>95)

Chrome 100 >95

Zinc 4000 >95

Copper 1000 >95

Nonylphenol2 10 60-70

LAS3 1300 80-90

DEHP4 50 >95

PAH5 3 80-90
1The sludge producer can choose between the dry matter related and the phosphate
related cut-off criteria
2 Nonylphenol and NP-1-2 ethoxylates
3 Linear Alkylsulfonates
4 Di(2-ethylhexyl)phthalate
5 Polycyclic aromatic hydrocarbons, i.e. sum of Acenapthene, Phenanthrene, Fluo-
rene, Fluoranthene, Pyrene, Benzofluoranthenes (b+j+k), Benzo(a)pyrene,
Bezo(ghi)perylene, Indeno(1,2,3-cd)pyrene

2.3 Initiatives to improve quality of sludge

The authorities and the municipalities have a number of possibilities
for improving the sludge quality and to push the development in the
desired direction. These may be grouped in three major types of ac-
tion: i) source identification and out-phasing of problematic sub-
stances, ii) improved treatment, handling and after care methods and
iii) waste duties.

A tool for source identification of pollutants was developed for the
EPA under the "Framework Programme on Reduction of Environ-
mentally Harmful Chemical Substances in Waste, Residual Products
and Recyclable Materials". The project uses a universally applicable
concept and some tools to identify sources of specified chemical loads
in public sewerage systems (Kjølholt et al 1999).

The Danish EPA publish on a regularly basis a list of undesirable
substances (EPA 2001). The report lists substances, of which the use
and consumption is recommended stopped or reduced in the long
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term. The fact that a substance is included in the list of undesirable
substances does not signify that the EPA has decided to recommend a
full prohibition of that substance. Means of actions may include haz-
ard classification and labelling, stricter standards, emission controls,
positive and negative lists, environmental labelling, green guidelines,
voluntary agreements with producers of phasing out products, sub-
sidising potential substitutions, information campaigns and finally
taxes (see below). The substances LAS, DEHP and nonylphenol and
its ethoxylates are all on the list of undesirable substances, whereas
PAHs are not. This is due to the fact that PAHs are not actively added
to products, but are rather found as impurities in e.g. oil derivatives.
However, wider implementation of best available technologies (BAT)
may help to reduce emission of PAHs from combustion in e.g. incin-
erators and from traffic. Due to their high present and problematic
properties it is a political goal to reduce or even phase out the use of
LAS, DEHP and nonylphenol. This is currently promoted by volun-
tary agreement with the manufacturers to phase out nonylphenol in
their products, and by an EPA initiated information campaign, which
with the help of 120 local Councils aims to persuade people to use
LAS free products, e.g. by buying products that are environmentally
labelled.

A number of studies have shown that aerobic treatment is a well-
suited solution for reducing the level of LAS and nonylphenol in
sewage sludge. Several EPA projects have shown that it is possible to
reduce the level of LAS and NPE in Danish sludge by aerobic treat-
ment. The degradation of PAHs and DEHP, both with a high affinity
to organic matter, is generally slower also under aerobic conditions as
the ones in mineralisation beds and compost piles.

Denmark has - in line with many other countries - introduced taxes
on the waste products with the objective to reduce the amount of
waste produced in society and to promote the re-cycling of waste.
The taxation is therefore an economic incitement for the municipali-
ties to use their sludge on agricultural land and to produce sludge
with a quality that allows this use. The tax on waste disposal in e.g.
landfills is approximately 50 Euro per ton wet sludge and the tax on
incineration of sludge is 45 Euro, whereas agricultural use is free of
tax. In cases where the in-organic part of sewage is used in industrial
processes such as sandblast products or cement, the amount of the in-
organic part can be counter-claimed. Waste taxes are most likely a
tool that also in the future will be used for controlling the waste
streams in Denmark.



[Blank page]



23

3 Risk identification of contaminants
in Danish sewage sludge

Sewage sludge may be seen as a mirror of modern society reflection
the way we use chemicals in industry, households and society as
such. In line with waste water it therefore, naturally, contains a vast
amount of potentially hazardous substances, that may cause prob-
lems in the environment. It is a challenging task to select priority
pollutants among the lot, which properly should be counted in thou-
sands.

Basically, three widely applicable methods may be used when as-
sessing the potential risk of for example organic waste or soil, which
has been contaminated or amended with sewage sludge.

1. A generic comparison of quality criteria (e.g. sludge cut-off values
or soil quality criteria) with chemical measurements or predicted
environmental concentrations.

2. Ecotoxicity test (bioassays) with specific waste or waste amended
soil.

3. Field surveys in soil amended with organic waste.

This chapter refers to the first approach, as it describes the outcome of
a generic comparison of the existing Danish soil quality criteria with
generic worst case calculations of soil concentrations after sludge
amendment. This comparison can be a useful tool in a screening for
the most hazardous substances.

3.1 Risk identification of hazardous substances in
organic waste

When a first screening of potential effects caused by pollutants found
in sludge has to be completed, a number of assumptions has to be
made. First of all, chemical data on the level of contaminants in the
sludge has to be generated. If these are unavailable, the approximate
level in sludge may be estimated. Knowing the consumption pattern
in households and industry, it is possible to estimate the load of con-
taminants per person equivalent (PE) that are likely to end up in the
waste water treatment plant (WWTP) and hence in the sewage sys-
tem. Such mass balance studies could be the subject of a PhD in itself
and is not discussed further in this thesis. A generic risk assessment is
therefore only performed for hazardous substances where (relatively)
reliable chemical data for sewage sludge concentrations have been
available.

On the basis of reliable sludge concentrations it is possible to estimate
an average and a so-called worst case environmental concentration of
the contaminants in question. The average scenario is typically based
on the median or average concentration of the contaminant in sludge
from a number of WWTPs and the typical application rate of sludge,
which in Denmark is approximately three tonnes of dry matter every
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third year or an annual application of one ton. This is based on a me-
dian level of phosphorous in Danish sludge of 29.5 kg P t-1 dry matter
(DM) and the limitation in national sludge regulations, prescribing a
maximum load of 30 kg P ha-1 year-1 as an average over three years.
The realistic worst case scenario is based on the maximum allowable
concentration of contaminants in sludge, i.e. the cut-off value. When
no cut-off criterion is found in the legislation, the maximum level or
the 95th percentile measured in sludge from Danish WWTPs is used.
Furthermore, the worst case scenario assumes a maximum load of
sludge of 6 tonnes per hectare, which correspond to the acceptable
application rate of sludge from the lower 5th percentile of phospho-
rous level in Danish sludge.

Concerning the distribution of sludge and contaminants in the field,
the following assumptions have been made in this thesis. It is as-
sumed that sludge is uniformly distributed in the field and is homo-
geneously mixed in the upper 20 cm of the topsoil (ploughing layer),
and that all contaminants in sludge are simultaneously available for
uptake in living organisms. The density of the soil is pre-set to 1.5 kg
L–1.

We know from several studies that sludge is not uniformly distrib-
uted in the soil after application. It will typically be found in larger
lumps, where animals and plant roots are exposed to far higher con-
centrations than the calculated average. On the other hand, the soil
environment will contain refugees where lower concentrations of
contaminants are likely to be found, as the leaching of chemicals from
an organic matrix like sludge lumps may be relatively slow (e.g. Hes-
selsøe et al 2001). Although organic material like sewage sludge is
highly valued as food source and will often attract soil micro-flora,
soil fauna and plant roots, it is unlikely that entire populations si-
multaneously will be exposed to contaminants present in the sludge.
This opens up the possibility of ecological recovery in cases where
contaminants in sludge lumps significantly affect exposed organisms.
Despite these limitations the worst case scenario is generally consid-
ered acceptable for screening purposes like the generic risk identifi-
cation presented here.

When an estimate of exposure has been made, the predicted envi-
ronmental concentration (PEC) should be compared with a prediction
of a no effect level for soil dwelling organisms (PNEC). For this pur-
pose environmental quality standards may be useful. Soil quality
criteria are generally rather conservative estimates of safe environ-
mental concentrations. For the calculations of risk quotients (RQ or
PEC: PNEC), I have therefore used the Danish ecotoxicological soil
quality criteria, which were developed by me and colleagues at the
National Environmental Research Institute (Jensen & Folker-Hansen,
1995, Jensen et al 1997, Scott-Fordsmand et al 1995). These criteria
were based on a number of conservative assumptions aiming at pro-
tecting the most sensitive species in all ecosystems. A description of
the paradigm behind the setting of the criteria can be found in Scott-
Fordsmand and Jensen (2002 [F]).
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Unit As Cd Cu Cr Hg Mo Ni Pb Se Zn

Bg. conc.1 mg kg-1 3.3 0.2 7.0 9.9 0.04 1.3 5.0 11.3 0.1 26.8

Cut-off values2 mg kg-1 - 0.8 1000 100 0.8 - 30 120 - 4000

Max conc.3 mg kg-1 20 15 4

Sludge load t ha-1 6 6 6 6 6 6 6 6 6 6

Load g ha-1 120 5 6000 600 5 91 180 720 26 24000

Load mg kg-1 0.04 0.002 2.0 0.2 0.002 0.03 0.1 0.2 0.009 8.0

% of bg. conc. 1.2 1.0 28.6 2.0 4.0 2.3 1.2 2.1 9.0 29.9

Conc. post sludge
(= PEC)

mg kg-1 3.3 0.2 9.0 10.1 0.0 1.3 5.1 11.5 0.1 34.8

ESQC4 (=PNEC) mg kg-1 10 0.3 30 50 0.1 2 10 50 1.0 100

RQ – Sludge 2.0 2.7 33 2.0 8.0 7.5 3.0 2.4 4.0 40

RQ – Soil 0.3 0.7 0.3 0.2 0.4 0.7 0.5 0.2 0.1 0.3
1 The background levels of heavy metals are average concentration on arable land in Denmark. Data taken from (Bak et
al 1999 [B]).
2 According to the latest Danish Sludge ordinance
3 Maximum sludge concentrations from 19 Danish municipal waste water treatment plans in 1997 (Tørslev et al 1997)
4 Danish ecotoxicological soil quality criteria. Data taken from Scott-Fordsmand and Pedersen 1995 and Jensen et al (1997)

Unit LAS NP PAH DEHP DBP BaP CB* CP** PCP

Cut-off values1 mg kg-1 1300 10 3 50 - - - - -
Max sludge conc.2 mg kg-1 26 1.4 0.42 0.13 0.005

Sludge load T/ha 6 6 6 6 6 6 6 6 6

Load g/ha 7800 60 18 300 156 8.4 2.52 0.78 0.03

Load (=PEC) mg/kg 2.60 0.020 0.006 0.100 0.052 0.003 0.001 0.000 0.000

ESQC3 (=PNEC) mg/kg 5.0 0.01 1.0 1.0 0.1 0.1 0.001 0.01 0.001

RQ – Sludge 260 1.000 3.0 50 260 14 420 13 5.0

RQ – Soil 0.5 2 0.006 0.1 0.5 0.03 0.8 0.03 0.01

* tri- to hexa-clorinated
** mono- to tetra-chlorinated
1 According to the latest Danish Sludge ordinance
2 Maximum sludge concentrations from 19 Danish municipal waste water treatment plans in 1997 (Tørslev et al 1997)
3. Danish ecotoxicological soil quality criteria. Data taken from Jensen and Folker-Hansen (1995) and Jensen et al (1997).

Having in mind all the limitations in the generic risk assessment, the
generic estimates of risk of contaminants often found in Danish sew-
age sludge is presented in Table 3.1 and 3.2. The RQ is calculated
both in the sludge itself, and in the soil after a uniform distribution
following a worst case scenario of sludge application as described
above. When considering soil concentrations after uniform mixing of
sludge in soil, risk (i.e. RQ > 1) has only been identified for nonyl-
phenol, whereas all other pollutants are estimated to pose a risk to
soil dwelling species only if exposed directly in sludge.

The conclusion of this generic risk assessment procedure would
hence be that it is likely that the most sensitive organisms may be

Table 3.1. Risk quotients (RQ) of metals for sludge and the soil compartment after sewage sludge application
according to a realistic worse case situation in Denmark. The background levels of heavy metals are taken
from Bak et al (1999 [B]). See text for further explanation.

Table 3.2. Risk quotients (RQ) of organic pollutants for sludge and the soil compartment after sewage sludge
application according to a realistic worse case situation in Denmark. See text for further explanation.
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affected when exposed directly in sludge lumps. However, the
populations as such may not be affected in the long term as the “av-
erage” risk is found acceptable.

Bearing in mind the few terrestrial ecotoxicity data, which were
found back in the nineties when the ecotoxicological soil criteria
where developed, the conclusions of the generic risk assessment pre-
sented here has to be founded by further investigations. Especially
the soil quality criteria for nonylphenol, LAS, PAHs and phthalates
were founded on a limited number of investigations. It has therefore,
as already described previously, been the major objective of this the-
sis to increase the number of ecotoxicity data to be able to re-evaluate
the soil quality criteria and the sludge cut-off values.
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4 Ecotoxicological risk characterisation
of LAS, PAHs and phathalates

The first Danish screenings of potentially hazardous organic pollut-
ants in sewage sludge led to the identification of four groups of or-
ganic pollutants, which may pose a risk to human consumers and the
environment (Tørslev et al 1997). These included as already men-
tioned LAS, PAHs, phthalates and nonylphenol. The demonstrated
effects of nonylphenol on aquatic ecosystems and its endocrine dis-
ruptive activity makes it in the long term an unacceptable substance
for society, and a significant reduction in the use of this chemical is
therefore foreseen. This has been the major reason for not studying
nonylphenol in this thesis.

It was obvious at the time of the first setting of sludge criteria that the
ecotoxicological data needed for setting of such benchmarks were
limited (Tørslev et al 1997). It has therefore been the objective of this
thesis to generate ecotoxicological data for the LAS, PAHs and
phthalates in order to improve the scientific basis for predicting the
level of no effect in soil and hence indirectly also the maximum con-
centration in sludge. Although the National Environmental Research
Institute has been involved in a substantial part of the studies dealing
with ecotoxicological effects of LAS and PAHs to soil dwelling spe-
cies additional information can be found. Additional data from the
open literature have therefore been collected, reviewed and included
in the final risk characterisations presented in the sections below.

The work of this thesis is, for each of the three groups of substances,
as follows:

LAS (Paper I, III and IV): The information about fate and effects of
LAS has been reviewed. The large number of recently generated ef-
fect data from the National Environmental Research Institute has
been used to reconsider the existing soil quality criteria in order to
evaluate the cut-off value in sludge. Furthermore, it has been eluci-
dated whether toxicity of two commonly found pollutants in sludge
(LAS and PAH) is changed if occurring in a mixture.

PAHs (Paper IV and V): The information about the toxicity of PAHs
to terrestrial species has been reviewed and the large number of re-
cently generated effect data from the National Environmental Re-
search Institute has been used to reconsider the existing soil quality
criteria. Furthermore, it has been elucidated whether toxicity of two
commonly found pollutants in sludge (LAS and PAH) is changed if
occurring in a mixture.

Phthalates (Paper II): New toxicity data for soil invertebrates has
been generated in order to evaluate the risk of sludge borne phtha-
lates and evaluate the cut-off value in sludge.

After a short presentation of the methodology used in the ecotoxicity
studies performed at the National Environmental Research Institute
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and used in this thesis, a short ecotoxicological risk characterisation
of LAS, PAHs and phthalates presented. The risk characterisations
are mainly based on the documentation found in the published pa-
pers I-V included in the Annex of this thesis.

The outcome of these risk characterisations is used to fulfil two of the
major objectives of this thesis. Those are: To elucidate whether or not
the level of contaminants in Danish sludge pose a risk to terrestrial
ecosystems and to evaluate to what extent the current cut-off values
for organic pollutants are reasonable or not from an ecotoxicological
perspective.

4.1 Ecotoxicity studies

The ecotoxicity studies presented in this thesis are mainly based on
tests with soil fauna, i.e. springtails, earthworms and enchytraids.
The overall principles in the test methods for these species are there-
fore described briefly below. The exact test method may vary slightly
from study to study, and it is therefore recommended to consult the
original papers for details.

4.1.1 Springtail test
At the National Environmental Research Institute, Department of
Terrestrial Ecology, Folsomia fimetaria is often the chosen springtail
species for ecotoxicity tests due to its natural occurrence in most
habitats and its sexual reproduction. It is an euedaphic, nonpig-
mented, eyeless springtail. We do, however, occasionally also use the
species recommended by ISO and OECD, i.e. Folsomia candida, which
is a larger asexually reproducing species.

Laboratory cultures of both species are reared on moistened substrate
of plaster of Paris/charcoal. The collembolans are kept at 20 ± 1°C
with a 12/12 h photoperiod, and fed dried baker´s yeast. To stimulate
egg production, the animals are regularly (2-4 weeks) moved to other
Petri dishes with fresh food and substrate. Collecting approximately
1-week-old eggs, which are hatched over 3 days, produces a synchro-
nised culture. Hereafter unhatched eggs are removed and disposed
(Krogh, 1995). Animals 23 to 26 days old are used in the experiments.
At this age it is relatively easy to distinguish the sex of the collembo-
lans, as females are bigger than males, i.e. approximately 35 mm2 and
20 mm2.

The toxicity tests are performed according to a procedure described
by Wiles and Krogh (1998). Typical series of five to six test concentra-
tions and a control with four replicates per concentration are used.
Prior to the experiment soil is oven-dried at 80 °C overnight, to elimi-
nate undesired soil fauna. The test chemicals are dissolved in water
or acetone prior to mixing into the soil. Following the sample prepa-
ration, water is added corresponding to approx. 50% of the water
holding capacity and mixed thoroughly into the soil. The soil is then
transferred to the test containers, plastic cylinders (5.5 cm high, di-
ameter 6 cm) with a 1 mm mesh in the bottom. In cases where acetone
is used as carrier, the spiked soil is left overnight in a fume to let all
acetone evaporate. Next day, water is supplemented to compensate
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for lost acetone and animals (10 males and 10 females) are added.
During the exposure time, the test containers are closed at the top and
bottom with lids. The tests are conducted at 20±1°C under a lighting
of about 400-800 lux with a 12/12 h photoperiod. At the end of the
test period, the organisms are extracted using a controlled tempera-
ture gradient extractor based on the principles by MacFadyen (1961)
and Petersen (1978). The collembolans are counted using a digital
image processing and image analysis procedure as described by
Krogh et al. (1998).

4.1.2 Enchytraied tests
Enchytraeus crypticus and Enchytraeus albidus (Enchytraeidae: Oligo-
chaeta) are small hermaphroditic white pot worms, which are cul-
tured at the Danish National Environmental Research Institute and
mass-bred in petri dishes containing a Bacto agar. The animals are
kept at 20 ± 1°C with a 12/12 h photoperiod, and fed dried, boiled
oatmeal. Test individuals were transferred from the culture dishes to
a petri dish with water and here they were examined using a micro-
scope. Only sexually mature animals with eggs in the clitellum and of
approximately the same size are used for the experiments.

The toxicity tests with E. crypticus are performed according to an ad-
justed procedure originally described for the enchytraeid species E.
albidus (Römbke et al 1999). Series of five and six concentrations and a
control are typically used with four replicates per concentration. Prior
to the experiment soil is oven-dried at 80°C overnight, to eliminate
undesired soil fauna. The test chemicals are dissolved in water or
acetone prior to mixing into the soil. Water is added to approximately
65% of the water holding capacity and mixed thoroughly into the soil.
The soil is then transferred to the test containers. The tests are per-
formed in closed plastic cylinders (5 cm high, inner diameter 3.5 cm)
with a perforated top lid. In cases where acetone is used as carrier,
the soil is left overnight in a fume to let all acetone evaporate. Next
day water is supplemented to compensate for lost acetone and 10
enchytraeids are added to each replicate along with 30 mg of oatmeal.
The oatmeal has to be boiled, dried and crushed prior to use, to avoid
exaggerated growth of fungi in the test containers. The exposure pe-
riod is 21 d, and test containers are opened after 7 and 14 d for feed-
ing and, in case of water loss, addition of water. When using E. albi-
dus the experiments run for six weeks. However, after three weeks
the adults are removed from the soil before exposing the juveniles for
another three weeks. The tests are conducted at 20 ± 1°C under a
lightning of about 400-800 lux with a 12/12 h photoperiod. At the end
of the exposure period, the organisms are extracted by dividing each
sample into two plastic containers and adding water (approximately
8 times the amount of soil). The plastic containers are closed with
lids, shaken vigorously for 5 seconds, and then left to sediment for 24
h at 5°C. Individuals of E. crypticus are then found on the surface of
the settled soil particles and transferred from the plastic containers to
petri dishes using pipettes. Samples are then counted manually using
a microscope. Surviving adults of E. crypticus can easily be distin-
guished from juveniles produced during the three week exposure
period.



30

4.1.3 Earthworm test
Adult compost worms of the species Eisenia veneta or Eisenia foetida
are incubated under conditions identical to the later experimental
conditions one week prior to running the experiment. Adult worms
with weights from 1200-2000 g (E. veneta) or 600-1200 g (E. foetida) are
maintained on moist filter paper for 24 hours to allow them to empty
the gut. Prior to the experiment soil is oven-dried at 80°C overnight,
to eliminate undesired soil fauna. The test chemicals are dissolved in
water or acetone and mixed into the soil. Water is added to approxi-
mately 50% of the water holding capacity and mixed thoroughly into
the soil. The soil is then transferred to the test containers. In cases
where acetone is used as carrier, the soil is left overnight in a fume to
let all acetone evaporate prior to adding the animals. The experiments
are conducted in plastic containers containing approximately 600 g
moist soil. The earthworms (10 per replicate) are typically exposed to
seven concentrations including controls with four replicates per con-
centration. For all soils the pH was adjusted to 5.5-6.0, by the addition
of CaCO3. The experiments are continued for four weeks, at a con-
stant temperature of 20°C and with a 12/12 hr 295 Lux/25 Lux re-
gime. Food in the form of 3 g horse manure is added to the soil sur-
face every 7day. Prior to re-wetting the manure is dried at 100°C,
ground, and sieved through a 2 mm sieve. Water lost from the con-
tainers by evaporation is replenished every 7 day. At the end of the
experiment adult survival, growth and reproduction are measured
for each replicate. The surviving adult earthworms are hand-
collected, counted and weighed after 24 hours on moist filter paper.
Cocoons, used as a measure of reproductive output, are obtained by
wet-sieving the soil and are counted and weighed.

4.2 Ecotoxicological characterisation of LAS
(paper I, III and IV)

LAS is one of the major ingredients of synthetic detergents and sur-
factants and is used world-wide for both domestic and industrial ap-
plications. The annual world-wide consumption of LAS is in the
range of more than one million tonnes per year. Likewise in Den-
mark, LAS is widely used as a surfactant in a large variety of prod-
ucts. LAS is relatively rapidly degraded under aerobic conditions, but
only very slowly or not at all degraded under anaerobic conditions.
More information about the fate and occurence of LAS in the terres-
trial environment is found in Jensen 1999 [1]. In Denmark, the pre-
dominant treatment of sewage is still based on anaerobical digestion
and often also on anaerobical stabilisation. Therefore, LAS can be
found in high concentrations in most sewage sludge and enter the
soil compartment as a result of sludge application. The cut-off value
for LAS of 1,300 mg kg-1 d.w. in sewage sludge was set on the basis of
the soil quality criteria for anionic surfactants (Jensen and Folker-
Hansen 1996). However, the Danish soil quality criteria for LAS was
based on a limited amount of available data. A risk assessment more
in depth of LAS in the terrestrial environment was therefore highly
relevant.
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The National Environmental Research Institute - on the request and
funding from the LAS producing industry - therefore conducted a
number of ecotoxicological studies with soil fauna.

The initial nominal concentration of LAS in the test soil was in all
experiments verified by chemical analysis. Degradation of LAS taking
place during the test period was also determined in representative
test series. Degradation of LAS in the test soil was not very pro-
nounced, typically ranging between 20 and 40 % within 21 days. Most
other studies have also found half-lives of LAS of less than one
month (Jensen 1999a [1]).

The project provided data on toxicity of LAS to various functional
groups of soil organisms in order to identify sensitive species and
endpoints. It included studies of the effects of sodium salts of LAS to
a large number of important soil organisms to provide the necessary
data for a statistical derivation of a PNEC. The research also focused
on important factors that were expected to modify the toxicity of LAS
through effects on bioavailability. The exposure conditions covered
the span from the “worst case” (pure sodium salts of LAS in soil) to
more realistic exposure, i.e. LAS spiked to sludge which was mixed
into the test soil. The modifying factors also include effects of calcium
and magnesium and the effect of soil type (clay content, CEC etc).

The results included new toxicity data for soil invertebrates (Holm-
strup and Krogh, 2001, Holmstrup et al 2001) and soil micro-
organisms and microbial soil processes (Elsgaard et al 2001ab). Fi-
nally, these data and previously published data were used for a risk
assessment of LAS in sludge amended soils (Jensen et al. 2001 [3]).

Species Effect parameter EC10 (mg kg-1)

Enchytraeid Enchytraeus albidus Henle reproduction 6.2 [2.8;9.5]a

Earthworm Aporrectodea caliginosa (var. tuberculata) Savigny cocoon production 14 [0;150]b

Earthworm Aporrectodea longa (Savigny) cocoon production 27 [4.6;50]b

Springtail Folsomia fimetaria L. reproduction 85 [18;152]b

Springtail Hypogastrura assimilis (Krausbauer) reproduction 100 [0;164]b

Predacious mite Hypoaspis aculeifer (Canestrini) reproduction 82 [14;167]b

a Derived by non-linear regression analysis
b derived by use of ICp approach.

The effects of Na-LAS in a typical sandy agricultural soil were stud-
ied on lethality, growth and reproduction in 5 species of soil inverte-
brates, including earthworms, enchytraeids, collembolans and preda-
cious mites. Effects of LAS were in general detected at nominal con-
centrations of Na-LAS above 100 mg kg-1. Below 100 mg kg-1 there
were in most cases no statistically significant effects. The only excep-
tion from this was the enchytraeid, Enchytraeus albidus, for which the
reproduction was significantly affected at 50 mg kg-1 (LOEC). The
EC10 for reproduction in this species was about 10 mg kg-1. A compari-
son between species and endpoints revealed that survival was a less

Table 4.1 Lowest effects (EC10) of Na-LAS observed on 6 species of soil invertebrates. The values are given in
mg kg-1 dry soil, and the 95% confidence intervals are shown in brackets. Data from Holmstrup and Krogh
2001.
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sensitive parameter than the sublethal parameters, reproduction and
growth. Earlier toxicity studies with soil invertebrates have shown
that LAS in general did not cause any significant effect below 100 mg
kg-1 and EC50 were found in the range 90-960 mg kg-1. Even though
these studies were performed with other soil types, there was a good
agreement between these findings and the new investigation. The
results are presented in Table 4.1.

A literature review revealed that there was also a lack of information
regarding the effects of LAS on micro-organisms and micro-biological
processes in the soil environment (Jensen 1999a [1]). Therefore short-
term effects of Na-LAS on soil respiration, ethylene oxidation, iron-
reduction, potential dehydrogenase activity, potential ammonium
oxidation, β-glucosidase activity, phospholipid fatty acid (PLFA)
content and the proliferation of cellulolytic micro-organisms were
investigated, using a typical sandy agricultural soil (Elsgaard et al
2001ab). The lowest EC10 values were estimated to be below 10 m kg-1.

Most studies on LAS toxicity have been based on experimental proto-
cols, which aim to produce a homogeneous mixing of a water soluble
form of LAS (usually Na-LAS) into a natural or artificial soil. The
bioavailabilty of LAS under such circumstances is therefore expected
to be at its highest. The effects of LAS were compared in three differ-
ent soil types, ranging from a sandy to a clayey soil. Even though the
adsorption of LAS, and thus bioavailability, was expected to be quite
different in the three soils, no differences in toxicity were found.
Similarly, effects of Na-, Ca- and Mg-salts of LAS were compared
(Holmstrup et al 2001). The conclusion from these studies was that
the exchangeable Ca2+ and Mg2+ in typical Danish agricultural soils
are sufficiently high to completely substitute Na+ to form poorly
soluble Ca-LAS and Mg-LAS when Na-LAS was spiked to the test
soil. Also, Danish ground water is usually rich in Ca2+ and Mg2+. It is
therefore anticipated that a dominating part of LAS used in house-
hold or industry will form Ca-LAS or Mg-LAS during use or later in
the effluent.Therefore It is likely, that LAS in sewage sludge will also
be found in poorly soluble forms and the effect levels established in
the laboratory experiments therefore represent realistic estimates of
toxicity.

The studies also included the impact of sewage sludge on the toxicity
of LAS, and how the storage of spiked sludge (with an anticipated
increase in adsorption of LAS to sludge organic matter) influenced
toxicity (Holmstrup et al 2001). However, for invertebrates, sludge
amendment did not have any modifying effects on toxicity in the
range of LAS concentrations used. Possibly due to unrealistic sludge
incubation conditions (high water and LAS content) an increased
toxicity was observed if sludge spiked with LAS was anaerobically
incubated for up to 14 days (resulting in practically no degradation of
LAS) before it was mixed into the test soil. It was also suggested that
LAS and/or the incubation procedure caused an increased bio-
availability of other (unidentified) toxic compounds of the sludge.
Jensen and Sverdrup (2002 [4]) therefore investigated the possible
interaction of LAS with the toxicity of other contaminants when they
exposed springtails to a mixture of LAS and pyrene - a polycyclic
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aromatic hydrocarbon (see section 4.2.). The aim of this study was to
examine the ecotoxicological effects of the detergent LAS and the
PAH pyrene, alone and in combination, using the survival and re-
production of the collembolan Folsomia fimetaria as endpoints. The
EC50 and EC10 were 803 and 161 mg kg-1 for LAS, and 23 and 15 mg
kg-1 for pyrene. If LAS was able to increase the bioavailability of py-
rene to springtails, it was expected that the combined effect of the two
substances would exceed the effect found for each of the compounds
tested separately (synergy). However, the results showed no syner-
gistic effect of LAS on the toxicity of pyrene in the concentration
range tested (1-750 mg LAS kg-1 d.w.). Both the toxic unit concept
(Table 4.2) and the isobologram method (Figure 4.1) indicated that an
additive approach would be the most useful when assessing the risk
of these two compounds.

Isoboldiagram at the EC50-level
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Figure 4.1. Isobolodiagram
of the EC50 and EC10 values
derived from exposing the
springtail Folsomia
fimetaria to mixtures of LAS
and pyrene (from Jensen
and Sverdrup 2002 [4]).
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Effect concentrations (mg kg d.w. or Toxic Units (TU))

LC50 EC50 EC10

LAS Pyrene TU LAS Pyrene TU LAS Pyrene TU

>800 - 803 - 161 -

- 75 - 23 - 15

817 65 <1,921 169 14 0,811 64 5 0,731

490 78 <1,662 168 27 1,372 78 13 1,352

1 66 <0,893 1 24 1,033 1 17 1,143

10 70 <0,953 10 23 1,003 10 14 1,003

Average <1,35 1,05 1,05
1 Effect measures determined from concentration series of LAS-Pyrene mixtures with a fixed ratio in toxic units (EC50) of

¼ : ¾.
2 Effect measures determined from concentration series of LAS-Pyrene mixtures with a fixed ratio in toxic units (EC50) of

1/7 : 
6/7.

3 Effect measures determined from a mixture of 1 or 10 mg LAS kg-1 and concentration series of pyrene in the range of 15-
240 mg kg-1.

4.2.1 Predicted no effect level of LAS
The results presented above was used in a final assessment of eco-
logical risk of LAS in sludge amended soils. The statistical extrapola-
tion method of Wagner and Løkke (1991) was applied in the effect
assessment to estimate the PNEC of LAS in sewage sludge (Jensen et
al 2001 [3]). For the assessment of PNEC, EC10 values were preferred
for calculations rather than NOEC values, and the calculations were
performed on data from the above experiments with Na-LAS in soil
without sludge amendment (Table 4.1). Data on plants and soil in-
vertebrates were tested for log-normality separately and as a com-
bined data set, which was used for the final assessment where a
PNEC value of 4.6 mg kg-1 (soil d.w.) was estimated. For microorgan-
isms, the effect of LAS was assessed on each individual soil process
or functional group of organisms and the PNEC for micro-flora was
estimated on the basis of an expert evaluation of all relevant infor-
mation. It was estimated that single microbial processes or functions
would be protected by the PNEC of 4.6 mg kg-1 as estimated for
plants and soil invertebrates. This is confirmed by other studies, e.g.
Vinther et al 2003, Gejlsbjerg et al 2001, Welp and Brümmer 1999.

4.2.2 Ecotoxicological risk characterisation of LAS
For use in the risk characterisation of LAS, preliminary PECs were
estimated assuming a ploughing depth of 15 cm. The environmental
risk RQ = PEC/PNEC was calculated for a series of different scenar-
ios, reflecting different loads of LAS and different degradation rates
of LAS in soil. Five application rates of sludge - in the range from 2 to
10 t d.w. ha-1 - were included in the calculations. The normal applica-
tion rate in Denmark is 3-4 t ha-1, and “a realistic high application” is
6 t ha-1 every three years. The content of LAS was set at the median
content in Danish sludge at 530 mg kg-1 d.w., at the Danish cut-off
value from 2000 of 2,600 mg kg-1, and at the maximum content found
at 16,100 mg kg-1, respectively, as found in a survey of contaminants
in sewage sludge from 19 Danish waste water treatment plants (Tør-

Table 4.2. Effect concentrations for LAS and pyrene (PYR) alone and in the four tests performed with differ-
ent mixtures of LAS and pyrene. The effect concentrations for pyrene are the average of three tests.
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slev et al 1997). The calculations from the paper by Jensen et al (2001
[3]) are presented in Table 4.3. However, the original scenario with
2,600 mg LAS kg-1 has been exchanged with a scenario with 1,300 mg
LAS kg-1, due to the fact that the cut-off value has changed since the
original publication.

Assuming a simple first order degradation of LAS with a half-life of
10-40 days in soil, the theoretical time necessary to reach a level of
LAS with a negligible risk (RQ < 1) was estimated (see Table 4.3). It
was found that RQ was lower than one for all sludge applications up
to 6 t ha-1 with LAS concentrations lower or equal to the cut-off value
of 1,300 mg kg-1.

Sludge application rate
t ha-1

2 4 6 8 10

LAS-conc.
mg kg-1 sludge

d.w.

Half-life
days

RQinit Days RQinit Days RQinit Days RQinit Days RQinit Days

530 10 0.10 - 0.20 - 0.31 - 0.41 - 0.51 -

25 0.10 - 0.20 - 0.31 - 0.41 - 0.51 -

40 0.10 - 0.20 - 0.31 - 0.41 - 0.51 -

1,300 10 0.25 - 0.5 - 0.75 - 1.0 - 1.25 7

25 0.25 - 0.5 - 0.75 - 1.0 - 1.25 17

40 0.25 - 0.5 - 0.75 - 1.0 - 1.25 27

16,100 10 3.1 16 6.2 26 9.3 32 12 36 16 40

25 3.1 41 6.2 66 9.3 81 12 91 16 99

3.1 65 6.2 105 9.3 129 12 145 16 158

On the basis of scenarios, it can be concluded that the environmental
risk of LAS is negligible in cases where sludge concentrations are
below the Danish cut-off value at 1,300 mg kg-1. Only at high loads of
sludge (10 tons ha-1 year-1) containing high concentrations of LAS, a
potential risk to the soil ecosystem is predicted. However, due to deg-
radation of LAS, the impact will disappear within a month or two
and only persist for up to 158 days under extreme conditions, i.e. a
sludge load of 10 t ha-1, a LAS concentration in sludge at 16,100 mg
kg-1 and a LAS half-life in soil of 40 days. This is in accordance with
the findings in previous field studies. LAS-containing sludge has
typically not shown any adverse effects on soil ecosystems after sew-
age sludge treatment, even at LAS concentrations which have shown
significant effects on various groups of organisms in the laboratory.
On the basis of the present laboratory study, a PNEC was estimated
to 4.6 mg kg-1. On the basis of field observations, it is concluded that a
LAS dose of 10-50 kg ha-1 or an average soil concentration of 5-15 mg
kg-1 is unlikely to cause long term adverse effects in the agricultural
soil ecosystem. These doses and concentrations are generally above
the normal concentrations found in sludge amended soils. Carlsen et
al (2002) for example typically found concentrations below 1 mg kg-1

Table 4.3. The environmental risk (RQ = PEC/PNEC) calculated for different scenarios of varying sludge
application rates, LAS concentrations and soil degradation half-lives. The initial risk quotient (RQinit) is
shown, and the time needed to reach RQ<1 is calculated, assuming first order soil degradation kinetics.
A solid line divides the scenarios showing RQinit >1 and RQinit ≤ 1. Scenarios needing more than 1 month to
reach RQ=1 are shaded.
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in several Danish sludge amended soils. However, in an extreme
case, amendment with high doses of sludge for 25 years on soils lo-
cated in a run-off zone of a sludge storage capacity, resulted in con-
centrations up to nearly 20 mg kg-1 (Carlsen et al. 2002)

4.2.3 Conclusions regarding the cut-off value of LAS
On the basis of the risk assessment presented above, it is concluded
that the current soil quality criteria for LAS at 5 mg kg-1 seems sensi-
ble, provided that the normal use of generic risk assessment methods
are accepted. It is therefore also concluded that the current cut-off
value of LAS in Danish sludge on 1,300 mg kg-1 d.w. is appropriate to
protect agro-ecosystems. Only in the circumstances of real worst case
scenario, i.e. up to 10 tons sludge ha-1, soil concentrations may reach
approximately the same level as the soil quality criteria. On the other
hand, based on the current methodology for calculating environ-
mental risk, the cut-off value does not seem to be significantly over-
protective. It may therefore be recommended to keep the current cut-
off value for LAS at 1,300 mg kg-1 until future documentation may call
for a change.

4.3 Ecotoxicological characterisation of polycyclic
aromatic hydrocarbons (PAH) (paper IV and V)

PAHs are not produced for any specific use. An exception is naph-
thalene, which is used as a phthalic acid anhydride as a detergent and
tanning agent and in raw materials for paint. PAH occur in large
quantities in industrial products from the petro-chemical industry,
the coke factories and coal tar processing, and in creosote wood pre-
servatives. The PAH content of gasoline and oil is variable, but in
general the concentration is typically lower than 5%. Phenanthrene,
fluoranthene and pyrene are normally the most abundant in heating
oil (Larsen 1993). The PAH content (3-6 ring) in gasoline is estimated
to be approximately 100 mg/l, with phenanthrene, pyrene, anthra-
cene and fluoranthene as the most common. Naphthalene can be
found in significantly higher concentrations, approximately 4500
mg/l (Larsen 1993).

The anthropogenic release of polynuclear aromatic hydrocarbons
(PAHs) into the environment is a result of spills, or incomplete com-
bustion of products such as coal, oil, petrol and wood. PAHs emitted
to the air from coal and petrol combustion at e.g. gas works and
coking plants or by car and air traffic are mainly bound to aerosols
and hence able to travel long distances (Björseth et al. 1979). The three
most important PAHs emitted in Western Europe are naphthalene,
phenanthrene and fluoranthene (Slooff et al. 1989).

PAHs emitted to the air will eventually fall down also in Denmark
and may wash out to the draining systems and hence ends up in
waste water treatment plans. During sedimentation processes in
waste water treatment, PAHs can be incorporated into sewage sludge
or refinery waste, and finally be disposed of on the soil. PAHs are
typically present in sewage sludge in the range of 1 to 10 mg PAH kg-

1, but sum-concentrations above 100 mg PAHs kg-1 in raw sewage
have been reported (Wild et al. 1990, Stevens et al 2003). The PAH
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concentration in Danish sludge typically falls within a range of 0.3
and 5.0 mg kg-1 (see Chapter 2).

Several factors influence the fate and toxicity of PAHs in soils. PAHs
are relatively insoluble in water and are therefore primarily associ-
ated with the particulate phase, in particular the organic matter
(Means et al. 1980). The removal of PAHs from the soil takes place
from abiotic loss (e.g. leaching, hydrolysis, photodegradation), vola-
tilisation and microbial degradation. Volatilization is primarily from
the two- and three-ringed PAHs (Wild & Jones 1993, Bossert & Bartha
1986, Park et al. 1990), whereas the PAHs with four or more rings are
much less affected by abiotic processes. Biodegradation is also sig-
nificantly higher for two- and three-ringed PAHs (Wilson & Jones
1993). Sims & Overcash (1983) reviewed the literature on soil degra-
dation of PAHs, and found half-lives in the range of 0.12 - 6,250 days.
In general most of the PAHs have half-lives longer than 100 days.
Abiotic parameters such as temperature, pH, redox conditions, soil
structure, nutrient supply etc. may influence the environmental fate
of PAHs (e.g. Maliszewska-Kordybach 1993, Manilal & Alexander
1991, Mihelcic & Luthy 1988, Coover and Sims (987). Interaction of
PAHs with other contaminants may also have influence on fate and
toxicity PAHs. LAS for example is known to increase the mobility of
e.g. heavy metals, PAHs and other persistent organic pollutants in
soil. This ability may be used in bio-remediation of soils polluted
with heavy metals and PAHs (Aronstein and Alexander 1992, Ata-
gana et al 2003). LAS may also stimulate the uptake of organic pollut-
ants or pesticides into plant or animals (Lichtenstein et al 1967).
Haigh (1996) and Fox et al. (1997) have, however, shown that indirect
effects are not likely to occur at LAS concentrations normally present
in domestic sewage sludge. This is in line with the findings of Jensen
and Sverdrup (2002 [4]), who did not find any interaction between
the toxicity of pyrene and LAS (see details in section 4.2).

It is difficult to estimate a natural background level of PAHs, since
the PAH concentration in the environment has constantly increased
as a result of man's use of fire and heating. Today the anthropogenic
emission of PAHs is far more important than any endogenous
sources in industrialized areas, thus the concentrations of PAHs in
air, water, soil or vegetation vary with distances from point sources.
In this context the background level should be interpreted as the PAH
level in areas far away from human activities. The soil and vegetation
concentrations in such areas typically range from 0.001 to 0.01 mg kg-1

and 0.01 to 0.02 mg kg-1 respectively (Edwards 1983, Grimmer et al.
1972).

Jones et al. (1989ab) analysed soil samples from a British agricultural
soil from as far back as 1893. The sum of PAHs have increased ap-
proximately 5 times in this century, and some of the PAHs as much
as 60 times (e.g. benzo(a)pyrene). Only naphthalene does not seem to
accumulate, due to its high volatilisation and biodegradation. Jones et
al. (1989c) reports typical Welsh soil concentrations in the range of
0.11 - 0.67 mg kg-1 with a mean of 0.72 mg/kg. Wild & Jones (1993)
found 1.1 and 5.2 mg PAH kg-1 in a rural agricultural and rural conif-
erous forest soil respectively. Soil samples from 12 locations in Nor-
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way have been analysed for 9 PAHs. The average concentration in
soils from non-polluted areas was 0.188 mg PAH kg-1, but in bog soil
from uncontaminated areas the average soil concentration was 0.90
mg PAH kg-1 (Vogt et al. 1987). The higher accumulation in bog soils
is probably a consequence of the high organic content of such soils.

There is only little information about the background concentration
of PAHs in Danish soils. However a large survey in soils from kin-
dergardens and allotments (gardens) in Copenhagen may give some
impression of the level of PAHs in diffuse contaminated soils. The
average sum of 16 PAHs in soil from 288 kindergardens were 14 mg
kg-1 (d.w.) and the average sum of 8 PAHs in 380 allotments located
in Copenhagen were 25 mg kg-1 (DW) (Knudsen et al 2001). One ex-
planation for the higher concentrations in allotments may be due to
the fact that allotments may be located in areas with old dump-sites.

The concentration and persistence of PAHs in sludge amended soils
has also been documented. Wild et al (1991) showed that the level of
PAHs remained higher in sludge amended soils more than 20 years
after sludge application. Ten years after application typically between
30 and 50% of the total load of PAHs was detectable in the soil. Ap-
proximately 125 tons dry matter were applied per hectare. This is
more than 40 times the normal application load in Denmark. Fur-
thermore the sludge contained between 13 and 145 mg PAH kg-1

(d.w.), which is far higher than the current Danish cut-off value of 3
mg PAH kg-1 (d.w.). No information is available for the level of PAHs
in Danish agricultural soils post sludge amendment.

4.3.1 Soil Quality Criteria
Whereas relatively much information is available about the fate of
PAHs in soils and the accumulation in different matrixes including
plants and animals (Johnson et al 2002, Krauss et al 2000), far less has
so far been available about the potential toxic effects of PAHs to soil
dwelling organisms. This was especially the case when the Danish
but also the Dutch soil quality criteria was derived back in the begin-
ning of the nineties (Jensen and Folker-Hansen 1995, Kalf et al. 1997).

A large amount of ecotoxicity data for PAHs was therefore recently
generated in our laboratory (Sverdrup et al. 2001, Sverdrup et al. 2002
a-d). These data formed a basis for recalculating the soil quality crite-
ria (Jensen and Sverdrup 2003 [5]). The data were generated using a
well described agricultural soil with a relatively low organic carbon
content (1.6%), which makes the values relatively conservative in
terms of exposure conditions, i.e. an anticipated high bioavailability.
In all the studies, standard procedures were used, and exposure con-
centrations were measured. The use of the same soil type and very
similar exposure conditions made these data optimal for comparing
species sensitivity (i.e. without the usual inter-laboratory uncertain-
ties related to differences in soil types, animal cultures etc.). The data
are presented in Table 4.4 and 4.5. Supplementary toxicity data were
found in the open literature and reviewed in the paper by Jensen and
Sverdrup (2003, [5]). However, many of these were not found directly
applicable for the derivation of soil quality standards according to the
algorithm used by the authors.
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Endpoint Effect
level

Mean Pyrene Fluoranthene Phenanthrene Fluorene

Springtails1 Reproduction EC10 16 10 37 23 7,7

Enchytraeids2 Reproduction EC10 20 11 15 40 25

Earthworms3 Growth EC10 34 30 90 20 25

Nitrification4 Rate EC10 39 130 13 42 33

Mustard5 Growth EC20 446 403 595 171 969

Ryegrass5 Growth EC20 283 >1000 240 152 176

Red Clover5 Growth EC20 35 28 58 23 38
1 Sverdrup et al. (2001)
2 Sverdrup et al. (2002 a)
3 Sverdrup et al. (2002 b)
4 Sverdrup et al. (2002 c)
5 Sverdrup 2001

Table 4.5. Toxicity of various other PAHs to the springtail Folsomia fimetaria.
Data are obtained from Sverdrup et al. (2002 d).

LC50 EC10

mg kg-1 mg kg-1

Napthalene 167 20

Acenaphthylene 145 23

Acenapthene 107 31

Anthracene 67 5

Benaz(a)anthracene >975 >975

Chrysene >1025 >1025

Benzo(b)fluoranthene >360 >360

Benzo(k)fluoranthene >560 >560

Perylene >560 >560

Benzo(a)pyrene >840 >840

Indeno(1,2,3-cd)pyrene >913 >913

Dibenz(a,h)anthracene >775 >775

Predicted no effect concentrations for soil dwelling species were cal-
culated using different assumptions and two internationally accepted
methods: The use of simple assessment factors and the use of species
sensitivity distributions. A more detailed description of the paradigm
used is given in Jensen and Sverdrup (2003, [5]). Variations in the
predictions were limited and the soil quality criteria vary mostly as a
result of different assumptions, e.g. whether or not to have a sum-
criterion and which PAHs to include in such a criterion. When as-
sessing the risk for effects of PAHs on soil dwelling organisms, it was
suggested to concentrate the investigation on the groups of PAHs
with log Kow below 6.0 as toxicity typically is absent for PAHs with
log Kow higher than 6.0, see Table 4.5 (Sverdrup et al. 2002 d). The
SQC for four individual 3-4-ringed PAHs is estimated to fall in the
range of 1.0 and 2.5 mg kg-1. However, as no individual PAHs are
found alone, it is may be useful to use a sum-criterion for a group of
PAHs. Based on the toxicity data presented in this thesis and in the
paper by Jensen and Sverdrup (2003 [5]) and the relative abundance
of different PAHs in nearly 1000 Danish soil samples, an ecotoxi-

Table 4.4. Measured effect concentrations for four polycyclic aromatic hydrocarbons affecting springtails,
enchytraeids, earthworms, micro-organisms and plants. All data in mg kg-1 soil dry weight.
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cological soil quality criterion of 25 mg kg-1 d.w. for the sum of the
eight PAHs acenaphthene, flourene, anthracene, phenanthrene, py-
rene, fluoranthene, benz(a)anthracene and chrysene could be sug-
gested. There are many elements of uncertainty associated with the
extrapolation of soil quality criteria, e.g. the problems with co-
existing substances in mixed pollutions (Jensen and Sverdrup 2002
[4]). It was therefore strongly emphasised only to use soil quality cri-
teria as screening tool for assessing ecological risk. Other site-specific
tools like bioassays and/or field surveys of ecosystem structures at
population or community level are recommended as supplementary
higher tier tools for the risk assessor.

4.3.2 Risk of sludge application
Comparing the proposed soil quality criteria (SQC) with estimated
soil concentrations after sludge amendment may give a generic as-
sessment of potential risk of PAHs in sludge.

PAHs are typically present in sewage sludge in the range of 1 to 10
mg PAH kg-1, but concentrations above 100 mg PAH kg-1 in raw sew-
age have been reported (Wild et al. 1990, Stevens et al 2003). The PAH
concentration in Danish sludge typically falls within a range of 0.3
and 5.0 mg kg-1 (see Chapter 2). If assuming a uniform mixture in the
upper 20 cm of the soil, the ratio between the exposure and the esti-
mated level of no effects (SQC = 25 mg kg-1) is in the range of 0.00002
and 0.0004 for likely Danish scenarios. Even in the cases of the high-
est globally reported sludge concentration in sludge (100 mg
PAH kg-1), no risk is estimated, as the risk ratio is less than 0.01.

4.3.3 Conclusions regarding cut-off value of PAHs
When looking at the sludge ordinance solely from an ecotoxicological
point of view, the current cut-off value may be changed. First of all if
ecological concern was the only concern, more focus should be put on
the lower molecular compounds and not as it is at present, the high
molecular PAHs. Furthermore on the basis of the calculations pre-
sented above, it may be concluded that the cut-off value of eight se-
lected PAHs could be at least one order of magnitude higher than the
current criteria of 3 mg kg-1, e.g. 50 mg kg-1. Not even the highest PAH
levels found in Danish sludge (approximately 5 mg PAH kg-1) is
therefore likely to pose any risk to the ecosystems found in arable
land.

It is, nevertheless, not direct ecotoxicological effects, which have been
the main driver when establishing the current cut-off value of 3.0 mg
kg-1 d.w. in sludge (Tørslev et al 1997), but rather a concern about
undesired uptake in crops and long-term build up in soil and biota. It
is beyond the scope of this thesis to evaluate these parameters.
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4.4 Ecotoxicological characterisation of phthalates
(paper II)

The phthalate di(2-ethylhexyl)phthalate (DEHP) has been widely
used since 1949 and is one of the most used industrial chemicals with
an annual production of estimated 1.3 million ton, which is about half
of the total consumption of phthalates (IPCS 1992). In Denmark, the
annual consumption of phthalates is estimated to approximately
10,000 tons (Hoffmann 1996). The majority of the consumed phtha-
lates is used as plasticizer in the production of polyvinyl chloride
(PVC) products. Important non-plasticizer uses of phthalates includes
paint, lacquer, printing ink, adhesives, fillers and dielectric fluid in
capacitors.

Due to their ubiquitous use, phthalates can be found almost every-
where in the environment. Phthalates are generally weakly associated
to the plastic and may hence slowly leak or evaporate to the envi-
ronment. A chemical inertness and low anaerobic degradation rates
may result in high concentrations DEHP and other phthalates in sew-
age sludge. The sludge regulations in Denmark includes a cut-off
value for DEHP (see chapter 2), whereas no cut-off value exists for
DBP, the second most common phthalate in Danish sludge. The aver-
age concentration of DBP in Danish sludge is lower than 5 mg kg-1

d.w., but may reach more than 25 mg kg-1 d.w. (Tørslev et al. 1997).

DEHP has low water solubility and high octanol-water partition coef-
ficient, thus the absorption to soil is high while DBP with an interme-
diate log Po/w has a moderate mobility. Even large concentrations of
DEHP is relatively easily degraded by micro-organisms under aero-
bic conditions. Maag and Løkke (1990) found half-lives of DEHP
between 33 and 85 days in soil initially containing 21,900 mg kg-1.
However, the degradation of DEHP is very slow or even non-existing
under anaerobic conditions (Zioguo et al.1989). Shanker et al. (1985)
observed large differences in the aerobic and the anaerobic biodegra-
dation of DEHP. In a flooded soil only 30% of the incubated phthalate
was degraded in 30 days, whereas 90% was degraded in an aerobic
soil. Madsen et al (1999) observed and modelled reduced bioavail-
ability of DEHP in sludge amended soil. They estimated that more
than 40% of DEHP in a sludge amended soil would be present one
year after sludge amendment. In case of anaerobic conditions nearly
70% would be found after a year. Cartwright et al (2000) found a half-
life of spiked diethyl phthalate of approximately 0.75 day, whereas as
little as 10% of the spiked DEHP were degraded within 70 days.

Although the release to the environment is large and the adsorption
to soil high, only relatively low concentration of DEHP has been
found in terrestrial ecosystems (Wams 1987, Persson et al. 1978,
Kirchmann and Tengsved 1991, Vikkelsø et al 2003). If assuming a
homogenous mixing of sewage sludge containing a maximum load of
DEHP according to the Danish sludge regulation, the theoretical soil
concentration of the first 10 cm is below 0.7 mg DEHP kg-1 and 0.1 mg
DBP kg-1. Vikelsøe et al. (2002) found DEHP concentrations between
0.01 and 0.02 mg kg-1 in Danish non-sludge amended soils, 0.03 mg
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kg-1 in soils amended with normal application rates of sludge and up
to approximate 1.5 mg kg-1 in soils heavily amended with sludge for
decades. The DBP concentration was below 0.03 mg kg-1 in all soils
except the highly amended soils, where DBP concentrations of 0.2 mg
kg-1 were found. These concentrations can be expected to cover worse
case situations in Denmark.

4.4.1 Ecotoxicity
Pthalates are considered moderately to highly toxic towards aquatic
organisms. Generally it is the phthalates with alkyl chain length
shorter than five carbon atoms that is considered most toxic, due to
their higher water solubility (Adams et al. 1995). Since the exposure
route for terrestrial organisms is expected predominantly to be by the
water phase, the same tendency properly exists in this compartment.
However, only little information is available for terrestrial organisms
to verify this (van Wezel et al 2000).

In general phthalates are not genotoxic or only slightly genotoxic (e.g.
Douglas et al. 1986), but several phthalates are suspected of possible
endocrine disruption (e.g. Jobling et al. 1995, Toppari et al. 1995) and
may hence disturb reproduction of terrestrial organisms. However,
due to lack of data it is at present only possible to include endocrine
disruption in the setting of no effect levels like soil quality criteria by
the application of safety factors.

Below is a number of ecotoxicity studies with phthalates briefly re-
viewed. The available data for benchmark setting prior to the paper
produced in is thesis is found in Table 4.6.

4.4.1.1 Microorganisms
Kirchman et al. (1991) did not observe any effects on soil respiration
and nitrogen mineralisation after addition of 5 or 250 mg DEHP/kg
soil.

Mathur (1974) observed an acute (6 hour) reduction in soil respiration
after addition of DEHP (44%), DnOP (65%) and DBP (36%). However,
when the soil had been pre-incubated with phthalates for 14 weeks,
an increase of oxygen consumption could be observed after applica-
tion of the same amount of DEHP. This indicates a selection of
phthalate tolerant species or a general lag phase in the utilisation of
phthalates as growth substrates.

4.4.1.2 Plants
The presence of phthalates in PVC-products used in commercial
greenhouses has caused a severe reduction in crop value in many
cases. Hannay and Millar (1986) estimated in 1986 the annual cost to
be approximately 20,000 £ per acre in commercial grown monocrop
tomatoes.

Herring and Bering (1988) did not observe any significant inhibition
on the growth of spinach and peas when raised in soil containing up
to 1000 mg DEHP/kg . Two other phthalate esters had a marked ef-
fect on the growth of the seedlings. Dimethylphthalate (DMP) re-
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duced the growth of spinach by 64% and diethylpthalate (DEP) by
25% at a concentration of 1000 mg kg-1. The growth reduction of peas
at 1000 mg kg-1 was 50% for DMP and 20% for DEP. When the seed-
lings were soaked in water containing phthalate esters all chemicals
had a marked effect on the germination of the seedlings. Compared
to the control, the germination of peas was reduced by 40% and the
spinach by 50% when soaked in a 13 day period in a 1.0 mg/l solu-
tion of DEHP. The relatively higher toxicity of DEHP in solution indi-
cates a low degree of availability of the non-soluble lipophillic com-
pound in soil.

Hulzebos et al. (1991) studied the phytotoxicity of several phthalates
with lettuce (Lactuca sativa) and found EC50 values of 106 mg kg-1 for
DEP, 387 mg kg-1 for DBP and >1,000 for DEHP.

Shea et al. (1982) observed a significant reduction in height (-17%) and
weight of shoots (-25%) of corn growth for three weeks in soil spiked
with 2,000 mg kg-1 of DBP. At a ten time lower concentration the
plants were not significantly effected. Germination was not inhibited
at the highest test concentration (20,000 mg kg-1).

Stanley & Tapp (1982, c.f. KEMI 1994) did not find any effect of
DEHP on rape (Brassica rapus) and only slight effect on oats (Avena
sativa) at a dose of 1000 mg kg-1.

Hardwick et al. (1984) observed death and injury of cabbage caused
by DBP vapour. Hannay & Millar (1986) observed a significant dam-
age on radish seedlings when exposed to air stream containing DBP,
whereas DiOP vapour had no effect on the seedlings.

4.4.1.3 Invertebrates
Neuhauser et al. (1986) determined the EC50 values for several organic
compounds, including DMP, in the EEC artificial soil test on earth-
worms. The observed EC50 values for four earthworm species ranged
from 1064 to 3335 mg kg-1. In a filter paper contact test with earth-
worms, Neuhauer et al. (1985) investigated the toxicity of DMP along
with four other phthalates. DMP (45) was the most toxic followed by
DEP (30), DiOP (8) and DEHP (1), the relative toxicity given in brackets.

As described above only very limited information was available for
assessing the risk of phthalates in the terrestrial environment. Espe-
cially soil invertebrate data was missing (van Wenzel et al 2000). To
improve the scientific basis for assessing the risk to soil living fauna
and evaluate the cut-off value in sludge a study of the effects of two
commonly used phthalates (DEHP and DBP) on both adult and juve-
nile individuals of springtails was therefore conducted (Jensen et al
2001 [2]). The aim was to evaluate both the acute and sublethal effects
of DBP and DEHP on Folsomia fimetaria in the laboratory and to dis-
cuss the risk of sludge-born phthalates to terrestrial ecosystems.

The study did not observe any effects of DEHP, whereas both sur-
vival and reproduction of the springtails were strongly affected by
DBP. Hardly any reproduction was observed at DBP concentrations
above 100 mg kg-1, and at 500 mg kg-1 almost all adults died. To eluci-
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date whether the observed effect on reproduction was due to a lower
production of off-spring, inability of the eggs to hatch or a reduced
survival of the young ones, newly hatched juveniles were exposed
individually for one week to DBP concentrations in the range of 1-25
mg kg-1. A soil concentration of 25 mg kg-1 killed all juveniles after one
day of exposure. At 1, 5 and 10 mg kg-1, DBP had no adverse effects
on the survival of the juveniles. The mortality of juvenile springtails
was similar when they were exposed in multi-dishes with a hard soil
surface and in microcosms with loose soil. If the springtails survived,
i.e. at concentrations lower than 25 mg kg-1, DBP did not affect the
their growth in the entire exposure period of 50 days. The effect
measures are presented in Table 4.7.

Compound Organisms Endpoint ECx

mg kg-1
NOEC mg kg-1 Reference

Microorganisms

DEHP microorganisms respiration /
nitrification

250 Kirchman et al. 1991

Plants

DEHP Spinach
Pea

growth 1000
1000

Herring & Bering 1988

DBP Spinach
Pea

growth 1000
1000

Herring & Bering 1988

DMP Spinach
Pea

growth 1000(64)

1000(50)

Herring & Berring 1988

DEP Spinach
Pea

growth 1000(25)

1000(20)

Herring & Berring 1988

DEHP Rape growth 1000 Stanley & Tapp 1982
(c.f. KEMI 1994)

DBP Corn growth 2,000(25) 200 Shea et al. 1982

DEHP Lettuce growth >1000(50) Hulzebos et al. 1991

DEP Lettuce growth 106(50) Hulzebos et al. 1991

DBP Lettuce growth 387(50) Hulzebos et al. 1991

Invertebrates

DMP
Earthworms:
A. tubereculata
E. fetida
E. eugenise
P. excavatus

survival 3335(59)

3160(59)

2000(59)

1064(59)

Neuhauser et al. 1986

The study did not observe any effects of DEHP, whereas both sur-
vival and reproduction of the springtails were strongly affected by
DBP. Hardly any reproduction was observed at DBP concentrations
above 100 mg kg-1, and at 500 mg kg-1 almost all adults died. To eluci-
date whether the observed effect on reproduction was due to a lower
production of off-spring, inability of the eggs to hatch or a reduced
survival of the young ones, newly hatched juveniles were exposed
individually for one week to DBP concentrations in the range of 1-25
mg kg-1. A soil concentration of 25 mg kg-1 killed all juveniles after one
day of exposure. At 1, 5 and 10 mg kg-1, DBP had no adverse effects
on the survival of the juveniles. The mortality of juvenile springtails
was similar when they were exposed in multi-dishes with a hard soil
surface and in microcosms with loose soil. If the springtails survived,
i.e. at concentrations lower than 25 mg kg-1, DBP did not affect the

Table 4.6. Effect and no-effect concentration of phthalates to terrestrial organisms. The approximate effect
level is stated in brackets and subscript. See also Table 4.7 and 4.8.
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their growth in the entire exposure period of 50 days. The effect
measures are presented in Table 4.7.

The concentration of DBP slowly decreased if the contaminated soil
was stored at 20 °C in a period of up to 28 days prior to exposure
(Jensen et al 2002, II). By using the degradation in two concentrations
as a model for the degradation of DBP in all exposure concentrations,
it may be shown that there is a tendency of the toxicity of DBP to de-
crease with increased storage time (Table 4.8). Although not com-
pletely consistent and significant, the results showed that 1-4 weeks
of storage prior to exposure often lead to higher EC10 and EC50 values
for both the reproduction and the survival of adult springtails (Table
4.8) (Jensen et al 2001 [2]). This could partly be explained by a mo-
delled reduction of the DBP which was dissolved in pore water.

Table 4.7. Summary of the effects of DBP and DEHP on the survival, repro-
duction and growth of F. fimetaria. Effect concentrations with 95% confi-
dence interval (mg kg-1 d.m.) in brackets (Jensen et al 2001, II).

NOEC LOEC EC/LC10 EC/LC50

DBP DEHP DBP DEHP DBP DEHP DBP DEHP

Survival –
adults

100 > 5000 250 > 5000 33
[-50;370]

>5000 305
[-56;445]

>5000

Survival –
juveniles1

10 > 1000 25 > 1000 11.3 >1000 19.4 >1000

Repro-
duction

100 > 5000 250 > 5000 14
[10;46]

>5000 68
[48;185]

>5000

Growth >10 > 1000 >10 > 1000 >10 >1000 >10 >1000

Number of
cuticles

< 1.0 > 1000 1.0 > 1000 0,5
[0.36;6.2]

>1000 >10 >1000

1no replicates was made in these studies, wherefore confidence interval could not be
estimated.

Table 4.8. EC10 and EC50 values (all in mg kg-1) for DBP for adult survival and
reproduction as a function of storage time (Jensen et al 2001, II).

Storage,
days

EC10

a

(init. conc.)
EC10

b

(exp. conc.)
EC50

a

(init. conc.)
EC50

b

(exp. conc.)

Survival

0 33.7 [8.2;66.5] 33.7 277 [177;440] 277

3 29.5 [4.9;61.3] 25.0 362 [254;605] 307

7 266 [175;320] 197 438 [380;504] 325

14 268 [193;318] 161 473 [414;564] 284

28 >500 >265 >500 >265

Reproduction

0 50.0 [-18;63] 50.0 84.2 [5.1;96] 84.2

3 13.9 [6.0;161] 11.0 125 [-8.4;171] 106

7 30.4 [9.1;87.3] 22.5 107 [73;171] 79

14 131 [49;255] 78.6 245 [133;335] 147

28 61 [-13;176]+ 32.3 583 [138;1027]* 309

*Estimated by fitting to a linear dose-response relationship
+ Linear fit: EC10=117 [28;206]
a These effect estimates are based on the initial spiking concentrations.
b These effect estimates are based on the average degradation rate in two concentra-

tions applied to all exposure concentrations.
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4.4.2 Ecotoxicological risk characterisation of phthalates
The above mentioned effect data, i.e. an EC50 value of 387 mg kg-1 for
plant growth and an EC10 value of 14 mg kg-1 for springtail repro-
duction may predict a no-effect concentration for DBP of 1 mg kg-1

bearing in mind the relative rapid degradation of DBP in soils. The
existing soil quality criterion for DBP in Denmark is 0.1 mg kg-1. The
data for DEHP clearly demonstrate that it is non-toxic below at least
1000 mg kg-1. A no-effect level of 10 mg kg-1 could therefore be a con-
servative and precautionary estimate. The existing soil quality crite-
rion for DEHP in Denmark is 1.0 mg kg-1.
Both the predicted and the few reported measured soil concentrations
of DEHP after sludge amendment are significantly lower than the
predicted no effect level. The difference between the PNEC and the
predicted soil concentrations are at least three orders of magnitude.
This makes the risk of ecological effects caused by DEHP as a result
of normal sludge application negligible. Also for DBP no risk to
sludge amended soils can be forecasted, although the margin of
safety apparently is lower. However, the storage/ageing experiments
displayed that the relatively high toxicity of DBP only lasts for a short
period. A combination of evaporation, degradation and adsorption of
DBP to the soil matrix most likely cause the reduced toxicity.
The toxicity data presented above and information about fate and
occurrence of phthalates in the terrestrial environment lead to the
overall conclusion that long term adverse effects of phthalates on the
soil dwelling species is not likely to occur as a result of a normal ap-
plication of sewage sludge. Neither do the available information indi-
cate a significant risk of phthalates accumulating in biota or soils.
In case of a (voluntary) replacement of DEHP by other phthalates,
such as the more toxic DBP, it could, however, be recommended to
follow the total consumption of DBP in society and/or regularly
monitor the levels in sludge to ensure that the concentration does not
increase to critical levels.

4.4.3 Conclusions regarding cut-off criteria for DEHP
From an ecotoxicological perspective the cut-off value of DEHP is
conservative. The high affinity of DEHP to organic matter or other
soil constitutes is the most likely reason why DEHP basically has to
be considered as non-toxic to soil dwelling species. Even with a con-
servative approach the cut-off value could be raised from the current
level of 50 mg kg-1 to for example 500 mg kg-1 as the estimated ratio
between environmental concentration and predicted no effect level
would still be below one, i.e. approximately 0.1.

If only aiming at an ecological protection it should be considered to
exchange or supplement the cut-off value of DEHP with other
phthalates like DBP. On the other hand if the major concern is un-
wanted build up of contaminants in the environment and crop sys-
tem, DEHP is a good choice as it is rather persistent in the environ-
ment. It is, however, beyond the scope of this thesis to evaluate
whether the cut-off value for DEHP is appropriate for preventing
accumulation in for example soil and crops.
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5 Final evaluation, conclusions and
further research

The use of organic waste is closely associated with arable land, of
which large areas are intensively managed today. In Denmark ap-
proximately 65% of the 43.000 km2 are used for agricultural purposes.
Essential parts of the global carbon, nitrogen, phosphorus, and water
cycles are carried out in the soil compartment largely through micro-
bial and faunal interactions with organic and inorganic material. Ob-
viously, to obtain an acceptable soil quality, negative changes to es-
sential soil functions should be prevented. Nevertheless, what do we
need to protect to fulfil this objective and are other concerns also im-
portant for the quality of agricultural soils? Although not fully vali-
dated, it is generally anticipated that soil biodiversity is positively
associated with stability and good soil quality (Bardgett and Cook
1998).

Many of the available management tools in modern agriculture have
a large influence on the soil as habitat for animals and plants. Pesti-
cide spraying, use of organic and inorganic fertilisers, tilling, com-
paction, and sewage sludge application are all practices affecting the
soil ecosystem. Very often these operations lead to reduced biodiver-
sity. Therefore the potential effects of sewage sludge should not only
be balanced with the benefits of increased recycling of nutrients, but
also compared to the general effects of agricultural practices on soil
ecosystem.

Assessing soil quality within the context of sustainable land use is
therefore by no means straightforward. Even to define soil quality
may cause large divergence among experts. Doran and Parkin (1994)
suggested the following definition of good soil quality “The capacity
of a soil to function within ecosystem boundaries to sustain biological
productivity, maintain environmental quality, and promote plant and
animal health”.

Jensen (1999b) outlined three major criteria for a societal acceptance
of sewage sludge application on farmland.

1. Sludge should not contain substances, which under normal appli-
cation rates cause unacceptable adverse effects on important soil
processes, beneficial soil fauna or crops

2. Sludge should not contain substances, which under normal appli-
cation rates lead to unacceptable accumulation in biota or soil

3. Sludge should not contain substances, which under normal appli-
cation rates contaminate ground- and surface water.

The work in this thesis has focused on elucidating the first of the
three criteria listed above. Special emphasis has been put on evaluat-
ing the present cut-off values for sewage sludge in Denmark. Gener-
ally it can be concluded that the existing cut-off values seem sufficient
to protect ecosystem functioning in arable land, and that the cut-off
values of DEHP and PAHs seem lower than needed if - isolated -
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looking at risk of sewage sludge to soil ecosystems present in arable
land. It is, however, important still to keep in mind that our funda-
mental understanding of ecosystem functioning may be limited and
that for a number of chemicals present in sludge our knowledge
about terrestrial ecotoxicity is still strongly limited or totally absent. It
is therefore important to validate some of the conclusion of the ge-
neric risk assessment presented in for example this thesis in field
studies with sewage sludge. The preliminary results from two Danish
field studies are hence presented below.

5.1 Field studies with sewage sludge

The previous chapter included general or generic risk assessment of a
few of the most common contaminants found in Danish sewage
sludge. As outlined in chapter three, such generic risk assessments
may have serious shortcomings. Furthermore, the substances evalu-
ated here only take up a minority of all the hazardous substances
present in sludge. All toxicity data for single substances presented in
this thesis has indicated that no unacceptable risk of contaminants in
sludge would be expected. This is supported by laboratory studies
using sewage sludge containing the normal mixture of contaminants
found in sludge (data not shown). Nevertheless, if possible the con-
clusion should still be verified in field studies.

The National Environmental Research Institute, The Department of
Terrestrial Ecology has hence since 1995 – with the defender as proj-
ect co-ordinator - conducted a long-term field study on the ecological
effects of sewage sludge. This study is not yet finalised and no final
conclusions can hence be made. It will be published internationally in
2004/2005. However, first and preliminary results and conclusions
are presented below.

The monitoring study is conducted as a randomised block design
with seven treatments and six replicates. The sewage sludge loads
were ranging from moderate to relatively high. The seven treatments
consist of 3.5, 7 and 21 t D.M. sludge ha-1 and 3.5, 7 and 21 t D.M. cat-
tle manure ha-1 and one control treatment receiving mineral fertiliser
only. The LAS concentrations were slightly above the cut-off value of
that time, i.e. 2,600 mg LAS kg-1 d.w. The sludge is spread in 7.5 x12
m or 5 x14 m plots manually by fork. Before sowing, sludge was
ploughed down to a depth of 15 to 20 cm. The studies were con-
ducted in areas with two different soil types, a sandy loam and a
loamy sand, which was terminated in 2000. Two sets of crops were
grown on each soil type. One with annual crops such as winter wheat
or barley (1998-2003), and another with permanent clover-grass
(1996-1999). Plots with annual crops received sewage sludge in 1995,
1998 and 2001 and continued until the end of 2003 at the sandy loam
area, whereas the green fields with clover-grass cover were termi-
nated in 1999 in both areas. Micro-arthropods were sampled annually
in both crop systems and both soil types. Furthermore changes in
earthworm populations were followed the first year in the clover-
grass system.

In the period 1995 to 2003 more than 350,000 individuals were
counted and identified, covering more than 35 springtail species. All
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over the present field investigation shows a positive response of soil
fauna numbers to sludge and manure applications. Large variation
among plots was found, and only in a few cases did we find differ-
ences of significance in the overall abundance of microarthrpods
between treatments. Furthermore, nearly all of the significant obser-
vations were of stimulating nature. The dominating springtail species
were in most cases Folsomia fimetaria and Tullbergia macrochaeta,
whereas the dominating group of mites were prostigmata. In a few
occasions specific species such as e.g. Isotomodes armatus significantly
reduced their numbers after sludge application. However, none of the
observed changes in species composition were consistence for a
longer connective period.

The species composition and the size of the earthworm population
found approximately one year after sludge amendment was typical
for green fields of that soil type and crop rotation as described by
Edwards and Bohlen (1996). Sludge treatment effected a significant
increase in numbers and biomass of the population at 3.5 t ha-1 mainly
due to an increase of Aporrectodea caliginosa and A. longa. Plots re-
ceiving higher doses of sludge had the same number of earthworms
as control plots. The number of cocoons was not significantly differ-
ent between treatments although the average number of cocoons in
plots applied 3.5 t ha-1 was somewhat higher than in other plots.

In addition to the above, my Department has in association with The
Royal Veterinary and Agricultural University, Denmark studied the
effects of LAS in spiked sludge strings placed in the field (Brandt et al
2000, Brandt et al 2003). The field study with sludge strings revealed
that sludge heavily contaminated with LAS (7,000 to 50,000 mg kg-1)
disturbed the temporal and spatial pattern of nitrogen transforma-
tions as well as colonisation of sludge by soil fauna like enchytraids.
The spiked concentrations were nevertheless far beyond the accept-
able level of LAS in Danish sludge. Furthermore, the effect largely
occurred within the two first months and was limited to the sludge
string and the nearest 30 mm from these strings. The studies therefore
concluded that LAS-contaminated sludge did not pose a major risk to
the function of the microbial community under field conditions.

The field studies above and other field studies with sewage sludge
show no persistent negative effects on soil fauna or microbial ammo-
nium oxidation rate (data not presented here). Even at sludge doses
up to 21 t ha-1, which is 7 times higher than the average application
rate used in Denmark. On the basis of these preliminary data, it is
concluded that the relative prudent regulation on contaminant levels
in Danish sludge makes it unlikely that sludge application will have
an adverse impact on soil fauna and essential soil functions such as
decomposition and mineralisation rates in soil. This is confirmed by
other Danish studies in the same monitoring areas (Petersen et al
2003). On the contrary, application of sludge generally increased the
numbers of soil fauna, which, from the farmer’s point of view, is
beneficial. Nevertheless, sludge application may alter the species
composition of soil ecosystems by being more beneficial to some spe-
cies or group of organisms than others. However, compared to the
perturbations otherwise present in agricultural soils due to inorganic
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fertilisers, tillage, drainage, crop rotation etc. (e.g. McLaughlin and
Mineau 1995, Wardle et al. 1999), potential changes caused by sludge
application seem to be of minor practical or environmental concern.
However, it is important to stress that these are preliminary conclu-
sions and that the level of contaminants and sludge loads used in this
study may be exceeded considerable in countries with less stringent
sludge regulations than Denmark.

5.2 Summary

In order to fulfil the major objectives of this thesis, I raised a number
of essential questions that needed an answer. These were:

1. What are the predicated levels of no effects in soil for LAS, PAHs
and phthalates?

2. Are the current Danish cut-off values for organic contaminants
sufficient to protect unwarranted ecological effects of sewage
sludge application on arable land?

3. Does the level of LAS, PAHs and phthalates in Danish sludge
pose a risk for terrestrial species in arable land?

The work presented in this thesis has made it possible to conclude on
these questions:

1. Generation of new ecotoxicological effect data and collection of
existing data has made it possible to predict no-effect concentra-
tions and to re-evaluate the existing Danish soil quality criteria.
Predicted no-effect levels for LAS and PAHs are in two papers
(III, V) proposed at, 4.6 mg LAS kg-1 d.w. and 25 mg PAH kg-1 d.w.
respectively for the sum of the eight PAHs acenaphthene,
flourene, anthracene, phenanthrene, pyrene, fluoranthene,
benz(a)anthracene and chrysene. For the phthalates DEHP and
DBP, conservative no-effect levels of, respectively, 10 and 1 mg
kg-1 were suggested.

2. If only looking at ecotoxicological properties and the estimated
no-effect levels for soil dwelling species, some of the existing cut-
off criteria could be raised. The following ecotoxicological-based
cut-off criteria in sludge was suggested:

a) The current soil quality criteria for LAS on 5 mg kg-1 seems
conservative but sensible as a predicted no-effect level. It is
therefore concluded that the current cut-off value of LAS in
Danish sludge on 1,300 mg kg-1 d.w. is appropriate to protect
agro-ecosystems and that a cut-off value of e.g. 2,500 mg kg-1

is unlikely to have negative impact on soil fauna and plants.

b) Based isolated on ecotoxicological concern, the cut-off value
of eight selected PAHs in sludge could be at least one order
of magnitude higher than the current value of 3.0 mg kg-1

d.w., e.g. 50 mg kg-1 d.w. Unwanted accumulation in the en-
vironment should, however, be avoided.
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c) Even with a conservative approach the cut-off value of
DEHP could be raised to 500 mg kg-1. Unwanted accumula-
tion in the environment should, however, be avoided. It
should be considered to exchange or supplement the cut-off
value for DEHP with other - more ecotoxicological relevant-
phthalates like DBP.

Based on the papers included in this thesis and other information it is
concluded that there are no indications, from neither laboratory eco-
toxicity studies nor field studies, that Danish sludge, which fulfils the
existing quality criteria, poses any risk to soil dwelling species or im-
portant soil functions.

5.3 Final conclusions and recommendations for
further studies

Many obstacles still need to be overcome to fully assess the ecological
consequences of sewage sludge amendment. Nevertheless, the last
couple of years have provided us with a better understanding of
where potential problems may arise. In 1997, several national projects
concerning fate and effects of pollutants in organic waste were initi-
ated within the Centre of Sustainable Land Use & Management of
Contaminants: Carbon and Nitrogen and funded by the Danish Envi-
ronmental Research Program. The findings in this program, and other
larger investigations like the field studies presented above, may –
together with the conclusions from the effect studies included in this
thesis - form the basis for future adjustments to the regulation of
sewage sludge in Denmark if needed.

It is the hope of the defender of this thesis, that the results presented
in this report is of assistance in the evaluation of environmental risk
of organic waste in Denmark, and that it will increase the scientific
foundation on which all environmental regulation in principle should
be based.

It is my believe that the studies conducted by me and others at the
laboratory of the National Environmental Research Institute signifi-
cantly have increased the scientific foundation for evaluating whether
or not the present Danish regulation on sludge is sufficient to protect
agro-ecosystems. The existing regulation has resulted in a situation
where “only” 60% of all Danish sludge are used for agricultural pur-
poses. Active source tracking in the municipalities and voluntary or
enforced outphasing of the most problematic substances, e.g. nonyl-
phenol, will most likely enable that at least half of all sludge also in
the future is used for soil amendment.

I therefore conclude - on the basis of the results presented here - that
there are no indications showing that the present and future use of
sludge as organic fertiliser in Danish agriculture will have long term
damaging impact on the overall soil quality of Danish arable land.
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Although our present knowledge do not signify any immediate risk
of organic fertilisers for agricultural ecosystems there are still a num-
ber of open questions that need to be addressed in the future. I there-
fore have the following recommendations for future activities.

• The work of phasing out or reducing the most hazardous sub-
stances in sludge has to continue. These may include some heavy
metals and a number of persistent and halogenated substances
such as mercury, chlorophenols, chlorobenzenes and bromated
flame retardants

• To observe long-term changes in biology and accrued concentra-
tions in soil, it is recommended to continue the ongoing long term
field plots at Askov field station or to initiate a new long-term field
study. The aim of such an investigating is to observe long term
biological alterations as a result of sewage sludge amendment and
to have a stand by or ready to use alert system, which can eluci-
date effects and fate of “new” chemicals emerging on the envi-
ronmental scene.

• It is recommended to resolved to what extend the conclusions
made in this thesis about Danish sludge is valid for sludge
throughout the European Union and its assessing countries.



53

6 References

Adams WJ, Biddinger GR, Robillard KA, Gorsuch JW. 1995. A sum-
mary of the acute toxicity of 14 phthalate-esters to representative
aquatic organisms. Environmental Toxicology and Chemistry
14:1569-1574

Aronstein BN, Alexander M. 1992. Surfactants at Low Concentrations
Stimulate Biodegradation of Sorbed Hydrocarbons in Samples of Aq-
uifer Sands and Soil Slurries. Environ Tox Chem 11: 1227-1233.

Bak, J, Jensen, J, Larsen MM, Pritzl G, Scott-Fordsmand JJ. 1997. A
heavy metal monitoring-programme in Denmark. The Science of the
Total Environment 207: 179-196.

Bardgett RD, Cook R. 1998. Functional aspects of soil animal diversity
in agricultural grasslands. Applied Soil Ecology, 10(3), 263-276.

Björseth A, Lunde G, Lindskog A. 1979. Long-range transport of
polycyclic aromatic hydrocarbons. Atmospheric Environment 13: 45-
53.

Bossert ID, Bartha R. 1986. Structure-Biodegradability Relationships
of Polycyclic Aromatic-Hydrocarbons in Soil. Bulletin of Environ-
mental Contamination and Toxicology 37: 490-495.

Brandt, KK, Krogh, PH & Sørensen, J. 2003: Activity and population
dynamics of heterotrophic and ammonia-oxidizing microorganisms
in soil surrounding sludge bands spiked with linear alkylbenzene
sulfonate - a field study. Environmental Toxicology and Chemistry
22(4): 821-829.

Brandt KK, Krogh PH, Cassani G, Sørensen J. 2000. Does LAS Affect
the Soil Ecosystem in Sludge-Amended Soil? Results from a Field
Trial with Well Defined Strings of LAS-Amended Sludge in Soil. 5th
World Surfactants Congress Proceedings, Fortezza da Basso, Firenze,
Italy, May 29-June 2, 2000.

Carlsen L, Metzon MB, Kjelsmark J. 2002. Linear alkylbenzene sul-
fonates LAS in the terrestrial environment. Science of the Total Envi-
ronment 290: 225-230.

Cartwright CD, Thompson IP, Burns RG. 2000. Degradation and im-
pact of phthalate plasticizers on soil microbial communities. Envi-
ronmental Toxicology and Chemistry 19: 1253-1261.

Coover MP, Sims RC. 1987. The effect of temperature on polycyclic
aromatic hydrocarbon persistence in an unacclimated agricultural
soil. Hazardous Waste & Hazardous Materials 4: 69-82. 1987.

Doran JW, Parkin TB. 1994. Defining and assessing soil quality. De-
fining soil quality for a sustainable environment. Eds. Doran JW,
Coleman DC, Bezdicek DF, Stewart BA. Soil Science Society of
America, Special Publication No. 35.



54

Douglas GR, Blakey DH, Hugenholtz AP. 1986.Genetic Toxicology of
Phthalate-Esters - Mutagenic and Other Genotoxic Effects. Environ-
mental Health Perspectives vol. 65, 255-262.

Edwards NT. 1983. Polyaromatic Hydrocarbons (PAHs) in the ter-
restrial environment – a review. Journal of Environmental Quality 12:
427-441.

Edwards CA, Bohlen PJ. 1996. Biology and Ecology of Earthworms.
Chapman & Hall, NY, pp. 426.

Eilersen AM, Tjell JC, Henze M. 2001. Muligheder for jordbrugsan-
vendelse af affald fra husholdninger. Tilgængelig fra
www.agsci.kvl.dk/nutrap.

Elsgaard L, Petersen SO, Debosz K. 2001a. Effects and risk assessment
of linear alkylbenzene sulfonates in agricultural soil. 1. Short-term
effects on soil microbiology. Environmental Toxicology and Chemis-
try 20(8): 1656-1663.

Elsgaard L, Petersen SO, Debosz K. 2001b. Effects and risk assessment
of linear alkylbenzene sulfonates in agricultural soil. 2. Effects on soil
microbiology as influenced by sewage sludge and incubation time.
Environmental Toxicology and Chemistry 20(8): 1664-1672.

EPA 2001. List of undesirable substances 2000. Environmental Re-
view No. 9. Miljøstyrelsen. Miljø- og Energiministeriet.

Fox KK, Chapman L, Solbé J, Wirral, Brennand V. 1997. Effect of envi-
ronmentally relevant concentrations of surfactants on the desorption
or biodegradation of model contaminants in soil. Tenside Surfactants
Detergents 34: 436-441.

Gejlsbierg B, Klinge C, Samsøe-Petersen L, madsen T. 2001. Toxicity
of linear alkylbenzene sulfonates and nonylphenol in sludge-
amended soil. Environmental Toxicology and Chemistry 20: 2709-
2716.

Grimmer G, Jacob J, Hildebrandt A. 1972. Kohlenwasserstoffe in der
umgebung des menschen. Zeitschrift Krebsforschung 7: 865-872.

Haigh SD. 1996. A review of the interaction of surfactants with or-
ganic contaminants in soil. Sci Tot Environ 185: 161-170.

Hannay JW, Millar DJ. 1986. Phytotoxicity of Phthalate Plasticizers .1.
Diagnosis and Commercial Implications. Journal Of Experimental
Botany vol. 37, 883-897.

Hardwick RC, Cole RA, Fyfield TP. 1984. Injury to and death of cab-
bage (Brassica oleracea) seedlings caused by vapours of di-butyl
phthalte emitted from certain plastics. Annalyticla and Applied Biol-
ogy vol. 105, 97-105.

Herring R, Bering CL. 1988. Effects of Phthalate-Esters on Plant Seed-
lings and Reversal by a Soil Microorganism. Bulletin Of Environ-
mental Contamination And Toxicology vol. 40, 626-632.



55

Hesselsøe M, Jensen D, Skals K, Olesen T, Moldrup P, Roslev P,
Mortensen GK, Henriksen K. 2001. Degradation of 4-nonylphenol in
homogenous and nonhomogenous mixtures of soil and sewage
sludge. Environ Sci Technol 35: 3695-3700.

Hoffmann L. 1996. Massestrømsanalyse for phthalater (Mass flow of
phthalates). Miljøprojekt 320. Miljøstyrelsen. Miljø- og Energiminis-
teriet.

Holmstrup M, Krogh PH. 2001. Effects and Risk Assessment of Linear
Alkylbenzene Sulfonates in Agricultural Soil. 3. Sublethal Effects on
Soil Invertebrates. - Environmental Toxicology and Chemistry 20(8):
1673-1679.

Holmstrup M, Krogh PH, Løkke H, De Wolf W, Marshall S, Fox K.
2001.Effects and Risk Assessment of Linear Alkylbenzene Sulfonates
in Agricultural Soil. 4. The Influence of Salt Speciation, Soil Type, and
Sewage Sludge on Toxicity using the Collembolan Folsomia fimetaria
and the Earthworm Aporrectodea caliginosa as Test Organisms. -
Environmental Toxicology and Chemistry 20(8): 1680-1689.

Hulzebos EM, Adema DMM, Dirven van Breemen EM, Henzen L,
van Gestel CAM.1991. QSARs in phytotoxicity. The Science of the
Total Environment 109/110: 493-497.

IPCS. 1992. Diethylhexyl Phthalate. Environmental Health Criteria
vol. 131. World Health Organisation.

Jensen J, Folker-Hansen P. 1995. Soil Quality Criteria for Selected Or-
ganic Compounds. Arbejdsrapport nr. 47, pp 1-156. Miljøstyrelsen,
Miljø- og Energiministeriet.

Jensen J, Kristensen HL, Pedersen MB, Scott-Fordsmand JJ. 1997. Soil
Quality Criteria for Selected Compounds. Arbejdsrapport nr. 83, pp
134. Miljøstyrelsen, Miljø- og Energiministeriet.

Jensen J. 1999a. Fate and Effects of Linear Alkylbenzene Sulphonates
(LAS) in the Terrestrial Environment - A Review. Science of the Total
Environment 226: 93-111

Jensen J. 1999b. Jordkvalitet og miljøfremmede stoffer i slam. Vand &
Jord 1 : 5-7.

Jensen J, Løkke H, Holmstrup M, Krogh PH, Elsgaard L. 2001. Effect
and risk assessment of Linear Alkylbenzene Sulphonates (LAS) in
agricultural soils. V. Risk Assessment of LAS in sludge amended
soils. Environmental Toxicology and Chemistry 20 (8): 1690-1697.

Jensen J, van Langevelde J, Pritzl G, Krogh PH. 2001. Effects of the
phthalates di-(2-ethyl-hexylphthalate) (DEHP) and di-butylphthalate
(DBP) on the Collembolan Folsomia fimetaria. Environmental Toxi-
cology and Chemistry 20: 1085-1091.

Jensen J, Sverdrup LE. 2002. Joint toxicity of linear alkylbenzene sul-
phonates (LAS) and pyrene on Folsomia fimetaria. Ecotoxicology and
Environmental Safety.



56

Jensen J, Sverdrup LE. 2003. Polycyclic Aromatic Hydrocarbon Eco-
toxicity Data for Developing Soil Quality Criteria. Review of Envi-
ronmental Contamination and Toxicology 179: 73-97.

Jobling S, Reynolds T, White R, Parker MG, Sumpter JP. 1995. A Vari-
ety of Environmentally persistent chemicals, including some phtha-
late plasticizers, are weakly estrogenic. Environ Health Perspect
103:582-587.

Johnson DL, Jones KC, Langdon CJ, Peearce TG, Semple KT. 2002.
Temporal changes in earthworm availability and extractability of
polycyclic aromatic hydrocarbons in soil. Soil Biology and Biochem-
istry 34: 1363-1370.

Jones KC, Grimmer G, Jacob J, Johnston AE. 1989a. Changes in the
polynuclear aromatic hydrocarbon content of wheat grain and pature
grassland over the last century from one site in the U.K. The Science
of the Total Environment 78: 117-130.

Jones KC, Stratford JA, Tidridge P, Waterhouse KS, Johnston AE.
1989b. Polynuclear Aromatic Hydrocarbons in an agricultural soil:
Long-term changes in profile distribution. Environmental Pollution
56: 337-351.

Jones KC, Stratford JA, Vogt NB, Waterhouse KS.1989c. Organic
Contaminants in Welsh Soils - Polynuclear Aromatic-Hydrocarbons.
Environ Sci Technol 23: 540-550.

Kalf DF, Crommentuijn T, van de Plassche EJ. 1997. Environmental
quality objectives for 10 polycyclic aromatic hydrocarbons (PAHs).
Ecotoxicology and Environmental safety 36: 89-97.

KEMI 1994. Phthalic Acid Esters used as plastic additives. Ecological
Risk Assesment (part 1) and Comparisons of Toxicological Effects
(part 2). Report no. 12/94 from The Swedish national Chemicals In-
spectorate pp 290.

Kirchmann H, Tengsved A. 1991. Organic pollutants in sewage
sludge. Swedish J Agr Res 21:115-119

Kjølholt J, Stuer-Lauridsen F, Fog C, Havelund S. 1999. Kildesporing
af miljøfremmede stoffer i kloaknet. Miljøprojekt nr. 475. Miljøstgy-
relsen. Miljøstyrelsen. Miljø- og Energiministeriet

Knudsen S, Andersen JN, Broholm M. 2001. Natural attenuation of
PAH in soil and ground water (In Dansh). Miljøprojekt nr. 582. Mil-
jøstyrelsen, Miljø- og Energiministeriet.

Krauss M, Wilcke W, Zech W. 2000. Availability of polycyclic aro-
matic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs) to
earthworms in urban soils. Environmental Science and Technology
34: 4335-4340.

Kristensen P, Tørslev J, Samsøe-Petersen L, Rasmussen JO. 1996. An-
vendelse af affaldsprodukter til jordbrugsformål. Miljøprojekt nr. 328.
Miljøstyrelsen. Miljø- og Energiministeriet



57

Krogh PH. 1995. Does a heterogeneous distribution of food or pesti-
cide affect the outcome of toxicity tests with Collembola? Ecotox. En-
viron. Safe. 30, 158-163.

Krogh PH, Johansen K, Holmstrup M. 1998. Automatic counting of
collembolans for laboratory experiments. Appl. Soil Ecol. 7, 201-205.

Larsen PB. 1993. Benzin- og dieselforurenede grunde. Toksikologisk
vurdering. Miljøprojekt nr. 223, Miljøstyrelsen, Miljø- og Energimin-
isteriet.

Lichtenstein EP, Fuhremann TW, Scopes NEA, Skrentny RF. 1967.
Translocation of insecticides from soils into pea plants. J Agr Food
Chem 15: 864-869.

MacFadyen A. 1961. Improved funnel-type extractors for soil arthro-
pods. J Anim Ecol 30: 171-184.

Madsen PL, Thyme JB, Henriksen K, Møldrup P, Roslev P. 1999. Ki-
netics of di-2-ethylhexylphthalate mineralization in sludge amended
soil. Environmental Science and Technology 33: 2601-2606.

Maliszewska-Kordybach B. 1993. The effect of temperature on the
rate of disappearance of polycyclic aromatic hydrocarbons from soils.
Environmental Pollution 79: 15-20.

Manilal VB, Alexander M. 1991. Factors Affecting the Micro-
bial-Degradation of Phenanthrene in Soil. Applied Microbiology and
Biotechnology 35: 401-405.

Mathur SP. 1974. Respirometric evidence of the utilization of di-octyl
and di-ethylhexyl phthalate platicizers. Journal of Environmental
Quality vol. 3, 207-209.

McLaughlin A, Mineau P. 1995. The impact of agricultural practices
on biodiversity. Agric Ecosyst Environ 55: 201-212.

Means JC, Wood SG, Hassett JJ, Banwart WL. 1980. Sorption of poly-
nuclear aromatic hydrocarbons by sediments and soils. Environ-
mental Science and Technology 14: 1524-1528.

Mihelcic JR, Luthy RG. 1988. Degradation of polycyclic aromatic hy-
drocarbons under various redox conditions in soil-water systems.
Applied and Environmental Microbiology 54: 1182-1187.

Maag J, Løkke H. 1990. Landfarming of DEHP contaminated soil. In
Arendt, F, Hinsenveld, M, van den Brink, WJ, eds, Contaminated soil
'90 . Kluwer, The Netherlands, pp 975-982.

Neuhauser EF, Durkin PR, Malecki MR, Anatra M. 1986. Compara-
tive toxicity of ten organic chemicals to four earthworm species.
Comparative Biochemistry and Physiology C vol. 83, 197-200.

Neuhauser EF, Loehr RC, Malecki MR, Milligan DL, Durkin PR. 1985.
The toxicity of selected organic chemicals to the earthworm Eisenia
fetida. Journal of Environmental Quality vol. 14, 383-388.



58

Park KS, Sims RC, Dupont RR, Doucette WJ, Matthews J. E. 1990. Fate
of PAH compounds in two soil types: influence of volatilization, abi-
otic loss and biological activity. Environmental Toxicology and
Chemistry. 9: 187-195.

Persson PE, Pentinen H, Nuorteva P. 1978. DEHP in the vicinity of an
industrial area in Finland. Environ Pollut 16:163-166.

Petersen H. 1978. Some properties of two high gradient extractors for
soil microarthropods. Natura Jutlandica 20, 95-121.

Petersen SO, Henriksen K, Mortensen GK, Krogh PH, Brandt KK,
Sørensen J, Madsen T, Petersen J, Grøn, C. 2003. Recycling of sewage
sludge and household compost to arable land: fate and effects of or-
ganic contaminants, and impact on soil fertility. Soil and Tillage Re-
search 72: 139-152.

Römbke J, Moser TH. 1999. Organisation and performance of an in-
ternational ringtest for the validation of the enchytraeid reproduction
test. UBA Texte 4/99. Umwelt Bundes Amt, Berlin, Germany.

Scott-Fordsmand JJ, Jensen J, Pedersen MB, Folker-Hansen P. 1995.
Økotoksikologiske jordkvalitetskriterier. Projekt om jord og grund-
vand nr. 13, pp 46. Miljøstyrelsen, Miljø- og Energiministeriet.

Scott-Fordsmand JJ, Pedersen MB, Jensen J. 1996. Setting soil quality
criterion. Toxicology and Ecotoxicology News, 3 (1): 20-24.

Scott-Fordsmand JJ, Jensen J. 2002. Ecotoxicological soil quality crite-
ria in Denmark. In: The use of species sensitivity distributions (SSD)
in Ecotoxicology. Eds Posthuma L, Suter GW. Lewis Publishers, pp.
275-282.

Shanker R, Ramakrishna C, Seth P. 1985. Degradation of some
phthalic acid esters in soil. Environ Pollut Ser A 39:1-7

Shea PJ, Weber JB, Overcash MR. 1982. Uptake and phytotoxicity of
di-n-butyl åhthalate in corn (Zea mays). Bull Environ Contam Toxicol
29: 153-158.

Sims RC, Overcash MR. 1983. Fate of polynuclear compounds (PNAs)
in soil-plant system. Residue Reviews 88: 1-68.

Sloof W,Janus JA,Matthijsen AJCM,Montizan GK,Ros JPM. 1989. In-
tegrated criteria document PAH. Effects of 10 selected compounds.
RIVM repport no. 758474011 + appendix.

Stevens JL, Northcott GL, Stern GA, Tomy GT, Jones KC. 2003. PAHs,
PCBs, PCNs, organochlorine pesticides, synthetic musks, and poly-
chlorinated n-alkanes in UK sewage sludge: Survey results and im-
plications. Environmental Science and Technology 37: 462-467.

Sverdrup LE. 2001. Toxicity of tar consituents in terrestrial ecosys-
tems: Effects of eight polycyclic aromatic compounds on terrestrial
plants, soil invertebrates and micro-organisms. PhD thesis, Faculty of
Mathematics and Natural Sciences, University of Oslo, Norway.



59

Sverdrup, LE, Kelley, AE, Krogh, PH, Nielsen, T, Jensen, J, Scott-
Fordsmand, JJ, Stenersen, J. 2001. Effects of eight polycyclic aromatic
compounds on the survival and reproduction of the springtail Folso-
mia fimetaria (Collembola, Isotomidae). Environmental Toxicology
and Chemistry 20: 1332-1338.

Sverdrup LE, Jensen J, Krogh PH, Kelley AE, Stenersen, J. 2002a. Ef-
fects of eight polycyclic aromatic compounds on the survival and
reproduction of the enchytraeid Enchytraeus crypticus (Oligochaeta,
Clitellata). Environmental Toxicology and Chemistry 21: 109-114.

Sverdrup, LE, Krogh PH, Nielsen T. 2002b. Relative Sensitivity of
Three Terrestrial Invertebrate Tests to Polycyclic Aromatic Com-
pounds. Environmental Toxicology and Chemistry, 21(9), 1927-1933.

Sverdrup LE, Ekelund F, Krogh PH, Nielsen T, Johnsen K. 2002c Soil
microbial toxicity of eight polycyclic aromatic compounds: effects on
nitrification, the genetic diversity of bacteria and the total number of
protozoans. Environmental Toxicology and Chemistry 21: 1644-1650.

Sverdrup LE, Nielsen T, Krogh PH. 2002d. Soil ecotoxicity of poly-
cyclic aromatic hydrocarbons (PAHs) in relation to soil sorption,
lipophilicity and water solubility. Environmental Science and Tech-
nology, 36: 2429-2435.

Sverdrup LE, Jensen J, Krogh PH, Stenersen J. 2002e. Studies on the
effects of aging on the toxicity of pyrene and phenanthrene to a soil
dwelling springtail. Environmental Toxicology and Chemistry 21:
489-492.

Toppari J et al. 1995. Male reproductive health and environmental
chemicals with estrogenic effects. Miljøprojekt 290. Miljøstyrelsen.
Miljø- og Energiministeriet

Tørslev J, Samsøe-Petersen L, Rasmussen JO, Kristensen P. 1997. Use
of waste products in Agriculture. Environmental Project No. 366.
Miljøstyrelsen. Miljø- og Energiministeriet.

van Wezel AP, van Vlaardingen P, Posthumus R, Crommentuijn GH,
Sijm DTHM. 2000. Environmental risk limits for two phthalates, with
special emphasis on endocrine disruptive properties. Ecotoxicology
and Environmental Safety 46: 305-321.

Vikelsøe J, Thomsen M, Carlsen L. 2002. Phthalates and nonylphenols
in profiles of differently dressed soils. Science of the Total Environ-
ment 296 (1-3): 105-116.

Vinther FP, Mortensen GK, Elsgaard L. 2003. Effects of linear alkyl-
benzene sulfonates on functional diversity of microbial communities
in soil. Environmental Toxicology and Chemistry 22: 35-39.

Vogt NB, Braksted F, Thrane K, Nordenson S, Krane J, Aamot E, Kol-
set K, Esbensen K, Steinnes E. 1987. Polycyclic aromatic hydrocarbons
in soil and air: statistical analysis and classification by the SIMCA
method. Environmental Science and Technology 21: 35-44.



60

Wagner C, Løkke H. 1991. Estimation of ecotoxicological protection
levels from NOEC toxicity data. Water Research 25: 1237-1242.

Wams TJ. 1987. Diethylhexylphthalate as an environmental contami-
nant - a review. Sci Total Environ 66:1-16

Wardle DA, Nicholson KS, Bonner KI, Yeates GW. 1999. Effects of
agricultural intensification on soil-associated arthropod population
dynamics, community structure, diversity and temporal variability
over a seven-year period. Soil Biol Biochem 31: 1691-1706.

Welp G, Brummer GW. 1999. Effects of organic pollutants on soil mi-
crobial activity: The influence of sorption, solubility, and speciation.
Ecotoxicology and Environmental Safety 43: 83-90.

Wild SR, Jones KC. 1993. Biological and abiotic losses of polynuclear
aromatic hydrocarbons (PAHs) from soils freshly amended with
sewage sludge. Environmental Toxicology and Chemistry 121: 5-12.

Wild SR, McGrath SP, Jones KC. 1990. The polynuclear aromatic hy-
drocarbon (PAH) content of archieved sewage sludges. Chemosphere
20: 703-716.

Wiles JA, Krogh PH. 1998. Testing with the collembolans I. viridis, F.
candida and F. fimetaria. In H Løkke, Van Gestel CAM, eds, Hand-
book of soil invertebrate toxicity tests, John Wiley & Sons, Ltd. Chich-
ester, pp. 131-156.

Wilson SC, Jones KC. 1993. Bioremediation of Soil Contaminated with
Polynuclear Aromatic-Hydrocarbons (PAHs) - A Review. Environ-
mental Pollution 81: 229-249.

Ziogou K, Kirk PWW, Lester JN. 1989. Behaviour of phthalic acid
esters during batch anaerobic digestion of sludge. Water Res 23:743-
748.



I. Jensen, J. 1999.
Fate and Effects of Linear Alkylbenzene Sulphonates (LAS)
in the Terrestrial Environment - A Review.
Science of the Total Environment 226: 93-111 63

II. Jensen, J., van Langevelde, J., Pritzl, G., Krogh, P.H. 2001.
Effects of the phthalates di-(2-ethyl-hexylphthalate)
(DEHP) and di-butylphthalate (DBP) on the Collembolan
Folsomia fimetaria.
Environmental Toxicology and Chemistry 20: 1085-1091.

83

III.Jensen, J., Løkke, H., Holmstrup, M., Krogh, P.H.,
Elsgaard, L. 2001.
Effect and risk assessment of Linear Alkylbenzene
Sulphonates (LAS) in agricultural soils. V.
Risk Assessment of LAS in sludge amended soils.
Environmental Toxicology and Chemistry 20: 1690-1697. 91

IV.Jensen, J., Sverdrup, L.E. 2002.
Joint toxicity of linear alkyl-benzene sulphonates (LAS)
and pyrene on Folsomia fimetaria.
Ecotoxicology and Environmental Safety 52: 75-81. 99

V. Jensen, J., Sverdrup, L.E. 2003.
Polycyclic Aromatic Hydrocarbon Ecotoxicity Data
for Developing Soil Quality Criteria.
Review of Environmental Contamination and
Toxicology 179: 73-97. 107

Annex

61



[Blank page]



63

Paper I

Ž .The Science of the Total Environment 226 1999 93�111

Review article

Ž .Fate and effects of linear alkylbenzene sulphonates LAS
in the terrestrial environment

John Jensen�

National En�ironmental Research Institute, Department of Terrestrial Ecology P.O. Box 314, Vejlsø�ej 25, DK-8600
Silkeborg, Denmark

Received 26 April 1998; accepted 10 November 1998

Abstract

Ž .Linear alkylbenzene sulphonates LAS are a group of anionic surfactants, characterised by having both a
hydrophobic and a hydrophilic group. LAS is one of the major ingredients of synthetic detergents and surfactants and
is used world-wide for both domestic and industrial applications. LAS is relatively rapidly aerobically degraded, but
only very slowly or not at all degraded under anaerobic conditions. Therefore, LAS can be found in very high
concentrations in most sewage sludge and enter the soil compartment as a result of sludge application. LAS can be
found in elevated concentrations in soil immediately after sludge amendment, but a half-life of approximately 1�3
weeks will generally prevent accumulation in soil and biota. The concentration in soils that have not received sewage
sludge recently, is generally less than 1 mg kg�1 and not more than 5 mg LAS kg�1. This is below the lowest
concentration of LAS where effects have been observed in the laboratory. The laboratory data is in accordance with
field studies using aqueous solutions of the sodium salt of LAS. However, observations of the ecological impact of
sewage sludge applications or application of LAS spiked into sludge indicates a lower toxicity of LAS when applied in
sludge. On the basis of the information reviewed in this paper, it is concluded that LAS can be found in high
concentrations in sewage sludge, but that the relatively rapid aerobic degradation and the reduced bioavailability
when applied via sludge, most likely will prevent LAS from posing a threat to terrestrial ecosystems on a long term
basis. � 1999 Elsevier Science B.V. All rights reserved.

Keywords: Detergent; Ecotoxicology; Sewage sludge; Environmental risk

� Tel.: �45 8920 1400; fax: �45 8920 1414; e-mail: john.jensen@dmu.dk

0048-9697�99�$ - see front matter � 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S 0 0 4 8 - 9 6 9 7 9 8 0 0 3 9 5 - 7
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Paper II

Environmental Toxicology and Chemistry, Vol. 20, No. 5, pp. 1085–1091, 2001
� 2001 SETAC

Printed in the USA
0730-7268/01 $9.00 � .00

EFFECTS OF DI(2-ETHYLHEXYL) PHTHALATE AND DIBUTYL PHTHALATE ON THE
COLLEMBOLAN FOLSOMIA FIMETARIA

JOHN JENSEN,*† JUDITH VAN LANGEVELDE,‡ GUNNAR PRITZL,§ and PAUL HENNING KROGH†
†National Environmental Research Institute, Department of Terrestrial Ecology, Soil Fauna and Ecotoxicology Unit, Vejlsøvej 25,

P.O. Box 314, DK-8600 Silkeborg, Denmark
‡Department of Nematology, Wageningen Agricultural University, Binnenhaven 10 NL-6709 Pd Wageningen, The Netherlands

§National Environmental Research Institute, Department of Environmental Chemistry, Frederiksborgvej 399, P.O. Box 358,
DK-4000 Roskilde, Denmark

(Received 7 April 2000; Accepted 28 September 2000)

Abstract—Lethal and sublethal effects of di(2-ethylhexyl) phthalate (DEHP) and dibutyl phthalate (DBP) on adult individuals of
the collembolan Folsomia fimetaria were investigated in the laboratory by the use of small microcosms. Effects of DEHP and DBP
were also tested on newly hatched collembolans in a multidish system. The endpoints were juvenile mortality, growth, and
development. When exposed to DEHP, adults and juveniles were unaffected at all test concentrations, that is, up to 5,000 mg/kg.
However, DBP caused increased adult mortality at 250 mg/kg and juvenile mortality at 25 mg/kg. For DBP, adult reproduction was
a more sensitive endpoint than was survival, with an EC10 and EC50 of 14 and 68 mg/kg, respectively. Juvenile molting frequency
seems to be a sensitive parameter, because number of cuticles produced by young springtails was reduced at 1 mg/kg. Toxicity
was reduced when soil spiked with DBP was stored at 20�C for a period of up to 28 d before adding the animals. Reduction in
toxicity of DBP may be due a combination of degradation, evaporation, and adsorption of DBP to soil material. This was confirmed
by chemical analyses, which showed a rapid initial disappearance followed by a much slower disappearance. Our results lead to
the overall conclusion that significant adverse effects of phthalates on collembolans are not likely to occur as a result of normal
sewage sludge application.

Keywords—Soil fauna Phthalates Plasticizers Ecotoxicology Sewage sludge

Copyrights unfortunately hinder that the full text of the paper is published in this PhD. 
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Paper III

Environmental Toxicology and Chemistry, Vol. 20, No. 8, pp. 1690–1697, 2001
� 2001 SETAC

Printed in the USA
0730-7268/01 $9.00 � .00

EFFECTS AND RISK ASSESSMENT OF LINEAR ALKYLBENZENE SULFONATES IN
AGRICULTURAL SOIL. 5. PROBABILISTIC RISK ASSESSMENT OF LINEAR

ALKYLBENZENE SULFONATES IN SLUDGE-AMENDED SOILS

JOHN JENSEN,*† HANS LøKKE,† MARTIN HOLMSTRUP,† PAUL HENNING KROGH,† and LARS ELSGAARD‡
†National Environmental Research Institute, Department of Terrestrial Ecology, P.O. Box 314, Vejlsøvej 25DK-8600 Silkeborg, Denmark

‡Danish Institute of Agricultural Sciences, Department of Crop Physiology and Soil Science, Research Centre Foulum, P.O. Box 50,
DK-8830 Tjele, Denmark

(Received 25 May 2000; Accepted 28 September 2000)

Abstract—Linear alkylbenzene sulfonates (LAS) can be found in high concentrations in sewage sludge and, hence, may enter the
soil compartment as a result of sludge application. Here, LAS may pose a risk for soil-dwelling organisms. In the present probabilistic
risk assessment, statistical extrapolation has been used to assess the risk of LAS to soil ecosystems. By use of a log-normal
distribution model, the predicted no-effect concentration (PNEC) was estimated for soil fauna, plants, and a combination of these.
Due to the heterogeneous endpoints for microorganisms, including functional as well as structural parameters, the use of sensitivity
distributions is not considered to be applicable to this group of organisms, and a direct, expert evaluation of toxicity data was used
instead. The soil concentration after sludge application was predicted for a number of scenarios and used as the predicted envi-
ronmental concentration (PEC) in the risk characterization and calculation of risk quotients (RQ � PEC/PNEC). A LAS concentration
of 4.6 mg/kg was used as the current best estimate of PNEC in all RQ calculations. Three levels of LAS contamination (530, 2,600,
and 16,100 mg/kg), three half-lives (10, 25, and 40 d), and five different sludge loads (2, 4, 6, 8, and 10 t/ha) were included in
the risk scenarios. In Denmark, the initial risk ratio would reach 1.5 in a realistic worst-case consideration. For countries not having
similar sludge regulations, the estimated risk ratio may initially be considerably higher. However, even in the most extreme scenarios,
the level of LAS is expected to be well beyond the estimated PNEC one year after application. The present risk assessment,
therefore, concludes that LAS does not pose a significant risk to fauna, plants, and essential functions of agricultural soils as a
result of normal sewage sludge amendment. However, risks have been identified in worst-case scenarios.

Keywords—Ecotoxicology Soil fauna Plants Surfactants Detergent
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