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Stellingen

1. Ecotoxicologen houden onveldoende rekening met omstandigheden van
bodemverontreiniging in situ.
dit proefschrift

2. Ook voor regenwormen blootgesteld aan ruimtelijk variabele bodem-

verontreiniging, is het mogelijk de blootstelling te kwantificeren.

dit proefschrift

w

Het gebruik van “Internal Threshold Concentration” {(Wensem et al., 1994)
suggereert ten onrechte een onvoorwaardelijk verband tussen het optreden
van stoornissen in groei, reproductie en/of overleving enerzijds en de interne
concentratie van een bepaalde stof anderzijds.

Wensem, |. van, ].]. Vegter, and N.M. van Straalen (1994) Soil quality criteria derived from critical
body concentrations of metals in soil invertebrates. Appl. Soil Ecology 1: 185-191.

4. De bodem is geen bodemloze put.
5. "Biologische beschikbaarheid” is een verwarrend begrip.

6. Wie tijd spaart, verliest tijd.
Marianne Cense in een persoonlijk gesprek op 21 september 1993
7. Structureel overwerken is een belangrijke oorzaak van de heersende

werkloosheid.

8. De heersende concurrentie tussen wetenschappers, mede veroorzaakt door de
strijd om financiering van het onderzoek, is moordend voor de wetenschap

en de wetenschappers.

9. Mensen hebben het recht te kunnen kiezen voor euthanasie; leven is een recht

en geen plicht.

10. Leven is een beetje sterven.

Simone de Beauvoir in haar roman: "de Mandarijnen”

Stellingen behorend bij het proefschrift "Heavy metal accumulation in earthworms

exposed to spatially variable soil contamination”. Mari Marinussern, 21 februari 1997.
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Abstract

Marinussen M.P.J.C., 1997. Heavy metal accumulation in earthworms exposed to
spatially variable soil contamination. Doctoral thesis, Wageningen Agricultural
University, The Netherlands.

ISBN 90-5485-631-9, 136 pages.

Ecotoxicity of contaminated soil is commonly tested in standard laboratory tests.
Extrapolation of these data to the field scale is complicated due to considerable
differences between conditions in laboratory tests and conditions in situ in
contaminated soils. In this thesis, heavy metal accumulation in earthworms was
studied under various laboratory conditions to identify and obtain knowledge that
is needed to predict accumulation in earthworms exposed to in sifu soil
contamination. Both Cu accumulation-rate and Cu excretion-rate appeared large,
which implies that Cu tissue concentrations in earthworms change rapidly in
spatially variable contaminated soils. Soil moisture content did not influence the
heavy metal accumulation. Soil pH did not influence the Cu availability for
uptake, but significantly affected the toxicity of Cu contaminated soil. This
indicates that there are two different exposure routes. Earthworms were also
exposed to soil containing a mixture of Cd and Cu. A considerable tissue Cd
accumulation, which could result in an increase in Cu binding capacity of
earthworms, did not affect tissue Cu accumulation in these group of earthworms.
Also the addition of Pb to Cu contaminated soil, which could result in an increase
in Cu availability, did not affect tissue Cu accumulation. The results of the
laboratory experiments imply that of factors studied only the total extractable soil
Cu content controls tissue Cu accumulation, whereas mortality is controlled by Cu
concentrations in soil solution. Predictions of tissue Cu accumulation in
earthworrms that were introduced in a heavy metal (Cu, Pb, Zn) contaminated site
were based on these assumptions. Measurements of tissue Cu concentration
appeared in excellent agreement with the observations in laboratory studies.
Hence, laboratory studies with earthworms are very useful for estimation of the
effects of soil cortamination in situ on earthworms, provided that laboratory
conditions are realistic with regard to field conditions.

Additional index words: soil contamination, spatial variability, heterogeneity, Cu,
copper, field-studies, soil-chemical interactions, earthworms ecology.
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Chapter 1

General introduction

UTCH SOIL PROTECTION legislation intends to protect public health
and environment against adverse effects of soil contamination on the
functions of soil that are important for humans, flora or fauna
{Ministerie van VROM 1994a). Much effort has been dedicated to scientific
research into human-toxicological and ecotoxicological effects of soil
contamination to provide a scientific basis for soil quality criteria. The study in
this thesis has been performed within the scope of risk assessment of heavy metal

contamination of soil ecosystems.

COMPLICATIONS IN CONTAMINATED SOIL RISK ASSESSMENT

REDICTIONS OF ECOTOXICOLOGICAL effects of soil contamination
in contaminated sites are commonly based on data obtained by laboratory
studies. Extrapolation of ecotoxicological data obtained by laboratory
studies to the field scale is difficult (TCB 1991, Wensem et al. 1994, Straalen and
Bergema 1995). Discrepancies between field observations and laboratory studies
may to some extent result from differences between conditions in standard
laboratory toxicity tests and conditions in-sity in contaminated soils. Below, |
discuss briefly three of the differences that can be identified. I mention only these

differences, because they were subject of my research.

1. Soil spatial variability
Soil properties show various degrees of spatial variation and correlation. The
variation generally depends on land use and soil type. The spatial variability of

soil contamination depends also on e.g. the source of contamination, and soil
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physical and soil chemical interactions. Soil spatial variability complicates

ecotoxicological risk assessment of contaminated soil in at least three ways:

(i) The reliability of estimations of the degree and extent of soil contamination
are limited or even small.

(ii) Soil spatial variability of soil contamination leads to temporal variation in
exposure of migrating soil dwelling organisms. It is unknown whether this
variation has consequences for the sensitivity of individual organisms to soil
contaminants. Recently Newman and Jagoe (1996) showed mathematically
that "realistic time lags" in exposure lead to oscillations of concentrations in
organisms. Oscillations in concentrations can also occur in organisms
inhabiting contaminated soils. Since oscillations may have significant
implications for e.g. food chain transfer models and the use of accumulation
models in establishing environmental quality criteria (Newman and Jagoe
1996), it is important to test the mathematical estimations in field and
laboratory experiments.

(iii) Soil spatial variability results in differences in exposure of each (group of)
individual(s) belonging to a population inhabiting a contaminated site. An
example concerning a concentration gradient as a function of depth was
provided by Lofs-Holmin (1980) who discussed that juvenile earthworms are
exposed to much larger pesticide concentrations than adults, because
juveniles mainly live in the upper layers of soil (Rundgren 1975) whereas
adults inhabit both upper and lower layers. Lethal exposure of juveniles only
may still lead to eradication of earthworms. Planar spatial variability may
imply that adverse effect concentrations are exceeded at only a few spots in
the upper layer of soil. A particular fraction of organisms moving through
such a contaminated area will be exposed to contaminants. The number of
organisms that will be exposed may depend on both the degree of variability
and the mobility of soil animals. The latter is associated with the ecology of
the particular organism and varies with time due to temporal variation in

e.g. soil-temperature and soil-moisture.
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2. Soil properties

The toxicity of contaminants in soil is associated with soil properties that affect

the contaminant bioavailability such as pH, cation exchange capacity (CEC) and

composition and concentration of soil organic matter (OM) (e.g. Straalen 1993). In
soil ecosystems, these parameters vary as a function of time and space, and may
be different from the soil that is used in laboratory experiments. Standardization

of the soil type by using an artificial "soil" which is a mixture of 70% sand, 20%

kaolinite and 10% peat (OECD 1984) may help in communicating differences

between either contaminants or organisms, but does not enable a simple
translation to natural soils. The reason is that this mixture differs very much from
natural soils in at least three respects.

(i) Soil is not a fresh mixture of its constituents, but rather a product of long-
term mechanical, chemical and biological processes. Its constituents (mineral
matter, organic matter, water solution and soil air) have interacted with each
other and these interactions determine to a large extent the soil-chemical
properties that affect the bioavailability.

(ii) In Dutch soils, the main clay mineral is illite (Jelgersma 1994). The specific
surface area of kaolinite that is used in the OECD mixture is small (1-40 m?
g} compared to the specific surface area of illite (50-200 m2 g™; Bolt ef al.
1978), which implies that the CEC of illite is larger than the CEC of kaolinite.
Hence, illite will much more affect the contaminant bicavailability than
kaolinite.

(ii) Peat which is used as organic matter in the OECD mixture is a parent
material of reactive humic substances in soil ecosystems. Due to chemical
and biological weathering of raw organic matter, it becomes chemically
reactive and is able to adsorb large amounts of heavy metals (e.g. Wit 1992).
Peat may be a poor model constituent for the large variety of different

organic substances that is present in soil ecosystems.

3. Mixtures of contaminants

Generally soil contamination consists of mixtures of contaminants. This may have
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at least two ecotoxicologically important consequences. First, soil-chemical
interactions with other pollutants may affect the bioavailability of each pollutant.
Second, interaction with other pollutants accumulated in organisms may change
the toxicity of each pollutant (Hansen and Lambert 1987). The mixture toxicity
may be less (antagonism) or greater (synergism) than the toxicity of the most toxic
component, or it may be equal. As the number of possible contaminant
combinations may be unlimited, it is too expensive to study all possible

interaction effects in laboratory studies.

Table 1.1 Heavy metal concentration factors (ratio heavy metal concentration fo soil heavy

metal concentration) for cadmium, copper, lead and zinc at contaminated sifes (Ireland 1983)

Site Species Cd Cu Pb Zn reference
Acid mine spail Dendrobaena rubida 24 0.3 Ireland (1975)
Near roadside Lumbricus terrestris 17 0.6 0.4 7.3 Czamowska and

(degutted) Topkiewicz (1978)
Lead mine complex L. tervestris 0.03 0.02 Roberts and Fohnson (1978)
Soil amended with L. terrestris 26 0.4 Andersen {(1979)
sludge 4 Allolobophora spp. 9-17 0.1-02
Soil amended with L. rerrestris 9 0.1
sludge 4 Allolobophora spp. 9-20 0.1-0.2
Soil amended with  Aparrectodea tuberculata 236 4.5 Helmke et ai. (1979)
sludge
Lead mine complex  Lumbricus rubellus 7.5 0.7 27 54 Ireland (1979}
Soils amended with  Eisenia foetida 4.7 03 Mori and Kurihara {1979)
metals
Sludge amended E. foetida 1.7 0.2 0.01 0.07 Hartenstein et al. (1980a)
with metals E. foetida 0.8 0.1 0.6 0.6 Hartenstein ¢/ al. (1980b)
Sludge near zinc 5 Allolobophora spp. 4-6 0.4-06 1-2 Wright and Stringer (1980)
smelter L. rerrestris 5.6 0.3 23
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AIM OF THE STUDY

HE MAIN OBJECTIVES of my study were: (i) to determine whether or

not data obtained by laboratory experiments can be used for assessing

actual ecotoxicological risks at the field scale (ir situ); (ii) to identify which
knowledge and experimental data are lacking for assessing actual ecotoxicological
risks in sity; and (iii) to fill part of these gaps in knowledge. '
To investigate how laboratory data should be handled to enable the assessment
of ecotoxicological effects in the field, data regarding exposure and accumulation
or toxic effects of a mobile soil-dwelling organism for a contaminant were needed
from both laboratory and in situ field site conditions. In view of both other studies
and the available facilities, the investigated contaminant was a heavy metal.
Earthworms were chosen as the mobile soil- dwelling organism for practical
reasons: mobile, but limited travel distance during the course of experiments
which lasted typically days or weeks; ease of sampling and analysis; heavy metals
accumulate in earthworms as is illustrated in Table 1.1. Tissue heavy metal
concentrations in earthworms correlate well with soil heavy metal concentrations
(e.g. Ireland 1979, Ash and Lee 1980, Morgan and Morgan 1993). Hence, the tissue
heavy metal concentration may be an indicator of the degree of exposure of
earthworms to soil heavy metal contamination. However, interactions with other
contaminants may affect the heavy metal availability for uptake. This hypothesis

was also tested in research described in this thesis.

OUTLINE OF THIS THESIS

HE CHAPTERS 2-6 of this thesis consist of papers that have been
submitted to or published by international scientific journals. In Chapter
2, the effect of home-range on the exposure of organisms to spatially
variable soil contamination is examined. Species may differ in home-range which

affects the exposure time and exposure level. In a mathematical model, the
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toxicokinetic one-compartment model was used to investigate whether there is a
considerable variation in exposure within a group of individuals living in the
same living area.

In Chapter 3, the tissue copper accumulation in earthworms Lumbricus rubellus
was studied under both laboratory and field conditions. The field experiment has
been performed at an arable field that was artificially contaminated in 1982. The
spatial variability of soil copper content within the plough layer was not large and
tissue copper accumulation under field conditions were expected to be in good
agreement with tissue copper accumulation under laboratory conditions.

In Chapter 4, copper accumulation and excretion rates in earthworms Dendrobaena
veneta were studied under laboratory conditions. Earthworms had been exposed
in soils that were sampled at a contaminated site in The Netherlands. Both copper
accumulation and excretion rate determine whether or not earthworms tissue
copper concentrations change rapidly when earthworms move through a spatial
variable soil copper contamination.

In Chapter 5, copper accumulation in earthworms Dendrobaena veneta exposed in
soils containing a mixture of either copper and cadmium or copper and lead was
studied under laboratory conditions. It was hypothesized that exposure to
cadmium would induce the production of metallothioneins, ie. heavy metal
binding proteins. This induction may lead to an increased ability of copper
accumulation. Lead was added to copper contaminated soil to affect the copper
sorption equilibrium, which may lead to an increased tissue copper accumulation.
In Chapter 6, copper accumulation in earthworms Dendrobaena veneta that were
introduced in a heavy metal contaminated site was studied and predictions on
tissue copper accumulation based on laboratory observations were evaluated. It
was expected that at high soil sampling density in the field site, it may be possible
to accurately estimate tissue copper accumulation under field conditions.

In Chapter 7, computer simulations illustrate the implications of the work
described in the previous chapters for tissue Cu accumulation and mortality under
field conditions. A few suggestions for future research are provided and

implications for soil protection policy are discussed.
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Conceptual approach to estimating the effect of
home-range size on the exposure of organisms to

spatially variable soil contamination

Co-author: Sjoerd E.A.T.M. van der Zee
Published in: Fecological Modelling 87 (1996) 83-89

ABSTRACT

Spatial vartability of soil properties leads to uncertainties in the ecotoxicological risk assessment
of polluted soil in sitw. Mobility of organisms causes that they are not exposed chronically to
pollutants in soil, which is in contrast with laboratory experiments. Moreover, only a fraction of
the total amount of contaminants is available for organisms. Developing a conceptual model, we
identify the information that is required for an ecotoxicologically based risk assessment. Field data
of Cd polluted soil are used in a Monte Carlo simulation for the illustration of the concept. The
data are analysed geostatistically and predictions at unsampled locations are made using Ordinary
Block Kriging. The accumulation of the poliutant in fictitious organisms is estimated with the one-
compartment toxicokinetic model. Both the home-range size of the organism and the spatial
pattern of cadinium content affect the extent of the area where exposure to the pollution leads to
exceeding of a specific Cd-concentration in the organisms. On average, larger home-range sizes
lead to lower Cd-concentrations in organisms. However, larger home-range sizes lead to an
increase of the probability that a specific exposure level is exceeded. Research in uptake- and
assimilation coefficients, excretion activities, and the behaviour of organisms in a polluted area

is needed.
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INTRODUCTION

URING THE PAST decades, awareness of the hazards due to soil

pollution has grown. This has resulted in legal constraints regarding

disposal and emission of pollutants. Additionally, soil cleaning
methodologies for already poliuted soil have been developed.
Risks due to soil pollution need to be quantified to assess whether or not a soil
is polluted at a level that warrants expensive clean-up programs. In The
Netherlands and some other countries, total contents in soil are compared with
references in the procedure of the risk assessment of polluted soil. Straalen and
Denneman (1989) developed the RAPS-method (risk analysis of polluted soil} to
estimate an ecotoxicologically based maximum allowable content of a specific
pollutant in a soil-ecosystem. They assumed that the ecosystem itself will be
protected by protecting 95% of the species in the system. The corresponding
maximum allowable content of pollutant is based upon the NOEC (No Observed
Effect Concentration) of at least five species. The NOEC is determined in
laboratory experiments so it is of limited value. Extrapolations from laboratory to
field scale result in large uncertainties in ecotoxicology (TCB 1991, Straalen et al.
1991).
Field conditions differ from that in the laboratory in at least two ways. First,
polluted soil generally contains several pollutants, hence one has to deal with
combinational toxicity (synergistic, antagonistic). The second difference is the
temporal and spatial variability in exposure of organisms to the pollutant.
Organisms are not exposed chronically to one specific degree of poliution due to
spatial variability of soil physical and soil chemical parameters.
The aim of this paper is to show how the effect of soil spatial variability on the
exposure of mobile organisms to soil contamination can be taken into account in
risk assessment. In particular we considered fictitious organisms that differ only
with respect to their home-range size. Hence they are equal in metabolism, age,
weight, health, etcetera. We used the one-compartment toxicokinetic model and

field data of a Cd polluted soil to estimate the Cd concentrations in organisms,
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Effect of home-range size on exposure

Comparison of the concentrations in the organisms with different home-range
sizes resulted in conclusions about the effect of soil spatial variability on the

accumulation of pollutants.

CONCEPTUAL MODEL

Limited availability of soil contaminants

OR ECOTOXICOLOGICAL RISK assessment, consideration of soil

quality should be based on concentrations that are available for the

organisms. Assessment that only concerns the total contents is not
satisfying. Organisms are exposed to contaminants by eating, by drinking and by
absorption through respiratory organs and/or body surface. The amount of
conlaminant that is assimilated by animals is not well known in many cases
(Hopkin 1989). In Figure 2.1, uptake routes are depicted schematically. It is
obvious that the composition of the diet of a specific organism affects its daily
uptake of pollutants.
Soil dwelling species are exposed to concentrations in the soil solution, as was
shown for earthworms by Gestel (1988). The concentration in the soil solution is
often in equilibrium with the amount adsorbed by the solid phase (clay minerals,
soil organic matter). For heavy metals, this equilibrium can often be described

with the Freundlich adsorption equation:
g=K,C" 2.1

where g is the amount adsorbed [mg kg'], K; is the Freundlich apparent affinity
parameter [mg'™ m™ kg?], C is the concentration in the soil solution [mg m®] and
n is the Freundlich power [-] (Garcia-Miragaya and Page 1977,1978).

The total content Q [mg m™] equals

Q-pg+6C @2
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where p is the dry soil bulk density [kg m*®] and @ is the volumetric water fraction
[m® mJ].

Depending on pH, ionic strength and organic matter content, large total contents
may correspond with either high and low concentrations in the soil solution. For
cadmium Boekhold and Van der Zee (1992) showed that equation (2.1) can be

written as:
g=Kf,(H e e 23)

where K is the apparent affinity parameter [mg"™ mol* m*"™ kg’], (H*) is the

proton activity in soil [mol m?], f,, is the organic carbon content of soil [kg kg™].

RRIEREE »| Excretion to Soil |- :

)
Carnivore Omnivore Herbivore
Food - Faod - iffusi {
2l Animals =2 { Vegetation |rrsen/Convecton
Diffusion/Convection Excretion Excretion
. i
Desorption l
- —— . .
Solid Phase [ ! Liquid/Gas :
Adsorption ‘
|
i

Figure 2.1 Interactions between soil pollution and terrestrial organisms
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Effect of home-range size on exposure

Assimilation and excretion
While an organism is exposed to a contaminated soil the pollutant concentration
in the organism, P, changes as a function of time, which can be described by a one

compartment toxicokinetic model:

aPO _ 10 e (2.4)
dt M)
where dP(t)/dt is the rate of change of the concentration per weight of the
organism [mg day'kg], I(t) is the assimilation rate of the contaminant [mg day™],
M(t) is the weight of the organism [kg] and k() is the excretion rate [day’]. The
weight of the organism and the assimilation- and excretion rate vary with time,
depending on several environmental parameters (physical, chemical and
biological). We will not consider these relationships in detail because they do not
affect the conceptual approach that we intend to illustrate. We replace I(t}/M(t) by
a constant [ [mg kg day?], and we assumed also a constant excretion rate,

resulting in:

?4 kP(0) (24b)

Both assimilation and absorption of contaminants depend on the available
quantity in soil. This quantity depends on total content, soil pH, f,- and K;
(equations {2.1), (2.2), and (2.3)). During digestion part of the ingested
contaminants will be assimilated, depending on the assimilation efficiency of the
organism. We assume that this efficiency is constant in time (Atkins 1969)

resulting ir:

1=00, 2.5)
where o is the assimilation coefficient and Q, is the biologically available
concentration.

Substituting equation {2.5) into equation (2.4b), the analytical solution of equation
(2.4b) is:

11




Chapter 2

P(T}:%QA(I—e 1) +P(D)e 7 (2.6}

where P(T} is the concentration in a individual that has been exposed to a
contamination level (), during a time period T, and P(0) is the initial

concentration in the organism.

Variability of exposure

Due to soil spatial variability a foraging organism is exposed to the pollution level
at a specific location for its limited residence time (At) at this location. In our
model, we assumed that the organism utilizes its living area in an optimal way,
i.e. the averaged residence time at a particular location is uniform for the locations
within the boundaries of the living area. It randomly moves through the living

area without either avoiding or preferring any part of the living area. Organisms

TABLE 2.1 [lustration of order of magnitude of the size of the living area for a few
terrestric organisms (from: Fuchs et al. 1985)

Organisms size [m?]
Vegetation 1
Earthworm 5-10
Mole 400
Shrew 200-800

have differently sized home-ranges (Table 2.1). The average residence time per
square meter (At) can be calculated by dividing the total residence time in the

living area (T} by the size of the living area (A):

a=T @7
Hence, as the home-range size increases, exposure time to a particular level of

12
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pollution becomes smaller. We consider that the life expectancy of the organisms
is not decreased by the contamination (i.e. there is no mortality risk). The
concentration of P(T) of a individual that is living in a specific living area is

obtained by iterative computation of the concentration according to:

P(=t+Ar) =%QA(1 & Y ep(pe 4 (2.8)

until ¢ equals T. The estimation of P(T) for a specific living area can be obtained
by a Monte Carlo simulation. In our model, the organism randomly moves around
in its living area, beginning in the centre and with P(()=0. After calculating P(T)
for a great number of organisms for a specific living area the corresponding

expectation of P is estimated by

EP=P(T), =LY P(D), 29

L e

where P(T), is the concentration in a individual as estimated at computation
number i, and n, the number of calculations in each living area. The advantage of
the Monte Carlo procedure in comparison with averaging the soil pollution within
a living area is the possibility of the assessment of a confidence interval of P. This
interval reflects the uncertainty about the accumulated amount of pollutant, which

is caused by soil spatial variability. The 95% confidence interval of P is estimated
by

P(T), -t svarlPt <P<P(T), +t varlP} 210

avg

where ¢, is the Student’s f.

In the following example, we investigated the effects of soil spatial variability on
the exposure of fictitious soil dwelling organisms to a heavy metal soil
contamination. In our calculations we assumed that o.=k=0.1 for various organisms
with differently sized home-ranges. We want to emphasize the effect of mobility

of organisms on exposure to polluted soil. In practice o and k are not equal; they

13
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differ for each species and are e.g. age dependent. Large a-values may correspond
both with large and low values of k. This ratio is also species-dependent.
Nevertheless, we assume o=k, without loss of generality for the conceptual

approach.

MATERIALS AND METHODS

OR ILLUSTRATION, we use data of a polluted arable field in the

‘Kempen'’ region in the south of The Netherlands (Boekhold and Van der

Zee 1992). Due to atmospheric deposition the soil received large amounts
of zinc (Zn) and cadmium (Cd), that were emitted by zinc ore smelters during the
past century. The source was diffuse so the initial spatial variability of the
contamination is limited. Soil samples were taken at 166 spatially distributed
points in approximately 0.5 ha. Total extractable cadmium content of the soil (Cd,
[mg kg']) was determined using 0.43 M HNO, as an extractant, assuming this
quantity reflects the amount of Cd that can potentially desorb (Houba ef al. 1989).
Additionally, soil was extracted with 0.01 M Ca(l, to determine Cds. Eriksson
(1990} has shown that Cdg has a better correlation with the Cd-contents of wheat
and oats than Cd.,. Hence, it is plausible that Cd, reflects better the bioavailability
of Cd than Cdq. In our calculations we use Cd; as the concentration that is
available for the organisms. For illustration of the limitations of the use of Cd; as
a soil quality standard, we also present Cd; as comparison with Cd,.
Predictions of contents at unsampled locations were made by a geostatistical
interpolation-method: Ordinary Block Kriging (Davis 1986). Using GeoEAS
(Geostatistical Environmental Assessment Software) we estimated both Cd; and
Cd; at every square meter of the field by block-kriging (Englund and Sparks
1988). Contour graphs are depicted in Figure 2.2. The highest levels of Cd; (Figure
2.2A) were in the north of the field. High levels of Cd; (Figure 2.2B and 2.2C) were
found in the south of the field and a few square meters in the north of the field.
Cd; exceeds 0.5 mg kg™ in about 25% of the total area (Figure 2.2B) whereas Cd,

i4
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0 A)
0 42

exceeding the threshold level

Figure 2.2 Contour graphs of cadmium pollution in an arable field in the Kemipen region:
(A) Cd, exceeds 5.0 mg kg, (B) Cdg exceeds 0.50 mg kg, (C) Cd exceeds 0.35 mg kg''.

exceeds 0.35 mg kg’ in about 60% of the total area (Figure 2.2C). These threshold
levels were chosen arbitrarily to show the degree of pollution and its spatial
pattern in this field.

Using the geostatistical estimations, we estimated the concentration in an
organism that is exposed to Cd, for its residence time in its living area in this
field, using equations (2.8) and (2.9). The residence time in the living areas was
arbitrarily set to half a year. The living areas are supposed to be squares. We
move this squares over the field surface as a moving window with intervals of 1
m. For each living area we did a Monte Carlo simulation with 250 realisations of
P(T). Organisms were randomly moving in the living areas with residence time
At at every square meter (equation (2.7)). With equations (2.9} and (2.10) we

calculated P and its 95% confidence interval (t,=1.96) in the specific living area.

15
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RESULTS AND DISCUSSION

HE RESULTS OF the calculations are shown in the Figures 2.3 and 2.4.

In Figure 2.3 we show the areas where EfP} exceeded 0.50 mg Cd kg

Organisms with living areas up to 200 m? contained more than 0.50 mg
Cd kg in the south as well as in the north of the field. For animals with larger
sized living areas (>200 m?), the Cd concentration did not exceed 0.50 mg kg™.
Enlarging the home-range size in this arable field lead to a decrease of the area
in which £{P} exceeded 0.50 mg Cd kg

9% o

B) C)

€ [P] exceeded 050 mg/kg

Figure 2.3 Areas where E(P) exceeded 0.50 mg kg™,
Living areas are: (A) 10 m?, (B) 100 m?, and (C) 200 m?.

In Figure 2.4 we show the areas in which the lower limit or the upper limit of the
95% confidence interval of P exceeded 0.50 mg Cd kg‘l. When the home-range size

i6



Effect of home-range size on exposure

17

W O0F (T} PUP T 00T () 24 00 (D) ‘2 05 () ‘24 0T (V) ‘240 svadp Swar]
.84 pD Bwi (5 papaadxa g Jo ppaiajur aausprfuod o466 2yi fo jrug aaddn sy a0 sy samo] g aym Svaly Fg a1ndiy

by /Bw 050 < 4wy Jaddn o456
N Byy/Bw 0570 < pun Jamoy <% 56 I

A/ 0 VA 0 VA 0
(d




Chapter 2

is made larger, we observe different effects on the 95% lower and upper limit
boundaries and the mean. Whereas the area where the lower limit is exceeded
decreases, the opposite is the case for the area where the upper limit is exceeded.
This indicates that the area within the confidence interval increases with
increasing home-range size. This means that the uncertainty about P increases
with increasing home-range size and this implies that the probability that an
individual is exposed to a high level of contamination increases with increasing
home-range size.

For organisms with small mobility we observe relatively small patches where the
chosen threshold is exceeded (Figures 2.4A and 2.4B). The extent with which the
threshold may be exceeded may be larger than for those organisms that have a
large mobility. The latter smooth the boundaries but are also vulnerable to small
‘hot spots’ (compare Figures.2.2B and 2 4E). Hence, one small "hot spot’ may affect
the exposure for mobile organisms over a large area.

These results imply that the resolution needed for mapping soil contamination
depends on (i) the patchiness of contamination, (ii} the home-range size of the
organism of interest, and (iii) the scale at which adverse effects are accepted. Thus,
small patches and large home-range size imply a large density of soil samples
even when (iii) is large. When, however, (iii) is small, a large sampling density is

needed always.

CONCLUSIONS

N OUR MODEL, we made many assumptions that were necessary to enable
calculations. Much of the knowledge, needed to predict effects of poliuted
soil in situ on organisms in the field, is not available yet. Besides dose-effect
relationships also soil-physical and soil-chemical processes, spatial variability of
bioavailable quantities, assimilation rate, excretion rate, absorption rate, the daily
uptake (food or soil ingestion) and exposure time (i.e. mobility of the organisms,

avoidance behaviour} have to be taken into account in risk assessment, We
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investigated the effect of both soil spatial variability and mobility of organisms on
the exposure to soil contaminants of a population of fictitious organisms. The
results reveal that the relationship between the soil contamination level and
exposure of mobile organisms is complicated considerably by spatial variability.
"Hot spots” appear only to be a large risk-factor for the population of a species
with small sized home-ranges, whereas they are a small risk-factor for a
population of a species with large sized home-ranges This is due to the relatively
low probability of getting exposed while foraging for food for species with large
home-range size. Also when the home-range size is large in comparison with the
polluted area, there will be always some individuals that will be exposed to the
pollutant. Protection of an ecosystemn can be realised without protecting 100% of
the species in in the ecosystem. Which species are important for the sustainability
of the ecosystem? The resolution with which soil contamination is to be mapped
should preferably be related with the home-range size of these species.
Ecotoxicologically based choices for the minimum patch size that is to be

protected are needed in view of soil sampling costs.
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Cu accumulation in Lumbricus rubellus under
laboratory conditions compared with accumulation

under field conditions

Co-authors: Sjoerd E.A.T.M. van der Zee and Frans A.M. de Haan
In press by: Ecotoxicology and Environmenial Safety

ABSTRACT

We performed experiments to determine Cu accumulation in carthworms under laboratory
conditions using soil from a Cu contaminated site, followed by field experiments in this
contarninated site. The aim of the laboratory experiments was a) to determine Cu accumulation
rate, b) to determine the effect of soil Cu content on the steady state concentration, and ¢) to
evaluate the effect of soil moisture on accumulation. The field experiments were performed to
evaluate the use of accumulation data obtained from laboratory experiments for prediction of
accurnulation under field conditions. In the laboratory experiment, earthworms (Lumbricus
rubellus) were introduced into four homogeneously mixed Cu contaminated soils and a reference
soil. The total extractable Cu content in the seil (Cu,) varied from 10 to 130 mg kg'; soil pH
varied from 4.0 to 5.0; soil moisture content was set to approximately 25%, 35%, and 45% of the
dry weight for each treatment. The tissue Cu concentration (Cu,,) was determined by sampling
earthworms after 1, 7, 14, 28 and 56 days. In the field experiment, 500 earthworms were
introduced at four differently Cu contaminated locations at a contaminated arable field. After 14,
28, and 70 days, earthworms were sampled to determine Cuy,. In both experiments, soil Cu
contents significantly affected Cu,,. Soil moisture only significantly affected Cu accumulation for
the wettest soil. Under laboratory conditions, a steady state did not seem to be achieved after 56
days; the Cu accumulation can be described by the toxicokinetic one-compartment model. The
fiekd experiment was considerably affected by variation in soil temperature resulting in significant

fluctuations in tissue Cu concentrations. The tissue Cu accumulation was significantly correlated
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to the Cu,, which is in agreement with the results from the laboratory experiments. Variance of
Cuy, at day 14 in earthworms from the field experiments were significantly larger than in the

worms from the laboratory experiment. At day 28, the differences were not significant.

INTRODUCTION

TRAALEN AND DENNEMAN (1989) developed a model that claims to

estimate ecotoxicologically based threshold level of contaminants in soil.

The model uses NOEC's (No Observed Effect Concentrations) of at least five
soil dwelling species. The NOEC’s, however, are determined in laboratory
experiments, hence they are applicable to only a limited set of conditions.
Complications regarding extrapolation from laboratory to field scale resultin large
uncertainties in ecotoxicology (Straalen et al. 1991). Both soil heterogeneity and
migration of soil dwelling species result in a time dependent exposure of the
organism to contaminants. Marinussen and Van der Zee (1994) showed that the
effect of soil heterogeneity on exposure to soil contaminants depends upon both
the home-range of organisms and the pattern of soil contamination. In the studies
of the present paper, Cu accumulation in Lumbricus rubellus under laboratory
conditions was compared with Cu accumulation in these worms under field
conditions. The aim was to evaluate the use of data obtained from laboratory
experiments for prediction of accumulation under field conditions, and explain the
differences, if observed.
The accumulation of heavy metals by earthworms is governed by the heavy metal
content of soil, soil pH, organic matter content (OM} and Cation Exchange
Capacity (CEC) (Ma 1982, Ma et al. 1983, Beyer et al. 1987, Morgan and Morgan
1988). Generally, sewage sludge is added to contaminate the soil (Hartenstein et
al 1980, Ma 1988) or soil is artificially contaminated shortly before earthworms are
introduced (Ma 1984, Streit 1984, Spurgeon ef al. 1994). In the latter case, sorption
kinetics may not be at equilibrium at the time of the experiments (Spurgeon et al.

1994). Our experiments, however, were performed using soils that were artificially
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contaminated more than a decade ago, so that the sorption kinetics were at
equilibrium at the time of the experiments.

The prediction of Cu accumulation by earthworms in contaminated sites has been
shown to be difficult, several authors having found different relationships between
total Cu concentration in soil samples and Cu accumulation in earthworms
{Ireland 1979, Ash and Lee 1980, Ma ef al. 1983, Beyer and Cromartie 1987, Beyer
et al. 1987, Morgan and Morgan 1988, Morgan and Morgan 1991). Eijsackers {1987}
showed avoidance of Cu contaminated soil by earthworms, which illustrates the
uncertainty of exposure of earthworms in a contaminated site. As far as we know,
in all surveys, soil spatial variability has been neglected by mixing the (randomly)
taken soil samples. This may be one of the reasons that only part of the variation
in the tissue Cu concentrations could be explained by total Cu in soil (and soil
pH, OM, CEC). To evaluate soil spatial variability, the contaminated site of our
field experiment has been sampled very intensively (sampling density: 17,500
samples ha'), and each soil sample chemically analysed.

To investigate whether temporal variation of soil moisture should be taken into
account, we also examined the effect of soil moisture on the accumulation of Cu

by L.rubellus under laboratory conditions.

MATERIALS AND METHODS

Sampling schemes

HE EXPERIMENTS WERE performed using soils from a artificially

contaminated agricultural field near Wageningen, The Netherlands. The

soil is a slightly loamy fine sand and is low in organic matter content
(loss-on-ignition: 3.5%). The soil was classified as a Fimic A Horizon (FAO-
UNESCO 1988) or a Plaggen Epipedon according to the USDA Soil Taxonomy (U.5.
Soil Conservation Service 1975). The agricultural field consists of 128 plots {each
émx11m, Fig. 3.1). Four Cu levels were introduced in the autumn of 1982 by
applying CuSO, at quantities of 0, 250, 500 and 750 kg Cu ha'. Four pH levels
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Figure 3.1 Sampling scheme of the plols

were established by either adding sulphur powder to lower the pHy, from 4.4 to
4.0, or by adding certain amounts of pulverized CaCO; to raise the pHy¢, from 4.4
to 4.7, 5.4, or 6.1. The methods of application have been described by Lexmond
(1980). The pH levels are readjusted every 6 years.

The laboratory experiment was performed using soils that were collected from

four adjacent plots (3, 4, 11, and 12, Fig. 3.1). Moreover, unireated reference soil
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was collected from the agricultural field. About 120 kg soil from each plot was
homogenized and split up into six 20 kg portions and put into plastic containers
(24 L). Three water contents were established in duplicate by adding distilled
water up to a water content of approximately 25%, 35%, and 45% of the dry
weight. To get a sorption equilibrium, the containers were kept in a cold storage
room for two weeks. Subsequently they were put into a phytotron, adjusted to 12
hrs daylight per day, room temperature at 15°C, and relative air humidity of 85%.
Earthworms were kept in the untreated soil for one week before introducing 40
earthworms into each container. Dried alder leaves were added as a food source,
and the containers were closed by paraffine film to prevent evaporation of water.
Earthworms were sampled after five different exposure times (1, 7, 14, 28, or 56
days) to determine Cu accumnulation; 25 earthworms were analysed to determine
the initial tissue Cu concentration. The worms were rinsed with distilled water
and kept in petri dishes on moist paper towels. After three days, the earthworms
were killed by immersion in liquid nitrogen and individually put in 50 ml
volumetric flasks for chemical analysis. The dry weight of each worm was
determined after drying for one night in an oven at 105°C.

The field experiment was performed in the same plots (3, 4, 11, and 12). Soil
samples were taken in the late summer of 1992. The schemes were based on a 7
by 7 grid in each plot with 0.75 m node distance (Fig. 3.1). The soil samples were
air dried and sieved to remove aggregates larger than 2 mm before chemical
analysis. In the middle of the sampled area of each plot, about 500 earthworms
(L. rubellus) that were obtained from a local vermiculturist were introduced in the
autumn of 1993 (there were no native earthworms). In each plot, approximately
30 earthworms were sampled three times: after 2, 4 and 10 weeks. Worms were
moved to the soil surface by vibrating the soil at several locations using a
dungfork. The advantage of this method is that the whole area can be sampled
without adding toxic chemicals like formalin (Raw 1959, Ash and Lee 1980} that
would drive away all the earthworms from the experimental site. The sampled

worms were treated as described above.
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Soil chemical analysis

Total extractable Cu contents of the soil (Cu; [mg kg™']) were determined by using
HNO; as the extractant assuming that this quantity reflects the amount of Cu that
can potentially desorb (Houba ef al. 1989). Three grams of air dried soil were
equilibrated with 30 ml 0.43 M HNO, solution for 20 h in an end-over-end shaker.
After filtering, the liquid phase was analysed for Cu concentrations on a flame
atomic absorption spectrophotometer (Instrumental Laboratory AA/AE
spectrophotometer 511). Soil pH was determined in a suspension with 0.01 M
Ca(l, as background solution. Three grams of air dried soil were equilibrated
with 30 ml 0.01 M CaCl, solution for 20 h in an end-over-end shaker. The pH of
the suspension was measured with a glass-calomel electrode. In soil fertility and
contamination studies involving plant uptake it has been shown that the Ca(Cl,
extractable contents in soil are a better indicator of the bio-available fraction than
the HNQ, extractable fraction (Eriksson 1990, Novozamsky ef al. 1993). Therefore,
we also determined the amount of Cu in the 0.01 M CaCl, solution (Cug [mg L']).

The organic matter content of the soil (OM) was determined by loss-on-ignition.

Earthworm chemical analysis

The earthworms were individually put in 50 ml volumetric flasks and dried in an
oven at 105°C. The earthworms were digested in 5 m] 65% HNO, heated to 130°C
for one hour. Four ml of 20% H,O, was added in aliquots of 0.5 ml. After cooling,
the flasks were filled with distilled water up to the mark. The clear, colourless
solutions were filtered through an ash-free filtering paper into plastic test-tubes.
The filtrates were analysed for Cu concentrations on a furnace atomic absorption
spectrophotometer (Varian SpectrAA 300/400 with Zeeman background
correction). The Cu in the solutions is partly extracted from the residual soil in the
earthworms. For this reason, we measured the amount of soil in each earthworm.
The flasks were rinsed and soil particles were collected in the filter paper. The
papers were folded and put in crucibles which were heated gradually in a furnace
up to 550°C. The amount of residual soil in each worm was determined by

weighing the ignition residue. The amount of Cu in this soil was estimated by
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analyzing the Cu concentrations in the excrements of the worms in the petri
dishes. The air-dry excrements were weighed and equilibrated with 5 ml HNO,
in a head-over-end shaker. After filtering, the liquid phase was analysed for Cu

concentrations on the flame atomic absorption spectrophotometer.

Statistics

The effect of soil moisture on Cu accumulation under laboratory conditions was
tested by Analysis Of Variance (ANOVA) with soil moisture and time as factors.
Pearson correlation coefficients for tissue Cu concentrations (Cu,,) and Cu in soil
or soil pH were determined. The significance of differences in the mean tissue Cu
concentrations was tested by the Student’s t-test. Differences in variances in Cu
accumulation in earthworms from the laboratory experiment (s?%,;) and
earthworms from the field experiment (5% ) were tested by the F-test. The 5%

level of significance was used in all tests.

RESULTS

Soil analyses

EAN VALUES OF Cu;, Cu, and pH for the soils from both the

laboratory experiment and the field experiment are presented in Table

3.1. In the field (Fig. 3.24), Cuy varied from 65 mg kg' (in plot 4) up
to 204 mg kg’ (in plot 3). The contourgraphs show that there is profound spatial
variability of Cuy. The laboratory soils 4 and 11 do not differ very much in Cuy
(67.7 mg kg (soil 4) vs 79.9 mg kg™ (soil 11)), they only differ in soil pH (4.0 (soil
4) vs 5.0 (soil 11)) and Cu,. The same holds for the laboratory soils 3 and 12 where
Cu; was 132 mg kg’ (soil 3) vs 112 mg kg™ (soil 12) and pH was 4.7 (soil 3) vs 4.1
(s0il 12). Cug in the soils from the laboratory varied from 0.005 mg L up to 0.770
mg L (Table 3.1). For the field samples, the maximum value measured for Cu,
was 1.20 mg L7 (plot 12). In the field, pH is in the range of 3.9 (plot 12) to 5.7
(plot 11). The contourgraphs from Cug and pH (Figs 3.2B and 3.2C} show that
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TABLE 3.1 soil chemical analyses

Cupzs.d. [mg keg'] Cugtsd. [mg L' pH-CaCl,
SOIL FIELD * LAB ® FIELD * LAB # FIELD # LAB®
reference © 14.4£14.0 10.1x0.68 0.014£0.007  0.005+0.003 4.6+0.34 4.5+0.14
3 1544258 1324168 0.27+0.14 0.27+0,007 4.7+0.25 4.7+0.01
4 87.5+12.6 67.7£1.56 0474012 0.43+0,014 4.140.14 4.0+0.02
11 112+20.3 79.9£1.05 0.088+0.04 0.076+0.003 5.2+0.23 5.0+0.03
12 113x12.1 112x1.82 (.73+0.25 0.7710.025 4.1+0.16 4.1£0.01

A mean values for 64 samples in each plot, except in the reference soil
5 mean valugs for 6 replicates

© field data of the reference soil are averages for 10 at random samples

there is also spatial variability in Cus and in pH. Comparison of the standard
deviations show that the soil in the field experiment was considerably more

heterogeneous than the soil in the laboratory experiment (Table 3.1).

Earthworms from the laboratory experiment

Only in soil 11 and in the reference seil, earthworms survived the experiment (56
days) for all treatments. In soils 3, 4, and 12, however, there were problems to find
living earthworms on day 28 and afterwards. At day 28, we did not find
earthworms in either the driest replicates for soil 3, or the wettest replicates for
soil 4 and found earthworms in only the wettest replicates for soil 12. At day 56,
we did not find any earthworm in both soils 4 and 12, whereas we found
earthworms in only the wettest replicates for soil 3.

The mean initial tissue Cu concentration (n=25) was 15.41+2.50 mg kg'. During
the experiment, tissue Cu concentration (Cul) in soils 3, 4, 11, and 12 increased
significantly, whereas there was no significant accumulation in worms in the
reference soil (Table 3.2). Soil moisture significantly affected Cu accumulation in

soils 4 and 12, whereas in soil 3, 11 and in the reference soil the effect of soil
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TABLE 3.2 Earthworm analyses laboratory experiment

REF. SOIL SOIL 3 SOIL 4 SOIL 11 SOIL 12
TIME # Cuyrs.d. Cuy2s.d. Cuyts.d. Cuy2sd. Cuyzs.d.
[days] [mg/kg d.m.] [mg/kg d.m.] [mg/kg d.m.] [mg/kg dm.] [mg/kg d.m.]
0 15.4%2.50 15.4+2.50 15.442.50 15.4+2.50 15.4+2.50
1(25) 11.910.74 2B.615.36 20.742.52 20.010.53 29.2+5.36
1(35) 12.3£0.49 41.526.71 22.7+3.57 25.9+2.52 33.5£3.16
1(45} 11.620.02 30.1x17.8 13.6+1.26 27.8+0.98 15.6+2.06
T(25) 13.2+0.41 39.324.96 24.8+3.31 21.5£3.44 37.5+6.83
7(35) 14.1£2.35 43.0+3.40 25.3£2.19 28.814.25 44.4x11.1
T(45) 14.3£2.70 30.1£12.9 21.4£0.05 24.743.20 29.36.11
14(25) 12.8+£0.85 44.1+9.16 31.8+6.45 2574395 44.1:4.09
14(35) 13.642.23 62.1£0.96 30.120.80 27.9+1.90 45.4+4.56
14(45) 12.8+1.49 52.0+13.5 22,2399 29.8+3.08 40.2+9.85
28(25) 15.943.59 -8 544 ° 37.4x5.11 -B
28(35) 15.6x4.38 108 +8.77 53.247.49 38.9x+3.92 -8
28(45) 15.742.09 83139 .B 42.449.36 576©
56(25) 18.3£9.77 -B -B 44.0+]1.92 -
36(35) 20.1£0.08 -8 -8 45.8+9.30 -B
56(43) 14.3£2.76 144 © -B 4734742 -B

*! 501l moisture between brackets (% dry weight)
¥ no data available, because no earthworms were found in both replicates

© no standard deviation, because earthworms were found in only one replicate

moisture on Cu accumulation was not significant. The moisture effect is
particularly due to the relatively low Cu accumulation in the treatments with the
largest soil moisture. Since earthworms avoid locations with larger soil moisture
(Edwards and Lofty 1977), we repeated the statistical test without the data from
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Figure 3.3 Accumulation of Cu by L.rubellus under laboratory conditions

the wettest soil. For that case the effect of soil moisture on Cu accumulation
appeared to be not significant. Tissue Cu accumulation was significantly
correlated with Cuy (correlation coefficient p=0.9), whereas neither the correlation
between accumulation and soil pH, nor between accumulation and Cu; was
significant. A steady state has not been achieved yet (Fig. 3.3). A fast accumulation
at the beginning of the experiment seems to be followed by a slow accumulation.
This is in agreement with Streit (1984) who concluded that at the beginning of the
exposure the accumulation mainly takes place by absorption or diffusion through
the skin and later on accumulation probably also takes place by uptake through
the gut-wall. The accumulation could be described well by a one-compartment
model (Atkins 1969):
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Cuy, =C,+0.Cu,(1-exp(—kf)) @G.1)

with Cy= initial tissue Cu concentration [mg kg’ (15.41 mg kg™}, o=coefficient,
and k=excretion rate [day™]. Regression of the pooled data resulted in model
parameters that were not significant. Therefore, we estimated the model
parameters for every single soil. The estimated o-values varied between 0.2 (soils
3,4 and 12) and 0.4 (soil 11). The estimated excretion rates differed considerably
being 0.04 day” in soil 11, 0.59 day™ in soil 4, 0.86 day™ in soil 12 and 0.95 day
in soil 3. As shown in Figure 3.4, the model describes the data rather well.
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Figure 3.4 One-compartment model of tissue Cu accumulation under laboratory conditions
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Earthworms from the field experiment

After 10 weeks, only a few living earthworms were found in plots 4 (n=7) and 12
(n=2). Upon excavation of the introduction points, only dead worms were found
in these plots. In plots 3 and 11, many earthworms survived .the experiment,
which enabled us to sample about 30 earthworms at every sampling time. The
observed mortality in plots 4 and 12 is in agreement with the observations in soils
4 and 12 for the laboratory experiment. Hence, it seems that the toxicity of Cu
contaminated soil under field conditions is comparable to toxicity in laboratory
experiments.

Fourteen days after the introduction, the tissue Cu concentration of the field

worms (Cuy,) had increased significantly compared to the initial tissue Cu

TABLE 3.3 Earthworm analyses field experiment

FIELD 3 FIELD 4 FIELD 11 FIELD 12
TIME Cuyzs.d. Cuyts.d. Cuy#s.d. Cuoyzs.d.
[days] [mg/kg dm.] [mgkg dm.] [mgkg dm.] [mgkg d.m.]
0 15.41£2.50 15.4+2.50 15.4+2.5¢ 15.4+2.50
n=25 n=25 n=25 n=25
14 84 1135.0 46.6+23 8 47,5229 51.3%24.5
n=29 n=24 n=27 n=21
28 67.7£20.4 31.7:94 3442113 29.2+7.1
n=28 =24 n=32 =22
70 62.0£9.1 41.5+9.2 453x17.2 57.7x8.5
n=25 n=7 n=27 n=2

concentration (Table 3.3). At day 28, however, Cuy, had decreased significantly
compared to Cuy, at day 14 in plots 4, 11 and 12 (Fig. 3.5). In both plot 4 and plot
11, Cuy; at day 70 was significantly larger than Cuy, at day 28. In plot 3, Cuy at
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Figure 3.5 Accumulation of Cu by L.rubellus under field conditions

day 28 and Cuy; at day 70 did not differ significantly from Cuy, at day 14. At
every sample time, Cuy, in plot 3 was significantly larger than Cuy; in the other
plots. Cuy; in plots 4, 11 and 12 did not differ significantly from each other. Here,
it should be noted that all worms were found within 1 m from the introduction
point. Hence, the small differences in Cuy, in worms in plots 4, 11 and 12 can be
explained by the relatively small differences in Cuy at the introduction points in
these plots (80, 110 and 120 mg kg respectively), whereas Cuy in plot 3 was much
larger: 180 mg kg (Fig. 3.2A4). Cuy; was significantly correlated with these values
of Cu; (p=0.791), whereas it was neither correlated with so0il pH nor correlated
with Cu,.

The significant decline in Cuy; during the period of two weeks after the first

sampling coincided with relatively low soil temperatures (Fig. 3.5). The significant
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