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underestimate the toxic effects of chemicals in natural environments.

This PhD thesis examined the interaction between climatic and toxic stress, using the globally
distributed freeze tolerant earthworm Dendrobaena octaedra as test organism.
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Preface

This PhD thesis is submitted to the Faculty of Science, Aarhus University, Denmark. Most of
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using the freeze tolerant earthworm Dendrobaena octaedra as test organism. The introduc-
tion of the thesis has the structure of a review paper on the interactions of environmental
contaminants with freezing temperatures and drought in terrestrial invertebrates. Follow-
ing this are five papers, all concerning the freeze tolerant earthworm D. octaedra. Three of
these have been published, one has been submitted, and one is ready for submission.
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The interactions of environmental contaminants with freezing
temperatures and drought in terrestrial invertebrates:

Effects, mechanisms and consequences for ecotoxicology



Abstract

Although the numbers of studies concerned with the effects of environmental contami-
nants on the ability of organisms to tolerate climatic stress, such as winter frost or summer
drought, are still limited, the issue is receiving increasing attention in the ecotoxicological
literature. This paper reviews the interactions of environmental contaminants with sur-
vival of sub-zero temperatures and drought stress in terrestrial invertebrates. A compri-
hensive database search was used to acquire relevant literature, and a total of 48 papers
were found dealing with this subject, the majority of these focusing on interactions with
drought. Further, studies regarding adaptation strategies to drought and freezing tem-
peratures, as well as studies concerning toxicants” mode of action were included. Together,
these studies were used to assess the occurrence and known types of interactions, as well
as discussing the mechanisms underlying such interactions. Some general patterns seem to
exist; synergistic interactions were commonly seen between heavy metals and frost sur-
vival, whereas polycyclic aromatic hydrocarbons (PAHs) interacted antagonistically with
frost survival. Further, surfactants and to a great extent PAHs interacted synergistically
with drought causing elevated mortality. On the other hand, interaction between heavy
metals and drought and between surfactants and frost survival seemed less clear. The
impact of surfactants on frost survival seems to depend on which cold hardiness strategy
is employed by the organism. Pesticides did not seem to interact with frost or drought
tolerance. In general it can be concluded that traditional laboratory studies, where the
organisms are exposed to increasing concentrations of a single compound under otherwise
optimal conditions, may underestimate the toxicity of some compounds in the field.

Introduction

Ecotoxicological risk assessments of environmental contaminants are primarily based on
results of laboratory studies, where test organisms are exposed to increasing concentra-
tions of a single compound. In such laboratory experiments, the test organisms often have
optimal conditions (temperature, moisture, food etc.) to optimize control survival and iso-
late the effects of the chemical in question. The risk assessment of such contaminants is
usually based on results from acute lethality tests or chronic reproduction tests, but also
effects on population growth rate have gained increased focus (Forbes and Calow, 1999;
Hansen et al., 1999; Bindesbel et al., 2007). These are all useful methods for assessment of
the effects of toxic compounds, and the methods have been greatly improved and stand-
ardised during the last decades. However, organisms in their natural environments will at
most times be simultaneously exposed to several stressful factors, and among these are
sub-optimal and occasionally stressful environmental conditions. These stressful environ-
mental conditions may significantly alter an organisms tolerance towards a given con-
taminant (and vice versa), an alteration that is not taken into consideration under tradi-
tional, well-controlled laboratory conditions. To reduce the chance of underestimating
risk, an uncertainty factor is used to extrapolate the results from laboratory tests to field
situations. The validity of these uncertainty factors has, however, frequently been ques-
tioned (e.g. Chapman et al., 1998), as the choice for these factors are arbitrary and often not
based on science. To be able to improve risk assessment, it therefore seems appropriate to
supplement traditional ecotoxicological studies with investigations on how these natural
stressors interact with chemical stressors.



The purpose of the present review is to
analyse interactions between chemicals
and freezing temperatures, as well as the
interactions between chemicals and
drought in terrestrial invertebrates. I have
chosen to focus on these two forms of cli-
matic stress, since considerable evidence
suggests that there are many common
physiological adaptations in response to
both drought and freezing temperatures
(Ring and Danks, 1994; Bayley et al., 2001,
Holmstrup et al., 2002a) and thus, that the
nature of chemicals’ interference with
these adaptations may be comparable.

It is important to keep in mind that FUSHEEE CHEm (eSS
toxicants and freezing temperatures, and
toxicants and drought, can interact at different levels. The bioavailability and the toxico-
kinetics of the toxicant will inevitable change during the changing temperatures and mois-
ture conditions of soil or habitat in general (Jannsen and Bergema, 1991; Bruus Pedersen et
al.,, 1997; van Gestel, 1997). Toxicants may also interfere with several physiological mecha-
nisms important for cold and drought tolerance. The present review puts most emphasis
on the latter issue.

This review is structured by first presenting an overview of the different adaptations
involved in cold and drought tolerance. I then continue to discuss relevant studies address-
ing interactions between toxicants and climatic stressors, as well as discussing the docu-
mented and theoretical mechanisms behind possible interactions. As various toxicants
have different effects on organisms, chemicals are distinguished into four classes of chem-
icals: heavy metals, polycyclic aromatic hydrocarbons (PAHs), surfactants and pesticides.

The term synergistic interaction is used when the combined effect of the two stressors is
greater than expected, and the term antagonistic interaction is used if the combined effect
is less than expected from the combination of the effects from each stressor alone.

Mechanisms for tolerating freezing temperatures

Cold hardy invertebrates are traditionally divided into freeze avoiding or freeze tolerant spe-
cies (Zachariassen, 1985; Ramlav, 2000). Freeze avoiding species die if their body fluids freeze.
They survive sub-zero temperatures by supercooling their body fluids or dehydrating until the
melting point of their body fluids is lowered to the ambient temperature (cryoprotective dehy-
dration) (Holmstrup and Westh, 1994). Freeze tolerant species, on the other hand, can survive
freezing of their extracellular body fluids. Intracellular ice formation is, with few exceptions
(Wharton and Ferns, 1995), considered to be lethal (Zachariassen, 1985).

Freeze avoidance

Freeze avoiding species depending on supercooling are faced with the risk of spontaneous
or inoculative freezing (Zachariassen, 1985). The supercooling point (SCP) is the tempera-
ture where crystallisation occurs, and in cold tolerant invertebrates is thereby equal to their
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lower lethal temperature (Ramlgv, 2000). The task of these organisms is to lower the SCP
well below the ambient temperature and to stabilize the supercooled state (Storey and
Storey, 1992). They do so by removal or inactivation of ice nucleating agents (INAs) (Zach-
ariassen, 1980; Wu and Duman, 1991). Furthermore, they accumulate high concentrations
of sugars and polyols (SPs), which further depress the SCP as well as stabilizing mem-
branes and cellular proteins (Ramlgv, 2000). In addition, many freeze avoiding species
(mostly insects) usually produce highly active antifreeze proteins (AFPs), which are known
for their ability to prevent the growth of seeding ice crystals upon cooling (Wu et al.,
1991).

Supercooling can however be a problematic solution for permeable invertebrates living
in frozen soils. They are at great risk of extensive dehydration because the water vapour
pressure of their supercooled body fluids may often be higher than that of ice in their fro-
zen habitat. These organisms depend on cryoprotective dehydration (Holmstrup et al.,
2002b). This strategy is effective in organisms that can lower their melting point of their
body fluid at the same rate as the decline in environmental temperature and thereby avoid
the need for supercooling (Holmstrup, 2003). As temperature decreases they start to dehy-
drate, which induces accumulation of SPs, which further depresses the melting point and
thereby reduces the amount of water lost by the organism (Holmstrup et al., 2002b) as well
as stabilising membranes. To be successful, however, these organisms should be able to
tolerate extensive dehydration.
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Freeze tolerance

Freeze tolerant species are faced with several problems when extracellular body fluid
freezes. They are faced with the risk of mechanical damage by ice crystals, which may
penetrate tissues and cell membranes (Grout and Morris, 1987). The cells can also experi-
ence extensive dehydration (Zachariassen, 1985). The ice crystals consist of pure water, and
as these grow, the solute concentrations in the extracellular fluid increases, which leads to
an osmotic outflow of water from the cells. This may decrease the cell volume below the so
called minimum volume (Lee, 1991), where the membranes begin to rest on the extracel-
lular structures. This may eventually rupture the cell membranes. The increases in solute
concentrations, both extra- and intracellular, may lead to changes in enzyme activity and
denaturation of proteins (Ramlev, 2000). Finally, the extensive dehydration may cause
phase changes in the membranes, due to removal of the forces keeping the membrane in its
bilayer conformation (Hazel, 1995).

Freeze tolerant organisms usually induce the formation of ice crystals at relatively high
sub-zero temperatures to ensure a controlled development of ice in the extracellular body
fluids (Block, 1990; Storey and Storey, 1992). This early crystallisation is achieved by INAs
(Zachariassen, 1985). Further, freeze tolerant organisms often accumulate SPs, which
reduce the amount of ice formed and controls the minimum volume and stabilizes mem-
branes and proteins (Storey and Storey, 1992). Antifreeze proteins are sometimes present,
and act as recrystallisation inhibitors, preventing growth and redistribution of ice crystals
once these have formed (Knight and Duman, 1986; Duman, 2001).

Mechanisms for tolerating drought (summer temperatures)

During drought conditions, there will be a water activity gradient favouring a net flux of
water from an organism to its surroundings, causing a reduction of the body water content
which may become critical. Animals have developed a variety of mechanisms to control
their water content, from the cellular to the behavioural level. One way of coping with
drought is by reducing the water permeability of the integument, a strategy frequently
used by insects (Hadley, 1994). However, many organisms such as soil invertebrates have
a highly permeable integument to allow gas exchange, and have thus evolved the ability to
tolerate extensive water loss, which is comparable to cryoprotective dehydration (Petersen
et al., 2008). Other soil invertebrates such as Collembola are able to absorb water from
unsaturated soil pore air. When exposed to drought, these organisms initially lose a sub-
stantial amount of water to the surrounding soil. This dehydration initiates the accumula-
tion of SPs to a degree that makes them hyperosmotic to their surroundings, enabling them
to passively absorb water vapour from soil pore air (Bayley and Holmstrup, 1999). The
accumulation of SPs also stabilizes membranes during dehydration (Crowe et al., 1992).

Some earthworms enter diapause during summer if the soil water potential gets too low
(Gerard, 1967; Nordstrém, 1975; Holmstrup, 2001). During this process, several worm spe-
cies excavate a spherical mucus-lined chamber in the soil. By coiling itself into a ball in the
soil cell, water loss is minimized during drought. However, earthworms can generally
tolerate extensive water loss (Grant, 1955). They do not, however, accumulate protective
SPs during this dehydration, and must therefore be able to tolerate high concentrations of
inorganic ions as chloride, potassium and sodium.
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Shared mechanisms in cold and drought tolerance

Accumulation in SPs seems to be a central mechanism in both tolerance of freezing tem-
peratures and drought. Thus, SPs may slow down dehydration rates in freeze avoiding
species during winter, and have the same effect during summer drought. Accumulation of
SPs can also reduce cellular dehydration in freeze tolerant organisms during winter and
reduce the equilibrium dehydration level in summer drought exposed organisms. Also,
the specific protection of membranes and proteins by SPs is important during winter dehy-
dration of both freeze avoiding and freeze tolerant organisms, as well as during summer
drought dehydration.

An additional common mechanism between cold and drought strategies seems to be the
adjustment in phospholipid fatty acids (PLFA) of membranes (Bayley et al., 2001; Holmstrup
et al., 2002a). Fully functional membranes exist in a liquid-crystalline phase, but when bio-
logical membranes are cooled below a certain temperature, T,, (temperature of phase transi-
tion), they change from the liquid-crystalline phase to the more ordered gel phase, whereby
they become non-functional and lose their selective properties (Hazel, 1995). Characteristi-
cally, lowering of environmental temperatures induces homeoviscous adaptation, during
which the chemical composition of biological membranes are modified to maintain an appro-
priate degree of fluidity (Sinensky, 1974; Hazel, 1995). Also drought, followed by substantial
dehydration, may induce an increased proportion of unsaturated PLFAs. This is explained
by the lower water activity during dehydration, which causes a tighter packing of the mem-
branes and with that a lower fluidity (Hazel and Williams, 1990). Unsaturation of the PLFAs
can maintain appropriate fluidity during these drought conditions.

It should, however, be kept in mind that the study of PLFA adjustment under drought
conditions has been neglected compared to adjustment during cold acclimation.

Interactions between freezing temperatures and chemicals

Since both freeze tolerance and freeze avoidance depends on the accumulation of SPs and
also on membrane adjustments, it is expected that toxicants interfering with these proc-
esses will significantly reduce survival at low temperatures. Also, toxicants interfering
with INAs as well as AFPs may reduce freeze tolerance and freeze avoidance, respectively.
As pointed out by Aarset and Zachariassen (1982), freezing is likely to potentiate the effect
of toxicants by concentrating them in the fluid fraction of the frozen body fluids.

Interactions with heavy metals

Heavy metals are naturally occurring elements, but due to increasing anthropogenic activ-
ities, like mining, they can become locally concentrated and are becoming widespread
environmental contaminants all over the world (Kozlov and Zvereva, 2007). As elements,
heavy metals are non-degradable and will have permanent effect on organisms in con-
taminated areas. Studies have shown that heavy metals such as copper, cadmium, lead,
mercury and nickel exhibit the ability to produce reactive oxygen species, induce lipid
peroxidation, DNA damage, deplete sulfhydryls, denaturate proteins, inhibit enzymes
and alter cell homeostasis (Stohs and Bagchi, 1995; Valko et al., 2005).

A number of studies concerning heavy metals have shown synergistic interaction with
freezing temperatures, except for lead, where no interaction has been observed (Table 1).
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Bindesbgl et al. (2005; 2008a) showed that a synergistic interaction occurred between freez-
ing temperatures and environmentally realistic copper concentrations in the earthworm
Dendrobaena octaedra. These interactions were investigated using a full factorial design with
six sub-lethal copper concentrations between 0 and 300 mg Cu/kg dry weight (dw) and
five temperatures from +2 to -8°C (Bindesbgl et al., 2008a). The synergistic interaction
between copper and freezing is illustrated in Figure 1, showing that the temperature where
50 % of the worms died was higher when exposed to high soil copper concentrations. For
example, if the worms were exposed to 60 mg/kg dw, the lethal temperature where 50 %
died was -7°C compared to -3°C at 240 mg/kg dw. The synergistic interaction became

Table 1. Overview of interactions between the toxicant and freezing temperatures. The term “syner-
gistic” is used when the combined effect of the two stressors is greater than expected, and the term
"antagonistic” is used if the combined effect is less than expected from the combination of the effects
from each stressor alone. No interaction is indicated as “none”. *Freeze tolerant, t Freeze avoidant -
supercooling,  Freeze avoidant - cryoprotective dehydration, #Chill tolerant.

Toxicant Test Species Life stage Interaction Reference
organism

Heavy metals

Copper *Earthworm  Dendrobaena octaedra Adult Synergistic  Bindesbal et al. (2005)

Copper *Earthworm  Dendrobaena octaedra Adult Synergistic  Bindesbgl et al. (2008a)

Copper $Earthworm  Dendrobaena octaedra Cocoon  Synergistic  Holmstrup et al. (1998)

Copper fEarthworm  Aporrectodea calliginosa ~ Cocoon  Synergistic ~ Holmstrup et al. (1998)

Copper $Springtail Protaphorura armata Adults Synergistic ~ Bossen (2001)

Nickel *Earthworm  Dendrobaena octaedra Adult Synergistic ~ Bindesbgl et al. (2008b)

Mercury *Earthworm  Dendrobaena octaedra Adult Synergistic ~ Bindesbgl et al. (2008b)

Mercury #Springtail Folsomia candida Adult Synergistic  Holmstrup et al. (2008)

Mercury *Insect Chilo Suppressalis Larvae Synergistic  lzumi et al. (2006)
tissue

Mercury *Insect Eurosta solidaginis Larvae Synergistic  Philip et al. (2008)
tissue

Lead *Earthworm  Dendrobaena octaedra Adult None Bindesbgl et al. (2008b)

Polycyclic aromatic hydrocarbons (PAHs)

Pyrene $Springtail Protaphorura armata Adult Antagonistic  Sjursen & Holmstrup (2004)
Pyrene *Earthworm  Dendrobaena octaedra Adult None Bindesbegl et al. (2008b)
Phenanthrene *Earthworm  Dendrobaena octaedra Adult  Antagonistic Bindesbel et al. (2008b)
Surfactants

Nonylphenol *Earthworm  Dendrobaena octaedra Adult None Jensen et al. (2008)
Surfactants tlnsect Cacopsylla pyricola Adult Synergistic  Horton et al. (1996)
Pesticides

Abamectin *Earthworm  Dendrobaena octaedra Adult None Bindesbgl et al. (2008b)

Carbendazim *Earthworm  Dendrobaena octaedra Adult None Bindesbgl et al. (2008b)




14

Figure 1. The estimated temper-
ature causing 50% mortality
(LT50) as a function of soil copper
concentrations in Dendrobaena
octaedra. The dashed lines indi-
cate 95% credibility interval.
(From Bindesbgl et al., 2008a).

LT50 (°C)

=2 25 T T T T T

0 60 120 180 240 300
Soil copper concentration (mg/kg dw)

most apparent at copper concentrations above 120 mg/kg dw, as well as at temperatures
below -2°C. Synergistic interaction between copper and freezing temperatures was
observed across species as in cocoons of D. octaedra and Aporrectodea caliginosa (Holmstrup
et al., 1998), as well as the collembolan Protaphorura armata (Bossen, 2001).

Synergistic interactions between mercury and freezing temperatures were also observed
across species. Mercury significantly reduced the ability of D. octaedra to survive at -6°C
(Bindesbagl et al., 2008b). The LC50 decreased from approximately 40 mg/kg dw at the
control temperature of 2°C to less that 10 mg/kg dw at -6 °C. Likewise, mercury reduced
the cold shock tolerance of the springtail Folsomia candida as well as reducing the beneficial
effect of rapid cold hardening (Holmstrup et al., 2008). Reduced freeze tolerance was also
observed when different tissues of the larvae Eurosta solidaginis and Chilo suppressalis were
exposed to mercury (Philip et al., 2008; Izumi et al., 2006). These authors explained the
reduced freeze tolerance by the ability of mercury to block aquaporins, which are integral
proteins channelling trans-membranous transport of water and osmolytes such as glycerol
(Borgnia et al., 1999). Blocking of aquaporins may increase the risk of intracellular freezing
in freeze tolerant organisms, and perhaps increasing the risk of inoculative crystallisation
in organisms depending on cryoprotective dehydration. By using radiotracer techniques,
Izumi et al. (2006) showed that the transport of both water and glycerol was almost elimi-
nated by mercury, suggesting that this could explain the reduced freeze tolerance. Copper
ions have been shown to inhibit the water and glycerol permeability of aquaporins in
human erythrocytes (Zelenia et al., 2004) suggesting that also this metals ability to block
aquaporins could be a reasonable explanation for the observed synergistic interactions
with freezing temperatures. However, blocking of aquaporins can not be the mechanistic
explanation for the reduced cold shock tolerance of F. candida after rapid cold hardening
(Holmstrup et al., 2008), where water transport across cell membranes is not an issue,
because they are exposed to temperatures between their melting point and super cooling
point, and do not dehydrate during the relatively short exposure period. Bindesbgl et al.
(2008a) proposed changes in membrane PLFAs as the mechanistic explanation for the
decreased freeze tolerance in D. octaedra when exposed to copper. These changes in PLFAs
can probably be explained by coppers ability to induce lipid peroxidation, where espe-
cially PLFAs containing two or more double bonds are particularly susceptible to oxida-
tion by free radicals and other highly reactive species (Valko et al., 2005). The study by
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Bindesbgl et al. (2008a) showed that copper had an especially significant negative effect on
the PLFA 18:2w6,9 (Figure 2), which has previously been reported to correlate positively
(R? = 0.92) with freeze tolerance in D. octaedra (Holmstrup et al., 2007). This supports the
proposal that the observed synergistic interactions between copper and freezing tempera-
tures are due to membrane changes. Mercury may also change the PLFA composition in
membranes due to its ability to induce lipid peroxidation, and this could explain the mer-
cury-induced reduction of cold shock tolerance after rapid cold hardening in F. candida,
especially because rapid cold hardening in F. candida is likely to involve changes in mem-
brane PLFA composition, including an increase in PLFA 18:2@6,9 (Overgaard et al., 2005).
Bindesbgl et al. (2005) tested the hypothesis that the reduced freeze tolerance in D. octae-
dra could be explained by copper interacting with glucose accumulation, which is believed
to be the major component of the cryoprotectant system in this earthworm species (Ras-
mussen and Holmstrup, 2002). This was, however, not the case, as shown in figure 3. Con-
trary to this, Zachariassen and Lundheim (1995) found that exposure to copper and cad-
mium caused a reduction in the rate of the removal of the cryoprotectant glycerol in the
cold-exposed beetle Rhagium inquisitor after ten days of warm acclimation. The enzymes
involved in the breakdown are the same as those involved in the production of SPs, and
may suggest that production of SPs during cold acclimation could be reduced during
exposure to heavy metals and thereby reduce the cold-hardiness of this insect (Zacharias-
sen and Lundheim, 1995). The authors did not test this suggestion or the effect of heavy
metals on cold tolerance, which makes it hard to conclude if this could be a mechanistic
explanation for the reduced cold tolerance of insects exposed to heavy metals in general.
Zachariassen et al. (2004) proposed that metals may affect the cryoprotective mecha-
nism of AFPs. Both AFPs and metallothioneins contain high amounts of cysteine, which
means that exposure to metals may deplete the cysteine pool and thereby reduce the
exposed organism’s ability to produce AFPs. Pedersen et al. (2006) explored this idea and
found that AFP production was reduced in the freeze avoidant meal worm (Tenebrio
molitor) when exposed to metals (copper, zinc and cadmium) at summer temperatures
(20°C), but not at winter temperatures (4 °C). Unfortunately, they did not measure these
organisms ability to survive freezing temperatures during these different exposure regimes,
and it is therefore hard to conclude anything, but the results suggests that metals do not
affect AFP production during cold acclimation, and as far as we know neither of the organ-
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isms dealt with in the previous section produce AFPs (M. Holmstrup, personal communi-
cation). It therefore seems reasonable to suggest that the mechanistic explanation behind
the observed synergistic interactions between heavy metals and freezing temperatures
(across species) is at least partly due to membrane damage. This is supported by Taulo-
vuori et al. (2005), who hypothesised that heavy metals increase the risk of frost injury due
to membrane alterations in plants at northern high latitudes. Further, Pukacki (2004) found
a reduction in the PLFAs 18:2 and 18:3 of cell membranes in needles of Scots pine (Pinus
sylvestris) near a copper smelter in Glogow, Poland, which very well could lead to a reduced
freeze tolerance in those tissues. Thus, such reduction in freeze tolerance was recorded in
a study by Sutinen et al. (1996), who observed that needles of P. sylvestris were more sus-
ceptible to frost near a copper-nickel smelter in Russia than those further away from the
smelter.

Interactions with polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants, composed of
fused aromatic carbon rings. They are produced by a number of natural and anthropo-
genic activities, mainly from the incomplete combustion of fossil fuels and the pyrolysis of
a wide range of plastics (Chun-The et al., 2001). Contamination by PAHs is widespread.
Based on their structure with no functional groups, the mode of toxic action is likely to be
interference with membrane function and fluidity, a phenomenon called nonpolar narcosis
(Chaisuksant et al., 1999). This mode of toxic action is directly associated with the quantity,
rather than the chemical structure of the toxicant (Mullins, 1954). Some PAHs are, how-
ever, known to have mutagenic properties as well as photoinduced toxicity has been found
for some of them (Weinstein et al., 1997).

Only two studies concerning the interactions between freezing temperatures and PAHs
exist (Table 1; Bindesbegl et al., 2008b; Sjursen and Holmstrup, 2004). In the study by Bind-
esbeal et al. (2008b), the earthworm D. octaedra were exposed to increasing concentrations of
phenanthrene and pyrene, respectively, in soil for one week at 10 °C, followed by one week
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Figure 4. Dose-response relationship for the effects of phenanthrene and pyrene on control survival
(red squares) and freeze survival (blue triangles). Lines between points represent estimated curves.
(From Bindesbgl et al., 2008b).

at5°C, and finally for 4 weeks at 2 °C prior to exposure to the freezing temperature of -6 °C.
The control worms were exposed to the same treatment, except that they were exposed at
2°C for one more week, as long as the freezing lasted. The worms were significantly more
susceptible to phenanthrene at control temperature than at the freezing temperature. This
tendency, though not significant, was also observed with pyrene (Figure 4). It is possible
that the worms in the control group had higher internal PAH concentrations at the end of
the experiment than those exposed to -6°C, where no further accumulation would be
expected because the water surrounding them was frozen. However, no increased mortal-
ity in the control groups was observed after the time of freezing, and we therefore do not
expect this to be the reason for increased mortality at control conditions. PAHs are likely to
accumulate in membranes because of their lipophilic characteristics and structure with no
functional groups (Moriarty, 1983), and may thereby increase fluidity (Chaisuksant et al.,
1999). Such an increase in fluidity may be an advantage during freezing, thereby counter-
acting the expected mortality with increasing exposure concentrations, as observed at con-
trol conditions.

Sjursen and Holmstrup (2004) reported a higher survival in pyrene exposed P. armata at
-3°C compared to 5 and 20°C. The collembolans exposed to -3 °C were pre-exposed to
increasing pyrene concentrations at 5°C for two weeks before being exposed to -3 °C for
another two weeks. The other collembolans were exposed to increasing pyrene concentra-
tions for four weeks at 5 and 20 °C, respectively. The increased survival at -3 °C was statis-
tically significant only at the highest tested concentration of 300 mg/kg dw. Sjursen and
Holmstrup (2004) explained this increase in survival at -3 °C by an increased accumulation
of pyrene at 5°C and 20 °C, because they assumed that the uptake of the toxicant was prob-
ably reduced due to a lowered metabolism, as well as because a larger fraction of the toxi-
cant is bound to the soil particles at decreasing temperatures (Piatt et al., 1996). If the high-
er survival at -3°C compared to 5 and 20°C had been due to a lower accumulation of
pyrene at lower temperatures, the difference in survival would have been evident at the
lower pyrene concentrations as well, and not only at the highest tested concentration. Fur-
ther, survival at 5 °C would be expected to be higher than at 20 °C, but this was not the case.
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This might support the above suggested mechanistic explanation, that a PAH increased
fluidity counteracts the expected mortality observed at non freezing temperatures. The
highest tested concentration of 300 mg/kg dw might actually have been high enough to
give rise to an increased fluidity of the membranes and thereby counteract the expected
mortality observed at higher temperatures (Chaisuksant et al., 1999). I therefore suggest
that the mechanistic explanation behind the observed antagonistic interaction between the
tested PAHs and freezing temperatures compared to control temperatures could be due to
PAH increased membrane fluidity rather than decreased PAH uptake at freezing tempera-
tures. Measurements of internal PAH concentrations are, however, necessary to obtain
further insight into this question.

Interactions with surfactants

Surfactants are widely used in household and industrial detergents and reach the terres-
trial environment as sludge produced by sewage treatment facilities. Surfactants are
organic compounds which have both polar and non-polar characteristics (Walker et al.,
1996). Surfactants lower the surface tension of water and because of their amphiphilic
nature and the consequent ability to be adsorbed at interfaces, surfactants may interact
with biological membranes and may cause permeability changes as well as denaturate
proteins (Schwuger and Bartnik, 1980).

Horton et al. (1996) found that spraying pear psylla (Cacopsylla pyricola; Hemiptera;
Psyllidae) with four different surfactants individually, caused a dramatic decrease in sur-
vival of frost. Spraying with water also decreased freeze survival, however, though not to
the same extent as spraying with surfactants. Temperatures causing 50 % mortality
increased from below -18°C in control and water sprayed animals to between -2.6 to
-12.7°C in surfactant treated animals. C. pyricola is a cold-hardy, freeze avoiding species, able
to supercool to temperatures well below -20°C during winter, and freezing of their body
fluids is lethal. The increased mortality in water and surfactant exposed animals is probably
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a result of inoculative freezing. Salt (1963) showed that detergents caused increased inocu-
lative freezing in the blowfly larvae, which might be explained by the detergents ability to
increase water permeability of the integument of the larvae and thereby increasing the risk
of inoculative freezing. Spraying with surfactant might also increase the water permeabil-
ity of the cuticle of C. pyricola increasing the risk of inoculative freezing.

Jensen et al. (2009) found that the freeze tolerance of D. octaedra was not reduced after
exposure to the surfactant nonylphenol. This observation was based on results from a full
factorial design using concentrations as high as 900 mg/kg dw nonylphenol and freezing
temperatures down to -6.4°C. A 100 % mortality was obvious already at -3.5°C, which is
much higher than normally observed. Usually, D. octaedra have a 50 % survival at -8 °C in
a Danish population (Bindesbgl et al., 2008a). This failure to survive rather high freezing
temperatures makes it quite hard to conclude anything from these results. Whereas a pos-
sible inoculative effect of a surfactant, like nonylphenol, will greatly affect the survival of a
freeze avoiding species, as the above mentioned C. pyricola, the survival of D. octaedra, a
freeze tolerant species, would not be expected to be reduced on this account.

Interactions with pesticides

Pesticides are the most important pollutant in agricultural soils and are applied as sprays,
granules or dusts. Modern pesticides are mostly readily biodegradable and thereby not
strongly persistent in the environment. Pesticides exercise a very specific mode of action,
such as acetylcholine esterase inhibition in organophosphorus insecticides (Walker et al.,
1996), whereas others like abamectin and lindane, inhibits the gamma-aminobutyric acid
induced neurotransmission and causes paralysis in parasites (Shoop et al., 1995; Walker et
al., 1996). Many pesticides are very hydrophobic, and could be expected to interfere with
membrane lipids (Gabbianelli et al., 2002).

Two pesticides, abamectin and carbendazim, have been tested but none of them had any
effect on freeze tolerance of D. octaedra at -6 °C (Bindesbegl et al., 2008b). This is probably due
to their quite specific mode of action. Abamectin inhibits the gamma-aminobutyric acid
induced neurotransmission and causes paralysis in parasites (Campell et al., 1983; Shoop et
al., 1995) and carbendazim works by inhibiting the development of fungi, probably by inter-
fering with spindle formation at mitosis. These modes of action are presumably the same in
D. octaedra, and both chemicals were inherently toxic, but had no effect on freeze tolerance.

Interactions between drought
and chemicals

As with cold hardy organisms, drought
tolerance often also depends on the
accumulation of SPs as well as mem-
brane adjustments. Therefore it is
expected that toxicants interfering these
processes will significantly reduce
drought survival. Further, dehydration
will reduce the volume of liquid water
in the organism thereby increasing the
concentration of chemicals and the risk
of toxic damage.
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Table 2.

Interactions between climatic and toxic stress

Overview of interactions between toxicant and drought. The term “synergistic” is used when

the combined effect of the two stressors is greater than expected, and the term “antagonistic” interac-
tion is used if the combined effect is less than expected from the combination of the effects from each
stressor alone. No interaction is indicated as “none”.

Toxicant Test Species Life stage Interaction Reference
organism
Heavy metals
Copper Earthworm Dendrobaena octaedra Juvenile None Bindesbel (unpl. data)
Copper Earthworm Dendrobaena octaedra Cocoon  Synergistic  Holmstrup et al. (1998)
Copper Earthworm Aporrectodea calliginosa Cocoon  Synergistic  Holmstrup et al. (1998)
Copper Earthworm Aporrectodea calliginosa Adult Synergistic ~ Friis etal. (2004)
Copper Springtail ~ Folsomia candida Adult Synergistic  Holmstrup (1997)
Copper Springtail  Folsomia candida Adult None Serensen and Holmstrup
(2005)
Cadmium Springtail ~ Folsomia candida Adult None Serensen and Holmstrup
(2005)
Polycyclic aromatic hydrocarbons (PAHs)
Pyrene Springtail ~ Protaphorura armata Adult Synergistic ~ Sjursen and Holmstrup
(2004)
Pyrene Springtail  Folsomia candida Adult Synergistic ~ Skovlund et al. (2006)
Pyrene Springtail  Folsomia candida Adult Synergistic ~ Serensen and Holmstrup
(2005)
Pyrene Springtail  Folsomia fimetaria Adult Synergistic ~ Sjursen et al. (2001)
Flourene Springtail  Folsomia fimetaria Adult Synergistic ~ Sjursen et al. (2001)
Flourene Springtail  Folsomia candida Adult Synergistic ~ Serensen and Holmstrup
(2005)
Flouranthene Springtail ~ Folsomia fimetaria Adult Synergistic ~ Sjursen et al. (2001)
Flouranthene Earthworm  Lumbricus rubellus Adult None Long et al. (2008)
Dibenzothiophene  Springtail ~ Folsomia fimetaria Adult Synergistic ~ Sjursen et al. (2001)
Acridine Springtail ~ Folsomia fimetaria Adult None Sjursen et al. (2001)
Dibenzofuran Springtail ~ Folsomia fimetaria Adult None Sjursen et al. (2001)
Carbazole Springtail ~ Folsomia fimetaria Adult None Sjursen et al. (2001)
Surfactants
Nonylphenol Springtail  Folsomia candida Adult Synergistic  Skovlund et al. (2006)
Nonylphenol Springtail  Folsomia candida Adult Synergistic ~ Serensen and Holmstrup
(2005)
Nonylphenol Springtail  Folsomia candida Adult Synergistic  Holmstrup (1997)
Nonylphenol Springtail  Folsomia candida Adult Synergistic  Hejer et al. (2001)
LAS Springtail  Folsomia candida Adult Synergistic  Serensen and Holmstrup
(2005)
LAS Springtail  Folsomia candida Adult Synergistic  Holmstrup (1997)
Pesticides
DDT Springtail  Folsomia candida Adult None Skovlund et al. (2006)
Cypermethrin Springtail  Folsomia candida Adult None Serensen and Holmstrup
(2005)
Abamectin Potworm  Enchytraeus doerjesi Adult None Kramarz (unpl. data)
Dimethoate Springtail  Folsomia candida Adult None Serensen and Holmstrup
(2005)
Lindane Springtail ~ Onychiurus quadriocellatus ~ Adult Synergistic  Demon and Eijsackers

(1985)




21

Interactions with heavy metals

Interaction between drought and heavy metals showed both synergistic interaction and no
interaction (Table 2). Most studies so far have investigated the effect of copper on drought
tolerance and no clear trend is found. For example, copper did not reduce the drought toler-
ance of juveniles of the earthworm D. octaedra (Bindesbgl, unpublished), whereas the drought
tolerance was reduced by copper in the earthworm A. caliginosa (Friis et al., 2004) as well as
in cocoons of both D. octaedra and A. caliginosa (Holmstrup et al., 1998). Furthermore, copper
significantly reduced the drought tolerance of the collembolan F. candida in a study by Holm-
strup (1997), whereas no interaction was observed between copper and drought in the same
species in a study by Serensen and Holmstrup (2005). This difference in interactions in F.
candida may be explained by the drought exposure levels. Holmstrup (1997) exposed F. can-
dida to 300 mg Cu/kg dw for one week at 20°C, followed by exposure to different drought
stresses ranging from 99.6 % relative humidity (RH) to 96.8 % RH for seven days. The syner-
gistic interaction became apparent at drought levels lower than 97.8 % RH, whereas no inter-
action with copper occurred at higher drought exposures. In the study by Serensen and
Holmstrup (2005) F. candida were exposed to increasing concentrations of copper and cad-
mium, followed by drought stress at 97.8 % RH for seven days. This drought level is less
severe than those showing synergistic interactions with copper in the study by Holmstrup
(1997), and might be the explanation why no synergistic interaction was observed. This may
also explain why no reduced drought tolerance was observed in copper exposed D. octaedra’s
(Bindesbel, unpublished) However, as sensitivity to humidity may differ greatly between
species, such a comparison may be difficult, and there is currently no sound explanation for
this difference in interaction between copper and drought.

Friis et al. (2004) exposed the earthworm A. caliginosa to a sublethal copper concentration
(150 mg/kg dw) at different drought levels, obtaining water potentials from pF 1.5 (wet) to
pF 5 (very dry). They found that drought tolerance decreased in copper exposed worms
(Figure 5). At drought levels where mortality is starting to occur in controls (pF 4.0-4.5), cop-
per increased the mortality rate 2 to 3-fold. A. caliginosa enters diapause during summer if the
water potential gets too low (Gerard, 1967; Nordstrom, 1975), during which process the
worm enclose itself into an estivation cell, which minimize water loss during drought. Friis
et al. (2004) found that the development of estivation cells was significantly depressed in
copper exposed worms, and that worms without estivation cells were more prone to drought
induced mortality compared to worms with intact estivation cells. However, the water
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potential where 50 % of the worms died (LWP50) for worms not exposed to copper, all hav-
ing estivation cells, was higher than LWP50 for copper exposed worms with estivations cells
(pF 4.48 and 4.31 respectively), which suggest that the lack of estivation cells is not the only
explanation for the observed synergistic interaction. An additional explanation for the
observed synergy could be that the internal copper concentration increased at increased
drought stress and might have reached a lethal level, as found by Friis et al. (2004). However,
as copper concentrations were only determined in surviving worms, it was not possible to
determine whether dead worms contained lethal concentrations. The authors suggested that
the observed increase in copper burden at high drought stress could be due to dehydrated
worms losing the ability to regulate internal copper levels. Furthermore, Friis et al. (2004)
found that the body fluid osmolality of copper exposed worms was consistently higher than
in control worms, even if they had the same water content. Since A. caliginosa do not accumu-
late SPs in high concentrations, this increased osmolality must predominantly have been due
to original solutes (e.g. Na*, K*, Ca**, CI), that might have reached toxic levels. Nevertheless,
the mechanistic explanation behind the observed synergy was probably based on both
behavioural and physiological responses.

Interactions with polycyclic aromatic hydrocarbons

Sjursen et al. (2001) tested the effects of seven PAHs on the drought tolerance of the spring-
tail F. fimetaria. The springtails were exposed to a drought level of 98.2 % RH or 100 % RH
(control) after exposure to increasing concentrations of the different PAHs. Synergistic
effects between the PAH and drought could be seen for flourene, pyrene, flouranthene,
dibenzothiophene and carbazole, whereas dibenzofuran and acridine did not reduce the
drought tolerance. Synergistic interaction between pyrene and drought was also observed
in three other studies with springtails (Serensen and Holmstrup, 2005; Skovlund et al.,
2006; Sjursen et al., 2001). Skovlund et al. (2006) tested the effect of drought and pyrene
using a full factorial design with six sub-lethal pyrene concentrations between 0-150 mg/
kg dw and six drought levels from 100 % RH to 97 % RH. The synergistic interaction became
apparent at drought levels lower than 98.2 % RH and at the highest tested pyrene concen-
tration of 150 mg/kg. At a drought level of 97.8 % RH, used in the study by Serensen and
Holmstrup (2005), the synergistic interaction with pyrene also became clear at a concentra-
tion of 150 mg/kg dw and higher. They suggested that the reduced drought tolerance was
due to disrupted membrane functionality, because PAHs are known to interact with mem-
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branes. Functional cell membranes are crucial for the osmoregulatory changes associated
with dehydration, and membrane disturbance might detrimentally influence these pro-
cesses, which in turn would increase mortality.

Long et al. (2008) tested the effects of flouranthene on survival and reproduction during
drought exposure in the earthworm Lumbricus rubellus. This was tested using a full facto-
rial design with five flouranthene concentrations and four drought treatments, including
controls. Survival was not significantly affected by any of the exposure treatments. Cocoon
production, however, was significantly reduced by both drought and flouranthene, but no
synergistic interaction was observed between the two stressors that seemed to work in
concert by simple additive effects. These results are in contradiction to the results with
springtails, were synergistic interactions was observed with almost all tested PAHs and
drought. This may be explained by the rather low degree of drought stress used in the
study by Long et al. (2008), which in itself will probably not cause the worms to dehydrate,
as is the case with the collembolans discussed above. At drought levels comparable to
those in the study by Long et al. (2008), no dehydration of the earthworm A. caliginosa was
observed (Holmstrup, 2001; Friis et al., 2004), and it is assumed that the same will be the
case in L. rubellus. It is likely that flouranthene, as observed for other PAHs, would interact
synergistically at higher degrees of drought stress, where functional membranes are impor-
tant for the osmoregulatory changes associated with dehydration.

Interactions with surfactants

Hagjer et al. (2001) showed that exposure to nonylphenol caused a reduction in the drought
tolerance of F. candida. The two stressors were varied in a full factorial design with six non-
ylphenol concentrations (0-62.5 mg/kg dw) and seven drought levels (99.7-97.0 % RH).
The synergistic interaction became most pronounced at a drought level of 97.9 % RH and
below. The relative humidity causing 50 % mortality (LRH50) increased from approximate-
ly 98 % RH with no nonylphenol exposure to 98.6 % RH in animals exposed to a nonylphe-
nol concentration of 60 mg/kg dw. Furthermore, it was shown that nonylphenol caused a
small but significant increase in water permeability across the integument, as well as inhib-
iting the synthesis of both glucose and myo-inisitol (SPs). The springtail F. candida has a
highly permeable integument and depends on its ability to regulate body fluid osmolality
through the synthesis of SPs during drought (water vapour absorption strategy) (Bayley
and Holmstrup, 1999). When exposed to drought, F. candida initially loses a substantial
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amount of water to the surrounding soil.
Following this dehydration, they start to
accumulate SPs during the first 24-48
hours, which makes them hyperosmotic
to the surroundings. This enables them
to passively absorb water vapour from
the unsaturated air around them (Bayley
and Holmstrup, 1999). However, during
the first 24 hours, before SP accumula-
tion occurs, water loss is prominent and
the observed increase in water permea-
bility across the integument can make
them even more vulnerable to desicca-
tion as suggested by Hgjer et al. (2001).
Furthermore, the reduced SP synthesis
in nonylphenol exposed animals will
make them even more susceptible to
. drought. It is not known whether the
Photo: Dr. Steve Hopkin reduced production of SPs is due to a
reduction in glycogen supplies because
of a metabolically expensive detoxification mechanism or due to reduced expression and/
or activity of the enzyme system responsible for glycogen breakdown. A full factorial
design was also used by Skovlund et al. (2006) to test the interaction between nonylphenol
and drought in the springtail F. candida. As in Hgjer et al. (2001), the observed synergistic
interaction became apparent at relatively high drought stress - below 98 % RH - and
became very severe at the highest nonylphenol concentrations in both studies. Also,
Serensen and Holmstrup (2005) as well as Holmstrup (1997), recorded a highly synergistic
interaction between nonylphenol and a drought level below 98 % RH in F. candida. Syner-
gistic interaction was also recorded between drought and the surfactant linear alkylben-
zene sulphonate (LAS) in F. candida (Holmstrup, 1997; Serensen and Holmstrup, 2005),
though not to the same extent as observed with nonylphenol. This difference between the
abilities of nonylphenol and LAS to create synergistic interactions with drought within the
same species may be explained by a difference in lipophilicity, with nonylphenol being
more lipophile than LAS. Furthermore, the molecular structure of nonylphenol is similar
to membrane phospholipids in the sense that both have a nonpolar carbon chain and a
polar head-region which supposedly could become embedded in and likely interfere with

cellular membranes.

Interactions with pesticides

Skovlund et al. (2006) tested the effect of the pesticide residue, DDE, on drought tolerance
of F. candida applying a full factorial design. No interaction between the two stressors was
observed, even at the highest drought level exposure of 97 % RH. This was also evident in
a study with the same species by Sgrensen and Holmstrup (2005), where no interaction
was observed between two insecticides, dimethoate and cypermethrin, and drought even
though a severe effect on reproduction was observed. Further, no synergistically increased
mortality was evident in the enchytraeid, Enchytraeus doerjesi, exposed to different concen-
trations of abamectin in combination with different drought levels (P. Kramarz, unpub-
lished results). However, Demon and Eijsackers (1985) found that the pesticide lindane
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reduced the drought tolerance of the springtail Onychiurus quadriocellatus. This reduced
drought tolerance may be explained by lindanes high lipophilicity (Walker et al., 1996),
which makes it able to interfere with membranes. However, many of the other tested pes-
ticides have high lipophilicities as well (Giilden et al., 2002). Gabbianelli et al. (2002) found
that cypermethrin disturbed membrane structure as well as inducing oxidative stress in
erythrocytes from rats. These findings would suggest that this pesticide could create syn-
ergistic interactions with drought as well. The lack of such findings may be explained by
the fact that many of the pesticides are so toxic because of their very specific mode of
action, resulting in the organisms dying before the concentrations reach a level that can
affect general membrane stability and function.

Conclusion

The present review clearly shows that synergistic interactions between environmental con-
taminants and natural stressors, like cold and drought, are not uncommon, as illustrated in
Figure 6. This means that traditional laboratory studies, where the organisms are exposed
to increasing concentrations of a single compound under otherwise optimal conditions,
might underestimate the toxicity of the chemical in the field. Although the available litera-
ture is still limited, some general patterns seem to emerge. Thus, in nearly all studies,
synergistic interactions are observed between heavy metals and freezing temperatures. It
also appears that surfactants and to a great extent PAHs interfere with drought tolerance.
On the other hand, no clear relationship is observed between heavy metals and drought, or
between surfactants and freezing. In the case of surfactants, it seems likely that the out-
come depends on the cold hardiness strategy employed by the organism. With the excep-
tion of one study, pesticides do not seem to interact with either of the two natural stressors.
One peculiar observation gained from the present review is that PAHs have different inter-
actions depending on which natural stressor it is combined with. PAHs seems to interact
synergistically with drought, whereas they seem to interact antagonistically with freezing
temperatures, i.e. the freeze mortality at increasing PAH concentrations is lower than
expected from control treatments. This observation is rather unexpected as there are many
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common physiological adaptations in response to both drought and freezing temperatures.
A straight forward explanation for this difference would be that the uptake of the toxicant
is reduced during acclimation in the freezing experiments compared to the drought exper-
iments. This does not seem to be the reason, however, as discussed in previous sections.
Another possible explanation can be that a PAH increased fluidity counteracts the expect-
ed mortality observed at non freezing temperatures. However more experiments are need-
ed to support the observed antagonistic interaction between freezing temperatures and
PAHs.

In general, synergistic interactions seem to occur mostly at high drought stress and rath-
er low temperatures in combination with quite high concentrations of the toxicant. This
suggests that the impact of pollution becomes most significant in situations of extreme
climatic stress. Chemicals pollute the local areas where they are released, but due to air-
borne transport they also cause global pollution. Many chemicals enter the arctic and cold
temperate areas, which are sinks for a large number of environmental contaminants
because of cold distillation of windborne pollutants from industrialised countries (AMAP
2002). This may change the geographical distribution of organisms living in these areas.
Additionally, as one of the most commonly predicted consequences of future climate
warming is an increase in the frequency and severity of drought periods (Good et al., 2006),
it is likely that the soil drought levels will become more extreme. An overall warming of
northern regions may, although it seems paradoxical, result in occasional but extreme soil
freezing, since thinner snowpacks have a less insulating effect (Isard et al., 2007). The syn-
ergistic interactions reviewed in the present study may thus represent a widespread expo-
sure scenario making it even more important to include natural stressors, like cold and
drought, in future risk assessment.
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Abstract

A study on the widespread earthworm Dendrobaena octaedra was conducted to determine which individual life history traits
were the most sensitive to copper and to determine the contribution of changes in individual traits to changes in the population
growth rate (1). The study showed that the effect of copper on population growth rate mirrored the effects seen on growth,
maturation and reproductive output, with stimulation at the lowest concentrations and inhibition at the highest concentration. A
decomposition analysis showed that the mean change in A was mainly driven by time between consecutive cocoon productions,
except at the highest copper concentration (200 mg/kg dry soil) where decreased production of fertile cocoons also contributed to
the reductions in A. The highest population growth rate (A =1.18 week ') occurred at 80 mg Cu/kg dry soil. At higher
concentrations A became gradually smaller, and was almost 1 week ' (where no population increase or decrease occurs) at
the highest exposure concentration of 200 mg Cu/kg dry soil suggesting that extinction would occur if a population of D. octaedra
were to be exposed to copper concentrations only slightly higher than this level.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Ecotoxicology; Copper; Population growth rate; Elasticity analysis; Decomposition analysis

1. Introduction Europe, Siberia, North America and Greenland (Stop-

Bowitz, 1969; Hendrix, 1995; Dymond et al., 1997,

Earthworms are important members of the soil fauna
because of their ability to improve soil structure, their
contribution to the breakdown of organic matter and
release of plant nutrients (Edwards and Bohlen, 1996).
The earthworm Dendrobaena octaedra is widely
distributed in the northern boreal zone including

* Corresponding author. Tel.: +45 89 20 14 00; fax: +45 8920 14 14.
E-mail address: martin.holmstrup@dmu.dk (M. Holmstrup).

0929-1393/$ — see front matter © 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.aps0il.2006.05.010

Berman et al., 2001). It lives and deposits its cocoons in
litter, between plant roots, under moss and in decaying
tree stumps (Stop-Bowitz, 1969). As a result of its wide
geographical distribution and since it is surface
dwelling, populations of this species are frequently
exposed to chemicals of anthropogenic origin. With
respect to metals, surface litter and humus are the
principal metal sinks in the forest floor (Bengtsson et al.,
1983). Copper is one of the most common metal
contaminants in terrestrial surface ecosystems. It can



35

A.-M. Bindesbgl et al./Applied Soil Ecology 35 (2007) 46-56 47

originate from smelters (Rozen, 2003), brass mills
(Bengtsson et al., 1992), from the use of copper
fungicides (Helling et al., 2000) or from the use of pig
slurry as fertilizer (Kerr and McGavin, 1991).

Most available information on the effects of toxic
compounds on earthworms has been biased toward
measures of individual survival during short-term
exposure to high concentrations or individual growth
and reproduction during long-term exposure to lower
concentrations (Van Gestel et al., 1991; Helling et al.,
2000; Spurgeon et al., 2004). Recently, however, it has
been emphasised that ecotoxicological investigations
should preferably include the complete set of life-
history parameters of an organism in order to evaluate
more precisely how chemicals influence population
growth dynamics and risk of extinction. The relation-
ship between individual and population responses is not
necessarily linear or simple. The application of life-
history models could therefore increase our knowledge
of how earthworm populations respond to toxic
chemicals in the environment (Hansen et al., 1999;
Spurgeon et al., 2003; Widarto et al., 2004). The
importance of various life-history traits for the
performance of species exposed to stress will depend
on the life history strategy of the particular species
tested (Kammenga and Riksen, 1996).

In the present study, we investigated the life-history
traits of D. octaedra when exposed to sublethal
concentrations of copper under laboratory conditions.
Survival, growth, maturation time, time to first
reproduction, cocoon production, time between pro-
duction of cocoons and cocoon viability were inves-
tigated by following newly hatched juveniles kept in
copper contaminated soil.

Thus, the main aims of this study were to determine
which individual traits were the most/least sensitive to
copper; to interpret the effects on individual traits in
relation to effects on population growth rate (1) and to
identify which traits were mainly responsible for the
effects on A.

2. Materials and methods
2.1. Animals

D. octaedra were collected in a coniferous forest near
Silkeborg, Jutland in 2003. The earthworms were kept in
culture at 15 & 1 °C in moist soil and fed on a diet of cow
dung (50% cow dung and 50% soil). See the detailed
description of soil type below. Cocoons collected from
the culture were incubated in Petri dishes layered with
wet filter paper. Undeveloped cocoons (yellow colour)

were incubated at 20 °C, whereas developed cocoons
(red colour) were incubated at 15 °C in order to slow
down development and synchronize hatching within a
short time interval. The newly hatched juveniles were
kept in the Petri dishes for a maximum of 4 days without
food at 15 °C until the start of the experiment.

2.2. Soil

Topsoil from an ecologically farmed Danish pea field
(Foulum, Viborg) was used in all experiments. The soil
was a loamy sand consisting of 35% coarse sand, 45%
fine sand, 9.4% silt, 8.9% clay, 1.7% organic matter and
a pH-H,O of approximately 6.8. The total copper
content of the soil was 11 mg/kg dry soil. Prior to use,
the soil was dried for 24 h at 80 °C, sieved through a
2 mm mesh and stored at room temperature until use. In
the toxicity experiments, the soil was spiked with
CuCl,-2H,0 (>99% purity, Merck, Darmstadt, Ger-
many), and the water content adjusted to 20% of dry
weight (pF approximately 2, corresponding to approxi-
mately 50% of water holding capacity). The soil was
stored for one day before further use.

2.3. Life—history traits

A total of 70 newly hatched worms (2—4 days old)
were exposed to copper. Ten randomly chosen
individuals were exposed at the 4 lowest concentrations
(0, 40, 80 and 120 mg Cu/kg soil) and 15 individuals at
the two highest concentrations (160 and 200 mg Cu/kg
soil). The average weights of the worms in each
treatment were equal. Each individual was placed
separately in a 200 ml plastic beaker (diameter 7 cm;
height 4.2 cm) containing 50 & 1 g moist soil (wet
weight) with the required concentration of copper and
4.0 £ 0.1 g earthworm food (wet weight). The cow-
dung feed was produced by adding 400 ml deminer-
alised water to 150 g dried and finely ground cow-dung.
Every 4 weeks the substrate and food was renewed
using freshly prepared soil as described. From 4 weeks
onwards, the amount of substrate was increased to
75 £ 1 g containing 6 £ 0.1 g food. All containers were
covered with lids with ventilation holes, and kept in
cardboard boxes at 15 £ 1 °C.

Every second week, mortality, fresh weight and
developmental stage of the worms were determined up
to the 20th week. Mortality was confirmed if remains
were found, but if this was not the case the soil was hand
sorted again at the following sampling date, and if the
worm was still not found it was assumed dead at the
earlier inspection date.
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The surviving worms were rinsed in tap water, gently
dried on filter paper, and weighed to the nearest 0.1 mg
before being put back into the container again. Sexual
development was recorded according to the scheme of
Van Gestel et al. (1991). Worms with a full clitellum
were recorded as adults, those with fully developed
tubercula pubertatis but no clitellum as subadults, and
individuals without either of these reproductive
structures as juveniles. Cocoons were sampled by
wet sieving the soil through a 1-mm mesh every fourth
week. Cocoons to be used for analysis of internal copper
concentrations were kept in the original copper spiked
soil at 5°C to halt development (Holmstrup et al.,
1991). To determine the viability of cocoons produced
in the contaminated soil, 26-38 cocoons from each
copper concentration were incubated in Petri dishes on
wet filter paper at 20 °C, and their hatching recorded.

2.4. Population growth rate ()

We calculated A for each treatment by fitting the life-
history data to a two-stage model (Calow and Sibly,
1990):

1= nSia ™0 4 S0

where n denotes the number of hatched cocoons per
worm per week (in D. octaedra only one juvenile hatches
from each cocoon), S; represents juvenile survival (the
probability that a juvenile survives from birth to first
reproduction), S, represents adult survival (the prob-
ability thatan adult survives between census dates), and #;
is the time to first reproduction measured as the time from
a cocoon being produced until the time where that
individual produced its first cocoon. Since cocoons were
collected by wet sieving at regular intervals, the time to
first reproduction was estimated as the time elapsed to the
first observation of cocoons minus half of the time
interval between census dates (the cocoons are assigned
an average production time exactly between the census
dates). At the highest copper concentration some of the
worms had still not produced any cocoons at the end of
the experiment (week 20). In this case we made the
assumption that such a worm would have produced the
first cocoon two weeks after the last census date.
According to Holmstrup et al. (1991) hatching time is 92
days at 15°C. Finally, #, is the time between the
production of cocoons, which was estimated from the
period between census dates divided by the number of
cocoons produced during that census period.

The effect of copper on population growth rate was
analysed by calculating 95% confidence intervals

around mean values of A. The confidence intervals
were calculated from the total variance in A, which is the
sum of the variance contributions from each of the five
life-history traits (n, t;, t,, Sj, S,) as described by Sibly
et al. (2000). Differences between population growth
rates at differing copper concentrations were judged to
be statistically significant if there was no overlap in the
corresponding 95% confidence intervals.

2.5. Elasticity and decomposition analysis

An elasticity analysis was carried out to determine
the relative sensitivity of population growth rate (1) to
changes in each of the five life history traits, n, £, £, S
and S,. Elasticity was measured using the equation
e, = (a/r)(dA/da), where a is a life-history trait and dA/
da is the sensitivity of A to changes in the particular life-
history trait a (Caswell, 2001). The elasticity was
calculated by implicit differentiation as described in
Forbes et al. (2001), i.e.,

l_j a_)x - _}’lSjl‘j In ()L)
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where the generation time 7 is defined as
T = nSjt; + Sat, A"

Decomposition analysis was conducted to determine
how much each life-history trait contributed to the mean
changes in 1. The effect of copper on the contribution of
each life-history trait to A was calculated following
Caswell (1989) and Levin et al. (1996).

2.6. Determination of copper concentration in
adults

At the end of the experiment, i.e., after 20 weeks, 4-6
worms from each concentration were individually
placed in Petri dishes on moist filter paper for 48 h at
15 °C to allow the worms to empty their gut. The
animals were then frozen at —80 °C and freeze-dried
before copper analysis. The dried samples were acid
digested using concentrated nitric acid at increasing
temperature (80—129 °C) until the samples were dry.
When all fluid had evaporated 1 ml 14 M nitric acid was
added and again heated until dryness. The samples were
redissolved in 1.5 ml 0.1 M nitric acid and analysed
using flame atomic absorption spectrometry (AAS;
Perkin-Elmer 4100, Ueberlingen, Germany). Certified
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reference material (oyster tissue material from the NBS,
US National Institute of Standards and Technology,
Department of Commerce, United States, and lobster
hepatopancreas from the National Research Council
Canada) was analysed to verify the efficiency of the
digestion and AAS procedure, resulting in a measured
concentration of approximately 95% of the certified
values. All samples were analysed in one run.

2.7. Determination of copper concentration in
cocoons

Previous observations (M. Holmstrup, unpublished)
have shown that a significant amount of copper is
adsorbed onto the cocoon wall. This copper is probably
not available to the developing embryo, and it is therefore
more sensible to estimate the copper concentration of
cocoon contents rather than of the whole cocoon. The
cocoons were sampled by wet sieving, gently dried and
the fresh weight determined to the nearest 0.01 mg. After
weighing, the cocoon contents were squeezed out into the
bottom of an acid-rinsed glass test tube (3 ml) sealed with
Parafilm. The cocoon wall was weighed and the mass of
the cocoon contents (albuminous fluid and embryo)
calculated. The cocoon contents were acid digested as
described above. The samples originating from the 40
and 80 mg Cu/kg soil treatments were re-dissolved in
1.5 ml supra pure 0.1 M HNOg, those from 120 mg Cu/
kg soil in 2.5 ml, and those from the 160 mg Cu/kg soils
in 3 ml. The supra pure 0.1 M HNO; was prepared by
mixing 6 ml concentrated (16 M) supra pure HNO; (J.T.
Baker) in 1 1 ELGA-purified water (ELGA Maxima,
ELGA Ldt, UK). The re-dissolved samples were
transferred to disposable polyethylene cups (3 ml,
Sarstedt, no. 73.646) and analyzed using a Perkin-Elmer
5100pc graphite furnace AAS (Norwalk, CT, USA). The
copper concentration was calculated on the basis of
estimated tissue dry weight. This was calculated from the
wet mass data and the relative water content of embryo
tissue, which was assumed to be 75.7% (Holmstrup,
1994). Certified reference material (see previous section)
was analysed to verify the efficiency of the digestion and
graphite furnace procedure, resulting in an average 94%
of the certified values.

2.8. Statistical analysis

One-way ANOVA was used to test for differences in
maturation time, time between production of cocoons
(t,), time to first reproduction (#) and total cocoon
production. Growth data were analysed with repeated
measures ANOVA. Data were transformed appropriately

to achieve homogeneity of variance and normal
distribution. In cases where the F-test was significant
Tukey’s multiple comparisons test was used to determine
differences between specific treatments.

3. Results
3.1. Survival

Juvenile survival was affected only at the highest
copper concentration (200 mg/kg dry soil), where 5 out
of 15 worms died within the first 12 weeks, not reaching
a weight above 10 mg. Copper in concentrations up to
200 mg/kg soil had no apparent effect on adult survival.
This was also evident in an earlier range finding
experiment where copper concentrations up to 300 mg/
kg soil caused no mortality in adult worms (data not
shown).

3.2. Growth

The worms in all groups gained weight until week 16
after which most groups ceased to grow (Fig. 1). There
was a significant effect of time (p < 0.0001), copper
(p <0.0001), and a significant interaction between
time and copper (p < 0.0001). The results indicate that
growth was stimulated at all copper concentrations
except for the worms exposed to 200 mg Cu/kg. A post
hoc Tukey test showed that the worms exposed to
200 mg Cu/kg had a significantly lower weight than the
worms at the other exposure concentrations at week 10,
14 and 18 (p < 0.05). At week 10, 14 and 18 the fresh
weight of worms exposed to 80 mg Cu/kg was
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Fig. 1. Growth of Dendrobaena octaedra in a loamy sand soil with
different levels of copper spiking. Error bars indicate standard error of
the mean.
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maturity. This assumption was based on observations of
growth and maturity during the experiment (data not
shown). The estimated mean maturation time of 18
weeks at the highest concentration was significantly
longer than the mean maturation time of controls, which
was 14 weeks (Tukey, p < 0.0001). The shortest
maturation time was found at 80 mg Cu/kg (10.4
weeks).

3.4. Time to first reproduction
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Fig. 2. Maturation time of newly hatched D. octaedra in a loamy sand
soil with different copper treatments shown as the percentage of the

individuals that have reached the adult stage (n = 10-15). The values
for 200 mg/kg include only the worms that survived the juvenile stage.

significantly higher than all other groups except those
exposed to 120 mg Cu/kg (Tukey, p < 0.05).

3.3. Maturation time

Maturation time followed the same pattern as
growth; the faster worms grew the faster they reached
maturity. Maturation time was shortest for the worms
exposed to 80 mg Cu/kg where 100% reached maturity
after 12 weeks (Fig. 2). At week 14 all the worms
exposed to 120 mg Cu/kg reached maturity and at week
16 all in control, 40 and 160 mg Cu also reached
maturity. At the end of the experiment (i.e., after 20
weeks) 70% of the worms exposed to the highest
concentration had reached maturity (7 out of 10
worms). To calculate mean maturation time at
200 mg/kg where not all individuals were mature at
the end of the experiment, we assumed that those still
subadult would be fully mature within 2 weeks, and that
those still juvenile needed four more weeks to reach

Table 1

The worms exposed to the highest concentration
needed significantly longer time to reach the reproduc-
tive stage. On average these worms produced the first
cocoon after 31.4 weeks, whereas the worms in the
control produced cocoons after 27.2 weeks (Table 1).
The worms exposed to 80 mg Cu/kg produced cocoons
as early as after 24.3 weeks, but this was not
significantly different from the worms exposed to 40,
120 and 160 mg/kg.

3.5. Cocoon production and time between
production of individual cocoons

Cocoons were observed for the first time at week 12
(Fig. 3). The worms exposed to 80 mg Cu/kg had the
highest production of cocoons and reached a total of
33.4 cocoons per worm during the whole period of 20
weeks which was significantly higher than the mean
cumulated production of 16.9 cocoons per worm in
controls in the same period (Tukey, p < 0.0001). The
average total production was 3.6 cocoons per worm for
the worms exposed to 200 mg/kg, which was sig-
nificantly lower than the production at all other
exposures.

The interval between consecutive cocoon produc-
tions was almost three weeks for the worms exposed to
200 mg/kg and this was significantly longer than for the
other exposure groups (Table 1). The worms exposed to

Time to first reproduction (¢;), time between production of cocoons (t,), and hatchability of cocoons of Dendrobaena octaedra exposed to copper

contaminated loamy sand soil

Copper concentration t; (weeks) 1, (weeks) Hatchability
(mg/kg dry soil) (mean + S.E.M.) (mean + S.E.M.) (%)
0 (control) 272+0.74 a 0.89 £ 0.25 ac 90
40 26.0 £ 0.5 ab 0.5 + 0.06 abc 91
80 243+03b 0.34 0.02 b 74
120 25.1 £0.54 ab 0.37 + 0.029 abc 79
160 25.5+ 042 ab 0.52 +0.05 ac 74
200 314+ 1.26¢ 299 +0.16 d 31

Mean values followed by the same letters are not statistically different (Tukey, P > 0.05).
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Fig. 3. Mean cumulative cocoon production of D. octaedra in aloamy
sand soil spiked with different copper concentrations (n = 10-15).
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Fig. 4. Copper concentrations in worm tissues of 20 weeks old adult
D. octaedra that had been exposed to copper in a loamy sand soil
throughout their lives (Upper panel), and copper concentration in
cocoon contents (excluding walls) produced in copper contaminated
soil (lower panel). Note that copper in cocoon contents may
originate both from parents and from soil. Linear regression lines
describing the relationship between soil and tissue concentrations
are fitted.

80 mg/kg showed the shortest time between consecutive
cocoon productions of 0.34 weeks.

3.6. Copper content of cocoons and adult worms

A significant positive correlation was found between
the copper concentrations in cocoons and substrate and
between those in adults and substrate (Fig. 4). The adult
control worms contained approximately 16 mg Cu/kg
dry tissue weight and this increased to approximately
100 mg/kg at the two highest exposure concentrations.
The same result was observed for cocoon contents
(excluding the cocoon wall) with a concentration of
about 18 mg/kg in controls increasing up to about
96 mg/kg at the highest exposure concentration where
enough cocoons were available for analysis (160 mg/kg
soil).

3.7. Hatching success

The viability of the cocoons declined with exposure
to increasing copper concentrations (Table 1). Approxi-
mately 90% hatched in controls, whereas only 31%
hatched at the highest copper concentration of 200 mg/
kg.

3.8. Population growth rate (A)

The estimated population growth rate increased from
control to 80 mg/kg and then declined again and
reached the lowest value at 200 mg/kg (Fig. 5). Mean A
at 80 mg Cu/kg was significantly higher than at all other
concentrations except for 120 mg Cu/kg. There was no
significant difference between A in control, 40, 120 and

1.06

Population growth rate (week}"
2

0 40 80 120 160 200
Soil copper concentration (mg/kg dw)

Fig. 5. Population growth rate (1) of D. octaedra exposed to copper in
a loamy sand soil. Error bars represent 95% confidence intervals.
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Fig. 6. Elasticity of hatched cocoons per worm per week (), time to
first reproduction (f), time between production of cocoons (t,),
juvenile survival (S;) and adult survival (S,) of D. octaedra as a
function of copper exposure in a loamy sand soil.

160 mg/kg copper exposure. The population growth
rate of 1.02 week ! at 200 mg/kg was much lower than
at the other concentrations and was very close to unity,
i.e., where no population growth occurs.

3.9. Elasticity and decomposition analysis

The elasticity analysis showed that A was most
sensitive to changes in adult survival (S,), which in the
present study was not affected by any of the copper
concentrations assessed. The sensitivity of A to this trait
was several times higher than to the other traits and was
least sensitive at the lowest and highest copper
concentrations (Fig. 6). A negative elasticity value
means that as the value of the trait becomes larger (e.g.,
t,, 1;), the value of A declines. For other traits (such as n,
Sj, S,) the larger the value of the trait, the greater A
becomes. A was moderately sensitive to changes in the
time to first reproduction (#) except at the highest
concentration where A was relatively insensitive. This
was also the case for juvenile survival (S;j), time between
production of cocoons (t,) and number of hatched
cocoons per worm per week (n). The elasticity for S;, 7,
and n was largely unchanged as a function of copper
exposure.

In a decomposition analysis the copper-influenced
change in X is distributed among the different life
history stages in proportion to its importance, i.e., a life
stage which is highly affected by copper and has a large
effect on A will show up in the decomposition analysis
with a high relative proportion. The decomposition
analysis showed that, in all but the highest copper
treatment, time between productions of cocoons (z,) was

the trait causing most of the changes in A with an
average contribution to change in A of 54.5% (Table 2).
The average contribution of time to first reproduction
and fecundity to changes in A were approximately the
same (20.2% and 23.7%, respectively). At the highest
copper concentration A was affected most by a
reduction in fecundity (n) which caused 51% of the
reduction in A followed by (z,) which caused a further
34% of the change.

4. Discussion
4.1. Stimulation of population growth rate

In the present study we have shown that copper
stimulated growth, maturation time and reproduction in
D. octaedra at moderate copper concentrations, but
inhibited these same parameters at higher exposure
concentrations. Adult survival was unaffected at any of
the concentrations tested and juvenile survival was only
affected at the highest concentration of 200 mg Cu/kg
soil. The viability of the cocoons, on the other hand,
showed a monotone decrease with increasing copper
exposure (Table 1). As a result, the effects of copper on
population growth rate mirrored the effects seen on
growth, maturation and reproductive output, with
stimulation at the lowest concentrations and inhibition
at the highest concentration.

Stimulation of for example body growth and
reproduction by a toxicant is not an unusual phenom-
enon in ecotoxicological studies. This has been
observed in several experiments including ones with
earthworms (Calabrese and Baldwin, 1998; Spurgeon
et al., 1994, 2003). Spurgeon et al. (2004) exposed the
earthworm Lumbricus rubellus to clay loam spiked with
copper, and also observed stimulation of growth at
lower copper concentrations (10 and 40 mg/kg dry soil),
no effect at 160 mg/kg, and a reduction only at the
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highest exposure concentration of 640 mg/kg. Since this
soil was a clay loam soil it is likely that the
bioavailability was lower than in the loamy sand soil
used in the present study. Spurgeon et al. (2004)
interpreted the stimulation at lower concentrations as
hormesis—the stimulatory effect caused by low levels
of potentially toxic agents (Stebbing, 1982). However,
this stimulation in growth could also be explained by
copper functioning as an antibiotic, hence reducing the
presence of possible earthworm parasites and pathogens
in the test soil. According to Gunnarsson and Rundgren
(1986) copper significantly reduced the infestation of
Dendrodrilus rubidus cocoons by parasitic nematodes.
In their control group approximately 50% of cocoons
were infested, causing death of the embryos, whereas
only 15% were infested when exposed to 100 mg Cu/kg
in a mixture of sand and dried cow dung.

4.2. Internal copper concentrations

Copper is an essential element and it is therefore
important to view the results of this study in terms of the
body accumulation since toxic effects can only be
expected when copper levels exceed a threshold value
within the organism (Bogomolov et al., 1996). The
internal concentrations of copper observed in the
present study were very similar to body concentrations
found in a previous study under identical soil conditions
but where worms were exposed for only 4 weeks at 2 °C
(Bindesbgl et al., 2005). The internal concentrations
measured in the present study were slightly higher,
probably because of a longer exposure time at a higher
temperature. The concentrations measured were also
very similar to those measured by Weeks and Svendsen
(1996) in L. rubellus under similar experimental
conditions. It is interesting to note that Weeks and
Svendsen (1996) observed negative effects on neutral
red retention time (i.e., effects at the cellular level) even
at body concentrations as low as 20 mg/kg dry weight,
whereas negative effects at the level of individuals in
our study only occurred at body concentrations in the
range 80-170 mg/kg dry weight. Bengtsson et al.
(1983) measured internal copper concentrations in D.
octaedra collected in the field ranging from 100 to
300 mg/kg dry weight suggesting that internal con-
centrations in the present study are environmentally
realistic.

The internal copper concentrations in the cocoons
(Fig. 4) were very similar to the concentrations
measured in the parent adult worms. Bengtsson et al.
(1986) found 77-240 mg/kg (average 134 mg/kg) in D.
rubidus cocoons but did not specify whether copper

measurements were made on whole cocoons or only on
cocoon contents. A large proportion of the copper
entering the cocoons from soil is probably adsorbed
onto the cocoon wall. The copper concentration in
cocoon contents is biologically more relevant than the
total cocoon concentration (Holmstrup et al., 1998) and
the higher concentrations reported by Bengtsson et al.
(1986) could be a result of including the cocoon wall in
the measurements. Holmstrup et al. (1998) found
copper concentrations up to 200 mg/kg dry weight in
embryos of cocoons from D. octaedra exposed to
aqueous copper solutions. The aqueous copper con-
centrations used were, however, much higher than
would normally be found in the pore water of polluted
soils (Marinussen et al., 1997).

According to Streit and Jiggy (1982) the earthworm
Octolasium cyaneum regulates tissue copper concen-
trations from approximately 40 to 100 mg/kg when
exposed in soil having copper concentrations up to
400 mg/kg. The increased variation in the tissue copper
concentrations with increasing soil concentrations
observed in the present study (Fig. 4) is likely to be
caused by differences in individual efficiencies of the
copper regulatory mechanisms in the adult worms,
which is also reflected in the cocoons.

4.3. Population growth rate ())

Population growth rate is a better measure of
responses to toxicants, than are effects on single life-
history traits, because it integrates potentially com-
plex interactions among the life-history traits and
provides a more relevant measure of ecological
impact (Forbes and Calow, 1999). The present study
showed the same trend in population growth as in
(individual) growth, maturation time and reproduc-
tion, i.e., an increase at moderate copper concentra-
tions and significant reduction at 200 mg/kg. The
control population growth rate had a mean value of
1.12 week ' compared to a value of approximately
1.19 week ! in a study by Widarto et al. (2004) using
the same species in a similar study of toxicity of
nonylphenol. The discrepancy between these two
studies can be explained by a difference in the
definition of time to first reproduction used in the two
studies. In the present study we included the cocoon
development time as part of the time to first
reproduction whereas in Widarto et al. (2004) cocoon
development time was excluded. Reanalysis of our
data using their definition results in exactly the same
value of 1.19 week !, which shows that this is a
robust estimate of A.
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The population growth rate was declining at
concentrations above 80 mg Cu/kg and very close to
1 week ! at the highest exposure concentration of
200 mg Cu/kg dry soil, suggesting that extinction would
occur if a population of D. octaedra were exposed to
copper concentrations only slightly higher than 200 mg/
kg. These concentrations are not unusual in the field, but
it should be noted that our study may not be
extrapolated uncritically to field conditions. Factors
like density, competition, predation and food avail-
ability can probably modify the effects of copper when
considering natural populations in contaminated areas.
The copper concentrations used in this experiment are
within the range that can be found in natural soils, which
can vary from 2 to 250 mg/kg, depending on soil type
and parent rock (Adriano, 1986). Near a brass mill in
Southeast Sweden high copper concentrations are found
in the litter layer in areas where populations of D.
octaedra exist (Bengtsson et al., 1983). At the most
contaminated sites closest to the mill copper concen-
trations exceeded more than 1000 mg/kg dry soil, and at
these high concentrations no individuals of D. octaedra
were found.

Elasticity measures the proportional change in A
resulting from a proportional change in a given life
history trait, holding all other traits constant. If a trait
has a high elasticity, then relatively small proportional
changes in the trait will have a relatively large
influence on A. The life cycle of D. octaedra under the
laboratory conditions used in the present study was
such that the elasticity of adult survival (S,) was much
higher than the other traits. That is, a given impact on
adult survival (especially at the moderate copper
concentrations) would be expected to have much
greater consequences for population dynamics than
would a similar proportional impact on juvenile
survival, time to first reproduction, time between
production of cocoons and number of hatched cocoons
per week. In the present study, adult survival was
unaffected by copper, which means that even though
this trait had a high elasticity it did not contribute to
the change in population growth rate (A). This
phenomenon is not unusual and it seems to be a
general observation that the most elastic traits are not
those that make the largest contribution to the
observed effects on population growth rate (Caswell,
1996). In the study by Widarto et al. (2004) juvenile
survival and adult survival had the highest elasticities,
but neither of them contributed to the changes in
population growth rate because no mortality was
observed in the toxicant range (4-nonylphenol) they
used. It was therefore necessary to perform a

decomposition analysis to determine the contribution
of treatment on the individual life-history traits to the
observed effects on A (Caswell, 1989). Since no adult
mortality was observed within the copper range used
in this experiment, the contribution of adult survival
was zero. By contrast the decomposition analysis
showed that the mean change in A was mainly
explained by time between production of cocoons,
which had an average contribution of 54.5% to the
change in A, except at the highest concentration where
both fecundity (51%) and the time between production
of individual cocoons (34%) both contributed to the
reduction in A.

The present study has shown that the effect of copper
on population growth rate (Fig. 5) mirrored the effects
seen on growth, maturation and reproductive output
(Figs. 1-3), with a stimulation at the lowest concentra-
tions and an inhibition at the highest concentration. If we
had based our assessment of copper toxicity on adult
survival alone we would not have seen any effect at the
exposure range used in this study. Likewise, juvenile D.
octaedra did develop to adulthood and produced
cocoons, albeit at a slow rate, even at the highest tested
concentration, which might lead one to believe that
populations would not be critically affected under these
circumstances. However, the observed population
growth rate at this concentration suggests that the
population would be at risk if other stress factors are also
influencing population growth, e.g., competition or
limited food availability. Thus, the trends for a single
trait cannot necessarily be directly related to the effects at
the population level, and it seems that the full analysis of
life history traits including the calculation of A, provides a
more sensitive measure of the sustainability of a
population than the individual life history traits by
themselves. The fact that exposure to copper and other
metals can result in local extinction of sensitive
earthworm communities (Abdul and Bouché, 1995;
Bengtsson et al., 1983; Spurgeon and Hopkin, 1999),
emphasizes the need in risk assessment of contaminated
soils to be able to predict the potential effects of chemical
exposure on the stability of earthworm populations.
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Abstract—In their natural habitat, animals are exposed to a variety of stress factors, including extreme temperatures, low water
availability, and toxic stress from chemical pollutants. In this study we examined the interaction between realistic environmental
levels of soil-copper contamination and realistic winter temperatures on survival of the cosmopolitan freeze-tolerant earthworm
Dendrobaena octaedra. These interactions were tested using a full factorial design with six copper concentrations between 0 and
200 mg Cu/kg dry soil and five temperatures from +2 to —8°C. A highly significant synergistic interaction existed that demonstrates
that exposure to subzero temperatures significantly reduced copper tolerance and, conversely, that copper exposure significantly
reduced freeze tolerance. Copper had no effect on glucose production, which is believed to be a major component of the cryoprotective
system and the only known cryoprotectant in D. octaedra. This points to other mechanisms behind the observed synergy, possibly
impaired osmoregulatory function of the cell membrane. The results support the working hypothesis that interactions between
toxicants and dominant natural stress factors can alter the organisms’ tolerance to these individual stressors.

Keywords—Frost tolerance Copper

INTRODUCTION

In natural environments it is not unusual for an organism
to be exposed to several stressful factors, both physical and
chemical, at the same time. These could include climatic stress
or the exposure to chemicals of anthropogenic origin. In tra-
ditional ecotoxicological studies, organisms usually are ex-
posed to a single chemical at increasing concentrations, while
factors such as temperature and moisture content are held at
a constant optimum. These traditional laboratory tests, there-
fore, can lead to an underestimate of the toxicity of the chem-
ical in natural environments where the organism periodically
will encounter several physical and chemical factors simul-
taneously. In the context of the current concerns over global
climate changes, it is important to study the interactions be-
tween the toxic chemicals present in the environment and the
climatic events likely to alter species biogeography.

Earthworms are important members of the soil fauna due
to their ability to improve soil structure and their contribution
to the breakdown of organic matter and release of plant nu-
trients [1]. Dendrobaena octaedra has a worldwide distribu-
tion. It is present in almost the entire European forest zone
and tundra, and also is found in Russia (Siberia), North Amer-
ica, Canada, and Greenland [2-5]. Because of its wide geo-
graphical distribution, populations of this species frequently
are exposed to chemicals of anthropogenic origin. Examples
include heavy-metal pollution of surface soils from smelters
[6] and brass mills [7] or from the use of copper fungicides
[8]. Surface litter and humus are the principal metal sinks in
the forest floor [9]. This means that D. octaedra, which is a
litter-dwelling species, is likely to be more exposed to metals
than burrowing species.

* To whom correspondence may be addressed
(mark.bayley@biology.au.dk).

Dendrobaena octaedra

Synergy Risk assessment

One of the climatic factors important in defining the geo-
graphical limits of ectotherm species is the winter temperature
regime and many ectotherm species at some time in their life
span will be exposed to subzero temperatures that may cause
freezing of their body fluids. These cold-hardy animals have
developed one of two strategies: Freeze-avoidance or freeze-
tolerance [10]. Freeze-avoiding species die if frozen. They
survive subzero temperatures by supercooling their body fluids
or dehydrating until the melting point of their body fluids is
lowered to the ambient temperature [11,12]. Freeze-tolerant
species, on the other hand, can survive freezing of their ex-
tracellular body fluids. The earthworm D. octaedra is one of
the only two known earthworm species that can survive this
extracellular ice formation [13]. Although most other earth-
worm species migrate to deeper soil layers to avoid subzero
temperatures, D. octaedra overwinters in the litter layer [14].
To facilitate this winter survival, D. octaedra accumulates
glucose to high concentrations at the onset of the body fluid—
freezing process [15]. This accumulation of glucose contrib-
utes to a slowing down of the freezing process, and to a re-
duction in the amount of ice formed. Furthermore, glucose is
known to aid in the preservation of the structure and function
of membranes and proteins during freezing-induced dehydra-
tion of tissues [16,17].

The aim of the present study was to investigate the possible
existence of a synergistic interaction between a common metal
contaminant at realistic and sublethal soil concentrations and
realistic winter temperatures in D. octaedra. Further, because
of the importance of glucose production to winter survival in
this species, the effects of copper on glucose synthesis were
investigated.

MATERIALS AND METHODS
Animals

Animals used in this study were subadult and adult indi-
viduals of D. octaedra collected in the year 2000 around the
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Arctic Station, Godhavn, Disko West Greenland, and since
kept in culture at 15°C in the soil described below on a diet
of cow dung. Animals used for experimentation were approx-
imately three months old and had a fresh weight of between
100 and 320 mg.
Soil

Topsoil from an ecologically farmed Danish pea field (Foul-
um, Viborg) was used for the experiment. The soil was a loamy
sand consisting of 35% coarse sand, 45% fine sand, 9.4% silt,
8.9% clay, and 1.7% organic matter. The pH-H,O was ap-
proximately 6.8. Prior to use, the soil was dried for 24 h at
80°C and sieved through a 2-mm mesh. The soil was copper-
spiked with CuCl,-2H,0 (>99%, Merck, Damstadt, Germany),
and the water content adjusted to 20% of dry weight (~pF =
2 and 50% water-holding capacity) and stored for 2 d before
further use.

Experimental design

Copper and temperature were varied in a full factorial de-
sign with six Cu concentrations and five temperatures, giving
a total of 30 treatments, including the control groups.

Animals were exposed to nominal soil concentrations of 0,
40, 80, 120, 160, and 200 mg Cu/kg dry weight for four weeks
at 2°C before exposure to the experimental temperatures. Each
group had three to 10 worms, depending on the treatment.
Each worm was weighed and kept individually in a small
container with 75 g of soil (wet wt) and 4 g of cow dung (wet
wt) mixed into the soil. The cow-dung feed was produced by
adding 400 ml of demineralized water to 150 g of dried and
finely ground cow-dung. Animals in each treatment had the
same average fresh weight. All containers were covered with
lids having the same number of holes so that ventilation was
equal between treatments. The pH was found to be equal (6.8)
in all copper treatments after the addition of cow-dung. After
four weeks at 2°C, 14 individuals from each Cu concentration
were allowed to empty their gut for 48 h on filter paper kept
at 5°C, rinsed, and then frozen at —80°C. Ten animals were
used for copper analysis and four for glucose analysis. With
the exception of the controls (+2°C), the remaining worms
were placed in 8-ml tubes along with a few grams of the
appropriate substrate. In each lid, two small needle holes were
made for ventilation. The worms were exposed to —2, —4,
—6, and —8°C in a freezer cabinet (WTB Binder Labortechnik,
Tuttlingen, Germany). The freezer cabinet was programmed
to lower the temperature from 0°C to —8°C at 0.042°C/h. When
the temperature reached approximately —1.5°C, a small ice
crystal was added to each tube to initiate freezing. As the
temperature fell, the animals were removed to separate freezer
cabinets at their intended experimental temperature. The an-
imals remained at their experimental temperature for different
periods such that each group remained at subzero temperatures
for equal time.

Eight worms from each copper concentration were removed
from the —2°C group and stored at —80°C for glucose analysis.
Because Rasmussen and Holmstrup [13] showed that glucose
production reached a maximum at —2°C, glucose was not mea-
sured at the lower temperatures.

When the final groups had reached their intended temper-
ature (—8°C), the temperature was raised from —8 to 0°C
within a 24-h period so that all groups reached 0°C at the same
time. Prior to the assessment of survival rate, the temperature
was raised from 0 to 2°C and the worms allowed 24 h to thaw.
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The earthworms were considered to have survived if there was
a reaction to tactile stimuli, normal locomotor activity, and no
visible signs of freezing damage.

Glucose analysis

Worms were removed from the —80°C freezer and freeze-
dried immediately for 24 h. Glucose was measured using high-
performance liquid chromatography (HPLC). The freeze-dried
worms were pulverized individually in an Eppendorf tube us-
ing a glass rod. Approximately 3 mg of the pulverized tissue
was added to a 600-ul Eppendorf tube. Cryoprotectants were
extracted according to Bayley and Holmstrup [18] in 100-pl
40% ethanol with a rotating glass rod. Following homogeni-
zation, the samples were placed in an ultrasonic bath for 30
min. After warming to 80°C for 5 min in a heat block, the
tubes were centrifuged for 10 min and the supernatant was
removed to a 1,500-pl Eppendorf tube. The pellet then was
rinsed again with 40% ethanol and centrifuged. The combined
supernatants were left in the heat block at 60°C until dryness.
This sample was redissolved in 1,000 wl. Five hundred .l of
this solution was diluted to 1,500 pl with HPLC-grade water
and filtered through a 0.45-pl filter before HPLC analysis.
Twenty-five—ul samples were run in duplicate on a Shimadzu
HPLC (Shimadzu Corporation, Kyoto, Japan) system de-
scribed in detail by Holmstrup et al. [19]. Glucose concentra-
tions were calculated using a D(+) glucose standard curve
(Supelco-standard 4-7249 [Sigma-Aldrich, St. Louis, MO,
USA]). In the present study, only an external standard was
used, but recovery of internal standards using this method-
ology at our laboratory average 75% with a low variance (stan-
dard deviation 5%). Corrections for this were not applied be-
cause recovery rates may vary between individual samples.
Concentrations reported in this paper, therefore, are slightly
conservative.

Copper analysis

The worms were freeze-dried for 24 h and the whole worm
was acid-digested using 3 ml of 14 M nitric acid at increasing
temperatures (80-135°C). When all fluid had evaporated, 1 ml
14 M of nitric acid was added and again heated until dryness.
The samples were redissolved in 0.1 M of nitric acid and
analyzed using flame atomic absorption spectrometry (Perkin-
Elmer 4100, Ueberlingen, Germany). Certified reference ma-
terial (oyster tissue material from the National Institute of
Standards and Technology, U.S. Department of Commerce and
lobster hepatopancreas from National Research Council Can-
ada) was analyzed to verify the efficiency of the digestion and
atomic absorption spectrometry procedure, resulting in a mea-
sured concentration of approximately 95% of the certified val-
ues. All samples were analyzed in one run.

Statistical analysis

Traditionally, probability of mortality or survival has been
modeled by constructing linear (additive) or log-linear (mul-
tiplicative) models after an appropriate transformation of the
mortality data (e.g., the probit- or logit transformations). How-
ever, because mortality data are binary, it is natural to model
the probability of dying as a function of the investigated
factor(s) [20]. When two or more factors are considered, it is
easier to model the inverse of the probability of mortality (i.e.,
the probability of survival) due to the rule of combined events.

The effect of subzero temperatures and copper and any
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possible interaction were modeled using a modified sigmoid
dose-response function.

1 + exp(—bx,)

P0G B X0) = 4 oxptb(x — x0)]

=0, b=0 (1)
where f(x) is the expected probability of survival at a level of
a single stress factor x, X, is the point of inflection, and b is
the shape parameter of the function. For a more detailed de-
scription of the model, the reader is referred to Damgaard et
al. [21].

It is very difficult to predict the target for the toxicity of
both copper and subzero temperatures; therefore, the effects
of subzero temperatures and copper on D. octaedra are as-
sumed to be independent physically (they affect different cel-
lular processes), and the effect of subzero temperatures, copper,
and the interaction effect of combining the two factors are
assumed to be multiplicative [22]. Consequently, the expected
probability of survival p(st, [Cu]), when subjected to subzero
temperatures and copper can be modeled as

p(st, [Cul) = (1 — N f(st; by, Xou) F([CUL; Bpeys Xocu)
X f(st-[Cul; Bg.reu Xost.feu) 2

where st is the subzero temperature, [Cu] is the concentration
of copper, and \ € [0, 1] the residual or control mortality [21].
Note that the interaction effect of combining subzero temper-
atures and copper is assumed to be a dose-response function
of the level of subzero temperatures multiplied by the con-
centration of copper.

Equation 2 was fitted to the mortality data of D. octaedra
exposed to various levels of subzero-temperature stress and
concentrations of the heavy-metal copper by the maximum
likelihood approach. The number of survivors X, out of n
individuals exposed to a given degree of subzero temperatures
and copper concentrations was assumed to be binomial-dis-
tributed with a probability calculated by Equation 2. The like-
lihood function is

L= l;[ p(st, [CuD*[1 — p(st, [CuD]™> (©)

where R is the number of trials. The maximum likelihood
estimates were found using the NMaximize routine in Math-
ematica [23], but any software that optimizes nonlinear func-
tions might be used instead.

The fit of the model was tested by checking whether a null-
model, where each of 30 treatment combinations was assigned
a specific probability, fitted the mortality data significantly
better than Equation 2.

A linear regression model was used to test the correlation
between copper in the soil and the subsequent concentration
in earthworm tissue. A visual inspection of the residuals sug-
gested that the data should be log transformed. After this trans-
formation, the residuals approximately were distributed nor-
mally and the variation homogeneous.

Differences in glucose concentrations between treatments
were analyzed using analysis of variance after analysis for
variance heterogeneity.

RESULTS

Effect of subzero temperatures and copper on survival

A highly significant interaction occurred between copper
toxicity and the severity of frost exposure (p = 0.0004). This
means that there is a significant increase in copper toxicity
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Fig. 1. Mortality probability isoclines for stress combinations of cop-

per and subzero temperatures, fitted to the data shown in Table 2 by
the maximum likelihood approach.

with decreasing temperatures and, conversely, a significant
reduction in frost tolerance with copper exposure. This syn-
ergistic interaction between subzero temperatures and copper
is illustrated in Figure 1 by the probability isoclines of mor-
tality when both stresses are present. Survival of D. octaedra
exposed to 70 mg Cu/kg soil dry weight will be reduced by
5% when the worms are exposed to —2°C and by 20% when
exposed to —6°C. At a higher but still realistic copper con-
centration of 170 mg Cu/kg soil dry weight, 10% of the worms
will die after exposure to —1.5°C and this increases to 50%
when exposed to —7°C. If the results are considered in terms
of the concentrations of copper resulting in a 10% mortality
(Fig. 2), it becomes evident that exposure even to mild subzero
temperatures radically changes the toxicity estimate of this
metal and the Cu-concentration that is lethal to 10% of the
worms estimate drops from 200 mg Cu/kg dry soil at —1°C
to only 100 mg Cu/kg dry soil at —3°C.

The mathematical model used to predict the effect of sub-
zero temperatures and copper on mortality is sufficient to give
an adequate description of the data. A null-model, where each
of 30 treatment combinations were assigned a specific prob-
ability, did not fit the mortality data significantly better (p =
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Fig. 2. The estimated concentrations of copper causing 10% mortality
(LC10) as a function of subzero temperatures.
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Table 1. Survival (%) of Dendrobaena octaedra after four weeks of exposure to copper at 2°C followed by 10 d at subzero temperatures in the
same soil. The numbers in parentheses are the values calculated from the 0-model

Soil copper concn. mg Cu/kg dry wt soil

Temperature Control 40 80 120 160 200
2°C 100% 100% 100% 100% 100% 100%
(99.9%) (99.9%) (99.9%) (99.9%) (99.9%) (99.9%)
—2°C 100% 100% 100% 87.5% 75.0% 87.5%
(97.5%) (95.9%) (93.8%) (91.1%) (87.9%) (84.0%)
—4°C 87.5% 100% 90.0% 80.0% 50.0% 80.0%
(94.6%) (92.1%) (88.4%) (83.5%) (76.9%) (68.8%)
—6°C 87.5% 100% 100% 66.7% 77.8% 33.3%
(89.5%) (86.1%) (80.1%) (72.8%) (62.2%) (49.6%)
-8°C 87.5% 66.7% 66.7% 50.0% 66.7% 33.3%
(81.1%) (76.9%) (69.8%) (58.9%) (44.9%) (30.4%)
0.38) (Table 1). The maximum likelihood estimates are listed DISCUSSION

in Table 2. The shape parameter of copper (b,,) is zero because
we have assessed only sublethal copper concentrations. This
means that the inflection point (x,.,) 0of copper cannot be es-
timated and that a full dose-response for copper alone cannot
be obtained from this data.

The model in Equation 2 was expanded with a covariance
function of size to test whether the size of the animal interacted
with the observed mortality. We could find no evidence of any
effects of size (p > 0.9), possibly due to the rather limited
size range of animals used in this study.

Copper content in worms

Earthworm internal body copper burden increased linearly
with exposure to elevated soil-copper concentrations. A sig-
nificant positive correlation existed between copper of earth-
worm tissue and copper content in substrate (r2 = 0.80, p <
0.0001; Fig. 3). All 10 worms exposed to control soil had
approximately the same Cu content in their tissue (11 mg/kg).
At the highest Cu-soil concentration, the mean tissue Cu con-
centration was 94 mg/kg. The variation in the internal copper
concentrations in the earthworm increased with increasing cop-
per exposure.

Glucose content in worms

Copper had no effect on glucose production (p > 0.3), but
there was a highly significant temperature effect in all copper
concentrations (p < 0.001). The mean glucose concentration
of the control worms (2°C), independent of copper treatments,
was 14.1 * 3.2 mg/g worm dry weight (mean * standard
deviation). Worms frozen at —2°C synthesized, on average,
137 *+ 18.2 mg glucose/g worm dry weight.

This study has revealed a highly significant interaction be-
tween environmentally realistic levels of soil-copper contam-
ination and winter temperatures that are encountered frequent-
ly by this earthworm species in the climatic zones it inhabits.
The implications of this result are twofold. First, that the bio-
geography of this species, in all probability, will be affected
by the presence of copper in its environment. Second, that
traditional laboratory estimation of copper toxicity, which is
performed at constant benign temperatures, will underestimate
the toxicity of this metal in the field because earthworms in-
evitably will encounter subzero temperatures during the winter
[13,14]. Holmstrup et al. [24] previously have observed a trend
indicating a synergistic interaction between copper and sub-
zero temperatures on the viability of cocoons from D. octae-
dra. However, this trend was only significant at —8°C. Com-
parison with the present study is difficult because the cocoons
were exposed to copper in aqueous solution and cocoons of
D. octaedra are not freeze-tolerant like adult worms, but de-
hydrate at subzero temperatures to an extent that their melting
point equilibrates with the environmental temperature [15].
Considerable evidence suggests that there are many common
physiological adaptations in response to drought and subzero
temperatures because both involve dehydration [12,25,26]. In-
deed, copper previously has been shown to affect summer
drought tolerance in the euedaphic collembolan Folsomia can-
dida [27] and in the earthworm Aporrectodea calignosa [28].
However, the design in these studies only allowed the inclusion
of a single contamination level at 300 and 150 mg Cu/kg dry
soil, respectively.

In the present study, copper had no influence on glucose

Table 2. Maximum likelihood estimates of the survival data model

Max. likelihood
Model parameter2 estimate
N (residual mortality) 0
by (shape parameter at X, ) 0.408
Xost (inflexion point of subzero temperature dose-response curve) -12.19
biey (shape parameter at X;c,) 0
Xo,rcul (inflexion point of copper dose-response curve) —NE®
b (shape parameter at Xo g.c.;) 0.00163
Xosicul (inflexion point at interaction dose-response curve) 1,582.65¢

a st is subzero temperatures and [Cu] is copper.
® Not estimable.

¢ Transformed value to fit the model: (=t + 2)-[Cu](mg/kg) = 1,582.65.
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Fig. 3. Copper content in Dendrobaena octaedra exposed to different
soil copper concentrations at 2°C for four weeks. Individual mea-
surements are shown as closed circles. DW = dry weight.

synthesis, which was chosen for measurement due to its sig-
nificance in frost tolerance [13,29]. Hence, copper must have
had other effects that underlie the interaction between copper
and subzero temperatures on worm survival seen in this study.
One of the alternative targets for copper toxicity that might
explain this interaction between toxic and climatic stress is the
cell membrane. Copper concentrations in the range used in the
present study have been shown to deteriorate the membrane
stability of lysosomes from coelomocytes of the earthworm
Lumbricus rubellus, measured as the ability of these cell com-
ponents to retain a neutral red dye [30]. The phase behavior
and physical properties of membrane phospholipids fatty acids
are extremely sensitive to temperature changes [31]. As the
temperature falls, ectothermic organisms increasingly will in-
troduce unsaturated phospholipids into membranes, thus main-
taining optimal membrane fluidity at low temperatures [32].
Interaction between copper and the membrane enzymes in-
volved in the control of membrane fluidity possibly could have
a significant impact on the ability of the organism to survive
changes in temperature. Alternatively, copper may interfere
with the ability of the earthworm cells to regulate their volume,
which has been shown in the marine flagellates [33] and which
would be of particular importance during the rehydration that
occurs during thaw [34]. In many of the worms that failed to
survive subzero temperatures at higher copper concentrations,
there was evidence of edema and internal bleeding that could
point to such effects.

The copper concentrations used in this experiment are with-
in the range that can be found in natural soils, which can vary
from 2 to 250 mg/kg, depending on the soil type and the mother
rock [35]. Near a brass mill in southeast Sweden, D. octaedra
were found in a coniferous forest contaminated with copper.
The earthworm density increased with increasing distance to
the mill [9]. At the most-contaminated sites closest to the mill,
no individuals were found, which may indicate that synergistic
interactions like those seen in this study exist in the field. The
internal copper concentrations in this experiment range from
a mean of 11 to 94 mg/kg dry weight in worms exposed to
control soil and soil containing 200 mg Cu/kg dry weight,
respectively. Bengtsson et al. [9] measured internal copper
concentrations in D. octaedra collected in the field ranging
from approximately 100 to 300 mg/kg dry weight, which
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would suggest, in the light of our data, that these field animals
would be vulnerable to subzero winter temperatures. The con-
centrations in the worms in the present experiment were very
similar to those measured by Weeks and Svendsen [30] in
Lumbricus rubellus under similar experimental conditions.
Also, in a laboratory experiment performed by Bengtsson et
al. [36], the earthworm Dendrobaena rubida (=Dendrodrilus
rubidus) had internal copper concentrations in the muscle of
approximately 57 mg/kg dry weight when exposed to 100 mg
Cu/kg soil at pH 6.5 for 21 d. These observations are in good
agreement with our results. According to Spurgeon and Hopkin
[37], the worm Aporrectodea calignosa excretes copper at a
fast rate after transfer to clean soil with a half-life of less than
1 d. This suggests that the internal copper concentrations mea-
sured in this study are lower than they would be in field pop-
ulations confronting a similar contamination, because the
worms in the present study were depurated for 48 h on wet
filter paper before freeze drying and analysis to avoid copper-
contaminated gut contents affecting the measured concentra-
tions. Soil pH also has an effect on copper uptake. The uptake
is higher at lower pH [36] and, because D. octaedra often is
found in acidic soils [38], the copper uptake in the present
study may well be lower than the uptake seen in natural pop-
ulations.

According to Streit and Jaggy [39], the earthworm Octo-
lasium cyaneum regulates tissue copper concentrations from
approximately 40 mg/kg to 100 mg/kg. The increased variation
in the tissue copper concentrations with increasing copper ex-
posure seen in the present study is likely to be caused by
differences in individual efficiencies of the copper regulatory
mechanisms.

Earthworms living in copper-contaminated soil obviously
will be exposed periodically to subzero temperatures and cop-
per at the same time. The experimental design in the present
study was chosen to simulate natural conditions as far as pos-
sible. The worms were first acclimated in copper-contaminated
soil and then exposed to subzero temperatures and copper in
the soil at the same time. It could be speculated that the ex-
posure to the subzero temperatures and copper should be sep-
arated to enable the study of the synergistic interaction between
stressors, without the confusing interaction between bioavail-
ability and temperature [40]. However, the earthworms ex-
posed to subzero temperatures do not move and, because the
water surrounding them at subzero temperatures is frozen, they
probably would not accumulate copper during the exposure to
frost.

CONCLUSION

In conclusion, our data indicate that the assessment of the
toxicity copper by the traditional laboratory studies where test
organisms are exposed to only one stress factor and otherwise
optimal conditions (e.g., temperature and humidity), will un-
derestimate the impact of the pollutant on the survival of field
populations, which regularly will encounter stressful climatic
conditions. Our data also indicate that the presence of envi-
ronmental contaminants such as copper will alter the climatic
tolerance limits of D. octaedra and, thereby, its geographical
distribution.
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Abstract

We have investigated the lipid chemistry during cold acclimation in the freeze tolerant earthworm Dendrobaena octaedra. The dominant
phospholipid fatty acids (PLFA) of D. octaedra were 20:4, 20:5 and 20:1 (50% of total PLFA) followed by 18:0, 18:1 and 18:206,9 (25% of total
PLFA). The ability to tolerate freezing in this species was acquired after acclimation at low temperature for 2—4 weeks. During this period one
particular membrane PLFA, 18:216,9, increased significantly and there was a good correlation between the proportion of this PLFA and the
survival of freezing. The composition of neutral lipid fatty acids (NLFA), most likely representing storage lipids (triacylglycerides), also changed
during cold acclimation so that the overall degree of unsaturation increased. Using a common-garden experiment approach, we compared lipid
composition of three genetically different populations (Denmark, Finland and Greenland) that differed in their freeze tolerance. Inter-populational
differences and differences due to cold acclimation in overall fatty acid composition were evident in both PLFAs and NLFAs. Specifically, the
PLFAs, 20:4 and 20:5, were considerably more represented in worms from Greenland, and this contributed to a higher UI of PLFAs in this

population.
© 2007 Elsevier Inc. All rights reserved.

Keywords: Cold acclimation; Earthworms; Freeze tolerance; Homeoviscous adaptation; Membrane phospholipids

1. Introduction

Changes in the composition of cellular lipids that aid to
preserve appropriate fluidity of the cell membrane under
changing temperatures, is a common phenomenon in ectother-
mic animals, known as “homeoviscous adaptation” (Hazel,
1995; Sinensky, 1974). Cell membranes function as selective
barriers between the intra- and extracellular compartments. In
fully functioning cells they are in a liquid—crystalline phase, but
when biological membranes are cooled sufficiently they
gradually go from the liquid—crystalline phase to the gel
phase, whereby the membranes partly lose their selective
properties (Cossins and Raynard, 1987; Hazel, 1995). Such
phase transition can lead to loss of intracellular metabolites and
ions, as well as to a damaging uptake of sodium and calcium to
the intracellular compartment (Watson and Morris, 1987).

* Corresponding author. Tel.: +45 8920 1573; fax: +45 8920 1414.
E-mail address: martin.holmstrup@dmu.dk (M. Holmstrup).
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Living organisms must therefore adapt to low temperature by
modifying the physical conditions of the cell membrane.

The physical structure of biological membranes is governed
by several properties including phospholipid head-groups,
cholesterol content and the composition of the phospholipid
fatty acyl side-chains (PLFA) (Cossins and Raynard, 1987;
Hazel, 1995). In terms of cold adaptation in ectothermic animals
the changes in PLFAs are typically associated with an increase
in the degree of unsaturation and, in particular, an increased
proportion of polyunsaturated long-chain fatty acids leading to a
more disordered membrane which is less likely to undergo
phase transition at low temperature (Cossins et al., 2002; Hazel,
1995; Lee and Chapman, 1987; Lee et al., 2006). Thus, several
studies have shown that seasonal changes in cold tolerance of
terrestrial invertebrates are typically associated with alterations
of the PLFA composition (Bennett et al., 1997; Kostal et al.,
2003; Kostal and Simek, 1998; Ohtsu et al., 1998; Slachta et al.,
2002). Moreover, storage lipids (primarily triacylglycerols) are
also modified during cold acclimation in order to preserve
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fluidity. This is probably a necessary modification in order to
secure the use of triacylglycerols as fuel for metabolism during
winter (Bennett et al., 1997; Joanisse and Storey, 1996; Ohtsu
et al., 1993).

Most studies of membrane adaptations in cold tolerant
invertebrates have been concerned with freeze avoiding species
whereas only few studies have investigated membrane adapta-
tions in freeze tolerant species (Bennett et al., 1997; Kostal
et al., 2003; Tooke and Holland, 1985). Freeze tolerant species
are in particular interesting in this regard because membrane
fluidity is not only affected by low temperature but also from
freeze-induced dehydration of the cells when extracellular ice is
formed (Steponkus, 1984; Webb et al., 1994).

Recently, we have investigated the physiology of freeze
tolerance in the earthworm Dendrobaena octaedra. The ability
to tolerate freezing in this species is acquired after acclimation
at low temperature for 2—4 weeks and is probably closely linked
to the freeze-induced accumulation of glucose that can act as a
cryoprotectant (Rasmussen and Holmstrup, 2002). D. octaedra
mobilise high concentrations of glucose (10—15% of dry
weight) during freezing, which is probably one of the reasons
why it tolerates freezing at low temperatures, probably even
down to —15 °C but depending on the geographic origin
(Bindesbol et al., 2005; Holmstrup et al., submitted for
publication). Other physiological adaptations to low tempera-
ture such as membrane lipid composition are likely to be
important for freeze tolerance. Studies on other earthworm
species show that adjustments of membrane lipids do occur
during cold acclimation (Petersen and Holmstrup, 2000). In the
present study we wanted to investigate the changes in
membrane PLFA composition and neutral lipid fatty acids
(NLFA) during cold acclimation by simulating the natural
temperature decline during autumn. By assessing the ability to
tolerate freezing during a progressing cold acclimation there
was a possibility to link putative changes in the composition of
PLFA and NLFA to the acquisition of freeze tolerance. A
second aim was to compare, in a common-garden experiment,
three geographically and genetically distinct populations of D.
octaedra that differed considerably in their ability to tolerate
freezing. This was done in order to evaluate if membrane PLFA
composition was related to their degree of freeze tolerance.

2. Materials and methods
2.1. Animals

Specimens of D. octaedra (Lumbricidae: Oligochaeta) were
obtained from Denmark, Finland and Greenland. The worms
from Denmark were collected in a coniferous forest in the
vicinity of Silkeborg. Specimens from Greenland were col-
lected around the Arctic station near Godhavn, Disko (West
Greenland), and the specimens from Finland were collected in
forests surrounding Jyviskyld, Central Finland. The three pop-
ulations were kept in laboratory cultures at 15 °C using moist
loamy sand soil as substrate and fed a mixture of soil and cow
manure for cocoon production (Holmstrup et al., 1991). The
cocoons were hatched in Petri dishes with moist filter paper,

and a F1 generation of each population was raised. Worms used
in experiments were adults and large juveniles sampled at
random from the F1 cultures. The average fresh weight was
approximately 120 mg. The freeze tolerance of the three pop-
ulations was determined in a parallel study with results shown
in Table 1.

2.2. Thermal acclimation protocol

Worms were placed individually in 200 mL plastic beakers
containing 75 g moist soil and 6 g cow dung as food. The beakers
were closed with perforated lids allowing ventilation. The worms
were placed at 15+0.2 °C for one week followed by one week at
10 °C, one week at 5 °C, three weeks at 0+0.2 °C, and finally one
week at —2+0.2 °C as described below. For the Greenlandic
population, six randomly chosen worms were sampled at the end
of each week for lipid analysis. At the same time points, fifteen
worms were used for a freeze tolerance assay to estimate the
acquisition of freeze tolerance in relation to the cold acclimation
regime. The worms from Finland and Denmark were subjected to
the same acclimation protocol but only sampled for lipid analysis
at the end of the 7-week acclimation period.

A control group of worms were kept at constant 15 °C for the
entire 7-week period. These worms were sampled every
2 weeks (Greenlandic worms) or at the end of the 7-week
acclimation period (Finland and Denmark). The animals
collected for lipid analysis were frozen at —80 °C, freeze
dried, and stored at —80 °C until analysis.

2.3. Freeze tolerance assay

The worms collected for freeze tolerance assay were transferred
to a small Petri dish with a small amount of soil at —1 °C for 24 h. A
small piece of ice was added to each Petri dish to initiate freezing
and the worms were left at — 1 °C for another 24 h. The Petri dishes
were then placed at —2 °C for 5 days. After the freeze period the
Petri dishes were placed at 2 °C for 1 day to allow thawing. Worms
responding to tactile stimuli with normal movements were scored
as survivors.

2.4. Fatty acid analysis

Single, freeze-dried worms were homogenised in 500 pl
buffer (50 mM K,HPO,, pH 7.4) in 1.5 mL microcentrifuge

Table 1
The estimated lower temperature causing 50% mortality (Lethal Temperature;
LT50) and 90% mortality (LT90), respectively

Population LT50 LT90  Average minimum air temperature of
°C)  (°O) coldest month (°C)
-13" —-43" =31

-3.1° -103° -12.9
—44°> —146° -247

Denmark (Silkeborg)
Finland (Jyvaskyld)
Greenland (Disko)

LT50 and LT90 estimates (non-linear regression) followed by different
superscript letters are significantly different at the 5% level. Briefly, groups of
earthworms were frozen by inoculation via frozen soil at —1.5 °C and then
gradually cooled (1 °C/day) to a series of target temperatures down to —14.5 °C.
Data from Holmstrup et al. (submitted for publication).
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tubes. Homogenates were transferred to glass test tubes and
extracted with a one-phase mixture of chloroform, methanol and
buffer (1:2:0.8 v/v/v) (Bayley et al., 2001). Lipid extract was
dissolved in 100 pl chloroform and fractionated on prepacked
columns with 100 mg silic acid (Bond Elut Extraction
Cartridges, Varian US). Neutral lipids fatty acids (NLFA)
were extracted with 1.5 mL chloroform and phospholipid fatty
acids (PLFA) with 1.5 mL methanol. The phospholipid and
neutral lipid fractions were collected and methyl nonadecanoate
added as an internal standard (2.4 mg/sample), and then
transesterified by a mild alkaline methanolysis (Dowling et al.,
1986). The resulting fatty acid methyl esters were separated on a
Hewlett Packard 6890 gas chromatograph equipped with a
flame ionization detector and a HP5 capillary column (inner
diameter 0.25 mm, length 25 m). Hydrogen was used as carrier
gas and injections were made in splitless mode. The temperature
programme for the column was 80 °C for 1 min, 20 °C min~ ' up
to 160 °C and 5 °C min~ " up to 270 °C. Relative retention times
of the fatty acid methyl esters were compared to those of a set of
known fatty acid methyl esters. Fatty acids were designated as
X:YoZ, where X is the number of carbon atoms, Y the number
of double bonds, and Z indicates the position of the first double
bond from the methyl end of the molecule, if known.
Identification was verified by GC-MS and to standard
compounds. In compounds with no match to standards the
number of double bonds could be verified with MS, though not
the position of double bonds. In cases with unknown positions
of the double bounds, the Z indications were not used. The
prefix, Me, indicates a methyl group on the fatty acid. The mol
percentage distribution of identified compounds was calculated

by dividing integrated areas by that of the internal standard
methyl nonadecanoate (with a known concentration in each
sample) and converting the amount to nmol. The mol
percentage of each sample was determined by dividing the
amount of each peak with the total amount of PLFAs or NLFAs
that were determined in each sample. Overlapping peaks of 20:1
and 20:2 were identified in the GC-MS analysis, and called
20:1&2. The degree of unsaturation (UI) was calculated as:
2 (% monoenes+2 x % dienes+3 %% trienes ...) / 100 (Kates,
1986).

2.5. Statistical analysis

The effects of population and acclimation treatment on the
degree of unsaturation and selected fatty acids were tested by
two-way analysis of variance (ANOVA) with population and
treatment as fixed factors using the statistical package SAS
(SAS Institute, Cary, NC, USA). Similarly, the effects of
treatment and acclimation time (Greenlandic worms) were
tested using a two-way ANOVA. A T-test was used to make
pairwise comparisons in some cases, and hence corrected for the
total variation within the ANOVA. Appropriate transformations
of data were performed as proposed by SAS to improve
normality of data and homogeneity of variance. Comparison of
fatty acid composition as influenced by population origin and
acclimation regime was done using Principal Component
Analysis (PCA) of the mol percentage distributions of
individual fatty acids. Differences in the first and second
Principal Component (PC1 and PC2) between populations and
acclimation treatments were tested using two-way ANOVA.

Table 2
Molar percentage distribution (mean+SD, N=6) of phospholipid fatty acids in Dendrobaena octaedra held constantly at 15 °C or gradually acclimated to low
temperature
PLFA Control Cold acclimation

Time at 15 °C (weeks) Time (weeks) with temperature in previous week shown [°C]

1 3 5 7 2 [10 °C] 3 [5°C] 410 °C] 510 °C] 6 [0 °C] 7[-2°C]*
14:0 0.69+£0.13  0.97+0.09  0.84+0.06  0.87+£0.09  0.64+0.053  0.67+0.09  0.65+0.08  0.81+0.11 0.66+0.07  0.64+0.07
Mel4:0 1.18+0.22 1.64+0.17 1.45+0.11 1.44+0.10 1.37+0.10 1.56+0.18 1.68+0.14  2.09+0.29 1.82+0.18 1.81+0.21
15:0 3.88+£0.43  491+044  3.98+0.31 4.30+0.39  3.45+0.31 3.70+£0.50  3.58+0.29  4.13+£045  3.77+£045  3.71+0.35
16:0 1.99+0.74 1.74+0.15 1.74+0.11 1.64+0.16 1.53+0.21 1.52+0.25 1.69+£0.20  2.11+0.28 1.65+0.19 1.69+0.14
Mel6:0 1.03+0.12 1.08+0.05 1.07+0.04 1.24+£0.16  0.97+0.06 1.04+0.14 1.22+0.12 1.50+0.17 1.26+0.13 1.3240.12
16:107 0.80+£0.09 1.00£0.05  0.86+0.07  0.89+0.10  0.84+0.05 0.90£0.12  0.92+0.10 1.10£0.12  0.99+£0.08  0.82+0.17
17:0 2.74+£0.56  2.12+0.16  2.40+0.12  2.59+0.21 2.11+£0.19 2.05+£0.39 2454026  3.04+030  2.51+£033  2.73+0.23
17:1 3.30+£0.30  3.75+0.33 3.16+0.35  3.39£0.25  3.90+0.35 3.88+£0.55  3.30+0.33  3.24+0.37  3.55+£0.56  2.88+0.23
18:0 8.81+1.74  6.75+0.51 8.03+0.66  8.83%1.15  6.72+0.65 6.54+1.24  7.41+090  8.64+0.70  7.06£0.89  7.74+0.51
Mel8:0 1.12+0.06 1.28+0.05 1.11+0.07 1.10+0.10 1.13+0.04 1.19+0.07 1.04+£0.04  0.86+0.04  0.96+0.06  0.83+£0.03
18:1w7 9.38+0.62 10.43+0.74  9.47+0.22 10.98+0.80  8.57+0.61 9.14£0.89  9.63+0.40 10.36+0.89  9.37+£0.47  8.95+0.75
18:109 2.59+£032  2.92+0.33  2.28+0.14  237£0.19  2.73+0.23 2.71£030  2.79+0.32  3.05+042  2.86+1.25  3.04+0.27
18:206,9  5.92+0.35 6.72£0.25  7.03+0.30  7.04+0.39  6.28+0.37 6.72+£0.46  8.06+0.57  9.52+0.62  8.80+0.55 8.72+0.38
20:0 0.79£0.16  0.73£0.04  0.62+0.08  0.59+0.02  0.65+0.08 0.68+£0.06  0.62+0.10  0.64+0.23 0.68+0.05  0.62+0.04
20:1&2 1595+£1.02  17.14+£0.92  14.72+0.77 15.01+£1.70  14.98+0.53 16.24+1.48 13.90+£0.96  9.59+4.05 13.55+1.19 11.61+£0.61
20:2 1.76+0.18 1.95+0.11 1.73+0.12 1.77+0.12 1.76+0.28 2.12+0.20 1.83+0.33 1.62+0.12 1.88+0.16 1.7240.04
20:3 2.35£0.29  2.66+0.21 3.09+£0.22  2.83+£0.25  2.68+0.57 3.07£0.15  3.02+0.66  3.22+0.18  3.17£0.23  3.18+0.25
20:4 17.13£1.21  1533+£1.02 18.23+0.94 16.08+3.13 19.0+0.99 17.24+£0.90 16.57+£0.50 16.26+1.47 16.53+0.52 17.69+0.53
20:5 18.59+£0.79 16.89+0.83 18.17+0.43 17.02+£2.69  20.68+0.91 19.02+£1.35 19.64+0.82 18.20+1.91 18.93+0.78 20.27+0.95
Ul 2.24£0.06  2.15+0.06  2.27+0.04  2.16£0.17  2.41+0.08 2.31£0.08  227+0.09  2.18+0.15  2.25+£0.06  2.36+0.06

Degree of unsaturation (UI; mean+SD) is indicated in the bottom of the table.
? Worms were frozen at —2 °C for 5 days prior to sampling.
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3. Results
3.1. Phospholipid and neutral fatty acids

A total of 19 fatty acids were identified in the PLFA fraction
of all three populations (Table 2; data only shown for
Greenlandic worms). Six fatty acids; 18:0, 18:107, 18:216,9,
20:1, 20:4 and 20:5, accounted for more than 75% of the total
amount of PLFA. Especially the long-chain unsaturated fatty
acids, 20:n and 18:n, were abundant whereas shorter chain fatty
acids were much less abundant.

Twenty-three fatty acids were identified in the NLFA fraction
of all three populations (Table 3; data only shown for
Greenlandic worms). Most of the fatty acids found in the
PLFA fraction were also found in the NLFA fraction. However,
in the NLFA fraction a much more even distribution of the
various fatty acids were found. Thus, no single fatty acid
accounted for more than 10% of the total amount as was seen in
the PLFA fraction. In particular, the 20:n fatty acids, were only
found in relatively low amounts contrary to what was observed
for the PLFA fraction. Moreover, 20:5, which was prominent in
the PLFA fraction, was completely missing in the NLFA
fraction (Table 2 and 3). In the PLFA pool no fatty acids with
chain length shorter than 14-C were found, whereas 12-and 13-
C fatty acids were found in the NLFA pool.
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3.2. Temporal changes during cold acclimation (Greenlandic
worms)

Cold acclimation had no significant influence on the short-
chain PLFA (14 to 17 Carbon chains). A clear increase in
linoleic acid (18:2w6,9) was seen as a response to cold ac-
climation (Table 2; ANOVA, P<0.0001). Several significant
changes were observed in the NLFA pool as a response to cold
acclimation (Table 3). For example, many of the short-chain
NLFAs were down regulated, whereas increased proportions of
18:0, 18:1w7 and 18:206,9 were observed.

The degree of unsaturation (UI) of PLFAs increased slightly
over time in the cold acclimated group of worms (Table 2).
Similarly, Ul of NLFAs increased significantly over time in the
cold acclimated worms (Table 3). UI of both PLFAs and NLFAs
of control worms kept at 15 °C was largely constant during the
experiment.

Worms had no freeze tolerance when acclimated at 15 °C
or 10 °C, but began to increase their freeze tolerance after
1 week at 5 °C. All worms tolerated freezing at —2 °C after
being acclimated for 3 weeks at 0 °C (Fig. 1). The temporal
development of freeze tolerance was positively correlated (R?=
0.92; P<0.0001) with the relative proportion of the PLFA,
18:216,9 (Figs. 2 and 3). Freeze tolerance did not correlate
significantly with any other single PLFA or Ul

Table 3
Molar percentage distribution (mean=+SD, N=6) of neutral lipid fatty acids in Dendrobaena octaedra held constantly at 15 °C or gradually acclimated to low
temperature
NLFA Control Cold acclimation

Time at 15 °C (weeks) Time (weeks) with temperature in previous week shown [°C]

1 3 5 7 2 [10 °C] 3 [5°C] 4[0°C] 5[0 °C] 6 [0 °C] 7 [-2°C]*
12:0 3.89+1.58  9.65+2.81  10.07+4.51  7.50+3.00 7.49+3.50 8.74+1.50 5.38+0.95  5.30+2.20 1.98+0.52 1.2840.47
Mel2:0a  5.34+1.56  9.76+2.56  10.27+3.26  8.55+2.30 8.44+1.22 9.49+1.20 7.16+0.78  8.00+2.42 4.04+0.69 5.68+0.92
Mel2:0b  2.70+£0.65  5.12+£2.56 5.30£2.56  3.71£1.02 4.64+2.15 3.93+£0.34 3.45+£0.38  3.91+0.82 2.45+0.38 3.79+0.64
13:0 3.44+0.82  6.10£1.63 6.58+1.46  5.64+198 4.19+£0.28 4.93+0.43 3.99+£0.41  4.13+£0.89 2.99+0.40 2.36+0.36
Mel3:0a  2.60+£0.74  4.17£1.15 437+1.41  3.26+1.55 3.62+0.66 3.53+£0.56 2.77+0.52  2.75+0.61 1.83+£0.43 1.01+0.17
Mel3:0b  1.89+£0.48  3.27+0.99 3.76£1.09  3.15+£1.33 2.20+0.28 2.38+0.35 1.64+0.24  1.79+0.46 1.03+0.13 0.78+0.21
14:0 4.20+0.88  6.28+0.28 6.35£0.99  5.22+1.33 5.17+0.61 5.41£0.56 4.18+0.33  3.98+0.76 2.99+0.36 1.95+0.40
Mel4:0 6.73+1.46  7.54+0.69 7.17£0.60  6.05+1.04 7.89+0.73 8.62+0.57 8.42+0.66  8.91+0.66 9.69+0.96 6.89+0.71
15:0 9.85+£2.07  8.84+2.18 7.46+2.35  9.28+1.67  10.08+£0.70  10.05+0.75 9.63+£0.68  9.97+0.74 9.17+1.05 7.18+0.67
16:0 3.94+£0.60  2.73+0.18 2.36+0.40  2.62+0.39 2.87+0.47 2.74£0.26 2.69+0.34  2.42+0.25 3.09+0.27 2.91+0.36
Mel6:0 3.07£0.44  2.61+0.51 2.21+0.53  2.78+0.50 2.42+0.35 2.59+0.27 3.05£0.26  2.89+0.31 3.34+0.14 3.20£0.15
16:107 1.44+£0.24  1.01+0.14 0.87+£0.16  1.05+0.34 1.18+0.27 1.14+0.17 1.23£0.24  1.25+0.42 1.43+0.12 1.28+0.21
17:0 2.91+0.55  2.17+0.65 2.04+0.74  2.90+1.02 2.27+£2.01 1.74+0.23 2.53+0.77  2.03+£0.40 2.36+0.43 3.62+0.50
17:1 2.64+0.46  2.16+0.36 1.48+£0.42  1.81+0.53 2.00+£0.41 2.29+0.49 2474023 2.20+0.40 2.87+0.48 2.64+0.13
18:0 8.27+2.37  4.48+0.52 5.50+£2.20  7.88+4.91 3.99+0.50 4.76+1.09 5.73+1.49  5.01+1.13 6.36+0.98  10.53+1.31
Mel8:0 1.11+£0.67  1.15£0.60 1.00£0.49  1.15+0.58 0.89+0.43 0.87£0.25 1.26£0.35  0.97+0.41 1.55+£0.35 1.3740.20
18:1w7 9.18+0.88  5.90+0.93 6.06+1.14  7.83+£3.36 8.40+1.34 8.90+1.50  10.43+1.42  9.66+2.19  11.50+1.62  10.57+£0.91
18:109 4.68+0.47  2.79+0.42 2.35+0.85  2.74+0.54 3.75+0.67 3.37+£0.48 3.52+£0.35  4.08+1.84 4.50+0.36 3.96+0.13
18:2w6 6.45+1.04  5.34+0.66 4554148  4.95+0.72 591+1.25 5.72+£0.94 7.72+£0.46  6.97+1.94 991+1.11 9.32+1.04
20:0 431+1.82  3.43+1.06 2.88+1.43  3.97+145 2.90+1.61 2.72+£0.20 3.83+£0.27  3.97+0.61 4.88+0.62 4.97+0.17
20:1&2 1.54+£0.23  1.17+£0.29 1.80+£0.40  1.94+0.38 1.58+1.17 1.10£0.06 1.51+£0.08  1.64+0.14 1.93+£0.22 2.50+0.21
20:3 2.54+0.28  1.58+0.50 2.2240.52  2.02+0.14 2.64+0.43 1.89+0.17 2.75+0.40  2.99+0.51 3.44+0.59 3.64+0.25
20:4 7.26+£2.93  2.75+0.59 3.80+£1.29  3.95+0.98 5.46+0.83 3.08+0.58 4.68+0.85  5.18+1.71 6.67+1.88 8.59+1.04
Ul 0.67+£0.13  0.38+0.04 0.43£0.09  0.46+0.09 0.57+0.07 0.45+0.03 0.60+0.04  0.61+0.13 0.77+0.08 0.83£0.05

Degree of unsaturation (Ul; mean+SD) is indicated in the bottom of the table.
? Worms were frozen at —2 °C for 5 days prior to sampling.
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Fig. 1. Temporal development in the proportion of the phospholipid fatty acid,
18:206,9 (mean+SD, N=6), and parallel acquisition of freeze tolerance in
Dendrobaena octaedra from Greenland during cold acclimation. The
temperature during the 7-week cold acclimation is shown as the dotted line.

3.3. Responses to cold acclimation in different populations

After 7 weeks of acclimation a significantly higher
proportion of the PLFA, 18:2w6,9 was observed in cold
acclimated worms of all three populations as compared to
control worms (Fig. 3; 2-way ANOVA, P<0.0001). However,
the effect of population or population * treatment was not
significant (2-way ANOVA, P=0.51 and 0.09, respectively).

The degree of unsaturation in PLFAs at week 7 was
significantly influenced by both acclimation treatment (Fig. 4;
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Fig. 2. The relationship between molar percentage of the phospholipid fatty acid,
18:26,9 (mean values, N=6), and survival (%, N=10-15) of freezing at —2 °C
for 5 days in Dendrobaena octaedra from Greenland. Numbers next to symbols
indicate the sampling time (week number in the acclimation experiment) and the
temperature during the previous week.

1 Control
Cold acclimated

Proportion of 18:2w6,9 (%)
i P P
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Fig. 3. The proportion of the phospholipid fatty acid, 18:2®6,9 (mean+SD,
N=6), of Dendrobaena octaedra that were kept at constant 15 °C (Control)
or gradually cooled to —2 °C over 7 weeks (Cold acclimated).

2-way ANOVA, P<0.0002) and population (2-way ANOVA,
P<0.0003). Thus, cold acclimation resulted in a significant
increase of Ul in worms from Greenland and Finland, but not
in worms from Denmark. There was a significant interaction
between treatment and population (2-way ANOVA, P<0.033).
For NLFAs, there was a significant effect of treatment on Ul
(2-way ANOVA, P<0.0042), a significant interaction between
treatment and population (2-way ANOVA, P<0.0053), butnota
significant effect of population (2-way ANOVA, P=0.78). Pair-
wise comparisons showed that cold acclimation significantly
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Fig. 4. Degree of unsaturation for Phospholipid Fatty Acids (PLFA, upper panel)
and Neutral Lipid Fatty Acids (NLFA, lower panel) of Dendrobaena octaedra
that were kept at constant 15 °C (Control) or gradually cooled to —2 °C over
7 weeks (Cold acclimated). Data are shown as mean=+SD (N=6).
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Fig. 5. Mol percentages of the phospholipid fatty acids (PLFA) extracted from Dendrobaena octaedra were used for principal component analysis. Upper panel: Case
scores for PC1 and PC2, with the percentage variation explained by each component in parentheses. DkC: Control worms (15 °C) from Denmark; DkA: Cold
acclimated worms (—2 °C) from Denmark; FIC: Control worms (15 °C) from Finland; FIA: Cold acclimated worms (-2 °C) from Finland; GIC: Control worms (15 °C)
from Greenland; GIA: Cold acclimated worms (—2 °C) from Greenland. Lower panel: Component loading values.

increased Ul of NLFAs in worms from Finland (7-test;
P=0.012) and Greenland (7-test; P=0.001), but in worms
from Denmark no significant change of Ul was observed (7-test;
P=0.45).

Inter-populational differences in PLFA composition were
evident and control individuals from Denmark, Finland and
Greenland were separated primarily along the PC1 axis (Fig. 5).
The effect of thermal treatment was seen for all three
populations along both PC1 and PC2. These two first com-
ponents together explained 65% of the variation in the data. A

two-way ANOVA showed that population, thermal treatment
and population * treatment all had a significant effect on PC1
(P<0.05). For PC2, population and treatment had a significant
effect (P<0.01), but no significant interaction between the two
was observed. The co-occurrence of the loading values (the
position of the PLFAs) (Fig. 5) and the position of the cases (the
mean values of the treatments; data not shown) showed that
polyunsaturated PLFAs, 20:4 and 20:5, tended to be present at
higher concentrations in worms from Greenland, especially in
cold acclimated worms. Thus, a two-way ANOVA revealed a
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Fig. 6. Mol percentages of the neutral lipid fatty acids (NLFA) extracted from Dendrobaena octaedra were used for principal component analysis. Upper panel: Scores
for PC1 and PC2, with the percentage variation explained by each component in parentheses. DkC: Control worms (15 °C) from Denmark; DkA: Cold acclimated
worms (=2 °C) from Denmark; FIC: Control worms (15 °C) from Finland; FIA: Cold acclimated worms (=2 °C) from Finland; GIC: Control worms (15 °C) from
Greenland; GlA: Cold acclimated worms (—2 °C) from Greenland. Lower panel: Component loading values.

significant effect of population (P<0.0001) but not of
acclimation (P=0.15) in the PLFA, 20:4. This PLFA contrib-
uted about 16% of total PLFAs in worms from Greenland, but
only about 12% in worms from Denmark and Finland. For the
PLFA, 20:5, both population and acclimation treatment had
significant effects (P=0.002 and P=0.009, respectively).
Greenlandic worms had the highest percentage of 20:5 (data
not shown).

Also for NLFAs, distinct inter-populational differences were
found with populations separated primarily along the PC1 axis,

which explained 65% of the variation in the data (Fig. 6). PC2
explained 13% of variation. Population and treatment both had
a significant effect on PC1 (two-way ANOVA, P=0.005 and
0.01, respectively). For PC2, only treatment had a significant
effect (two-way ANOVA, P=0.0001).

4. Discussion

The dominant phospholipid fatty acids of D. octaedra were
20:4, 20:5 and 20:1 (50% of total PLFA) followed by 18:0, 18:1
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and 18:2 (25% of total PLFA). This is largely the same
distribution as observed in other earthworm species such
as Lumbricus terrestris (Albro et al., 1992), L. rubellus and
Eisenia nordenskioldi (Petersen and Holmstrup, 2000) even
though fatty acids reported for the latter two species also
included neutral lipid fatty acids. Several of the fatty acids listed
in Tables 1 and 2 are known as biomarkers of bacteria (e.g. 15:0,
16:1w7, 17:0, 18:107 and methylated fatty acids) and have
previously been associated with the gut microflora of earth-
worms (Sampedro and Whalen, 2007). These fatty acids have
probably been derived from the food and incorporated in
earthworm tissues. In the present study we did not attempt to
quantify the absolute amounts of different lipid classes of
D. octaedra tissues. However, previous studies of other
earthworm species (L. ferrestris) report that total lipids may
contain 30-35% neutral lipids (mainly triglycerides and
cholesterol), 10-40% glycolipids and 25-60% phospholipids
(Albro et al., 1992; Lee et al., 1988). Of the phospholipids,
phosphatidylethanolamine and phosphatidylcholine were the
most abundant accounting for 33% and 40% of the phospho-
lipids, respectively (Albro et al., 1992). Unpublished studies
(Overgaard et al., unpublished) have shown that total lipid
contents of D. octaedra collected in the field (forest soil,
Denmark) remain constant during all seasons at around 10% of
dry weight, which is about the same lipid content found for
L. terrestris (Albro et al., 1992; Lee et al., 1988).

Inter-populational differences and differences due to cold
acclimation in overall fatty acid composition were evident in
both PLFAs and NLFAs (Figs. 5 and 6). Specifically, the
PLFAs, 20:4 and 20:5, were considerably more represented in
worms from Greenland, and this contributed to a higher Ul of
PLFAs in this population (Fig. 4). Since this study was designed
as a common-garden experiment where individuals were
cultured under nearly identical conditions, these results suggest
that the differences in membrane composition as well as in the
storage lipids must, at least partly, have a genetic component.
An earlier reported phylogenetic analysis using isozymes of the
populations studied here shows that worms from Greenland
form a distinct cluster separated from European populations
(Hansen et al., 2006). This is supporting results of the present
study where the lipid composition of especially cold acclimated
worms from Greenland was clearly separated from other
populations.

Cold acclimation was expected to increase Ul of storage
lipids (NLFA). The maintenance of fluidity in storage lipids
may be a necessary requirement in order to make lipids
available for energy production during winter (Bennett et al.,
1997). Consistent with this notion, an overall increase in the
degree of unsaturation of NLFAs was found in cold acclimated
worms from Finland and Greenland but, surprisingly, not in
worms from Denmark. A possible reason for this difference
could be that worms from Denmark seldom experience very low
temperatures (Table 1), whereas this is probably the case on a
regular basis for the other populations.

Changes in the PLFA, 18:216,9 seemed to be an important
element of cold acclimation and correlated with development of
freeze tolerance in D. octaedra from Greenland. Although this

is no formal proof of a causal relationship, it is in accor-
dance with results reported previously for the Drosophilid,
Chymomyza costata, where it was observed that an increased
proportion of 18:21w6,9 was also highly correlated with the
freeze tolerance of various life stages differing in their freeze
tolerance (Kostal et al., 2003). An increased proportion of this
particular PLFA was observed in all three populations and no
effects of population, or population *treatment interaction was
observed. Altogether it shows that the upregulation of 18:2®6,9
is a robust observation, which indeed could be important for
acquisition of freeze tolerance. However, when comparing the
cold-induced relative increase in 18:216,9 of the three
populations with the general cold hardiness of these populations
(see Fig. 3 and Table 1) there was no similar pattern. The highest
proportion of 18:216,9 was found in worms from Denmark, yet
this population had the poorest freeze tolerance. Therefore, even
though an increased proportion of 18:216,9 seems important
for the ability to tolerate freezing, other physiological traits must
also be important, for example the ability to mobilise high
concentrations of glucose (Holmstrup et al., 1999; Holmstrup
et al., submitted for publication; Rasmussen and Holmstrup,
2002).

As expected, the degree of unsaturation of PLFAs increased in
all three populations as a response to cold acclimation, although
not statistically significant in worms from Denmark (Fig. 4). This
result is consistent with earlier reports of ectotherms in general
(Hazel and Williams, 1990) and earthworms in particular
(Petersen and Holmstrup, 2000). There seemed to be a positive
correlation between Ul and freeze tolerance (Table 1 and Fig. 4).
In opposition to this, other authors have observed inverse
temperature compensation in terms of fluidity, with no change
in phospholipid fatty acid profiles (Crockett et al., 2001). It has
also been demonstrated, using fish models, that a very efficient
means of effecting homeoviscous adaptation is the insertion of
18:1m9 into the sn-1 position of membrane phospholipids (Buda
et al., 1994). Such changes in molecular species structure would
not necessarily be reflected in changes in the Ul or other measures
of unsaturation. More studies are therefore needed to substantiate
this relationship in D. octaedra as no firm conclusions can be
drawn from observations of only 3 populations. Moreover, Ul of
PLFAs is not the only membrane property that can alter the fluidity
of membranes and result in homeoviscous adaptation. For
example, membrane cholesterol concentrations and the distribu-
tion among different phospholipid head-groups (e.g. phosphati-
dylethanolamine or phosphatidylcholine) may also influence
membrane fluidity (Crockett, 1998; Hazel, 1995). However,
cholesterol levels in the freeze tolerant earthworm, E. nordens-
kioldi, and the freeze susceptible L. rubellus, were equal in worms
acclimated at either 0 °C or 20 °C (Petersen and Holmstrup, 2000)
suggesting that unsaturation of phospholipid fatty acids play a
significant role in homeoviscous adaptation in earthworms.

Phospholipid fatty acid distribution may be organ or tissue
specific. For example, it has been reported that mitochondrial
membranes of L. ferrestris were dominated by 18:0, 18:1 and
20:1 (65% of total PLFA) whereas 20:4 and 20:5 were rare (3%
of total PLFA) (Crockett et al., 2001). This composition is very
different from what is seen for whole worm extracts, and
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stresses that attempts to correlate PLFA composition with
tolerance of low temperature are complicated. Such analyses
using data from whole-body extracts suffer from low resolution
because lipids of many different tissues are mixed, which may
mask membrane adjustments in particular cell types (Kostal
et al., 2003). Nevertheless, the results of the present study show
that overall changes in PLFA composition during cold
acclimation were consistent with the current understanding of
adaptations of invertebrates to low temperature.
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Abstract

At low temperature, cell membrane functionality depends on adjustments of membrane
phospholipid fatty acid (PLFA) composition. We here test the hypothesis that synergistic
interactions between copper (Cu) and freezing are due to Cu-induced changes of PLFA
composition of cell membranes in the freeze tolerant earthworm Dendrobaena octaedra. Cu
levels and freezing temperatures were varied in a full factorial design. We measured PLFA
composition and lipid peroxidation. A highly synergistic interaction was observed between
subzero temperatures and Cu concentrations above 120 mg/kg dry soil. Lipid peroxida-
tion increased slightly in worms exposed to Cu. In particular, the analysis showed that Cu
had a significant negative effect on the PLFA 18:26,9, which has previously been reported
to correlate positively (R* = 0.92) with freeze tolerance in D. octaedra. This supports our
hypothesis that synergistic interaction between Cu and frost may be due to membrane
damage.

Keywords: Copper; Dendrobaena octaedra; Freeze tolerance; Membrane phospholipids;
Lipid peroxidation
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Introduction

In natural environments, it is not unusual for an organism to be exposed to several stress-
ful factors, both physical and chemical, at the same time. Several studies have shown that
the interactions between chemicals and climatic stressors can lead to synergistically
increased mortality, and it is therefore important to include such aspects in risk assessment
of chemicals (1, 2). The freeze tolerant earthworm Dendrobaena octaedra is likely to be
exposed to several environmental stressors at the same time. These could include both
climatic stress and the exposure to chemicals of anthropogenic origin. Examples include
heavy metal pollution of surface soils from smelters (3), and brass mills (4) or from the use
of copper (Cu) fungicides, e.g. in vineyards (5). Surface litter and humus are the principal
metal sinks in the forest floor (6). This means that D. octaedra, which is a litter-dwelling
species, is likely to be more exposed to metals than deep-burrowing earthworm species (7).
The fact that D. octaedra is a litter-dwelling species, and does not migrate to deeper soil lay-
ers, means that it will be exposed to sub-zero temperatures during winter. To ensure win-
ter survival, D. octaedra accumulates glucose as a cryoprotectant to high concentrations at
the onset of the body fluid freezing process (8) and changes the lipid chemistry during cold
acclimation (9). Especially one particular membrane phospholipid fatty acid (PLFA),
18:2w6,9, has been shown to increase during acclimation to cold and correlate positively
with freeze tolerance (9).

We have previously shown that Cu can significantly reduce the freeze tolerance of D.
octaedra. However, Cu had no effect on cryoprotectant production, which points to the
need for investigation of other mechanisms to explain the observed synergistic interaction
between Cu and frost survival (10).

Cell membranes function as selective barriers between intra- and extra-cellular com-
partments and their proper function is essential for the survival of ectothermic organisms
at all temperatures. Characteristically, lowering of environmental temperatures induces
homeoviscous adaptation, during which the chemical composition of biological mem-
branes are modified to maintain an appropriate degree of fluidity (11, 12). Fully functional
membranes exist in a liquid-crystalline phase, but when biological membranes are cooled
below a certain temperature, T, (temperature of phase transition), they change from the
liquid-crystalline phase to the more ordered gel phase, whereby they become non-func-
tional and lose their selective properties (12).

Cu has been shown to deteriorate the membrane stability of lysosomes from coelomo-
cytes of the earthworm Lumbricus rubellus (13). A possible mechanism behind this effect
may be that Cu causes lipid peroxidation, which in turn changes the PLFA composition of
the membrane (14). Indeed, it has been shown that Cu exposure alters the PLFA composi-
tion in several plant species (15-17).

In the present study we test the hypothesis that the synergistic interactions between Cu
and freezing temperatures are due to detrimental Cu-induced changes of the membrane
phospholipids, causing D. octaedra to be less tolerant to freezing. This problem was inves-
tigated by determining abundance of lipid peroxidation products and analysis of the PLFA
composition of Cu-exposed D. octaedra.



69

Materials and methods

Animals

D. octaedra were collected in a coniferous forest near Silkeborg, Denmark, in spring 2007.
The earthworms were kept in culture at 15 °C in moist soil and fed on a diet of cow dung.
Cocoons collected from the culture were incubated at 20 °C in Petri dishes layered with wet
filter paper. Newly hatched juveniles of approximately same age were transferred to moist
soil and kept in the same way as the adults until they had reached a suitable size for the
experiment (65-340 mg).

Soil

Topsoil from an ecologically farmed Danish pea field (Foulum, Viborg) was used for the
experiment. The soil was loamy sand consisting of: 35 % coarse sand, 45 % fine sand, 9.4 %
silt, 8.9 % clay and 1.7 % organic matter. The pH-H,O was 6.8. Prior to use, the soil was
dried for 24 hours at 80°C and sieved through a 2 mm mesh. The soil was Cu spiked with
CuCl,2H,0 (> 99%, Merck, Darmstadt, Germany), and the water content adjusted to 20 %
of dry weight (dw) (approximately pF = 2 and 50% water holding capacity) and stored for
one day before further use.

Experimental design

Cu and temperature were varied in a full factorial design with six Cu concentrations and
five temperatures giving a total of 30 treatments, including the control-groups. Animals
were exposed to nominal soil concentrations of 0, 60, 120, 180, 240 and 300 mg Cu/kg dry
weight (dw) for one week at 10°C followed by one week at 5°C and finally for four weeks
at 2°C prior to exposure to the freezing temperatures. There were 10 to 15 worms in each
group, depending on the treatment. Each worm was kept individually in a small container
with 75 g of soil (fresh weight) and 6 g of cow dung (fresh weight) mixed into the soil. The
cow-dung feed was produced by adding 400 ml demineralised water to 150 g dried and
finely ground cow-dung. The soil pH was equal (pH 6.8) in all copper treatments after the
addition of cow-dung. All containers were covered with lids having the same number of
holes so that ventilation was equal between treatments. After six weeks of acclimation
eight individuals from each Cu concentration were allowed to empty their gut for 48 hours
on wet filter paper kept at 2°C, rinsed and then frozen at -80°C for Cu analysis. Further-
more, 20 worms from each Cu concentration were rinsed, snap-frozen in liquid nitrogen
and stored at -80°C until further analysis; 10 animals from each concentration were used
for PLFA analysis and 10 for the analysis of lipid peroxidation.

With the exception of the controls (+2°C), the remaining worms were placed singly in 8
ml tubes along with a few grams of the appropriate substrate. In each lid, 2 small needle
holes were made for ventilation. These worms were placed at -1 °C and after 24 hours a
small ice crystal were added to each tube to ensure inoculative freezing of the worm (8).
After another 24 hours the worms were transferred to four different freezer cabinets pro-
grammed to gradually lower the temperature from -1°C (0.042°C/h) to the experimental
temperatures (-2, -4, -6 and -8°C). The worms remained at their experimental tempera-
ture for different periods such that each group were exposed to subzero temperatures for
equal time (10 days).
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Prior to the assessment of survival rate all the worms were transferred to 2°C and
allowed to thaw. The earthworms were considered to have survived if there was a reaction
to tactile stimuli, normal locomotor activity, and if no signs of freezing damage were visi-
ble after 24 hours.

PLFA and Cu analysis

Two to 3 mg of freeze-dried and crushed earthworm tissue was homogenized in 50 pl
buffer (50 mM K,HPO,, pH 7.4) in 1.5 ml Eppendorf tubes and used for analysis of PLFA
composition. Homogenates were transferred to glass test tubes and washed with 2x100 ul
of the buffer and extracted with a one-phase mixture of chloroform, methanol and buffer
(1:2:0.8 v/v/v) (18). Lipid extracts were dissolved in 100 pl chloroform and fractionated on
prepacked columns with 100 mg silic acid (Bond Elut Extraction Cartridges, Varian US).
The PLFA fraction was extracted from the columns with 1.5 ml methanol. After collection
of the PLFAs an internal standard (19:0) was added (2.3 mg/sample) and the sample trans-
esterified by a mild alkaline methanolysis (19). The resulting fatty acid methyl esters were
separated on a Hewlett Packard 6890 gas chromatograph and identified through GC-MS
analysis as described previously (9).

Fatty acids were designated as X:YwZ, where X is the number of carbon atoms, Y is the
number of double bonds and Z indicates the position of the first double bond from the
methyl end of the molecule, if known.

The molar percentage of each PLFA in each sample was estimated by dividing the
amount of each peak with the total amount of PLFAs that were determined in each sample.
Overlapping peaks of 20:1 and 20:2 were identified in the GC-MS analysis, and called
“20:1&2” (9). The degree of unsaturation (UI) was calculated as: X (% monoenes + 2 x %
dienes + 3 x % trienes....)/100 (20). In addition, the unsaturation ratio, UFA/SFA, and the
average chain length at all copper concentrations were calculated.

The internal Cu concentration of the earthworms was analyzed using AAS as described
by Bindesbel et al. (10).

Lipid peroxidation

Approximately 100 mg (fresh weight) of earthworm tissue in total was taken from the
head, middle and tail region and homogenized on ice for one minute in a phosphate buffer,
with EDTA and pH 7.0 in a 1:10 ratio, using a Ultra-Turrax T8 homogenizer (IKA-Werke
GmbH & Co. KG, Staufen, Germany). The homogenate was centrifuged at 9000g for 30 min
at 4 °C to yield the post-mitochondrial fraction (supernatant: S9). This fraction was purified
using 10,000 NMWL spin filter column (UFC3LGCO00, Millipore, Denmark) centrifuged at
5000 g for two hours at 4°C. Aliquots were frozen at -80°C until further use. Lipid peroxi-
dation was measured using a commercial reagent kit (Northwest Life Science Specialities
LLC, Vancouver, WA), which is based on the formation of thiobarbituric acid reactive sub-
stances (TBARS) and quantified in terms of malondialdehyde (MDA).

Statistical analysis

One-way analysis of variance (ANOVA) was used to test for differences in PLFA, UI, UFA/
SFA and average number of C-atoms in the PLFAs (chain length). Data were transformed
appropriately to achieve homogeneity of variance and normal distribution. In cases were
the F-test was significant, Fishers PLSD was used to determine differences between spe-
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cific treatments. The sequential Bonferroni correction for multiple testing test, with an ini-
tial a level of p<0.05/k (k = number of tests), was performed to avoid the confounding
effects of multiple testing (21).

The effect of the proportion of PLFA 18:206,9 on survival was investigated in a general-
ized linear model (SAS 9.1 PROC GENMOD) with thermal treatment as a class variable
and the proportion of 18:26,9 as a quantitative variable, and assuming the survival data
to be binomially distributed (22).

The effects on survival of Cu, temperature and possible interaction effect of combining
the two factors were modelled by a modified dose-response model as described in Bindes-
bel et al. (10). Credibility intervals (95 %) of the modelled LT50 (temperature causing 50 %
mortality) were estimated as described in Holmstrup et al. (23).

A linear regression model was used to test the relationship between Cu in the soil and
the subsequent concentrations in earthworm tissue, and the relationship between Cu and
lipid peroxidation (MDA). A visual inspection of the residuals suggested that the data
should be log transformed. After this transformation the residuals were found to be nor-
mally distributed and with variance homogeneity in all cases.

Results

Effects of subzero temperatures and Cu on survival

A highly significant synergistic interaction occurred between Cu and frost (p<0.0001; Table
1) indicating that Cu significantly reduced the freeze tolerance of D. octaedra. Without Cu,
survival declined from 100 % in worms at +2°C and -2°C to approximately 50 % in worms
exposed to -4, -6 and -8 °C, whereas Cu exposed earthworms were significantly less freeze
tolerant (Table 1). The synergistic interaction between Cu and frost is illustrated in Figure 1

Table 1. Observed and expected survival (%) of Dendrobaena octaedra after 6 weeks of thermal ac-
climation in copper contaminated soil followed by freezing for 10 days at various temperatures. The
expected values, number in brackets, were calculated using a modified dose-response model as de-
scribed in Bindesbgl et al. (70). A highly significant synergistic interaction existed between Cu and frost
(p<0.0001)

Temperature Copper concentration (mg / kg dry soil)
(°Q)
0 60 120 180 240 300
2 100 100 100 100 100 93
(100) (99.5) (99.1) (98.6) (98.1) (97.7)
-2 100 90 100 10 30 80
(83.5) (81.0) (76.6) (69.3) (58.3) (44.1)
-4 53 40 40 50 10 0
(71.2) (67.6) (59.4) (44.2) (25.4) (10.3)
-6 47 60 20 " 10 0
(57.2) (52.8) (40.3) (18.5) (6.79) (1.63)
-8 47 70 20 " 10 0

(43.1) (38.2) (23.1) (6.27) (1.37) (0.24)
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Figure 1. The estimated tem-
perature causing 50 % mortality
(LT50) as a function of soil cop-
per concentrations. The dashed
lines indicate 95% credibility in-
terval.

LT50 (°C)
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0 60 120 180 240 300
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showing that the temperature where 50 % of the worms died was higher when exposed to
high soil Cu concentrations. For example, the temperature where 50 % of the worms died
increased from -7°C at 60 mg/kg dw to -3°C at 240 mg/kg dw.

Cu content in worms

The internal Cu concentration increased linearly, except at the highest concentration, with
exposure to increasing soil Cu concentrations (Figure 2). A significant positive correlation
existed between Cu in soil and Cu in tissue (R*>= 0.76, p < 0.0001). The highest internal con-
centration was found in the worms exposed to Cu soil concentrations of 240 mg/kg dw,
where mean tissue concentration was 113 mg/kg DW.

Lipid peroxidation

Lipid peroxidation measured as MDA increased slightly at the highest Cu concentrations
(Figure 3). A significant positive correlation existed between Cu in soil and lipid peroxida-
tion in the tissue although variation between individuals was high (R?= 0.10, p <0.009).
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0.05 Figure 3. Lipid peroxidation,
° measured as malondialdehyd
0.04 - (MDA), in Dendrobaena octaedra
E . exposed to different copper con-
2 003 centrations for 6 weeks. Individu-
g al measurements are shown as
2 0.02 ° . closed circles. A linear regression
g . . o ® is indicated (R?=0.10, p<0.009).
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Cu'’s effect on PLFA

Nineteen different PLFAs were identified in total. The observed changes in PLFA due to
Cu were within an order of 2 mol% or less (Table 2). Cu had significant effects on three
PLFAs through highly significant reductions in 16:0 (p = 0.0003), 20:3 and 18:2@6,9 (p <
0.0001). Changes also pointed to an increase in the PLFA 20:5 and a decrease in 20:0. Cu
had no significant effect on the degree of unsaturation Ul (p = 0.09). However, we observed
a significant effect on the unsaturation ratio UFA/SFA and chain length (p = 0.0024 and p
=0.0009, respectively) even though no directional trends due to Cu were obvious (Table 2).
Fisher’s PLSD test showed that the mol% of 18:206,9 in worms exposed to the highest Cu
concentration was significantly lower than in the worms from the other exposure concen-
trations (Figure 4). Further, a significant positive relationship existed between the propor-
tion of 18:2w6,9 and survival (p < 0.0001). It was tested whether the slopes of the assumed
linear relationships between survival and 18:206,9 varied with temperature, but such an
interaction effect between 18:206,9 and temperature on survival was not significant.Thus,
data shows that poor freeze survival coincided with high Cu concentrations where rela-
tively low proportions of 18:2606,9 were found.
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Table 2. Molar percentage distribution (mean+S.E., N=10) of phospholipid fatty acids (PLFA) in Den-
drobaena octaedra. Worms were exposed for 6 weeks to nominal soil concentrations of 0, 60, 120, 180,
240 and 300 mg Cu/kg dry soil.

PLFA Copper concentration mg/kg dry soil
0 60 120 180 240 300

14:.0 0.47 £0.12 0.71 +£0.09 0.41 £0.02 0.43 £0.02 0.57 £ 0.17 0.36 £ 0.02
i15:0 1.12+£0.13 1.59+0.11 1.30 £ 0.04 1.34 +£0.06 1.37 £0.09 1.35+0.09
Me14 0.95+0.13 1.32 +0.06 1.15+0.07 1.10 £ 0.07 0.92 +0.06 0.71 +£0.08
15:0 0.27 £ 0.03 0.38 +0.03 0.29 +0.01 0.26 = 0.01 0.22 £ 0.02 0.21 £ 0.01
16: 109 0.60 £ 0.03 0.74+0.04 0.67 +£0.02 0.65 + 0.02 0.60 + 0.02 0.59 £ 0.02
16:1w7¢ 0.52+0.06 0.58+0.05 0.76 £ 0.09 0.56+£0.04 0.51+0.03 0.49 £0.03
16:1Tw5 0.18 £ 0.01 0.26 £ 0.01 0.23 £0.01 0.24 £ 0.02 0.24 +£0.03 0.24 £0.02
16:0 2.11+£0.31 2.69 +0.26 2.05+0.09 1.83+0.16 1.60+0.12 1.43 £0.10
Me16 1.70 £ 0.08 1.94 +0.09 1.98 +0.12 1.83 +0.09 1.64 +0.07 1.40 £ 0.08
17:0 3.06+0.06 328+0.15 340+0.07 3.17+0.05 3.18+0.08 3.04+0.08
18:2w6 7.11+£0.20 7.17 £0.12 7.65+0.23 7.22 £0.21 6.65+0.10 6.11+0.28
18: 19 410+0.14 387x0.14 4.18=+x0.15 409+0.16 4.43+0.23 4.56 +0.13
18:1w7 6.94 £0.11 7.49 £0.30 7.17 £0.22 6.78 £0.18 6.80 £0.16 6.55+0.26
18:0 1046 +0.22 10.71+0.39 1147045 1066+0.22 11.16+0.37 10.30+0.14
20:4 20.20+£1.08 1955+0.82 17.29+054 1892+069 17.80+040 19.90+1.16
20:5 19.20+£1.07 1746+081 18.05+098 19.45+036 2041+0.74 21.19+0.35
20:3 5.33+0.37 4.99 +0.21 488+0.10 4.38+0.22 3.19+0.14 3.41+0.26
20:1&2 3.48+0.18 2.95+0.19 3.39+0.09 3.36+0.12 3.23+0.16 3.27 £0.09
20:0 12.19+0.70 1235+1.03 13.68+0.43 13.72+0.68 1548 +0.67 14.90+0.48
ul 2.25+004 2.12+0.07 2.12 £ 0.07 2.18+£0.03 2.14 £0.05 2.25+0.04
UFA/SFA 344014 292+0.13 2.95+0.12 3.19 £ 0.07 3.11+0.12 3.54+£0.11

Chain length  18.99 £ 0.04 18.86 +£0.03 18.87+0.03 18.97+0.02 1894+0.03 19.05+0.03

Discussion

This study clearly demonstrates that Cu exposure altered the PLFA composition in cellular
membranes of D. octaedra despite the fact that we analysed data from whole-body extracts
which may suffer from low resolution since lipids of many different tissues are mixed. This
may mask membrane adjustment in particular tissues (24) but nevertheless a clear influ-
ence of Cu was detected in our study. In particular, the analysis showed that Cu signifi-
cantly decreased the proportion of the PLFA, 18:2w6,9, which previously has been reported
to correlate positively (R? = 0.92) with freeze tolerance in D. octaedra (9) and other inverte-
brates (24). This result supports our hypothesis that synergistic interactions between Cu
and freezing may be due to membrane damage. Taulovuori et al. (25) hypothesised that
heavy metals increase the risk of frost injury due to membrane alterations in plants at
northern high latitudes, but as far as we know this has never previously been explicitly
detected in any organism.
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Cu has previously been shown to change fatty acid (FA) composition of membranes in
vascular plants. Thus, in maize seedlings a significant decrease of 18:2 (based on total FAs)
occurred in the roots exposed to 100 uM Cu and a slight decrease in unsaturation occurred
(17). Similar trends were observed in roots of wheat seedlings and tomatos exposed to an
aqueous Cu concentration of 50 uM (15, 16). In these studies 18:2 and 18:3 decreased and a
reduction in overall unsaturation was observed. These previous results are strikingly sim-
ilar to those of the present study, especially for 18:2w6,9, strongly suggesting that this effect
of Cu is a general one occurring in a wide range of organisms.

The changes in PLFAs can probably be explained by Cu’s ability to induce lipid peroxi-
dation. Polyunsaturated fatty acids that contain two or more double bonds are particularly
susceptible to oxidation by free radicals and other highly reactive species. Cu ions (Cu**),
in excess of cellular needs, mediate free radical production and direct oxidation of lipids
(14). The lipid peroxidation products in our study (MDA) were only slightly increased at
the end of the six week exposure period, but may have been higher at the beginning of the
Cu exposure before free radical- protective mechanisms had been induced. Correia et al.
(26) showed that lipid peroxidation in Gammarus locusta increased significantly after four
days of Cu exposure but returned to control levels again after six days. This might also
have been the case in our study.

The PLFA changes occurring in ectothermic animals under naturally decreasing tem-
peratures (e. g. seasonal acclimatization during autumn) are typically associated with an
increase in the degree of unsaturation leading to a more disordered membrane which is
less likely to undergo phase transition at cold temperatures (11, 12, 27). These changes are
an important part of the complement of physiological changes enabling ectothermic organ-
isms to withstand low winter temperatures. However, we did not see any significant
change in the overall unsaturation index in Cu exposed worms even though the freeze
tolerance of these worms was significantly reduced. In the present study the potential
decrease in unsaturation associated with the significant reduction in 18:2w6,9 was counter-
acted by a concomitant increase in 20:5. Several other studies have shown that unsatura-
tion does not necessarily correlate with tolerance to sub-zero temperatures (9, 18, 28). Reg-
ulation of membrane T, via changes in PLFAs is, however, not only a matter of increasing
the overall degree of unsaturation (29-32). The position and the number of double bonds
seem to have a significant effect on T,,,. Double bonds positioned in the middle of the FA
chain leads to a lower T,, compared to double bonds positioned at the end of the FA (32).
Studies have also shown that increasing the number of double bonds above two or three,
depending on length of FA chain, actually can increase T, (29, 32). Thus, the decrease in
18:2w6,9 in our study which have a double bond positioned in the middle of the FA chain,
and possibly the increase in 20:5, can give rise to an increased T,,, even though unsaturation
did not decrease. The lowered freeze tolerance we observed after Cu exposure could there-
fore be due to a phase transition in the membrane from the liquid-crystalline phase to the
more ordered gel phase during freezing in the Cu exposed worms.

The observed changes in the composition of PLFAs in D. octaedra may seem rather small,
but many other studies have shown that similarly slight changes in PFLA composition are
associated with significant changes in freeze tolerance or cold tolerance in general (18, 24,
33). Therefore, we find it reasonable to conclude that the changes in PLFAs observed in the
present study after Cu exposure could provide a mechanistic explanation for the reduced
freeze tolerance. Having said this, it is clear that other molecular mechanisms of impor-
tance to freeze tolerance may also be influenced by Cu which is one of many metals known
to cause protein denaturation as a result of its affinity for sulfhydryl groups (14).
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The reduced freeze tolerance in the present study was especially apparent at soil Cu
concentrations above 120 mg/kg dw. These Cu concentrations are within the range that
can be found at many metal contaminated field sites where D. octaedra is often found (6, 34,
35). The internal concentrations of Cu observed in this experiment are also within the con-
centration that has been found in D. octaedra collected in the field ranging from approxi-
mately 100 to 300 mg Cu/kg dw at the metal contaminated site, Gusum, Sweden (6). This
suggests that natural populations of D. octaedra in this area could be less tolerant to sub-
zero temperatures that inevitably will occur during winter months. No published studies
of freeze tolerance of invertebrates collected directly from polluted areas exist, but a few
examples may be found in investigations of freeze tolerance of pine trees growing in metal
polluted areas. For example, a reduction in the PLFAs, 18:2 and 18:3, of cell membranes in
needles of Scots pine (Pinus sylvestris) has been observed in the field near a Cu smelter in
Glogow, Poland (36). These changes could very well lead to a reduced freeze tolerance in
those needles, and indeed, Sutinen et al. (37) observed that needles of P. sylvestris were
more susceptible to frost near a Cu-nickel smelter in Russia than those further away from
the smelter.

In conclusion, the present study and several studies of vascular plants suggest a causal
link between perturbation of membrane PLFA composition as a consequence of Cu expo-
sure and a reduced freeze tolerance. The fact that such effects of Cu occur across different
species both in the laboratory and in the field strongly supports our conclusion.
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Abstract

Previous studies have shown that the interactions between chemicals and climatic stres-
sors can lead to synergistically increased mortality. In the present study we investigated
the effect of seven common environmental contaminants on survival at -6 and 15 °C as well
as reproduction at 15 °C in the earthworm Dendrobaena octaedra.

Three classes of chemicals were considered: heavy metals (nickel and mercury), polycy-
clic aromatic hydrocarbons (pyrene and phenanthrene) and pesticides (abamectin and
carbendazim). Phenanthrene interacted antagonistically with freezing temperatures
whereas no interaction was observed with any of the tested pesticides. Two out of the three
tested metals reduced the freeze tolerance synergistically and especially mercury was very
potent. This suggests that traditional laboratory studies, where the organisms are exposed
to increasing concentrations of a single compound under otherwise optimal conditions,
may underestimate the toxicity of some metals in field populations living in cold areas.

Keywords: Dendrobaena octaedra; Freeze tolerance; Environmental contaminants; Repro-
duction; Risk assessment
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Introduction

In traditional ecotoxicological studies, organisms are usually exposed to a single chemical
at increasing concentrations, performed under otherwise optimal conditions. The risk
assessment of chemicals is usually based on such results from acute lethality tests or chron-
ic reproduction tests. However, in natural environments it is very likely that these organ-
isms will be exposed to other stressful factors in combination with chemicals of anthropo-
genic origin, including climatic stressors such as cold or drought. This suggests that tradi-
tional laboratory tests may underestimate the toxic effects of chemicals in natural environ-
ments. Several studies have shown that the interactions between chemicals and climatic
stressors can lead to synergistically increased mortality, and it is therefore important to
include such aspects in chemical risk assessment [1,2].

The freeze tolerant earthworm, Dendrobaena octaedra, is widely distributed in the northern
hemisphere, including Europe, Siberia, North America and Greenland [3-6]. It lives in the
litter layer, between plant roots and in decaying tree stumps [3], and is often exposed to
sub-zero temperatures, including areas polluted by toxic chemicals. To ensure winter sur-
vival, D. octaedra accumulates glucose to high concentrations as a cryoprotectant at the
onset of the body fluid freezing process [7] and changes the lipid chemistry during cold
acclimation [8].

Earthworms play a major role in the breakdown of organic matter and the release of
nutrients in many terrestrial ecosystems [9], and have therefore been widely used in eco-
toxicological assessment of soil pollutants [10-12]. In these standard ecotoxicological bio-
assays, the aspects of multiple stressors including freeze tolerance are not considered, e.g.
chemical influences on freeze tolerance. The chemical threshold level exerting such an
effect on ecologically important tolerance mechanisms is interesting because it could play
an important role in the difficult task of extrapolating from laboratory tests to field condi-
tions.

Comparative studies of the toxicity of a variety of chemicals and their effects on tolerance
towards another important climatic stressor, drought, have shown in Collembola that
reproduction was the most sensitive parameter for most chemicals [13-15]. However, a few
compounds did reduce drought tolerance at concentrations similar to or below the concen-
trations that had an effect on reproduction. It is possible that these chemicals specifically
affect physiological mechanisms involved in drought tolerance, such as membrane fluidity
adaptations.

It has been shown that the copper-induced reduction in freeze tolerance of D. octaedra
could be explained by membrane perturbations [16]. The effects of other common pollut-
ants on freeze tolerance have received limited attention and only a few studies exist [17,18]
although the problem has been raised at several occasions during the last decades [e.g.
19,20]. In the present study we therefore examine the effects of several chemicals, chosen in
order to represent different modes of action possibly enabling us to identify classes of
toxicants with particular relevance for interactions with freeze tolerance. The compounds
tested include heavy metals (nickel, mercury and lead), PAHs (pyrene and phenanthrene),
and pesticides (abamectin and carbendazim). Heavy metals are able to change the lipid
composition of membranes due to their ability to induce lipid peroxidation [21,16]. PAHs
are likely to accumulate in membranes because of their lipophilic characteristics and their
structure with no functional groups [22], which may affect the fluidity and function of
membranes [23]. PAHs have been shown to reduce the drought tolerance of Collembola
[13-15] and since freeze tolerance and drought tolerance have many physiological adapta-
tions in common [24,25] we expect these chemicals to reduce freeze tolerance as well. We
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hypothesize, that previous exposure to compounds affecting membrane function (metals
and PAHSs) reduces the freeze tolerance, whereas pesticides with more specific mode of
action do not.

In addition to testing for effect on freeze tolerance, we tested the effect of the same chem-
icals on survival and reproduction (cocoon production) at 15°C, enabling us to compare
the concentration of each chemical causing a 50% decrease in survival and reproduction at
optimal temperature (15°C) with the concentration causing 50% decrease in freeze toler-
ance (measured as survival at -6 °C). These comparisons allow us to identify the groups of
chemicals that may be particularly potent in reducing freeze tolerance.

Materials and Methods

Animals

D. octaedra were collected in a coniferous forest near Silkeborg, Denmark, in the spring of
2007. The earthworms were kept in culture at 15 °C in moist soil and fed on a diet of cow-
dung. Cocoons collected from the culture were incubated at 20°C in Petri dishes layered
with wet filter paper. Newly hatched juveniles were transferred to moist soil and kept in
the same way as the adults until they had reached a suitable size for the freeze experiment
(above 50 mg) or reached adulthood for the survival and reproduction experiment.

Test substances

Pyrene, Phenanthrene, NiCl, and Abamectin were provided from Sigma-Aldrich. Acetone
(J.T. Barker, Radovre, Denmark) was used as a solvent. PbCl, and NiCl, were both pro-
vided from Merck, Germany, and Bavistin (carbendazim 50%) from BASF Agro, Ecully
Cedex, France.

Soil and food

Topsoil from an ecologically farmed Danish pea field (Foulum, Viborg) was used for the
experiment. The soil was a loamy sand consisting of 35 % coarse sand, 45 % fine sand, 9.4 %
silt, 8.9 % clay and 1.7 % organic matter. The pH-H,O was approximately 6.8. Prior to use,
the soil was dried for 24 hours at 80°C and sieved through a 2 mm mesh. The soil was
contaminated by adding a solution of the chemicals dissolved in either deionised water or
acetone to obtain ranges of nominal concentrations, as shown in the figures.

Acetone was used as a solvent for pyrene, phenanthrene and abamectin. After being
mixed, these soils were placed in a fume cupboard overnight to let the acetone evaporate.
The water content was then adjusted to the desired level of 20% of dry weight (dw)
(approximately pF = 2 and 50% water holding capacity). Water was used as a solvent for
the remaining chemicals. All test soils were left overnight in closed containers to equili-
brate.

The cow-dung food was produced by adding 400 ml demineralised water to 150 g dried
and finely ground cow-dung.

Survival and reproduction of adults

A range of 6-8 concentrations were used for each test chemical. Ten worms were exposed
at each concentration. The age of the worms in each treatment was the same. Each indi-
vidual was placed separately in a 200 ml plastic beaker (diameter 7 cm; height 4.2 cm)
containing 75 = 1 g moist soil (wet weight) with the required concentration of the tested
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chemical. Six mg (wet weight) cow-dung was added as earthworm food. The soil pH was
equal (pH 6.8) in all treatments after the addition of cow-dung. All containers were cov-
ered with perforated lids allowing ventilation. The worms were kept at 15°C during the 4
week exposure period. At the end of this test period, survival was determined and the
cocoons were sampled by wet sieving the soil through a 1 mm mesh and counted.

Frost and chemical exposure

Animals were exposed to the required concentrations of chemicals in soil for one week at
10°C followed by one week at 5°C, and finally for 4 weeks at 2 °C prior to exposure to the
freezing temperature of -6 °C. This temperature was selected to ensure moderate effects of
freezing [16]. For each concentration of the various chemicals 30 worms were exposed
singly as described, of which 15 were used as temperature control without freezing (2°C)
and 15 were frozen as described below.

Unfrozen control worms were kept in the original beakers at 2°C, whereas worms des-
tined for freezing were placed in 8 ml tubes along with a few grams of the appropriate
substrate. In each lid, two small needle holes were made for ventilation. These worms were
placed at -1 + 0.2°C in a walk-in freezer and after 24 hours a small ice crystal was placed
on the soil to ensure inoculative freezing of the worm [26]. After another 24 hours the
worms were transferred to a programmable freezing cabinet precise to + 0.2°C and pro-
grammed to gradually lower the temperature from -1°C to -6 °C (0.042°C/h). Prior to the
assessment of survival, the worms were transferred to 5 °C and allowed to thaw. The earth-
worms were considered to have survived if there was a reaction to tactile stimuli, normal
locomotor activity, and if no signs of freezing damage were visible after 24 hours.

Statistics

The effect of the chemicals at different temperatures was compared using a modified dose-
response function,

1+exp(-bx
f(x;b,xo)zﬁ x20,b20, 1)
1+exp(b(X — Xo)
where f(x) is the expected effect of a single stress factor x, x, is the point of inflection
(roughly indicating the 50% effect level) and b is the shape parameter of the function

describing how steep the slope of the dose-response curve is at the point of inflexion. If b =
0, then f(x) =1 [27].

The effect of a chemical on the probability of survival is modelled by:

p(c) = (@-A)f(cib,, %, ) )

where c is the concentration of the chemical and A € [0,1] is the estimated residual or con-
trol mortality. The mode of action of subzero temperature and the tested chemicals are
assumed to be independent (i.e. the effects they inflict are mediated via different cellular
processes), and therefore the combined effects of subzero temperature and chemicals
should be estimated using a multiplicative rather than an additive model [28]. Our
approach was to fit the survival data to the model (equation 2) under two circumstances:
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where temperature was non-stressing (i.e. at 2°C), and where worms were stressed by
subzero temperature (i.e. at -6 °C). Synergistic or antagonistic interactions between tem-
perature and the chemicals may be determined from possible differences of the dose
response curves of the survival of D. octaedra. If there is synergy between temperature and
the chemical, the point of inflection occurs at a lower concentration of the chemical (decrease
in x;) at the subzero temperature treatment compared to the control temperature treat-
ment. Opposite, if there is antagony between temperature and the chemical, the point of
inflection occurs at a higher concentration of the chemical (increase in x,) in the subzero
temperature treatment compared to the control temperature treatment. Further, interac-
tions between temperature and chemicals may also appear as differences in the slope at the
point of inflection, i.e. b of the dose-response curves. The occurrence of statistically signifi-
cant differences of estimated values of b and x, in the two situations were tested using a
likelihood-ratio test. Similarly, the effect of a chemical on the mean number of cocoons by
a single adult is modelled by:

y(C) = ac f (C7 ’ bc ' XO,C) (3)

where c is the concentration of the chemical and g, is the estimated mean number of off-
spring in the control treatment. The LC50 and the EC50 values of the chemicals are calcu-
lated by: log(2+exp(b x))/b

Egs. (2) was fitted to the survival data of D. octaedra assuming the number of survivors
were binomial distributed [27]. Eq. (3) was fitted to the reproduction data of D. octaedra
assuming the number of offspring from each adult was Poisson distributed.

The log-likelihood functions of the regression models were maximized using the NMaxi-
mize routine in Mathematica (http:/ /integrals.wolfram.com/index.jsp) with the described
constraints on the parameters. The fit of the model was checked by plotting the residuals
or by comparing the observed and predicted values in graphs and tables.

In order to calculate the 95% credibility intervals of the LC50 and EC50, the joint Bayesian
posterior distribution of the parameters were calculated using MCMC methology (Metrop-
olis-Hastings algorithm) with a multinomial candidate distribution (100,000 iterations with
a burn-in period of 1000), and where the prior distribution of the parameters was assumed
to be uniformly distributed of their domain [29].

Results

Adult survival and reproduction after exposure to chemicals

The survival of adults at 15 °C in all control treatments was 100%, but increasing concentra-
tions of pyrene, phenanthrene, carbendazim, nickel and mercury caused a significant
decline in survival compared to controls, whereas survival was unaffected at all tested
concentrations of lead and abamectin (Fig 1).

A significant decline in reproduction was observed at increasing concentrations of all
tested chemicals (Fig 1). Based on the results presented in Figure 1 the LC50 and EC50 were
estimated when possible and otherwise indicated as larger than the maximum test concen-
tration (Table 1).
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Table 1.

Estimated concentrations causing 50% reduction of cocoon production (EC50), 50% reduc-
tion of adult survival (LC50) and 50% reduction of freeze-survival (LC50F). Numbers in brackets indicate
95% credibility intervals.

Lethality at 15°C

Reproduction at 15°C

Survival of freezing at -6 °C

Chemical LC50 (mg/kg) EC50 (mg/kg) LC50F (mg/kg)
Pyrene 368 [335, 429] 148 [133, 164] > 250
Phenanthrene 81 (71, 93] 30 (21, 47] > 250
Carbendazim 1.9[1.2,2.8] 0.9[0.7, 1.3] >2.5
Abamectin >9 6.6 [5.4, 7.6] >9

Lead > 1200 501 [453, 568] > 1000
Nickel 297 [247, 311] 1211110, 133] 207 [169, 246]
Mercury 3829, 52] 7.7 (6, 10] <10
Copper* > 300 160 < EC50 < 200 159 (129, 192]

*Results are reproduced from Bindesbgl et al. [16,58].
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Freeze survival

The freeze treatment in general caused 33 - 53% mortality in controls (Fig 2). The dose
response curves differed significantly between the two temperature treatments showing
that these two metals interacted with temperature. For nickel, x, of the two curves were
statistically different (p = 0.02) with estimated LC50s of 261 and 207 mg/kg at 2°C and
-6°C, respectively. Thus, a significant synergistic interaction between temperature and
nickel was observed. For mercury, the two dose-response curves were also different. Here,
b was significantly higher at -6 °C (p = 0.0008,) than at 2 °C. Further, LC50 at -6 °C was evi-
dently much lower than at 2°C (Table 1) showing that mercury drastically reduced freeze-
tolerance (or vice-versa) with 100% mortality even at the lowest tested concentration of
mercury (Fig 2). Lead did not have any effect on freeze survival (Fig 2).

A significant antagonistic interaction was found between phenanthrene and freezing,
where x,, of the two dose-response curves were significantly different (p = 0.04). The lethali-
ty of worms in the control series (2 °C) increased strongly at concentrations above 150 mg/
kg dw, whereas the lethality of those worms that were simultaneously exposed to freezing
was not affected within the tested range of concentrations (Fig. 2). No significant interac-
tion was found between pyrene and freezing, although a tendency similar to that of phen-
anthrene exposure was observed (Fig. 2).

No interaction was observed between freezing and exposure to the two pesticides,
abamectin and carbendazim. However, exposure at the two lowest concentrations of
carbendazim seemed to increase freeze survival considerably (Fig. 2).
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Discussion

Toxicity at 15°C

Toxicity data for D. octaedra are very scarce, so comparisons are, of necessity, made with
data from other earthworm species. In general, D. octaedra seemed to be more sensitive to
metals than other earthworm species. For nickel the LC50 (297 mg/kg dw) and EC50 (121
mg/kg dw) in this study was somewhat lower than values reported by Lock and Janssen
[30] in Eisenia fetida (LC50 > 1000 mg/kg dw, EC50 = 362 mg/kg dw) or by Scott-Fords-
mand et al [31] in E. veneta (LC50 = 684 mg/kg dw, EC50 = 300 mg/kg dw). With respect
to mercury, both the LC50 (38 mg/kg dw) and the EC50 (7.7 mg/kg dw) from the present
study were lower than reported by Lock and Janssen [32], who did not report mortality in
E. fetida, even after exposure to the highest tested concentration of 100 mg/kg dw, and who
found an EC50 (reproduction) of 9.2 mg/kg dw after three weeks of exposure.

In a study by Langdon et al [33] three different species of earthworms were exposed to
lead, up to 10,000 mg/kg dw. Only Aporrectodea caliginosa showed a minor decrease in
survival of 2.5 % at 1000 mg/kg dw, while no mortality was observed in E. andrei and Lum-
bricus rubellus at this concentration. Spurgeon et al [34] did not see any significant mortal-
ity of lead in E. fetida at 2000 mg/kg dw. These previous results are in good agreement with
our study, where only a 10 % mortality was observed at 1200 mg/kg dw. Spurgeon et al
[34] did not see any decrease in reproduction at 400 mg/kg dw, which indicates that this
parameter is more sensitive in our study, with a clear reduction in cocoon production at
400 mg/kg dw and EC50 of 501 mg/kg dw.

In the present study, pyrene caused a comparatively low toxicity and phenanthrene a
rather high toxicity compared to other studies. Brown et al [35] recorded a LC50 for pyrene
in L. rubellus to be 283 mg/kg dw and an EC50 of 90.3 mg/kg dw compared to 368 mg/kg
dw and 148 mg/kg dw in our study, respectively. Sverdrup et al [36] recorded a LC50 for
pyrene to be 155 mg/kg dw in E. veneta. On the contrary, Sverdrup et al [36] recorded a
LC50 for phenanthrene to be higher than in the present study (134 mg/kg dw compared to
81 mg/kg dw).

We found no evidence of increased mortality at any of the tested concentrations of
abamectin. This is in good agreement with results from a study by Kolar et al [37], who also
noted 100% survival in E. andrei worms exposed to 9 mg/kg dw. These authors reported a
LC50 of 18 mg/kg dw. However, the EC50 (1.03 mg/kg dw) of E. fetida was much lower in
the study by Jensen et al [38] compared to our study with D. octaedra (EC50 = 6.6 mg/kg
dw). Contrary to abamectin, carbendazim appeared to be more toxic in the present study
compared to other studies: Ellis et al [39] recorded LC50 values of carbendazim to be
between 6 and 16 mg/kg dw performed in different test soils.

All these differences in toxicity data can be due to differences in species sensitivity [33] or
differences in test soils and thereby a difference in bioavailability of the chemical [40,41,12].
However, the LC50 and EC50 values of the present study are within an order of magnitude
of other published results which is within the currently accepted level of variation for
inter-laboratory tests [42].

Interaction between chemicals and subzero temperature

In the present study we have examined the effect of seven common compounds, represent-
ing at least three different modes of toxicological action, on the freeze tolerance of D. octae-
dra. These compounds include PAHs (pyrene and phenanthrene), pesticides (abamectin
and carbendazim) and heavy metals (nickel, mercury and lead). The results suggest that
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only two of the seven tested chemicals have an impact on the freeze tolerance of D. octaedra.
Both of these chemicals (nickel and mercury) are heavy metals. Copper was already known
to reduce the freeze tolerance of D. octaedra [16,26]. Both of these metals can, as copper,
cause lipid peroxidation [21]. Copper, for example, has been shown to alter the membrane
phospholipid composition in D. octaedra [16]. Polyunsaturated fatty acids that contain two
or more double bonds are particularly susceptible to lipid peroxidation [43], and are the
same phospholipids that are thought to increase in proportion in membranes during the
homeoviscous adaptation that occurs with falling temperatures, an important adaptation
to survival of freezing [44,45]. Lead is also known to cause lipid peroxidation [21], and was
expected to reduce freeze survival by the same mechanisms as noted for copper. We found
no evidence of this, perhaps because the tested concentrations were too low since we did
not see any mortality in the controls. We did, however, observe a severe effect of lead on
reproduction.

Contrary to our expectations, D. octaedra was significantly more susceptible to phenan-
threne at the control temperature than at the freezing temperature. This tendency, although
not significant, was also observed with pyrene. It is possible that the worms in the control
group had higher internal PAH concentrations at the end of the experiment than those
exposed to -6 °C, where no further accumulation would be expected because the water of
the soil was frozen reducing diffusive uptake. However, no increased survival was
observed in the control group during the freezing period, and we therefore reject this as the
reason for increased mortality at control conditions. PAHs are likely to accumulate in
membranes because of their lipophilic characteristics and structure with no functional
groups [22], and might actually increase fluidity [23]. One can speculate that an increase in
fluidity may be an advantage during freezing, thereby compensating for the increasing
mortality with increasing exposure concentrations, as observed at control conditions.

The two pesticides tested in the present study did not impact freeze tolerance. This is
probably due to their quite specific toxic mode of action that does not negatively interfere
with physiological adaptations involved in freeze tolerance. Abamectin is a neurotoxin
and inhibits the gamma-aminobutyric acid induced neurotransmission causing paralysis
in parasites [46,47]. Carbendazim works by inhibiting the fungal development, probably
by interfering with spindle formation during mitosis. These modes of action are presuma-
bly the same in D. octaedra, and both chemicals were inherently toxic with effects on repro-
duction, but had no effect on freeze tolerance. On the contrary, low concentrations of
carbendazim actually increased freeze tolerance from 37 % in controls at -6°C to 60 and
73 % at 0.25 and 0.5 mg carbendazim/kg dry soil, respectively. Carbendazim has been
shown to alleviate effects of water stress on chickpea seedlings [48]. Here, carbendazim
acted as a stress protectant by enhancing the accumulation of osmolytes such as proline,
sucrose and glucose in the seedlings. Furthermore, increased membrane stability was
observed in those chickpea seedlings exposed to increased water stress in combination
with carbendazim, compared to those exposed to water stress alone. The increased mem-
brane stability may be due to the observed decrease in lipid peroxidation measured as a
lower concentration of malondialdehyde (MDA) in the seedlings exposed to low concen-
trations of carbendazim. It is well documented that glucose acts as a cryoprotectant in D.
octaedra [49,7] and that the phospholipid fatty acid composition of cell membranes has an
influence on freeze tolerance [8]. It could be speculated that the ability of these chemicals
to induce both glucose accumulation and reduce lipid peroxidation in chickpea seedlings
might also be the case in D. octaedra, which would thus provide some explanation for the
increased freeze survival after exposure to low concentrations of carbendazim, but further
studies are needed to substantiate this suggestion.
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Comparisons between toxicity tests

For most of the tested chemicals, reproduction was affected at lower concentrations than
necessary to reduce freeze tolerance. The only two exceptions were mercury and copper,
which were particularly potent in their effects on freeze tolerance. At the lowest tested
mercury concentration of 10 mg/kg dw, a very strong synergistic interaction was seen
with 100% mortality in frozen worms, indicating that this effect may occur at even lower
concentrations. Both copper and mercury, and in particular mercury, are known to block
aquaporins [50,51], which are integral proteins channelling trans-membranous transport
of water and osmolytes such as glycerol [52]. For freeze tolerant organisms it has been
proposed that blocking of aquaporins may increase the risk of intracellular freezing which
is lethal [53,54]. Nickel did reduce freeze survival at concentrations below those reducing
survival at 15 °C; reproduction was, however, even more sensitive. Lead did reduce repro-
duction at much lower concentrations than observed for survival at both exposure tem-
peratures, but no effect on freeze tolerance was observed within the tested concentra-
tions.

The metal concentrations used in the present study were within the range that can be
found at many metal contaminated field sites where D. octaedra is often found [55,56] sug-
gesting that simultaneous exposure to freezing temperatures could have an ecologically
significant impact on these earthworms in copper and mercury contaminated sites. Our
results therefore suggest that this knowledge could be valuable for the development of
ecological risk assessment of metals and possibly other chemicals.

Coniferous forests are significant sinks for atmospheric PAHs and have been shown to
sequester almost four times more pyrene than a nearby grassland site [57]. This is due to
adsorption of PAHs to the lipophilic needle cuticle and subsequent incorporation into soil
organic horizon. D. octaedra, which is typically found in coniferous forests, is therefore
likely to be exposed to high concentrations of PAHs. The present study shows that D. octae-
dra is susceptible to PAH pollution, especially phenanthrene, but that the sensitivity does
not increase in areas where freezing impose a further stress. On the contrary, it seems that
D. octaedra is less sensitive to PAHs at low temperatures. Our study suggests that the safe
environmental concentration of PAHs calculated from standard reproduction tests seems
protective for effects on freeze survival, and thereby risk assessment in cold areas.

In conclusion, three out of four tested heavy metals significantly reduced the freeze toler-
ance of D. octaedra. This indicates that the assessment of toxicity of metals by traditional
laboratory studies, where test organisms are exposed to only one stress factor and other-
wise optimal conditions, might underestimate the effect of the metals on survival of field
populations living in cold areas. We therefore suggest that science-based extrapolation
from laboratory toxicity tests to the field population would benefit from studies including
natural stress factors such as freezing. On the other hand, this does not seem to be of equal
importance in the case of the tested PAHs and pesticides.
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Interactions between climatic and toxic stress

Studies with the freeze tolerant earthworm Dendrobaena octaedra

In traditional ecotoxicological studies, test organisms
are usually exposed to a single chemical at increasing
concentrations, performed under otherwise optimal
conditions. However, in natural environments it is very
likely that these organisms will also be exposed to other
stressful factors, including climatic stressors as frost and
drought. This means that traditional laboratory tests
may underestimate the toxic effects of chemicals in
natural environments.

This PhD thesis examined the interactions between
climatic and toxic stress, using the globally distributed
freeze tolerant earthworm Dendrobaena octaedra as
test organism.

The physiological mechanisms known to affect the
freeze tolerance of D. octaedra, including glucose
production and adjustments in membrane phospholipid
composition, was examined in worms exposed to
copper, which is shown to interact synergistically

with freezing temperatures. To test how general this
phenomenon was, worms were furthermore exposed
to a number of other chemicals with different modes of
action in combination with freezing temperatures.

In general, synergistic interactions seemed to occur

mostly at high levels of climatic stress in combination
with high concentrations of the chemical. It is suggested
that it is important to include natural stressors as frost
and drought in risk assessment, especially taken into
consideration the predictions of future climate change.
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