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1. INTRODUCTION

1.1. Study outline

When the discovery of high DDT and methyl mercury residues in birds and fish was made
in the 1960’s it was first realized that some pollutants, persistent organic pollutants,
accumulate in terrestrial and aquatic food webs within ecosystems (Keith 1966; Cooke
1979). The observed mortalities and reproductive failures in fish and fish-eating birds
and other associated effects were found to correlate with to DDT concentrations in these
animals. In addition to this, top-level carnivores, especially predatory fish and birds, had
higher residue concentrations than the food they consumed. Through this it was understood
that persistent pollutants are accumulated within the food chain from one trophic level to
the next and that contamination from multiple anthropogenic sources poses a significant
hazard to terrestrial and aquatic ecosystems (Fent 1996).

The EU’s new chemicals regulation, REACH, has 143 000 substances pre-registered for
use inside the European Union (ECHA 2009). Some of these act as pollutants causing
ecotoxicological effects, beginning with acute biochemical reactions in cells, which often
determine the higher-level adverse effects, to chronic effects on the function and structure
of ecosystems. Many of the more dangerous contaminants often share properties, that
make them hazardous, such as high acute and/or chronic toxicity, high environmental
persistence, high mobility often leading to contamination of groundwater, and high
lipophilicity leading to bioaccumulation in food webs (El-Shahawi et al. 2010). Many of the
effects may also be species-specific, thus increasing difficulty to pinpoint the causality and
extrapolate to other organisms (Fent 1996). Also, so called “cocktail-effects” of multiple
pollutants pose a significant threat to organisms and complicate the understanding of the
behavior of contaminants in ecosystems (Celander 2011). However, ecotoxicological effects
are dependent on the bioavailability, the fraction available for uptake by organisms.

Tributyltin (TBT) is a specific type of man-made organic tin compound (OTC), where three
organic butyl groups form a molecule by covalently attaching to a tin atom. The commercial
use of organotin compounds began in the 1940’s in the plastic industry, where organotin
compounds are still used as additives to stabilise PVC against the effects of heat and light
(Yngve 1940). The biocidal effects of organotin compounds were discovered in the late 1950°s
and they were used as pesticides in wood preservatives, molluscicides, antihelminthics and
as fungicides in textiles and various water systems (Cima et al. 2003). Furthermore, paints
applied to the hulls of ships containing tributyltin (TBT) and triphenyltin (TPhT) were found
to be extremely effective against barnacles, filamentous algae and other fouling organisms
that hinder the efficient travel of large marine ships (Bosselman 1996; Terlizzi et al. 2001).
A successful marketing program in the 1960s secured its use worldwide on smaller vessels
in marine and inland waterways (Sayer et al. 2006). In 1985, the world production of OTC’s



8 Introduction

was estimated at about 40,000 ton/year (Alzieu 1998), increasing to 50,000 ton/year by
1996 (OECD 2001). Unfortunately, OTC’s are not only toxic to fouling organisms, but to all
other organisms in the biota too. Tributyltin is one of the most toxic chemicals to have been
intentionally released into the marine environment by man (Antizar-Ladislao 2008).

Antifouling paints are not the only source for OTC pollution. Organic tin compounds leaching
from a variety of consumer products are of growing importance (Fent 1996). They are used
for instance in wood preservation, antifungal action in textiles and industrial water systems,
such as cooling tower and refrigeration water systems, wood pulp and paper mill systems,
and breweries (Rudel 2003). The degradation products of TBT, monobutyltin (MBT) and
dibutyltin (DBT), are mainly used as heat and light stabilizers for PVC materials. Dibutyltin
is also increasingly used as binder in water-based varnishes (NCI 2000). Therefore, due
to the various applications of TBT and its derivates, organic tin compounds have multiple
pathways, direct and indirect, into the environment.

Tributyltin is characterized by high toxicity, environmental mobility, and a tendency
to accumulate in living organisms (Fent 1996). Organic tin compounds, even at low
concentrations, have numerous negative effects on the physiology organisms. These effects
include hormone imbalance, ATP production failure and reproductive disorders (Alzieu et al.
1986; Gibbs & Bryan 1986; Stenalt et al. 1998). The adverse effects of organotin compounds
have been shown in numerous studies, for insects (Vogt et al. 2007a; Vogt et al. 2007b;
Nowak et al. 2009; Vogt et al. 2010), gastropods (Alzieu et al. 1986; Fioroni, Oehlmann, &
Stroben 1991; Bauer et al. 1995; Schulte-Oehlmann et al. 2000; Gopalakrishnan et al. 2011),
fish (Martin et al. 1989; Fent & Meier 1994; Nakayama et al. 2004; Greco et al. 2007) and
marine mammals (Kim et al. 1996; Kannan et al. 1998; Kannan & Falandysz 1999; Nakata et
al. 2002; Song et al. 2005). Despite the high concentrations of organic tin compounds found
in, for instance aquatic invertebrates, less is known about the methods of accumulation
and toxic effects of these substances in higher trophic vertebrate predators, which may be
exposed to these pollutants via food ingestion (Fent 1996).

Once the harmful effects of organic tin compounds on wildlife were recognised, efforts
to find a global solution to this problem were taken as well as an enforcement of legal
requirements to protect the aquatic environment (Antizar-Ladislao 2008). The first step in
the efforts was the prohibition of the use of TBT on boats under 25 meters in the mid
80’s (European Community 1989). In 2001, The International Maritime Organization (IMO)
called for a global treaty to ban the application, i.e. painting of organic tin compound-based
paints on all vessels beginning in January 2003, and total prohibition by January 2008 (IMO
2001). The prohibition is currently in force in IMO member states. However, it is likely that
organotin compounds will continue to be produced and used as effective biocides on vessels,
especially in developing countries and countries that are not members of IMO. They also
continue to be in use in plastic materials and wood preservatives (Antizar-Ladislao 2008).

Present and future restrictions will not immediately remove TBT and its degradation
products from the marine environment, since they are very persistent in the sediments
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to which they are bound to. This has been recognized as an environmental problem in the
Archipelago Sea, S-W Finland, parts of which contain higher than average concentrations
of TBT in marine sediments (Ymparistoministerio 2007). Relatively high concentrations of
organic tin compounds have been measured in organisms living in the Archipelago Sea, such
as the Baltic macoma (Macoma balthica), phytoplankton, the pike (Esox lucius), the perch
(Perca fluviatilis), the pikeperch (Sander lucioperca), the Baltic herring (Clupea harengus
membras) and the bream (Abramis brama, (Ymparistdministerié 2007; Airaksinen et al.
2010).

Tributyltin biomagnifies in the food chain to some degree (Antizar-Ladislao 2008). Assessing
the bioaccumulation of organic tin compounds in organisms is complex because they
do not behave as metals but neither do they obey the organic-compound quantitative
structure-activity relationship (QSAR) predictions for accumulation or toxicity. Many aquatic
invertebrate species are known to have minimal metabolic capacity for OTC’s (Fent 1996).
However, animals higher up in the food web, such as fish and other vertebrates, are known
to extensively metabolize OTC’s, such as TBT, to lower tin moieties (Lee 1985). Consequently,
due to their inability to metabolize OTC’s, invertebrates can act as vectors in transporting
them higher up in the food web, if exposed to organic tin compounds in the environment
(Looser et al. 2000).

The chironomids or non-biting midges (Diptera: Chironomidae) are an influential group of
invertebrates, which form the base of aquatic and terrestrial food webs as food for fish,
birds, bats and other invertebrates as well as being key components in the detritius cycle
(Ferrington 2007). Chironomids are known to concentrate TBT during their larval period
(Looser et al. 2000). Some effects of TBT on life history traits have been experimentally
studied (Vogt et al. 2007b), but so far, for instance, the effects of sediment TBT concentrations
on the abundance, species richness and species composition of this ecologically influential
group has not been studied in detail. In addition, due to their aquatic and terrestrial life
stages, this group could act as a vector for transporting organic tin compounds from aquatic
to terrestrial ecosystems.

Many insectivorous bird and bat species rely at least to some degree on chironomids in their
diets (Vaughan 1997). However, for the Daubenton’s bat (Myotis daubentonii), chironomids
constitute the bulk of the diet (Flavin et al. 2001). The Daubenton’s bat is a common species
in the Archipelago Sea, where it feeds on newly hatched adult chironomids trawled from the
sea surface. As a consequence of this diet, the Daubenton’s bat may be exposed to organic
tin compounds. Although OTC’s have previously been found in bats (Senthilkumar et al.
2001), their physiological, genetic or ecological effects on bats have not been documented.

Ecotoxicology is an interdisciplinary environmental science dealing with interactions
between environmental chemicals and biota (Fent 1996). The food chain described above
provides an interesting ecotoxicological framework for studying the fate and effects of OTC’s
in aquatic and terrestrial ecosystems. It provides new information on the mechanisms,
which facilitate the accumulation and transfer of OTC’s in an ecosystem.
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1.2. Organic tin compounds

Organic tin compounds, except in rare cases, do not occur naturally. They are all industrially
manufactured chemicals. They are a combination of an organic moiety and elemental tin
(Sn). In OTC’s, the tin atom is tetravalent and is bound to at least one carbon atom. The
general formula for OTC’s can be presented as R, SnX , in which n = 0-3 (Rudel 2003). X
is an inorganic substituent; usually a halogen (chloride- or fluoride ion), but depending
on the prevailing environmental conditions may also be an oxide, hydroxide, sulphate
or a carbonate. The organic moiety is expressed as R, and is an alkyl or aryl group.
According to the number of moieties, the organic tin compound is named a mono-, di-,
tri- or tetraorganotin (Pellerito et al. 2006). There can be several different kinds of organic
groups, such as butyl-, phenyl-, octyl-, ethyl, propyl- or methyl groups (Meador 2011).
The presence of organic moieties greatly enhances the compound’s hydrophobicity, thus
increasing its bioavailability and toxicity. The octanol-water partitioning coefficient (pK_ )
can be used to assess the bioaccumulation of a compound in an organism, as it measures
the partitioning of a chemical between water and organic material, mainly lipids. A chemical
is defined as slightly accumulating if the pK_ is >3, moderately accumulating at >4 and
highly accumulating at a pK_ of >5. The pK_ coefficient for TBT ranges between 2.9 and
4.4 and according to these values TBT is prone to bioaccumulation (Pellerito et al. 2006).
Indeed, the octanol-water partition coefficient has been found to positively correlate with
the OTC induced cytotoxicity (Bruschweiler et al 1995). Organic tin compounds also have
a low Henry’s law constant, which implies a very low tendency of organic tin compounds
to leave the aqueous phase due to volatilization (Soderquist & Crosby 1980) and due to a
high density (TBT 1.2kg/l), they are drawn to the bottom in aqueous environments (Rantala
2010).

The hydrocarbon moieties, attached to the tin atom cause the hydrophobicity of OTC’s
(Rudel 2003). The number of tin-carbon bonds and the length of the alkyl chain define
the physical and chemical properties of the compounds. The water solubility of the
compounds decreases as the number and length of the organic moieties (R) increase,
but it also depends on the inorganic substitute, X (Hoch 2001). Environmental conditions
such as pH, salinity and temperature also affect the water solubility of OTC’s (Rudel
2003).

The most common OTC’s found in aquatic environments are triorganotins, such as
tributyltin (TBT), triphenyltin (TPT) or trimethyltin (TMT), or diorganotins (DBT, DPT or
DMT respectively). In addition to these, a very large number of other potentially toxic
OTC’s exist. Many have been found in the environment and are considered significant
contaminants, but still very little is yet known about the occurrence, bioaccumulation
and toxicity of many of these chemicals. This is due to the fact that OTC-chemistry is very
complex, owing to their polar, ionisable and hydrophobic structures (Meador 2011). The
present work concentrates on di- and tri-moietic forms of butyltins, i.e. dibutyltin and
tributyltin.
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1.3. The degradation and transformation of organic tin compounds

The occurrence of TBT degradation products in water and sediments indicates that abiotic
and biotic processes eventually lead to the removal of the compound from the environment
(Fent 1996). Because of the toxicity of OTC’s, organisms degrade them through metabolic
processes. Organic tin compounds degrade through dealkylation or dearylation in which
the number of organic groups in the compound decreases until only inorganic tin (Sn) is
left. For instance in the case of tributyltin, inorganic tin is reached through dibutyltin and
monobutyltin. The role of the inorganic substituent X in the degradation process is unknown.

R4Sn -> R3SnX -> R2SnX2 -> RSnX3 -> SnX4

The degradation can also be abiotic. Photolysis and hydrolysis are abiotic processes, but
in the temperature- and pH-conditions of natural water environments only photolysis is
significant as an abiotic degrader in breaking down organic tin compounds (Rudel 2003).
The Sn-C bond is stable up to temperatures of 200°C (Kotrikla 2009). In photocatalytic
degradation, UV-light and the resulting hydroxyl-radicals degrade TBT (Kotrikla 2009).
However, water turbidity often effectively blocks photocatalytic degradation. For instance
the water in northern Airisto, the setting of the present study, is turbid due to agricultural
run-offs carried by rivers running into the sea (Jumppanen & Mattila 1994). In addition
to photolysis, chemical degradation is an abiotic degradation process, which has some
significance in natural conditions (Gadd 2000). Strong acids and electrophilic substances
can cleave the bond between tin and carbon (Kotrikla 2009). Organic tin compounds can
also transform due to methylation or dismutation (Rantala 2010).

Biotic processes are the most important mechanisms for tributyltin degradation in
freshwater and estuarine water phases and sediments (Dowson et al. 1996). Some bacteria
and fungi can degrade OTC’s by removing organic chains one at a time, and thus making
the substances less toxic. For instance, with the addition of an organic nutrient broth, the
gram-negative bacteria Pseudomonas diminuta degrades up to 90% of TBT in three days
in test conditions in an initial water concentration of 4-20 pg Sn/litre (Kawai et al. 1998).
Sulphate-reducing bacteria have also been found to degrade OTC's in anaerobic sediments
through methylation (Lascourreges et al. 2000). The marine alga, Pavlova lutheri, can also
accommodate increasing concentrations of tributyltin, degrading it to less toxic mono- and
dibutyltin (Saint-Louis et al. 1994). This suggests that the photolytic degradation of organotins
may be indirectly due to the stimulation of photosynthetic microorganisms (Huang et al.
1993). However, in the case of many microorganisms, the end-product of degradation
is @ mono-organotin, such as monobutyltin, instead of inorganic tin. Also the ability of
microorganisms to degrade organic tin compounds requires that the concentration of the
toxicants is not high enough to prevent the function of microorganisms. Microorganisms
may also remove these compounds from the environment by accumulating them (Gadd
2000), which may have consequences higher up in the food chain.

In summary, the half-lives of organic tin compounds depend on the prevailing conditions,
the method of degradation and whether the compound is in water or bound to sediment.
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Half-life estimates in sediments for TBT range from a year to ten years (Martinez-Llado et al.
2007; Kotrikla 2009). As mentioned above, TBT degradation occurs in aerobic and anaerobic
conditions. However, degradation in anaerobic conditions, such as in sediments, in which
the organic tin compounds often are in the Archipelago Sea, may take decades (Dowson et
al. 1996). Therefore OTC’s can be described as persistent pollutants in sediments due to their
long half-life estimates (Roessink et al. 2008). Organic tin compounds degrade much faster
in the water phase (Berto et al. 2007). The half-life estimates for TBT in water range from
days to weeks (Alzieu 1998). When abiotic degradation, or degradation by microorganisms
fails, OTC’s may become available to higher organisms.

1.4. Organotins in the environment

Antifouling paints prevented fouling by continuous release of biocide and thus forming a
thin layer of highly concentrated OTC-containing water around the hull of the ship. As a
result OTC’s leached off the hulls of ships as they travelled and also when ships moored
at harbours, and because of the constant leaching, new layers of anti-fouling paint were
added regularly. The leaching rate is controlled by paint characteristics, mainly by binding
chemicals (Thouvenin et al. 2002). Organic tin compounds have a high tendency to adsorb
onto suspended clay-rich sediments and organic matter (Poerschmann et al. 1997; Arnold
et al. 1998; Hoch 2001). Approximately 95% of tributyltin in the water column is bound
to suspended particles, including plankton and sediment particles, while the remainder
is largely associated with dissolved organic matter and organic and inorganic ligands.
Before the total ban of use on ships in 2008 (IMO 2001), TBT in the water column has been
reported in several publications at concentrations commonly ranging from 1 to 200ng It in
harbors and marinas around the world (Seligman et al. 1988; Fent 1996; Harino et al. 1997;
Antizar-Ladislao 2008). However, the concentration of TBT is approximately three orders of
magnitude higher in sea floor sediments than in the water column (Valkirs et al. 1986). In
addition, as the hulls of ships are refinished or subjected to other physical scraping (e.g. ice),
paint particles containing OTC’s are detached from hulls and rapidly settle on the sea floor.

Recent investigations suggest that TBT concentrations in water, sediment and biota have
generally declined after the implemented bans (Fent & Hunn 1995; Champ 2000; Diez et al.
2006; Sayer et al. 2006), and the maximum concentrations in marine water rarely exceed
100 ng I (Bhosle et al. 2004). For example, it has been reported that TBT concentrations in
surface marine waters have declined in France (Alzieu 1998), in the UK (Dowson et al. 1996),
in the US (Valkirs et al. 1991; Espourteille, Greaves, & Huggett 1993), in the Gulf of Mexico
(Wade, Garcia-Romero, & Brooks 1991) and Australia (Batley et al. 1992). Even though
water quality regarding OTC’s has improved globally, given its strong affinity for suspended
particulates and sediments, benthic sediments are regarded as the major sink for TBT in the
environment (Clark et al. 1988; Hoch 2001). Because of the resistance to biodegradation of
sediment-adsorbed organotin compounds (Sarradin et al. 1995; Page et al. 1996; Michel &
Averty 1999), sediments represent a potential source for future exposure of OTC's still for
years to come (Hoch 2001). In addition, concentrations in water and sediments are still high
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in countries, such as China, which have not fully regulated the use of organic tin compounds
(Cao et al. 2009).

Sorption is considered to be one of the most important processes responsible for the
reduction of TBT concentrations in water (Fent & Hunn 1995). However, although sediments
are considered a sink for organic tin compounds, they are also remobilized from sediments
back into the water phase, due to abiotic, biotic and human actions (Fent 2004). Compared
to deeper waters, shallow waters have a relatively large interaction with the sediment
compartment, which increases desorption due to differences in concentration, therefore
putting coastal areas and freshwater lakes are at a higher risk of contamination due to
remobilization (Hoch 2001). This is also reflected in accumulation into biota as coastal
species generally exhibit higher butyltins accumulations than their relatives from off-shore
areas (Hoch 2001). However, Borghi and Porte (Borghi & Porte 2002) showed that organotin
pollution in the North-Western Mediterranean is not limited to coastal areas, but can also
reach the deep-sea environment and inhabiting organisms (1000—-1800 m depth).

In sediments, the rate of desorption through diffusion is affected by the pH and salinity of
the water, where lower salinity decreases desorption. The organic moiety of the compound
affects the intensity at which desorption occurs: di- and mono-moietic forms diffuse back
in to water phase more readily than high moieties (Berto et al. 2007). Because of the long
half-life of organotin compounds, desorption can occur along a large time span (Dowson et
al. 1993). In addition to background desorption, organic tin compounds can be remobilized
from sediments due to tidal actions, other water currents, a storm or due to human
activities, such as dredging, dredge disposal or fishing (Eggleton & Thomas 2004).

1.5. Accumulation of organic tin compounds in biota

The availability of pollutants to organisms is a key determinant for the interactions of
toxicants with biota, and thus uptake, bioaccumulation and toxicity (Fent 1996). Organic
tin compounds can bioaccumulate via diet, water or sediments through passive diffusion or
actively through membrane transport. The transfer of organic tin compounds from water or
sediment through the surface of an organism is called bioconcentration, whereas transfer
through the food chain is called biomagnification. Together they are called accumulation
(Rantala 2010). Accumulation occurs when an organism absorbs a toxic substance at a rate
greater than that at which the substance is degraded. For instance, TBT, once released
from an antifouling coating, is rapidly absorbed in the water by organic materials such as
bacteria and algae or adsorbed onto suspended particles, such as clay and dissolved organic
matter, in the water (Gadd 2000; Burton et al. 2004; Luan et al. 2006). Subsequently it is
readily incorporated into the tissues of filter-feeding zooplankton, grazing invertebrates,
and, eventually through diet, higher organisms such as fish, water birds, and mammals. A
number of studies in industrialized coastal waters have reported biomagnification factors
of over 1, indicating bioaccumulation through the food web does occur (Fent 1996, but see
Lepper 2002). Accumulation is affected by many environmental factors, such as pH, humic
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acids and salinity (Looser et al. 2000). However, the comparison of results of various studies
is often problematic due to the manner in which data are presented; e.g. analysis corrected
with wet sample weights are not comparable to dry sample weight analyses.

Because organic tin compounds accumulate, or biomagnify, in the food web to some degree,
they may eventually end up in humans, when food containing them, such as oysters and fish,
are consumed (Hoch 2001). Three factors contribute to the extent of biomagnification in a
food-chain, 1) the substance is persistent and can not be broken down by environmental
processes, 2) the food chain energetics increase susceptibility, and 3) the organism has a low,
or nonexistent, rate of internal degradation or excretion of the substance, which is generally
caused by hydrophobicity of the substance. Contaminant uptake mechanisms and rates
can vary among and within species and depend on development stage, season, behavior,
sexual condition and the history of contamination (Luoma 1983; Tessier & Campbell 1987
Babukutty & Chacko 1995). The most common mode of TBT assimilation is generally thought
to be via the diet at the sediment—water interface (Eggleton & Thomas 2004).

Organic tin compounds are generally adsorbed into fat containing tissues (Lespes et al.
2009). The lipophilic properties of butyltins promote their accumulation in organisms and
their ionic properties improve their ability to bind on to macromolecules, such as proteins
(Fent 1996). The intake and elimination of TBT define the concentration in tissues, but
the lipid content regulates the toxic effect. However, some studies go as far as to claim
that the affinity of TBT to proteins is higher than the affinity to lipids and will therefore be
accumulated at higher concentrations in the liver (Stdb et al. 1996; Harino, Fukushima, &
Kawai 2000).

The ability of an organism to degrade and excrete OTC’s affects accumulation (Rudel
2003). If an organism cannot degrade or excrete the compound at the same speed as it is
taken in, the compound accumulates in to the whole organism or certain tissues within it
(Tremolada et al. 2009). Other species-specific factors, such as uptake efficiency, growth
dilution and metabolism can affect the degree of accumulation (Fent 2004). Generally,
once an organism exposed to TBT moves to a clean habitat and receives TBT-free food,
TBT is removed from the organism effectively through a process called biotransformation.
Insects are thought to be incapable of metabolizing TBT, but fish and mammals synthesize
cytochrome P450 monoxygenase, which metabolizes TBT into DBT (Fish et al. 1976; but
see Looser et al. 2000). However, many previous studies have provided evidence that TBT
has significant and selective effects on the different components of the cytochrome P450
monoxygenase system. The presence of TBT stimulates the system but also decreases
the quantity of cytochrome P450 and inhibits the catalytic activity of a cytochrome P450
isozyme, decreasing the ability of an organism to biotransform TBT into DBT (Morcillo &
Porte 1998).

Little is still known about the long-term accumulation and ecotoxicological effects of OTC’s
on the structure and function of aquatic, or even less, terrestrial ecosystems with respect to
biomagnification in food webs (Kannan et al. 1996; Kim et al. 1996; Stib et al. 1996).
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1.6. Factors affecting accumulation

Ecotoxicological effects are largely dependent on the bioavailability of the contaminants.
Bioavailability means the proportion of organic tin compounds, which is ingested and
reaches the target tissue. This is the proportion of organic tin compounds in water or
sediment, which is available for uptake by an organism (Rudel 2003). The organic moiety of
organic tin compounds affects their ability to accumulate. Several general factors, such as
hydrophobicity and organism-specific properties determine the degree of bioconcentration
(Fent 2004). For instance DBT and MBT accumulate to a lesser degree compared to TBT
(Rudel 2003). Dissolved or weakly adsorbed organic tin compounds are the most bioavailable
to organisms. More complex compounds, attached to, for instance minerals, may only be
bioavailable through diet (Eggleton & Thomas 2004).

Organic tin compounds preferentially partition to organic matter in sediment and dissolved
organic matter (DOM) in pore water (Eggleton & Thomas 2004). The composition of pore
water is a critical component in organic contaminant partitioning because of the variability
in colloidal material, dissolved organic and inorganic chemicals, redox potential, pH and
temperature, which may differ significantly from that of the overlying water (Rand 1995).
The bioconcentration of organic tin compounds decreases at high concentrations of DOM
and humic acids (Looser et al. 2000). Because organic tin compounds are tightly bound to
organic matter, its presence lengthens the time during which bioconcentration occurs and
therefore organisms can reach a physiological equilibrium in which organic tin compounds
are excreted as fast as they are accumulated. The slowing down of bioconcentration in the
presence of DOM may due to TBT forming complexes with organic carboxyl-, thiol- and amino
groups, and presumably are not available for uptake through the skin or gills. These complexes
may be so large that they cannot move through the cell membrane. Movement through
the cell membrane may also be hampered by the polarity of these molecules (Rudel 2003).
The amount of organic matter in sediment also significantly affects the bioaccumulation
of sediment-bound TBT. In addition, sediment grain size may also be of significance, as the
amount of organic matter is reversely correlated to the mean grain size (Meador et al. 1997).

The redox-potential affects the partitioning of TBT between the sediment and the water phase.
The highK_ -value negatively affects the bioavailability of organic tin compounds from aqueous
medium, because these compounds are hydrophobic. Therefore OTCs from sediments end
up in organisms mostly through diet (Lamoureux & Brownawell 1999). Inside the organism,
TBT moves through the cell membranes by an electrophoretic mechanism and disturbs the
movement of electrons in oxidative phosphorylation in mitochondria. Data suggest that the
TBT compound crosses the mitochondrial membrane as cation Bu,Sn(H,0) * through the lipid
bilayer and not by making use of a physiological carrier (Bragadin et al. 2003).

1.7. Toxicity of organic tin compounds

Because of the high bioavailability of OTC’s, they are harmful at low aqueous concentrations.
The lowest toxic concentrations are in the range of 1-10ng/L in marine gastropods; effects
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in fish are at magnitudes higher (1-10 pg/L, Fent 2004). The varying toxicity levels of
OTC’s are mainly affected by the number of organic chains and their type. The toxicity
reaches its maximum when three chains are attached to the tin atom. Triorganotins are
significantly more toxic than di- or mono-organotins (Antizar-Ladislao 2008). This may be
due to the increased surface area and lipophilicity of triorganotins. The most likely mode
of action in organisms for triorganotins is therefore in interactions with lipid membranes.
Tetraorganotins are of very low toxicity, which may be due to their non-polar composition.
In general, organic tin compounds containing alkyl groups are more poisonous than those
containing aryl groups (Song et al. 2006), and of these, the most toxic are the butyl- and
propyltins (Pellerito et al. 2006). In addition to toxicity, the type of organic group also affects
which organism the compound is toxic to. In general, mammals and insects are especially
vulnerable to trimethyl compounds whereas fish, fungi and molluscs are more susceptible
to triphenyl compounds (Kotrikla 2009). Also, the inorganic substituent may affect the
toxicity. The toxicity is increased for instance when the inorganic substituent is biologically
active or when it can assist in the transport of the molecule to the active site. However, the
chelation of the inorganic substituent to the tin atom decreases toxicity, which may be due
to the fact that a chelated tin atom cannot bind to an active site (Song et al. 2006).

In summary, the toxicity of organic tin compounds depends on their bioavailability and
length of exposure, as well as the sensitivity of the target organism to the organic tin
compound in question (Rudel 2003). Most importantly, the concentration of OTC’s in the
environment alone does not determine their toxicity, but rather the fraction of OTC’s that is
bioavailable (Shawky & Emons 1998). The bioavailability of OTC’s decreases with increasing
sediment organic matter (Antizar-Ladislao 2008). Also, pH and salinity affect the toxicity of
OTC's albeit to a lesser degree (Shawky & Emons 1998; Gadd 2000). Temperature, however,
has a greater effect on the toxicity of TBT than these. A rise in temperature speeds up
metabolism in organisms and depletes energy reserves, which increases susceptibility to
TBT (Kwok & Leung 2005).

The toxic effects of OTC’s to various organisms have been thoroughly documented (Fent
1996). The significance of organic tin compounds to the environment was not realized until
the early 1970s and already early research showed that the most commonly used OTC, TBT, is
very toxic to a large number of aquatic organisms (Blaber 1970; Smith 1981). Tributyltin has
several modes of action, which alone or in combination with others causes the consequent
observed effects, such as imposex, where female gastropods develop male reproductive
organs. The biochemical processes behind these are perturbation of calcium homeostasis,
inhibition of mitochondrial oxidative phosphorylation, and ATP synthesis, inhibition of
photophosphorylation in chloroplasts, genotoxicity and DNA damage, and inhibition
of enzymes such as ATPases and cytochrome P450 monoxygenases (CYP, Fent 2004). All
early toxicity studies were mainly conducted on gastropods and they concentrated on the
occurrence of imposex (Alzieu et al. 1986; Gibbs & Bryan 1986). Later, TBT has also been
demonstrated to cause impairments in growth, development, reproduction and survival
of many marine species (Beaumont & Budd 1984; Bhosle et al. 2004; Hagger et al. 2005;
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Martinez-Llado et al. 2007). The sensitivity of species to TBT varies among species, but
already concentrations of 1 ng/l are known to cause imposex. The specific mode of action
causing imposex is not understood. However, it may be explained by the known fact that
TBT increases testosterone concentrations in female gastropods and inhibits the conversion
of androgens to estrogen by the enzyme aromatase (Oehlmann et al. 2007).

Marine invertebrates are especially vulnerable to the effects of OTC’s in their embryonic and
larval stages (Antizar-Ladislao 2008). In addition to causing imposex, TBT causes the lysis
of red blood cells, cytogenetic damage and apoptosis (Jia et al. 2009). TBT can also affect
the expression of certain genes in invertebrates, such as the expression of glutathione-
S-transferase (Feng et al. 2007), receptor activated C kinase in Mya arenaria (Siah et al.
2007), CuZn superoxide dismutase in Haliotis diversicolor supertexta (Zhang et al. 2009).
Butyltins can also have toxic effects on haemocytes in the immune system of invertebrates.
For example in the cultivated clam (Tapes philippinarum), the phagocytic activity was
significantly reduced in an irreversible non-lethal manner depending on concentration and
lipophilic affinity (Cima et al. 1998).

In spite of most of the studies having been conducted on invertebrates, many toxic effects
on vertebrates have been documented. The structure and lipid solubility of triorganotins
correlates with the toxic effects observed, and is in accordance with the theory that
triorganotins exert toxic effects through interactions with membrane lipids (Gadd 2000).
The scope of adverse toxic effects of organotins in vertebrates is quite broad and includes
effects on macromolecular- and DNA synthesis and, primary immunosuppressive,
endocrinopathic, neurotoxic metabolic, and enzymatic activity, as well as potential ocular,
dermal, cardiovascular, upper respiratory, pulmonary, gastrointestinal, blood dyscrasias,
reproductive/teratogenic/developmental, liver, kidney, bioaccumulative, and possibly
carcinogenic activity (Snoeij et al. 1986; Kannan & Falandysz 1997; Nakanishi 2008; Osman
et al. 2009).

In particular, three main areas of study on the toxic effects of OTC’s on vertebrates have
emerged. The first concentrates on the effects of OTC’s on energy metabolism. Butyltins
especially, have been found to negatively affect the production of ATP in mitochondria. Of
the butyltins, TBT presents the highest toxicity by disturbing the function of mitochondria
with the F(1)F(0)-ATPase as main target (Nesci et al. 2011). DBT is less toxic and its toxicity
action is generated by blocking the absorption of oxygen in the mitochondria, whereas MBT
has no obvious toxic effect on mammals (Lei et al. 1998). The apoptosis of cells, involving
caspase-3, modifications of cytoskeletal structure and the Bcl-2 family, may be due to
butyltin-caused damage in the mitochondria (Zhu et al. 2007).

The second main area of interest are the effects of OTC’s on cytochrome P450 enzymes
of CYP1, 2 and 3 groups, which play a central role in the oxidative metabolism or
biotransformation of a wide range of exogenous compounds, such as toxins, as well as a
variety of endogenous compounds, including the metabolism of fatty acids and hormones
(Nelson et al. 1996). Organic tin compounds, especially TBT, inhibit the activity of cytochrome
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P450 enzymes. Tributyltin is able to penetrate the hydrophobic membrane environment,
that envelopes the cytochrome P450 system. Here TBT binds to the haem moiety of
cytochrome P450 (Rosenberg and Drummond, 1983; Fent and Bucheli, 1994). Additionally,
it impedes the transfer of electrons from the hydrophobic binding site of cytochrome P450
reductase (Morcillo & Porte 1997). Furthermore, recent investigations of the effect of TBT
at lower concentrations than those reported earlier from the subchronic test of fishes
have suggested an involvement of cytochrome P450 enzymes in TBT metabolism and the
androgenic effects of TBT in fish (Mortensen & Arukwe 2007).

The third major area of interest in the effects of OTC’s in vertebrates is on the immune
system. Butyltin compounds reduce cortical thymocyte numbers and as a consequence, the
weight of the thymus. After extended exposure, butyltins suppress T-cell mediated immune
responses (Seinen et al. 1977). Low doses inhibitimmature thymocyte proliferation, whereas
high doses cause a depletion of thymocytes by apoptosis (Raffray & Cohen 1991). Kinetic
studies show that after the dealkylation of TBT by cytochrome P450, it is actually DBT, which
causes these effects in thymocytes. Dibutyltin initiates an increase in intracellular Ca?,
causing the generation of reactive oxygen species (ROS) and release of cytochrome c from
the mitochondria. As a result caspases are activated, cleaving defined target proteins and
leading to an irreversible apoptic damage of the cell. The aforementioned increase in Ca?*
may be caused by disruption of membrane or cytoskeletal functioning (Gennari et al. 2000).

1.8. Aims of the thesis

The brackish water Archipelago Sea, situated in the South-Western corner of Finland has
previously been of interest due to its higher than average sediment organic tin compound
concentrations (Ympadristoministerio 2007). This is most likely due to the high shipping
activity, with two major ports and large repair shipyard, a point source in the proximity of
which the highest concentrations have been measured, and also due to of the large amount
of sediments dumped by the rivers and lack of strong sea currents (Helminen et al. 1998),
and large dredging and marine dumping actions that have to be carried out nearly every
year to allow large ships to dock. In the Archipelago Sea, tributyltin has so far been found
in a number of organisms including phytoplankton, the Baltic tellin (Macoma balthica),
the pike (Esox lucius), the perch (Perca fluviatilis), the pikeperch (Sander lucioperca), the
Baltic herring (Clupea harengus membras), and the bream (Abramis brama, Airaksinen et
al. 2010). However, the transfer of organic tin compounds in the food web, and especially
from an aquatic ecosystem to a terrestrial, and the effects on organisms during this process
have not been studied in detail.

Ecotoxicology studies the interactions between environmental chemicals and the
biota, including the fate of the chemicals and their effects on processes from genes to
populations, which control the ecosystem. The relationship between cellular toxicological
responses to toxicity at higher biological levels is a key question in ecotoxicology (Fent
1996). Ecotoxicological studies on say, tributyltin, require interdisciplinarity, considering



Introduction 19

the chemical, biological, toxicological, molecular and ecological processes included. Thus,
ecotoxicology is essentially based on environmental chemistry, toxicology and ecology,
which are combined with each other and integrated to form novel ecotoxicological concepts.

The aim here is to study the small-scale distribution of tributyltin and its effects on
organisms by means of an ecotoxicological approach. More specifically, the thesis studies
the distribution of tributyltin in the Archipelago Sea, and the physical and environmental
features, which facilitate its accumulation into biota. Furthermore, the study aims to
describe a possible pathway for the transfer of organic tin compounds from aquatic to
terrestrial ecosystems through insect vectors, such as chironomids (Chironomidae). The
thesis also studies the accumulation of tributyltin through the food web in to Daubenton’s
bats, and the possible physiological and genetic effects it afflicts upon these animals. This
study broadens our understanding on the extent of the fate and consequences of organic
tin compounds in the environment.

The following questions are addressed (Roman numerals refer to original papers presented
as annexes):

1. What is the extent of tributyltin contamination in marine sediments in the northern
part of the Archipelago Sea? ()

2. What are the in vitro multigeneration effects of tributyltin on life history traits of
a ecologically significant species group, the chironomids, in controlled laboratory
conditions? (I1)

3. Can the effects of tributyltin contamination be observed as differences in the
abundance and species composition of chironomids? (Il

4, Can reed beds act as ecosystem boundaries, which facilitate the transfer of organic
tin compounds from aquatic to terrestrial ecosystems through insect vectors such as
chironomids? (1)

5. Do organic tin compounds accumulate in Daubenton’s bats through their chironomid-
rich diet and do the concentrations reflect local sediment organic tin compound
concentrations? (IV, V)

6. What are the physiological consequences of exposure to organic tin compounds in
Daubenton’s bats? (V)

7. What can population ecology tell us about possible long-term exposure of
Daubenton’s bats to tributyltin? (VI)
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2. SETTING OF THE STUDY

2.1. Study area

The study area of this thesis is situated in the Archipelago Sea on the Finnish coast of the
northern Baltic Sea. It is situated in South-western Finland and covers a total area of 9436
km?, of which islands constitute 2000 km? (Helminen et al. 1998). The area belongs to the
hemi-boreal vegetation zone (Ahti et al. 1968) and exhibits strong seasonal patterns.

The Archipelago Sea is shallow with a mean depth of only 23 m. As with most of the Baltic
Sea, there are no tides in the Archipelago Sea. Water levels may vary up to 1.7 m due to
wind conditions and changes in wind and atmospheric conditions (Grand & Roto 1989).
The weak near-bottom currents generally flow north to south and the area has a large river
input of fresh water and making the salinity is very low (typically less than 5 psu). River
input also carries a large amount of organic and clay-rich sediments, which accumulate on
sea floors in the Archipelago Sea, especially in the northern part. Due to the nutrient runoff
from rivers, the Archipelago Sea is slightly eutrophicated (Jumppanen & Mattila 1994). As a
result of this and annual ice cover, light and oxygen levels are especially low at the bottom
(Leppakoski & Bornsdorff 1989).

There are two large ports with intense shipping activity in the area, in Turku and Naantali,
with an oil terminal and cargo and passenger terminals (fig.1.). There are also several
dry-docking facilities, a repair yard and a major shipyard. Because of the large amount of
sediments dumped by the rivers and the lack of strong sea currents (Helminen et al. 1998),
large dredging and marine dumping actions have to be carried out nearly every year in
order to allow large ships to dock.

2.2. Description of the study species

2.2.1. Chironomidae

Chironomids are a widespread and species-rich family in aquatic ecosystems with at least
a reported 6951 species worldwide (Pape et al. 2009). They are an ecologically important
group of benthic macro-invertebrates playing a role in detritus processing and recycling
organic matter and as prey species for fish, bats and aquatic birds (Coffman & Ferrington
1996; Vaughan 1997). The larvae occupy a wide variety of aquatic and semi-aquatic
environments including fresh- and marine waters, and also brackish water such as the
Baltic Sea. The within-family regional (Nilsson 1997) and local diversity (Ferrington 2007)
is considerable, and in Finland alone, 784 species have been reported. Due to their aquatic
and terrestrial life history traits and the fact that chironomid diversity and abundance is
often higher than that of other common macroinvertebrate groups combined (Marziali
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Figure 1. Map of the study area in the Archipelago Sea, S-W Finland. The cross indicates the location
of the repair shipyard and the two triangles indicate the location of the major ports in the area.

et al., 2010), chironomid species are a very important group ecologically (Taenzler et al.
2007).

The life cycle of chironomids can be divided into four stages: egg, larval stage with complete
metamorphosis (consisting of four instars), pupa and adult (Fig. 2). Often, the larvae live in
the sediment in tubes constructed of algae, sediment particles and other available particles.
Chironomids, for the most, are deposit feeders, projecting their head and the anterior part
of their body outside of their tubes and ingesting silt, microdetritus, periphyton and other
suitable particles on the sediment surface. The pupae rise to the surface before the adults
hatch. The adults often form large mating swarms, after which the females attach their
egg sacks to aquatic plants and other objects just below the water surface before dying.
Although the larval stage of chironomids, depending on the climate, may take from weeks
to months, the lives of adult chironomids are measured in days.

The non-biting midge, Chironomus riparius, is widely distributed in the northern
hemisphere, most commonly at temperate latitudes. It is found in the Western Palearctic
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region, including Finland; and also in the Nearctic region. The study species is a collector-
gatherer feeding on sediment-deposited detritus (Rasmussen 1984a, 1985). The larvae
can tolerate a wide variation in pH, oxygen level, salinity and sediment grain size (Havas &
Hutchinson 1982) and it often often occurs in polluted waters with observed population
densities of over 50 000 juvenile individuals per square meter (Armitage et al. 1995). C.
riparius winters in the third or fourth larval instar and the diapause is characterised by a
halt in the development of the imaginal discs in the fourth subphase of the fourth larval
instar. The synchronized emergence of the wintering cohort takes place in spring and the
settlement of first instar new generation larvae occurs within a few weeks thereafter.
The species exhibits multivoltine life cycles at temperate latitudes with repeated settling
of larvae during April to November (Groenendijk et al. 1996), but larval development
is strongly related to the water temperature and therefore the number of consecutive
generations per year is strongly restricted by climatic conditions (Mackey 1977). The
effect of temperature may be as dramatic as to lead to only one generation per year, such
as in prairie ponds in the boreal zone of Canada, where the ice-free season lasts only six
months and food supply is limited (Rasmussen 1984b). The wide tolerance range of the
species to environmental conditions and the mating and egg-laying habits of the species
have made the species a popular model organism in the laboratory. It has been used
extensively in the past in sediment contamination tests (Cairns & Van der Schalie 1980;
Sibley et al. 1997; Adams et al. 1999), and standard methods have been described for
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Figure 2. The life stages of chironomids. Adopted from Timmermans (1991).
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conducting toxicity tests with the C. riparius and the related Chironomus dilutus (OECD
20044a; b; ASTM 2006).

2.2.2. The Daubenton’s bat (Myotis daubentonii)

To date, thirteen species of bats have been recorded in Finland. All of the bats living in
Finland, apart from the Northern bat (Eptesicus nilssonii), are at the northern-most limit of
their range, and most of the species are restricted to southern- and central Finland. The
Daubenton’s bat (Myotis daubentonii; Vespertilionidae (Kuhl, 1817)) is one of the most
common bats in Finland, with a latitudinal range extending to 70° in the north (Fig. 3).
Outside Finland its range encompasses almost all of Europe and northern Asia, although the
phylogeny of the daubentonii-group is unclear to the east of the Ural mountains (Kruskop
2004; Matveev et al. 2005).
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Figure 3. Distribution of the Daubenton’s bat in Finland, Europe and northern Asia. Adopted from
IUCN Red List of Threatened Organisms (www.iucn.org)

Just like most temperate bats, the Daubenton’s bat is a small (6-10 g) and insectivorous. Itis a
so-called “trawling bat” and has large, bristle covered hind feet, which make it well adapted
to capturing insects from the surface of still water bodies. In Finland, individual animals may
also forage in forests and woodlands in the vicinity of water bodies, especially in the spring
before water temperature are high enough to produce an adequate amount of insects
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(Nyholm 1965). The Daubenton’s bat feeds opportunistically, i.e. insects of with a body size
of approximately 7 mm are captured if available (Taake 1992). Chironomids (Chironomidae)
constitute the bulk of their diet, but also other Diptera (crane-flies, mosquitoes), aphids,
mayflies, lacewings, Hymenoptera, moths and caddis flies are seasonally captured (Swift
& Racey 1983; Flavin et al. 2001). There are also reports of Daubenton’s bat being able to
feed on small fish (Siemers et al. 2001). The hunting flight is usually at 10-20 cm above the
water surface and insects, usually emerging chironomids and even their pupae shells, are
captured from the water surface. Daubenton’s bats can only recognize the acoustic images
of emerging insects if they are not masked by floating leaves or plant material. Because of
these feeding habits, water bodies with extensive still and vegetation free water surfaces
and trees on both banks represent key foraging patches for this species, as they provide
high insect densities and a suitable foraging habitat during the seasonal activity period
(Taake 1992; Warren et al. 2000). In Finland, due to the low salinity of the northern Baltic
Sea, Daubenton’s bats regularly forage over the sea surface.

In the study area Daubenton’s bats typically hibernate until mid/late-April, but males may
hibernate until mid-May (pers. observation). After hibernation Daubenton’s bats typically
migrate to their foraging areas and summer roost in their vicinity, which are often not
situated very far from the hibernation site in Finland; typically under 10 km due to the high
frequency of water bodies and suitable hibernation sites (Nyholm 1965). Outside Finland,
in Central Europe, movements up to 304 km between summer roosts and hibernation
sites have been recorded (Steffens et al. 2005), although mean movements are under 100-
150 km (Tress et al. 2004). As with hibernation sites, Daubenton’s bats show strong fidelity
to their summer roosts and foraging grounds, returning to the same areas year after year
(Nyholm 1965). Daubenton’s bats prefer to roost in woodpecker cavities often found in
Common Alder (Alnus glutinosa) or Birch (Betula pendula) in riparian forests often within a
kilometer from the feeding grounds, although males often forage up to 6 km away (Senior
et al. 2005). They also use small bird nest boxes very often; especially after the breeding
birds vacate them in July. One roosting site in the study area is situated in an old mill, now
in use as a museum.

Hibernation is an adaptation for overcoming food shortage in winter (Ransome 1990), and
timing of reproduction is such that the periods of high energy demand in reproducing adults
and in growing young coincide with those of high food availability (Racey 1982). Pregnancy
and lactation in females and spermatogenesis in males are energy-demanding processes
that require increased food intake compared with other times of the year (Anthony and
Kunz 1977; Racey and Speakman 1987; Encarnacao and Dietz 2006; Encarnacao et al.
2006a; Dietz and Kalko 2007).
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3. MATERIALS AND METHODS

3.1. Studying the extent of tributyltin contamination in marine sediments in the
northern part of the Archipelago Sea

The data for manuscript (I) were collected during the summer of 2009 by dividing the
northern Archipelago Sea into a 2 x 2 km grid and the southern, more channel-like
section of Airisto was divided into 2 km segments representing sampling locations, from
which triplicate sediment samples were collected from the shipping lane and Phragmites
australis reed-beds close to the shore. Reed bed sediment samples from the top surface
layer (0-5 cm) were collected with a small hand spade, being careful not to disturb the
composition of the sediment. The shipping lane samples were taken by a core sampler
from the surface layer (0-5 cm) and stored in -20 °C until HPLC/MS-analysis. The TBT
concentrations of all three sediment samples from each collection point were analysed
after solid phase extraction with HPLC/MS using a deuterated tributyltin (D27) internal
standard. To statistically analyse the results, we calculated the distance between repair
shipyard and the reed bed sampling sites, as well as the distance from these sites to the
shipping lane. The effects of these distances, shipping lane depth, and shipping sediment
TBT concentration on log-transformed reed bed sediment TBT concentrations were
analysed in a linear regression.

3.2. Methods for studying multigeneration effects of TBT on Chironomus riparius

The aim of this experiment (Il) was to experimentally test the multi-generation effects
of sediment-bound tributyltin on life history and immunocompetence of C. riparius. The
immediate- (single generation) and long-term (five generations) effects were tested as
well as recovery from exposure after four generations. All C. riparius larvae used in the
experiment were obtained from an in-house mass culture, which was established in 2009
with egg ropes from the University of Eastern Finland and University of Frankfurt, to avoid
effects of inbreeding. Three exposure groups [low (30 ug/kg), intermediate (90 pg/kg)
and high (180 ug/kg TBT in sediment dry weight)], a control and a solvent control with
four replicates of each were used in 30 x 20 x 20 aquaria with 50 individuals in each. Fifty
individuals of each exposure concentration were also raised in parallel to collect larvae for
phenoloxidase assays and haemocyte counting. The selected TBT treatments were based on
data collected from a random sampling of the Archipelago Sea, in Southwestern Finland (1).
We took five individual freshly-hatched larvae from ten egg masses for each aquarium and
from the 15th experimental day on, the number of emerged imogens were counted daily.
The number of eggs per egg mass was counted, and dead adult chironomids were collected
and weighed after drying on a precision scale. Actual sediment TBT concentrations were
measured by HPLC/MS.
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Larval chironomids in the final instar were sieved from the parallel aquarium sediments to
collect haemolymph for PO-activity measurement and haemocyte counting. Phenoloxidase
activity was measured using L-DOPA as a substrate and haemocytes were counted in a
Burker chamber without staining. Total protein concentration was measured using the
BioRad protein assay kit based on the Bradford method and results were displayed as
specific PO activity (U/mg protein).

To test the effects of five consecutive generations of exposure to the sediment TBT, egg
ropes from the specific treatment and replicate were used for the next generation, again
using 5 larvae per egg rope adding up to 50 individuals. In the fifth generation, due to
space restrictions in the laboratory caused by the doubled number of containers needed
for running the recovery-experiment in parallel, 30 larvae, as opposed to 50 in the previous
four generations, were reared in smaller glass jars. The final recovery experiment tests
whether the effect of TBT on immune defence and other life history traits are lost when a
population exposed to TBT for multiple generations is reared in a clean environment (i.e.
pollution of environment ends). Egg ropes were taken from TBT treatments in the fourth
generation and reared in a TBT-free environment (i.e. Control, Solvent control, 30 Clean, 90
Clean and 180 Clean).

3.3. The effects of tributyltin on the species composition and abundance of natural
populations of chironomids

The study examines the effects of sediment bound tributyltin on the species richness,
species composition and abundance of chironomids in the northern Archipelago Sea (lll).
Sampling locations were based on the gradient obtained from the results of manuscript (1),
ranging from very high contamination in the northern part of the sampling range to very low
or clean in the southern. In order to minimize environmental variation, chironomid species
living close to the shore in Phragmites australis —reedbeds were studied, and instead of
larvae, only adult chironomids were sampled with emergence traps. This method provides
information on chironomid species, that actually complete their aquatic larval stage in the
study area (Raunio et al. 2011), which is important considering the effects of organic tin
compounds on development.

Specifically designed floating emergence were used trap to catch emerging species, placed in
triplicates approximately 5 meters from the shore. The collecting period started in late May
and ended in late September 2009 with bottles being replaced with new ones weekly. The
chironomids were identified to species level by Lauri Paasivirta based on nomenclature at
Fauna Europaea (Saether & Spies 2011). Sediment TBT was analyzed from samples collected
from under the traps using HPLC/MS, and environmental factors (loss on ignition, soluble
phosphorus, sediment grain size and pH), which could affect chironomid distribution,
were measured accordingly. The effect of increasing sediment TBT concentration on local
chironomid species composition was tested using Mantel’s test of matrix correspondence
and partial Mantel’s tests. Ecological dissimilarity in species composition was measured with
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the Sgrensen index (Legendre & Legendre 1998). The information of local TBT concentration
was converted into another distance matrix based on the Euclidean distance, and another
Euclidean distance matrix was constructed from the geographical coordinates of each
sample site. In addition to these matrices, a third explanatory matrix was constructed from
the remaining environmental data.

3.4. Reed beds facilitating the transfer of organic tin compounds from aquatic to
terrestrial ecosystems through chironomid vectors

Chironomids were sampled in select locations along the TBT gradient for HPLC/MS analysis
of TBT concentration to gather information on whether chironomids could act as vectors in
transferring organic tin compounds from aquatic to terrestrial ecosystems (I). Two custom
emergence traps were placed per reed bed site to collect for chironomids during peak
densities in early August. Aluminum foil covered vials filled with Etoh were used to collect
and store samples. TBT was extracted from the chironomid samples by ultrasonification
in methanol with internal standard of 1 pg of deuterated TBT (D,,). After evaporation, the
residue was taken up in 500 pul of acetonitrile and 500 pl of purified water containing 0.1%
trifluoroacetic acid (TFA, CF,CO,H). The sample was then run on a HPLC/MS and the internal
standard and calibration curve were used to calculate the actual TBT concentration of the
freeze dried and weighed samples

3.5. Accumulation of butyltins in Daubenton’s bats through their diet

The following step in the thesis required proof of Daubenton’s bats in the northern
Archipelago Sea feeding on the emerging chironomids, which would expose them to
tributyltin through their diet and actually measuring TBT, or its metabolite, DBT in the bats
(IV). Here we collected bat fur for HPLC/MS-analysis and fecal pellets from bats sampled
in the study area and used next generation sequencing to study diet DNA from the pellets.
Sediment samples were also collected from all bat-sampling sites and analysed for TBT. In
this preliminary study we sampled 15 bat individuals for fecal DNA, which was subsequently
extracted in an insect-free DNA laboratory to prevent contamination. Individual libraries
were prepared according to Meyer & Kircher (2010). Following this emulsion PCR and lon
Torrent Sequencing was carried out according to the most current protocol (Publication Part
Number: 4471974 Rev. C). The resulting sequences were separated into different barcodes,
that s, original individuals samples and the sequences were trimmed for original arthropod-
specific primers. Sequences over 50 bp were clustered into haplotypes and identified to
species using BLASTN 2.2.25+ algorithm (Zhang et al. 2000). The BLAST output was imported
to program MEGAN (Encarnacao et al. 2005) to illustrate and compare differences between
individual samples.

Butyltins were extracted from the fur samples with solid phase extraction after digestion
with proteinase K and adding the internal standard of TBT D, The final extract was taken
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up in 100 pl of ACN and 100 pl of 0.1% trifluoroacetic acid (TFA) in water before liquid
chromatography mass spectrometry was run to measure for tributyltin and dibutyltin.

3.6. The physiological consequences of exposure to organic tin compounds in
Daubenton’s bats?

The organic tin compounds dibutyltin and tributyltin increase cellular reactive oxygen
species (ROS) levels possibly by altering Ca** homeostasis (Corsini et al. 1996; Gennari
et al. 2000) or by affecting biotransformation activity (Schmidt et al. 2005). Redox
imbalances are also associated with immune function, which is hampered by organic
tin compounds. This study examines whether the TBT-associated effects can be seen in
general body condition and redox balance, redox enzyme activities, associated oxidative
damage of red blood cells and complement function regardless of natural environmental
variation in bat populations sampled in differently contaminated areas (V)? The blood
samples were collected into 75 pl heparinized capillaries from the interfemoral vein. The
capillaries were subsequently centrifuged (5 min, 1000 rpm/g) and the haematocrit was
measured. Following this, the red blood cells were diluted into 0.9 % NaCl and the plasma
in HBSS and stored in -80 °C.

The levels of glutathione reductase, glutathione peroxidase, glutathione-s-transferase,
catalase and glucose-6-phosphate dehydrogenase activity and superoxide dismutase
inhibition rate were measured. All levels and activities were measured in triplicate (intra-
assay coefficient of variability [CV] < 10% in all cases) using 96-well and 384-well microplates.
All values were correlated to protein content (Bradford 1976). Three control samples were
used on every plate to correct for interassay variation (CV max 20 %). The ratio between
reduced and oxidized glutathione species (GSH/GSSG) was measured with a glutathione
detection reagent with reduced glutathione as the standard.

For measurement of the alternative complement pathway activity a recombinant strain of
Escherichia coli K-12 was used by cloning with EGFPluxABCDEamp gene, which expresses
the bacterioluciferase enzyme (Atosuo & Lilius 2011). The expression of the luciferase
operon produces cells capable of emitting bioluminescence (BL) without the addition of
substrate. Bioluminessence, i.e. the reduction of light as bacteria were destroyed, was
used to measure the effectiveness of bat serum at killing bacteria (Kilpi et al. 2009). To
determine a value for the activity, a slope from derivate values from points between 20 and
100 repeats, where the complement was visibly activated, was calculated.

The individual correlations between bat hair DBT concentrations and body condition
index (weight/forearm length, BCl), haematocrit, protein carbonylation, complement and
total ROS were calculated with a Spearman’s correlation. To get an overall picture of the
correspondence between sediment and fur organic tin content and the activity of the
analysed set of antioxidant enzymes and redox status enzymes, we used Mantel tests of
matrix correlation (Legendre & Legendre 1996).
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3.7. Population structuring of Daubenton’s bats in the Archipelago Sea

The study was initiated in order to understand the small-scale genetic population structure
of the Daubenton’s bat in a patchy environment of the Archipelago Sea with samples from
sites in Finland and Europe (VI). The study reveals whether the Archipelago Sea, or another
yet unidentified obstacle, poses a barrier to gene flow in Daubenton’s bats, which are
considered to have strong site fidelity and thought to fly only short distances during their
seasonal movements, and to gain an insight on the possibility of chronic exposure to TBT
through site fidelity. A 3 mm diameter tissue sample for genetical analyses was punched
from both left and right wing membranes from selected sites in northern Archipelago Sea,
eastern Finland, Spain, Switzerland and England. DNA was extracted from one biopsy punch
by using the modified salt extraction protocol of Aljnabi & Martinez (1997). All samples
were analysed at 9 microsatellite loci shown previously to be polymorphic in Daubenton’s
bats.

PCR products were electrophoresed on an ABI3130x| Genetic Analyzer with GeneScan -600
LIZ size standard and subsequently genotyped. Deviations from Hardy-Weinberg equilibrium
(HWE) within all populations (within loci) and across all loci (within populations) were
calculated and the genotypic linkage equilibrium was determined among every locus pair.

For every sample site the genetic diversity indices, observed number alleles (A), expected
gene diversity (He), the observed proportion of heterozygotes (Ho) and the allelic richness
(Rt) averaged across loci were calculated and the allelic richness (Rt) averaged across loci was
calculated. Furthermore, population differentiation was estimated by calculating P-values
for genic differentiation between each population pair at every locus and across all loci and
pairwise FST values over all loci for each population pair were also implemented. Isolation
by distance (IBD) is defined as a decrease in the genetic similarity between populations as
the geographic distance between them increases. We used FST estimates to test for IBD
using the Mantel test. IBD was determined for all individuals and also for males and females
separately to detect sex-biased dispersal.
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4. RESULTS AND DISCUSSION

4.1. The extent of tributyltin contamination in marine sediments in the northern part
of the Archipelago Sea (I)

Tributyltin contamination in northern Archipelago Sea is very local, with the highest
concentrations measured at the repair shipyard in Naantali and in its direct proximity.
More importantly, tributyltin was also found in the ecologically important reed bed
zone. The effect of distance on reed bed TBT differed according to shipping lane TBT
concentrations. There was an interaction between shipping lane depth and distance from
source.

Globally TBT and other OTCs are found at especially high concentrations around major ports,
shipyards, and dry-docking facilities (Harino et al. 1997; Buggy & Tobin 2006), and the levels
of TBT measured in the present study are in the same order of magnitude as measured in
other recent studies on port areas (Chen et al. 2010; Eklund et al. 2010; de Oliveira et al.
2010; Liu et al. 2011). In accordance with this, the highest reed bed TBT concentrations
were found close to the only active source in the area, the repair shipyard where ships are
refinished, in the northern part of our study area. The large influx of clay-rich sediments
from rivers feeding into the Archipelago Sea (Jumppanen & Mattila 1994) enforce the
sedimentation of TBT by providing adsorption material in areas where TBT input from the
dry-docking facility and shipping channels is already high. The concentrations in the main
shipping channel were also highest in the northern part of the study area. The southern
part of the study area is largely unaffected by TBT in both reed beds and the shipping lane.
The discovery of TBT in reed beds suggests that TBT, and other OTCs, are transferred via
insects from aquatic ecosystems to terrestrial ecosystems relatively close to an OTC source
through ecosystem boundaries, such as Common reed beds, which are areas of high insect
biomass production in the Archipelago Sea (Pitkdanen 2006).

4.2. Multigeneration effects of tributyltin on life history traits of chironomids (ll)

Because ofitscomplexnature, TBTis a potenttoxicant with multiple modes of actiononinsects
and other organisms (Rantala 2010). Although many of the exact metabolic consequences
are poorly understood, the effects on life history can be studied experimentally. The results
of the single-, multigeneration- and recovery experiment of TBT on the life history of C.
riparius indicates that TBT has both immediate and long-term effects on the parameters
tested here (development time, weight, fecundity, survival, immune function), with additive
effects over generations on survival and immune defence. However, the effects disappear
in the first generation reared in clean conditions, apart from effects on development time,
which is carried over generations.
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In a single generation all sediment TBT concentrations (30, 90 and 180 pl kg ) lengthened
the development time of individuals, decreased the weight of adults, the number of eggs
laid and the number of haemocytes. To further test the possible effects of the different
concentrations of TBT exposure onC. riparius over generations, the experiment was continued
for another four generations. After five generations of TBT exposure larval development
times continued to be elevated, compared to control, but no significant increases from
the short-term exposure were evident. While TBT had a variable effect on the measured
life-history variables (development time, fecundity, survival and weight) over generations,
all variables differed significantly in comparison to the control treatment. Fecundity was
higher in the treatments throughout the five generations and there was an increase in the
fifth generation before extinction in the lowest and highest treatments. A similar trend was
observed in the intermediate treatment, but it was not statistically significant. These effects
are generally associated with toxicants, previously demonstrated with TBT on C. riparius
(Vogt et al. 2007b). Survival was markedly lower in all TBT treatments, and decreased over
the generations, until in the fifth generation under 20% of the highest treatment and under
40% of the lowest and intermediate treatments developed into adults. Also these results
agree with the previous findings of (Vogt et al. 2007b).

Although the principles of the immune function in insects are analogous to vertebrates,
there are fewer components, thus enabling more conclusive deductions of the effects of
treatments. The number of haemocytes, the equivalent to vertebrate leukocytes, decreased
with generation in all treatments. This multigeneration effect of TBT has not been described
earlier, although the immediate effect of TBT on the immune system is documented in
other arthropod groups (St-Jean et al. 2002; Harford et al. 2007; Misumi et al. 2009; Liu
et al. 2009; Gopalakrishnan et al. 2011). Interestingly, as haemocyte numbers decreased,
phenoloxidase activity increased, possibly as the animals attempted to compensate for the
reduced cellular immunity with increased humoral immunity. Phenoloxidase activity was
not significantly different to the control in the first generation in any TBT treatments, but in
the second and subsequent generations, the phenoloxidase activity of all TBT treatments
was higher than in the control. Again, this is the first experiment to demonstrate such an
effect, although single generation studies have been conducted with similar results to our
first generation (Tujula et al. 2001; Zhou et al. 2010). The decrease in haemocyte numbers
could be caused by epigenetic effects, which build up over generations, or more direct
maternal or paternal effects, which are delivered with the egg or sperm. However, since
in the following recovery experiment we did not find any likelihood of previous generation
TBT exposure to immune function when offspring were reared in a clean environment, this
explanation is not likely. In fact all effects, apart from development time, returned to control
levels in the recovery generation. Likewise, results of the recovery experiment exclude the
effect of fast adaptation to the TBT as a possible explanation. This is somewhat surprising,
as such effects passed over generations are the most feasible explanation for short-term
changes in life-history in organisms with non-overlapping generations. However, the results
on increased fecundity under exposure in particular suggest that TBT may act as a strong
selective agent on chironomid life-history: only the most tolerant individuals manage to
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survive and reproduce under polluted conditions, while the stressful environment favours
increased reproductive investment.

In general, the multigenerational effects observed can be due to physiological acclimation
(phenotypic plasticity) varying between generations overall, genetic adaptation through
micro-evolution (Medina et al. 2007) or inbreeding, probably caused by the death of
TBT-intolerant phenotypes before reproduction. This would enhance the appearance of
genetically determined traits for TBT tolerance, epigenetic effects, where TBT exposure
affects the methylation/acetylation of histones/genes affecting gene transcription conferring
resistance to TBT in consecutive generations. Also any combination of the foregoing are
plausible. It seems TBT is such a potent toxicant—with a wide variety of effects on energy
production, immune defence and hormone balance (Oehlmann et al. 2007) among others—
that micro-evolution cannot produce a suitable genotype, at least in such small populations
considered here, which may also be affected by inbreeding.

4.3. The effect of sediment TBT contamination on chironomid community structure (l11)

TBT can act as a strong selective agent in populations. This study demonstrates that
sediment TBT-contamination can also affect the species composition of communities,
in this case, chironomid assemblages in the northern Archipelago Sea. More precisely,
tributyltin causes a turnover in species composition and a reduction in the number of
species and genera, but does not affect the overall abundance of chironomids, meaning
chironomids are still available as food items for organisms higher up in the food chain. In
terms of ecological importance of the results, it is probable that the abundance (i.e. total
number of individuals) of chironomids is more important than the species composition
of this functionally relatively coherent group as some species are able to tolerate higher
concentrations and thus, for the lack of competition, are able to increase in abundance
(Clements & Rohr 2009). As a result, the functional role of chironomids in the food web and
detritus cycle may be preserved even when OTC- pollutants, such as TBT, have eliminated
many species or even genera from the community. Our results suggest that the loss of
biodiversity and loss of ecological function along the organic tin compound gradient are
likely to occur at separate rates. This, however, means that chironomids can act as vectors
transporting nutrients and environmental pollutants from aquatic ecosystems to terrestrial
ecosystems and carry these far inland from their site of hatching (Mellbrand et al. 2011).

Tributyltin has also been found to have the same effect on marine periphyton in laboratory
conditions (Dahl & Blanck 1996) and on species regime shifts in natural communities (Sayer
et al. 2006; Smith et al. 2008). This suggests that our conclusion is not specific to chironomids,
but may be valid for other species-rich groups with high functional redundancy. However, it
should be noted that the simplification (i.e., reduced diversity) of an ecologically influential
group might lower the resistance of the community to other environmental hazards
(Clements & Rohr 2009). In addition, the study sites were selected based on sediment
TBT concentrations, but we cannot fully exclude the possibility that associated pollutants
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(e.g. polyaromatic hydrocarbons (PAH), Martinez-Llado et al. 2007; Eklund et al. 2010) or
other non-measured, environmental factors may have played a role (Vermeulen et al. 2000;
Iwasaki et al. 2011) in the results obtained. Nevertheless, the results suggest a strong link
between TBT and number of chironomid species and a strong effect on the chironomid
community. Although associated pollutants, such as PAHs, may be present, they are often
not associated with a species turnover as described here (Naes et al. 1999). Nevertheless,
the “cocktail effect” of pollutants cannot be discounted.

Sediment TBT contamination influenced chironomid species composition separate to
variation in measured environmental parameters; the effects did not overlap considerably.
Thus, it is rather unlikely that the effect here associated with TBT is due to some other,
unmeasured component in the environment, especially as there was minimal overlap
between geographic location and TBT contamination (i.e., ruling out the possibility of
spurious correlation due to spatial autocorrelation in TBT). Furthermore, the fairly constant
number of chironomid individuals along the TBT gradient implies that all study sites were
suitable habitat for the species studied.

4.4. Chironomids as vectors in transferring TBT from aquatic to terrestrial ecosystems (l)

Here we examined whether wild caught adult chironomids contained tributyltin, i.e.
whether chironomids were capable of transferring the contaminant from an aquatic to a
terrestrial ecosystem. Adult chironomids collected at sites closer to the main organic tin
compound source in the study area, the repair shipyard in Naantali, were found to contain
relatively high concentrations of TBT. In addition, the correlation between adult chironomid
and sediment TBT concentration was very high. Concentrations in adult chironomids were
higher than concentrations in the sediments they developed in, which suggest that TBT
accumulates in chironomids.

The discovery of TBT in reed beds and chironomids inhabiting them, suggests that TBT, and
other OTCs, are transferred via insects from aquatic ecosystems to terrestrial ecosystems
relatively close to an OTC source through ecosystem boundaries, such as common reed
beds, which are areas of high insect biomass production in the Archipelago Sea (Pitkdnen
2006). Organisms, such as the non-biting midges (Chironomidae) analysed here, caddisfly
(Trichoptera), and odonates (Anisoptera, Zygoptera), can act as vectors in transporting
different compounds to some distance from their original site of development, the reed beds
(Mellbrand et al. 2011). Insects cannot degrade TBT through metabolism; this compound
is transferred to the next trophic level unchanged and in its most toxic form (Looser et
al. 2000; Song et al. 2006). These insects are a primary food source of many bird and bat
species (Vaughan 1997). The results suggest that accumulation in chironomids may only be
local and occur close to a source though.
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4.5. Organic tin compounds accumulate in Daubenton’s bats through their
chironomid-rich diet and the concentrations reflect local sediment organic tin
compound concentrations (1V, V)

The study examined whether Daubenton’s bats in the Archipelago Sea actually feed on the
chironomids carrying tributyltin and whether local sediment TBT concentrations correlate
with TBT or DBT concentrations in sampled bats. The most frequent Arthropoda group in
the total diet is Chironomidae (30%) followed by Trichoptera (c. 10%) and the most frequent
prey species was Microtendipes pedellus.

Traces of TBT were found in extracted bat hair samples, but the concentrations were
below the confidence limit to allow quantification. Nevertheless, a significant difference
was found between the mean bat fur DBT concentrations of sampling sites. Sediment TBT
concentrations also correlated positively and significantly with bat fur DBT concentrations.
This is not surpirising since TBT from marine sediments is accumulated in developing
chironomid larvae (l) and adult chironomids act as vectors for transporting TBT from
aquatic to terrestrial ecosystems. The local concentrations of sediment TBT do not affect
the abundance of emerging chironomids, meaning food containing TBT is readily available
for foraging bats (1). This suggests Daubenton’s bats are exposed to TBT through their diet,
but TBT is metabolised in the bat and excreted renally in the form of the more water-
soluble and less toxic DBT. However, once TBT-containing adult chironomids are digested,
it is quickly metabolized during absorption by epithelial intestinal cells into the more water
soluble, and thus more easy to excrete, DBT by cytochrome P450 mono-oxygenase, which
mammals, in comparison to arthropods, can synthesize (Fish et al. 1976). In this context, it is
more plausible that the butyltin compound found in fur is in fact DBT and not TBT. Although
bats molt annually (Tiunov & Makarikova 2007), storing in fur may be a secondary mode of
action for avoiding the toxic effects of butyltins, which may also vary between individuals
(Appel 2004). Considering this, liver samples would have provided a more informative
picture on the exact concentrations of TBT and DBT the Daubenton’s bats were dealing with.

4.6. The physiological consequences of exposure to organic tin compounds in
Daubenton’s bats? (V)

Because Daubenton’s bats in northern Archipelago Sea feed on TBT contaminated
chironomids, a study on whether physiological effects of TBT in bats could be found was
warranted. No correlation was found between bat hair DBT concentrations or sampling site
sediment TBT concentrations and BCI, haematocrit, total ROS or protein damage. Several
possible explanations can explain the observed result. Although Daubenton’s bats are known
to forage locally, usually under 1 km from their roost (Encarnacao et al. 2005; Senior et al.
2005), it may still be that bats exhibit temporal and spatial variation in foraging behaviour,
especially considering the very local contamination of TBT in the area, which decreases
the intensity of accumulation and decreases oxidative stress accordingly. Also, bats in
general, due to the high oxygen demand of flight, have a strong innate antioxidant defence
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system to handle autoxidation of red blood cells by reactive oxygen species produced as a
consequence of high metabolic rates (Wilhelm Filho et al. 2007). Bats are also remarkably
resistant to lipid peroxidation (Wilhelm Filho et al. 2007) and protein carbonylation (Salmon
et al. 2009).

There was no correlation between sediment TBT concentration or fur DBT concentration
with enzymatic antioxidant activity and redox status. Previously, the effect of TBT on the
redox status of various organisms has been demonstrated in laboratory experiments (Corsini
et al. 1996; Gennari et al. 2000), but the effect found in clinical studies is often masked in
the wild by variation caused by changes in the natural environment and other, unmeasured
environmental stressors. Also, considering the very low concentrations (ng/ml) disrupting
vital metabolic functions of other wild organisms (Antizar-Ladislao 2008), it is surprising
that no significant effect was found on any single parameter measured, although exposure
via diet is considerable (I, IV) and the present study confirms butyltins end up in bat fur,
strongly suggesting it is processed by the metabolism of the bats.

An association was found between complement activity and DBT concentrations in bat fur,
where high concentrations of DBT resulted in low complement activity. The effect of butyltins
has previously been intensively studied on other aspects of the vertebrate immune system
(Raffray & Cohen 1991; Gennari et al. 2000; Frouin et al. 2008; Misumi et al. 2009). Yet the
effect on the initiator and effective agent of many immune responses, the complement
system, has not been studied before. Here, the cause of this effect cannot be fully directed
at butyltins, as other unmeasured associated environmental variables may participate
in the observed results (Schmidt et al. 2005). However, the very high concentrations at
the TBT source suggest at least a partial role. Due to the lack of in vitro experiments, the
mechanism of action through which butyltins cause a decrease in complement activity
are not known. Study of the complement system suggests butyltin-caused disturbances in
Ca? - homeostasis, which is involved in the initiation of the complement cascade, may be
involved (Rivas et al. 1992; Suzuki et al. 2006, Gregory et al. 2003). Interestingly, one must
recognise that here may be involved as Ca? - homeostasis (Rivas et al. 1992; Suzuki et al.
2006), which is involved in the initiation of the complement cascade (Gregory et al. 2003).
Interestingly, one must recognise here that bat fur represents past exposure, and even
after the growth of the butyltin containing fur, further degradation of the compound may
have taken place with individual variance. This may affect the correlation with complement
activity measured in the present study.

4.7. Chronic exposure to TBT in Daubenton’s bats (VI)

Finally, considering the lower than expected butyltin concentrations and physiological
effects caused by them, a study was conducted to investigate whether the reason for this
could be in the mobility of Daubenton’s bats, which are generally thought to show high site
fidelity. Exploiting methods used in population genetics also allowed to an insight on the
population structuring and possible conservation issues of Daubenton’s bats in the northern
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Archipelago Sea. The results indicate a generally low level of population structuring in
Daubenton’s bats, with high heterozygosity and low Fst values, even with all the European
samples included, thus indicating that there are no evident barriers to gene flow in the
Archipelago Sea, or the rest of Finland or Europe. However, we observed significant isolation
by distance in both sexes, indicating some population differentiation on a larger, European
scale. Isolation-by-distance was also observed within Finnish populations, indicating that
there are higher levels of gene flow among local populations than among more distant
ones. Sex-wise, significant IBD was observed only in females, indicating males disperse
longer distances, as observed in Daubenton’s bats and other species of Myotis elsewhere
(Kerth et al. 2002; Ngamprasertwong et al. 2008).

Low pairwise Fst values and high gene diversity within sampling sites indicate low
population structuring with very high levels of gene flow among local Daubenton’s bat
colonies, which could be due to the mating behavior or individual dispersal among local
colonies. There have been reports of large numbers of Daubenton’s bats, especially males,
visiting the same underground sites in the late summer and autumn during a behavior
called swarming (Parsons & Jones 2003). Only one swarming site has been found so far
from the study area, which also showed high heterozygosity. Thus it is possible that the
paucity of swarming sites mixes different colonies well. These results indicate that genetic
isolation is not a conservation concern in the Daubenton’s bat in the Archipelago Sea and as
long as the mechanisms that maintain high heterozygosity are preserved. Also, the seasonal
mobility of Daubenton’s bats may partially explain the indistinct effects of tributyltin on
their metabolism. Swarming and wintering sites are likely to play an important role as they
ensure the genetic mixing of local populations. Our results highlight the need to preserve
the swarming and wintering sites of bats to ensure the genetic diversity in local populations.
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CONCLUSIONS

The present work demonstrates for the first time the effects and transfer of butyltin
compounds in a food chain comprising of Daubenton’s bats and their main food item,
chironomids. The effects here, due to abiotic factors and other site dependent factors,
are bound to the locality, and extrapolations to other arthropods and mammals should
be dealt with scrutiny. The species-specific effects of chemicals, and hence species
extrapolation, are among the major problems encountered in ecotoxicology that make
effect, hazard, and risk assessment difficult. However, concerning study area and
organisms studied here, some conclusions can be made in all probability. The study area
is subject to strong point source contamination from the repair shipyard at the northern
range of the study area. Other possible point sources, for instance the port in Turku,
have reduced sediment TBT concentrations, most likely due to almost annual dredging
actions, which have to be carried out in order to allow ships to dock. There may however
be other smaller sources, e.g. pleasure boat marinas, which do not show up in the data.
The contamination decreases in manner that seems almost logarithmic as distance from
the repair shipyard increases. The sediments in the southern part of the study range
are uncontaminated, and therefore it can be deduced that butyltin contamination in
the Archipelago Sea is very local. An interesting, although self-evident, result is the
occurrence of TBT in reed bed sediments, which facilitates the transfer of butyltins from
aquatic to terrestrial ecosystems in the vicinity of the point source. In the present study,
the role of an ecologically influential group of insects, the chironomids, as the vector for
transfer was studied. Tributyltin was found in adult chironomids emerging from polluted
sites.

Tributyltin caused a regime shift and decrease in species richness of chironomid
communities, most likely caused by effects on life history traits observed in the multi-
generation exposure experiment, but interestingly did not affect markedly the total
abundance. Some species-specific effects of TBT play a part in the composition of
chironomid communities and tolerant species are able to increase in abundance. These
tolerant species are able to reach maturity carrying the accumulated butyltins they were
exposed to in the sediment in their juvenile phase. Some sources suggest chironomids
cannot degrade butyltins and others claim, at least Chironomus riparius, is able to do this
(Looser et al. 2000). However, there may be species-specific differences in the ability of an
organism to degrade TBT (Fent 2004).

Chironomids form a major part of the diets of many bats (Vaughan 1997), and especially
the trawling bat, the Daubenton’s bat (Flavin et al. 2001). However, to be certain of
the possibility of transfer of butyltins from chironomids to bats, a genetic analysis of
Daubenton’s bats was carried out where it was in fact certified that 30% of the prey
were chironomids, indicating a route for exposure. Following this butyltins were
analysed from fur collected from Daubenton’s bats, which was found to contain DBT, the
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degraded form of TBT. Only unmeasurable concentrations of TBT were found in some
individuals. However, the fur DBT concentrations correlated with sampling site sediment
TBT concentrations.

Perhaps due to an efficient xenobiotic metabolism and antioxidant system, no correlation
of sediment TBT or fur DBT were found with the measured physiological parameters in bats.
Total reactive oxygen species, oxidative damage to proteins, antioxidant enzyme activity
and glutathione balance was not affected by sampling area or individual contamination.
The reasons for this can only be speculated without further in vitro studies. However,
previous studies have reported high resistance to oxidative damage and high antioxidant
capacity in bats (Salmon et al. 2009). Also our further studies on population genetics of local
Daubenton’s bats suggest that the bats are mobile and may not be tied to contaminated
sites. TBT is metabolized rapidly when toxic diet is not consumed (Fent 1996), which
suggests that short-term exposure to TBT may not be a serious threat to the populations of
Daubenton’s bats.

Nevertheless, the study illustrates the difficulty of investigating the effects of toxicants in
natural populations, where conditions are not controlled for. However, the innate immune
system of Daubenton’s bats appeared to be affected by individual bytultin exposure. The
activity of this multioperational group of proteins forming the base of many immunological
functions reduced with increasing exposure to butyltins. This is a result, which would also
need further in vitro —studies to gain a better understanding of.

Ecosystems are complex, and large uncertainties exist when attempting to measure effects in
the wild. However, because of the complexity of OTC’s, extrapolations of laboratory results
to natural conditions are also subject to criticism. The uncertainty should be reduced by
investigations on the key processes that contribute and govern the effects of contaminants,
and their mechanisms on different levels of biological organization, which is what was
attempted here. The multipla of variables in natural conditions are unaccounted for and
may mask many of the effects that are subject to investigations. And as to toxicants in the
environment, although the point source for TBT in the study area is clearly acknowledged,
one cannot disclose the possible effects and interactions of the thousands of other chemicals
in daily consumption.

To conclude, the study demonstrates that 1) the contamination and effects of butyltins
in the northern Archipelago Sea is very local and 2) given the suitable environment and
vectors, butyltins can be transferred from aquatic to terrestrial ecosystems. The study also
illustrates that studying the effects of exposure in natural populations is very difficult due
to unaccounted environmental factors and other associated toxicants. Normally, in aquatic
environments where TBT is present, other biocides e.g. Irgarol 1051 and toxicants, e.g. PAH
may also be present, which however have different modes of action (Fernandez-Alba et
al. 2002). Interactions with other toxicants, a “cocktail effect” is possible, but very difficult
to study. Also, of especial concern, due to the agricultural run-offs carried into the sea by
rivers, are the possible interactions with nutrients (Roessink et al. 2008).
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The study demonstrates the potential of environmental toxins to travel from an ecosystem
to another and that the possible effects of these toxicants in biota should be considered
even at a distance from the source with more persistent and biomagnifying substances.
Often, due to their lipophilicity, environmental toxicants are mobile and persistent as well as
unpredictable. For instance in the case of OTC’s, the length of the organic moiety determines
whether organisms are able to metabolize it, which affects its potential to biomagnify in the
food web. Factors such as these ultimately determine whether a substance is transferred
from its original site of deposition. The study presents the need to acknowledge the mobility
and transfer of toxicants in food web and facilitates further understanding of their fate in
the environment.
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