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CHAPTERR 1 
GENERALL INTRODUCTION 

Thee successful exploitation of sediments by benthic invertebrates is affected by 
numerouss variables, such as grain size distribution, food availability, predator 
abundance,, competition, and the amount of toxicants (WALLACE & ANDERSON 
1978).. Hence, species-specific preferences for a distinct type of habitat relate to 
aa series of environmental variables (CUMMrNS & MERRIT 1978) that are often 
interrelatedd (WALLACE & ANDERSON 1978). These species-specific 
requirementss or tolerances, however, are often specified incompletely, which 
impedess the interpretation of data on the abundance and distribution of species 
(TOWNSENDD et al. 2000). Answering the questions on the persistence of species 
inn non-disturbed as well as disturbed sediments requires therefore an improved 
understandingg of cause and effect (CHAPMAN et al. 2002). 

stimulationn transition inhibition 

Q. . 
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CD D 
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Figur ee 1.1. Hypothetical response curves for benthic community abundance and biodiversity, 

andd the relative importance of sensitive taxa as pollution concentrations increase (adopted 

fromm CULP et al. 2000). 

Onn the community level the hypothetical curves by CULP et al. (2000) (Figure 
1.1)) provide some guidance to an analyses of disturbance. When the benthic 
communityy of the oligotrophic Fraser River was exposed to bleached-kraft pulp 
milll  effluent [PME]) in mesocosm experiments, there was no linear response of 
thee benthic community to different levels of mixed nutrients, organic matter, 
andd toxicants. CULP et al. (2000) suggest that inhibition as well as stimulation 
mayy result from different rates of exposure of the benthic community to the 
PME.. At low PME levels, biodiversity of the benthic invertebrate community 
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Persistencee of benthicc invertebrates in polluted sediments 

increasess as rare taxa increase in abundance, because the invertebrates are able 
too exploit the increase in periphyton due to nutrient enrichment. When the PME 
levelss further increase to the 'transition zone' community structure is relatively 
stablee because nutrient enrichment masks low levels of chronic toxicity, but the 
sensitivee species wil l disappear by the increased toxicant load, and the 
communityy wil l shift to a more mesotrophic species composition. Higher PME 
levelss wil l lead to further losses of the pollution-intolerant species and the 
biodiversityy of the benthic community wil l decrease and be dominated by a few, 
pollution-tolerant,, species. Although such studies at the community level can 
providee a clear description of the effects of combinations of stressors, it still 
remainss difficult to establish to what extent the changes observed are actually 
causedd by the chemical stressors investigated (MALTB Y 1999). 

Similarly,, the absence of species in polluted sediments does not necessarily 
implyy exclusion due to toxicity (CHAPMAN et al. 2002). Other factors such as 
physical-chemicall  characteristics {PlNDER 1986, ARMITAG E et al. 1995), food 
availabilityy (PEETERS 2001, Vos 2001), predation (TEN WINKEL 1987, 
MACCHIUSII  &  BAKER 1992, BAKER &  BAL L 1995), or competitive interactions 
(RASMUSSENN 1985, REYNOLDSON et al. 1994, HADEN et al. 1999) could also 
participatee in their absence. Hence, knowledge of the (combinations of) factors 
actingg on individual organisms is essential in order to understand how 
populationss can persist in polluted sediments, which is the main subject of this 
thesis.. In the following overview, some key processes involved in the regulation 
off  the abundance and distribution of benthic invertebrates wil l be described. 

FOODD QUANTITY AND QUALITY 

Inn most aquatic ecosystems, both living and non-living organic matter is 
availablee for benthic invertebrates throughout the year, but the relative 
availabilityy and quality of food sources may be very seasonal (WETZEL 1975, 
VANNOT EE et al. 1980, GOEDKOOP et al. 2000). The diversity of food resources 
forr the benthic community is large and includes: (1) living or decaying animal 
tissue;; (2) living algae, especially diatoms; (3) decomposing vascular 
macrophytes;; (4) fine particulate organic matter; (5) terrestrial leaf litter; and (6) 
woodd (ANDERSON &  CUMMIN S 1979). The composition and quality of the 
organicc matter is dependent of its source and the degree of degradation and may 
alsoo depend on the quantity and type of the associated microbial community 
(bacteria,, fungi, and protozoans) (Vos 2001). 

Foodd quality is extremely difficult to define, with different species having 
differentt requirements and different, but overlapping, natural diets (PINDER 
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Chapterr 1 - General introduction 

1986).. New developments in analytical chemistry, especially chromatography, 
havee enabled researchers to unravel the chemical composition of (labile) organic 
materiall  (AHLGREN et al. 1997, GOEDKOOP et al. 1998, Vos 2001) and tissues 
off  organisms (GOEDKOOP et al. 2000). Certain individual compounds or 
compoundd groups (e.g. amino acids, pigments, fatty acids) were selected, which 
aree unique for specific organism groups, or specific (bio)chemical and 
ecologicall  processes. These biomarkers as well as the composition of the 
organicc matter are indicative for its state of degradation and help therefore to 
definee the quality of the organic matter. 

Fieldd and laboratory studies have shown that bulk organic content of 
sedimentss alone is not a good measure for its nutritional value for benthic 
invertebratess (GOEDKOOP et al. 1998, Vos 2001). The organisms may be still 
foodd limited in organic matter rich sediments if the organic matter is highly 
degradedd and consequently of low nutritive value. Essential compounds like 
somee amino acids, vitamins, and fatty acids, are supposed to play a key role in 
benthicc invertebrate nutrition (PHILLIPS 1984, MARSH et al. 1989, MARSH & 
TENOREE 1990) and are thus much better indicators of nutritional state (food 
quality).. Polyunsaturated fatty acid and pigment content were factors strongly 
associatedd with food quality. Many studies observed that food quality is a 
limitingg key factor in regulating benthic communities in the field (AHLGREN et 
al.. 1997, GOEDKOOP et al. 2000, PEETERS 2001, Vos 2001) and that food 
qualityy positively influences the performance of individual species in the 
laboratoryy (ANDERSON &  CUMMIN S 1979, WARD &  CUMMIN S 1979, SWEENEY 

&&  VANNOTE 1984, SWEENY et al. 1986, Vos et al. 2000). Knowledge on the 
rolee of food quality is therefore crucial to understand the abundance and 
distributionn of benthic invertebrates in polluted sediments. In the present thesis, 
itt is evaluated how individual benthic species respond to differences in food 
quantityy and quality in the sediment in combination with other stressors. 

SEDIMENTT POLLUTION 

Contaminantss that enter the aquatic environment may end up in the sediment 
andd concentrate in sedimentation areas (MIDDELKOOP &  VA N HASELEN 1999), 
especiallyy when they are resistant to chemical and/or biological degradation 
(BEURSKENSS et al. 1993). Due to the strong association of many contaminants 
withh silt, clay, and/or organic particles, sediment is often the final repository 
(BIERMANN 1990). Hence, benthic organisms are often in contact with sediments 
contaminatedd with a wide variety of sorbed chemicals (e.g. ANKLE Y et al. 1996, 
WlLDHABERR &  SCHMITT 1996, KOVATCH et al. 1999), but due to the large 
numberr of chemicals it is impossible to analyse all chemicals that may be 
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Persistencee of benthic invertebrates in polluted sediments 

present,, and thus, it remains uncertain whether biologically active contaminants 
aree monitored (GlESY & HOKE 1989). Hence, chemical analysis of sediment-
boundd contaminants as such does not give information on the effects on biota; 
theyy give an indication. The interpretation of chemical data is further 
complicatedd by unknown effects of combinations of toxicants (GlESY et al. 
1988).. Moreover, sediments that have been contaminated long may still contain 
highh concentrations of contaminants, but due to aging processes the bioavailable 
fractionn of the contaminants may be low (LANDRUM et al. 1992). The 
sequesteringg of both organic and inorganic compounds by organic matter 
(ABSILL et al. 1996, MEADOR et al. 1997, STUIJFZAND et al. 2000) may influence 
thee bioavailability and hence the toxicity of contaminants (WiEDERHOLM 1984). 

Potentiall  toxic effects of contaminants on benthic organisms can be derived 
fromm whole-sediment bioassays (see reviews of TRAUNSPURGER &  DREWS 

1996,, INGERSOLL et al. 1995). These whole-sediment bioassays can be 
performedd relatively rapid and simple and have been designed to minimize the 
effectss of natural variability in tested sediments (e.g. US.EPA 2000, OECD 
2001).. Sediments that are spiked with known concentrations of contaminants 
cann be used to establish dose-effect relationships between chemicals and the 
responsess in the bioassays (e.g. CAIRNS et al. 1984, BORGMANN & NORWOOD 
1997,, HAGOPIAN-SCHLEKAT et al. 2001, MARSDEN &  WONG 2001). These 
dose-effectt relationships may be assessed in relation to physical-chemical 
variabless of sediment toxicity through spiking experiments (e.g. ADAM S et al. 
1985,, CARLSON et al. 1991, Höss et al. 1997, CORREIA &  COSTA 2000). 
Evidently,, the responses of benthic invertebrates to sediment pollution, 
includingg the apparent lack of response on some occasions (ANKLE Y et al. 
1994a),, is the result of toxicity varying with other environmental conditions 
(WIEDERHOLMM 1984, HARKEY et al. 1994a, STUIJFZAND et al. 2000). 

Thee relevance of whole-sediment bioassays to observe (toxic) effects of 
pollutedd sediment on benthic invertebrates is beyond doubt, but an uncertainty 
commonn to all laboratory tests is the relationship between the field and 
laboratoryy (BATLEY et al. 2002), because laboratory bioassays lack the level of 
complexityy of the environment in the field (LONG et al. 2001). This thesis 
thereforee tries to relate how responses observed in laboratory bioassays can 
explainn actual effects on local populations. 

BlOTICC INTERACTIONS 

Bioticc interactions can have important influences on the abundance and 
distributionn of benthic invertebrates and the flow of energy to higher trophic 
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levelss (e.g. BuSTAMANTE & BRANCH 1996, MENGE 1992). Food availability is 
ann important determinant of consumer abundance in natural communities 
(HUNTERR &  PRICE 1992, MENGE 1992) with resultant changes in prey 
availabilityy to higher trophic levels, but food availability may also alter 
competition.. Several types of competition among benthic invertebrates have 
beenn described: (1) direct interference competition for space; (2) exploitative 
competitionn for food; and (3) indirect interference through alteration of the 
physicall  environment (PETERSON 1980). Competition for food and space (1 & 
2)) are processes commonly observed in benthic systems and at high densities 
aggressivee encounters enforce spacing and migration of individuals 
(MCLACHLA NN 1969, WILEY 1981, SHELDON 1984). These competitive effects 
onn individuals are likely to affect the population dynamics of the competing 
species,, which, in turn, may show up as altered species' distributions 
(TOWNSENDD et al. 2000). 

Manyy benthic invertebrates, especially insects, construct burrows in the 
sedimentt (CHARBONNEAU & HARE 1998). Their burrowing, irrigation, and 
feedingg activities redistribute particles and fluids, near the sediment-water 
interface,, also known as bioturbation (RHOADS 1974). Bioturbating benthic 
invertebratess may counteract the oxygen depletion in the sediment (ALLE R 

1982,, ANDERSEN &  KRISTENSEN 1991). On the other hand it may also alter the 
sorptionn equilibrium of nutrients and toxicants (GRANÉLI 1979a, PETERSEN et 
al.. 1995), modify sediment properties (e.g. particle size distribution, sediment 
porosity)) (ALLE R 1982), and, therewith, facilitate increased release and/or 
bioavailabilityy of sediment-bound nutrients and toxicants. 

Thee role of bioturbation on the release of nutrients from sediment to the 
overlyingg water has received considerable attention (GALLEPP et al. 1978, 
GALLEPPP 1979, GRANÉLI 1979a, 1979b, GARDNER et al. 1981, HANSEN et al. 
1998),, but the importance of bioturbation in the transport and availability of 
sediment-boundd contaminants is still poorly understood (ClARELLi et al. 1999, 
2000,, GOEDKOOP &  PETERSON 2003). One consequence of these complex biotic 
interactionss is that any other process leading to alterations in densities or cover 
off  benthic invertebrates can have indirect effects on species not directly 
involved.. Since under 'natural' conditions all these factors are closely linked, 
thee prediction of any changes due to sediment pollution cannot be expected to 
followw simple dose-effect relationships. This thesis therefore attempts to analyze 
thee impact of biotic interactions in the laboratory and tries to verify the findings 
underr natural conditions. 
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Persistencee of benthic invertebrates in polluted sediments 

AI MM AND OBJECTIVE S OF THIS THESIS 

Thiss thesis aims to explain the persistence of benthic invertebrate species in 
pollutedd sediments. The objectives of the present thesis are: 

(1)) To analyze the responses of two different model species to combinations of 
foodd quality and sediment-bound toxicants in laboratory bioassays. 

(2)) To analyze the impact of biotic interactions on the performance of these 
modell  species in polluted sediments. 

(3)) To compare the persistence of invertebrate species in polluted sediments in 
thee field with responses of a model species under defined and natural 
conditions. . 

Figur ee 1.2. Sampling locations in floodplain waters of a stretch of the lower River Rhine, the 

Riverr Waal. 
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Chapterr 1 - General introduction 

STUDYY AREA 

Thee present study is part of the Stimulation Programme System-oriented 
Ecotoxicologicall  Research (SSEO) of the Netherlands Organization for 
Scientificc Research (NWO), which started in 1999. The most important aims of 
thiss program are: (1) to promote scientific knowledge and understanding of the 
wayy ecosystems react to a chronic and diffuse exposure of chemicals in 
sedimentss and (2) to use scientific knowledge to assist the formulation and 
implementationn of policies with respect to the ecological risks of diffuse 
pollution.. One of the research areas of this stimulation program are the 
floodplainn areas of the River Waal, a stretch of the River Rhine. The floodplain 
lakess represent a range in properties with respect to the types and levels of 
contaminationn and ecological functioning. 

Duringg the strong water pollution in the River Rhine in the 1960s and 1970s, 
manyy contaminants accumulated in the sediments of the embanked floodplains 
inn the lower reaches (MIDDELKOOP 2000). Although recently deposited 
sedimentss contain considerably lower concentrations of contaminants, many 
floodplainn lake sediments are still historically polluted with nutrients, metals, 
andd hydrophobic organic contaminants (MIDDELKOOP & VAN HASELEN 1999). 
Nutrient-richh water may also stimulate plant growth; and the floodplain lakes 
tendd to be either dominated by macrophytes or by phytoplankton (VAN DEN 
BRINKK  1994). The trophic state of a floodplain lake may influence the supply of 
foodd (detritus) to the sediment. 

Thee variable combinations of trophic state and pollution characteristics, make 
thee floodplain lakes an ideal area to study the combined effects of contaminants 
andd available food to benthic invertebrates. For the present thesis seven 
floodplainn lakes located along the River Waal, a stretch of the River Rhine with 
differentt trophic state and levels of pollution were selected (Figure 1.2). 

TESTT ORGANISMS 

Selectio n n 
Thee selection of the model species used in the present study was based on the 
followingg criteria: (I) it must be possible to keep the organisms in the laboratory 
underr controlled conditions; (2) the organisms must be easy to handle in whole-
sedimentt bioassays; (3) the organisms must, at least part of their life cycle, live 
inn the sediment and feed on sediment-associated organic matter; and (4) the 
organismss should be different in their sensitivity towards sediment-bound 
toxicants.. Based on the aforementioned criteria two test species were selected: 
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thee midge Chironomus riparius (Diptera: Chironomidae) and the mayfly 
EphoronEphoron virgo (Ephemeroptera: Polymitarcidae). 

Ecolog yy of Chironomus  riparius 

Chironomidss are an important group of invertebrates in many aquatic 
ecosystems,, because they are often the dominant primary consumers and attain 
extremelyy high biomass turnover rates (BENKE 1998). Since chironomids 
constitutee a major prey category for both invertebrate (TEN WINKEL 1987) and 
vertebratee (ARMITAG E et al. 1995) species their production rates may have a 
largee influence on the community structure (HOOPER et al. 2003). Chironomids 
aree a large family of dipteran flies (more than 15,000 different species) that have 
successfullyy adapted to a wide range of habitats (ARMITAGE et al. 1995) and 
theirr distribution has been well studied (WARWICK 1992, DlGGINS & STEWART 
1998).. Chironomus riparius is a common species in a variety of freshwater 
habitatss throughout Europe and North America (JANSSENS DE BlSTHOVEN 
1995). . 

Figur ee 1.3. Late instar Chironomus riparius larva (from BERTRAND 1954). 

Larvaee of C. riparius (Figure 1.3) prefer eutrophic or organic enriched waters 
(ARMITAG EE et al. 1995). Furthermore, C. riparius larvae have a wide range of 
ecologicall  tolerance such as to low pH values (HAVAS & HUTCHINSON 1982) 
andd low oxygen conditions (HEINIS 1993). In agreement with its general 
tolerancee to extreme conditions, C. riparius is characterized as an opportunistic 
speciess (PINDER 1986), quickly invading newly created habitats (GOWER & 
BUCKLAN DD 1978), and able to exploit habitats where competitors and predators 
aree often excluded (PlNDER 1986). This opportunistic behavior is facilitated by 
thee rapid succession of generations (GROENENDIJK et al. 1996); under controlled 
laboratoryy conditions C. riparius is able to complete its lif e cycle within three to 
fourr weeks (GROENENDIJK 1999). 

Chironomidd larvae pass through four instars, pupate, and then emerge as non-
feeding,, flying adults (Figure 1.4). Adult females lay their eggs in a gelatinous 
matrixx on the water surface attached to any arbitrary substrate. The first instar 
larvaee are mainly pelagic until a suitable habitat has been found (OLIVER 1971). 
Thee second to fourth instars often inhabit the upper layer of the sediment, in 
whichh they build protective tubes from small particles (ARMITAG E et al. 1995). 
C.C. riparius larvae build their tubes from detritus, algae, and other sediment 
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Chapterr 1 - General introduction 

particles,, which are joined with its salivary secretions (EDGAR &  MEADOWS 

1969).. The larvae protrude from their tubes in order to feed off the sediment 
surfacee surrounding their burrows (RASMUSSEN 1984) and the most commonly 
reportedd food ingested by chironomids is detritus (PEREIRA et al. 1982, 
RASMUSSENN 1984, 1985, PINDER 1986). Consequently, the growth rate of C. 
ripariusriparius larvae is often related to the amount of detritus, available as food 
(RASMUSSENN 1985). Detritus includes all non-living particulate organic matter 
andd its' associated living non-photosynthetic microorganisms (bacteria, fungi, 
andd protozoans) (CUMMINS 1973) which also serve as a food source. 

Figur ee 1.4. Life cycle of Chironomus riparius. In which E = the egg stage, I - IV = the four 

larvall instars, P = the pupal stage, and A = the terrestrial imago. 

Becausee of its worldwide distribution, its multivoltine life cycle, and because 
theyy are easy to handle in the laboratory, chironomid larvae are widely used test 
organismss in acute and chronic (whole-sediment) bioassays (HARKEY et al. 
1994a,, 1994b, KEMBLE et al. 1994, RISTOLA et al. 1996, 1999, BLEEKER 1999, 
GROENENDIJKK  1999, Vos 2001). Recently, chironomids have been successfully 
usedd in in situ bioassays (SIBLEY et al. 1999, MEREGALLI et al. 2000). The C. 
ripariusriparius larvae used in the present study originated from a laboratory culture, 
whichh has been maintained at the Department of Aquatic Ecology & 
Ecotoxicologyy since 1986. 

Ecolog yy of Ephoron  virgo 
EphoronEphoron virgo is one of the large mayfly species typical for large lowland 
rivers,, it plays an important ecological role as filter feeder of fine organic 
materiall  and as a food source for fish and birds (GYSELS 1991). 
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Thee nymphs of E. virgo (Figure 1.5) live on and in the sediments of lakes and 
sloww flowing rivers (GYSELS 1991). The early instar nymphs have no tracheal 
gill ss and live freely on the substrate feeding on fine particulate organic matter. 
Laterr instars burrow U-shaped tubes in the river sediment (Figure 1.6). By 
generatingg wavelike movements with their feathered tracheal gills a water 
currentt passes through the tube providing oxygen and food, such as detritus and 
algae,, which are filtered from the water (KURECK 1996). 

Figuree 1.5. Late instar Ephoron virgo nymph (from KURECK 1992). 

E.E. virgo was one of the species present in mass numbers at the beginning of the 
20thh century (ALBARD A 1889), but was observed for the last time in 1936 (MOL 

1985).. After being extinct in the Netherlands for more than fifty  years, they 
slowlyy re-colonized the River Rhine since 1991 (Bu DE VAATE et al. 1992). 
Fertilizedd E.virgo eggs can easily be collected in the field and kept in the 
laboratoryy in artificial diapause (GREVE et al. 1999). It appeared to be a 
sensitivee test organism in acute toxicity tests (VA N DER GEEST et al. 2000a, 
2000b,, VA N DER GEEST 2001). Recently a 10-day whole-sediment bioassay 
usingg newly hatched nymphs of E. virgo has been developed (VA N DER GEEST 

ett al. 2001). The E. virgo nymphs used in the present study originated from 
eggs,, which were collected from the field in August 2000 and 2001. 

OUTLINEE OF THIS THESIS 

Inn CHAPTER 2, the responses of the mayfly Ephoron virgo and the midge 
ChironomusChironomus riparius to combined toxicant and food input in floodplain lake 
sedimentss were assessed in the laboratory. For this study, seven floodplain lakes 
withh different levels of contamination and trophic state were selected and the 
species-specificc preferences for these sediments were assessed using 10-day 
whole-sedimentt bioassays with both species and a 28-day emergence 
experimentt with C. riparius. Survival, growth, and emergence were related to 
contaminantss (metals, polycyclic aromatic hydrocarbons, and polychlorinated 
biphenyls)) and food quantity and quality (organic matter, chlorophyll a, labile 
organicc matter, fatty acids, and polyunsaturated fatty acids). 

Thee results from CHAPTER 2 led to the question whether the midge C. riparius 
indeedd was tolerant to contamination or whether it takes advantage of the high 
foodd levels. Therefore, in CHAPTER 3, an attempt was made to discern the 
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effectss of food and a model toxicant, copper, on the midge C. riparius. In this 
studyy survival, length, and dry weight of the midge C. riparius on sediment 
spikedd with different combinations of artificial food and copper were analyzed 
usingg 10-day whole-sediment bioassays. In addition, the accumulation of copper 
inn the larvae was determined. Survival, length, and dry weight of C. riparius 
andd the copper accumulation were related to both copper and food 
concentrations. . 

Figur ee 1.6. Life cycle of Ephoron virgo. The stages of the short aerial life are: (1) emergence 

off the sub-imago; (2) imaginal moult of the male; (3) swarming (male); (4) mating; and (5) 

ovipositionn of egg masses. The eggs (6) develop within a month (black section) and go in 

diapausee during autumn, winter, and early spring (7, white sections). The nymphs hatch in 

Aprill (8) the first instar nymphs lack gills and do not burrow; later instars live in U-shaped 

burrowss (9). The active life of this species lasts 3 to 4 months (grey section). (From KURECK& 

FONTESS 1996). 

Thee capacity of C. riparius larvae to select sediments differing in food- and 
toxicantt levels are determined in CHAPTER 4. The preference of C. riparius for 
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sevenn floodplain lake sediments with different levels of contamination and food 
wass assessed using 10-day settling or migration experiments, in which the 
chironomidd larvae could choose between pairs of different sediments. It was 
analysedd whether observations on the selection of a suitable habitat are in 
concordancee with the results obtained from whole-sediment bioassays. 

CHAPTERR 5 examines the effects of insect larvae reworking polluted and non-
pollutedd sediments. Midges (C. riparius) were added to clean and polluted 
sedimentt populated with nymphs of the mayfly E. virgo. Changes in the 
compositionn of overlying water and oxygen penetration were observed and the 
survivall  and growth of the mayfly were related to chironomid densities, 
backgroundd pollution levels, and water- and sediment characteristics. 

Too verify the persistence of benthic invertebrates in polluted sediments, benthic 
communityy composition was recorded in historically polluted sediments, 
differingg in toxicant level and food quality (CHAPTER 6). Species composition 
wass compared with observations in laboratory and in situ bioassays, with the 
midgee C. riparius as a model species. Survival, growth, and frequency of 
mentumm deformities of the C. riparius larvae were assessed in 10-day in situ and 
laboratoryy bioassays. The species composition and outcome of the two 
bioassayss were related to contaminant concentrations (Cd, Cu, and Zn) and food 
qualityy levels (chlorophyll a, fatty acids, bacterial fatty acids, and 
polyunsaturatedd fatty acids) in the sediment. This enabled us to determine the 
environmentall  variables that regulate the distribution of benthic invertebrate 
speciess in polluted sediments. 

Thee concluding remarks (CHAPTER 7) discuss the main findings of this thesis 
andd review how the many environmental variables determine the persistence of 
benthicc invertebrates in polluted sediments. Furthermore, it was discussed how 
thee results from this thesis could assist in the formulation and implementation of 
policiess with respect to the ecological risks of diffuse pollution to benthic 
invertebrates. . 
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CHAPTERR 2 

RESPONSESS OF BENTHIC INVERTEBRATES TO 

COMBINEDD TOXICANT AND FOOD INPUT IN FLOODPLAIN 

LAKEE SEDIMENTS 

E.M.. de Haas, B. Reuvers, C.T.A. Moermond, A.A. Koelmans, M.H.S. Kraak 
EnvironmentalEnvironmental Toxicology & Chemistry 21:2165-2171 

Benthicc communities in flood plain lake ecosystems are often exposed to varying 
levelss of both food and toxicants. Inhibition through toxicants of sensitive species 
andd stimulation through higher amounts of food of opportunistic species have been 
observedd in separate studies. The aim of this study was, therefore, to assess the 
responsess of benthic invertebrates to combined food and contamination input in 
floodplainn lake sediments. Seven flood plain lakes located along the River Waal, a 
branchh of the River Rhine, the Netherlands, with different trophic status 
(phytoplanktonn [low food] or macrophyte dominated [high food]) and toxicants were 
selected.. The responses of the sensitive mayfly Ephoron virgo and the opportunistic 
midgee Chironomus riparius to these sediments were assessed in 10-day growth 
bioassayss with both species, and a 28-day emergence experiment with C. riparius. 
Lowerr survival and growth rates of E. virgo were observed at higher contaminant 
levels,, independent on the amount of food in the sediments. In contrast, C. riparius 
respondedd to the food quantity and quality in the sediments, in spite of the toxicants 
present.. Therefore, we conclude that the midge C. riparius is not a suitable test 
organismm for the assessment of sediment toxicity. Alternatively, it proved to be an 
appropriatee test organism to determine the nutritional value of sediments. The 
mayflyy E. virgo turned out to be a much more appropriate test organism for 
sedimentt toxicity bioassays, because it responds to the toxicant levels in the 
sediments,, rather than to the nutritional value. Our results demonstrate that the 
trophicc state of an ecosystem (macrophyte or plankton dominated) influences the 
ecologicall  risk of toxicants to benthic invertebrates in a species-specific way. It is 
concludedd that not the toxicant load, but the combination of food and contaminants 
determiness the persistence of benthic invertebrates and therewith the benthic 
invertebratee composition in complexly polluted ecosystems. 
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INTRODUCTION N 

Thee trophic state of an ecosystem influences the amount of food available for 
thee benthic detritivorous community. Simultaneously, the trophic state also 
influencess the sedimentation of abiotic and biotic particles and therewith the 
depositionn of xenobiotic compounds due to sorption of organic toxicants 
(KOELMAN SS et al. 2001) and metals (ADMIRAA L et al. 1993). Analysing the 
consequencess of varying food and toxicant availability to the benthos therefore 
requiress an inventory of the positive and negative terms in the regulation of 
benthicc processes. Inhibition through toxicants of sensitive species (SIBLEY et al. 
1997)) and stimulation through higher amounts of food of opportunistic species 
(DUBÉÉ &  CULP 1996, STUIJFZAND et al. 2000) have been observed in separate 
studies.. Opportunistic species, however, are not necessarily more tolerant to 
toxicants,, but may exploit at higher rate the higher food levels (DUBÉ & CULP 
1996,, STUIJFZAND et al. 2000). The aim of this study is, therefore, to disentangle 
thee mechanisms that determine the response of benthic invertebrates to 
combinedd toxicant and food input. 

Becausee of the opposite responses of sensitive and opportunistic species, a 
representativee of both groups has been selected: the sensitive mayfly Ephoron 
virgovirgo and the opportunistic midge Chironomus riparius. The mayfly E. virgo, a 
benthicc species present in the River Rhine, proved to be a sensitive test organism 
inn acute and chronic toxicity tests (VA N DER GEEST et al. 2000a, 2000b, 2001). 
Thee early instar nymphs of E. virgo live freely on the sediment, feeding on fine 
particulatee organic matter. In later stages they burrow U-shaped tubes in the 
sedimentt and filter food, such as detritus and algae, from the water by 
generatingg wavelike movements with their feathered tracheal gills (KURECK & 
FONTESS 1996). Chironomid larvae, such as C. riparius, are widely used test 
organismss in acute and chronic (sediment) toxicity tests (HARKEY et al. 1994b, 
KEMBL EE et al. 1994, RlSTOLA et al. 1996, 1999). The larvae of C. riparius are 
opportunisticc tube-dwelling detritivores, which prefer eutrophic and organic 
enrichedd waters (ARMITAGE et al. 1995). They feed mainly on detritus and 
organicc matter present in the sediment. 

Duringg the past few decades, water quality of the large western European rivers 
hass improved (ADMIRAA L et al. 1993), but the floodplain lake sediments of 
thesee rivers still contain high concentrations of xenobiotic compounds 
(KOELMAN SS &  MOERMOND 2000). Therefore, the floodplain lake sediments 
mayy nowadays act not only as a sink, but also as a source of a wide range of 
chemicall  substances such as nutrients, metals, polychlorinated biphenyls 
(PCBs),, and polycyclic aromatic hydrocarbons (PAHs), which were deposited in 
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highh concentrations in the 1960s and 1970s (BEURSKENS et al. 1993). The 
benthicc communities of these floodplain lakes are thus exposed to a diffuse flux 
off  sediment-bound toxicants, nutrients, and organic matter. This makes these 
lakess an ideal area to study the combined effects of contaminants and available 
food.. Furthermore, floodplain lakes tend to be either dominated by 
phytoplanktonn or by macrophytes, which affects the supply of food to the 
sediment. . 

Thee objective of this study was to compare the responses of the mayfly E. virgo 
andd the midge C. riparius to floodplain lake sediments with varying food and 
contaminationn levels. To this purpose whole-sediment bioassays with both 
speciess were conducted, being an appropriate tool to assess the effects of 
contaminatedd sediments on benthic invertebrates (GlESY et al. 1990, ANKLEY et 
al.. 1994a, KEMBL E et al. 1994, LIBER et al. 1996, RlSTOLA et al. 1996, 1999, 

HUUSKONENN et al. 1998). In such bioassays, adverse effects on the test 
organismss are usually attributed to the presence of contaminants in the 
sediments.. However, if effects are observed in whole-sediment bioassays, this 
wil ll  be the joint effect of all sediment characteristics (e.g. contaminants, 
physical-chemicall  parameters, and food quantity and quality parameters). Food 
availabilityy is a major factor in the development of benthic invertebrates 
(SUEDELL & RODGERS 1994, Vos 2001). Thus, if food is deficient, the test 
organismss may suffer from starvation, which may lead to a false interpretation 
off  sediment toxicity. On the other hand, feeding of the test organisms during 
exposuree to sediments may mask the toxic effects, also resulting in a false 
interpretationn (ANKLE Y et al. 1994a, DAY et al. 1994, HARKEY et al. 1994a, 
LACEYY et al. 1999). We therefore exposed both test species to sediments in the 
presencee and absence of an additional food source, in order to determine the 
effectss of sediment-bound chemicals and exclude mortality and reduction in 
growthh due to food deficiency. 

Forr this study, seven floodplain lakes located along the River Waal, a branch 
fromm the River Rhine, with different levels of contamination and trophic states 
weree selected (KOELMAN S &  MOERMOND 2000). The species-specific 
preferencess for these sediments were assessed using 10-day whole-sediment 
bioassayss with both species and a 28-day emergence experiment with C. 
riparius.riparius. Survival, growth, and emergence were related to contaminant levels 
(metals,, PAHs, PCBs) and food quantity and quality parameters (organic matter 
contentt [OM] , chlorophyll a [chl a], labile fraction of the OM [CO2 production], 
fattyy acids [FAs], and polyunsaturated fatty acids [PUFAs]). This enabled us to 
specifyy eco(toxico)logical profiles of these benthic invertebrates and to gain 
insightt in key factors structuring benthic macro fauna communities in the field. 
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MATERIAL SS AND METHODS 

Samplee collection , storage , and treatmen t 

Fromm seven floodplain lakes located along the River Waal, the Netherlands 
(Figuree 1.2), sediment and water were collected. Sediments for chemical 
analysess were collected in September 2000. Sediments were sampled at three 
sitess in each lake using a core sampler. The upper 5 cm of the core sample was 
isolatedd and frozen at -20°C within 6 h after sampling in either glass jars for 
organicc contaminant analyses or polyethylene bottles for metal analyses. 

Sedimentss for bioassays and food quantity and quality analyses were collected 
inn December 2000, using an Ekman-Birdge grab, which was adjusted to sample 
thee upper 5 cm of the sediment. The sediments were transported to the 
laboratory,, where large debris was picked out by hand. Next the sediment was 
homogenizedd and stored at -20°C in 500-ml polyethylene bottles within 6 h after 
samplingg in order to eliminate autochthonous organisms. 25 L lake water was 
collectedd in jerry cans. The water was filtered twice over a 30-um filter in order 
too remove the zooplankton and was stored at 4°C in the dark under constant 
aeration. . 

Sedimen tt  analyse s 
Metalss (Cd, Cu, and Zn), 213PAHs (phenantrene, anthracene, fluoranthene, 
pyrene,, benzo [a]  anthracene, chrysene, benzo[e]pyrene, benzo[£]fluoranthene, 
benzo[k] fluoranthene,, benzo[or]pyrene, benzo[g/7/]perylene, dibenzo[tf/z]anthra-
cene,, and indeno[/23]pyrene), I15PCBs (PCB 18, PCB20, PCB28, PCB31, 
PCB44,, PCB52, PCB101, PCB105, PCB118, PCB138, PCB149, PCB153, 
PCBB 170, PCB 180, and PCB 194), and total phosphorus were measured by 
KOELMANSS & MOERMOND (2000). 

Thee organic matter content (OM) in the sediment was determined as loss-on-
ignitionn by combusting 1 g dry sediment at 550°C for 6 h (LuCKZAK et al. 1997) 
inn triplicate, in triplicate. Chi a and phaeophytin were measured according to 
LORENZENN (1967) in triplicate using 1 g dry sediment. Three ml of a 90% 
acetonee solution was added and the test tubes were sonificated for 10 min and 
placedd for 18 h at 4°C after which the samples were centrifuged for 15 min at 
30000 rpm in closed test tubes to avoid optical disturbance by suspended 
sediment.. Chi a and phaeophytin contents were summed, because in sediments 
chll  a is already partly degraded into phaeophytin. 

Lipidss were extracted from 1 g wet sediment with 6 ml methanol containing 
2.5%% H2S04 for 90 min at 80°C. 400 ul hexane and 1 ml 0.9 % NaCl were 
addedd to the samples and placed for 1 min on a shaker and centrifuged at 12.000 
rpmm for 1 min. 200 pi of the supernatant was transferred to a 200-uJ vial. Fatty 
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acidd methyl esters (FAMEs) were measured using a gas chromatographer (GC) 
80000 top (CE Instruments, Milan, Italy) by injecting a 2-pl aliquot in a polar 30-
mm DB WAX column (0.25 mm I.D.; 0.5-um film). Peaks were identified using a 
377 component FAME Mix (Supelco, Zwijndrecht, the Netherlands). 

Thee labile fraction of the sediment organic matter was measured using 
microbiall  mineralization as a value for C02 production according to Vos 
(2001).. A bacterial inoculum was prepared from the surface layer of a sediment 
containingg a decaying bacterial mat. Bacteria were detached by ultrasonification, 
andd large particles were removed by centrifuging for 5 min at 5000 rpm. Four 
mll  of homogenized wet sediment (duplicate) were suspended in 11 ml of a 55-
mMM phosphate buffer in a 60-ml serum bottle, and 1 ml of the inoculum was 
added.. After 30 min of aeration, pH was measured, and the bottle was capped 
airtight.. The bottles were placed on a rotary shaker at 20°C in the dark, and after 
11 h the CO2 in the headspace was measured using a Carlo Erba GC (Milan, 
Italy).. After 24 and 48 h of incubation, the CO2 concentration and the pH were 
againn measured. 

Bioassay s s 
Al ll  experiments were conducted in 20  1 °C climate room with moderate light 
(~~ 10 nmol/m2/s) and a 16:7-h light:dark regime with 30 min of twilight (~ 5 
u.mol/m2/s)) between each period. Test systems were not aerated during the 
experiments.. Every 5 days temperature, oxygen, and pH were analyzed using a 
pH/Oxii  340i oxygen meter (WTW, Weilheim, Germany). NH4

+ and NOV 
concentrationss were determined with Quantofix*  (Duren, Germany) test kits. 
Duringg the experiments, water quality conditions were satisfactory in all test 
systems. . 

EphoronEphoron  virgo 
Survivall  and growth of the mayfly Ephoron virgo on floodplain lake sediments 
weree determined in a 10-day experiment. First instar nymphs (< 48 h) were 
obtainedd from field-collected eggs, kept in artificial diapause at 4°C in our 
laboratory.. Seven days prior to the start of the experiments, several glass slides 
containingg E. virgo eggs were placed in petri dishes containing Elendt-M7 
mediumm (OECD 2001) and transferred to 20°C in order to terminate the artificial 
diapausee (GREVE et al. 1999). Four days prior to the experiment sediments were 
thawedd at 4°C. 

Onee day before the start of the experiment, three replicate glass jars (150-ml) 
withh 25 ml wet homogenized sediment and 100 ml filtered site water were 
preparedd and aerated overnight. Control treatments contained 25 ml quartz sand 
(Sibelco®® M32, Antwerp, Belgium) with a 100- to 400-um grain size and 100 ml 
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Elendt-M77 medium. Twenty nymphs were randomly transferred into each test 
vessell  using a blunt Pasteur pipette. In addition, the body length of twenty 
nymphss was measured using an automatic image analyzer [Leica*" MZ 8 
Microscopee equipped with a Leica*  DC 100 Digital Camera (Leica Geosystems 
Products,, Rijswijk, the Netherlands)] using the computer program Research 
Assistantt 3 (RVC, Hilversum, the Netherlands). 

Thee control treatments were fed 1.0*107 urn' of small diatoms (Navicula 
atomus.Nitzsciaatomus.Nitzscia perminuta, 1:1) per cm2 and two drops of an Urtica suspension 
(0.755 g Urtica in 25 ml Elendt-M7 medium) at day 0. At days 3, 5, and 7 the 
controlss were fed 0.5*107 urn3 of diatoms per cm2 and one drop of Urtica 
suspension.. At day 7, the controls were additionally fed 3.0><107 \xm 
ChlamydomonasChlamydomonas monoica per ml. The experiment was repeated with addition of 
food,, according to the control-feeding regime. 

Att the end of the test, nymphs were collected from the sediment using a 
floatingg technique according to BOIVIN et al. (2001). Surviving nymphs were 
countedd and body length was measured with an automatic image analyzer. 
Growthh was calculated by subtracting the average initial length from the 
individuall  final length. 

ChironomusChironomus  riparius 

Twoo bioassays were performed: larval survival and growth was determined in a 
10-dayy bioassay, larval development and adult emergence in a 28-day 
emergencee experiment. Both tests were started with first instar Chironomus 
ripariusriparius larvae (< 24 h). Four days before the start of the experiments sediments 
weree thawed at 4°C. Three days prior to the test, three newly deposited egg 
ropess were removed from the culture maintained in our laboratory and 
transferredd into a petri dish with Elendt-M7 medium and placed at 20 °C. 

Forr the 10-day bioassay, five replicate 400-ml glass beakers with 75 ml 
homogenizedd wet sediment and 300 ml filtered site water were prepared one day 
beforee the start of the experiment and aerated overnight. Control treatments 
containedd 75 ml quartz sand (Sibelco® M32) with a 100- to 400-|im grain size 
andd 300 ml Elendt-M7 medium. Five larvae were carefully transferred into each 
testt vessel with a blunt Pasteur pipette. Twenty larvae were additionally 
measuredd for body length using an automatic image analyzer. The control 
experimentss were fed 1 ml of a Trouvit® (Trouw, Fontaine-les-Vervins, France) 
-- Tetraphyll (Tetrawerke, Melle, Germany) (20:1, wt/wt) suspension (250 mg 
Trouvit®-Tetraphyll®® in 100 ml of Elendt-M7 medium) daily. After 10 d, the 
larvaee were collected from the sediment using a 250-u.m sieve. Surviving larvae 
weree counted and body length was measured. Growth was calculated by 
subtractingg the average initial length from the individual final length. 
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Thee first 10 days, the emergence experiment was carried out exactly as the 10-
dayy bioassay. At day 10, a net trap was placed on the test beakers and emerged 
adultss were removed, counted, and sexed daily. The control experiments were 
fedd 1 ml of a Trouvit®-Tetraphyll® (20:1, wt/wt) suspension (250 mg Trouvit®-
Tetraphyll®® in 100 ml of Elendt-M7 medium) daily. After 28 days, the 
experimentt was terminated and surviving larvae and pupae were removed from 
thee sediment by sieving over a 250-um sieve, counted, and measured for body 
length.. Growth of non-emerged larvae was calculated by subtracting the average 
initiall  length from the individual final length. Both experiments were repeated 
withh addition of food to all sediments, according to the feeding regime in the 
controls. . 

Dataa analyse s 
One-wayy analysis of variance (ANOVA) tests followed by a Scheffé's post hoc 
testt were conducted to test for significant differences between treatments and 
controlss for survival, growth, or emergence. If data were not homogenous or 
normallyy distributed, a Kruskall-Wallis was performed following a Student's t 
testt when permitted. Significant differences between the absence and presence 
off  food were analyzed with a Student's t test. 

Emergencee is given as the time (days) at which 50% of the adults had 
emergedd (EmT50) and was calculated using a logistic response model adopted 
fromm HAANSTRA et al. (1985): 

inn which: Y = non-emerged midges (%), c = emergence in control (%), a = log 
EmT500 (days), b = slope, andX= log time (days). 

Correlationss between survival, growth, time of emergence, and sediment 
characteristicss were determined with Pearson's correlation, using the average 
survival,, growth, and EmT50 and the mean of the repeated analyses for the 
differentt sediment characteristics. 

Differencess were considered significant between the test categories at the 0.05 
probabilityy level. All statistical analyses were conducted using the computer 
programm SPSS® 10.0 for Windows (SPSS, Chicago, IL, USA). 

RESULTS S 

Sedimen tt  characteristic s 
Thee sediment characteristics of the seven floodplain lake sediments are listed in 
Tablee 2.1, in which the sediments are ranked from relatively clean to 
contaminated.. Concentrations of metals, PAHs, and PCBs were lowest in D2. 
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Metall  concentrations were highest in 3A, 3B, and D4, PAH concentrations were 
highestt in D4 (10.5 mg/kg) and PCB concentrations were highest in 3B (133 
u.g/kg).. The concentrations of Cd, Zn, PAHs, and PCBs all correlated positively 
withh each other (P < 0.05), and Cu was positively correlated with Cd, Zn, and 
PCBss (P < 0.05). Hence, a clear gradient in contaminant concentrations was 
observed,, allowing a ranking of the sediments from relatively clean (D2) to 
contaminatedd (D4). 

Tablee 2.1. Sediment characteristics: Cd, Cu, Zn, sum of polycyclic aromatic hydrocarbons 

(IPAHs),, total phosphorus (P), chl a, sum of fatty acids (IFAs), and sum of polyunsaturated 

fattyy acids (IPUFAs) in mg/kg, sum of polychlorinated biphenyls (IPCBs) in ug/kg, 

percentagee organic matter content (OM), and CO2 production (CO2) in umol C02/kg/d. 

Sedimentss are ranked from relatively clean to contaminated. 

CdA A 

CuA A 

Zn* * 
IPAHsA A 

IPCBsA A 

OM M 
P A A 

chll a 

IFAs s 

IPUFAs s 

CO2 2 
vegetation n 

D2 2 
0.17 7 

12 2 
42 2 

0.55 5 

4.4 4 
2.7 7 

434 4 
19.3 3 

97.2 2 

9.94 4 

9.46 6 

AB B 

G1 1 
0.41 1 

28 8 
194 4 

0.94 4 

7.2 2 
3.9 9 

1226 6 

16.4 4 

87.3 3 
6.21 1 

9.10 0 
A A 

G3 3 
0.90 0 

45 5 
386 6 

1.57 7 

20.2 2 
9.7 7 

1137 7 

76.5 5 

275 5 
16.6 6 

23.5 5 

Mc c 

02 2 
1.25 5 

52 2 
199 9 

2.97 7 

33.4 4 

11.0 0 
1312 2 

74.1 1 

358 8 
36.4 4 

30.8 8 
M M 

3A A 
1.41 1 

72 2 
322 2 

5.76 6 

74.3 3 

8.3 3 
1458 8 

30.1 1 

118 8 
11.7 7 

19.5 5 
A A 

3B B 
2.19 9 

82 2 
507 7 

5.87 7 

133 3 
9.0 0 

1703 3 

43.3 3 

173 3 
8.85 5 

20.2 2 

A A 

D4 4 
1.61 1 

57 7 
544 4 

10.5 5 

109 9 
9.5 5 

1198 8 
55.4 4 

304 4 
17.5 5 

24.3 3 
M M 

AA From KOELMANS & MOERMOND (2000). 
BB A = phytoplankton dominated lake, 
cc M = macrophyte dominated lake. 

Sedimentt organic matter content was lowest in D2 (2.7%) and Gl (3.9%), while 
thee organic matter content in the other sediments ranged from 8.3 to 11.0%. The 
lowestt total P concentration was also measured in D2 (434 mg/kg) and varied 
fromm 1137 to 1703 mg/kg in the other sediments. Macrophytes were present in 
thee lakes D4, G3, and 02. Concentrations of chl a, FAs, PUF As, and the labile 
fractionn of the organic matter (C02 production) in these macrophyte dominated 
lakess were higher than in phytoplankton dominated lakes, with the lowest 
concentrationn of chl a (16.4 mg/kg) in Gl and the highest (76.5 mg/kg) in G3. 
Thee labile fraction of the organic matter ranged from 9.10 umol C02/kg/d in Gl 
too 30.8 umol C02/kg/d in 02. The lowest FA and PUFA concentrations were 
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foundd in Gl (87.3 and 6.21 mg/kg, respectively), and the highest concentrations 
weree found in 02 (358 and 36.4 mg/kg, respectively). 

Thee CO2 production was positively correlated to OM, chl a, FAs, PUFAs, and 
macrophytee abundance. Chl a correlated positively with OM, FAs, PUFAs, and 
thee presence of macrophytes. Organic matter content was positively correlated 
too FAs and PUFAs. Macrophyte abundance was positively correlated to chl a, 
C022 production, FAs, and PUFAs (P < 0.05). Therefore, the sediments can be 
groupedd in either sediments with a low food quantity and quality (phytoplankton 
dominatedd lakes) or sediments with a high food quantity and quality 
(macrophytee dominated lakes). 

Noo correlations were found between contaminant levels and food quantity and 
qualityy parameters, expressing the contaminant levels based on OM did not 
changee these results. However, the relatively clean sediment (D2) is low in food 
quantityy and quality and the most heavily polluted sediment (D4) is high in food 
quantityy and quality. 

Surviva ll  and growt h of Ephoron  virgo 

Averagee control survival was 86.3% and the average growth of control nymphs 
wass 220 jam. At higher contamination levels, both survival and growth rates of 
thee nymphs was lower (Figure 2.1A-B)- In the most polluted sediments (3A, 3B, 
andd D4), significant (P < 0.01) lower survival and growth was observed 
comparedd to the control. In the moderate polluted sediments (G3 and 02) only 
survivall  was significantly lower (P < 0.05) control survival. Growth in D2 
sedimentt was also significantly lower (P < 0.01) than control growth. Survival 
wass negatively correlated with Cd, Cu, Zn, PAHs, and PCBs (Table 2.2) and 
growthh was negatively correlated with PAHs and PCBs. 

Additionall  feeding did not alter survival or growth of the E. virgo nymphs, 
exceptt for growth in D2, which was significantly higher in the presence of food 
(P(P < 0.01). Again, in the presence of food, both survival and growth were 
negativelyy correlated with Cd, Cu, Zn, PAHs, and PCBs. (Table 2.2). No 
correlationss were found with any of the food quality parameters. 

Surviva ll  and growt h of Chironomus  riparius 

Averagee control survival was 99% and the average growth of control larvae was 
7.88 mm. Survival of C. riparius was above 90% in the three macrophyte 
dominatedd lakes (Figure 2.1c). In contrast, significant lower survival (P < 0.05) 
comparedd to the control was observed in three of the four phytoplankton 
dominatedd lakes (Gl, 3A, and 3B). In all sediments, growth was significantly 
lowerr than control growth(P < 0.05) (Figure 2.ID), except for G3, the least 
pollutedd macrophyte dominated lake. Larval growth in the sediments positively 
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correlatedd with chl a, PUFAs, C02 production, and the presence of macrophytes. 
Additionn of food diminished mortality in Gl, 3A, and 3B. As a result, 

significantt lower survival in comparison to the control was only found for 3B 
and,, unexpectedly, 02 (P < 0.05). In the presence of food, growth was higher in 
alll  sediments except for G3. Growth negatively correlated with chl a, FAs, 
PUFAs,, C02 production, and the abundance of macrophytes. No correlations 
weree found with any of the contaminant concentrations. 

D22 G1 G3 02 3A 3B D4 D2 G1 G3 02 3A 3B D4 u u 

Figur ee 2.1. Survival (%) and growth (urn or mm) of Ephoron virgo nymphs and Chironomus 
ripariusriparius larvae after 10 days on sediments in the absence (white bars) and presence (black 
bars)) of additional food. A = survival of £ virgo; B = growth of E .virgo; C = survival of C. 
riparius;riparius; D = growth of C. riparius. Error bars = standard error; * indicates significant 
differencee from control (P < 0.05); # indicates significant difference between the absence and 
presencee of additional food [P < 0.05). 

Developmen tt  of Chironomus  riparius 

Survivall  exceeded 80% in the control treatments. Average EmT50 in the control 
wass 20.3 days. In the experiments without additional food, adult emergence was 
onlyy observed in the sediments from macrophyte dominated lakes (Figure 2.2). 
Inn the phytoplankton dominated lake sediments, littl e (4 and 8% in D2 and 3A, 
respectively)) to no emergence occurred, therefore no reliable EmT50 values for 
thesee lakes could be calculated. In the macrophyte dominated lakes, EmT50 
valuess were significantly higher (P < 0.05) than control EmT50 values. 
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Emergencee was positively correlated with chl a, F As, PUF As, CO2 production, 
andd macrophyte abundance (P < 0.05). Growth of non-emerged larvae (not 
shown)) was positively correlated with growth after 10 days on sediments 
withoutt additional food and with chl a, FAs, and PUF As (P < 0.05). 

Additionn of food resulted in faster development in all sediments (Figure 2.2); 
timee of 50 % emergence ranged from 17.5 days in D2 to 21.5 days in 02, and all 
midgess emerged within 28 days. The EmT50 value in D2 was significantly 
lowerr (P < 0.05) than control EmT50, while the EmT50 values in all other 
sedimentss were comparable to the control EmT50. No correlations were found 
betweenn the EmT50 in the presence of additional food and any of the sediment 
characteristics. . 

D4--

3B-3B- K 

3A--

02--

G3--

G1--

D2--

K H H 

noo emergence 

noo emergence 

noo emergence 

noo emergence 

20 0 30 0 25 5 
EmT500 (days) 

Figur ee 2.2. Median emergence time {EmT50 [days]) of Chironomus ripahus in sediments in 

thee absence ) and presence ) of additional food. Error bars = 95% confidence limits; no 

emergencee = EmT50 could not be calculated because of low or zero emergence. 

DISCUSSION N 

Thee present study demonstrated that the sensitive mayfly Ephoron virgo and the 
opportunisticc midge Chironomus ripahus responded completely opposite to the 
varyingg food and toxicant levels. E. virgo was far more sensitive to the toxicants 
presentt in the sediments than C. riparius. An increase in contaminant loading in 
thee sediments resulted in a decrease of both survival and growth of E. virgo. 
Additionn of food did not enhance survival and growth of E. virgo in any of the 
sediments,, except for growth in D2 sediment. These results indicate that 
reductionn in survival and growth observed in the sediments without additional 
foodd is caused by the toxicants present in the sediment rather than to food 
deficiency.. The reduction in growth on D2 sediment in the absence of additional 
food,, however, can be explained by deficiency of food due to the low OM of 
thiss sediment since growth of the nymphs in the presence of additional food was 
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significantlyy higher. As reported in several studies, mayflies are sensitive to 
manyy classes of contaminants (GlESY et al. 1990, DIAMON D et al. 1992, 
LOWELLL  et al. 1995, SIBLEY et al. 1997). In addition, the species used in the 
presentt study, E. virgo, is very sensitive to several contaminants in water-only 
bioassayss (VA N DER GEEST et al. 2000a, 2000b, 2002). Our results clearly 
demonstratedd that it is also a sensitive test organism in sediment toxicity 
bioassays.. This sensitive response of E. virgo to sediment-bound toxicants can 
partlyy explain their slow re-colonization in the River Rhine (Bu DE VAAT E et al. 
1992)) since the onset of water quality improvement. 

Tablee 2.2. Pearson's correlation of survival and growth of Ephoron virgo and growth of 

ChironomusChironomus riparius after 10 days and 28 days (growths) and EmT50 of C. riparius with 

sedimentt characteristics. Unfed = absence of additional food source, fed = presence of 

additionall food source, IPAHs = sum of polycyclic aromatic hydrocarbons, IPCBs = sum of 

polychlorinatedd biphenyls, IFAs = sum of fatty acids, IPUFAs = sum of polyunsaturated fatty 

acids,, CO2 = CO2 production; M = macrophyte abundance; + = positive correlation with P < 

0.05;; - = negative correlation with P < 0.05; - = negative correlation with P < 0.01. 

parameter r 

E.E. virgo 

survivall growth 

unfedd fed unfed fed 

C.C. riparius 

growthh growths 

unfedd fed unfed 

EmT50 0 

unfed d 

Cdd - -

Cuu - -

Znn - -

IPAHs s 

IPCBs s 
chll a + . . + .. 

IFAss - + 

IPUFAss + - + 

CO22 + 

MM + -

Inn contrast to E. virgo, C. riparius responded mainly to the food quantity and 
qualityy in the sediments rather than to the toxicants present. A reduction in both 
survivall  and growth was observed in the phytoplankton dominated lake 
sedimentss in the absence of additional food. In the presence of additional food, 
however,, survival and growth were acceptable in almost all sediments. Thus, it 
cann be assumed that the reduced survival and growth was not caused by 
toxicantss but by deficiency of food. However, not only food quantity but also 
foodd quality may play an important role in the development of C. riparius as 
indicatedd by the positive correlation of larval growth in the absence of additional 
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foodd with chl a, PUFAs, and C02 production. The composition and nutritional 
valuee of the organic matter can indeed influence the growth of chironomids 
(JOHNSONN et al. 1989, Vos et al. 2000) and lower survival, growth, and 
reproductionn of chironomids in nutritionally poor substrates has been observed 
inn several studies (HARKEY et al. 1994a, LACEY et al. 1999, RISTOLA et al. 
1999).. In the presence of additional food, growth of larvae in phytoplankton 
dominatedd lake sediments was higher than growth of larvae in macrophyte 
dominatedd lake sediments. Growth of chironomids has been shown to correlate 
welll  with the availability of algae or detritus from algal origin in their food 
(KAJAKK  &  WARDA 1968), indicating that the principle food source of C. riparius 
larvaee is detritus derived from algal and plant origin (Vos 2001). Hence, in the 
sedimentss were food was abundant, the larvae could have fed selectively on the 
organicc matter present in the sediment instead of the highly nutritive food added 
too the test system (PINDER 1995). 

Foodd deficiency of C. riparius larvae was even more profound in the 28-day 
emergencee test in the absence of additional food, where emergence was only 
observedd in macrophyte dominated lake sediments, whereas in the presence of 
ann additional food source, no differences were found between phytoplankton 
andd macrophyte dominated lake sediments. In an experiment with natural 
sedimentss and varying food quantities, RISTOLA et al. (1999) found no 
emergencee of C. riparius without addition of food and only larvae in the 
sedimentt with the highest nutritional value survived. With increasing food levels 
added,, a decrease in time of emergence was observed, and no differences were 
observedd between sediments with different quantities of natural food. Thus, food 
limitationn or poor food quality in natural sediments can reduce survival, growth, 
andd development of C. riparius, which can be counteracted by adding an 
additionall  food source (ANKLE Y et al. 1994a, LIBER et al. 1996, BRIDGES et al. 
1997,, Vos 2001). 

Whenn food was not the limiting factor, survival, growth, and development of 
C.C. riparius were satisfactory in spite of the toxicants present. However, C. 
ripariusriparius is not necessarily very tolerant to toxicants (PHIPPS et al. 1995, VA N 

DERR GEEST et al. 2000b). Apparently, in the present set of sediments, the 
advantagess of organic enrichment prevail against the potential adverse effects of 
thee toxicants (DUBÉ et al. 1996, STUUFZAND et al. 2000). Therefore, the amount 
andd quality of available food, either natural or added to the test system, may 
affectt the response of the test organism to sediment-bound toxicants or might 
evenn neutralize their effects (HARKEY et al. 1994b). This wil l cause undesired 
sidee effects in sediment bioassays using C. riparius. Addition of food in midge 
bioassayss is needed to exclude reduction of survival, growth, and reproduction 
duee to food deficiency, but may lead to masking of toxic effects. Therefore, we 
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concludee that the midge C. riparius is not a suitable test organism for the 
assessmentt of sediment toxicity. Alternatively, it proved to be an appropriate 
testt organism to determine the nutritional value of sediments. The mayfly E. 
virgovirgo turned out to be a much more appropriate test organism for sediment 
toxicityy bioassays, because it responds to the toxicant levels in the sediments 
ratherr than to the nutritional value. 

Inn conclusion, C. riparius performs best on macrophyte dominated lake 
sediments,, because it exploits the higher food levels at higher rates, in spite of 
thee toxicants present. On the other hand, E. virgo performs best on 
uncontaminatedd sediments containing relatively low amounts of food, where the 
performancee of C. riparius would be low because of starvation. Thus, the 
trophicc state of an ecosystem influences the ecological risk of toxicants to 
benthicc invertebrates in a species-specific way. It is concluded that not the 
toxicantt load, but the combination of food and contaminants determine the 
persistencee of benthic invertebrates and therewith the benthic community 
compositionn in complexly polluted ecosystems. 
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CHAPTERR 3 

COMBINEDD EFFECTS OF COPPER AND FOOD ON THE 

MIDGEE CHIRONOMUS RIPARIUS IN WHOLE-SEDIMENT 

BIOASSAYS S 

E.M.. de Haas, M. León Paumen, A.A. Koelmans, M.H.S. Kraak 
EnvironmentalEnvironmental Pollution 127:99-107 

Effectss observed in whole-sediment bioassays must be seen as the joint effect of all 
sedimentt characteristics. In whole-sediment bioassays, however, adverse effects on 
testt organisms are usually attributed to the presence of contaminants and the effects 
off  food are often ignored. The aim of this study was to analyze the response of the 
midgee Chironomus riparius to sediment spiked with different combinations of 
artificiall  food and a model toxicant, copper. The responses of C. riparius to these 
spikedd sediments were assessed in 10-day whole-sediment bioassays. Decreases in 
survival,, dry weight, and length of C. riparius were observed with increasing copper 
concentrations.. However, an increase in the amount of food resulted in an increase 
off  larval dry weight and length until copper concentrations reached a critical 
thresholdd of 200 mg/kg. In addition, an increase in the amount of food resulted in a 
decreasee of accumulated copper in the larvae. The present study demonstrated that 
thee combination of copper and food in the sediment determines the performance of 
C,C, riparius in whole-sediment bioassays. The dependency of C. riparius on high 
feedingg levels, which masks toxic effects, questions its suitability as a test organism 
forr whole-sediment bioassays. Because benthic communities in polluted ecosystems 
aree often exposed to varying levels of both food and toxicants it is concluded that 
thee trophic state of the ecosystem may alter the ecological risk of sediment-bound 
toxicantss to opportunistic benthic invertebrates, such as C. riparius. 
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INTRODUCTION N 

Benthicc invertebrates in polluted ecosystems are often exposed to varying levels 
off  both food and toxicants (DE HAAS et al. 2002). The trophic state of an 
ecosystemm influences the amount of food available for the benthic detritivorous 
community.. Simultaneously, the trophic state also influences the sedimentation 
off  abiotic and biotic particles and therewith the deposition of xenobiotic 
compoundss due to sorption of organic toxicants (KOELMANS et al. 2001) and 
metalss (ADMIRAA L et al. 1993). 

Inn whole-sediment bioassays adverse effects on test organisms are usually 
onlyy attributed to the amount of sediment-bound toxicants. However, effects 
observedd in whole-sediment bioassays must be seen as the joint effect of all 
sedimentt characteristics, like contaminants, physical-chemical parameters, and 
foodd quantity and quality parameters (PEETERS et al. 2000a, Vos 2001, DE 

HAA SS et al. 2002). 
Foodd availability is an important factor in the development of benthic 

invertebratess (SUEDEL &  RODGERS 1994, PEETERS et al. 2000, Vos 2001). Food 
limitationn or poor food quality in natural sediments can reduce survival, growth, 
andd development of opportunistic species such as the midge Chironomus 
ripariusriparius (RISTOLA et al. 1999, Vos 2001, DE HAAS et al. 2002). If food is 
deficient,, the test organisms may suffer from starvation, which may lead to an 
overestimationn of sediment toxicity. Addition of food in midge bioassays is 
thereforee often needed to exclude reduction of survival, growth, and 
developmentt due to food deficiency (ANKLEY et al. 1994a, LIBER et al. 1996, 
BRIDGESS et al. 1997, Vos 2001, DE HAAS et al. 2002). On the other hand, 
feedingg of the test organisms during exposure to sediments may mask toxic 
effectss resulting in an underestimation of sediment toxicity (ANKLEY et al. 
1994a,, DAY et al. 1994, HARKEY et al. 1994b, LACEY et al. 1999). In addition, 
feedingg can modify the bioavailability of sediment-bound toxicants resulting in 
eitherr an increase or a decrease in the accumulation of toxicants in test 
organismss and, therewith, alter toxicity (HARKEY et al. 1994b). Nevertheless, 
chironomidd larvae, such as C. riparius, are still widely used as a test organism in 
acutee and chronic (sediment) toxicity and accumulation tests in which an excess 
off  food is supplied (HARKEY et al. 1994a, KEMBLE et al. 1994, RISTOLA et al. 
1999,, HARRAHY &  CLEMENTS 1997). 

Thee high risk of false interpretations of the results of whole-sediment 
bioassayss with chironomids requires a systematic analysis of the combined 
effectss of food and toxicants under controlled laboratory conditions. To 
determinee the effects of feeding level on the response of C. riparius to toxicants 
wee conducted 10-day whole-sediment bioassays. C. riparius larvae were 
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exposedd to clean natural sediment spiked with different concentrations of copper 
andd artificial food. We hypothesize, based on our previous findings in a study 
withh several flood plain lake sediments varying in natural food and toxicant 
concentrationss (DE HAAS et al. 2002), that C. riparius is able to better withstand 
toxicantss at higher food availability. Our data are provident to emphasize the 
importancee of dietary control in sediment toxicity testing. 

MATERIAL SS AN D METHODS 

Sedimen tt  collection , storage , and treatmen t 
Sedimentt was collected from a relatively clean floodplain lake located along the 
Riverr Waal, the Netherlands, in September 2001. About 50 L of sediment were 
collectedd using a stainless steel Ekman-Birdge grab, which was adjusted to 
samplee the upper 5 cm of the sediment. 

Thee sediment was transported to the laboratory in polythene buckets where 
largee debris was picked out by hand and homogenized in a 75-L container. The 
sedimentt was stored until use at -20°C in 500-ml polyethylene containers within 
66 h after sampling in order to eliminate autochthonous organisms. 

Sedimen tt  preparatio n 
Threee days before the spiking procedure, the sediment was thawed at 4°C. 
Sedimentt was spiked by diluting the appropriate amount of copper [CUCI2.2H2O 
(J.T.. Baker®, Phillipsburg, NJ, USA)] in 300 ml Elendt-M7 medium (OECD 
2001)) using a copper stock solution (1 or 10 g/L depending on the final 
concentration).. This copper solution was added to 75 ml of homogenized wet 
sedimentt in 500-ml polyethylene bottles together with the appropriate amount of 
foodd [Trouvit® (Trouw, Fontaine-les-Vervins, France) - TetraPhyll (Tetra-
werke,, Melle, Germany) mixture (20:1, wt/wt)]. 

Sedimentt was spiked with copper in order to achieve nominal copper 
concentrationss of 25, 50, 100, 150, 200, 300, 400, 500, and 600 mg/kg dry 
weightt (mg/kg). Because the amount of sediment was insufficient to test 
nominall  copper concentrations of both 500 and 600 mg/kg at all food levels, 500 
mg/kgg was only performed at the two lowest food levels and 600 mg/kg only at 
thee two highest food levels. The midges were fed 0, 0.05, 0.25, or 0.5 
mg/larvae/dd of ground fish food. According to the OECD guideline 218 (OECD 
2001),, 0.25-0.5 mg/larvae/d of a finely ground fish food is adequate for larvae 
youngerr than 10 days. For each food-copper treatment 12 test systems were 
prepared,, except for 300, 400, 500, and 600 mg/kg of which six test systems 
weree prepared. Twelve controls (without added copper) for each food 
concentrationn were prepared and treated as the spiked sediments. 

35 5 



Persistencee of benthic invertebrates in polluted sediments 

Thee sediment and medium were homogenized by placing the bottles on a roller 
bankk (30 rpm), after 24 h the suspension was poured into 400-ml glass beakers 
andd the sediment was allowed to settle for 72 h to facilitate partitioning of 
copperr between sediment and water. During the experiment the overlying water 
wass not replaced. For each copper-food treatment two test systems were 
removedd at the start of the experiment for measurement of actual copper 
concentrationss in sediment and water, except for 300, 400, 500, and 600 mg/kg 
off  which one test system was removed. 

Bioassays s 

Al ll  experiments were conducted in a 20  1°C climate room with moderate light 
(~~ 10 umol/m2/s) and a 16:7-h lightdark regime with 30 min of twilight (~ 5 
umol/m2/s)) between each period. During the experiments the test systems were 
constantlyy aerated. At the beginning and end of each experiment temperature, 
oxygen,, and pH were analyzed using a pH/Oxi 340i meter (WTW, Weilheim, 
Germany).. NH4

+ and N02" concentrations were determined with Quantofix® 
(Duren,, Germany) test kits. 

Firstt instar Chironomus riparius larvae were exposed to sediments with different 
concentrationss of copper and food. Larval survival, length, dry weight, and 
copperr accumulation were determined in a 10-day whole-sediment bioassay. 
Experimentss were started with < 24 h old C. riparius larvae, which were 
obtainedd from a culture maintained in our laboratory. Three days prior to the 
startt of the experiment, five newly deposited egg ropes were removed from the 
culturee and transferred into a petri dish with Elendt-M7 medium and held at 
20°C.. Five larvae were carefully transferred into each test system at the start of 
thee experiment using a blunt Pasteur pipette. 

Afterr 10 days, larvae were obtained from the sediment by sieving the sediment 
usingg a 200-p.m sieve. Surviving larvae were counted and body length was 
recordedd using a Leica MZ 8 Microscope equipped with a Leica® DC 100 
Digitall  Camera (Leica Geosystems Products, Rijswijk, the Netherlands) using 
thee computer program Research Assistant 3 (RVC, Hilversum, the Netherlands). 
Afterr length measurements larvae (per replicate treatment) were placed at 20°C 
inn clean Elendt-M7 medium under constant aeration for 24 h. After 24 h of gut 
clearance,, dry weight of the larvae was determined by freeze-drying the larvae 
untill  constant weight. Pooled larvae per replicate were weighed on a 
microbalancee to the nearest ng. Average length and dry weight per copper-food 
treatmentt were determined using the average length or dry weight per replicate 
treatment. . 
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Copperr  analysi s 
Duplicatee water samples (1 ml) were taken at the start and at the end of the 
experimentss to measure total copper concentrations in the water. The samples 
weree acidified with 20 ul 70% HN03 Ultrex® (J.T. Baker®, Phillipsburg, NJ, 
USA)) and stored at -20°C until analysis. The samples were analyzed by air-
acetylenee Flame Atomic Absorption Spectrometry (Perkin-Elmer 1100B, 
Norwalk,, CT, USA) or by Furnace Atomic Absorption Spectrometry (Perkin-
Elmerr 5100PC/HGA600/AS60 equipped with Zeeman background correction, 
Norwalk,, CT, USA). Quality of the copper analysis was ascertained by 
analyzingg blanks and reference material (NIST: SRM 1643, National Institute of 
Standardss and Technology, Gaithersburg, MD, USA). 

Beforee analysis the sediments were freeze dried until constant weight. A 
samplee of ~ 5 mg of sediment was weighed (triplicate) and placed in a 3-ml 
Teflonn digestion vessel and 50 ul 70% HN03 Ultrex® (J.T. Baker®) was added. 
Everyy 30 samples a blank (no sediment) and a reference (NIST: SRM 2704) 
weree digested for quality control. The vessels were sealed and placed in a lined 
digestionn vessel assembly and digested using a CEM® MD-2000 microwave 
systemm (CEM laboratories, Matthews, NC, USA). The vessels were heated to 
175°CC within 15 min and maintained at 175°C for another 45 min. The samples 
weree diluted with 2 ml deionized water and analyzed by air-acetylene Flame 
Atomicc Absorption Spectrometry (Perkin-Elmer 1100B). 

Weighedd larvae were placed in a 3-ml Teflon digestion vessel and 25 ul 70% 
HNO33 Ultrex (J.T. Baker®) was added. Every 30 samples a blank (no larvae) 
andd a reference (MA-A-3/TM shrimp homogenate, IAEA, Monaco) were 
digestedd for quality control. The vessels were sealed and placed in a lined 
digestionn vessel assembly and digested using a CEM® MD-2000 microwave 
system.. The vessels were heated to 175°C within 15 min and maintained at 
175°CC for another 30 min. The samples were diluted with 1 ml deionised water 
andd analysed by air-acetylene Flame Atomic Absorption Spectrometry (Perkin-
Elmerr 1100B). The measured values of reference material were in good 
agreementt with the certified values (< 10% deviation); recovery of the reference 
materialss SRM 2704 and MA-A-3/TM shrimp homogenate were 99.9  5.9% 
andd 105.9  2.1%, respectively. Blanks were below detection limit (~ 10 ug/L). 

Sedimen tt  analysi s 

Metalss (Cd, Cu, and Zn), £13PAHs (phenantrene, anthracene, fluoranthene, 
pyrene,, benzo [a]  anthracene, chrysene, benzo[e]pyrene, benzo[6]fluoranthene, 
benzo[£]fluoranthene,, benzo [a]  pyrene, benzo[g/n']perylene, di benzo [ah] anthra-
cene,, and indeno[725]pyrene), and I15PCBs (PCB 18, PCB20, PCB28, PCB31, 
PCB44,, PCB52, PCB101, PCB105, PCB118, PCB138, PCB149, PCB153, 
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PCBB 170, PCB 180, and PCB 194) were measured by KOELMANS & MOERMOND 
(2000). . 

Thee organic matter content (OM) in the sediment was determined as loss-on-
ignitionn by combusting 1 g dry sediment at 550°C for 6 h (LUCKZAK et al. 1997) 
inn triplicate. Chlorophyll a (chl a) and phaeophytin were measured according to 
LORENZENN (1967) in triplicate using 1 g dry sediment. Three ml of a 90% 
acetonee solution was added and the test tubes were sonificated for 10 min and 
placedd for 18 h at 4°C after which the samples were centrifuged for 15 min at 
30000 rpm in closed test tubes to avoid optical disturbance by suspended 
sediment.. Chl a and phaeophytin contents were summed, because in sediments 
chll  a is partly degraded into phaeophytin. 

Dataa analyse s 
Comparisonss within and among food levels for survival, length, dry weight, and 
copperr accumulation were performed by One-way analysis of variance 
(ANOVA),, followed by Sheffé's post hoc test. No observed effect 
concentrationss (NOECs) for survival, dry weight, and length were determined 
byy statistically significant differences relative to controls obtained from the 
Scheffé'ss post hoc test. Additionally, a Two-way ANOVA was performed with 
thee General Linear Model Univariate procedure using a full factorial model with 
thee nominal copper concentrations and food levels as the independent variables, 
inn order to assess the contribution of the variables and their interaction to 
explainn the variation in survival, dry weight, length, and copper accumulation. 

Mediann effect concentrations for survival (LC50), dry weight (EC50DRY 

WEIGHT),, and length (EC50LENGTH) at each food level were calculated by a non-
linearr curve fit using the logistic response model after HAANSTRA et al. (1985): 

YY =  c-
ll + eHX-a) 

inn which: Y = effect (%), c = effect in control (%), a = log EC50 (mg/kg), b = 
slope,, and X = log concentration (mg/kg). The differences in effect 
concentrationss determined at the different food levels were tested for 
significancee by fitting the toxicity data of the treatments simultaneously to 
logisticc models that differed in their slope parameters but had the same effect 
concentrationn parameter. A likelihood ratio test was used to test the hypothesis 
off  similarity of effect concentrations by comparing these results to those 
obtainedd when each model had its own effect concentration parameter (VAN 
GESTELL  &  HENSBERGEN 1997). 

Differencess were considered significant between the test categories at the 0.05 
probabilityy level. All statistical analyses were conducted using the computer 
programm SPSS® 10.0 for Windows (SPSS, Chicago, IL, USA). 
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RESULTS S 

Sedimen tt  characteristic s 

Thee sediment characteristics are listed in Table 3.1. The concentrations of Cd, 
Cu,, Zn, PAHs, and PCBs in the sediment are low according to sediment quality 
criteriaa (CIW 2000). 

Thee organic matter content (OM content) and chl a concentration in the 
sedimentt were much higher than measured in our previous study (DE HAAS et al. 
2002).. The OM content slightly increased with increasing food level (ranging 
fromfrom 6.2 to 6.9%), but these values did not differ significantly from each other. 
Concentrationss of chl a of the food-spiked sediments also did not significantly 
differr among food levels (53.4 to 56.7 mg/kg). Actual copper concentrations in 
thee sediment at the start of the experiments for each food level are given in 
Tablee 3.2. 

Tablee 3.1. Sediment characteristics. Cd, Cu, Zn, sum of polycyclic aromatic hydrocarbons 

(IPAHs),, and chl a in mg/kg, sum of polychlorinated biphenyls (ZPCBs) in pg/kg, and 

percentagee organic matter content (OM). 

CdAA 0.17 

CuAA 12 

ZnAA 42 

IPAHsAA 0.55 

IPCBsAA 4.37 

OMM 6.2 

chll a 53.4 
AA From KOELMANS & MOERMOND (2000). 

Waterr  qualit y 

Totall  aqueous copper concentrations increased with increasing sediment copper 
concentrationss (not shown). Total water concentrations ranged from < 10 to 110 
ug/L,, and were less than 0.25% than the copper initially added to the test 
systems.. Because these aqueous copper concentrations were < 10-day LC50 
valuess (1502 ug/L) obtained for Chironomus tentans in water-only exposures 
(SUEDELL et al. 1996), sediment-bound copper can account for the observed 
adversee effects. 

Dissolvedd oxygen ranged between 7.51 and 9.04 mg/L; pH ranged from 7.72 
too 8.33; ammonium concentrations were < 10 mg/L; and nitrite concentrations 
weree < 1 mg/L. Above mentioned water quality parameters were all within the 
boundaryy conditions set for whole-sediment bioassays with C. riparius (MAA S 

etal.. 1993). 
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Surviva l l 
Meann survival in all controls was above 98% (Figure. 3.1A). More than 80% of 
thee larvae survived nominal copper concentrations up to 200 mg/kg (Figure. 
3.1B-F)-- Above that concentration survival of the larvae decreased with 
increasingg sediment copper concentration (Figure. 3.1G,H)- Significant 
differencess (P < 0.05) from control treatments (no copper added) were found at 
nominall  copper concentrations of > 300 mg/kg at all food levels, hence the 
NOECss were the same for all food levels (Table 3.3). Within each copper 
concentrationn an increasing food level did not result in higher survival. 
However,, the LC50 values increased slightly with increasing food level (Table 
3.4)) and LC50 values calculated for the 0 and 0.5 mg/larvae/d food level were 
significantlyy different (P < 0.05). However, the Two-way ANOVA showed that 
onlyy sediment copper concentration could account for the major part of the 
variancee observed between the different treatments (P < 0.001). The food level 
wass not significant in explaining the observed variation. Also the interaction 
termm of copper and food was not significant, this indicates that the effect of 
copperr on survival was independent on the food level. 

Tablee 3.2. Mean sediment copper concentrations (mg/kg) at the start of the experiment at 

differentt food levels. Standard deviations (not given) were within 10%; n = number of 

analyses. . 

Dminall [Cu] 

(mg/kg) ) 

control l 

25A A 

50A A 

100A A 

150A A 

200A A 

300B B 

400B B 

500B B 

600B B 

0.00 0 

25.0 0 

31.9 9 

62.6 6 

133.4 4 

156.4 4 

223.2 2 

375.1 1 

448.3 3 

531.6 6 
--

foodd level (mg/larvae/d) 

0.05 5 

26.8 8 

31.9 9 

55.0 0 

119.9 9 

155.0 0 

227.7 7 

379.9 9 

431.5 5 

556.0 0 
--

0.25 5 

27.4 4 

34.1 1 

60.1 1 

109.9 9 

148.2 2 

211.1 1 

363.5 5 

440.2 2 

--
713.8 8 

0.50 0 

28.5 5 

32.3 3 

70.0 0 

132.0 0 

151.4 4 

231.8 8 

392.2 2 

461.7 7 

--
746.9 9 

AA n = 6,B n = 3 

Dryy weigh t 
Inn the control treatments dry weight of the midge larvae increased with 
increasingg food level. Larval dry weight in the control without additional food 
wass significantly (P < 0.05) lower than the controls with the two highest feeding 
levels,, but not significantly different from the lowest feeding level (0.05 
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Figur ee 3.1. Survival of Chironomus riparius larvae after 10 days of exposure to copper-spiked 

sedimentss at different food levels. A = control, B = 25 mg/kg, C = 50 mg/kg, D = 100 mg/kg, E 

== 150 mg/kg, F = 200 mg/kg, G = 300 mg/kg, H = 400 mg/kg. Bars = standard errors. No 

significantt differences are detected among feeding levels. 
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mg/larvae/d).. No significant differences were detected among the three feeding 
controlss (Figure 3.2A). Dry weight of copper exposed larvae increased with 
increasingg food level (P < 0.05) until copper concentrations of 200 mg/kg 
(Figuree 3.2B.F). At higher copper concentrations no significant differences 
betweenn food levels were observed (Figure 3.2G,H). With increasing copper 
concentrationn a decrease in dry weight of C. riparius larvae was observed. 
Significantt differences (P < 0.05) from control treatments (no copper added) 
weree found at nominal copper concentrations of > 150 mg/kg at the food levels 
0,, 0.05, and 0.25 mg/larvae/d. At the food level of 0.5 mg/larvae/d significant 
differencess with the control were found at the nominal copper concentrations of 
>> 200 mg/kg. Hence, at the highest food level a higher NOEC was observed 
(Tablee 3.3). No differences were observed between the calculated EC50 values 
forr dry weight at the different food levels (Table 3.4). A Two-way ANOVA 
showedd that dry weight was significantly affected by both sediment copper 
concentrationn and food level (P < 0.001). The statistical interaction term 
betweenn copper and food was not significant, which indicates that the effect of 
copperr on larval dry weight was independent on the food level. 

Tablee 3.3. No observed effect concentrations for survival (NOECSURVIVAL), dry weight 

(NOECDRYWEIGHT),, and length (NOECLENGTH) of Chironomus riparius larvae after 10 days of 

exposuree to copper-spiked sediments at different food levels. _____ 

foodd level 

(mg/larvae/d) ) 

0.00 0 

0.05 5 

0.25 5 

0.50 0 

NOECSURVIVAL L 

(mg/kg) ) 

223.2 2 

227.7 7 

211.1 1 

231.8 8 

NOECDRYWEIGHT T 

(mg/kg) ) 

133.4 4 

119.9 9 

109.9 9 

151.4 4 

NOECLENGTH H 

(mg/kg) ) 

62.6 6 

55.0 0 

60.1 1 

132.0 0 

Lengt h h 
Inn the control without additional food, length of the midge larvae was 
significantlyy lower (P < 0.001) than in the feeding controls. The length of the 
larvaee did not differ significantly among the three feeding controls (Figure 3.3A)-
Lengthh of the copper exposed larvae increased with increasing food level (P < 
0.01)) until nominal copper concentrations of 200 mg/kg (Figure 3.3 B-F)- At 
higherr copper concentrations no significant differences between food levels 
weree observed (Figure 3.3G,H)- Significant differences (P < 0.05) from control 
treatmentss (no copper added) were found at nominal copper concentrations of > 
1000 mg/kg at the food levels 0, 0.05, and 0.25 mg/larvae/d. At the food level of 
0.55 mg/larvae/d, significant differences with the control were found at the 
nominall  copper concentrations of > 150 mg/kg. Hence, at the highest food level 
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aa higher NOEC was observed (Table 3.3). Calculated EC50 values increased 
withh increasing food level (Table 3.3) and the EC50 values of the 0 and 0.05 
mg/larvae/dd food level were significantly lower than the EC50 value of the 0.5 
mg/larvae/dd food level (P < 0.05). A Two- way ANOVA showed that copper 
andd food, as well as their statistical interaction term were significant in 
explainingg the observed variation of length (ƒ*  < 0.001). This interaction 
indicatess that the length of the larvae was dependent on both copper 
concentrationn and the food level. 

Copperr  accumulatio n 
Totall  copper concentrations in control larvae ranged from 131.7 to 155.2 ug/g 
dw.. With increasing sediment copper concentrations, an increased accumulation 
off  copper in the midge larvae was observed (Figure 3.4). Significant differences 
(P(P < 0.05) in copper accumulation compared to controls (no copper added) were 
foundd at nominal copper concentrations of > 25mg/kg at the food level 0 
mg/larvae/d,, at nominal copper concentrations of > 50 mg/kg at the food levels 
0.055 and 0.25 mg mg/larvae/d, and at nominal copper concentrations of > 100 
mg/kgg at the food level 0.5 mg mg/larvae/d. 

AA Two-way ANOVA demonstrated that both copper and food could account 
forr the observed variation of copper accumulation (P < 0.001) and also the 
statisticall  interaction term between copper and food was significant (P < 0.001). 
Thiss interaction indicates that copper accumulation was dependent on both 
copperr concentration and food level. 

Tablee 3.4. Median effect concentrations for survival (LC50), dry weight (EC50DRYWEIGHT), and 

lengthh (EC50LENGTH) of Chironomus riparius larvae after 10 days of exposure to copper-spiked 

sedimentss at different food levels; 95% confidence limits are given in parentheses; effect 

concentrationss sharing the same letter are not significantly different (P < 0.05). 

foodd level 

(mg/larvae/d) ) 

0.00 0 

0.05 5 

0.25 5 

0.50 0 

LC50 0 

(mg/kg) ) 

426.11 (401-453)A 

432.55 (400-468)AB 

443.77 (395-498)AB 

487.33 (442-538)B 

E C S O D R YY WEIGHT 

(mg/kg) ) 

186.88 (168-208)A 

180,44 (163-199)A 

174.66 (151-202) A 

210.33 (189-234)A 

EC50LENGTH H 

(mg/kg) ) 

304.55 (267-347)A 

308.55 (269-353)A 

354.22 (293-429)AB 

412.44 (346-492)B 

DISCUSSION N 

Bothh dry weight and length of Chironomus riparius larvae increased with 
increasingg food level as has been observed for chironomids in many other 
studiess (ANKLEY et al. 1993, SIBLEY et al. 1997, RISTOLA et al. 1999). Larval 
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survivall  was not affected by increasing food level. Other studies also observed 
thatt survival was not or only slightly affected to the food concentration added to 
thee test systems (ANKLEY et al. 1993, SIBLEY et al. 1997, RISTOLA et al. 1999). 
Iff  food is deficient, midge larvae are able to decrease their development rate and 
ass long as the available food is sufficient to maintain their basic metabolism they 
aree able to remain alive in the sediment (ARMITAGE et al. 1995). 

Previouss research (DE HAAS et al. 2002) showed that growth of C. riparius 
larvaee was more influenced by food quantity and quality in the sediment than by 
sediment-boundd toxicants. This suggested a possible compensating effect of the 
availablee food for the negative effect of sediment-bound toxicants. The results 
fromm this study indeed showed that food could compensate for the negative 
effectss of copper. However, this compensating effect disappears if the copper 
concentrationn in the sediment reaches a certain threshold level. Three stages of 
interactionn between copper and food have been observed in this study: (1) at low 
copperr concentrations (< 50 mg/kg) no toxic effects of copper were observed 
andd an increase in the amount of food resulted in an increase of larval dry 
weightt and length; (2) at intermediate copper concentrations (100 to 200 mg/kg) 
copperr had a toxic effect on larval dry weight and length but an increase in the 
amountt of food, however, resulted in an increase in both dry weight and length; 
andd (3) at high copper concentrations (> 300 mg/kg) copper had a toxic effect on 
larvall  survival, dry weight, and length and this negative effect could not be 
counteractedd by an increase of the amount of food. 

AA high increase in accumulated copper was observed between the controls (no 
addedd copper) and the lowest spiked copper concentration (25 mg/kg) at all food 
levels.. Comparable results were obtained for the marine amphipod 
ParacorophiumParacorophium excavatum (MARSDEN & WONG 2001). This rapid increase in 
accumulatedd copper between the control and the lowest spiked copper 
concentrationn can probably be explained by differences in bioavailability of 
contaminantss in aged sediment and freshly spiked sediment (LANDRUM et al. 
1992). . 

Thee increase in the amount of food resulted in a decrease of accumulated 
copperr in the larvae. In agreement, bioaccumulation of copper in the oligochaete 
LumbriculusLumbriculus variegatus was found to be much higher in sediments with low 
organicc carbon content (CHAPMAN et al. 1999) compared to sediments with 
higherr organic carbon content (ANKLEY et al. 1994b) in sediments spiked with 
comparablee actual copper concentrations. The decrease in accumulated copper 
withh increasing food level can be caused by an acceleration of the metabolism 
thatt allows a higher depuration rate, so the toxicant can be eliminated easier and 
thee negative effect on growth is lower (RISTOLA 1995). On the other hand, 
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additionn of a high nutritive food to the sediment may result in a reduced 
ingestionn rate by the midge larvae, thus leading to lower bioaccumulation of 
copperr in the larvae (HARKEY et al. 1994b). 

—— 0.00 mg/larvae/d 

 - - 0.05 mg/larvae/d 

A —— 0.25 mg/larvae/d 

oo - - 0.50 mg/larvae/d 

U00 100 200 300 4Ó0 
sediment-boundd copper (mg/kg) 

Figur ee 3.4. Copper concentrations in Chironomus riparius larvae after 10 days of exposure to 

copper-spikedd sediments at different food levels. The curves were empirically fitted with the 

followingg equation: CUM = (ai)Cus)/(1+(a-Cus)). In which: CUM = copper concentration in the 

larvaee and Cus = copper concentration in the sediment. 

Ourr study demonstrated that intermediate levels of food (0.05 and 0.25 
mg/larvae/d)) did not affect the outcome of the experiments since both the 
EC50/LC500 values and the NOEC values were comparable to the unfed 
treatment.. However, the high feeding level (0.5 mg/larvae/d), as recommended 
inn the OECD guideline 218 (OECD 2001), resulted in an increase in the 
EC50/LC500 and/or the NOEC values. Hence, at this artificial food level the 
toxicc effects are, at least, partly compensated leading to an underestimation of 
sedimentt toxicity. Thus, the advantages of increased food availability prevail 
againstt the potential adverse effects of copper. Therefore, the amount and 
qualityy of available food (either natural or added to the test system) affect the 
responsee of the test organism to sediment-bound toxicants. If feeding should be 
necessary,, the amount of added food should be kept at a minimum. It must also 
bee considered that some toxicants may accumulate in food and sediment 
particless that the larvae feeds on which may influence larval exposure to these 
toxicantss (HARKEY et al. 1994b). 

Thee use of C. riparius in whole-sediment toxicity tests is questionable based on 
ourr findings. Our results demonstrate both overestimation of sediment toxicity 
duee to starvation as well as underestimation of sediment toxicity due to masking 
off  toxic effects at high food levels. 
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Becausee benthic communities in polluted ecosystems are often exposed to 
varyingg levels of both food and toxicants, it is concluded that the trophic state of 
thee ecosystem may alter the ecological risk of sediment-bound toxicants to 
opportunisticc benthic invertebrates such as C. riparius. 
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CHAPTERR 4 

HABITATT SELECTION BY CHIRONOMUS 

RIPARIUSRIPARIUS LARVAE: FOOD PREFERENCE OR 

TOXICANTT AVOIDANCE? 

E.M.. de Haas, C. Wagner, A.A. Koelmans, M.H.S. Kraak, W. Admiraal 
Submitted Submitted 

Thiss study examined the habitat selection by Chironomus riparius larvae of different 
sediments.. Seven floodplain lake sediments, differing in both food quality and 
concentrationss of sediment-bound toxicants, were offered pair wise to the 
chironomidd larvae and their settlement in the paired sediments was determined after 
100 days. The larvae showed a clear preference for sediments with higher food 
quality,, which overruled the avoidance of the sediments with higher toxicant 
concentrations.. Our observations explain the persistence of this opportunistic 
chironomidd species in organically enriched aquatic ecosystems independent of the 
toxicantt levels. 
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INTRODUCTION N 

Chironomidd larvae are often a quantitatively important component of benthic 
invertebratee communities. Consequently, their relationship with the sediments 
theyy inhabit has been well studied and reviewed by various authors (e.g. PlNDER 
1986,, ARMITAGE et al. 1995). Sediments have been considered as a habitat 
(ARMITAGEE et al. 1995), a cover from predators (MACCHIUSI &  BAKER 1992, 
BAKERR &  BALL 1995), a source of food (Vos 2001, DE HAAS et al. 2002), and a 
sourcee of potential toxic compounds (RISTOLA et al. 1996, DE HAAS et al. 2002). 
Hence,, many factors may determine the distribution of chironomids, but 
sediment-boundd toxicants (DIGGINS &  STEWART 1998, PEETERS et al. 2000b) 
andd food quantity and quality (PEETERS 2001, Vos 2001), are thought to be the 
keyy factors. 

Thee growth rate of Chironomus riparius larvae, for example, is often related to 
thee amount of detritus available as a food source (RASMUSSEN 1985). This 
matchess with the field distribution of this opportunistic tube dwelling deposit 
feeder,, which prefers eutrophic and organic enriched waters (ARMITAGE et al. 
1995)) and has been predominantly found in sediments with high organic matter 
contentt (GROENENDIJK et al. 1998). This is confirmed by many laboratory 
studies,, which observed that habitat selection was highly related to the amount 
off  available food (MACCHIUSI &  BAKER 1992, BAKER &  BALL 1995, SIBLEY et 
al.. 1998, Vos et al. 2002). The food source offered to the chironomids in these 
studiess was, however, always a commercial fish food, which is very high in 
nutrition,, whereas natural detritus is often much lower in nutrition and highly 
variablee (Vos 2001). Moreover, larvae of C. riparius can selectively feed on 
thesee additional high quality food sources rather than on the natural food sources 
inn the offered substrates (AKERBLOM &  GOEDKOOP 2003). 

Hence,, the question remains whether habitat selection under natural 
conditionss is also steered by food availability and how confounding factors, such 
ass sediment-bound toxicants, influences this selection. The latter is especially 
relevantt for C. riparius because this species belongs to the particular genera of 
chironomidss {Procladius sp., Chironomus sp., and Cricotopus sp.) that often 
becomee increasingly dominant at more contaminated sites (CANFIELD et al. 
1996,, PEETERS et al. 2000b), including the metal polluted lowland River 
Dommell  (GROENENDIJK et al. 1998). The aim of this study is, therefore, to 
examinee whether habitat selection by C. riparius larvae results from the 
preferencee for food, avoidance for sediment-bound toxicants, or a combination 
off  both. 
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Habitatt selection by chironomids in their early life stage is of critical importance 
forr their further development, because chironomid larvae are highly sedentary 
forr most of their lifespan. The first instar larvae are mainly pelagic until a 
suitablee habitat has been found (OLIVER 1971). The second to fourth instars 
oftenn inhabit the upper layer of the sediment, in which they build protective 
tubess from small particles (ARMITAGE et al. 1995), which are joined with their 
salivaryy secretions (EDGAR &  MEADOWS 1969). The larvae keep in physical 
contactt with their tube and therefore the foraging area is restricted to the 
immediatee surroundings of the tube entrance (RASMUSSEN 1984). If larvae leave 
theirr burrow they will have to find a new site that meets their demands, but 
meanwhilee they are prone to predation (MACCHIUSI & BAKER 1992). Site choice 
iss not restricted to the early instar larvae, although larval mobility decreases with 
increasingg age (BAKER &  BALL 1995). 

Forr this study seven floodplain lakes located along the River Waal, a branch 
fromm the River Rhine, with different levels of contamination and food were 
selectedd (see Figure 1.2). The preference of C. riparius for those sediments was 
assessedd using a 10-day choice experiment in which the chironomid larvae could 
choosee between two sediments. It was analysed if the preference of the larvae 
wass correlated with food quality (chlorophyll a, fatty acids, bacterial fatty acids, 
andd polyunsaturated fatty acids) and metal concentrations (Cd, Cu, and Zn) in 
thee sediments. 

MATERIAL SS AND METHODS 

Sedimen tt  sampling , storag e and treatmen t 
Sedimentss for the choice experiments and chemical analyses were collected 
fromm seven floodplain lakes located along the River Waal, The Netherlands, in 
Septemberr 2003. About 15 L of sediment was collected using an Ekman-Birdge 
grab,, which was adjusted to sample the upper 5 cm of the sediment. The 
sedimentss were transported to the laboratory, where large debris was picked out 
byy hand. Next the sediment was homogenized, and stored at -20°C in 500-ml 
polyethylenee bottles within 6 h after sampling in order to exterminate 
autochthonouss organisms. 

Sedimen tt  analyse s 
Thee OM content was measured as loss-on-ignition by combustion of dried 
sedimentt samples (60°C until constant weight) at 550°C for 6 h (LUCZAK et al. 
1997)) in triplicate. Chlorophyll a (chl a) and phaeophytin were measured 
accordingg to LORENZEN (1967) in triplicate using freeze-dried sediment samples. 
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Thee acetone solution was centrifuged in closed test tubes to avoid optical 
disturbancee by suspended sediment. Chi a and phaeophytin contents were 
summed,, because in sediments chl a is already partly degraded into 
phaeophytin. . 

Lipidss were extracted from 0.5 g of dry sediment with 6 ml methanol 
containingg 2.5% H2S04 for 90 min at 80°C in closed test tubes. Then 500 ji l 
hexanee and 1 ml 0.9% NaCl were added to the samples, which were placed for 1 
minn on a shaker and centrifuged at 12.000 rpm for 1 min 200 ul of the 
supernatantt was transferred to a 200-|ul vial. Fatty acid methyl esters (FAMEs) 
weree measured using a Varian CP380O gas chromatographer (GC) with a Varian 
Saturnn 2000 MS (Varian Inc., Middelburg, The Netherlands) by injecting a 2-u.l 
aliquott in a polar 30-m HP5-MS column (0.25 mm I.D.; 0.25-um film 
thickness).. GC conditions were as followed: initial temperature 35°C at 4 min, 
thenn to 120°C at a rate of 30°C per min and to 240°C at a rate of 8°C per min; 
injectionn was made in splitless mode (2 min); carrier gas was helium. 

Forr the analyses of the total sediment Cd, Cu, and Zn concentrations 50 mg of 
sedimentt (triplicate) was digested in 2-ml polyethylene tubes with 500 ul 70% 
HN033 Ultrex® (J.T. Baker, Phillipsburg, NJ, USA) at 100°C using a DB-3D Dri-
Blockk (Techne, Duxford, UK). After digestion, the samples were diluted with 2 
mll  acidified deionized water (5 ml 70% Ultrex per L). Metals were analyzed by 
air-acetylenee Flame Atomic Absorption Spectrometry (Perkin-Elmer 1100B). 
Everyy 25 samples a blank (no sediment) and a reference (NIST:SRM 2704, 
Nationall  Institute of Standards and Technology, Gaithersburg, MD, USA) was 
digestedd for quality control. The measured values of the reference material were 
inn agreement with the certified values (< 10% deviation); recovery of SRM 2704 
wass 99.6  2.0%. 

Choic ee experimen t 
Thee experiments were conducted at 20  1 °C, moderate light (~ 10 |imol/m2/s) 
andd a 16:7 hour lightdark regime with 30 min of twilight (~ 5 umol/m2/s) before 
andd after each light period. The experiments were started with first instar larvae 
(<< 24 h), obtained from a culture maintained in our laboratory. Three days prior 
too the test 3 newly deposited egg ropes were removed from the culture and 
transferredd into a petri dish with Elendt-M7 medium and placed at 20°C. 
Sedimentss were thawed at 4°C four days before the start of the experiment. 

Eachh possible combination of the seven sediments was replicated 3 times, 
includingg pairings consisting of the same sediment, which served as no-choice 
controls.. The experimental unit consisted of a polyethylene container (10 * 20 x 
100 cm) in which two smaller polyethylene containers (9.5 x 9.5 x 3.5 cm) filled 
withh test sediment were placed. The remaining gaps were filled with quartz sand 

52 2 



Chapterr 4 - Habitat selection 

(Sibelcc**  M32, Antwerp, Belgium) 1 L of Elendt-M7 medium (OECD 2001) 
wass added with minimal suspension of the sediments and the test systems were 
placedd under aeration overnight. 

Att the start of the experiment the aeration was stopped and 30 larvae were 
placedd in between the two sediments, aeration was started again after 3 days, 
andd after 10 days the sediment containers were closed with a lid and retrieved 
fromm the test systems. The larvae were sieved from the sediment using a 300-u.m 
sieve,, and the number of recovered larvae was counted. 

Dataa analyse s 
Significantt differences in distribution of larvae between pair wise tested 
sedimentss were analyzed using a Paired t test (a = 0.05). 

Too group the main variables that explained the pattern of distribution among 
substrates,, a principal component analysis was performed with the different 
concentrationss of metals (Cd, Cu, and Zn) and food quality parameters 
(chlorophylll  a, fatty acids, bacterial fatty acids, and poly unsaturated fatty 
acids).. For both metals and food quality one significant factor was extracted, 
whichh served as the new variable for respectively metal concentration and food 
quality.. The lowest factor score was set to zero for both variables. 

Too identify if differences in food or metals determined the distribution of the 
larvaee among the substrates a linear regression was performed using the 
differencess in food variable or metal variable between each pair of sediments 
andd the percentage of larvae found in the sediment with the higher food variable 
orr the lower metal variable. All statistical analyses were conducted using the 
programm SPSS® 10.0 for Windows (SPSS, Chicago, IL, USA). 

RESULTS S 

Sedimen tt  characteristic s 
Thee sediment characteristics of the studied floodplain lakes are listed in Table 
4.1.. Concentrations of metals were lowest in Gl, and highest in D4. The 
concentrationss of Cd, Cu, and Zn were highly correlated (P < 0.01). Hence, a 
clearr gradient in contaminant concentrations was observed, allowing a ranking 
off  the sediments from relatively clean (Gl) to contaminated (D4) using a factor 
analysiss with Cd, Cu, and Zn as the variables (factor metal). 

Sedimentt organic matter content (OM) was lowest in Gl (2.3%) and highest in 
D44 (12.9%). Chi a concentration was lowest in Gl (16.8 mg/kg) and highest in 
G33 (58.8 mg/kg). The fatty acid (FA) and polyunsaturated fatty acid (PUFA) 
contentss ranged from respectively 218 and 15.7 mg/kg in Gl to 343 and 36.1 
mg/kgg in 02. Bacterial fatty acids (bacFAs) ranged from 19.3 mg/kg in 3A to 
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32.66 mg/kg in 02. A classification from low food quality (Gl) to high food 
qualityy (02) could be made using a factor analysis with chl a, FAs, bacFAs, and 
PUFAss as the variables (factor food). No correlations were observed between 
metalss and food quantity and quality parameters. 

Tablee 4.1. Sediment characteristics of the sampled floodplain lake sediments: Cd, Cu, Zn, chl 

a,, sum of fatty acids {IFAs), sum of bacterial fatty acids (IbacFAs), and sum of 

polyunsaturatedd fatty acids (IPUFAs) in mg/kg dw, and percentage organic matter content 

(OM).. Factor metal is the factor score calculated with Cd, Cu, and Zn concentrations; Factor 

foodd is the factor score calculated with food quality parameters {Chl a, IFAs, IbacFAs, and 

IPUFAs). . 

Cd d 
Cu u 
Zn n 
factorr metal 

OM M 
chll a 

IFAs s 

IbacFAs s 

IPUFAs s 

factorr food 

G1 1 
0.42 2 

5.0 0 
42 2 

0.00 0 

2.30 0 

16.8 8 
218 8 
23.1 1 
15.7 7 

0.00 0 

D2 2 
0.39 9 

14.1 1 

70 0 
0.22 2 

4.6 6 
28.0 0 

265 5 
26.4 4 

25.5 5 

1.21 1 

02 2 
1.04 4 

26.1 1 

201 1 
1.00 0 

8.5 5 
42.8 8 

342 2 
32.6 6 

36.1 1 

2.95 5 

G3 3 
1.09 9 

27 7 
218 8 

1.08 8 

11.1 1 

58.8 8 
287 7 
26.5 5 

25.3 3 

1.83 3 

3A A 
1.25 5 

39.7 7 

351 1 
1.66 6 
8.7 7 

21.7 7 

247 7 
19.3 3 

19.7 7 

0.24 4 

3B B 
2.02 2 

44.4 4 

422 2 
2.24 4 

8.5 5 
16.4 4 

291 1 
22.1 1 

25.7 7 

0.97 7 

D4 4 
2.37 7 

54.1 1 

487 7 
2.71 1 

12.9 9 

44.2 2 

283 3 
28.9 9 

21.7 7 

1.58 8 

Choic ee experiment s 

Thee no-choice control pairs showed an almost equal distribution between 
sedimentt pairs (43-57%) (not shown), which indicates that other experimental 
factorss (e.g. aeration, position of light source) did not significantly influence the 
choicee of larvae between the substrates. In contrast, when two different 
substratess were offered in 12 out of 21 pairings the larvae showed a significant 
preferencee for one of the two substrates. 

AA clear preference for the high food quality substrate 02 was indicated by the 
significantt higher abundance of larvae on this substrate when offered together 
withh each of the other substrates (P < 0.001) (Figure 4.1), except when G3 was 
offeredd as an alternative. In contrast, a significant lower abundance of the larvae 
onn the low food quality substrate 3A was observed when offered together with 
G3,, 02, 3B, and D4 as a substrate (P< 0.001) (Figure 4.1). 

Inn 17 out of the 21 possible sediment combinations, larvae were more frequently 
foundd on high food quality substrates. In 13 out of the 21 possible sediment 
combinations,, larvae were more frequently observed on the substrates with 
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lowerr metal concentrations. This suggests a stronger preference for food, than 
avoidancee of toxicants. 

Too analyze this preference and avoidance behaviour in more detail, in Figures 
4.22 and 4.3 the distribution of the larvae in reaction to the difference in metal 
concentrationn and the difference in food quality between each pair of sediments 
aree shown. When differences in metal concentrations between sediments 
increased,, in most cases a larger proportion of the larvae inhabited the sediment 
withh the lower metal concentration, although this relationship was not 
significantt (Figure 4.2). When differences in food quality between sediments 
increasedd a larger proportion of the larvae was observed in the sediments that 
hadd higher food quality (R = 0.615, P = 0.002) (Figure 4.3). 

Inn cases where a smaller proportion of the larvae were observed in the substrate 
withh the higher food quality, the metal concentrations in these higher food 
qualityy substrates were much higher than in the low food quality substrates (see 
outlyingg points Figure 4.3). This confirms that the preference for food was 
strongerr than the avoidance of toxicants. 

Figur ee 4.1. Preference of Chironomus riparius larvae for each combination of pair wise 

comparedd substrates. Black bars represent the percentage of larvae on the first mentioned 

substrate;; white bars represent the percentage of larvae on the second mentioned substrate. 

Thee solid line indicates equal distribution among substrates; ns = no significance between 

distributionn among substrates; * significant difference between distribution among substrates 

withh P < 0.05 (n = 3). 
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DISCUSSION N 

Ourr results clearly indicate that the chironomid larvae could identify differences 
inn both toxicants and food quality between sediments and this discrimination 
dependss highly on differences in the concentrations of high quality food, and to 
aa lesser extent to differences in the concentrations of toxicants. The chironomid 
larvaee showed a high preference for natural sediments with higher food quality. 
Ourr findings are supported by experiments under less natural conditions in 
whichh larvae were offered a high quality fish food, resulting in a larger 
proportionn of the larvae at the higher food levels (MACCHIUSI &  BAKER 1992, 
BAKERR &  BALL 1995, SIBLEY et al. 1998, Vos et al. 2002). 

^100 0 

TO TO 

£ £ 
CD D 

__ Ui 
11 2 3 

differencee in factor metal 
Figur ee 4.2. Relationship between the difference in metal concentrations (factor metal) 

betweenn each pair of sediments and the corresponding percentage of Chironomus riparius 

larvaee observed at the substrate with the lower metal concentration. 

Thee influence of sediment-bound contaminants on habitat selection of 
chironomidd larvae is less well documented than the influence of food. 
Nevertheless,, WENTSEL et al. (1977) observed that third instar larvae of the 
midgee Chironomus tentans started to avoid metal contaminated sediments when 
metall  concentrations were extremely high (> 774 mg Cd/kg and > 8330 mg 
Zn/kg).. HARE &  SHOONER (1995) did not observe avoidance of cadmium spiked 
sedimentss (303 mg Cd/kg) by field collected Chironomus {salinarius gr.) larvae. 
Thee concentrations of metals at which avoidance is observed in the present set 
off  sediments are much lower, although it must be realised that other, not 
measured,, toxicants may have contributed to the avoidance response. In a 
previouss study, with the same set of sediments, a strong positive correlation 
betweenn metals, PAHs, and PCBs was observed (DE HAAS et al. 2002). Also the 
larvall  instars used at the start of the experiments may influence the outcome: in 
thee present study experiments were started with first instar larvae and it has 
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oftenn been observed that with increasing larval instar the sensitivity of the larvae 
too toxicants decreases (WILLIAM S et al. 1986, NAYLOR &  HOWCROFT 1997). 
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yy = 48.8+13.8x 
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P== 0.002 

00 1 2 3 
differencee in factor food 

Figur ee 4.3. Relationship between the differences in food quality (factor food) between each 
pairr of sediments and the corresponding percentage of Chironomus riparius larvae observed 
att the substrate with the higher food quality. Line = linear fit to the data. 

Ourr results clearly demonstrated that the preference for food quality overruled 
thee avoidance of sediment-bound toxicants. This is in concordance with results 
obtainedd from whole-sediment bioassays (DE HAAS et al. 2002), in which 
growthh rate and time to emerge of C. riparius larvae was positively related to 
foodd quality in the sediment, in spite of the amount of toxicants present. Thus, 
thee food quality in sediments is the main driving force in the selection of a 
suitablee habitat, even if this leads to the exposure to toxicants. This explains the 
persistencee of this opportunistic chironomid species in aquatic ecosystems that 
sufferr from both organic enrichment and elevated toxicant levels. 
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CHAPTERR 5 

THEE IMPACT OF SEDIMENT REWORKING BY 

OPPORTUNISTICC CHIRONOMIDS ON SPECIALIZED 

MAYFLIES S 

E.M.. de Haas, M.H.S. Kraak, A.A. Koelmans, W. Admiraal 
Submitted Submitted 

Bioturbation,, the reworking of sediment by the feeding and burrowing activity of 
benthicc organisms, is known to change the structure and properties of the sediment 
andd consequently the flux of gasses, nutrients, and toxicants between sediment and 
water.. Thus, bioturbators alter their own environment, and also that of other benthic 
species.. Besides these indirect effects, benthic species may interact via competition 
forr space and food, and by predation. This study aims, therefore, to examine the 
effectss of sediment reworking by an opportunistic detritivore on survival and growth 
off  a specialized mayfly species. To this purpose sediment reworking was imposed, 
byy adding different numbers of the midge Chironomus riparius to clean and polluted 
sediments.. Changes in water quality and sediment properties, and survival and 
growthh of the mayfly Ephoron virgo were assessed. Chironomid density had a 
strongg negative effect on the concentrations of metals, nutrients, and particles in the 
overlyingg water, but increased the penetration of oxygen into the sediment. The 
survivall  and growth of E. virgo was strongly reduced in the presence of 
chironomids.. In the polluted sediment the activity of chironomids enhanced the 
negativee effects of pollution on E. virgo, but in the clean sediment inhibition of the 
mayflyy was even more pronounced. This suggests that the direct disturbance by C. 
ripariusriparius was more important than the decreased water quality, and overruled the 
potentiall  positive effects of improved oxygen penetration. This study implies that 
thee distribution of specialized insects, like E. virgo, can be limited by bioturbating 
benthicc invertebrates. 
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INTRODUCTION N 

Bioturbation,, the reworking of sediment by the feeding and burrowing activity 
off  benthic organisms, changes the structure and properties of the sediment. 
Thesee changes include an increase in oxygen penetration depth and oxygen 
consumptionn of the sediment (HARGRAVE 1975, GRANÉLI 1979b, SVENSSON & 
LEONARDSONN 1996), a changed particle size distribution (IOVINO &  BRADLEY 

1969,, MCLACHLA N &  MCLACHLA N 1976) and increased sediment water content 
(CULLENN 1973, RHOADS 1974). This induces changes in the sediment-water 
transferr and the bioavailability of various compounds, such as nutrients and 
toxicantss (GRANÉLI 1979a, PETERSEN et al. 1995). 

Changess in sediment properties and nutrient and toxicant fluxes may alter the 
environmentt not only for the bioturbators themselves, but also for other benthic 
invertebratess (RHOADS & YOUNG 1970). These changed sediment properties 
(JOHNSONN 1984) and water quality conditions (PlNEL-ALLOUL et al. 1996) 
influencee the distribution and abundance of the benthos (CUMMINS & LAUFF 
1969,, OLIVER 1971). Besides these indirect effects of bioturbators on other 
benthicc invertebrates, interspecific interactions may also occur by competition 
forr space and food (RASMUSSEN 1985, REYNOLDSON et al. 1994, HADEN et al. 
1999),, by predation (KELL Y et al. 2002), or by increased food availability due to 
re-fractioningg of food particles (VAN DE BUND & DAVIDS 1993). 

Larvaee of Chironomus riparius live in soft organic enriched sediments and 
constructt burrows in the upper layer of the sediment (ARMITAGE et al. 1995). 
Undulationss of their body drive fresh water through the tubes, replenishing 
oxygenn and flushing out metabolites and carbon dioxide (PINDER 1995). 
Sediment-dwellingg chironomids may be mobile under less favorable conditions, 
leavingg their tubes and undergoing migration (EDGAR & MEADOWS 1969). 
Hence,, C. riparius larvae are assumed to have a high bioturbating capacity and 
too provoke interspecific competition. One of the species that may be affected by 
thesee activities is the mayfly Ephoron virgo, also a sediment inhabiting species. 
Earlyy instar nymphs of E. virgo live freely on the sediment, feeding on fine 
particulatee organic matter. In later stages they burrow U-shaped tubes in the 
sedimentt and start to filter food, such as detritus and algae, from the water by 
generatingg wavelike movements with their feathered tracheal gills (KURECK & 
FONTESS 1996). The nymphs of E. virgo are very sensitive to sediment-bound 
toxicantss (DE HAA S et al. 2002), and only slowly re-colonised the River Rhine 
sincee water quality improved (Bu DE VAAT E et al. 1992). In spite of this water 
qualityy improvement, certain floodplain lake sediments of the River Rhine still 
containn high concentrations of xenobiotic compounds (KOELMAN S & 

60 0 



Chapterr 5 - Impact of bioturbation 

MOERMONDD 2000, DE HAA S et al. 2002). Therefore, floodplain lake sediments 
off  the River Rhine act nowadays not only as a sink, but also as a source of a 
widee range of chemical substances such as nutrients, metals, polychlorinated 
biphenylss (PCBs), and polycyclic aromatic hydrocarbons (PAHs), which were 
depositedd in high concentrations in the sixties and seventies of the past century 
(BEURSKENSS et al. 1993). The benthic communities of some of these floodplain 
lakess are thus exposed to a diffuse flux of sediment-bound toxicants and 
nutrients,, while other lakes have newly deposited, cleaner sediments. The 
sedimentss of these different lakes are therefore suitable to study the combined 
effectss of sediment reworking and historical pollution. 

Thee aim of this study was to analyse the direct and indirect effects of sediment 
reworkingg by an opportunistic detritivore on the specialized mayfly E. virgo. To 
thiss purpose different numbers of the bioturbating midge C. riparius were added 
too clean and polluted sediment. Changes in water quality conditions and 
sedimentt properties, and the response of the mayfly E. virgo were assessed. 
Survivall  and growth of the mayfly were related to chironomid density, type of 
sediment,, and water- and sediment characteristics. 

MATERIALSS AND METHODS 

Samplee collection , storag e and treatmen t 
Aboutt 25 L sediment was collected in September 2002 from a relatively clean 
andd a historically polluted floodplain lake located along the River Waal, a 
branchh of the River Rhine, the Netherlands, using an Ekman-Birdge grab, which 
wass adjusted to sample the upper 5 cm of the sediment. The sediment was 
transportedd to the laboratory, where the sediment was homogenized, and stored 
att -20°C in 500-ml polyethylene bottles within 6 h after sampling in order to 
eliminatee autochthonous organisms. 50 L lake water was collected in jerry cans. 
Thee water was filtered (GF/F, Whatman®, Maidstone, England), and stored at 
4°CC in the dark, under constant aeration. 

Experimenta ll  desig n 
AA clean and polluted sediment were selected for this study and the effects of 
sedimentt reworking were tested at four chironomid densities, resulting in eight 
treatments.. Per treatment ten replicates were prepared, four for oxygen 
penetrationn depth measurements, three for sediment oxygen consumption 
measurements,, and three for the E. virgo bioassays. Samples for the 
measurementss of water quality parameters, seven replicates, were carefully 
takenn from test systems from oxygen penetration depth measurement and the E. 
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virgovirgo bioassays. Sediment porosity was measured in sediments from the test 
systemss used for the measurement of the oxygen penetration depth after taking 
thee water samples. All experiments were performed for 7 days. For each 
treatmentt ten replicate glass jars (150-ml) with 25 ml wet homogenized 
sedimentt and 100 ml filtered site water were prepared. In order to restore 
sedimentt stratification, the jars were incubated for seven days in a 20  1°C 
climatee room with moderate light (~ 10 umolm2/s) and a 16:7 hour lightdark 
regimee with 30 min of twilight (~ 5 umolm2/s) before and after each light 
period.. During the experiment evaporated water was replaced with deionized 
water. . 

ChironomusChironomus  riparius 

Afterr incubation of the test systems 0 (control), 5 (low-density; 1667 ind/m2), 10 
(medium-density;; 3333 ind/m2) or 20 (high-density; 6667 ind/m2) third instar 
ChironomusChironomus riparius (~ 0.5 cm) larvae were introduced into the test systems. 
Thee larvae were obtained from a culture maintained in our laboratory, sieved 
(500-um)) from the sediment, sorted, and transferred to the test systems. 
Remainingg larvae were stored at 4°C. Emerged adults were replaced with third 
instarr larvae to maintain the chosen bioturbation capacity. The amount of 
recoveredd midges at the end of the experiments was always higher than 85% of 
thee initial density. 

EphoronEphoron  virgo 

Too determine the effects of bioturbation by chironomids on survival and growth 
off  the mayfly Ephoron virgo, three of the ten replicates of each treatment were 
stockedd with first instar nymphs (< 48 h old, average size 757  41 urn). These 
weree obtained from field-collected eggs, kept in artificial diapause at 4°C in our 
laboratory.. Six days prior to the start of the experiments, several glass slides 
containingg E. virgo eggs were placed in petri dishes containing Elendt-M7 
mediumm (OECD 2001) and transferred to 20°C in order to terminate the artificial 
diapausee (GREVE et al. 1999). 

Twentyy nymphs were randomly transferred into each test system. In addition, 
thee initial body length of twenty larvae was measured using a Leica® MZ 8 
Microscopee equipped with a Leica® DC 100 Digital Camera (Leica Geosystems 
Products,, Rijswijk, The Netherlands) using the computer program Research 
Assistantt 3 (RVC, Hilversum, The Netherlands). At the end of the test 75 ml of 
thee overlying water was taken from the test system and stored in 100-ml 
polyethylenee bottles for the analysis of water quality parameters. Next the 
nymphss were collected from the sediment, counted, and body length was 
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measured.. Growth was calculated by subtracting the average initial length from 
thee individual final length. 

Oxygenn measurement s 
Att the end of the test, oxygen profiles of the sediment-water interface were 
measuredd in four of ten replicates per treatment using a Clark-type oxygen 
sensorr with an internal reference and guard cathode (Unisense OX 100, Aarhus, 
Denmark).. The sensor was connected to a high-sensitivity picoammeter 
(Unisensee PA2000, Aarhus, Denmark). The electrode was driven into the 
sedimentt using a micromanipulator (Unisense MM33, Aarhus, Denmark). The 
oxygenn sensor was calibrated using a pH/Oxi 340i oxygen meter (WTW, 
Weilheim,, Germany) equipped with a CellOx 325 electrode (WTW, Weilheim, 
Germany).. The oxygen concentration in the overlying water ranged from 9.35 to 
9.855 mg/L. From the sediment oxygen profiles the oxygen penetration depth was 
calculated.. Following the measurements of oxygen penetration depth (OPD) 75 
mll  of the overlying water was taken from the test system and stored in 100-ml 
polyethylenee bottles for the analysis of water quality parameters. The remaining 
waterr was removed and sediment porosity was measured. 

Threee of the ten replicates per treatment were used for sediment oxygen 
consumptionn measurements. The initial oxygen concentration was measured 
usingg a Clark-type oxygen sensor. After this the test systems were covered with 
aa glass lid to prevent access of air and after 24 h the the oxygen concentration 
wass again measured. The oxygen consumption was measured from the fall in 
oxygenn concentration in the known volume of the overlying water. 

Too measure the contribution of oxygen respiration by C. riparius larvae on the 
totall  oxygen consumption, groups of 0, 10 and 20 larvae were incubated in 30-
mll  glass jars with 20 ml of oxygen-saturated Elendt-M7 medium (six replicates). 
Measurementss were performed as described for sediment oxygen consumption 
measurements. . 

Waterr  qualit y characteristic s 
Turbidityy of the overlying water was measured using a Turb 350IR turbidity 
meterr (WTW, Weilheim, Germany). Total phosphorus (total P) in the overlying 
waterr was determined using an ammonium molybdate spectrometric method 
(MURPHYY  &  RILEY 1962) within 2 days after sampling. For zinc analyses two 
sampless of 2 ml overlying water were acidified with 40 (il 69-70% nitric acid 
(Baker,, Philipsburg, USA), and stored at -20°C until analysis. The samples were 
analyzedd by air-acetylene Flame Atomic Absorption Spectrometry (Perkin-
Elmerr 1100B). Quality control of the metal analysis was carried out by 
analyzingg blanks and reference material (NIST:SRM 1643, National Institute of 
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Standardss and Technology, Gaithersburg, MD, USA). The measured values 
deviatedd less than 10% from certified values. Blanks were below detection limit 
(~10ug/L). . 

Sedimen tt  characteristic s 
Sedimentt porosity was measured in quadruplicate. The remaining 25 ml of 
overlyingg water was removed and the wet sediment was homogenized and 
storedd in pre-weighed 50-ml polyethylene bottles at -20°C. After freeze-drying 
sedimentt porosity was calculated from weight loss on drying. 

Thee OM content of the sediment was measured as loss-on-ignition by 
combustionn of 2 g dry sediment at 550°C for 6h (LUCZAK et al. 1997) in 
triplicate.. Chlorophyll a (chl a) and phaeophytin were measured according to 
LORENZENN (1967) in triplicate from 1 g dry sediment. The acetone solution was 
centrifugedd in closed test tubes to avoid optical disturbance by suspended 
sediment.. Chl a and phaeophytin contents were summed, because in sediments 
chll  a is already partly degraded into phaeophytin. Total phosphorus in the 
sedimentt was determined using an ammoniummolybdate spectrometric method 
(MURPHYY  &  RILEY 1962). 

Forr sediment metal analysis (Cd, Cu, and Zn) ~ 5 mg dry sediment (triplicate) 
wass weighed, placed in a 3 ml Teflon digestion vessel, and 50 ul 70% HNO3 
Ultrex®® (J.T. Baker®, Phillipsburg, NJ, USA) was added. Every 30 samples a 
blankk (no sediment) and a reference (NIST:SRM 2704) was digested for quality 
control.. The vessels were sealed and placed in a lined digestion vessel assembly 
andd digested using a CEM® MD-2000 microwave system (CEM laboratories, 
Matthews,, NC, USA). The vessels were heated to 175°C within 15 min and 
maintainedd at 175°C for another 45 min. The samples were diluted to exactly 2 
mll  with deionized water and analyzed by air-acetylene Flame Atomic 
Absorptionn Spectrometry (Perkin-Elmer 1100B). Standards and Technology, 
Gaithersburg,, MD, USA). The measured values deviated less than 10% from 
certifiedd values. Blanks were below detection limit (~ 10 ug/L) 

Statistica ll  analyse s 
InIn order to assess the contribution of sediment and chironomid density to explain 
thee observed variation in survival, growth, and water and sediment parameters a 
Two-wayy ANOVA was performed with the General Linear Model Univariate 
proceduree using a full factorial model with sediment and chironomid density as 
thee independent variables. 

Differencess were considered significant between the test categories at the 0.05 
probabilityy level. Al l statistical analyses were conducted using the computer 
programm SPSS® 10.0 for Windows (SPSS, Chicago, IL, USA). 
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RESULTS S 

Floodd plain lake characteristic s 
Thee characteristics of the water and sediments of both floodplain lakes are listed 
inn Table 5.1. Water quality conditions in both lakes were in agreement with 
Dutchh water quality guidelines (CIW 2000) and thus not considered as polluted. 

Thee concentrations of Cd, Cu, and Zn in the clean sediment were lower than 
thee sediment quality criteria (CIW 2000), but contaminant concentrations in the 
pollutedd sediment were much higher. 

Alsoo food quantity and quality was higher in the polluted sediment than in the 
cleann sediment. The organic matter content (OM) was higher in the polluted 
sedimentt than in the clean sediment (7.8% and 1.2% respectively), total 
phosphoruss concentrations were higher in the polluted sediment compared to 
cleann sediment (1820 and 596 mg/kg dw, respectively), and also the chl a 
concentrationss were higher in the polluted sediment than in the clean sediment 
(16.33 and 7.3 mg/kg dw, respectively). 

Tablee 5.1. Water quality and sediment characteristics of the floodplain lakes used in this 

study.. Clean and polluted refers to the quality of the sediment deposit; total P = total 

phosphorus;; OM = organic matter content; b.d. = below detection limit (- 10 ug/L). 

cleann polluted 

water r 
turbidityy (NTU) 1.58 2.89 

totall P (ug/L) 3.79 3.54 

totall Zn (ug/L) b.d. b.d. 

sedimen t t 
Cdd (mg/kg) 0.20 2.05 

Cuu (mg/kg) 12 45 

Znn (mg/kg) 39 245 

porosityy (%) 21.6 41.3 

0M(%)) 1.2 7.8 

chll a (mg/kg) 7.3 16.3 

totall P (mg/kg) 596 1820 

Overlyin gg water 

Turbidity,, total phosphorus, and total zinc in the overlying water was lower in 
thee clean control than in the polluted control, but only total phosphorus was 
significantlyy different (P < 0.001) (Figure 5.1A-c)- With increasing chironomid 
densityy an increase of turbidity, total phosphorus, and total zinc was observed in 
bothh the clean and the polluted sediment. Significant higher turbidity compared 
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too controls was observed at all chironomid densities in both sediments (P < 

0.001).. For total phosphorus significant increases compared to control 

treatmentss were observed at medium and high chironomid densities for both 

sedimentss (P < 0.001), and significantly higher zinc concentrations compared to 

controll  concentrations were observed at the high chironomid density of both 

clean n polluted d clean n polluted d 
Figur ee 5.1. Water quality conditions and sediment properties of clean and polluted sediment 

treatmentss after 7 days exposure to different chironomid densities (no mayflies present).  = 

control;; a = low chironomid density;  = medium chironomid density; and  = high chironomid 

density.. A = turbidity of the overlying water in NTU; B = total phosphorus (total P) of the 

overlyingg water in ug/L; C = total Zn of the overlying water in ug/L; D = oxygen penetration 

depthh (OPD) into the sediment in mm; E = oxygen consumption (OC) of the sediment in 

mg/m2/d;; and F = porosity of the sediment in percentage. Error bars = standard deviations; 

barss sharing the same letter are not significantly different (P < 0.05). 
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sedimentss (P < 0.001). Turbidity, total phosphorus, and total zinc were not 
significantlyy different between treatments with and without Ephoron virgo (not 
shown).. Thus, the presence of E. virgo in the test systems had no influence on 
waterr quality conditions as expected. 

Thee Two-way ANOVA showed that for turbidity only chironomid density 
accountedd for the observed variation (P < 0.001), and the interaction term 
betweenn sediment and chironomid density was not significant (Table 5.2). This 
indicatess that turbidity of the overlying water is dependent on chironomid 
density,, but independent on the degree of pollution of the sediment. The Two-
wayy ANOVA for total phosphorus and zinc corroborated that both sediment and 
chironomidd density were significant in explaining the observed variation (P < 
0.001).. However, the statistical interaction term between sediment and 
chironomidd density was not significant in explaining the observed variation in 
totall  phosphorus and zinc concentrations (Table 5.2). This indicates that both the 
typee of sediment and chironomid density affected the total phosphorus and zinc 
concentrationss in the overlying water, but that the effect of chironomid density 
iss independent on the type of sediment. 

Tablee 5.2. Two-way ANOVA (P values) for water quality characteristics and sediment 

properties,, with the type of sediment and chironomid density as the independent variables-

parameterr sediment density sediment density 

turbidity y 
totall phosphorus 

totall zinc 
OPD D 
OC C 
porosity y 

0.216 6 
0.000 0 

0.012 2 
0.000 0 
0.000 0 

0.000 0 

0.000 0 
0.000 0 

0.000 0 
0.000 0 

0.000 0 
0.000 0 

0.206 6 
0.096 6 

0.504 4 
0.000 0 
0.353 3 

0.006 6 

Sedimen t t 
Thee oxygen penetration depth (OPD) in the clean control was significantly 
deeperr than in the polluted control (3.08 and 1.99 mm, respectively, P < 0.001). 
Withh increasing chironomid density an increase in OPD was observed in both 
thee clean and the polluted sediment (Figure 5.ID); however, the trend seen in 
cleann sediment is not significant. The OPD at the high chironomid density of the 
pollutedd sediment was significantly deeper than in the control (P < 0.001), but 
nott significantly different from the OPD in the clean sediment. 

Thee oxygen consumption (OC) of the polluted control was higher than the OC 
off  the clean control (109.7 and 71.0 mg/m d, respectively), but not significantly 
differentt (Figure 5.1E). OC increased with increasing chironomid density in both 
thee clean and the polluted sediment and a significant higher OC compared to 
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controll  OC was observed at the high chironomid densities of both sediments (P 
<<  0.05). Chironomus riparius larvae consumed 2.75 ug (Vlarvae/d (R = 0.835, 
PP < 0.01) (independent measurements, results not shown), which is 19.1% and 
27.7%% of the OC measured in polluted and clean sediment, respectively. 

Sedimentt porosity of the clean sediment was much lower than that of the 
pollutedd sediment, and increased with increasing chironomid density in both 
sedimentss (Figure 5.1F). Significant higher sediment porosity compared to the 
cleann control was observed at the high chironomid density (P < 0.05). Porosity 
off  the polluted sediment at medium and high chironomid densities was 
significantlyy higher than sediment porosity of the polluted control (P < 0.001). 

Thee Two-way ANOVA verified that both type of sediment and chironomid 
densityy accounted for the observed variation in changed sediment properties (P 
<<  0.001) (Table 5.2). For both OPD and sediment porosity the interaction term 
wass significant in explaining the observed variation (P < 0.01) but not for OC. 
Thiss indicates that both the type of sediment and chironomid density affected 
OPD,, OC, and sediment porosity. The effect of density is dependent on the type 
off  sediment for both OPD and sediment porosity, but independent for OC. 

100--

75--

0--

5 0 "" ~*~ CD B
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Figur ee 5.2. Survival and growth of Ephoron virgo nymphs after 7 days of exposure to clean 

andd polluted sediment containing different chironomid densities.  = control;  = low 

chironomidd density;  = medium chironomid density; and  = high chironomid density. A = 

survivall (%) and B = growth (urn). Error bars represent standard errors; bars sharing the 

samee letter are not significantly different (P < 0.05). 

EphoronEphoron  virgo 
Survivall  in the clean control (90%) was significantly (P < 0.001) higher than in 
thee polluted control (38.3%) and survival in both sediments declined with 
increasingg chironomid density (Figure 5.2A). In clean sediment, significant 
lowerr survival compared to the control was observed at all chironomid densities 
(P(P < 0.01). The low survival in the polluted sediment was significantly further 
affectedd only at the high chironomid density (P < 0.01). 
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Thee Two-way ANOVA showed that only chironomid density was significant in 
explainingg the observed variation of survival (P < 0.001) both sediment and the 
interactionn term were not significant in explaining the observed variation in 
survivall  (Table 5.3). 
Growthh of the mayflies was not significantly different between the clean and the 
pollutedd control (276 and 289 urn respectively). Growth decreased slightly, but 
nott significantly, with increasing chironomid density on clean sediment (Figure 
5.2B).. Cm polluted sediment significant lower growth compared to control 
growthh was found at the high chironomid density (P < 0.05). A Two-way 
ANOVAA demonstrated that only chironomid density accounted for the observed 
variationn of growth (P < 0.01) (Table 5.3). 

Tablee 5.3. Two-way ANOVA for survival and growth of Ephoron virgo, with the type of 

sedimentt and chironomid density as the independent variables. 

parameter r 

survival l 

growth h 

sediment t 

0.261 1 

0.649 9 

density y 

0.006 6 
0.002 2 

sediment-density y 

0.698 8 

0.502 2 

DISCUSSION N 

Effect ss of sedimen t reworkin g on water qualit y and sedimen t propertie s 
Ourr results clearly demonstrated that Chironomus riparius larvae strongly 
alteredd the benthic environment, since a significant effect of chironomid density 
onn all measured water quality parameters and sediment properties was observed. 
Thee increase of turbidity, total phosphorus, and total zinc in the overlying water 
inn the presence of chironomids in our study, is in concurrence with observations 
fromm other studies (GRANÉLI 1979a, LEE &  SWARTZ 1980, KRANTZBERG 1985, 
HANSENN et al. 1998). Increasing chironomid density resulted in a deeper oxygen 
penetrationn depth and an increase in sediment oxygen consumption, since 
chironomidd burrows effectively increase the total area for sediment oxygen 
uptakee (LEE & SWARTZ 1980). A stimulating effect of chironomid larvae on 
oxygenn penetration depth and sediment oxygen consumption, by drawing in 
currentss of oxygen rich water for respiration through their burrows, is in 
agreementt with other studies (HARGRAVE 1975, GRANÉLI 1979b, SVENSSON & 
LEONARDSONN 1996). 

Thee type of sediment influenced the impact of bioturbation on water quality 
conditionss and sediment properties, since a significant effect on water quality, 
exceptt for turbidity, and sediment properties was observed for the type of 
sediment.. Total phosphorus and total zinc concentrations in the overlying water 

69 9 



Persistencee of benthic invertebrates in polluted sediments 

off  the polluted sediment were higher than in the overlying water of the clean 
sediment,, because the polluted sediment contained higher phosphorus and zinc 
concentrationss (1820 and 245 mg/kg, respectively) compared to clean sediment 
(5966 and 39 mg/kg dw, respectively). 

Thee oxygen penetration depth in the clean sediment in the absence of 
chironomidss was much higher than in the polluted sediment because the clean 
sedimentt contained less organic matter (1.2%) than the polluted sediment 
(7.8%).. Sediment oxygen penetration depth is highly dependent on the input of 
labilee organic matter (KRISTENSEN & HANSEN 1995). Although the oxygen 
penetrationn depth and oxygen consumption were not related in this study, the 
penetrationn of oxygen into sediments is often controlled by the balance between 
thee downward transport and consumption processes of all benthic organisms 
(KRISTENSENN &  HANSEN 1995). Coherent to the oxygen penetration depth, the 
oxygenn consumption in the polluted sediment was much higher than in the clean 
sediment. . 

Interactingg effects of chironomid density and the type of sediment were 
observedd for oxygen penetration depth and sediment porosity. Although 
significantt effects of the type of sediment on changing water quality conditions 
andd sediment properties were observed, the pattern in changes was comparable 
forr both sediments, and only the intensity of the changes differed between clean 
andd polluted sediment. Hence, the effect of chironomid density was more 
importantt than the effect of sediment type. 

Effect ss of sedimen t reworkin g on Ephoron  virgo 
Thee changes in water quality parameters and sediment properties brought about 
byy the sediment reworking coincided with the decrease in survival and growth of 
EphoronEphoron virgo. This suggests that these changes may have contributed to the 
decreasedd performance of E. virgo. However, the effect of direct disturbance by 
chironomidss on survival and growth of E. virgo may also play a major role, 
sincee both survival and growth of E. virgo decreased with increasing chironomid 
density.. This raises the question about the contribution of the altered water 
qualityy and sediment properties and the direct disturbance by the chironomids to 
thee decreased survival and growth of the mayfly nymphs. 

Thee increased particle and nutrient release due to sediment reworking 
observedd in this study is not likely to inhibit mayfly survival and growth. In a 
studyy on the effects of pulp mill effluent on survival and growth of the mayfly 
BaetisBaetis tricaudatus, higher survival and growth were observed when the mayflies 
weree exposed to 1% and 10% effluent, which contained elevated nutrient 
concentrationss compared to control river water (LOWELL et al. 1995). Also the 
zincc concentrations in the overlying water alone (< 35.4 u,g/L) can not explain 

70 0 



Chapterr 5 - Impact of bioturbation 

thee decreasing survival and growth ofE. virgo, since in a study on the effects of 
waterbornee zinc to nymphs of E. virgo a 10-day LC50 of 1840 ug/L was 
observedd (VAN DER GEEST et al. 2001). However, the joint effects of all 
toxicantss released from the sediment by bioturbation of chironomids in 
conjunctionn with oxygen deficiency could have contributed to the decreasing 
performancee of E. virgo (LOWELL &  CULP 1999, VAN DER GEEST et al. 2002). 
Thus,, in the polluted sediment the combined effect of oxygen and toxicants is a 
plausiblee cause of the observed increased mortality. Although increased 
reworkingg may have improved the survival of E. virgo by increased oxygen 
penetrationn in the sediment, the simultaneous liberation of toxicants might have 
counteractedd this. In summary, there are evident risks of low water quality for E. 
virgovirgo nymphs on polluted sediments, but it is unlikely that such conditions are 
alsoo present in the clean sediment. Hence, other processes are responsible for the 
observedd decreased mayfly survival. 

C.C. riparius larvae had a significant negative effect on survival of E. virgo 
nymphss in clean sediment with increasing densities. In the polluted sediment, 
however,, only a slight negative effect was observed when the chironomid 
densityy increased, but survival was already poor when chironomids were absent, 
ass observed in a previous study (DE HAAS et al. 2002). Since larvae of C. 
ripariusriparius are mainly feeding on detritus and organic matter present in the 
sedimentt and the amount of food available on the clean sediment was lower than 
inn the polluted sediment the larvae in the clean sediment had to actively search 
forr food. During the experiments it was observed that the chironomid larvae in 
thee clean sediment left their burrows more frequently than the larvae in the 
pollutedd sediment. In agreement, an increase in the time spent on foraging 
outsidee their burrows when a low amount of food was available, was observed in 
aa study on the effects of food availability on the activity of Chironomus tentans 
larvaee (MACCHIUSI &  BAKER 1992). It is therefore possible that the chironomids 
inn our study directly disturbed the mayfly nymphs during their foraging. Indeed, 
withh increasing chironomid densities the intraspecific competition between the 
chironomidd larvae intensifies (RASMUSSEN 1985), and the amount of time spent 
onn foraging of the chironomids outside their burrows could have increased with 
increasingg chironomid densities. Consequently survival and growth of E. virgo 
couldd have decreased by increased interference with C. riparius larvae. 
Interferencee competition by the amphipod Gammarus lacustris on the net-
spinningg caddisfly Ceratopsyche oslari had a comparable detrimental effect on 
thee net-building success by C. oslari, due to destruction of the nets by the 
swimmingg and feeding activities of G. lacustris (HADEN et al. 1999). KELLY et 
al.. (2002), observed that Gammarus sp. attack, capture, and consume live Baetis 
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rhodanirhodani mayfly nymphs, and nymphal body parts were found when Gammarus 
sp.. was present. Predation of the detritivorous C. riparius larvae on E. virgo 
nymphss is, however, not likely, and no evidence of attack and consumption has 
beenn observed. E. virgo nymphs are too large for C. riparius to be consumed, 
thee maximum particle size that can be ingested by third and fourth instar C 
ripariusriparius larvae is 60 and 100 um respectively (VOS et al. 2002). The average 
minimumm and maximum width of first instar E. virgo nymphs were 72.4 and 140 
u.mm respectively. In contrast to survival, growth of E. virgo nymphs was only 
slightlyy affected by increasing chironomid density. This decrease can be due to 
eitherr direct competition for food or interference by chironomids in the feeding 
activityy of the mayflies (REYNOLDSON et al. 1994). 

Inn summary, the available evidence indicated that the direct effect of sediment 
reworkingg by C. riparius is strongly reducing the survival of young E. virgo 
nymphs,, and that water quality modified by sediment reworking plays a distinct 
strongg role in the polluted sediment. Our observations may have some 
implicationss for the views on the benthic fauna and sediment reworking in lakes. 
Firstly,, this study shows that the return of the specialized mayfly E. virgo in the 
Riverr Rhine, and associated waters, is possible only in recently deposited clean 
sedimentss and that local old deposits are still toxic and unfit to support this 
species.. Secondly, by showing a strong impact of bioturbation on the water 
qualityy of the overlying water, we showed a potential role of bioturbation in 
mobilizationn of pollutants. Thirdly, this study implies that the distribution of 
smalll  specialized insect species, like E. virgo, may be limited by bioturbating 
benthicc invertebrates. 
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CHAPTERR 6 

ANALYZINGG THE CAUSES FOR THE PERSISTENCE OF 

BENTHICC INVERTEBRATES IN POLLUTED SEDIMENTS 
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Manyy factors affect the benthic community composition but it is seldom clear which 
off  these factors steers the abundance and distribution of individual benthic 
invertebratee species. The aim of the present study was, therefore, to analyse the 
causess for the absence and persistence of benthic invertebrates in sediments with a 
complexx pollution history. Observations on the benthic community composition in 
floodplainn lake sediments of the River Rhine, differing in toxicant level and food 
quality,, were combined with laboratory and in situ bioassays, using the midge 
ChironomusChironomus riparius as a model species. The positive relation between food quality 
andd the biodiversity of the communities indicated that food quality is an important 
factorr in regulating the benthic community composition, overriding the potential 
effectss of contamination. Nevertheless, in the sediments with high contaminant 
levelss high densities of species classified as 'pollution-tolerant', such as Chironomus 
sp.,, were observed. The laboratory bioassays verified that the contaminant 
concentrationss in these sediments had no direct effect on survival and growth of C. 
riparius,riparius, although higher contaminant concentrations in the sediment resulted in a 
higherr incidence of mentum deformities. Also, the high growth rate of C. riparius in 
thee in situ enclosures in two of the polluted sediments indicated chemical stress and 
mentumm deformities did not exclude rapid growth. This observation agrees with the 
abundancee of the resident pollution-tolerant chironomids of the Chironomus 
plumosusplumosus group. In addition, the in situ bioassays pointed out that predation on 
chironomidss added to the field enclosures was significant and is also an important 
factorr in regulating the abundance of chironomids. In sediments with the highest 
foodd quality and low levels of contaminants the opportunistic chironomids may have 
beenn outcompeted by benthic invertebrate taxa that are not able to persist at the 
pollutedd sites. It is concluded that tolerance of opportunistic chironomids, such as 
ChironomusChironomus sp., combined with their rapid rate of development, enables them to 
persistt in polluted sediments that are organically enriched avoiding competition with 
otherr invertebrates. 
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INTRODUCTION N 

Manyy factors, such as sediment physical characteristics (JOHNSON 1984), food 
availabilityy (Vos 2001, DE HAA S et al. 2002), predator abundance (TEN WINKEL 

1987),, and competition (RASMUSSEN 1985) may influence the abundance and 
distributionn of benthic invertebrates. Hence, the causes for the persistence of 
particularr species are seldom clear (CHAPMAN et al. 2002) and field studies of 
benthicc community composition remain therefore often descriptive. This may be 
improvedd by combining field studies with laboratory experiments, because 
laboratoryy assays with model species help to establish verifiable relationships 
withh (combinations of) environmental factors. However, such laboratory 
bioassayss never investigate exactly the environmental parameters characterizing 
thee actual field situation (SIBLEY et al. 1999), because variables that might 
confoundd the response of the model species in the field are excluded in the 
laboratory.. Bioassays introducing the model species in situ can be used to 
overcomee these confounding effects, because environmental factors are included 
(CHAPPIEE &  BURTON 1997). 

Pollutionn of sediments with nutrients, metals, and hydrophobic contaminants 
furtherr enlarges the set of potential factors steering the benthic community 
composition.. The same holds for the trophic state of an aquatic ecosystem, 
whichh influences the amount and quality of food available for the benthic 
communityy (DE HAA S et al. 2002). This makes it even more difficult to establish 
too which extent the changes in species composition are actually caused by the 
stressorss investigated (MALTBY 1999). 

Thee aim of the present study is therefore to analyse the causes for the persistence 
off  benthic invertebrate species in sediments with a complex pollution history. To 
thiss purpose, the present study combined the investigation of the benthic 
communityy composition with laboratory and in situ bioassays and applied them 
onn a series of historically polluted sediments differing in toxicant load and food 
quality. . 

Forr the bioassays the midge Chironomus riparius has been selected as a test 
organismm because chironomids are, together with oligochaetes, a quantitatively 
importantt component of macro invertebrate communities inhabiting freshwater 
sediments,, and their distribution has been well studied (WARWICK 1992, 
DIGGINSS &  STEWART 1998). Chironomid larvae, such as C. riparius, are also 
widelyy used test organisms in whole-sediment bioassays (e.g. HARKEY et al. 
1994a,, RISTOLA 1996, DE HAA S et al. 2002, 2004) and have been successfully 
usedd in in situ experiments (SIBLEY et al. 1999, CRANE et al. 2000). 
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Forr this study seven floodplain lakes located along the River Waal, a branch 
fromm the River Rhine, with different levels of contamination and food quality 
weree selected (DE HAA S et al. 2002). The benthic community composition was 
evaluatedd and the responses of C. riparius larvae to these sediments were 
assessedd using 10-day in situ and laboratory bioassays. The different benthic 
communityy metrics (e.g. total abundance, biodiversity, and species densities) as 
welll  as the outcome of each of the two bioassays (survival, growth, and 
frequencyy of mentum deformities) were related to metal concentrations (Cd, Cu, 
andd Zn) and food quality parameters (chlorophyll a, fatty acids, bacterial fatty 
acids,, and polyunsaturated fatty acids) in the sediment and to each other. 

MATERIAL SS AND METHODS 

Samplee collection , storag e and treatmen t 
Fromm seven floodplain lakes located along the River Waal, a branch from the 
Riverr Rhine, (see Figure 1.2), the Netherlands, invertebrates, sediment, and 
waterr were collected in May/June 2003. An Ekman-Birdge grab (0.0225 m2 

surface),, which was adjusted to sample the upper 5 cm of the sediment, was 
usedd to collect sediment and benthic invertebrate samples. 

Aboutt 5 L of sediment was collected for chemical analyses, food quantity and 
qualityy analyses, and laboratory bioassays and transported to the laboratory, 
wheree large debris was picked out by hand. Next the sediment was 
homogenized,, and stored at -20°C in 500-ml polyethylene bottles within 6 h 
afterr sampling in order to eliminate autochthonous organisms. About 25 L lake 
waterr was collected in jerry cans and filtered twice over a 30-nm filter, in order 
too remove the zooplankton, and stored at 4°C in the dark under constant 
aeration.. Before filtering samples were taken for chl a and turbidity 
measurements.. Per location five replicate grab samples for benthic community 
compositionn were sampled. The samples were stored in 1.2-L polypropylene 
bucketss and transported to the laboratory were the samples were sieved using a 
500-umm sieve and stored at 4°C in the dark, under constant aeration and sorted 
withinn 2 days after sampling. 

Waterr  qualit y measurement s 
Temperature,, pH, EGV, and oxygen measurements were performed in the field 
att the day of sampling using a Multi 340i meter (WTW, Weilheim, Germany). 
Beforee filtration of the water turbidity was measured in triplicate samples using 
aa Turb 350IR turbidity meter (WTW, Weilheim, Germany). For chlorophyll 
measurementss in the overlying water ~ 500 ml water was filtered (GF/F, 
Whatman®,, Maidstone, England) in triplicate and filters were stored at -20°C in 
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thee dark, until measurements. Chlorophyll a (chl a) and phaeophytin were 
measuredd according to LORENZEN (1967). After chlorophyll extraction the 
acetonee solution was centrifuged in closed test tubes to avoid optical disturbance 
byy suspended particles. 

Sedimen tt  analyse s 
Thee OM content was measured as loss-on-ignition by combustion of 2 g dried 
sedimentt samples (60°C until constant weight) at 550°C for 6h (LUCZAK et al. 
1997)) in triplicate. Chlorophyll a (chl a) and phaeophytin were measured 
accordingg to LORENZEN (1967) in triplicate using 1 g freeze-dried sediment 
samples.. The acetone solution was centrifuged in closed test tubes to avoid 
opticall  disturbance by suspended sediment. Chl a and phaeophytin contents 
weree summed, because in sediments chl a is already partly degraded into 
phaeophytin. . 

Lipidss were extracted from 0.5 g of dry sediment with 6 ml methanol 
containingg 2.5% H2S04 for 90 min at 80°C in closed test tubes. Then 500 u.1 
hexanee and 1 ml 0.9% NaCl were added to the samples, which were placed for 1 
minn on a shaker and centrifuged at 12.000 rpm for 1 min. 200 u.1 of the 
supernatantt was transferred to a 200-JJ.I vial. Fatty acid methyl esters (FAMEs) 
weree measured using a Varian CP380O gas chromatographer (GC) with a Varian 
Saturnn 2000 MS (Varian Inc., Middelburg, The Netherlands) by injecting a 2-JJ.I 

aliquott in a polar 30-m HP5-MS column (0.25 mm I.D.; 0.25-um film 
thickness).. GC conditions were as followed: initial temperature 35°C at 4 min, 
thenn to 120°C at a rate of 30°C per min and to 240°C at a rate of 8°C per min; 
injectionn was made in splitless mode (2 min); carrier gas was helium. 

Forr the analyses of the total sediment Cd, Cu, and Zn ~ 5 mg of sediment 
(triplicate)) was digested using the microwave technique described by DE HAA S 
ett al. (2004). Copper and zinc were analyzed by air-acetylene Flame Atomic 
Absorptionn Spectrometry (Perkin-Elmer 1100B) and cadmium by Furnace 
Atomicc Absorption Spectrometry (Perkin-Elmer 5100PC/HGA600/AS60 
equippedd with Zeeman background correction, Norwalk, CT, USA). Every 25 
sampless a blank (no sediment) and a reference (NIST: SRM 2704, National 
Institutee of Standards and Technology, Gaithersburg, MD, USA) was digested 
forr quality control. The measured values of the reference material were in good 
agreementt with the certified values (< 10% deviation); recovery of SRM 2704 
wass 99.6  2.0%. 

Benthi cc  communit y compositio n 
Thee invertebrates were sorted into the following groups: Oligochaeta, Hirudinea, 
Gastropoda,, Bivalvia, Amphipoda, Isopoda, Ephemeroptera, Megaloptera, 
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Trichoptera,, Ceratopogonidae, Tabanidae, and Chironomidae. Depending on the 
taxonomicall  group organisms were preserved in either 70% ethanol or 5% 
formaline.. Taxonomie identification was made to the lowest possible level for 
eachh group using a binocular microscope (18-110 x magnification). 

Forr the identification of the chironomid species, head capsules of pre-sorted 
larvaee were placed in 10% KOH for three days and rinsed in glacial acetic acid 
(Sigma-Aldrichh Chemie BV, Zwijndrecht, The Netherlands) for 15 min, and 
placedd in 96% ethanol before mounting. Head capsules were mounted on glass 
slidess in Euparal green (Schmid GmbH & Co, Köngen, Germany), with the 
ventrall  side up and flattened with a cover glass. Identification of the larvae was 
madee using a high power stereomicroscope at 400 * magnification. 

Forr each lake the following metrics were determined: average total abundance 
(ind/m2),, average chironomid abundance (ind/m2), taxa richness, chironomid 
taxaa richness. Furthermore, the biodiversity of the total community and the 
chironomidd community was calculated using Shannon's diversity index 
(SHANNONN 1948): 

tf'=-£ptf'=-£p rr (logp(logprr ) ) 
r=l l 

inn which: pr is the proportion of individuals of the r taxa. 
Ash-freee dry weight (AFDW) biomass of soft-tissues was determined by 

dryingg each replicate at 100°C until constant weight followed by combustion for 
22 h at 550°C. 

Bioassay s s 
Alll  experiments were started with 8-day old second instar Chironomus riparius 
larvae.. Eleven days before the start of the experiment three freshly laid egg 
masses,, obtained from a culture maintained in our laboratory, were placed in a 
5-LL aquarium filled with 2 cm quartz sand (100-400 urn grain size, Sibelco 
M32)) and 3 L Dutch Standard Water (DSW, NPR 1980). Larvae were fed 50 ml 
off  a Trouvit® (Trouw, Fontaine-les-Vervin s, France)-Tetraphyll® (Tetrawerke, 
Melle,, Germany) (20:1, wt/wt) suspension (1 g Trouvit®-Tetraphyll® in 100 ml 
off  DSW) at the day of hatching and four days after hatching. Before the start of 
thee experiments the larvae were obtained from the aquaria using a 300-um sieve. 
Temperaturee and dissolved were monitored at the beginning and the end of each 
experimentt using a pH/Oxi 340i oxygen meter (WTW, Weilheim, Germany) 
equippedd with a CellOx 325 electrode (WTW, Weilheim, Germany). 

Laborator yy bioassay s 
Thee experiments were conducted at 20  1°C, moderate light (~ 10 umol/m2/s) 
andd a 16:7 hour lightdark regime with 30 min of twilight (- 5 umol/m Is) before 
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andd after each light period. During the experiments the test systems were 
constantlyy aerated. 

Sedimentss were thawed at 4°C four days before the start of the experiment. 
Forr each location five replicate 400-ml glass beakers (0 8 cm) with 75 ml 
homogenizedd wet sediment and 300 ml filtered site water were prepared one day 
beforee the start of the experiment and aerated overnight. Twenty larvae were 
randomlyy transferred into each test vessel with a plastic pipette. Twenty larvae 
weree additionally measured for body length using a Leica® MZ 8 Microscope 
equippedd with a Leica DC 100 Digital Camera (Leica Geosystems Products, 
Rijswijk,, The Netherlands) using the computer program Research Assistant 3 
(RVC,, Hilversum, The Netherlands). After 10 days larvae were collected from 
thee sediment using a 500-um sieve. Surviving larvae were counted and body 
lengthh was recorded. During the experiments water quality conditions were all 
withinn the boundary conditions set for bioassays with C. hparius (MAA S et al. 
1993). . 

inin  situ  bioassay s 

InIn situ bioassays were performed in May/June 2003. Larvae were transported to 
thee field in 3-ml glass vials (20 larvae per vial) with a screw cap, filled with 
DSWW with minimal headspace. Ten replicate core tubes (0 8 cm, 75 cm length) 
weree driven into the sediment to a depth of 10 to 15 cm and were completely 
submerged.. Twenty larvae were added to the tubes by carefully emptying the 
glasss vials into the core tubes. The tubes were covered with a gauze net held by 
ann elastic band. Twenty larvae were additionally measured for body length. 
Afterr 10 days the cores and the intact cores were collected from the field and 
transportedd to the laboratory, where the larvae were collected from the sediment 
usingg a 300-jim sieve. Midges recovered from the cores were placed in water 
andd examined under a microscope to separate the test organisms from 
indigenouss chironomids. C. riparius larvae can be easily distinguished from all 
otherr chironomid species (except Chironomus piger) by their two pairs of coiled 
ventrall  tubules on segment 11 and no tubules on segment 10 (Chironomid 
larvae:: key to the higher taxa and species of the lowlands of Northwestern 
Europe,, KLIN K &  MOLLER PILLOT, World Biodiversity Database CD-ROM 
Series,, 2003). The recovered larvae were counted and body length was recorded. 

Mentumm deformatio n 

Headss of the surviving larvae in both bioassays were separated from the 
abdomenn and placed in 10% KOH for three days and rinsed in glacial acetic acid 
forr 15 min, and rinsed twice with 96% ethanol to remove soft tissue. The head 
capsuless were mounted on glass slides in Euparal green, with the ventral side up, 
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andd flattened with a cover glass. Deformities of the mentum were determined at 
400xx magnification using a high power stereomicroscope. All types of 
deformitiess (e.g. Köhn gaps, split teeth, missing teeth, fused teeth, irregular 
teeth,, reduced teeth, assymetrical teeth, reduced teeth, see Figure 6.1) were 
weightedd equally. 

fusedd median tooth irregular median tooth reduced median tooth 

Figuree 6.1. Schematic presentation of the ventral view of a Chironomus sp. head capsule 

(adaptedd from VERMEULEN 1995), with a detailed presentation of a normal mentum and some 

exampless of deformed median teeth (adapted from WARWICK & TISDALE 1988). 

Dataa analyses 

One-wayy ANOVA tests followed by Scheffé's post hoc test were conducted to 
testt for significant differences between lakes and between in situ and laboratory 
bioassayss for survival and growth of C. riparius larvae. 

Too group the main variables that explained the pattern of distribution among 
substrates,, a principal component analysis was performed with the different 
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concentrationss of metals (Cd, Cu, and Zn) and food quality parameters (chl a, 
fattyy acids, bacterial fatty acids, and poly unsaturated fatty acids). For both 
metalss and food quality one significant factor was extracted, which served as the 
neww variable for metal concentration and food quality. The lowest factor score 
wass set to zero for both variables. 

Correlationss between variables were determined with Spearman rank 
correlation,, using the averages of survival, growth, mouthpart deformities, 
abundance,, biomass, taxa richness, biodiversity, and the mean of the different 
sedimentt and water characteristics. Densities of taxa were also correlated, but 
onlyy if the taxa occurred in 5 or more locations. 
Differencess were considered significant between the test categories at the 0.05 
probabilityy level. Al l statistical analyses were conducted using the computer 
programm SPSS® 10.0 for Windows (SPSS, Chicago, IL, USA). 

Tablee 6.1. Sediment characteristics: percentage organic matter content (OM), and chl a, sum 

off fatty acids (IFAs), sum of bacterial fatty acids {IbacFAs), sum of polyunsaturated fatty 

acidss (IPUFAs), and Cd, Cu, Zn in mg/kg dw. Factor food is the factor score calculated with 

foodd quality parameters (Chl a, IFAs, IbacFAs, and IPUFAs); factor metal is the factor score 

calculatedd with Cd, Cu, and Zn concentrations. Sediments are ranked from high food quality 

too low food quality 

OM M 
chll a 

IFAs s 
IbacFAs s 

IPUFAs s 

factorr food 

Cd d 
Cu u 
Zn n 
factorr metal 

G1 1 
12.9 9 

102.3 3 

668 8 
50.7 7 

64.2 2 

2.93 3 

0.34 4 

16.9 9 

100 0 
0.25 5 

G3 3 
11.9 9 

54.3 3 

499 9 
30.7 7 

45.6 6 

1.70 0 

1.01 1 

28.5 5 

180 0 
1.13 3 

3A A 
7.6 6 

36.4 4 

489 9 
24.9 9 

52.4 4 

1.26 6 

1.18 8 

32.2 2 

258 8 
1.54 4 

D4 4 
10.1 1 

50.9 9 

403 3 
24.3 3 

32.3 3 

1.13 3 

1.72 2 

55.8 8 

408 8 
2.82 2 

3B B 
7.7 7 

37.7 7 

374 4 
16.9 9 

42.7 7 

0.85 5 

1.49 9 

36.3 3 

284 4 
1.88 8 

02 2 
5.8 8 

14.6 6 

266 6 
13.9 9 

26.5 5 

0.10 0 

0.44 4 

23.1 1 

122 2 
0.52 2 

D2 2 
4.6 6 

16.9 9 

248 8 
21.0 0 

17.9 9 

0.00 0 

0.28 8 

11.6 6 

66 6 
0 0 

RESULTS S 

Sedimen tt  characteristic s 
Thee sediment characteristics of the studied floodplain lakes are listed in Table 
6.1.. Concentrations of metals were lowest in D2 and highest in D4. The 
concentrationss of Cd, Cu, and Zn were highly correlated (P < 0.001). Such metal 
levelss have been shown before to represent the complex pollution history of the 
Riverr Rhine (DE HAA S et al. 2002). Hence, a clear gradient in contaminant was 
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observed,, allowing a ranking of the sediments from relatively clean (D2) to 
contaminatedd (D4) using a factor analysis with Cd, Cu, and Zn as the variables 
(factorr metal). 

Sedimentt organic matter content (OM) was lowest in D2 (4.6%) and highest 
inn Gl (12.9%). Chi a concentration in the sediment was lowest in 02 (14.6 
mg/kg)) and highest in Gl (102.3 mg/kg). The fatty acid (FA) and 
polyunsaturatedd fatty acid (PUFA) contents ranged from 248 and 17.9 mg/kg in 
D22 to 668 and 64.2 mg/kg in Gl. Bacterial fatty acids ranged from 13.9 mg/kg 
inn 02 to 50.7 mg/kg in Gl. All food quality parameters were positively 
correlatedd with each other (P < 0.01). Consequently, a classification from low 
foodd quality (D2) to high food quality (Gl) could be made using a factor 
analysiss with chl a, FA, bacFAs, and PUFA as the variables (factor food). No 
correlationss were observed between metals and food quantiy and quality 
parameters. . 

Tablee 6.2. Water parameters measured at the day of sampling (samplin g to): temperature in 

,, pH, oxygen in mg/L, EGV in mS/cm, turbidity in NTU, and chl a in ug/L Samplin g tm = 

averagess of temperature in C and O2 in mg/L measured at the end of the experiment. 

samplin gg  to 

temperature e 

pH H 
oxygen n 

EGV V 
turbidity y 

chll a 
samplin gg  tio 

temperature e 

oxygen n 

G1 1 

18.3 3 

8.58 8 

12.90 0 
397 7 

6.3 3 
15.4 4 

15.4 4 

4.48 8 

G3 3 

17.5 5 

7.86 6 

9.80 0 

445 5 
39.3 3 

28.6 6 

14.8 8 

6.62 2 

3A A 

27.6 6 

7.59 9 

4.79 9 

531 1 
12.7 7 

6.6 6 

24.1 1 

9.09 9 

D4 4 

28.0 0 

7.45 5 

5.19 9 

483 3 
23.3 3 
20.4 4 

24.0 0 

2.56 6 

3B B 

26.6 6 

8.06 6 

8.89 9 

536 6 
23.3 3 

39.2 2 

23.6 6 
8.20 0 

02 2 

17.9 9 

7.90 0 

8.43 3 

627 7 
14.0 0 

8.6 6 

15.1 1 

9.71 1 

D2 2 

26.3 3 

7.26 6 

6.06 6 

433 3 
21.6 6 

15.6 6 

22.0 0 
8.17 7 

Waterr  qualit y parameter s 
Thee water quality parameters at the day of sampling and the averages of 
temperaturee and oxygen measured in the cores at the end of the in situ 
experimentss are listed in Table 6.2. 

Benthi cc  communit y compositio n 
Inn all lakes the benthic community was dominated by oligochaetes (4,560 to 
39,7511 ind/m2, in G3 and D4, respectively), followed by the insects that mainly 
consistedd of chironomids (see Table 6.3). The other groups of benthic 
invertebratess (Hirudinea, Gastropoda, Bivalvia, and Crustacea) were present in 
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loww densities (0.5% in all lakes, except for bivalves in lake 3B, which had a 
relativee abundance of 2.9%) (Table 6.3). Total abundance of benthic 
invertebratess varied from 5,440 ind/m2 in G3 to 48,889 ind/m2 in D4 (Figure 
6.2A).. Total biomass ranged from 0.39 g AFDW/m2 in G3 to 3.19 g AFDW/m2 

inn D4 (Figure 6.2B). Chironomid abundance was highest in D4 (8,693 ind/m2) 
followedd by 3A and 3B (6,553 and 3,999 ind/m2, respectively), the lowest 
chironomidd abundance was observed in 02 (152 ind/m2) (Figure 6.2A). A higher 
abundancee of chironomids resulted in a significant higher biomass (R = 0.848, P 
=0.016)) (not shown).Thus, the benthic community was numerically dominated 
byy the oligochaetes, but in biomass by the chironomids. 

Chironomidd abundance and total biomass were positively related to the 
amountt of metals in the sediment (P < 0.05). In agreement, higher densities of 
thee chironomid species Procladius sp., Chironomus sp., Glyptotendipes sp., and 
CricotopusCricotopus sp. were observed at higher levels of sediment-bound toxicants (P < 
0.05)) (Table 6.3). 

10A A 

e e 

10A A 

rh rh 

ft ft 
ft ft 

i i 

[ Ï Ï 

A A Ü Ü 
* * 

-3.0 0 

. . 

1.0 0 

-1.0. . 

G11 G3 3A D4 3B 02 D2 G1 G3 3A D4 3B 02 D2 

Figur ee 6.2. Abundance (ind/m2), biomass (g AFDW/m2), taxa richness (N), and biodiversity 

(H')) of the total (white bars) and chironomid (black bars) community. Sediments are ranked 

fromm high to low food quality. A = abundance of the community; B = biomass of the 

community;; C = taxa richness of the community; D = biodiversity of the community; and error 

barss = standard deviation. 
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Taxaa richness and biodiversity were fairly low in all lakes, the highest values 
weree observed in the lake with the highest food quality: Gl (21 and 2.98, 
respectively)) (Figure 6.2C,D) and the lowest values were observed in the lakes 
withh the lowest food quality: D2 (8 and 1.97, respectively) (Figure 6.2CID). Of 
thee 13 identified chironomid taxa only 4 were observed in 02 and 10 in Gl 
(Tablee 6.3, Figure 6.2C). Biodiversity of the chironomid community ranged from 
1.000 (02) to 1.83 (3A) (Figure 6.2D). Taxa richness, biodiversity, chironomid 
taxaa richness, and chironomid biodiversity were all positively related with each 
otherr (P < 0.05). Taxa richness, biodiversity, chironomid taxa richness, and 
chironomidd biodiversity were positively correlated with food quality (P < 0.05). 

Laborator yy bioassay s 
Survivall  of Chironomus ripahus in the laboratory bioassays was good (> 90% in 
alll  sediments) and no significant differences between any of the sediments were 
observedd (Figure 6.3A). Average length of the larvae at the start of the 
experimentss was 5.04  0.68 mm. Growth of the larvae was highest in Gl (6.92 
mm),, which was highest in food quality and quantity and was significantly 
higherr than growth in the other sediments (P < 0.001) (Figure 6.3B). The lowest 
growthh was observed in D2 (2.36 mm), which was lowest in food quality, and 
wass significantly lower than growth in D4, Gl, G3, 3A, and 3B (P < 0.05). 
Hence,, growth of C. riparius was positively related to the food quality in the 
sedimentt (P < 0.05). The frequency of mentum deformities ranged from 26.1% 
inn D2 to 53.9% in D4 (Figure 6.3C) and was positively correlated with the 
amountt of metals in the sediment (P < 0.01). Thus, food had a direct positive 
effectt on larval growth, but an increase in toxicants resulted in a higher 
frequencyy of mentum deformities. 

InIn  situ  bioassay s 
Survivall  of C. riparius in the in situ bioassays was poor (< 60% in all lakes) and 
nott significantly different between lakes (Figure 6.3D), except 02, where none 
off  the chironomid larvae survived. Survival was not related to either the 
concentrationn of metals or food in the sediment. It was, however, negatively 
relatedd to the density of Ceratopogonidae (R = 0.845, P = 0.017). Average 
lengthh of the larvae at the start of the experiments was 5.25  0.49 mm. Growth 
off  the larvae was highest in 3A (P < 0.01) (Figure 6.3E). Growth of the larvae 
wass highest in 3A (7.87 mm) and was significantly higher than growth in D2, 
D4,, Gl, and G3 (P < 0.01) (Fig. 2E). Growth of the larvae was positively related 
too the oxygen concentration measured in the cores at the end of the experiment 
(R(R = 0.758, P = 0.040), but was not correlated with either the concentration of 
metalss or food in the sediment. Like survival, also growth of the C. ripahus 
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larvaee in the in situ bioassays was negatively correlated with the abundance of 
Ceratopogonidaee (R = 0.843, P = 0.035). The frequency of mentum deformities 
rangedd from 26.3% in D2 to 62.35% in D4 (Figure 6.3F), and positively 
correlatedd with the amount of metals in the sediment (P < 0.01). Thus, neither 
toxicantss nor food had a direct effect on survival and growth of the larvae, but 
ann increase in toxicants resulted in a higher incidence of mentum deformities. 
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Figur ee 6.3. Survival (%), growth (mm), and mentum deformities (%) of Chironomus riparius 

larvaee after 10 days of exposure to sediments in laboratory and in situ bioassays. Sediments 

aree ranked from high to low food quality. A = survival in laboratory experiments; B = growth in 

laboratoryy experiments; C = mentum deformities in laboratory experiments; D = survival in 

fieldd experiments; E = growth in field experiments; F = mentum deformities in filed 

experiments;; error bars = standard deviation; treatments sharing the same letter are not 

significantlyy different (P< 0.05). 
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DISCUSSION N 

Inn the present set of sediments a species-rich invertebrate community, including 
mayfliess and caddisflies, was observed only in the sediment with high food 
qualityy and low contaminant concentrations. The communities with the lowest 
biodiversityy were observed in the sediments with low food quality also 
combinedd with relatively low amounts of sediment-bound toxicants. Locations 
withh intermediate invertebrate biodiversity were intermediate in food but had the 
highestt contaminant levels measured. This suggests that food quality is an 
importantt factor in regulating the benthic community composition, overriding 
thee potential quality effects of contamination. Yet, some of these sediments were 
acutelyy toxic to sensitive invertebrate species, such as the mayfly Ephoron virgo 
(DEE HAAS et al. 2002). This implies that these sediments are only inhabitable for 
speciess with a certain level of tolerance to pollution. Indeed in the present study 
larvaee of the genus Chironomus were present in higher numbers in the sediments 
withh higher levels of contaminants compared to the sediments with low 
contaminantt concentrations. Within this genus, the Chironomus plumosus group, 
onee of the most 'stress-resistant' species of the family of chironomids 
(WARWICKK  1992), was only observed at the three locations that contained the 
highestt concentrations of contaminants and are intermediate in food quality. In 
agreement,, results from the bioassays with Chironomus riparius, a species 
closelyy related to the Chironomus plumosus group, indicated that the 
concentrationn of contaminants in the sediments had no effect on survival and 
growthh of this species as was previously observed by DE HAAS et al. (2002). In 
additionn the high growth rate observed in two of these polluted sediments in the 
inin situ bioassays indicates that Chironomus sp. larvae are indeed able to exploit 
thesee polluted sediments. Yet, the laboratory bioassays also demonstrated that 
growthh of the larvae was positively related to the food quality in the sediments, 
whichh might imply that with low food quality in sediments lower densities of 
opportunisticc Chironomus sp. larvae may be expected. Indeed, opportunistic 
chironomidd species were less abundant in sediments with low food quality and 
loww contaminant levels, most likely because the amount of food is limiting. On 
thee other end of the food quality range, in sediment with high food quality and 
lowerr levels of contaminants chironomids may be outcompeted by invertebrate 
taxaa that are not able to persist at the polluted sites because they have a smaller 
rangee of tolerance to toxicants than the opportunistic chironomid species. 

Besidess Chironomus sp., several other opportunistic chironomid species were 
presentt in higher numbers in the sediments with higher levels of contaminants 
comparedd to the sediments with low levels of metals: Procladius sp., 
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GlyptotendipesGlyptotendipes sp., and Cricotopus sp. In agreement with our observations, 
severall  studies observed that these opportunistic chironomid species, including 
ChironomusChironomus sp., are often present in higher densities at contaminated sites and 
aree classified as pollution tolerant species (NALEPA &  THOMAS 1976, WARWICK 

1985,, HART etal. 1986, DIGGINS& STEWART 1993, CANFIELD et al. 1994, 1996, 
1998,, BODE 1996, PEETERS et al. 2000b). 

Thee persistence of opportunistic chironomid larvae in polluted sediments 
does,, however, not necessarily imply that they do not suffer from the high 
pollutionn levels. In both types of bioassays, higher contaminant concentrations 
inn the sediment resulted in a higher frequency of mentum deformities. Although 
inn the sediments with low levels of contaminants the incidence of mentum 
deformitiess was already high (20-30%), the frequencies of mentum deformities 
observedd in the sediments with high levels of contaminants were among the 
highestt reported in literature (VA N DE GUCHTE &  VA N URK 1989, DlGGlNS & 
STEWARTT 1998, MEREGALLI et al. 2000, VERMEULEN et al. 1998, 2000). Some 
off  these studies indicated that the frequency of mentum deformities does not 
necessarilyy imply reductions in survival and/or growth (VA N DE GUCHTE & VAN 
URKK  1989, VERMEULEN et al. 2000). The present study together with these 
publishedd accounts indeed proved that high survival and growth rates of 
ChironomusChironomus sp. larvae on polluted sediments are realized despite a considerable 
degreee of sub-lethal stress in these apparent tolerant midge species. 

Predationn might influence the abundance and distribution of benthic 
invertebratess in addition to food quality and contaminant concentrations in 
sediments.. Recovery of introduced C. riparius was poor, in agreement with the 
loww survival in field cages of C. riparius as observed by CRANE et al (2000) and 
off  Chironomus tentans as observed by SIBLEY et al. (1999). In the present study 
survivall  was low when high numbers of Ceratopogonidae larvae, predators of 
chironomidd larvae (WEEREKOM 1953), were present. In a pilot experiment 
precedingg this study, survival was > 90% when predator abundance was low. 
Thus,, predation by Ceratopogonidae on the chironomids added to the field 
enclosuress was likely and therewith limiting both recovery and standing stocks 
off  chironomids. Furthermore, recovery of the larvae tended to be higher when 
thee abundance of chironomids was high and to be lower when oligochaetes were 
abundant.. Because oligochaetes and chironomids compete for both space and 
foodd resources (SlBLEY et al. 1999, REYNOLDSON et al. 1994) the abundances of 
earlyy instar chironomid larvae can be greatly reduced or even be eliminated 
whenn densities of indigenous oligochaetes and chironomids are high (JÓNASSON 
1972,, KAJAK 1988). Moreover, limiting space for settling may retard effective 
settlingg into the sediment in safe living tubes which may increase the risk of 
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predationn (MACCHIUSI &  BAKER 1992). 

Anotherr important factor that may have serious implications for the persistence 
off  many benthic invertebrates is oxygen (JÓNASSON 1972, SMIT et al. 1992). 
Althoughh Chironomus larvae are known to be tolerant to periods of hypoxia and 
aree able to survive periods of anoxia (JÓNASSON 1972), the growth rate of the 
larvaee in the in situ bioassays was positively related to the oxygen concentration 
inn the enclosures at the end of the test. Chironomus larvae are able to adapt to 
loww oxygen levels by actively maintaining the rate of oxygen consumption by 
increasingg ventilation rate and time (HEINIS &  SWAIN 1986), and therewith 
increasingg the efficiency with which oxygen is removed from the water. 
However,, this increase in the time spent on ventilation time reduces the amount 
off  energy left for growth (BECKER 1987) and consequently strongly reduce the 
growthh rate of chironomid larvae (SCHARF 1973) as was observed in the present 
study. . 

Inn summary, the field study and the laboratory bioassays showed that food 
qualityy in sediments is the main driving force structuring the benthic 
community,, even on locations were toxicants cause substantial stress. The in situ 
bioassayss provided evidence that predation and oxygen levels are additional 
factorss regulating the abundance of benthic invertebrate species. 

Itt is concluded that the wide range of ecological tolerance of opportunistic 
chironomids,, such as Chironomus sp., combined with their rapid rate of 
development,, enables them to exploit polluted habitats where there is limited 
competitionn with other invertebrates. This explains the persistence of these 
chironomids,, previously ranked as 'pollution-tolerant', in aquatic ecosystems 
thatt suffer from both organic enrichment and elevated toxicant levels. 
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CHAPTERR 7 

CONCLUDINGG REMARKS 

Thee aim of the present thesis was to explain the persistence of benthic 
invertebratee species in polluted sediments. In the previous chapters, it has been 
demonstratedd that the responses of the two model species, the mayfly Ephoron 
virgovirgo and the midge Chironomus riparius, to polluted sediments were species-
specific,, and that also their responses to natural environmental variables were 
veryy different. 

E.E. virgo and C. riparius do not occur in the same habitat, and the application 
off  these model species to floodplain lakes is not supported by a proven natural 
distributionn in these habitats. Nevertheless, these model species may serve as 
goodd representatives for sediment inhabiting invertebrates. It is attempted here 
too compare the species-specific responses of the model species to several 
environmentall  variables and biotic interactions. Subsequently, it wil l be 
discussedd how these species-specific responses determine the species' 
persistencee in polluted sediments. 

RESPONSESS TO ENVIRONMENTAL GRADIENTS 

Bothh model species are typical inhabitants of the slow-flowing lower reaches of 
rivers.. The environmental conditions in these river reaches are often similar to 
conditionss in waters that are more or less stagnant (WARD 1992). Therefore, 
manyy benthic invertebrates inhabiting slow-flowing river habitats are facultative 
riverinee lake and pond species, which also holds for E. virgo and C. riparius 
(ILLIESS & BOTOSANEANU 1963). 

Duringg their development both species live in the sediment where they build 
tubes.. These tubes have several important functions, e.g. protection against 
predationn and disturbance, and acquisition of food and oxygen (e.g. ERIKSEN 
1968,, RASMUSSEN 1984, HERSHEY 1987, KURECK &  FONTES 1996). It is 
thereforee of critical importance for both species to find a substrate in which they 
cann construct a stable tube. Although few benthic invertebrate species are 
restrictedd to a specific substrate, most species exhibit distinct preferences for a 
generall  bottom type (e.g. mud, sand, gravel). The close association of a 
particularr species with a given substrate may reflect current preferences, 
requirementss for shelter, respiratory needs, or food habits, rather than directly 
indicatingg an affinity for this specific type of substrate. 
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E.E. virgo nymphs preferably burrow their U-shaped tubes in loamy to sandy 
riverinee substrates (SCHLEUTER 1989, GYSELS 1991, IBANEZ et al. 1991, Bu DE 
VAATEE 1992) that contain low amounts of organic material (SCHLEUTER 1989), 
althoughh their substrate preference is not very strict (SCHOENEMUND 1930, 
TOBIASS 1996). This might especially apply to the early instar nymphs that live 
freelyy on the sediment because in two 'clean' sediments substrate grain size 
(silt-loamm vs. sandy-loam) had no effect on survival of the nymphs (CHAPTER 
2)--

C.C. riparius larvae preferably build their tubes in organic rich sediments in 
whichh clay- and silt-sized particles predominate (OLIVER 1971, PlNDER 1986). 
However,, they may also build their tubes in coarse sand (Vos et al. 2002), 
althoughh they are not able to efficiently construct tubes in the latter substrate 
(AKERBLOMM  &  GOEDKOOP 2003). 

Thus,, both species prefer different types of substrates (Table 7.1). E. virgo, 
whichh prefers loamy to sandy substrate with low organic enrichment, might not 
bee present in the highly organic silt sediments that are preferred by C. riparius, 
andd vice versa. 

Inn highly organic sediment, oxygen deficits commonly occur. Even when the 
overlyingg water is well oxygenated, the oxygen levels may rapidly decline with 
sedimentt depth, which is mainly caused by bacterial respiration associated with 
decompositionn of organic matter (CHAPTER 5). 

Thee ventilatory movements of many benthic invertebrates enhance oxygen 
uptakee by creating currents across boundary layers (JAAG & AMBÜH L 1964). 
Burrowingg mayflies beat their gills with a frequency inversely related to the 
oxygenn concentration in their burrow, to maintain a current through their burrow 
whichh directly functions in oxygen uptake (ERIKSEN 1968). VA N DER GEEST et 
al.. (2002) demonstrated that anoxic and hypoxic conditions had detrimental 
effectt on the survival of early E. virgo nymphs, but that at oxygen 
concentrationss of 50% or higher, no effects on survival were observed after four 
dayss of exposure. 

Somee benthic invertebrate species possess haemoglobin, which functions in 
oxygenn transport during hypoxic conditions and a short-term oxygen store 
(WEBERR 1980, ZEBE 1991). Chironomus larvae have the ability to synthesise 
haemoglobinn in response to low levels of oxygen (HEINIS 1993, Fox 1955). The 
short-termm oxygen storage properties of haemoglobin allow Chironomus larvae 
too alternate periods of feeding with undulatory movements under low-oxygen 
conditionss (WALHSE 1951). Once haemoglobin oxygen stores are depleted, 
ChironomusChironomus larvae can rely on alcoholic fermentation for anaerobic energy 
productionn (REDECKER & ZEBE 1988). Yet, the increased energy spent on 
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respirationn under these low-oxygen conditions may reduce the amount of energy 
leftt for growth (BECKER 1987) as also was observed in the field enclosures in 
CHAPTERR 6. 

Thus,, the two model species occupy very different positions in natural oxygen 
gradientss (Table 7.1). E. virgo, which is sensitive to low-oxygen conditions, 
mightt not be present in highly organic sediments, in which low oxygen levels 
aree commonly encountered. In contrast, C. riparius is particularly fit  to cope 
withh such oxygen-depleted sediments. 

Foodd quantity has been presumed to be the principal environmental factor 
influencingg growth rates of benthic invertebrate species (ANDERSON & 
CUMMIN SS 1979), with consequent effects on duration of their lif e cycle (PINDER 

1986).. C. riparius is frequently encountered in high densities in organically 
enrichedd sediments in which food is rarely limiting (LEARNER & EDWARDS 
1966,, GOWER &  BUCKLAN D 1978, FERRJNGTON &  CRISP 1989). The most 
commonlyy reported food ingested by C. riparius is detritus (RASMUSSEN 1984, 
1985,, PEREIRA et al. 1982, PINDER 1986), consequently, the growth rate of C. 
ripariusriparius larvae is often related to the amount of detritus available (RASMUSSEN 
1985). . 

Recentt studies showed, however, that it is not the amount of food, but the 
nutritionall  value of the food that determines the growth rates of benthic 
invertebratess (GOEDKOOP et al. 1998, Vos 2001). In agreement, the present 
observationss showed that the growth rate of C. riparius larvae were higher at 
sedimentss with higher nutritional value, with (polyunsaturated fatty acids and 
chlorophylll  a as food quality indicators, (CHAPTER 2 & 6) leading to shortening 
off  the time to emerge (CHAPTER 2). The addition of a highly nutritive food 
sourcee stimulated growth rates (CHAPTER 2 & 3) and reduced the time to 
emergencee (CHAPTER 2), especially in sediments that were low in food quality 
(CHAPTERR 2). 

Thuss when high quality food is highly available, larvae may spend less energy 
onn foraging, enabling them to allocate more energy for growth than in 
environmentss were food is scarce (RlSTOLA et al. 1999). Because C. riparius 
larvaee feed by extending their head and anterior part of the body outside the tube 
(EDGARR &  MEADOWS 1969, RASMUSSEN 1984), their foraging areas are 
restrictedd to a region immediately surrounding their tube (RASMUSSEN 1984). It 
iss therefore of crucial importance for the larvae to settle in an environment with 
aa sufficient amount of high quality food. In CHAPTER 4 it was demonstrated that 
aa higher number of larvae settled on substrates with higher food quality 
comparedd to substrates with lower food quality. When food availability is low 
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thee larvae may leave their tubes in search for a habitat with higher food 
availabilityy (CHAPTER 4 & 5). 
Thee food quality in the sediments tested in the present thesis did not lead to 
detectablee differences in survival and growth of E. virgo nymphs. Also 
additionall  feeding with highly nutritious diatoms did not enhance survival or 
growthh (CHAPTER 2). Thus the amount of food in the tested sediments was 
probablyy saturating for E. virgo, in contrast to C. riparius. Thus E. virgo has a 
muchh lower food demand than C. riparius. E. virgo nymphs may consequently 
bee food limited only under oligotrophic conditions. Rhine water flowing through 
culturee systems increased the growth rate of early instar E. virgo nymphs, 
indicatingg their dependence on nutritional supplements as was demonstrated by 
KURECKetal.. (2001). 

Thee influence of food on the performance of both model species is markedly 
differentt and may be explained by their differences in growth rate (~ 0.2 mm for 
E.E. virgo vs. ~ 8 mm for C. riparius after 10 days) and lif e cycle duration. E. 
virgovirgo is restricted to a univoltine life cycle, because of the required temperatures 
forr egg diapause and hatching of the nymphs (LEHMKUHL 1974), whereas, in 
temperatee regions, C. riparius has a multivoltine lif e cycle with 2 to 3 
generationss per year (TOKESHI 1995), and even 7 generations per year were 
observedd for C. riparius in an organically polluted English river (LEARNER & 
EDWARDSS 1969). In accordance, nymphs of E. virgo take much more time to 
develop,, 3 to 4 months (KURECK & FONTES 1996), compared to C. riparius, 
whichh is able to complete their lif e cycle in 3 to 4 weeks (CHAPTER 2). Thus, the 
amountt of food needed per unit of time is much higher for C. riparius than for 
E.E. virgo (Table 7.1). When the food demands of both species are saturated, C. 
ripariusriparius grows much faster and develops far more rapid. This high growth is 
reachedd on sediments with a sufficient amount of high quality food and not on 
sedimentss with low amounts of high quality food that may sustain the low 
developmentall  rate of E. virgo. 

Contaminatedd food might decrease the organisms' health by reducing food 
ingestionn rates (HARKEY et al. 1994a, LEPANNEN et al. 1998) or other metabolic 
processess (DEPLEDGE 1998). Some studies observed that E. virgo has a high 
intrinsicc sensitivity to contaminants (VA N DER GEEST et al. 2000a, 2000b), 
althoughh it showed to be resistant to zinc (BoiviN et al. 2001, VA N DER GEEST et 
al.. 2001). The present thesis demonstrated that sediments with high levels of a 
mixturee of contaminants (metals, PAHs, PCBs, and numerous unidentified 
compounds)) had detrimental effects on survival and growth of E. virgo 
(CHAPTERR 2 & 5). 
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Inn contrast to E. virgo, the amount of toxicants in natural sediments had littl e 
effectt on the performance of C. riparius (CHAPTER 2 & 6). C riparius is, 
however,, not necessarily tolerant to contaminants. Copper spiked 'clean' 
sedimentt caused negative effects on survival, dry weight, and length of the 
larvaee (CHAPTER 3), though the median effect concentrations were much higher 
thann the highest copper concentration measured in the natural sediments tested. 
Additionn of highly nutritive food to the sediment probably improved the 
physiologicall  state of the larvae, and therewith enabling them to put more 
energyy in detoxication or repair mechanisms (HEUGENS et al. 2001), which was, 
att least partly, observed as a decrease in copper accumulation with increasing 
amountss of highly nutritive food (CHAPTER 3). Moreover, when the food quality 
inn two sediments was equal a higher proportion of the larvae choose the 
sedimentt with the lower contaminant load (CHAPTER 4). The ability of C. 
ripariusriparius to maintain populations in sediments that are contaminated does, 
however,, not necessarily imply that they do not suffer from the high 
contaminantt levels, because at higher contaminant concentrations in the 
sedimentt a higher incidence of mentum deformities was observed (CHAPTER 6). 
Underr these specific circumstances even genetic adaptation is realized by C 
ripariusriparius (POSTMA & GROENENDIJK 1999) 

Thus,, both species differed widely in their sensitivity to historically 
contaminatedd sediments (Table 7.1). The amount of contaminants in most tested 
sedimentss exerted toxic effects on E. virgo and although high incidences of 
mentumm deformities were induced in C. riparius, their development was not 
impaired. . 

RESPONSESS TO BIOTIC INTERACTIONS 

Competitionn may affect growth and development of benthic invertebrates, 
mainly,, but not always, through the exploitation of food resources (RASMUSSEN 
1985,, VAN DE BUND 1994, RISTOLA et al. 1999). Although the mechanisms of 
competitionn are not always clear, it appears that intensive disturbance leads to 
lowerr food uptake, and, consequently, reduces growth and survival rates (e.g. 
KAJAKK  1988, REYNOLDSON et al. 1994, KURECK 2001). Nevertheless, several 
detritivorouss chironomid taxa showed to have similar distribution patterns 
(CHAPTERR 6). It is plausible that resource partitioning or character displacement 
betweenn those species occur (RASMUSSEN 1985, JOHNSON 1986), which may be 
importantt in reducing competition. RASMUSSEN (1984, 1985) hypothesised that 
differentt feeding modes allowed the collector-filterer Glyptotendipes paripes 
andd the collector-gatherer C. riparius to co-exist at high densities in a Canadian 
prairiee pond. Character displacement has been found in two deposit feeding mud 
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snailss co-existing in brackish waters (FENCHEL 1975) by differentiating food 
sourcess and adapting the ingestion apparatus to the different particle sizes they 
feedd on. Likewise, the difference in mentum sizes of different chironomid 
species,, and larval instars, enable them to co-exist (MCLACHLA N 1977, 
HODKINSONN &  WILLIAM S 1980). 

Inn some cases, however, the presence of one species benefits another by 
conditioningg the environment. Benthic chydorids (Crustacea: Cladocera) were 
ablee to take advantage of the presence of chironomids by feeding on their faeces 
(VANN DE BUND & DAVIDS 1993). Another example of commensalism is the re-
fractionatingg of large organic matter particles by shredders, thereby increasing 
thee amount of food available for collector-gatherers (CUMMIN S 1973). 

Inn contrast, behavioral interference may reduce feeding rates, negatively 
affectingg growth and development (TOKESHI 1995) or even reduce survival. An 
increasee in the density of C. riparius resulted in a decrease in survival of E. 
virgovirgo nymphs, due to the intensified competition for both space and food 
(CHAPTERR 5). Similar observations were made by KURECK et al. (2001): in the 
presencee Dikerogammarus villosus, a highly mobile neozoan gammarid, a 
smallerr proportion of early instar nymphs survived after 2 months of exposure 
comparedd to non-exposed nymphs. Older nymphs were more able to survive the 
exposuree to D. villosus, because late instar nymphs live in burrows, while the 
earlyy instar nymphs live freely on the sediment. 

Att high densities of larvae in sediments disturbance can even be so strong that 
thee abundance of newly hatched chironomid larvae can be greatly reduced or 
evenn be eliminated (KAJAK et al. 1980). It is therefore of crucial importance for 
benthicc invertebrates to select a suitable habitat, especially when they are 
sedentaryy during at least a part of their lifespan. The first instar larvae of many 
chironomidd species are pelagic until a suitable habitat has been found (OLIVER 

1971)) and competition for resources is limited (CHAPTER 4). Competition 
amongg prey species increases their availability to predators owing to increased 
mobilityy (e.g. in search for food) (CHAPTER 5), while the poorer physical 
conditionss of the competing species increases their vulnerability (KAJAK et al. 
1980,, MACCHIUSI &  BAKER 1992). Similar observations were made in CHAPTER 

6:: in field enclosures stocked with young C. riparius larvae their survival was 
inverselyy related to the density of Ceratopogonidae, although other prey species 
weree much more numerous. The high abundance of resident benthic 
invertebratess could have prevented the small introduced larvae to settle. 

Benthicc invertebrate predators are strongly dependent on the abundance of 
availablee prey that also hides in sediment. Predators may exploit the prey 
especiallyy when these abound (KAJAK 1980). TEN WINKEL (1987) found that 
thiss was the case with Hydracarina (Arachnida) feeding on dense chironomid 
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populations.. Some larval Tanypodinae (Diptera: Chironomidae), although not 
feedingg on chironomids in the field, do select them in laboratory experiments, 
obviouslyy due to the higher prey availability (BAKER & McLACHLAN 1979). 
Fishh can also increase prey availability to invertebrate predators; by stirring up 
thee bottom the tubes of chironomids were damaged making them more 
vulnerablee to predatory Hydracarina (TEN WINKEL 1987). Such situations 
appearr to be exploited by 'opportunistic' predators, which become predatory 
onlyy when prey is particularly easily available and vulnerable (KAJAK 1988). 

Summarizing,, the early instars of both E. virgo and C. riparius are vulnerable 
too disturbance, but later stages are better able to cope with disturbance, because 
theyy live in protective tubes (Table 7.1). 

Tablee 7.1. Traits of the two model species determining their species-specific response to 

somee environmental variables. 

EphoronEphoron virgo ChironomusChironomus riparius 

habitat t 

habit t 

generationss per year 

metamorphosis s 

growthh rate 

functionall feeding 

trophicc level 

foodd demand 

substratee preference 

oxygenn requirement 

resistancee to 

toxicants s 

responsee to 

disturbance e 

responsee to predation 

loticc (lentic) sediment 

burrower r 

univoltinee (1) 

hemimetabolous s 

low w 

collector r 

detritivore e 

low w 

loamyy to sandy, low organic 

high h 

low,, resistant to some {e.g. Zn) 

reducedd survival and growth 

rates s 

hidingg in tube, sensitive? 

loticc (lentic) sediment 

burrower r 

multivoltinee (2-7) 

holometabolous s 

high h 

collector r 

detritivore e 

high h 

silty,, organically enriched 

low w 

intermediate,, genetic 

adaptationn to metals 

reducedd survival and growth 

ratess during crowding 

hidingg in tube, reduced survival 

whenn disturbed 

PERSISTENCEE OF BENTHIC INVERTEBRATES IN POLLUTED SEDIMENTS 

AA direct comparison of C. riparius and E. virgo tested on the same historically 
pollutedd floodplain lake sediments clearly showed a high sensitivity of the 
mayflyy and a certain indifference of the chironomid. This observation accords 
withh the general ranking of these species as 'pollution-sensitive' and 'pollution-
tolerant',, respectively (DE PAUW &  VANNEVEL 1991, BODE 1996). The 
persistencee of E. virgo in recently deposited and, therewith, relatively clean 
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sedimentss in the main bed of the River Rhine combined with the observations 
fromm this thesis, confirm that E. virgo is able to persist only in sediments with 
loww levels of sediment-bound toxicants, low food levels, and high availability of 
oxygen.. Their low growth rates with resultant low food demands enable them to 
completee their univoltine lif e cycle on such sediments. 

Pollution-tolerantt chironomid taxa related to C. riparius were observed to 
persistt in the historically polluted floodplain deposits (CHAPTER 6). C. riparius 
itselff  is able to persist in even more extreme environments, such as the River 
Dommel,, which is both organically enriched and heavily polluted with metals 
(GROENENDIJKK  et al. 1998). Due to heir high growth rates with resultant high 
foodd demand they require food rich sediments to complete several lif e cycles; 
combinedd with their tolerance to low oxygen levels they can persist in such 
sedimentss where oxygen depletion frequently occurs. Absence of more sensitive 
competingg species and predators may lead to continued mass occurrence of C. 
ripariusriparius on such sediments. 

Thee different responses of the two model species to several environmental 
variabless and biotic interactions (Table 7.1) indicate that the long-term 
persistencee of these species under specific conditions is bound to a set of 
characteristicss and is unlikely determined by single traits. Therefore, sediment 
pollutionn is likely to act only occasionally as a single selective force reducing 
thee persistence of sensitive species. Yet, this was the case in the present thesis: it 
wass observed that the pollution level in some floodplain lake sediments of the 
Riverr Rhine is prohibitive for insects with the sensitivity of E. virgo. In other 
cases,, however, the combination of conditions is likely to determine the 
persistencee of species in polluted sediments. These combined effects may cause 
limitin gg conditions to indirectly promote certain species, as shown here for C. 
riparius.riparius. Although sediment pollution drives this species close to intoxication, 
thee high availability of food, caused by the extinction of less tolerant species, 
enabless them to persist very well. 

IMPLICATIONSS FOR ENVIRONMENTAL MANAGEMENT 

Sedimentt pollution is currently regulated through simplified sets of chemical 
standards,, not really reflecting the actual risks for biota. The Stimulation 
Programmee on System-oriented Ecotoxicological Research (SSEO) was set up 
too promote scientific analysis of ecosystems actually responding to complex 
pollution.. The current chemical safety standards are applied here to floodplain 
lakee sediments and compared with observations on benthic invertebrates 
exposedd to these sediments in the laboratory. 
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Floodplainss are currently being reshaped to create landscape conditions that 
favourr biodiversity, river management, and recreation. This is done by lowering 
largee parts of the floodplain and by dredging and enlarging lakes and side 
channelss that are already present in the area (NCR 2000). This enlargement of 
thee floodplain lakes and side channels involves re-exposure of historically 
pollutedd sediment layers. So far reconstruction of the floodplains has been 
accompaniedd by measures containing the most polluted deposits in certain areas 
coveredd with layers of clay to prevent the distribution of this material (NCR 
2000).. The present study confirms that such protective measures are warranted, 
sincee re-exposure of polluted sediments may prelude the persistence and 
colonizationn of sensitive benthic species, such as mayflies, and pose a 
continuouss selective force on benthic communities. 

Inn the Netherlands, maximum permissible concentrations (MPC) and negligible 
concentrationss (NC) are used to assess the general quality of sediments in 
surfacee waters (CROMMENTUUN 2000a, 2000b). When concentrations in 
sedimentss fall below the MPC the risk of the substance is considered to be 
tolerable.. Concentrations in the environment below which the occurrence of 
adversee effects is considered to be negligible are called NCs. 

MPCss are based on the log-logistic distribution of the median effect 
concentrationss and no observed effect concentrations (for acute and chronic 
toxicity,, respectively) of at least four species from different taxonomie groups. 
MPCss are assumed to be protective for 95% of the aquatic species but their 
reliabilityy depends on the number and quality of ecotoxicological data 
(CROMMENTUUNN 2000a, 2000b). Due to the lack of ecotoxicological data for a 
largee part of sediment-bound toxicants, MPCs for sediment are often derived 
fromm MPCs in water by applying a modified equilibrium partitioning method 
(EqP;; DlTORO et al. 1991) standardized for sediments with 10% organic matter 
andd 25% lutum (CIW 2000). 

Thee negligible concentrations (NC) of toxicants are based on the MPCs 
dividedd by a factor 100 and for metals this value is added up to the background 
concentration.. This safety factor is applied to take into account effects of several 
substancess present in the environment or biological interactions not included in 
thee derivation of the MPC (CROMMENTUUN 2000a, 2000b). 

Derivingg sediment quality guidelines (SQGs) solely based on chemical 
standardss is controversial because of the many uncertainties in predicting the 
degreee of adverse biological effects caused by sediment-associated 
contaminants.. For instance, corrections of total concentrations accounting for a 
standardd composition of 10% organic matter and 25% lutum may compromise 
thee bioavailable fractions (VIN K et al. 1999). For example, aging processes may 
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reducee the bioavailable fraction of the organic contaminants (LANDRUM et al. 
1992),, the speciation of metals to sulfides may reduce their bioavailability 
(DITOROO et al. 1991) and also bioturbating may alter the sorption equilibrium of 
thee toxicants to sediments (GRANÉLI 1979a, PETERSEN ett al. 1995, this thesis). 
Furthermore,, the effect of temporal changes of environmental variables, e.g. 
oxygenn or food quality that modify the sensitivity of organisms for toxicants are 
nott accounted for. 

Tablee 7.2. Standardized concentrations (25% lutum, 10% organic matter) of substances in 

thee floodplain lake sediments of the River Waal measured in September 2000 (KOELMANS & 

MOERMONDD 2000) and sediment quality measures for freshwater sediments (CIW 2000). 

Metalss and ZPAHs in mg/kg dw, PCBs in ug/kg dw. NC= negligible concentration; MPC = 

maximumm permissible concentration. Ant= anthracene; Phe = phenantrene; Flu = 

fluoranthene;; B[a]A = benz[a]anthracene; Chr = chrysene; B[/c]F = Benzo[/(]fluoranthene; 

B[a]PP = benzo[a]pyrene; B[ghi\P = benzo[g/?/]perylene; and Ind = indenopyrene. 

metals s 

Cd d 
Cu u 
Zn n 
PAHs s 

Ant t 
Phe e 
Flu u 
B[a]A A 

Chr r 
B[/f]F F 

B[a]P P 

B[g/»F F 
Ind d 
PCBsA A 

PCB28 8 

PCB52 2 

PCB101 1 

PCB118 8 

PCBl38 8 

PCB153 3 

PCB180 0 

D2 2 

0.26 6 

20 0 
71 1 

0.01 1 

0.03 3 

0.07 7 

0.05 5 

0.04 4 

0.03 3 

0.06 6 

0.03 3 

0.04 4 

b.d. . 

b.d. . 

2.45 5 

1.67 7 

3.27 7 

0.74 4 

2.90 0 
AA Sediment quality 

G1 1 

0.52 2 

26 6 
146 6 

0.09 9 

0.04 4 

0.08 8 

0.04 4 

0.05 5 

0.04 4 

0.05 5 

0.04 4 

0.31 1 

b.d. . 

1.09 9 

1.09 9 

1.33 3 

1.83 3 

b.d. . 

1.26 6 

samplingg locations 

G3 3 

0.97 7 

31 1 
404 4 

0.06 6 

0.12 2 

0.22 2 

0.11 1 

0.11 1 

0.07 7 

0.14 4 

0.11 1 

0.14 4 

0.89 9 

1.81 1 

2.79 9 

1.16 6 

3.87 7 

0.64 4 

2.66 6 

02 2 

1.20 0 

41 1 
259 9 

0.05 5 

0.21 1 

0.38 8 

0.19 9 

0.20 0 

0.11 1 

0.22 2 

0.19 9 

0.18 8 

0.85 5 

2.01 1 

4.02 2 

1.67 7 

5.96 6 

1.00 0 

4.19 9 

3A A 

1.50 0 

55 5 
424 4 

0.14 4 

0.37 7 

0.82 2 

0.45 5 

0.45 5 

0.27 7 

0.56 6 

0.40 0 

0.52 2 

1.85 5 

6.40 0 

12.13 3 

6.11 1 

15.72 2 

3.11 1 

11.79 9 

measuress for PCBs are not based on 

3B B 

2.27 7 

67 7 
424 4 

0.15 5 

0.45 5 

0.87 7 

0.44 4 

0.45 5 

0.27 7 

0.53 3 

0.40 0 

0.48 8 

3.42 2 

11.46 6 

20.62 2 

11.79 9 
24.67 7 

5.07 7 

18.50 0 

D4 4 

1.77 7 

57 7 
542 2 

0.36 6 

0.89 9 
1.59 9 

0.88 8 

0.82 2 

0.47 7 

1.01 1 
0.61 1 

0.90 0 

3.10 0 

10.25 5 
16.93 3 

9.52 2 

21.28 8 

4.29 9 

19.04 4 

hazardd limits 

standards s 

NC C 

0.80 0 

36 6 
140 0 

0.001 1 

0.005 5 

0.03 3 

0.004 4 

0.11 1 

0.02 2 

0.03 3 

0.08 8 

0.06 6 

1.0 0 
1.0 0 
4.0 0 
4.0 0 
4.0 0 
4.0 0 
4.0 0 

MPC C 

12 2 
73 3 

620 0 

0.10 0 

0.50 0 

3.0 0 
0.40 0 

11 1 
2.0 0 
3.0 0 
8.0 0 
6.0 0 

4.0 0 
4.0 0 
4.0 0 
4.0 0 
4.0 0 
4.0 0 
4.0 0 
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Chapterr 7 - Concluding remarks 

Inn the Fourth National Policy Document on Water Management it was proposed 
thatt biological effect studies (bioassays) are to be considered for setting 
environmentall  sediment quality objectives (CIW 2000, MAA S et al. 2003). 
Whole-sedimentt bioassays can be performed relatively rapid and simple and 
takee into account the bioavailable fractions of all present toxicants. However, 
thee organisms used in whole-sediment bioassays must have the appropriate 
sensitivityy in order to assess the ecological risk of sediment pollution on the 
benthicc community. The standard laboratory test organisms used in whole-
sedimentt bioassays: oligochaetes, amphipods, and chironomids (e.g. US.EPA 
2000,, OECD 2001) are relatively insensitive to polluted sediments. These test 
organisms,, however, can be ranked as 'pollution tolerant' (DE PAUW & 
VANNEVELL  1991, BODE 1996). Derivation of SQGs from whole-sediment 
bioassayss performed with 'pollution-tolerant' organisms may not be protective 
forr more sensitive species and thus for benthic communities. 

Tablee 7.3. Assessment of sediments with results from whole-sediment bioassays using the 

effect-classificationn method according to the TRIAD-method (MAAS et al. 1993). 

D2 2 
Exceededd MPCs no 

Exceededd NCs yes 

Effectt on survival (%) E. virgo* (10 d) 

Effectt on survival (%) C. riparius* (28 d) 

Mentumm deformities (%) C. ripahusB (10 d, lab) -

G1 1 
no o 

yes s 

--

G3 3 
no o 

yes s 

+ + 

02 2 
yes s 

yes s 
+ + 

+ + 

3A A 
yes s 

yes s 
+ + 

+ + 

3B B 
yes s 

yes s 
+ + 

+ + 

D4 4 
yes s 

yes s 
+ + 

+ + 
AA Effect classification: - = < 10% mortality (no effect);  = 10% - 50% mortality, when 

significantt difference from control (moderate effect); + = > 50% mortality, when significant 

differencee from control (severe effect) (MAAS et al. 1993). 
BB Effect classification: - = X2 < 7.446 (no effect); + = X2 > 11.479,when significant difference 

fromm control (severe effect). Deformities are compared to a fictitious sample of 100 counts 

withh 9% deformities (MAAS et al. 1993). 

Comparingg standardized sediment-bound toxicant concentrations with current 
SQGss indicate that in some sediments tested in the present thesis, the MPCs for 
somee PAHs are exceeded (Table 7.2), whereas in all sediments several NCs are 
exceeded,, especially those for PAHs. This indicates that only in three of the 
sevenn sediments the concentrations of substances are in ranges that might lead to 
biologicall  effects. Minor exceedance of the MPC might lead to an increased 
probabilityy for biota to response. In the sediments in which several MPCs are 
exceededd survival and growth rates of the mayfly E. virgo were severely 
affectedd (Table 7.3). And although no effects were observed on survival rates of 
C.C. riparius larvae in chronic whole-sediment bioassays, a high incidence of 
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mentumm deformities was observed in the sediments that exceeded MPCs for 
somee substances (Table 7.3). Thus it has been shown in the present thesis that 
concentrationss of sediment-bound toxicants close to MPC can be responsible for 
distinctt effects on benthic invertebrates. The mortality of the mayflies and the 
elevatedd incidence of mentum deformities of the midge were clearly observed 
alsoo in some sediments with concentrations of toxicants below MPCs. 
Consistently,, sensitive benthic invertebrate species, such as mayflies and 
caddisflies,, were observed only in one of the investigated floodplain lakes. The 
presentt study provides evidence that current MPCs may still pose a detectable 
ecologicall  effect at least for sensitive benthic invertebrates. 
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Thee successful exploitation of sediments by benthic invertebrates is affected by 
numerouss variables, such as grain size distribution, food availability, predator 
abundance,, competition, and the amount of toxicants. Because the species-
specificc requirements or tolerances for these variables are often known 
incompletely,, it remains difficult to identify the causes for the presence and 
absencee of individual species. This thesis aimed, therefore, to explain the 
persistencee of benthic invertebrate species in polluted sediments. Two benthic 
invertebratess species, the mayfly Ephoron virgo and the midge Chironomus 
riparius,riparius, with different lif e history characteristics and tolerances towards 
toxicantss were selected. The specific responses of the model species to 
environmentall  variables and their biotic interactions were investigated using 
bioassayss and it was evaluated how these responses determine the persistence of 
benthicc invertebrates in polluted sediments. 

Thee responses of the two models species, the mayfly E. virgo and the midge C. 
riparius,riparius, to natural sediments with different levels of food quality and 
contaminantss were assessed in whole-sediment bioassays (CHAPTER 2). Seven 
floodplainn lakes located along the River Rhine, with different levels of 
contaminationn and trophic state were selected and the species-specific 
preferencess for these sediments were assessed using 10-day whole-sediment 
bioassayss with both species and a 28-day emergence experiment with C. 
riparius.riparius. The two model species responded completely different. Survival and 
growthh rate of E. virgo were severely affected by the sediment-bound toxicants, 
independentt of the food quality in the sediments. In contrast, survival of C. 
ripariusriparius was only slightly affected and in highly nutritive sediments high growth 
ratess of C. riparius coincided with a short time to emerge, in spite of the 
toxicantss present. Additional feeding resulted in higher growth rates and a 
shorteningg of the time to emerge, especially in the low nutritive sediments. 
Thesee results demonstrated that the trophic state of an ecosystem influences the 
ecologicall  risk of toxicants to benthic invertebrates in a species-specific way. 

Inn CHAPTER 3, the combined effect of food availability and a model toxicant, 
copper,, on the midge C. riparius was analyzed. Survival, length, and dry weight 
off  C. riparius and the accumulation of copper in the larvae were determined 
afterr 10 days exposure to copper and food spiked sediments in the laboratory. 
Lowerr survival and growth rates were observed at higher copper concentrations. 
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Elevatedd food suppressed the negative effects of copper on survival. And higher 
foodd levels also resulted in higher growth rates, until copper concentrations 
reachedd a critical threshold. Higher food levels resulted also in lower copper 
accumulationn in the larvae. These results demonstrated that the combination of 
copperr and food in the sediment determines the performance of C. riparius in 
whole-sedimentt bioassays. Moreover, C. riparius is not necessarily very tolerant 
too copper, but the higher food availability prevailed against the potential adverse 
effectss of contaminants. 

CHAPTERR 4 examined the selection of sediments differing in food quality and 
toxicantt levels by C. riparius larvae. The preference of C. riparius larvae was 
assessedd using 10-day choice experiments in which the larvae could choose 
betweenn two different sediments. The larvae showed a clear preference for 
sedimentss with higher food quality, which overruled the avoidance of sediments 
withh higher toxicant concentrations. Thus, the food quality in sediments is the 
mainn driving force in the selection of a suitable habitat by C. riparius larvae, 
evenn if this leads to the exposure to toxicants. 

Inn CHAPTER 5 it was examined whether sediment reworking by one of the two 
modell  species, the midge C. riparius, affected the performance of the other 
modell  species, the mayfly E. virgo. Different amounts of bioturbating C. 
ripariusriparius larvae were added to clean and polluted sediment populated with 
nymphss of E. virgo. Changes in water quality and sediment properties, and the 
responsess of the mayfly E. virgo were assessed after 7 days. Chironomids 
increasedd the concentrations of metals, nutrients, and particles in the overlying 
water,, and made oxygen penetrate deeper into the sediment. The survival and 
growthh rates of E. virgo were strongly reduced in the presence of chironomids, 
especiallyy in the clean sediment, where the chironomids were frequently 
observedd outside their tubes. This suggested that the reduced performance of E. 
virgovirgo was directly caused through the disturbance by C. riparius rather than by 
loweredd water quality, overruling the potential positive effects of improved 
oxygenn penetration. These results imply that the distribution of small insects, 
likee E. virgo, can be limited by disturbance of burrowing invertebrates. 

Finally,, it was analyzed whether the responses of C. riparius in laboratory 
andd in situ bioassays matched with the persistence of opportunistic chironomids 
inn the field (CHAPTER 6). Benthic invertebrate species in historically polluted 
sediments,, differing in toxicant level and food quality, were sampled and 
enumerated.. Survival, growth, and frequency of mentum deformities of the C. 
ripariusriparius larvae were assessed in 10-day in situ and laboratory bioassays. In the 
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sedimentss with higher contaminant levels, higher densities of chironomids were 
observed.. The laboratory bioassays confirmed that the contaminant 
concentrationss in these sediments had no effect on survival and growth rates of 
C.C. riparius, although higher incidences of mentum deformities were observed at 
higherr pollution levels. The high growth rates in the in situ enclosures in two of 
thee three highly polluted sediments indicated that chironomids were able to 
exploitt these polluted sediments. Yet, the positive relation between growth rate 
off  C. riparius and nutritional value of the sediments in the laboratory bioassays 
suggestedd that higher densities of chironomids might have been present in 
sedimentss with high food quality. However, in these sediments with high food 
qualityy (and low levels of contaminants) the chironomids may have suffered 
fromm competition or predation by taxa that were not able to persist at the more 
pollutedd sites. The in situ bioassay pointed out that predation on chironomids in 
thee field enclosures was significant. Thus, the wide range of ecological tolerance 
off  chironomids, such as Chironomus sp., combined with their rapid rate of 
development,, enabled them to exploit polluted habitats where competition with 
otherr invertebrates is limited. 

Inn the concluding remarks (CHAPTER 7), the species-specific responses of the 
twoo model species to several environmental variables and biotic interactions 
weree compared. The different responses of the two model species indicated that 
thee long-term persistence of these benthic invertebrate species under specific 
conditionss is bound to a set of characteristics and is unlikely to be determined by 
singlee traits. Yet, this was the case in the present thesis: it was demonstrated that 
thee pollution level in some floodplain lake sediments of the River Rhine alone is 
alreadyy prohibitive for benthic insects with the sensitivity of E. virgo. In most 
cases,, however, a combination of conditions determines the persistence of 
benthicc invertebrates in polluted sediments. These combined effects may cause 
limitingg conditions to indirectly promote certain benthic invertebrate species, as 
wass shown for C. riparius. Even though sediment pollution drives this species 
closee to intoxication, the high availability of food, caused by the exclusion of 
lesss tolerant species, enables them to persist very well. 

Finally,, the implications for environmental management were discussed. 
Comparingg standardized sediment-bound toxicant concentrations with current 
sedimentt quality guidelines indicated that in some sediments tested in the 
presentt thesis, the minimum sediment quality is exceeded. In these sediments 
survivall  and growth rates of the mayfly E. virgo were severely affected. And 
althoughh no effects were observed on survival rates of C. riparius larvae in 
chronicc whole-sediment bioassays, a high incidence of mentum deformities was 
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observedd in these sediments. Thus it has been shown in the present thesis that 
concentrationss of sediment-bound toxicants close to minimum sediment quality 
cann be responsible for distinct effects on benthic invertebrates. The mortality of 
thee mayflies and the elevated incidence of mentum deformities of the midge 
weree clearly observed also in some sediments with concentrations of toxicants 
beloww MPCs. Consistently, sensitive benthic invertebrate species, such as 
mayfliess and caddisflies, were observed only in one of the investigated 
floodplainn lakes. The present study provides evidence that current MPCs may 
stilll  pose a detectable ecological effect at least for sensitive benthic 
invertebrates. . 
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Dee geschiktheid van een sediment voor bodembewonende ongewervelde 
organismenn wordt bepaalt door een groot aantal factoren, zoals de structuur van 
hett sediment, de beschikbaarheid van voedsel, de aanwezigheid van predatoren, 
competitiee met andere soorten en eventuele vervuiling. Dit proefschrift richt 
zichh voornamelijk op de effecten van combinaties van factoren op individuele 
ongewerveldee organismen. Twee bodembewonende modelsoorten met 
verschillendee ecologische strategieën werden geselecteerd: een haft {Ephoron 
virgo)virgo) en de dansmug (Chironomus riparius). De bijdragen van verschillende, 
gelijktijdigg opererende, factoren op deze modelsoorten zijn onderzocht onder 
laboratoriumm omstandigheden (HOOFDSTUKKEN 2 tot 6) en in een veldstudie 
(HOOFDSTUKK  6). Uiteindelijk werd geëvalueerd of de uit dit proefschrift 
gegenereerdee (en al bestaande) kennis over de invloed van gecombineerde 
factorenn op de modelsoorten op individueel niveau, de aanwezigheid van 
populatiess in het veld kunnen verklaren. 

Inn HOOFDSTUK 2 werd de reactie van beide twee modelsoorten op natuurlijke 
sedimentenn onderzocht. Zeven meren gelegen in de uiterwaarden van de Waal, 
eenn tak van de Rijn, die verschilden in trofische status [algen gedomineerd 
(voedselarm)) vs. planten gedomineerd (voedselrijk)] en vervuilingsgraad, 
werdenn geselecteerd. De soort-specifieke reacties werden bepaald in 1 O-daagse 
groeitestenn met beide soorten en een 28-daagse uitvliegtest met alleen C. 
riparius.riparius. De respons van de testorganismen op de verschillen in voedselkwaliteit 
enn vervuilingsgraad in de sedimenten was duidelijk afwijkend. De overleving en 
groeii  snelheid van E. virgo werden geremd door de aanwezige toxicanten maar 
onafhankelijkk van het (toegevoegde) voedsel in de sedimenten. C. riparius werd 
nauwelijkss beïnvloed door de aanwezige toxicanten, maar in de voedselrijke 
sedimentenn werden hogere groeisnelheden waargenomen dan in de voedselarme 
sedimenten.. Ook werden er op de voedselarme sedimenten nauwelijks 
uitgevlogenn imago's waargenomen. Extra voedsel resulteerde in hogere 
groeisnelhedenn van C. riparius en daarmee samenhangend een kortere 
levenscyclus,, vooral in de voedselarmere sedimenten. Hieruit kan afgeleid 
wordenn dat de trofische status van een ecosysteem het ecologische risico van 
vervuilingg voor bodembewonende ongewervelde soorten op een soort-specifieke 
manierr beïnvloedt. 
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Inn HOOFDSTUK 3 zijn de gecombineerde effecten van voedselbeschikbaarheid en 
eenn model toxicant, koper, op C. hparius onderzocht. De overleving, het 
drooggewicht,, de lengte en de accumulatie van koper in de C. hparius larven 
werdenn bepaald na 10 dagen blootstelling aan schoon sediment. Hierin werden 
verschillendee combinaties van kunstmatig voer en koper toegevoegd. Bij hogere 
koperconcentratiess werden lagere overleving en groeisnelheden waargenomen. 
Eenn verhoogd voedselaanbod onderdrukte de negatieve effecten van koper op de 
overlevingg van de larven. De groeisnelheden waren eveneens hoger bij verhoogd 
voedselaanbod,, totdat de koperconcentratie een kritische punt bereikte. Een 
verhoogdd voedselaanbod resulteerde ook in een lagere accumulatie van koper in 
dee larven. Deze resultaten toonden aan dat de combinatie van koper en voedsel 
inn het sediment bepalend is voor de prestatie van C. Hparius in sediment testen. 
C.C. riparius is echter niet per definitie tolerant voor koper, maar het verhoogde 
voedselaanbodd heeft de overhand op de potentiële negatieve effecten van het 
koper. . 

InIn HOOFDSTUK 4 werd de selectie van sedimenten, verschillend in 
voedselkwaliteitt en vervuilingsgraad, door C. riparius larven onderzocht. De 
voorkeurr van C. riparius larven werd bepaald in 1 O-daagse keuze experimenten 
waarinn de larven telkens tussen twee sedimenten konden kiezen. De larven 
vertoondenn een duidelijke voorkeur voor sedimenten met een hogere 
voedselkwaliteit.. Deze voorkeur was sterker dan de vermijding van sedimenten 
mett een hogere vervuilingsgraad. Hieruit kan geconcludeerd worden dat de 
voedselkwaliteitt in sedimenten de drijvende kracht in de selectie van een 
geschiktee habitat door C. riparius larven, is zelfs als dit resulteert in een 
verhoogdee blootstelling aan toxicanten. 

Inn HOOFDSTUK 5 werd onderzocht of omwoelen van sediment (bioturbatie) door 
éénn van de modelorganismen, de dansmug C. riparius, de ontwikkeling van het 
anderee modelorganisme, de haft E. virgo, beïnvloed. Verschillende 
hoeveelhedenn van de bioturberende C. riparius larven werden toegevoegd aan 
eenn schoon en aan een vervuild sediment bewoond door nimfen van E. virgo. 
Veranderingenn in waterkwaliteit en sedimentkarakteristieken, en de respons van 
E.E. virgo werden bepaald na 7 dagen. Bioturbatie door C. riparius resulteerde in 
eenn verhoging van de concentraties metalen, nutriënten en deeltjes in het water, 
enn diepere doordringing van zuurstof in het sediment. De overleving en 
groeisnelhedenn van E. virgo werden sterk gereduceerd in de aanwezigheid van 
C.C. riparius, vooral in het schone sediment, waar de C. riparius larven regelmatig 
buitenn hun buizen werden waargenomen. Dit suggereerde dat de verminderde 
ontwikkelingg van E. virgo veroorzaakt werd door de verstoring door C. riparius, 
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enn niet door de verslechterde waterkwaliteit. De verstoring door C. riparius 
overheerstee tevens de potentiële positieve effecten van zuurstof in het sediment. 
Uitt deze resultaten blijkt dat de verspreiding van gevoelige soorten, zoals E. 
virgo,virgo, verminderd kan worden door de verstoring door gravende organismen. 

Omm de ecologische relevantie van de studie te vergroten werd geanalyseerd of 
dee respons van C. riparius larven in laboratorium en veld testen overeenkwamen 
mett de aanwezigheid van (verwante) dansmuggen in het veld (HOOFDSTUK 6). 
Sedimenten,, die verschillen in voedselkwaliteit en vervuilingsgraad, werden 
bemonsterd,, de organismen uit het sediment gezeefd en vervolgens 
gedetermineerdd en geteld. Overleving, groei, en de mate van afwijkingen aan de 
monddelenn van de larven werden onderzocht in 1 O-daagse laboratorium- en 
veldtesten.. In de sedimenten met een hoge vervuilingsgraad werden hoge 
dichthedenn dansmuggen aangetroffen. De laboratoriumtesten bevestigden dat de 
vervuilingsgraadd in de geteste sedimenten geen effect had op de overleving en 
groeisnelhedenn van C. riparius. Wel werden er meer afwijkingen aan de kaken 
waargenomenn in naarmate de sedimenten meer vervuild waren. De hoge 
groeisnelheidd in de veldtesten in twee van de drie sterk vervuilde sedimenten 
toondenn aan dat Chironomus larven toch in staat zijn in deze vervuilde 
sedimentenn voldoende voedsel te vergaren. De positieve relatie tussen de 
groeisnelheidd van C. riparius en de voedingswaarde van het sediment in de 
laboratoriumtestenn geven echter aan dat in de sedimenten met een hoge 
voedselkwaliteitt hogere dichtheden (verwante) dansmuggen aanwezig kunnen 
zijnn dan gevonden. In de sedimenten met een hoge voedselkwaliteit (en lage 
vervuilingsgraad)) kan er echter sprake zijn geweest van competitie en predatie 
doorr taxa die niet in staat zijn om in de meer vervuilde sedimenten te overleven. 
Dee veldtesten hebben inderdaad aangetoond dat met een toenemend aantal 
predatorenn de overleving van C. riparius afnam. Hieruit blijkt dat door hun hoge 
tolerantiee voor vervuiling en hun snelle ontwikkeling Chironomus larven in 
sterkk vervuilde sedimenten kunnen overleven, waar de competitie met andere 
ongewerveldee organismen laag is. 

Inn het afsluitende hoofdstuk (HOOFDSTUK 7), zijn de soort-specifieke reacties 
vann de twee modelorganismen voor een aantal omgevingsfactoren en biotische 
interactiess vergeleken. De verschillende reacties van de modelsoorten toonden 
aann dat de aanwezigheid van bodembewonende ongewervelde organismen, op 
langee termijn, vaak gebonden is aan een reeks van karakteristieken. Dit 
proefschriftt heeft niettemin aangetoond dat de vervuilingsgraad in een aantal 
merenn in de uiterwaarden van de Rijn de belemmerende factor kan zijn voor 
bodembewonendee insecten, zoals E. virgo. In de meeste gevallen, echter, zijn 
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hett combinaties van factoren die de aanwezigheid van bodembewonende 
ongewerveldee organismen bepalen. Deze gecombineerde factoren kunnen 
limiterendee condities veroorzaken voor bodembewonende ongewervelde 
organismenn maar indirect weer andere aanwezige bodembewonende 
ongewerveldee organismen bevorderen, zoals waargenomen voor C. riparius. 
Ookk al veroorzaakt sedimentvervuiling toxische stress (vervormde kaken), de 
afwezigheidd van minder tolerante concurrerende en prederende soorten leidt tot 
eenn verhoogde voedselbeschikbaarheid voor C. riparius larven waardoor ze in 
staatt om in deze sedimenten te overleven. 

Inn dit hoofdstuk zijn tevens de implicaties voor milieumanagement 
bediscussieerd.. Een vergelijking van de gestandaardiseerde concentraties van 
toxicantenn in de sedimenten met de sedimentkwaliteitsrichtlijnen tonen aan dat 
inn enkele van de in dit proefschrift geteste sedimenten de minimum 
sedimentkwaliteitseisenn worden overschreden. In deze sedimenten werden de 
overlevingg en de groei van de haft E. virgo ernstig gereduceerd. Hoewel er geen 
effectenn werden waargenomen op de overleving van C. riparius, is er een 
verhoogdee frequentie van misvorming van de kaken geconstateerd na 
blootstellingg aan deze sedimenten. Uit dit proefschrift blijkt echter, dat bij 
aanwezigheidd van concentraties van stoffen beneden de minimum 
sedimentkwaliteitseisenn de effecten van sedimentgebonden toxicanten op sterfte 
vann haften en op verhoogde frequentie van kaakafwijkingen in C. riparius niet 
uitgeslotenn kunnen worden. Ook werd maar in één van de onderzochte 
uiterwaardd meren gevoelige bodembewonende ongewervelde organismen, zoals 
haftenn en kokerjuffers, waargenomen. Deze studie toont dus aan dat 
concentratiess van toxicanten beneden huidige sedimentkwaliteitseisen nog altijd 
eenn waarneembaar ecologische effect kunnen veroorzaken op gevoelige 
bodembewonendee ongewervelde organismen. 
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GLOSSARY Y 

ABIOTICC - the non-living or physical components of the environment 
ANOXIAA  - deprived of oxygen 
ANTHROPOGENICC - involving the impact of people on nature; induced, caused or 

alteredd by the presence and activities of people, as in water and air pollution 
BACTERIALL FATTY ACIDS - fatty acids of bacterial origin 
BENTHICC - referring to organisms living in or on the bottom of a water body 
BlOTlCC - the living components of the environment, or products derived from 

livingg components; e.g. detritus 
BlOTURBATlONN - disturbance of sediments caused by biological activity 
CHARACTERR DISPLACEMENT - the condition in which two interacting species are 

evolutionaryy diverged 
COLLECTORR - invertebrates that feed on decomposing organic matter either 

fromm the water column (filterers) or from the bottom (gatherers) 
COMMENSALISMM - the association between two organisms of different species 

thatt live together and share food resources, one species benefiting from the 
associationn and the other not being harmed 

COMMUNITYY  - natural, intermingled plant or animal populations which share a 
givenn space, compete for resources, and interact with one another in an 
ecosystem m 

DECOMPOSITIONN - breakdown of complex organic materials into simpler 
materialss mainly by micro-organisms 

DETRITIVOREE - organism that feeds on detritus 
DETRITUSS - small pieces of dead and decomposing plants and animals 
DISTURBANCEE - a discrete event which removes, damages, or impairs the 

normall  function of organisms 
DIVERSITYY  - the number and variety of organisms in a community or ecosystem 
ECOSYSTEMM  - a community of different species interdependent on each other 

togetherr with their abiotic environment, which is relatively self-contained in 
termss of energy flow, and is distinct from neighbouring communities. 

EMERGENCEE - to leave water and undergo metamorphosis into an adult 
EUTROPHICC - enrichment of water bodies by inorganic plant nutrients (e.g. 

nitrate,, phosphate) resulting in overgrowth of algae, frequently followed by 
algaee die-offs and oxygen depletion 

FATTYY ACIDS - a long chained organic acid, serves as a constituent of lipids and 
aa fuel molecule in cells 
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FLOODPLAINN - land next to a steam or river which is flooded during high-water 
floww with a predictable, normally seasonal frequency 

FUNCTIONALL GROUP - refers to any group of aquatic invertebrates that have 
developedd specific morphological features that allow them to feed in a certain 
mannerr (e.g., invertebrates that have developed rasping mouthparts for 
scrapingg algae and other material from surfaces are part of the functional 
feedingg group known as scrapers), see also collector. 

HABI TT - normal or regulatory behaviour of an animal 
HABITA TT - area or environment in which an organism or community lives 
HEMIMETABOLOUSS - insects having an incomplete metamorphosis, with no 

pupall  stage in the lif e history 
HOLOMETABOLOUSS - insects that undergo a full metamorphosis, with a four 

stagee lif e history (egg, larvae, pupa, and adult) 
HYPOXIAA  - low levels of oxygen 
INN SITU - in the original place 
INSTARR - interval between successive moults of exoskeletons in arthropods 
INTERSPECIFICC COMPETITION - competition between distinct species 
INTRASPECIFICC COMPETITION - competition within a species 
INVERTEBRATEE - animals without backbones 
LARVAA - in insects, an immature form that is markedly different in form from 

thee adult and which undergo metamorphosis into the adult form 
LENTICC HABITAT S - non-flowing or standing body of freshwater such as a lake 

orr pond 
LOTI CC HABITATS - flowing body of freshwaters such a river or stream 
MACROPHYTESS - large multi-cellular photosynthetic organisms 
MULTIVOLTIN EE - having more than one generation in a year 
NEOZOANN - non-native species that is introduced into an area 
NUTRIENTT - any substance, element, or compound necessary for the growth 

usedd or required by an organism as food 
NYMPHH - a juvenile form without wings or with incomplete wings in insects 

withh incomplete metamorphosis 
OL1GOTROPHICC - inadequate nutrition 
OPPORTUNISTICC SPECIES - species which exploit diverse aspects of the 

environmentt as conditions change, flexible in lif e requirements and 
generalistss by nature, are able to quickly adapt to temporarily available 
resourcess such as food supplies 

ORGANICC COMPOUNDS - compound containing carbon (e.g. PAHs, PCBs) 
ORGANICC MATTER -see detritus 

PELAGICC - referring to in the water column 
PHYTOPLANKTONN - unicellular photosynthetic organisms 
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POLLUTIONN - any harmful or undesirable change in the physical, chemical, or 
biologicall  quality in air, water, or soil as a result of the release of e.g. 
chemicals,, radioactivity, heat, large amounts of organic matter 

POPULATIONN - group of organisms of the same species living in a certainn area 
POLYCHLORINATEDD BIPHENYLS (PCBs) - large group of toxic synthetic lipid-

solublee chlorinated hydrocarbons, which are used in various industrial 
processess and which have become persistent and ubiquitous environmental 
contaminantss which can be concentrated in food chains 

POLYCYCLICC AROMATIC HYDROCARBONS (PAHs) - group of compounds found 
inn e.g. coal tar and cigarette smoke 

POLYUNSATURATEDD FATTY ACIDS - fatty acids with more than one C=C double 
bondd in their hydrocarbon chain 

RESOURCEE PARTITIONING - division of scarce resources in an ecosystem so that 
speciess with similar requirements use the same sources at different times, in 
differentt ways, or in different places 

SPECIALIZEDD SPECIES - species which can survive and thrive only within a 
narroww range of habitat and/or environmental conditions, or which can use 
onlyy a very limited range of food, and is therefore usually less able to adapt to 
changingg environmental conditions 

SPECIES-SPECIFICC - inborn in a species, not modified by learning 
TAXONN (TAXA) - a taxonomie group of any rank, including all the subordinate 

groups;; any group of organisms, populations or taxa considered to be 
sufficientlyy distinct from other such groups to be treated as a separate unit; a 
taxonomiee unit 

TOLERANCEE - the ability to survive and grow in the presence of a normally toxic 
substance,, or the ability to survive and grow within a range of an 
environmentall  variable 

TRAITT - distinct characteristic of a species, which may be either heritable, 
environmentallyy determined, or both 

TROPHICC LEVEL - level in a food chain defined by a method of obtaining food, 
andd in which all the organisms are the same number of energy transfers away 
fromm the original source of the energy 

TROPHICC STATE - the nutrient status of water; e.g. eutrophic, oligotrophic 
UNIVOLTINEE - having only one generation in a year 
XENOBIOTICC - foreign to a living organism, foreign substances 
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