
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Dynamics of metal adaptation in riverine chironomids.

Groenendijk, D.

Publication date
1999
Document Version
Final published version

Link to publication

Citation for published version (APA):
Groenendijk, D. (1999). Dynamics of metal adaptation in riverine chironomids. [, Universiteit
van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/dynamics-of-metal-adaptation-in-riverine-chironomids(e9f3733f-9103-4c23-9e39-50b7caa9523f).html


DYNAMICS OF METAL ADAPTATIO 
IN RIVERINE CHIRONOMIDS 

M 



UBA003000111 



DYNAMICS OF METAL ADAPTATION 

IN RIVERINE CHIRONOMIDS 



This study was conducted at the section Aquatic Ecology & Ecotoxicology, 

ARISE, University of Amsterdam, Kruislaan 320, 1098 SM, Amsterdam, 

Netherlands. 

The investigations were financially supported by the Netherlands 

Foundation for Earth and Life Sciences (ALW, grant: 805-33.403-P), which is 

subsidised by the Netherlands Organisation for Scientific Research (NWO). 

A 
AquaSense 

**JtJ 
Waterschap De Dommel 

PERKIN ELMER 
The printing of this thesis was financially supported by AquaSense 

Consultants, Waterschap De Dommel & Perkin-Elmer Nederland. 

cover: adult male and pecten epifaryngis of the fourth larval instar of the non-

biting midge Chironomus riparius (photographs with the appreciated help of 

Simon van Mechelen & dr Piet Roos; design by Harm van der Geest). 



DYNAMICS OF METAL ADAPTATION 

IN RIVERINE CHIRONOMIDS 

ACADEMISCH PROEFSCHRIFT 

ter verkrijging van de graad van doctor aan de Universiteit van Amsterdam 

op gezag van de Rector Magnificus prof dr JJM Franse 

ten overstaan van een door het college voor promoties ingestelde 

commissie in het openbaar te verdedigen in de Aula der Universiteit 

op donderdag 10 juni 1999, te 12.00 uur 

door Dirk Groenendijk 

geboren te Mijdrecht 



promotor: prof dr W Admiraal 

co-promotor: dr MHS Kraak 

overige leden van de commissie: 

prof dr LR Mur 

prof dr MW Sabelis 

prof dr SBJ Menken 

prof dr NM van Straalen 

prof dr PM Brakefield 

prof dr F Ollevier 

dr BR Goddeeris 



Contents 

chapter I General Int roduct ion 7 
Parts of this chapter are adopted from: JF Postma & D Groenendijk (1999) 
Adaptation to metals in the midge Chironomus riparius: a case study in the 
River Dommel. In: Genetics and Ecotoxicology, VE Forbes (ed), pp 79-101, 
Taylor & Francis, London, UK. 

chapter II Seasonal dynamics and larval drift of Chironomus riparius 
(Diptera) in a metal-contaminated lowland river 29 
D Groenendijk, JF Postma, MHS Kraak & W Admiraal (1999) Aquatic Ecology 
33, in press. 

chapter III Fluctuating asymmetry and m e n t u m gaps in popula t ions of t h e 
midge Chironomus riparius (Diptera: Chi ronomidae) from a 
meta l -contaminated lowland river 51 
D Groenendijk, LWM Zeinstra & JF Postma (1998) Environ Toxicol Chem 17: 
1999-2005. 

chapter IV Efficient shedding of accumulated metals d u r i n g 
metamorphos i s in metal-adapted populat ions of the m i d g e 
Chironomus riparius 69 
D Groenendijk, MHS Kraak & W Admiraal (1999) Environ Toxicol Chem 18, in 
press. 

chapter V Fluctuating life-history parameters indicating t empora l 
variability in metal adapta t ion in riverine chironomids 89 
D Groenendijk, B van Opzeeland, LM Dionisio Pires & JF Postma (1999) Arch 
Environ Con Tox, in press. 

chapter VI A method for crossbreeding strains of ch i ronomid midges 
(Diptera: Chi ronomidae) and its application to ecotoxicological 
s tudies 107 
D Groenendijk & SMG Lücker (1998) Proceedings of the section Experimental 
and Applied Entomology, NEV, volume 9: 211-216. 

chapter VII Loss of metal adaptat ion in Chironomus riparius (Diptera: 
Chi ronomidae) by s imulat ing gene flow in adapted field 
popu l a t i ons 117 
D Groenendijk, SMG Lücker, M Plans, MHS Kraak & W Admiraal, submitted. 

chapter VIII Concluding Remarks 137 
S u m m a r y 145 
S a m e n v a t t i n g 149 
N a w o o r d 155 
Addi t ional Publications 159 





CHAPTER I 

General Introduction 

Local adaptation, causing population differentiation, is one of the most 

important basic principles of modern evolutionary biology. Natural 

selection, the mechanism widely regarded as the primary cause of 

phenotypic evolutionary changes, can be seen as the driving force of such 

adaptational processes (Brandon 1990; Amundson 1996). An adaptation can 

be defined as a trait that enhances an individual's fitness and that arose 

historically as a result of natural selection (Lauder 1996). Consequently, 

adaptation as a state is defined in part by the action of a mechanistic process, 

natural selection, acting directly on that trait currently deemed to be an 

adaptive one. For example, a high prédation pressure in natural 

populations of Guppies (Poecilia reticulata) acted as a strong directional force 

and resulted in Guppy populations genetically different from those with a 

lower predatory rate. Besides, it was shown that estimated micro-evolution 

rates were up to seven times faster than rates inferred from paleontological 

records (Reznick et al 1997). 

The intensity of selection pressure caused by pollution may often exceed 

the level of selection under natural circumstances. Hence, micro-

evolutionary changes can be expected not only to be more stringent in 

response to a particular anthropogenic directive force, but also become 

apparent in a much shorter period of time (Shaw 1999). Indeed, rapid micro-

evolution of tolerance to toxicants has been demonstrated in a number of 

arthropods, genetically responding to the use of pesticides (cf Taylor 1986; 

Caprio & Tabashnik 1992). Other examples of a swift genetic adaptation can 
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be found in cases of anthropogenic metal input. It was demonstrated in 

benthic invertebrate populations that adaptation to metals can occur within 

a few generations only (Klerks & Levinton 1987; Postma & Davids 1995), 

clearly demonstrating natural selection. An increased tolerance to metals 

has been demonstrated in a number of different taxa as shown in reviews on 

bacteria (Trevors et al 1985), vascular plants (Macnair 1993; Shaw 1999) and 

animals (Klerks & Weis 1987; Posthuma & van Straalen 1993), although not 

in all cases a proven genetic alteration was responsible for the increased 

tolerance. 

It may, however, be questioned how the persistence of a population is 

affected during the process of metal adaptation, especially when such rapid 

evolutionary changes are involved. It has been often hypothesised that 

selection for metal tolerance may lead to a substantial loss of genetic 

information that reduces a species capacity to cope with other natural stress 

factors (cf Kopp et al 1992; Theodorakis & Shugart 1999). However, spatial 

inhomogeneity has only rarely been included in such studies, even though 

it is well known that drifting genes from surrounding non-adapted 

environments may affect and shape the genetic structure and evolution of 

metal-adapted populations (cf Slatkin 1985; Slatkin 1994; Boecklen & Mopper 

1998). Indeed, the interaction of gene flow and adaptation in metal-tolerant 

animal populations is only rarely described, although this interaction is 

likely to be essential in understanding the persistence of species in metal-

contaminated habitats (cf Brandon 1990). The present study, therefore, aims 

to examine the dynamics of metal adaptation in natural populations of an 

invertebrate. Understanding the adaptational processes is assumed to be 

fundamental to any further study of the ecological consequences in metal-

exposed invertebrates and the communities involved. 

This study focused on the non-biting midge Chironomus riparius 

(Meigen, 1804), because it is present in high densities at both metal polluted 

and non-polluted sites in the severely contaminated lowland river 

Dommel, thereby providing a suitable test case. Furthermore, metal-

exposed midge populations from this river have shown to be genetically 

adapted to cadmium (Postma 1995), and larval drift and hence gene flow are 
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obvious natural features of riverine chironomids. This case, therefore, 

provides the opportunity to study the seasonal population dynamics in 

relation to processes of adaptation to metals and gene flow, that have not 

been quantified in metal-exposed natural invertebrate populations so far. At 

first, an introduction to the ecology of the test species C. riparius (box 1.1) 

and a detailed description of the research area will be provided. Next, a 

summary of the current knowledge of metal adaptation in C. riparius will be 

presented. Finally, the objectives will be elaborated and the methodology 

discussed. 

research area 

Field studies were conducted in the River Dommel, a second to third 

order lowland stream situated in the Kempen area in northern Belgium and 

the southern parts of the Netherlands. The Dommel is a tributary of the 

River Meuse and mainly fed by rainwater. The Dommel is characterised by 

a sandy bottom, a width of 5-7 m, a depth of 0.4-1.5 m, a current velocity 

varying between 0.3 and 0.8 m s"1, and neutral waters with a naturally high 

iron content. The visibility is often limited to 10-20 cm due to suspended 

organic material, but seasonal variation does occur. Detailed information 

on principal water characteristics of the Dommel is provided in Postma 

(1995) and Janssens de Bisthoven (1995). The source of metal contamination 

in this river is a zinc factory of Union Minière on the banks of a small 

tributary of the Dommel, the Eindergatloop, situated close to the Dutch-

Belgian border (cf figure 2.1; 3.1 & 4.1). This factory started producing zinc 

and cadmium from ores in 1888. Yearly production during the 1980s was on 

average 120,000 tons zinc and 600 tons cadmium per year. In 1992, 

production of zinc and cadmium was stopped and the factory switched to 

recycling and the production of zinc alloys. In addition to the severe metal 

input, a diffuse domestic and agricultural input in the catchment area is 

responsible for slightly elevated background levels of some contaminants 

like zinc, even at sites located upstream from the Eindergatloop (cf figure 2.2; 

4.2; 4.3; table 2.1; 3.1 & 3.2). Average amounts of metals transported through 

the Dommel downstream from the Eindergatloop are 1-3 kg cadmium per 
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day and 50-200 kg zinc per day with an average water discharge of 4.5 m3 s"1. 

The metal pollution has acted as a strong selective force on the benthic 

fauna for over a century making it a suitable test case for studying micro-

evolutionary processes in C. riparius populations. 

In the present study, a total of nine different sampling locations in the 

River Dommel were selected, which are introduced in detail in later 

chapters. Two sampling sites, however, are used in all experiments. The 

first one is located only some tens of metres upstream from the inlet of the 

zinc factory and is used as a reference location (abbreviated as DEG). The 

second is a metal-polluted sampling station, situated in the polluted 

downstream area near the village Neerpelt (abbreviated as NP), circa 400-500 

BOX 1.1 : Chironomus riparius 

World-wide, the dipteran family Chironomidae or non-biting midges consists of at least 15,000 

different species inhabiting a wide variety of freshwater lakes and streams (Armitage et al 1995). 

The life cycle of chironomids comprises an egg stage, four larval stages and a pupal stage, all in 

the aquatic environment, followed by a terrestrial adult stage (figure 1.1). After swarming and 

mating, females deposit egg masses at the water surface were they are attached to natural 

substrates such as plants or wood litter, or to artificial substrates, such as bridges or stony walls. 

Each egg mass may contain up to 600 eggs which hatch after a few days. First instar larvae are 

predominantly planktonic, while older instars in most species migrate to the sediment and build 

tubes constructed from detritus, algae and sediment particles (Armitage et al 1995). 

FIGURE 1.1: Life cycle of Chironomidae displaying the egg stage, the four larval instars, the pupal 

stage and the terrestrial imago. The scale bar indicates a length of approximately 1 mm (adopted 

from Timmermans 1991). 

10 
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metres downstream from the confluence with the Eindergatloop (cf figure 

2.1; 3.1 & 4.1). Those closely situated sampling stations showed a high 

congruence in both biotic and abiotic characteristics, except for the highly-

increased metal pollution at the downstream site, descending from the 

Eindergatloop. Due to the limited distance and the year round presence of 

dense populations of C. riparius, comparative studies are facilitated. In 

addition to the midge populations obtained from the Dommel, a laboratory 

culture of C. riparius, started in 1986 from a small experimental pond on the 

campus of the University of Amsterdam, was used as an extra non-adapted 

reference population. 

BOX 1.1: Chironomus riparius (continued) 

The species used in the present study, Chironomus riparius, is widely distributed in the northern 

hemisphere, most commonly at temperate latitudes in the Western Palearctic and probably in the 

Nearctic as well (Janssens de Bisthoven 1995). Chironomus riparius favours eutrophic or 

organically enriched conditions and healthy populations, reaching densities up to 50,000 individuals 

per square metre, are frequently found in waters under the influence of effluents from sewage 

works (Learner & Edwards 1966; Köhn & Frank 1980; Davies & Hawkes 1981; Armitage et al 

1995). Furthermore, C. riparius is known as a species able to survive extreme environmental 

conditions such as low pH values and an increased salinity (Parma & Krebs 1977; Havas & 

Hutchinson 1982). Besides its general tolerance to extreme conditions C. riparius can be 

characterised as an opportunistic species (Pinder 1986), quickly invading newly raised, suitable 

habitats (Gower & Buckland 1978; Matêna 1990). At temperate latitudes, this opportunistic 

behaviour is facilitated by the swift succession of life cycles. For example, in rivers affected by 

organically polluted water at least five generations per year were produced (Learner & Edwards 

1966; Gower & Buckland 1978). Wintering of C. riparius occurs in the third or fourth larval instar 

and the diapause is characterised by a developmental stop of the imaginai discs in the fourth 

subfase of the last larval instar. However, a small part of the population in Belgian lowland rivers 

exhibited diapause phenomena, including the development of imaginai discs, already in the third 

instar (Vermeulen 1998). Synchronised emergence of the wintering cohort takes place in spring 

and settlement of first instar new generation larvae occurs within a few weeks thereafter. At 

temperate latitudes C. riparius displays multivoltine life cycles with repeated settling of larvae 

during April to November (Groenendijk et al 1996). However, because larval development is 

strongly related to the water temperature (Mackey 1977), the number of consecutive generations 

per year is strongly restricted by climatic conditions. In the boreal zone of Canada for example, C. 

riparius exhibit an univoltine life history in prairie ponds where the ice-free season lasted only six 

months and where food supply was limited (Rasmussen 1984a). The feeding mode of larvae of 

C. riparius can be characterised as collecting-gathering and the main food source for the larvae is 

sediment-deposited detritus (Rasmussen 1984b; 1985). 

11 
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adaptation to metals in Chironomus riparius 

Recently, the state of the art on metal adaptation in C. riparius is reviewed 

in Postma & Groenendijk (1999), mainly based on the results of Postma 

(1995) and part of the research described in the present thesis. Metal 

adaptation in C. riparius is analysed in Postma & Groenendijk (1999) using 

Brandon (1990), who argued that an ideal demonstration of genetic 

adaptation to metals should consist of five kinds of information. The 

analysis of these five criteria is summarised below. 

1) evidence that selection for metal tolerance has occurred in the past 

2) demonstration that, based on life-history characteristics, some 

individuals are better adapted than others 

3) evidence that the characters involved in metal tolerance are heritable 

4) information on the possible influence of gene flow 

5) phylogenetic information to enable distinction between the original 

and the derived state of the character 

criterion 1: evidence that selection has occurred in the past 

Establishing that selection has occurred over a relevant time interval 

might be problematic. According to Brandon (1990) there are two basic 

reasons for this: 1) Selection might have driven the selected trait to fixation 

and selection in action can not be observed; 2) In cases where actual selection 

is observed, it should be extrapolated back through time and claimed that 

the present, selective environment is similar to past selective 

environments. However, circumstantial evidence can be obtained from 

indications of present-day selection and the presence of other tolerant 

species. Posthuma & van Straalen (1993) concluded that combining data on 

the actual exposure in the field with dose-effect relationships for reference 

populations, including estimation of parameters such as EC50 or NOEC (No 

Observed Effect Concentration), is crucial in obtaining circumstantial 

evidence for selection in the past. Comparing populations along a gradient 

around a point source can be informative, but attention should be paid to 

differences in habitat characteristics. In addition, information is needed for 

12 
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the extrapolation of laboratory derived toxicity data to the actual exposure in 

the field. In the case of the Dommel and the midge C. riparius, 

circumstantial evidence based on the presence of other tolerant species is not 

available, although several other (midge) species inhabit polluted sites in 

the Dommel. Consequently, attention must be focused on either a 

comparison between the actual exposure in the field with dose-effect 

relationships obtained in the laboratory, or on indications of present day 

selection. 

Toxicity experiments performed by Postma et al (1994; 1995a) combined 

with literature data (Pascoe et al 1989; Timmermans et al 1992; Miller & 

Hendricks 1996) showed that effects on field populations of C. riparius are to 

be expected when cadmium or zinc concentrations in the water regularly 

exceed 20 nM Cd or 0.12 uM Zn. Circumstantial evidence for selection in-

situ can be obtained by comparing these laboratory-derived toxicity data with 

measured concentrations in the field (cf figure 2.2; 4.2; 4.3; table 2.1; 3.1 & 3.2). 

At polluted sites in the Dommel, NOEC-values for both larval growth and 

even survival are regularly exceeded by a factor of 10-30 and 50-80 for 

cadmium and zinc respectively. Even at upstream reference locations, 

estimated NOEC-values for zinc were exceeded. Selection for tolerance is 

therefore highly likely to occur. Indications for present day selection were 

found in acute toxicity experiments, in which first instar larvae of C. 

riparius, obtained from a laboratory culture, were exposed to surface water 

obtained from several locations in the Dommel (Stuijfzand et al 1996; 

Stuijfzand 1999). These experiments demonstrated that when larvae were 

exposed to polluted surface water from Neerpelt, growth was about half that 

of larvae exposed to surface water from the upstream reference location 

DEC It can therefore be concluded that although evidence for selection in 

the past is missing, actual cadmium and zinc concentrations in the River 

Dommel directly affect local chironomid populations. 

13 



CHAPTER I 

criterion 2: demonstration that, based on life-history characteristics, some 

individuals are better adapted than others 

Differences between metal-exposed and non-exposed populations can be 

detected by comparing life-history parameters such as survival, growth or 

reproduction. Furthermore, insight into the physiological mechanisms 

causing an increased tolerance would benefit the interpretation of 

differences in life-history parameters. In the case of the Dommel midges 

therefore, chronic toxicity experiments were started with non-exposed 

laboratory-reared offspring (Fl) obtained from field-sampled larvae and 

demonstrated significant differences in the effects of cadmium between 

populations. Increased tolerance to cadmium in the metal-exposed field 

population manifested itself in a reduction of the adverse effect on larval 

growth rate, while effects on larval mortality remained substantial (Postma 

et al 1995b). 

It is hypothesised that disturbances in a habitat will select for earlier 

maturation and increased reproductive effort (Charlesworth 1980; Sibly & 

Calow 1989). However, in experiments on cadmium-adapted chironomids 

cultured in the absence of cadmium no indications were found for a lowered 

age of reproduction (Postma et al 1995b). On the other hand, results 

demonstrated a reduced fitness under clean conditions, which is commonly 

explained as costs of being tolerant (Cook et al 1972; Cox & Hutchinson 1981; 

Holloway et al 1990). Both larval mortality and larval development time 

were shown to be increased compared to reference populations (Rl & R2), 

when cadmium-tolerant midges (PI & P2) were cultured in a clean 

environment (figure 1.2). Also in experiments using a cadmium-adapted 

laboratory-reared population, such indications of 'costs of tolerance' were 

found (Postma et al 1995a). However, differences existed among cadmium-

adapted populations. For example, control mortality of unexposed larvae 

from an adapted field population (PI) as well as from a cadmium-adapted 

laboratory-derived population was increased, but was absent in another 

adapted field population (P2) (figure 1.2). 

14 
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10« ** 
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FIGURE 1.2: Mortality (%) and larval development time (days) of two reference (O = R1; 
• = R2) and two metal-exposed ( • = P1; • = P2) field populations of Chironomus 
riparius. Presented are average values together with standard error in both the 
controls (hatched bars) and the treatments with three different cadmium concentrations 
(in revised form adopted from Postma et al 1995b). 

High mortality under clean conditions has also been found for metal-

tolerant Collembola (Posthuma et al 1993). A lack of metabolically available 

essential metals such as zinc was suggested as one of the possible reasons 

because an increased accumulation of zinc has been found in these 

organisms (Posthuma et al 1992). An increased accumulation of zinc has 

also been found in metal-adapted chironomids (Postma et al 1995a; 1995b), 

but a causal relationship with the high control mortality seemed less likely, 

because mortality remained high when cadmium-tolerant midges were 

supplied with additional zinc. These experiments, in which cadmium-

tolerant midges were supplied with additional zinc, further demonstrated 

that the increase in larval development time, as observed in some tolerant 

chironomid populations when cultured under control conditions, was at 

least partly due to an increased need for essential metals such as zinc 

(Postma et al 1995a). Interpreting the reduced fitness of metal adapted 

populations reared in a clean environment as 'costs of tolerance', can 

15 
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therefore be questioned in the case of chironomids. The reduced larval 

growth rate was most likely due to zinc shortage and consequently an 

indirect effect of the tolerance mechanism instead of a direct consequence of 

the extra energy invested in maintaining a tolerance mechanism. 

Furthermore, cadmium kinetics differed significantly between cadmium-

adapted and non-adapted populations of C. riparius. Elimination 

experiments were started using laboratory-reared offspring obtained from 

three populations: two exposed and one unexposed. These experiments 

demonstrated that more than 90% of the cadmium was found in the guts, 

and elimination of cadmium by larvae closely resembled elimination from 

the guts. Furthermore, indications for an increased efficiency of cadmium 

excretion from the guts were found in both adapted populations compared 

to the reference population. In addition to the increased elimination rates, 

accumulation experiments demonstrated somewhat higher equilibrium 

values in cadmium-adapted larvae (Postma et al 1996). 

Apparently, metal-tolerant larvae of C. riparius were capable of 

maintaining high growth rates when exposed to cadmium, even when 

larval mortality remained high. This increased tolerance was at least partly 

based on a higher excretion efficiency from the gut epithelium. 

criterion 3: heritability of metal tolerance 

Because differences in metal tolerance between field populations of 

chironomids were demonstrated using larvae from a laboratory-reared Fl-

generation, the presence of a genetic component for metal tolerance was 

assumed. However, the presence of maternal effects could not be fully 

excluded. Further proof that the increased metal tolerance was at least partly 

caused by a genetic component could not be obtained using quantitative 

genetics based on parent-offspring relations, because these analyses require 

that offspring can be related to individual parents. It is therefore necessary 

that a single couple reproduces successfully. For C. riparius this is not the 

case, because swarms need to be formed at twilight, from which paired 

insects drop out. 

16 
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However, additional evidence for a genetic component in metal 

adaptation in the midge C. riparius could be obtained by performing a multi-

generation selection experiment for cadmium tolerance in the laboratory, 

during which non-adapted midges were exposed to environmentally 

realistic cadmium concentrations. In chronic experiments, the effects on 

mortality, growth, and reproduction were studied. In addition, acute tests 

were performed at the end of the multi-generation experiment to further 

establish whether or not tolerance increased over the generations. 

Successive generations were started by using larvae originating from at least 

ten egg masses. Each generation was maintained until all surviving larvae 

had emerged. This took between four and eight weeks, depending on the 

cadmium concentration. The total experiment was conducted over nine 

consecutive generations and lasted for about one year (Postma & Davids 

1995). For all treatments, results demonstrated that the effects of cadmium 

significantly increased over the generations based on an integrated measure 

for population growth rate. The population exposed to 54 nM cadmium, on 

the other hand, recovered and the population growth rate of the ninth 

generation was significantly higher than that of the fifth to seventh 

generations. The population growth rate of the population exposed to 160 

nM cadmium peaked in the second generation, but later it decreased 

continuously until the ninth generation when all replicates were extinct. 

Also the population exposed to 17 nM cadmium became extinct, indicating 

that adaptation does not always occur. Based on these results, additional 

short-term experiments were conducted in which the effects of cadmium on 

the growth of unexposed larvae (obtained from the control population) was 

compared to the growth of larvae obtained from the ninth generation of the 

population which had been continuously exposed to 54 nM cadmium. 

Based on these chronic and short-term experiments it appeared that life-

history characters strongly correlated with both the cadmium concentration 

and generation and confirmed that adaptation to metals can occur within a 

few generations. Furthermore, it was concluded that the increased tolerance 

to cadmium in the midge populations studied was mainly due to genetic 

factors. 

17 
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criterion 4: influence of gene flow 

The fourth criterion refers to the dynamic interaction between the 

selective pressure by elevated metal concentrations and gene flow, as 

determined by two spatial components, namely pollution and population 

heterogeneity (Brandon 1990). Due to this interaction, the presence or 

absence of a certain species in a contaminated habitat is not only influenced 

by its sensitivity or ability to adapt, but also by the rate of immigration from 

non-polluted sites. Gene flow can reduce the speed of adaptation to 

pollutants (Comins 1977; Taylor & Georghiou 1979; Roush & McKenzie 

1987) but on the other hand it can reduce the effect of inbreeding and can 

introduce new genes that are essential to a further increase in tolerance 

(Slatkin 1987). 

A possible influence of gene flow in the Dommel chironomids was 

indicated by the differences found between two metal adapted midge 

populations. The first metal-exposed population (PI), sampled near the zinc 

factory, was characterised by a high control mortality, while larval 

development time did not differ from control populations. The second 

metal-exposed population (P2) on the other hand, which was sampled seven 

kilometres further downstream, was characterised by a low control 

mortality, but showed a reduced larval growth rate (figure 1.2). It was argued 

that one of the main factors responsible for these differences was the 

influence of gene flow (cf Raijmann & van Grootveld 1997). Drifting, non-

tolerant larvae originating from sites upstream from the point source of 

cadmium can easily reach the metal-exposed population just downstream 

from the zinc factory, whereas the effect on the second metal-exposed 

population will be much smaller. This would decrease not only the level of 

metal adaptation, but also the genetic stability of the most upstream adapted 

population, because sexual reproduction can produce offspring with a 

lowered fitness, due to an unfavourable combination of genes. This can 

increase mortality rate, but the surviving larvae would be likely to have an 

increased metal tolerance (Postma et al 1995b). The hypothesis that gene 

18 
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flow, as a result of larval drift, influences the dynamics of metal adaptation 

will be studied in several chapters of the present thesis. 

criterion 5: phylogenetic information to enable distinction between the 

original and the derived state of the character 

Obtaining evidence about the original state of characters involved in 

metal adaptation is often difficult, like obtaining evidence for selection in 

the past (criterion 1), especially in situations where the actual exposure is 

rather constant. It is therefore, not surprising that no conclusive 

information judging this criterion could be presented by Postma (1995) 

concerning the metal adaptation in C. riparius. 

In the River Dommel however, studying the actual evolution of 

tolerance seems possible. The selective pressure will depend on the actual 

metal concentrations and on gene flow from sites upstream. It is 

hypothesised that fluctuations in factors such as population dynamics, 

rainfall and discharge will directly influence the level of tolerance present in 

the field populations, as will be examined in the present thesis. 

outline of this thesis 

The synopsis of the current knowledge on metal adaptation in C. riparius 

using Brandon's (1990) criteria, has shown extensive evidence for genetic 

life-history differences in metal-exposed chironomids. However, substantial 

knowledge about the dynamics of metal adaptation in natural chironomid 

populations, influenced by spatial components such as fluctuating selective 

force (cf indications for present day selection, criterion 1) and population 

heterogeneity (cf the possible role of gene flow, criterion 4; the original state 

of midge populations, criterion 5) is virtually absent (Posthuma & van 

Straalen 1993). In the present study therefore, an approach was chosen in 

which attention was focused on the following objectives. 

1) to relate seasonal instar dynamics with the amount of drifting non-

exposed larvae into metal-exposed field populations to estimate the 
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BOX 1.2: fluctuating asymmetry 

Fluctuating asymmetry (FA) is defined as the occurrence of random differences between the 

phenotypic values of characters on the left and right sides of a normally bilaterally symmetrical 

individual organism (Van Valen 1962). When fitness depends on morphology, individuals which 

can develop the phenotype reliably or show greater developmental stability, should be more fit (cf 

Brakefield 1997; Clarke 1997). Departure from the law of symmetry as measured by FA has 

frequently been suggested as a reliable index of genetic or environmental health and of the effects 

of different types of stress (Leary & Allendorf 1989; Parsons 1990; 1992; Zakharov & Graham 

1992). Experimental work has shown that females of the chironomid C. plumosus prefer to mate 

with more symmetric males (McLachlan & Cant 1995; McLachlan 1997) and that higher levels of 

asymmetry coincide with different types of serious environmental stressors, such as increased 

toxicant concentrations (Zakharov & Yablokov 1990; Pankakoski et al 1992), larval crowding 

(Clarke & McKenzie 1992), or a less optimal temperature regime (Bradley 1980). 

An ideal demonstration of FA should exclude other forms of asymmetry normally occurring in 

certain animal populations (Palmer & Strobeck 1986; Palmer 1994; Swaddle et al 1994). The first 

of these is antisymmetry, a form of asymmetry due to negative interaction between sides. This 

type of asymmetry is found for example in fiddler crabs (ilea spp), where the large signalling claw 

of the males occurs at an equal frequency on the left and right sides in a population. Directional 

asymmetry, a systematic bias in one direction, is another form of normal development, but can 

seriously interfere with FA-analysis. Directional asymmetry is for example occurring in humans 

where the right gonads are normally larger than those on the left (cf Leary & Allendorf 1989). 
In larval chironomids FA is studied in relation to environmental stress on rare occasions only. 

Clarke (1993) showed a decreased developmental stability in C. salinarius populations under the 
influence of a fertiliser manufacturing facility. In addition, in another Chironomus species tentative 
evidence was put forward for an increased FA-level caused by chlorpyrifos contamination (Clarke 

rate of inbreeding between metal exposed and non-exposed 

chironomids 

2) to examine the developmental stability of metal-exposed chironomids 

as compared with their non-exposed conspecifics, by developing and 

investigating morphological markers for development 

3) to determine whether a higher net metal handling capacity is present 

in metal adapted populations as compared with non-exposed 

chironomids 

4) to describe temporal variability in the actual level of metal adaptation 

that might occur as a result of immigration of non-exposed midge 

larvae 

5) to develop a method for crossbreeding chironomids allowing to mimic 

gene flow under experimental conditions and to examine the 

heritability of metal adaptation after crossbreeding. 
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BOX 1.2: fluctuating asymmetry (continued) 

etal 1995). However, Bleeker et al (1999) did not detect significant deviations from bilaterally 
symmetrical C. riparius larvae exposed to different nitrogen substituted polycyclic aromatic 
hydrocarbons. In the present thesis, FA was used to estimate the developmental stability of metal-
exposed C. riparius populations in the River Dommel. As in the mentioned studies on FA in 
chironomids, the character chosen was the number of teeth on the comb-like pecten epifaryngis 
(figure 1.3), which is situated at the anterior part of the larval head capsule. The difference in the 
number of teeth between left and right sides served as a measure for asymmetry. The centre of 
the pecten epifaryngis was determined by an indentation on the anterior side of the pecten. The 
tooth or pair of teeth in the middle of this indentation was used as the division point between right 
and left. It is argued that this character is not influenced by antisymmetry or directional asymmetry 
and, in addition, the remaining statistical criteria allowing FA-analysis were also met (cf chapter 3; 
Clarke 1993; Clarke et al 1995; Bleeker et al 1999). 

FIGURE 1.3: Pecten epifaryngis of Chironomus riparius situated at the anterior part of the larval 
head capsule. A method was developed to incorporate high frequencies of asymmetrical 
individuals (cf picture B) in midge populations in a measure describing fluctuating asymmetry. 

At first therefore, a detailed year round field study was carried out to 

analyse seasonal dynamics of C. riparius at both metal exposed and non-

exposed field sites in the River Dommel. Three different sampling sites in 

the River Dommel were visited every fortnight. Life cycles and density 

patterns were examined by analysing instar composition. An estimation of 

the immigration rate was made by measuring the amount of non-tolerant 

larvae drifting into the metal-exposed area (chapter 2). In the third chapter 

the developmental stability of eight different chironomid Dommel 

populations and their progeny in clean cultures was measured. This was 

carried out by studying the level of fluctuating asymmetry and the 

occurrence of mentum deformities, which were both analysed by light 

microscopy. First a suitable technique for the application of the theory of 

fluctuating asymmetry was developed and improved for use on C. riparius 

fourth instar larvae (cf box 1.2). In the fourth chapter, metal accumulation 

and the fate of metals during metamorphosis were investigated because it 
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was assumed that the presence of metal-adapted specimens would influence 

the metal handling capacity of the chironomids. For this purpose, zinc and 

cadmium content was measured in simultaneously sampled larvae and 

imagoes of C. riparius from both reference and metal-polluted sites. Large 

samples were obtained to estimate shedding rates in four different 

chironomid populations from the River Dommel. To examine the possible 

consequences of gene flow in metal-adapted field populations of C. riparius, 

certain life-history characteristics were followed over time to detect temporal 

fluctuations in the level of metal adaptation (chapter 5). Three different field 

populations were visited seven times in a five-month period. In addition, a 

laboratory population of C. riparius was used as an extra reference 

population to exclude temporal variability due to unknown environmental 

influences or experimental conditions in the laboratory. Populations were 

tested in chronic experiments using first generation laboratory-reared 

animals and interpopulation differences can, therefore, be assumed to be at 

least partly genetically determined. To allow crossbreeding under 

experimentally controlled conditions, an emergence trap was designed and 

metal adapted and non-adapted chironomid strains were crossbred 

successfully (chapter 6). This crossbreeding technique was used in the 

seventh chapter to simulate gene flow from non-adapted strains in metal-

adapted chironomids and to examine the heritability of metal tolerance. 

This unit focused on two chironomid field populations flanking the point 

source of metal pollution and it is, therefore, hypothesised that these 

populations interbreed under natural conditions. Short-term toxicity 

experiments were carried out on eight occasions during a period spanning 

more than a year to measure control mortality rates, control growth, and 

EC50 values in the parental populations and in both reciprocal crosses. 
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CHAPTER II 

Seasonal dynamics and larval drift of Chironomus riparius 

(Diptera) in a metal contaminated lowland river 

ABSTRACT 
Chironomus riparius is one of the insect species which inhabit polluted rivers in large 

densities, indicating a high adaptive capacity. Previous studies showed that this capacity 

is expressed by the occurrence of adapted strains in metal-polluted rivers. Differences in life 

history between metal exposed and non-exposed midges have been demonstrated in laboratory 

experiments, and therefore a comparative field study of seasonal dynamics was carried out a t 

two metal-polluted sites and one reference site. Just downstream from a massive metal 

discharge, seasonal dynamics were almost identical to the upstream reference site. Circa four 

generations per year were produced. Further downstream, lower larval densities were 

recorded, especially during the second half of the sampling period. The influx of upstream C. 

riparius larvae into polluted sites was estimated by measuring larval drift just upstream from 

the point source of metal contamination and indicated a massive input to the standing stock 

downstream. It is concluded that drift of non-tolerant larvae is dominating the seasonal 

dynamics of midges downstream. Accordingly, genetic uniformity of chironomids inhabiting 

upstream and downstream sites is expected most of the time. However, research performed 

during the last decade, demonstrated that genetically adapted strains of C. riparius may 

develop at certain stages in the seasonal cycle. However, a stable metal-adapted C. riparius 

population at the first downstream site, is most likely present on rare occasions only. 



CHAPTER II 

Introduction 

Chironomus riparius Meigen, 1804 is one of the invertebrate species 

inhabiting lowland rivers in Belgium and the southern part of the 

Netherlands. One of these rivers, the River Dommel, is strongly polluted 

with metals from a distinct point source in the river. Dissolved cadmium 

and zinc concentrations in the Dommel, downstream from the polluter, 

regularly exceed substantially chronic No Observed Effect Concentrations 

(NOEC) for growth, reproduction and mortality of C. riparius (Postma et al 

1994; Timmermans et al 1992). Nevertheless, flourishing midge populations 

are found at metal contaminated as well as reference sites in the river. This 

apparent contradictory observation has been explained by the adaptive 

capability of this midge species as found in metal-exposed laboratory cultures 

(Postma & Davids 1995; Miller & Hendricks 1996). These findings were 

corroborated in the metal-polluted River Dommel, because midges sampled 

at exposed sites have shown to be less sensitive to cadmium compared to 

unexposed chironomids (Postma et al 1995a; 1995b). By the standards set in 

Brandon (1990) to review a genetic component in adaptation to toxicants, the 

adaptation to metals in the River Dommel was judged to be genuinely 

genetic (Postma & Groenendijk 1999). However, additional differences in 

life history characteristics have been recorded between metal-exposed 

midges from different sites in the river. Midges (Fl) originating from the 

metal-polluted sites were characterised by either a high control mortality or 

an increased larval development time (Postma et al 1995a). These 

differences imply that in situ seasonal dynamics show location specific 

differences. 

Metal adaptation in arthropods has been extensively studied in stable 

habitats like soils (Posthuma & van Straalen 1993) or in a confined 

experimental set-up (Postma et al 1995a; 1995b). It has not been shown, 

however, how metal adapted and non-adapted invertebrates interact in the 

highly dynamic regime of a river. It may be that separate subpopulations are 

maintained by reproductive isolation, like in Chironomus plumosus 

populations in a freshwater lake in Denmark. Pedersen (1988) showed that 
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seasonal differences in the emergence patterns between shallow and deeper 

lake areas considerably limited the gene flow between two C. plumosus 

populations. He proposed that this was the main reason for the 

maintenance of two separate Mendelian populations within the same lake. 

The present study aimed to investigate the seasonal dynamics of larval 

density of C. riparius, inhabiting both metal exposed and non-exposed sites 

in the contaminated lowland river Dommel by comparing instar 

composition and frequency distributions at three different stations. In 

conjunction, the number of non-exposed larvae drifting into metal-exposed 

sites further downstream was measured. These observations, together with 

the results of ongoing studies on the interbreeding of chironomids 

inhabiting sites differing in metal exposure, will elucidate the possibility of 

reproductive isolation of metal-adapted C. riparius chironomids in the 

River Dommel. 

Materials and Methods 

study sites 

Research was conducted in the River Dommel, a tributary of the River 

Meuse (figure 2.1). The Dommel, which is a typical lowland river fed by 

rainwater, is characterised by a sandy bottom, a width of 5-7 m, a depth of 0.4-

1.5 m, a current velocity varying between 0.3 and 0.8 m s"1 and neutral waters 

with a naturally high iron content. The visibility is often limited to 10-20 

cm due to suspended organic material, but seasonal variation does occur. 

The Dommel rises in the northern part of Belgium and a small stream, the 

Eindergatloop, enters the river at the Dutch border (figure 2.1). On the banks 

of the Eindergatloop a zinc factory of Union Minière is situated, which has 

been in production since 1888. Although background levels of some metals 

(for example, zinc and iron) in the Dommel are already elevated upstream 

from the confluence with the Eindergatloop, cadmium contamination 

originates largely from this point source (Postma 1995). 
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Three sampling sites were selected in the Dommel: 1) a reference location 

situated about 100 metres upstream from the Eindergatloop (abbreviated as 

DEG), 2) the first polluted location Neerpelt (NP) about 500 metres 

downstream from the zinc factory and 3) the second polluted site Borkel (B) 

located circa seven kilometres downstream from the Eindergatloop (figure 

2.1). 

River Dommel 

Dutch-Belgian border 

FIGURE 2.1: Location of the sampling sites. The River Dommel is indicated in detailed 
inset. 

field sampling of Chironomus riparius 

Chironomids were sampled from January 1995 to January 1996 close to the 

river bank where organic material settles. Water temperature was measured 

in the middle of the stream at a depth of approximately 10 cm. Monthly 

sampling took place during winter, while from February to October samples 

were taken every fortnight. Study sites were visited in random order on 

every sampling occasion. Eight replicate samples of the benthic fauna were 

taken at each location using a hand-held corer (surface area 22.9 cm2). 

Samples were transported to the laboratory and kept at 4 °C prior to sorting. 
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All samples were processed within 24 hours after sampling. In order to 

separate chironomid larvae from sediment particles, samples were first 

sieved using a 150 urn sieve. Samples were then processed by flotation in an 

oversaturated salt solution (Anderson 1959). The organic fraction, including 

the benthic organisms, was collected using a vacuum pump. This flotation 

technique was used because many first and second instar larvae are easily 

overlooked when sorting untreated samples (Carter 1976). Samples were 

preserved and stored in circa 4% formaldehyde before identification took 

place. 

Chironomid larvae were identified to family level using the key of Moller 

Pillot (1984). Larvae of the genus Chironomus were identified to genus 

level based on the presence of ventral tubuli. It was shown by Postma (1995), 

that based on karyotypic identification, probably all Chironomus larvae in 

the Dommel belong to C. riparius. Control identification of emerged male 

imagoes using the key of Pinder (1978), confirmed that in the present study 

Chironomus larvae from the Dommel also belonged to C. riparius. The 

different larval stages were determined by measuring the width of larval 

head capsules using the known relationship between these parameters for C. 

riparius (unpublished data). Although it is difficult to identify first instar 

chironomid larvae to species level, the first instar larvae presented here can 

safely be assumed to be larvae of C. riparius, because peaks of these first 

instar larvae were normally followed by peaks of unequivocally identifiable 

second instar larvae. Furthermore, these first instar larvae were compared 

to first instar larvae from a laboratory culture, of which larvae have been 

cytologically determined to be C. riparius (Postma 1995). Criteria developed 

by these direct comparisons under a light microscope (600 times 

magnification) were: 1) the presence of a central medial tooth at the 

mentum, 2) the shape of the antennae characteristic for larvae of the tribe 

Chironomini and 3) the presence of two separated ocelli. Only larvae which 

satisfied the above mentioned criteria were identified as first instar C. 

riparius larvae. 
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drift measurements 

Larval drift was measured at the reference site DEG at the same time as 

the core samples were taken. A 250 urn net (30 cm wide) was held in the 

middle of the river just under the water surface for three successive 4-8 

minute periods. Stream velocity (current meter: A.OTT Kempen), depth 

and width of the river were measured simultaneously to calculate water 

discharge at this sampling site. The filtered water volume varied between 

5.7 and 16.3 m3. All drift measurements were carried out between 10:00 AM 

and 1:00 PM, and each collected drift sample received a similar treatment as 

the core samples. Only the numbers of intact chironomid larvae and pupae 

were counted. 

water and detritus characteristics 

Water samples were collected from the middle of the stream using acid-

washed polyethylene bottles at a depth of approximately 10 cm. These water 

samples were centrifuged for five minutes at 3000 r min"1 and acidified 

thereafter. Samples of the top sediment layer were collected in acid-washed 

polyethylene bottles and were stored (frozen) prior to preparation. These 

samples, containing a mixture of sediment and organic material, were 

sieved using a mesh size of 0.6 mm. Thereafter, sand and other heavy 

particles were allowed to settle during 60 s. This procedure was repeated 

twice. The resulting suspension was carefully suctioned off after standing 

overnight. The particles sedimenting out of this suspension were collected 

and stored (freeze-dried) for later analyses. This procedure increased the 

amount of organic carbon in the samples to circa 35% (table 2.1). This 

material will hereafter be referred to as detritus which is widely used as food 

by chironomids (Rasmussen 1984a). Concentrations of metals in detritus 

will therefore, characterise the exposure of the different chironomid larvae 

better than metal concentrations in total sediment, although metal 

concentrations in detritus will be affected by this preparation method. 

Detritus samples were digested in H N 0 3 (Baker Ultrex) using a microwave 

equipped with a temperature and pressure control programme. Water and 

detritus samples were analysed (n = 2-4) with Graphite Furnace Atomic 
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Absorption Spectrometry (Perkin Elmer 5100) equipped with Zeeman 

background correction, or air-acetylene Flame Atomic Absorption 

Spectrometry (Perkin Elmer 1100B). Quality control of metal analyses was 

carried out by analysing destruction blanks and reference material (NIST: 

2704 Buffalo River Sediment). Measured values agreed with certified values 

(less than 10% deviation) and destruction blanks were near detection limits. 

Principal water and detritus characteristics for each location can be found in 

table 2.1 & figure 2.2. 

statistical analyses 

Differences in larval density among locations were statistically analysed 

using one-way ANOVA according to Sokal & Rohlf (1981). W h e n 

assumptions for ANOVA were violated, non parametric Kruskal-Wallis 

(KW) tests were performed. Five percent significance level was used for 

rejection of H0 in all cases. 

TABLE 2 .1 : Average values (n = 21-23) ± standard error of principal water and detritus 
(based on dry weight) characteristics from the different field sites recorded between 
January 1995 and January 1996. For seasonal variation of some of the characteristics 
see also figure 2.2. 

Location DEG Neerpelt Borkel 
distance (m) from point 
source of metal pollution -100 +500 + 7000 

parameter units 

Dissolved metals 
Cd nM 5.1 ± 0.6 638 ±101 315 ± 51 
Zn | iM 2.0 ± 0.2 14.7 ± 1.1 10.9 ± 1.0 
Cu nM 59.6 ± 6.4 119.3 ± 11.9 98.5 ± 14.4 
Fe \iM 5.8 ± 0.6 4.2 ± 0.8 6.5 ± 1.3 
Mn UM 1.1 ± 0.1 2.7 ± 0.2 2.4 ± 0.2 

Detritus 
loss on ignition% 33.5 ± 0.5 36.9 ± 0.6 33.5 + 0.7 
Cd mmol kg 0.24+ 0.02 3.5 ± 0.5 5.1 ± 0.5 
Zn mmol kg"1 40.8 ± 2.6 85.4 ± 6.1 85.5 ± 6.4 
Cu mmol kg"1 3.3 ± 0.1 6.0 ± 0.3 3.9 ± 0.3 
Fe mol kg"1 1.21 ± 0.06 0.93 ± 0.05 1.11 ± 0.05 
Mn mmol kg"1 8.7 ± 0.6 2.9 ± 0.2 3.3 ± 0.1 
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Results 

water and detritus characteristics 

The seasonal variation in temperature at the three sampling sites is 

shown in figure 2.2A. Water temperatures increased during the year from 

6 °C in January to a maximum of nearly 20 °C in July. No significant 

differences existed between sampling sites (ANOVA: F = 0.12; p = 0.89). 

Water discharge (figure 2.2B) of the Dommel at the reference site DEG was 

stable from May 1995 until January 1996 (circa 1.0 m3 s"1), but peaked in 

February 1995 to almost 5.0 m3 s"1, when north-western Europe was under 

the influence of heavy rainfall. Dissolved Cd (figure 2.2C) and Zn (figure 

2.2D) concentrations differed significantly among sampling sites (KW = 45.9 

and 45.0 respectively; p < 0.001). Concentrations of Cd (figure 2.2E) and Zn 

(figure 2.2F) in detritus also differed significantly among locations (KW = 

46.8 and 32.9 respectively; p < 0.001). Cd and Zn concentrations in both water 

and detritus were much higher downstream from the outlet of the zinc 

factory. However, only small differences in concentrations were found 

between the two polluted sites. At Neerpelt, the first polluted location, 

dissolved concentrations of both Cd and Zn were slightly higher compared 

to those at Borkel, which is located further downstream (figure 2.2C & 2.2D). 

This is also indicated by the average values (table 2.1). Metal concentrations 

in detritus were on average higher at Borkel, the second polluted location 

(table 2.1). 

seasonal dynamics of Chironomus riparius 

Chironomus riparius was generally the most abundant chironomid 

species present at all sampling sites. Proportions of C. riparius expressed as 

percentages of total chironomids varied between 0%, when for instance 

emergence of C. riparius took place, and more than 86% during summer. 

Other chironomid subfamilies and species found included Prodiamesa 

olivacea (Meigen, 1818) and various Orthocladinae, Tanypodinae and 

Tanytarsinii. 
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FIGURE 2.2: Seasonal variation of (A) water temperature (°C), (B) water discharge 
(m3 s"1), (C) dissolved Cd concentrations (nM), (D) dissolved Zn concentrations (uM), 
(E) Cd concentrations in detritus (mmol kg DW"1) and (F) Zn concentrations in detritus 
(mmol kg DW'1) at the three sampling locations O = DEG; • = Neerpelt; • = Borkel) 
during January 1995-January 1996. 

The total densities of C. riparius larvae throughout the year are shown for 

each location in figure 2.3. In winter densities were low, circa 2000 

individuals m2 , except at Borkel where densities exceeded 16,000 individuals 

m 2 . During spring and summer maximum densities of 20,000 at Borkel to 

more than 70,000 individuals m"2 at Neerpelt in November were observed. 

Densities at the three locations were similar until late July, but from August 

onwards densities at Borkel dropped to less than 1000 individuals m'2. 
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FIGURE 2.3: Seasonal dynamics of total densities of Chironomus riparius larvae at the 
three sampling locations. Mean values with standard errors are shown. 
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sampling date 

FIGURE 2.4: Seasonal dynamics of the four larval instars of Chironomus riparius at the 
reference location DEG, the first polluted location Neerpelt and the second polluted 
location Borkel. Plus signs in the graph of the fourth instar larvae indicate the presence 
of pupae in the sediment. Mean values with standard errors are shown. 
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The seasonal variation in numbers of the different instars of C. riparius at 

the reference location DEG is shown in figure 2.4. At the start of the 

sampling period, the winter cohort consisted mainly of fourth instar larvae. 

Only 10% of C. riparius wintered as third instar larvae. Emergence took 

place in March, as indicated by the presence of pupae and decreasing fourth 

instar densities. During the second half of April, first instar larvae settled in 

low densities followed by a peak of second instar larvae in the beginning of 

May. While third instar larvae could not be traced, fourth instar larvae and 

pupae of most probably this cohort were found on the last sampling date in 

May. After this first spring cohort, settlement of first instar larvae occurred 

at least four times more, resulting in consecutive peaks with increasing 

densities of all other instars during summer, indicating a multivoltine life 

cycle with circa four generations in 1995. However, judging the width of the 

peaks during summer and the presence of pupae from July until September, 

clear separation of different generations is extremely difficult. The large 

standard errors on October 24 are due to one exceptional core sample 

containing many more first and second instar larvae than all other samples. 

Calculated densities without this sample are for first instars 5740 individuals 

m2 (SE: 992) and for second instar larvae 3806 individuals m-2 (SE: 1034), still 

presenting peaks of these younger instars. Additionally, larval densities 

decreased in November and December to circa 2000 individuals m"2, mainly 

third and fourth instar larvae. This indicates winter mortality or drift, 

resulting in lower densities compared with those at the start of the sampling 

period in January 1995. 

At the first polluted site Neerpelt, settling of first instars throughout the 

year and densities of the different larval instars showed a pattern similar to 

the seasonal dynamics at the reference location DEG (figure 2.4). No 

significant differences in total larval densities (KW = 0.051; p = 0.82) or in the 

densities of the four separate larval instars (ANOVA (instar 2; F = 1.06) and 

KW (instar 1, 3 and 4; 0.033 < KW < 0.12); 0.30 < p < 0.86) could be detected 

between the reference site and the first polluted site. 

At the second polluted location Borkel (figure 2.4), seasonal dynamics of 

larval densities were comparable to the reference location DEG only until 
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the end of July. In August, however, densities dropped to less than 1000 

individuals m"2. During the second half of 1995 densities of larval instars in 

any stage never exceeded 1500 individuals m"2, resulting in significant 

differences in total larval density (KW = 13.17; p < 0.001) and in the densities 

of the four separate larval instars (9.30 < KW < 14.56; p < 0.01 (instar 1), 

p < 0.001 (instar 2-4)). This is in sharp contrast with the high densities of C. 

riparius observed during the second half of 1995 at the reference site DEG 

and the first polluted location Neerpelt. 

drift 

The number of drifting larvae expressed as total number of all larval 

instars per m3 river water, was measured at the reference location DEG just 

before the zinc factory (figure 2.5A). All drifting larvae measured at this 

location originate from non-exposed locations and would, after passing the 

point source of metal pollution, directly enter metal-exposed sites. These 

measurements showed a distinct transport of non-exposed larvae towards 

the polluted site Neerpelt during July to September and minor peaks during 

winter. Only low numbers were measured during March to June. The 

number of drifting larvae, calculated as total numbers of all instars of C. 

riparius larvae per hour, is shown in figure 2.5B. These calculated numbers 

demonstrate roughly a similar pattern, indicating that larval drift correlated 

with water discharge in the river. However, the high number of larvae in 

February 1995 was caused by high water discharge of the River Dommel. In 

February water discharge was 4.9 m3 s"1 at DEG (figure 2.2B), more than three 

times the average value of 1.4 m3 s"1. In summer the high number of 

drifting larvae coincided with high larval densities at upstream locations (cf 

figure 2.3). During winter, most of the C. riparius larvae found in the drift 

samples were fourth instars. From May until September 1995 the 

proportion of fourth instar larvae fluctuated around 30%, while the 

proportion of third instar larvae varied between 50-60%. During summer, 

low numbers of first and second instar larvae were also present in the drift 

samples. It should be noted however, that due to the used mesh size of the 

drift net (250 |J.m), most likely large numbers of first and second instar larvae 
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have passed the net. Pupae were found in small numbers during the 

emergence peak in early spring and during August and September (figure 

2.5A & 2.5B). 
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FIGURE 2.5: Seasonal dynamics of drifting Chironomus riparius larvae (open symbols) 
and pupae (black symbols) at the reference location DEG. Mean values with standard 
errors are shown. Figure A shows the number of drifting individuals m"3, figure B 
shows an estimation of drifting individuals hr"1 (*1000). 

Discussion 

differences in seasonal dynamics 

The presented data illustrated that C. riparius in the River Dommel is a 

multivoltine species which produced circa four generations during 1995. At 

temperate latitudes, multivoltine life-cycles are normal for C. riparius 

(Gower & Buckland 1978; Learner & Edwards 1966). Maximum densities of 
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C. riparius varying between 5000 and 23,000 larvae m"2 have been observed 

by Davies & Hawkes (1981) and Learner & Edwards (1966). However, under 

favourable conditions, C. riparius can reach densities between 40,000 and 

50,000 individuals m2 (Köhn & Frank 1980; Rasmussen 1984b). Chironomus 

riparius is further known as a species that favours eutrophic conditions or 

conditions with organic pollution (Armitage et al 1995; Edwards 1985; 

Gaufin & Tarzwell 1956). The organic load of the Dommel is high, and 

therefore supports the high densities of C. riparius recorded during summer 

at the reference site DEG (observed maximum 42,797 individuals m"2) and 

the first polluted location Neerpelt. On the other hand, dissolved metal 

concentrations were usually very high at Neerpelt during 1995, and 

regularly far exceeded chronic NOEC-values for growth, reproduction and 

mortality (Postma et al 1994; 1995b; Timmermans et al 1992). This is in 

contrast with the observed high densities at especially the first polluted 

location Neerpelt of almost 75,000 individuals m"2 in November 1995. N o 

significant differences in either seasonal dynamics or densities could be 

detected between the reference location and the first polluted station. For 

the further downstream located second polluted site, however, differences 

from the reference site were significant for all larval instars as well as for 

total larval densities. In general, factors like physical habitat characteristics 

or a different species composition can well contribute to the observed site 

specific differences. However, except for metal concentrations (table 2.1), no 

major differences in a diverse set of principal water and sediment 

characteristics along the research tract in River Dommel are recorded 

(Postma 1995). In addition, no major differences in species composition 

could be traced and are, therefore, not the most likely explanation for the 

observed difference between the different pattern of abundance of C. riparius 

larvae at the most downstream site. Consequently, the high cadmium and 

zinc concentrations in water and detritus seemed to affect the seasonal 

dynamics of C. riparius further downstream more than at the first polluted 

site. It could be hypothesised that the midges at the first polluted site were 

better adapted to metals than those further downstream. This is not a likely 

explanation because occasionally, for instance at the beginning of September 
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1995, almost no larvae were present at the first polluted site, contrary to the 

expectations based on high densities of first and second instar larvae just 

before, in August. At this specific time of the year, simultaneous 

measurements of cadmium in detritus suddenly increased by more than 

four times and measurements of zinc increased by more than a factor two, 

compared with the average values. At the same time, more than 60% of the 

C. riparius larvae present, consisted of first and second instar larvae and it is 

generally known that these younger instars are much more sensitive to 

cadmium than older instars (Williams et al 1986). A tentative explanation, 

therefore, could be that the local first and second instar chironomids present 

were eradicated by the sudden increase in metal concentrations in detritus 

and this could well explain the lack of expected third instar larvae. A 

comparable situation existed at the second polluted downstream site at the 

end of July, when more than 60% of the C. riparius larvae consisted of first 

instar larvae. During this period, concentrations of zinc and cadmium in 

detritus also sharply increased. Again, it seems most likely that the sudden 

decrease in density was caused by high metal concentrations in detritus at 

times when a large proportion of the C. riparius larvae present consisted of 

sensitive first instar larvae. 

It is concluded that average levels of metal contamination in the Dommel 

did not significantly affect either the life history or the total larval densities 

of C. riparius present. Sudden peaks in metal contamination, however, 

with concurrent presence of a large proportion of sensitive first and second 

instar larvae, can most likely affect the population. It is therefore suggested, 

that only the observed high metal concentrations in detritus created a high 

selection pressure for metal adaptation in the field situation, most likely by 

causing massive mortality of young larvae. 

influence of larval drift 

To make a rough estimate of the impact of non-tolerant drifting larvae 

entering the first metal-exposed site, a daily larval input can be calculated 

using the following assumptions: 1) Larval drift is constant during a period 

of 24 hours; 2) The distance travelled by larval chironomids is 100 metres at 
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a maximum and thus migrating larvae settle out of the drift in the polluted 

section; 3) Downstream chironomid density is uniform and midge habitat is 

estimated as two square metres per metre river, concurrent with the zone 

close to the river banks where organic material settles. It should be noted 

that the method used to measure drifting larvae does not capture all spatio-

temporal variability. The calculated larval influx should be seen as a 

conservative estimate. Assumption 1 for instance, may lead to 

underestimated drift rates, because larval drift of some chironomids, 

including a Chironomus species, is known to be higher at night than during 

the day (Ali & Mulla 1979; Stoneburner & Smock 1979). In addition, also 

assumption 2 may lead to a conservative calculation because the distance of 

100 metres is about the maximum recorded in literature for chironomids as 

well as for other drifting invertebrates (McLay 1970; Elliott 1971; Larkin & 

McKone 1985; Brittain & Eikeland 1988). Furthermore, the extent of larval 

drift is also substantially underestimated by the use of a 250 |J,m driftnet, 

through which a good proportion of living first and second instar larvae 

would pass (Storey & Pinder 1985). When considering the influence of all 

spatio-temporal variability as discussed above, more larvae would be caught 

and thus, a greater influence should be calculated. The calculations of daily 

influx percentages were made by comparing the calculated daily number of 

drifting non-tolerant larvae to the actual number of larvae present at the 

receiving, metal-exposed site. 

Estimated daily input of non-tolerant larvae at the first downstream site, 

sometimes exceeded even 100% of the standing stock present, especially 

between February and April when larval densities at metal-exposed sites are 

low and the number of drifting individuals peaked. Even when larval 

densities are high, for instance during July-September, the influence of 

upstream larvae in the downstream metal-exposed site amounts to 5-10% of 

the standing stock per day. Although roughly estimated, it is clear that the 

impact of drifting non-tolerant larvae entering the metal-exposed sites just 

downstream from the point source is substantial. Therefore, any effects 

arising from the effects of metal contamination on exposed larvae would 
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likely to be masked by the presence of large numbers of immigrants from 

upstream sites. 

During the second half of 1995, the population of C. riparius at the second 

polluted location did not recover from its sudden density decrease. In 

contrast, after the sudden drop at the end of August, densities at the 

upstream polluted station increased within a month to more than 20,000 

individuals m"2. This difference in recovery can be explained by the drift of 

larvae from unpolluted sites upstream. During July-September 1995, the 

daily influx peaked, when an estimated number of 15,000 larvae were 

entering the polluted reach every hour. The influence of this larval drift on 

the second polluted location, situated circa seven kilometres downstream, 

was most likely less important. This may explain the observed differences 

in recovery rates as well as in densities and seasonal dynamics between the 

two metal-exposed sites, and the almost identical seasonal dynamics of the 

reference site and the first polluted location. 

High immigration rates of upstream non-tolerant larvae might also 

indirectly affect the overall level of metal tolerance present in the 

downstream chironomids. Due to high drift rates, genetic uniformity of 

chironomids inhabiting upstream and downstream locations is to be 

expected and was measured on one occasion (Raijmann & van Grootveld 

1997). In addition, the presence of adult midges can increase the genetic 

uniformity further. Although it is generally thought that drifting larvae 

normally represent the major part of the total gene flow compared to the 

minor dispersal of the short living and weak flying imagoes (Davies 1976), it 

is likely that there will be a certain amount of genetic mixing, especially 

caused by the females, which may move some distance to mate and oviposit 

(Williams & Williams 1993). Judging the high drift rates, the question arises 

if there can be a local metal-adapted subpopulation present at polluted sites. 

It seems likely that metal adaptation is re-established again and again after 

periods of increased metal stress and mortality of first and second instars. 

However, once these tolerant specimens occur, as showed by Postma (1995), 

they can also be lost from the metal polluted sites due to larval drift. There 

is no evidence suggesting that metal-adapted specimens are less prone to 

46 



S E A S O N A L D Y N A M I C S A N D L A R V A L D R I F T 

drift than non-adapted specimens. Consequently, the metal-adapted 

individual midges are often present only in low densities and abound only 

on special occasions, such as found for downstream sites after a period of 

intense metal stress and low import of non-exposed specimens. Their 

specific life cycle trait such as indicated by Postma et al (1995a) may, 

therefore, be apparent in the seasonal dynamics on rare occasions only. 
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CHAPTER III 

Fluctuating asymmetry and mentum gaps in populations of the 

midge Chironomus riparius (Diptera: Chironomidae) from a metal 

contaminated river 

ABSTRACT 
The developmental stability of both metal exposed and non-exposed Chironomus riparius 

populations from the lowland river Dommel was investigated using fluctuating asymmetry 

(FA) and the incidence of mentum gaps. It was hypothesised that larval development was 

affected by the influx of metals, directly by chemical stress, as well as through inbreeding of 

metal adapted and non-adapted specimens. Morphological parameters were, therefore, 

assessed in field collected larvae and in clean laboratory cultured, first generation (Fl) 

larvae. FA-values and mentum gap incidence at contaminated field sites were significantly 

higher than at clean, upstream locations. Furthermore, FA-values of clean laboratory 

cultured Fl larvae fell to reference values mostly, indicating the direct effect of metal 

pollution on developmental aberrations. Mentum gaps were not observed in clean Fl cultures. 

Slightly elevated FA-values were, however, still observed in clean Fl generation larvae from 

polluted locations downstream from the metal input. This residual disturbance was thought 

to reflect genetic stress emerging from interbreeding between metal-adapted and non-adapted 

specimens. Fluctuating asymmetry and mentum gaps serve as a useful ecotoxicological marker 

for metal stress and that combined with in situ studies and Fl cultures allow for analysis of 

the response of animal populations to spatial and temporal gradients in metal exposure. 
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Introduction 

Developmental disturbances in animal populations are of increasing 

concern, and deformities of both vertebrates (Herkovits et al 1997) and 

invertebrates (Canfield et al 1994; Janssens de Bisthoven 1995) are more and 

more used as ecotoxicological endpoints. However, developmental 

disturbances are not only caused by exposure to toxicants, but also by genetic 

stress (Leary & Allendorf 1989). The question arises how developmental 

stability is affected when populations are exposed to these two stressors at 

the same time. Chironomus riparius (Diptera; Meigen, 1804) offers the 

unique opportunity to study this, because populations of this chironomid in 

the lowland river Dommel, are subject to both types of stressors. 

Downstream from a distinct point source, this river is heavily contaminated 

with metals, especially cadmium and zinc. As a consequence, some of the C. 

riparius populations, originating from the metal-exposed field sites, have 

been shown to be less sensitive to cadmium compared to unexposed 

populations (Postma et al 1995a; 1995b). Because site-specific differences 

were studied using first generation laboratory reared animals, this 

cadmium-tolerance was assumed to have a genetic base. 

Field measurements of drifting non-exposed larvae, a few metres 

upstream from the point source, showed a steady transport of C. riparius 

larvae into the metal-exposed midge populations (Groenendijk et al 1996). 

Because the distance between the cadmium-tolerant and non-tolerant midge 

populations in the vicinity of the point source, is limited to only a few 

hundred metres, the influence of drifting non-tolerant larvae on cadmium-

tolerant midge populations just downstream, can be substantial (Postma & 

Groenendijk 1999). These drifting larvae normally represent a major part of 

the total gene flow compared to the minor dispersal of the short living and 

weak flying imagoes (Davies 1976). We hypothesise therefore, that midge 

populations downstream from the inlet of metal contaminated water suffer 

from both environmental stress (metal pollution) as well as intense 

crossbreeding of tolerant and non-tolerant midge larvae, which may 

involve genetic stress. To test this, the developmental stability of midge 
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populations was analysed using fluctuating asymmetry and the presence of 

mentum gaps as morphological markers of development. 

Fluctuating asymmetry (FA) is defined as the occurrence of random 

differences between the left and right side of a normally bilateral 

symmetrical organism (Van Valen 1962). When normal developmental 

processes are affected by genetic stress, such as hybridization or increased 

homozygosity, or by environmental stress factors, such as pollution or 

declining habitat quality, FA-levels may increase (Parsons 1992; Clarke 1992). 

Relationships between the level of FA and environmental or genetic stress 

have been demonstrated in diverse animal species (Leary & Allendorf 1989; 

Zakharov & Yablokov 1989; Clarke 1992; Pankakoski et al 1992). Therefore, it 

is suggested that FA-measurements might provide a reliable measure of 

overall population condition or fitness (Palmer & Strobeck 1992). 

Mentum gaps were first described by Köhn & Frank (1980) and occur 

commonly in Chironomus spp larvae. The so called Köhn gaps are severe 

teratogenic deformities, which cover a relatively large epidermal area on the 

larval head capsule, and are easily recognised. These gaps are a result of the 

inhibition of epidermal tissue growth during long-term exposure to 

mixtures of toxicants (AC Vermeulen, personal communication). In field 

studies, mentum gaps have been correlated with contaminated sediments 

containing a mixture of pollutants (Köhn & Frank 1980; van Urk et al 1992; 

Janssens de Bisthoven 1995; Vermeulen 1996). 

In this study both methods, FA-measurements and counting of m e n t u m 

gaps, were used to describe the developmental stability of C. riparius 

populations in the River Dommel. To distinguish between chemical and 

genetic stress, morphological parameters were not only assessed in field 

collected larvae, but also in clean laboratory cultured, first generation larvae. 

In addition, seasonal measurements of FA-values and mentum gap 

percentages were performed to study temporal variability of these 

morphological parameters. 
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Material and Methods 

sampling sites 

This study was conducted in the vicinity of a zinc factory of Union 

Minière, in northern Belgium, approximately 80 km north-east of Brussels 

(figure 3.1). This factory started producing zinc and cadmium from zinc ores 

in 1888. Yearly production during the 1980s was on average 120,000 t zinc 

year"1 and 600 t cadmium year"1. The zinc factory is situated on the banks of a 

small stream, the Eindergatloop, which enters the River Dommel near the 

village Neerpelt. The Dommel is a second order lowland stream fed by 

rainwater and is a tributary of the River Meuse. Metal contamination in the 

Dommel mainly originates from the Eindergatloop, but diffuse input of zinc 

from the catchment area is responsible for an elevated background of zinc 

(table 3.1 & 3.2). Average amounts of metals transported through the 

Dommel, downstream from the Eindergatloop, are 1-3 kg Cd day"1 and 50-200 

kg Zn day"1, with a water flow between < 1 and 4.5 m3 s"1 (Postma 1995). 

River Dommel 

P4 • { 

Dutch-Belgian border 
P 3 M " 

* P2 

zinc factory 

•TP1 
jJC4 

f C3 

t km 
/ #C2 

/ \ ^C 1 

FIGURE 3.1: Location of the eight sampling sites. The River Dommel is indicated in 
detailed inset. 
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TABLE 3.1 : Spatial distribution of metal concentrations in water and detritus (based on 
dry weight) from the eight sampling sites and the average value for all control (C1-C4) 
and polluted (P1-P4) sites. All sampling occurred on 16 September and 5 October 1994 
simultaneously with collection of the chironomid larvae. The distance from the point 
source of metal pollution is given in kilometres for each sampling station. Minus signs 
indicate distances upstream from the point source of metal pollution. 

C1 C2 C3 C4 C1-C4 P1 P2 P3 P4 P1-P4 
distance (km) 
from point 
source -14 -8.5 -3.6 -0.1 0.5 3.1 6.0 7.5 

dissolved 
metals 
Cd (nM) 6.2 2.6 1.2 1.9 3.0 75.9 48.9 29.9 25.8 45.1 
Zn (uM) 3.5 2.1 1.3 1.4 2.1 7.0 5.2 4.4 3.7 14.0 
Fe (|iM) 15.1 22.3 17.7 14.9 17.5 13.5 15.0 10.6 10.8 12.5 
Cu (nM) 89.8 59.8 86.6 37.8 68.5 112 389 77.2 67.7 161 
Pb (nM) 2.9 <1 0 2.9 3.9 2.7 8.2 3.4 2.9 3.9 4.6 

detritus 
Cd (umol g"1) 0.1 0.1 0.1 0.2 0.1 3.9 4.2 5.6 2.3 4.0 

Zn (nmol g"1) 23.9 22.4 30.6 56.9 33.5 134 176 184 91.7 146 
Fe (mmol g"1) 1.8 2.1 1.5 1.4 1.7 0.9 0.6 0.6 1.0 0.8 
Cu (|xmol g"1) 3.0 1.5 1.6 3.1 2.3 6.1 6.6 7.1 4.2 6.0 
Pb (umol g"1) 0.9 0.4 0.5 1.1 0.7 3.7 5.8 3.0 2.8 3.8 

Eight sampling stations were selected in the Dommel (figure 3.1). Four of 

them are reference locations situated upstream from the Eindergatloop: 

Peer, Control 1 (CI), 14.0 kilometres upstream (-14.0 km); Kleine Brogel (C2, 

-8.5 km); Bemvoortse molen (C3, -3.6 km) and Eindergatloop upstream (C4, 

-0.1 km). The remaining four sampling stations are situated downstream 

from the Eindergatloop: Neerpelt, Polluted 1 (PI, 0.5 km); Turfheide (P2, 3.1 

km); Achterste brug (P3, 6.0 km) and Borkel (P4, 7.5 km). 

metal sampling and analyses 

Water samples were collected from the middle of the stream using acid-

washed polyethylene bottles at a depth of approximately 10 cm. These water 

samples were centrifuged for five minutes at 3000 r min"1 and acidified 

thereafter. Samples of the top sediment layer were collected in acid-washed 

polyethylene bottles and were stored frozen prior to preparation. These 

samples, containing a mixture of sediment and organic material, were 

sieved using a mesh size of 0.6 mm. Thereafter, sand and other heavy 

particles were allowed to settle during 60 s. This procedure was repeated 
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twice. The resulting suspension was carefully suctioned off after an 

overnight stay. The particles sedimentating out of this suspension were 

collected and stored freeze-dried until analyses. This material will hereafter 

be referred to as detritus which is used as food by chironomids. 

Concentrations of metals in detritus will therefore, characterise the exposure 

of the different chironomid larvae better than metal concentrations in total 

sediment. Detritus samples were digested in H N 0 3 (Baker Ultrex) using a 

microwave equipped with a temperature and pressure control programme. 

Water and detritus samples were analysed (n = 2-4) with Graphite Furnace 

Atomic Absorption Spectrometry (Perkin Elmer 5100) equipped with 

Zeeman background correction, or air-acetylene Flame Atomic Absorption 

Spectrometry (Perkin Elmer 1100B). Quality control of metal analyses was 

carried out by analysing destruction blanks and reference material (NIST: 

2704 Buffalo River Sediment). Measured values agreed with certified values 

(less than 10% deviation) and destruction blanks were near detection limits. 

Ranges of metal concentrations in water and detritus for the different study 

sites are presented in table 3.1 & 3.2. All metal sampling was done on the 

same dates at all stations and were synchronously taken with the 

chironomid sampling. 

TABLE 3.2: Ranges of metal concentrations in water and detritus (based on dry 
weight) from the C4, P1 and P4 location (n = 8). All sampling occurred simultaneously 
with collection of the chironomid larvae between January and May 1995. 

location C4 P1 P4 

dissolved metals 
Cd (nM) 5.8-12.1 448-1664 305-854 
Zn (u.M) 1.6-4.7 13.1-20.9 11.1-17.7 
Fe (nM) 1.6-12.4 0.2-12.8 0.4-26.4 
Cu (nM) 42.5-132 77.1-197 96.0-182.7 

detritus 
Cd (|j.mol g"1) 0.12-0.24 1.8-4.1 2.2-9.0 
Zn (umol g"1) 24.7-40.5 53.6-106 50.1-120 
Fe (mmol g"1) 0.9-1.9 0.8-1.4 0.8-1.5 
Cu (u.mol g'1) 2.3-4.2 3.0-6.5 2.2-5.6 
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chironomid sampling and preparation 

Fourth instar larvae were collected on 16 September and 5 October 1994 at 

all eight study sites. The reference location C4 and the two polluted sites PI 

and P4 were then visited six more times between January and May 1995. 

However, due to emergence and as a consequence low larval densities, 

almost no larvae were present during March and April on the C4 and PI 

site, resulting in a few missing values. Sampling took place in 

sedimentation areas of the Dommel, which are a suitable habitat for C. 

riparius. The upper 5 cm mud layer was scraped over several metres, using 

nylon nets with a mesh size of 300 urn. Sediment was sieved (400 urn) in 

the laboratory and larvae belonging to the genus Chironomus were 

collected. For every sampling location 50-100 chironomid larval heads were 

removed and placed in a circa 10% potassium hydroxide solution, for at least 

12 hours to clear muscle tissues. Cleared heads were then neutralised in 

glacial acetic acid and placed in 96% alcohol prior to mounting. Heads were 

mounted in a synthetic resin called Euparal, ventral side up, on glass 

microscope slides. The preparation method used was slightly modified from 

Clarke (1993). 

culturing chironomids 

Field sampled larvae, collected simultaneously with those used for FA-

analysis in September and October 1994, were cultured in the laboratory 

using plastic aquaria, filled with circa 5 liters of clean, synthetic water. All 

aquaria were equipped with a flight cage on top. Larvae were kept in clean, 

fine sand (grain size < 300 urn) and were fed a suspension of 10.0 g ground 

Trouvit and 0.5 g Tetraphyll® in 200 ml water. After emerging, egg masses 

were collected and allowed to hatch in clean water. Male Chironomus spp 

imagoes were collected randomly from each location and all identified as C. 

riparius using the key of Pinder (1978). The first generation of each 

population was cultured in triplicate, using plastic aquaria supplied with a 

1 cm layer of shredded paper as substrate and four liters of clean, synthetic 

water. The overlying water was aerated constantly and a cage was placed on 

top of each aquarium. These first generation cultures were started by adding 
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50 newly hatched first instar larvae to each aquarium. All culturing was 

done in a controlled climate room at 20 °C ± 1. A 16 : 7 h light : dark regime 

was provided, with a dimmed light period of 30 minutes before and after the 

light period to stimulate reproduction. The water was renewed once a week 

and larvae were fed twice a week during the experiment with 2.5 ml of 

suspended food. The above described culturing method rules out 

environmental stressors like metal pollution and the incidence of m e n t u m 

gaps and the level of FA, therefore, is thought to reflect genetic stress. After 

emergence, head capsules of moulted fourth instar larvae were collected and 

treated identically as the field collected animals. 

fluctuating asymmetry analyses 

The character chosen for FA-analysis was the number of teeth on the 

pecten epifaryngis, situated at the anterior part of the larval head capsule. 

Preparations were analysed at 600 times magnification using light 

microscopy. The number of mentum gaps was counted simultaneously and 

all counting was done independently by two persons. Repeated 

measurements of four randomly chosen populations showed that 

deviations from previous measurements were less than 10%. For each 

location, asymmetry values were calculated as the sum of the squared 

differences between the number of teeth left (L;) and right (R;), divided by the 

number of individuals (N) counted: 

FA = X(Li - R.)2/N 

Following Palmer & Strobeck (1986), preliminary steps were taken to 

investigate whether the conditions for FA-analysis were met. The first step 

was to examine if directional asymmetry and antisymmetry occurred in the 

samples. Directional asymmetry occurs when a character on one side of 

individuals normally has a larger value than its counterpart; eg right gonads 

in humans are normally larger than those on the left. Antisymmetry is the 

situation in which asymmetry is the norm, but the side containing the larger 

character varies; as is the case with the larger signal claw of male fiddler 
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crabs (Uca spp) (Leary & Allendorf 1989). To check for these characteristics, 

the frequency of the signed differences between left and right of all 

populations was plotted in histograms for each sampled population 

separately. No significant deviations from normal distribution could be 

traced, indicating that directional asymmetry and antisymmetry did not 

occur in the pecten epifaryngis of C. riparius. The second step was to 

examine whether the character size did not differ among sampled 

populations. A small but significant difference was found among the mean 

character size of all samples counted (Kruskal-Wallis; p < 0.05). However, 

the observed size variation (S) was relatively small compared to the level of 

FA ( S / V F A < 15). According to Palmer & Strobeck (1986) it was not necessary 

to scale FA-measurements by character size. 

Bartlett's test is the most efficient test for detecting differences among 

samples, because the index used to calculate FA-values is a variance, and 

more than two samples are analysed (Palmer & Strobeck 1986). Relevant 

pairwise comparisons were made using F-tests. Loss of larval head capsules 

during preparation and missing structures on the glass slides made it 

impossible to count all the originally mounted 100 individuals. FA-values 

were only calculated if sample sizes remained larger than 25 counted 

individuals, because pilot studies showed that this is the minimum number 

for a reliable FA-calculation. 

Analysis of mentum gap frequencies was carried out analysing 

homogeneity among sample sites tested for goodness of fit. All values of the 

calculated heterogeneity (GH) equal to or greater than the critical X2
[005] value 

were considered significant (Sokal & Rohlf 1995). It was tested if a 

correlation existed between both mentum gap incidence and fluctuating 

asymmetry values and concentrations of cadmium and zinc in water and 

detritus (table 3.1 & 3.2) using Spearman's coefficient of rank correlation (rs) 

(Sokal & Rohlf 1995). 
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Results 

spatial variation 

A highly significant difference in FA-values among sampling locations 

was found (Bartlett; X2 = 38.96, p < 0.001) (figure 3.2A). The FA-value at the 

four control sites varied between 0.68 and 1.28. FA-values at polluted 

locations were in all cases higher and varied between 1.40 and 1.91. 

Especially the increase between the C4 and PI site should be noted, because 

this increase (F = 1.48; p < 0.10) takes place at a distance of only a few 

hundred metres. Consequently, a significant positive correlation was found 

between FA-levels and cadmium and zinc concentrations in water and 

detritus (0.59 < rs < 0.64; p < 0.01). 

W 

(0 

> 

C1 C2 C3 C4 P1 P2 P3 P4 
(-14.0) (-8.5) (-3.6) (-0.1) (0.5) (3.1) (6.0) (7.5) 

sampling location 

FIGURE 3.2: Values of fluctuating asymmetry (FA), Z(LrRi)2/N, of the pecten epifaryngis 
and sample sizes of Chironomus ripahus at eight sites in the River Dommel collected in 
September and October 1994. C1-C4 represent reference sites (open bars) and P1-P4 
metal polluted locations (hatched bars). The distance from the point source of metal 
contamination is given in parentheses at the bottom in kilometres. Minus signs indicate 
distances upstream from the point source of metal pollution. Panel A shows FA-values 
for field-collected larvae, panel B for clean cultured first generation larvae; nd = not 
determined. Because the index used to calculate FA-values is a variance itself, no 
error bars can be presented. 
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Figure 3.2B shows the FA-values and sample sizes for clean, laboratory 

cultured C. riparius larvae (Fl). The number of cultured Fl larvae from the 

CI location was not high enough (n < 25) for an appropriate estimation of 

the FA-index. Furthermore, culturing field larvae from the C3 site failed, 

resulting in a missing FA-value. For the remaining two reference Fl 

populations, FA-values were equal to the parental field populations. Three 

clean cultured Fl generations from polluted sites showed FA-values circa 0.6 

units lower than the parental populations, and only in larvae from the P2 

location the FA-value remained the same. Consequently, no differences 

from homogeneity among populations could be detected for the Fl 

generation of C. riparius larvae (Bartlett; X2 = 5.08, p > 0.05). On the other 

hand, it should be noted that the first two polluted locations (PI and P2) still 

showed the highest FA-values and the increase between the C4 and the PI 

location remained visible. 
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sampling location 

FIGURE 3.3: Mentum gap frequencies and sample sizes of Chironomus riparius at eight 
sites in the River Dommel collected in September and October 1994. C1-C4 represent 
reference sites (open bars) and P1-P4 metal polluted locations (hatched bars). The 
distance from the point source of metal contamination is given in parentheses at the 
bottom in kilometres. Minus signs indicate distances upstream from the point source of 
metal pollution. No mentum gaps were found in clean cultured first generation larvae. 

Mentum gap incidence at control locations varied between 0 and 3.1% 

(figure 3.3). Mentum gap percentages at polluted locations were in all cases 

higher and varied between 5.6 and 7.9%. Consequently, a significant 
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difference in mentum gap percentages among sample locations was detected 

(GH = 15.79, p < 0.05) and a positive correlation with cadmium and zinc 

concentrations in water and detritus was found (0.56 < rs < 0.58; p < 0.01). In 

contrast, no mentum gaps at all were found in a total number of 641 clean 

cultured first generation larvae from upstream control sites nor from 

polluted downstream sites. 

temporal variation 

At the upstream C4 location relatively constant FA-values were found, 

varying between 0.90 and 1.34 (total index: 1.15), with no significant 

differences among sampling dates (Bartlett; X2 = 1.68, p > 0.05) (figure 3.4). 

Although at the polluted PI and P4 sites, the variation in FA-values was 

higher (PI: 1.16-2.31; P4: 1.22-1.92), again no temporal differences in FA-

values could be traced (PI: Bartlett; X2 = 4.95, p > 0.05 and P4: Bartlett; X2 = 

3.94, p > 0.05). Among locations however, a highly significant difference was 

found in FA-values based on the average seasonal data (Bartlett; X2 = 9.33, 

p < 0.01), despite the almost identical values in February (figure 3.4). This 

difference was found to be significantly correlated with cadmium and zinc 

concentrations in water and detritus (0.59 < rs < 0.64; p < 0.01). 

2.5-

Feb Mar Apr 
sampling date 

FIGURE 3.4: Temporal variation in values of fluctuating asymmetry (FA), L(LrR|)2/N, of 
the pecten epifaryngis in three subpopulations of Chironomus riparius in the River 
Dommel in 1995. Average FA-values based on the pooled seasonal data (sample size 
C4: n = 234; P1: n = 176; P4: n = 300) are presented in the right part of the figure. The 
shaded rectangle shows the period during which record high water discharge in the 
River Dommel was recorded. Because the index used to calculate FA-values is a 
variance itself, no error bars can be presented. The dashed lines are for guidance of 
the eye only. No midge larvae were present in spring on the C4 (April) and the P1 site 
(late March and April). 
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Temporal variation in mentum gap frequencies at the three selected 

sampling locations is shown in figure 3.5. At the reference site C4, men tum 

gap percentages varied between 0 and 6.5% (average: 3.4%). At both the 

polluted locations mentum gaps occurred more frequently, varying for the 

PI site between 4.3 and 17.2% (average: 10.3%) and for the P4 site between 3.4 

and 8.6% (average: 6.6%). Consequently, a good correlation between me tum 

gap incidence and metal concentrations in water and detritus was detected 

(0.56 < rs < 0.58; p < 0.01) and a significant difference in mentum gap 

frequencies was found among sites, based on the average temporal data 

(GH = 13.79, p < 0.01). However, on the first sample date in March, m e n t u m 

gap incidence was almost identical at all three sample locations (figure 3.5). 
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FIGURE 3.5: Temporal variation in mentum gap frequencies in three subpopulations of 
Chironomus ripahus in the River Dommel in 1995. Average mentum gap percentages 
based on the pooled seasonal data (sample size C4: n = 408; P1 : n = 300; P4: n = 499) 
are presented in the right part of the figure. The shaded rectangle shows the period 
during which record high water discharge in the River Dommel was recorded. The 
dashed lines are for guidance of the eye only. No midge larvae were present in spring 
on the C4 (April) and the P1 site (late March and April). 

Discussion 

mentum gaps 

There is a distinct, positive correlation between the incidence of men tum 

gaps in midge larvae and their occurrence upstream and downstream from 

the point source of metal pollution in the River Dommel. Mentum gaps are 
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reported after exposure in the field to mixtures of different toxicants 

(Vermeulen 1995). Several studies indicated that metals are at least one of 

the toxicant classes which are correlated with the occurrence of men tum 

gaps in field collected Chironomus spp larvae (Köhn & Frank 1980; van Urk 

et al 1992; Janssens de Bisthoven 1995; Dickman & Rygiel 1996; Vermeulen 

et al 1996). Therefore, the factor responsible for the increased mentum gap 

frequencies in midge larvae from the River Dommel, is most likely the high 

concentration of metals at polluted sites. 

In contrast, in first generation midge larvae, reared under clean, 

laboratory controlled conditions, mentum gaps were totally absent both in 

reference originated as well as in polluted originated midge cultures (total 

n = 641). This observation makes clear that the occurrence of mentum gaps 

in C. riparius larvae is not related to a genetic heritability of this deformity, 

but only to the pollution history of the larvae. Therefore, mentum gaps in 

field studies could be used as an ecotoxicological marker for exposure to 

pollution. In addition, the incidence of mentum gaps characterises the fate 

of dislodged animals. It is hypothesised that migration of larvae from 

upstream sites will influence the chironomid population downstream from 

the zinc factory. Settlement of chironomid larvae with low FA-values or 

non-damaged mentums in downstream areas, will lower the overall FA-

level and mentum gap incidence in polluted downstream subpopulations of 

C. riparius. Indications for the role of larval drift can be found in the present 

study, because equivalent low values for mentum gaps (but also for FA) 

were recorded in late winter at both the polluted locations PI and P4 as well 

as the reference C4 site. These low values concur with high water discharges 

of the River Dommel during late winter 1995, when North-Western Europe 

was under the influence of heavy rainfall. During the resulting spate, mass 

transport of fourth instar larvae has been found (Groenendijk et al 1996). 

This transport could explain the drop in levels of both morphological 

parameters at both polluted sites to values normal for reference locations. 
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fluctuating asymmetry 

Our results clearly demonstrate a positive correlation between FA-values 

and the occurrence upstream and downstream of the point source of metal 

pollution in the River Dommel. In agreement, Pankakoski et al (1992) 

observed a correlation between the level of metal contamination in soils 

and FA in skulls of Common Shrews (Sorex araneus). Analogously, 

Zakharov & Yablokov (1990) found a relationship between skull asymmetry 

in the Baltic Grey Seal (Halichoerus grypus) and the level of pollution, 

mainly DDT and PCBs. However, chemical stress is not always expressed in 

asymmetry (Rabitsch 1997). In addition, McKenzie & Clarke (1988) have 

shown that the FA-levels of a pure breeding insecticide-resistant strain of 

Sheep Blowfly (Lucilia cuprina) were equivalent to those of a susceptible 

laboratory strain. This observation suggests that, due to a long exposure 

time, genetically stable diazinon-resistant populations had developed, with 

consequently low FA-values. Because Postma et al (1995a) demonstrated 

that C. riparius larvae from at least two of the studied polluted sites, the PI 

and P4 location, were genetically adapted to cadmium, it was expected that 

equivalent low FA-values should exist in midge populations sampled at 

exposed sites. However, developmental stability was clearly still decreased 

in metal-exposed midges, based on high FA-values in field collected larvae. 

These results suggest that metal-tolerance in C. riparius in the River 

Dommel is not stable or sufficient to avoid morphological disorders. 

Indications for the instability of these midge populations can be found in 

the FA-values of first generation, clean cultured chironomids. These 

culturing methods ruled out environmental stressors like metal pollution 

and consequently, FA-values represent estimations of the genetic part of the 

stress factors present in the C. riparius populations. The observations 

showed that FA-values of clean cultured larvae, are in most cases lowered 

compared to FA-levels of field collected chironomids, but values for 

polluted sites were still increased compared to values from control localities. 

Elevated FA-values, even after culturing the Fl under clean conditions, 

indicate a genetic stress component. In the present study, such elevated FA-

values were found specifically at polluted sites just downstream of the metal 
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source. Because the distance between the most upstream polluted (PI) and 

the most downstream non-polluted (C4) location is only a few hundred 

metres, it is suggested that non-tolerant larvae from sites located upstream 

can easily reach polluted sites further downstream (Groenendijk et al 1996) 

and interbreed later with local midges. When this interbreeding between 

non-adapted, upstream specimens and metal-adapted C. riparius takes place 

regularly, as suggested by the population dynamics (Groenendijk et al 1996), 

the process of adaptation will frequently be disrupted. Such disruptions can 

affect developmental stability of animal populations, resulting in elevated 

FA-values (McKenzie & Clarke 1988; Leary & Allendorf 1989). Therefore, 

drift of non-tolerant C. riparius individuals, reaching the adapted 

populations in the polluted zone can be responsible for the elevated FA-

values in the clean cultured, first generation midges of the most upstream 

located metal-exposed sites. However, in situ, this effect will be overruled by 

the developmental stability of larvae (increased FA-values), caused by the 

chemical stress directly. 

conclusions 

1) Fluctuating asymmetry and mentum gap incidence in C. riparius 

consistently reflect the chemical stress of metal contamination in the 

River Dommel. 

2) The combined use of fluctuating asymmetry and mentum gaps in 

parental as well as in first generation midge populations can be used to 

discriminate between environmental and genetic stress factors in C. 

riparius. Therefore, we propose this combination of techniques as an 

ecotoxicological biomarker for coinciding chemical and genetic stress. 
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Efficient shedding of accumulated metals during metamorphosis in 

metal-adapted populations of the midge Chironomus riparius 

ABSTRACT 
Metal accumulation and loss during metamorphosis were investigated in Chironomus 

riparius populations in a metal contaminated lowland river. Cadmium and zinc levels were 

measured in imagoes and larvae at reference and metal-exposed sites. It was hypothesised 

that the relationship between metal concentrations in biota and environmental compartments 

would be influenced by the presence of metal-adapted chironomids. In contrast to the large 

interpopulation differences in larval body burdens of cadmium, body burdens in imagoes 

vanished to background levels for all midge populations. This indicated that any cadmium 

accumulated in larval stages was lost during metamorphosis. This nearly 100% efficiency in 

shedding of cadmium is most likely caused by an increased metal handling capacity present in 

exposed midges. In agreement with the cadmium measurements, larval body burdens of zinc 

showed also highly significant interpopulation differences. In contrast with the cadmium 

values, however, body burdens of zinc in imagoes showed highly significant interpopulation 

differences and differences were even recorded between the two exposed sites, indicating 

interpopulation differences in shedding capacity for zinc. It is concluded that the h i g h l y 

efficient shedding of accumulated metals reflected the metal adaptation recorded in earl ier 

studies of metal-exposed C. riparius populations from the River Dommel. Based on the 

differences in metal accumulation and the differences found in shedding of metals between the 

two exposed midge populations, it was concluded that population differentiation due to metal 

stress is a gradual process rather than an all-or-nothing situation. 
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Introduction 

Natural selection is the evolutionary force responsible for adaptation to 

the ever changing environment. Perhaps the best studied examples of 

natural selection in action are those in which adaptation to an increased 

anthropogenic metal input is investigated (Brandon 1990). In invertebrates, 

adaptation to metals has conclusively been demonstrated for a few species 

(Brown 1976; Klerks & Levinton 1989; Posthuma & van Straalen 1993; 

Postma & Groenendijk 1999). However, knowledge about the physiological 

mechanisms to cope with metal pollution is limited. Possible mechanisms 

include induction of metal binding proteins (Roesijadi 1992) and formation 

of metal-containing granules (Brown 1982). For example, copper-tolerant 

Nereis diversicolor may contain 100 times more copper compared to non-

tolerant worms and absorption of copper is also more rapid in tolerant than 

in non-tolerant worms (Bryan & Hummerstone 1971). Furthermore, metal-

adapted chironomid larvae showed a decreased net accumulation rate as 

well as higher equilibrium values compared to non-adapted chironomids 

when exposed to metals (Postma et al 1996). Consequently, the presence of 

tolerant individuals may disrupt in situ relationships between metals in 

larval tissues and environmental compartments. Although largely 

overlooked, the presence of such metal-adapted populations with their 

specific metal physiology might be significant to an understanding of metal 

accumulation relationships in the field, which are, however, not always 

present (Tessier et al 1984; Luoma 1989; van Hattum et al 1991; Pourang 1996; 

Bervoets et al 1997). 

The influence of changed metal physics in adapted specimens was for 

instance shown in Collembola, which excreted metals very efficiently during 

moult in adapted populations (Posthuma et al 1992; 1993). In chironomids, 

metal accumulation is well documented for the larval stage (Bervoets et al 

1994; Postma et al 1996; Bervoets et al 1997), but almost no data are available 

for metal levels in imagoes (Timmermans & Walker 1989). Furthermore, it 

should be noted that chironomids are holometabolous insects and the effects 

of an additional moult during pupation on the levels of metals in imagoes 

70 



SHEDDING OF ACCUMULATED METALS 

has not yet been investigated. In this study, one of the primary objectives 

was to determine if a higher net metal accumulation in larvae corresponded 

with higher metal levels in imagoes. 

In a lowland river in northern Belgium, a distinct point source has 

released a continuous high metal load of zinc and cadmium for more than a 

century (Postma 1995), creating a strong selective force on the benthic 

chironomid community. As a consequence, some of the metal-exposed 

chironomid populations have been shown to be less sensitive to cadmium 

compared to unexposed midges (Postma et al 1995a; 1995b). Therefore, the 

possible influence of metal adaptation on metal accumulation relationships 

in situ have been studied in this river. To this purpose, we determined 

metal accumulation in larvae and its loss during metamorphosis in 

reference and metal-exposed midge populations. 

Materials and Methods 

site description 

This study was conducted in the River Dommel, which flows from 

Belgium to the Netherlands. The Dommel is a second to third order stream 

fed by rainwater and is one of the numerous lowland rivers in the Meuse 

River basin. The river is characterised by a sandy substrate and neutral 

waters with a naturally high iron content. Visibility is often limited to 10-20 

cm due to suspended organic material, but seasonal variation does occur. 

Parts of the Dommel are heavily loaded with cadmium and zinc, which 

originates from a nearby zinc factory situated on the banks of a small stream, 

which enters the Dommel close to the Dutch-Belgian border (figure 4.1). 

The factory started producing zinc and cadmium from ores in 1888. During 

the 1980s yearly production averaged 120,000 tons of zinc and 600 tons of 

cadmium. In 1992, production of zinc and cadmium was stopped and the 

factory switched to recycling and the production of zinc alloys. Since that 

time, until now no change in metal concentrations in the River Dommel 

has been measured (Postma 1995). 
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FIGURE 4.1 : The location of the River Dommel in the Dutch-Belgian frontier area. The 
location of the four sampling stations and the zinc factory is indicated in the detailed 
inset. 

Four sampling stations were selected in the Dommel. Two of them are 

reference locations situated upstream from the zinc factory: Heesakkers, 

Control 1 (CI), situated circa 7 kilometres upstream from the point source 

and Eindergatloop upstream (C2), situated only 100 metres upstream from 

the zinc factory. The other two sampling stations are situated in the metal-

polluted downstream area: Neerpelt, Polluted 1 (PI), situated circa 500 

metres downstream and Borkel (P2), situated circa 7 kilometres downstream 

from the zinc factory (figure 4.1). 

chironomid sampling 

larvae 

Fourth instar larvae were collected on August 21, 1997, at all four study 

sites. Sampling took place in sedimentation areas of the Dommel, which are 
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a suitable habitat for C. riparius. The upper 5 cm of the mud layer was 

scraped off over several square metres using nylon nets with a mesh size of 

300 urn. Sediment was sieved (400 urn) in the field and larvae belonging to 

the genus Chironomus were collected and transported to the laboratory the 

same day. From every sampling location, 100 chironomid larvae were kept 

for circa two hours in clean metal-free tap water to remove gut contents. To 

prevent coprophagy, all faecal pellets were removed by hand every 15-30 

minutes. Larvae were not handled further before at least 90% of the gut 

contents was removed. Hereafter, larvae were rinsed for circa 10 minutes in 

acidified water to eliminate metals associated with larval integument. All 

larvae were stored frozen prior to further analysis. It was shown earlier 

(Postma 1995) that, based on karyotypic identification, probably all 

Chironomus larvae in the Dommel belong to the species C. riparius. 

Furthermore, control identification of randomly sampled male imagoes 

from each study site using the key of Pinder (1978) confirmed that, in the 

present study, also the adult Chironomus midges from the Dommel 

belonged to C. riparius. 

adult midges 

Imagoes were collected using a 125 W high pressure mercury lamp 

emitting a fraction of UV (Philips: HPL-N). The lamp, combined with a 

white screen, was installed simultaneously on the evening of August 19 at 

the C2 and PI sites and on the evening of August 21 at the CI and the P2 

sites during calm (wind velocity < 2 m s"1), cloudless, and warm (21 °C) 

weather. Collection took place during circa two hours starting at sunset. All 

Chironomus-like midges were caught alive in portions of 10-20 insects using 

an aspirator and were transported the same night to the laboratory and then 

stored frozen. The day after, midges were sorted by hand and a maximum of 

100 Chironomus females and 100 Chironomus males for each location were 

collected separately. All midges were individually stored frozen prior to 

further analysis. 
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water and detritus sampling 

Water samples were collected on August 21, 1997, in triplicate from the 

middle of the stream using acid-washed polyethylene bottles (100 ml) at a 

depth of approximately 10 cm. These water samples were centrifuged for 

five minutes at 3000 r min"1 and were acidified thereafter. Samples of the 

top sediment layer were collected in acid-washed polyethylene bottles 

(250 ml) and collected at several spots per sampling location to cover spatial 

heterogeneity. All samples were stored frozen prior to further preparation 

and were handled separately during the rest of the procedure. These 

samples, containing a coarse mixture of sediment and organic material, were 

sieved using a mesh size of 0.6 mm. Thereafter, sand and other heavy 

particles were allowed to settle for 60 s. This procedure was repeated twice, 

and all these sedimentated particles were discarded from the procedure. 

After an overnight stay, the cleared suspension was carefully siphoned off 

and the settled particles were collected and stored freeze-dried until further 

analysis. This material will hereafter be referred to as detritus, which is a 

common food source for detritivorous chironomids like C. riparius 

(Rasmussen 1984). Therefore, concentrations of metals in detrital particles 

will be a valuable characterisation of the exposure of detritivores, like 

chironomids, to the overall metal pollution in sediments (Simkiss 1990; 

Dorgelo et al 1995). 

metal analysis 

Detritus samples were digested six-fold per sampling location in H N 0 3 

(Ultrex, Baker, Philipsburg, NJ, USA) in fractions of about 1-2 mg. Digestion 

took place in a microwave equipped with a temperature and pressure 

control programme. Lyophilised C. riparius larvae and imagoes were 

weighed and digested individually in concentrated H N 0 3 (Ultrex, Baker, 

Philipsburg, NJ, USA) and 30% H202 using the micro-destruction method 

described in Timmermans et al (1989). Water, detritus, and midge tissue 

samples were analysed for cadmium and zinc using Graphite Furnace 

Atomic Absorption Spectrometry (Perkin Elmer 5100) equipped with 

Zeeman background correction or air-acetylene Flame Atomic Absorption 
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Spectrometry (Perkin Elmer 1100B), depending on the metal concentration 

in the samples. Quality control of metal analyses was carried out by 

analysing destruction blanks and reference material (NIST: 2704 Buffalo 

River Sediment for detritus and IAEA Shrimp MA-A-3/TM for midge 

tissue). Recoveries were well within product specifications (less than 10% 

deviation), and destruction blanks were close to detection limits. 

statistical analysis 

All data were tested for homogeneity of variances using Bartlett's test and 

for normality by the Kolmogorov-Smirnov test for goodness of fit. This 

revealed that assumptions for analysis of variance were repeatedly violated, 

even after logarithmic transformation of the data. Therefore, non-

parametric Mann-Whitney (MW) Li-tests (two classes) and Kruskal-Wallis 

(KW) tests (more than two classes) were performed to analyse the data. To 

avoid a significant influence of individual differences in metal uptake, 

sample sizes of 100-200 individuals were chosen for accurate and reliable 

population estimates. Furthermore, to reduce the likelihood of type I errors, 

H0 was rejected in all tests if the calculated p-value was equal to or higher 

than 0.01. All statistical methods are outlined in Sokal & Rohlf (1995). 

Results 

metal concentrations in water and detritus 

Dissolved cadmium and concentrations of cadmium in detritus (figure 

4.2) differed significantly among locations (KW = 11.4; p < 0.01 and KW = 

18.6; p < 0.001, respectively). Dissolved zinc (figure 4.3A), however, was not 

significantly different among locations (KW = 10.4; p = 0.016). In contrast, 

zinc concentrations in detritus (figure 4.3B) showed a marked difference 

among sampling sites (KW = 19.5; p < 0.001). Cadmium and zinc 

concentrations in both water and detritus were clearly higher downstream 

from the outlet of the zinc factory, differing roughly one or two orders of 
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magnitude for cadmium and less than one order of magnitude for zinc 

between reference and polluted sites. 
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FIGURE 4.2: Cadmium body burdens in larvae (hatched bars) of Chironomus riparius 
and cadmium concentrations (black squares) at four sites in the River Dommel. C1 and 
C2 represent reference sites, P1 and P2 represent metal-polluted locations. Panel A 
shows dissolved cadmium concentrations (nM), panel B shows cadmium 
concentrations in detritus (jimol g"1 DW). Presented are the mean values together with 
their standard error. 

body burdens versus concentrations 

Cadmium concentrations (nmol g"1) in male midges were a factor of two 

higher than those in female midges (MW U = 22,595; p < 0.001; data not 

shown). Female midges weighed about twice as much as male imagoes, 

which corresponds closely with the two-fold difference in cadmium 

concentrations between male and female midges. This difference due to sex 

disappeared when body burdens were measured (MWtf = 34,870; p > 0.01), 
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and subsequent analyses with cadmium were, therefore, based on body 

burdens. In agreement, zinc body burdens as well as zinc concentrations 

differed significantly between male and female adult midges using all 

populations (body burden: MWÜ = 55,180; p < 0.001; data not shown; 

concentrations (umol g"1): MWLZ = 28,191; p < 0.001; data not shown). This 

difference most likely reflects the physiological need of extra zinc in females, 

which carry developing egg masses. Despite the difference, further analyses 

were based on body burden levels to make comparison with cadmium 

measurements possible. No significant differences in weight of larvae and 

midges among sampling locations were found (larvae: KW = 6.11; p > 0.01; 

imagoes: KW = 5.44; p > 0.01), justifying the use of body burdens in the 

present analyses. 
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FIGURE 4.3: Zinc body burdens in larvae (hatched bars) of Chironomus riparius and 
zinc concentrations (black squares) at four sites in the River Dommel. C1 and C2 
represent reference sites, P1 and P2 represent metal-polluted locations. Panel A 
shows dissolved zinc concentrations (uM), panel B shows zinc concentrations in 
detritus (umol g"1 DW). Presented are the mean values together with their standard 
error. 
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larval body burdens 

A highly significant difference was observed in larval cadmium body 

burdens among populations (KW = 351.3; p < 0.001). Although cadmium 

concentrations both in water and detritus were higher at the PI site 

compared with the P2 site, midge larvae sampled at the PI location showed 

lower cadmium body burdens compared to those sampled at the second 

polluted site. Consequently, cadmium body burdens did not reflect a 

consistent relationship with the cadmium concentrations in either water 

(figure 4.2A) or detritus (figure 4.2B). As observed for cadmium, highly 

significant interpopulation differences were detected in larval zinc body 

burden levels (KW = 339.5; p < 0.001), but again no relation between zinc 

larval tissue levels and dissolved zinc at the study sites was observed (figure 

4.3A). A more distinct relationship, however, was observed between zinc 

concentrations in detritus and larval body burdens (figure 4.3B). 

Nevertheless, body burden measurements still suggested the general 

tendency of an increased metal accumulation in larvae despite a decrease in 

metal concentrations at the P2 site compared to the PI site. 

10000 

C2 P1 
sampling location 

FIGURE 4.4: Cadmium body burden (pmol) in imagoes (open bars) and larvae (hatched 
bars) of Chironomus riparius from four sites in the River Dommel. C1 and C2 represent 
reference sites, P1 and P2 represent metal-polluted locations. Presented are the mean 
values together with their standard error. 
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body burden (nmol) in Chironomus riparius from four sites in the River Dommel. C1 and 
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adult midge body burdens 

In spite of the significant differences in larval body burdens, cadmium 

levels in adult midges dropped to background values at all locations (figure 

4.4). Consequently, no relationship was present between adult and larval 

tissue body burdens (figure 4.4). The absolute amount of cadmium excreted 

in chironomids from the polluted sites was circa 600 pmol for the PI 

location and circa 1100 pmol for the P2 location, whereas only 5-10 pmol was 

excreted in midges at both reference sites. Consequently, estimated loss of 

cadmium for reference sites was > 50% and > 90%, while nearly 100% loss of 

cadmium was reached at polluted sites (table 4.1). This indicated that almost 

all cadmium present in the larvae was eliminated during metamorphosis. 

A highly significant difference was detected in zinc body burdens in 

imagoes among locations (KW = 73.8; p < 0.001). An indication of a linear 

relationship is present between adult and larval tissue body burdens 

considering both reference sites and the PI location (figure 4.5). However, 

imagoes caught at the P2 location contained a factor two lower zinc body 

burdens than expected from this linearity. Estimated loss of zinc gradually 

increased from circa 0% for the reference site CI to > 80% for the P2 site (table 

4.1). 
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TABLE 4.1: Elimination of cadmium and zinc (%) during metamorphosis in the midge 
Chironomus riparius from four sites in the River Dommel. C1 and C2 represent 
reference sites, P1 and P2 represent metal-polluted sites. The number of individuals on 
which the loss of metals was calculated is also indicated. 

sampling cadmium zinc loss number of number of 

location loss(%) (%) imagoes larvae 

C1 53.3 -4.1 120 100 

C2 91.3 49.8 200 100 

P1 99.5 72.1 165 100 

P2 99.9 89.6 112 100 

Discussion 

metals in larvae, detritus and water 

Metal concentrations in water and detritus in the present dataset are 

consistent with results obtained in earlier studies in the River Dommel 

(Postma 1995; Groenendijk et al 1996). The recorded values reflect the 

overall metal pollution and, consequently, the selection pressure on the 

benthic fauna that has lead to the previously reported metal adaptation 

(Postma 1995). The observed differences in metal body burdens in larvae 

among locations generally suggested the tendency of an increased metal 

accumulation in larvae despite a decrease in metal concentrations at the P2 

site compared to the PI site. Commonly, such a lack of correlation between 

contaminants in biota and sediment or water is explained by differences in 

abiotic factors among sites, such as physical (eg sediment type; current 

velocity) and chemical characteristics (eg pH; organic carbon content). 

However, no major differences in principal water and sediment 

characteristics along the River Dommel have been recorded (Postma 1995), 

although it should be noted that, due to the distance between the PI and the 

P2 location, some differences in bioavailability of metals could be expected. 

Because the zinc factory is located only a few hundred metres upstream from 

80 



SHEDDING OF ACCUMULATED METALS 

the PI location, it is likely that a higher proportion of the metals is still in 

solution relative to the P2 site (Tubbing 1996). Lower dissolved metal 

concentrations would be expected at the P2 site due to the larger period of 

time for binding with the large amount of suspended organic matter present 

in the Dommel. Consequently, feeding on metal-loaded particulate matter 

by C. riparius larvae could be responsible for the higher net metal 

accumulation. However, the almost equal metal concentrations in detritus 

from the PI and P2 sites cannot explain the factor 2.5-3.0 difference in both 

cadmium and zinc body burdens between the PI and P2 larvae. Therefore, 

the absence of a relationship for metals in detritus or water and in larvae of 

C. riparius may be explained by physiological differences in the midge 

populations themselves. The recorded cadmium adaptation in C. riparius 

populations from the metal-loaded part of the river has been shown to 

influence the accumulation and depuration of metals (Postma et al 1995a; 

1995b). Adapted midge populations showed an increased storage capability 

in the guts and an increased excretion efficiency (Postma et al 1996) and, 

consequently, differences in net metal accumulation may reflect differences 

in metal adaptation between upstream and downstream midge populations. 

The difference in metal accumulation between the PI and the P2 site can be 

explained by immigration of non-adapted larvae from upstream sites. For 

example, it was shown that migrating C. riparius larvae entering the 

polluted zone directly after the point source interbreed with the specimens 

already present at the polluted sites because of their similar life cycles 

(Groenendijk et al 1996; 1998). Although not demonstrated among 

invertebrates, crossbreeding has been shown to lower metal tolerance 

among offspring in copper-tolerant plants (McNeilly 1968). Consequently, 

the midge population at the P2 site may well accumulate more metals 

because the larvae present are most likely better adapted to the metal-

stressed environment than the midges present at the PI site due to 

immigration and crossbreeding. In addition, adult flight can also contribute 

to gene flow, but this influence is supposed to be much weaker compared 

with larval drift because of the less pronounced dispersal capacity (less than 

a few hundred metres) of the short living and relatively weak flying adult 
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midges (Davies 1976; McLachlan 1983). We conclude therefore, that metal 

adaptation in C. riparius is influencing in situ metal accumulation 

relationships between larvae (tissue body burdens) and detritus and water. 

shedding of accumulated metals 

Large differences were measured in cadmium body burdens between 

larvae from reference and polluted sites (a factor of 30-200). However, these 

elevated levels dropped to background body burdens in adult midges. To 

our knowledge, the values for adult midges are comparable to, or even 

lower than, cadmium levels in chironomid imagoes present in non-

polluted environments or habitats containing the same background levels 

as the reference sites in the present study (Timmermans & Walker 1989; 

Currie et al 1997). However, when Timmermans & Walker (1989) exposed 

C. riparius larvae from a reference laboratory culture for only ten days to the 

same cadmium concentration as measured at the PI location, larval body 

burdens were comparable with those in the present study, whereas the 

imagoes showed a hundred-fold increase in cadmium body burdens. This 

strongly suggests an increased cadmium-elimination efficiency in C. riparius 

midges from metal-contaminated sites in the present study. In agreement 

with this field observation, Postma et al (1996) found an increased cadmium 

depuration rate in C. riparius larvae sampled at both the PI and P2 sites. W e 

conclude, therefore, that the cadmium adaptation present in C. riparius 

populations (Postma et al 1995a; 1995b) is most likely attained by both a 

higher metal-excretion capacity in larvae and a highly efficient capacity to 

shed accumulated cadmium during metamorphosis. 

This increased loss of cadmium as well as the increased net metal 

accumulation in larvae can be explained by an increased metal storage 

capability in the guts of metal-exposed chironomids (Postma et al 1996). 

Such storage in gut tissue is known to contain 90% of the accumulated 

cadmium. Increased storage capacity could be caused by an increase in 

metal-handling granules in the gut epithelium of the metal-exposed midges 

or by a higher capacity or increased efficiency of these granules. The 

presence of these granules and their possible function in metal handling is 
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reported in several insects, including a Chironomus species (Sohal et al 1977; 

Seidman et al 1986a; Lauverjat et al 1989). As these granules may be expelled 

into the gut lumen by exocytosis or degeneration of complete cells, an 

increased elimination is to be expected. Indications for this mechanism are 

described by Seidman et al (1986b), who measured high amounts of 

cadmium in degenerating cells or debris from cells from the midgut 

epithelium sloughed into the gut lumen of C. thummi larvae. 

Reported values of zinc body burdens in imagoes grown under clean 

conditions ranged from 2.0 to 3.5 nmol zinc for three different chironomid 

species, including C. riparius (Timmermans & Walker 1989). Body burdens 

in imagoes from both reference locations, as well as from the P2 site, 

corresponded closely to this range. Imagoes from PI, however, showed 

higher levels of zinc compared with those from P2, although larval body 

burdens were nearly a factor two lower compared with the P2 larvae. This 

trade-off cut across the suggested linear relationship between zinc adult 

midge and larval body burden and consequently the P2 population 

eliminated circa 20% more zinc than the PI population. In contrast to the 

cadmium measurements, these data suggest that not all zinc present is lost 

during the process of metamorphosis. This indicates that the shedding 

capacity in C. riparius larvae from the River Dommel is used first to 

eliminate the excess of the non-essential and potentially toxic cadmium to 

background levels. As far as excretion capacity is available, redundant 

amounts of zinc will be excreted as well in an attempt to reach the reported 

background values of circa 2.0 to 3.5 nmol zinc in imagoes (Timmermans & 

Walker 1989). 

The marked difference in zinc loss between the PI and P2 location can be 

explained by a lower metal storage capacity in PI chironomids compared 

with P2 midges (Postma et al 1996). As argued above, this can reasonably be 

explained by a positive net immigration of non-tolerant larvae from 

upstream sites. In particular, this drift can easily result in crossbreeding of 

non-exposed and metal-exposed subpopulations (Groenendijk et al 1996), 

and this will consequently result in a less defined adaptation to metals in 

midges at sites just downstream from the zinc factory. This suggests that 
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population differentiation due to metal stress is a gradual process rather 

than an all-or-nothing situation. The possibility for a continuum in metal 

adaptation has been supported by results obtained with other invertebrates 

such as the collembolan Orchesella cincta (Posthuma et al 1993; van Straalen 

et al 1987). 

conclusions 

1) Metal adaptation in C. riparius modifies in situ relationships between 

larval body burdens and concentrations of metals in detritus or water. 

2) During pupation, elimination of accumulated metals was highly 

efficient in C. riparius. The efficient shedding of metals in exposed 

chironomids is most likely explained by an increased metal depuration 

capacity recorded in genetically adapted midges (Postma & Groenendijk 

1999). 

3) Metal shedding capacity in C. riparius larvae is most likely used first to 

eliminate the excess of cadmium to background levels. As far as 

excretion capacity is available, redundant amounts of zinc will be 

excreted as well. 
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CHAPTER V 

Fluctuating life-history parameters indicating temporal variability 

in metal adaptation in riverine chironomids 

ABSTRACT 
Adaptation to toxicants in animal populations is influenced primarily by two counteracting 

forces. Firstly, the intensity and duration of peak concentrations of toxicants is responsible for 

the actual level of selection pressure on the population. Secondly, the process of adapta t ion 

can be disrupted by gene flow as a result of crossings with non-tolerant individuals. These 

counteracting forces were analysed in riverine insects where we expected that the level of 

metal adaptation is subject of considerable fluctuations, due to variable dilution of metals and 

a variable transport of non-tolerant individuals in river water. To this purpose, the s tabi l i ty 

of metal adaptation in different Chironomus riparius populations was analysed during a five-

month period in a heavily polluted lowland river. This was examined by measuring 

mortality, larval dry weight and accumulation of zinc under laboratory conditions. The 

results showed that in midge populations originating from metal contaminated field sites 

several life-history parameters (like control mortality and growth response under cadmium 

exposure) of the laboratory reared Fl generations showed considerable temporal variation. In 

addition, the presence of metal-adapted midge populations was indicated on several 

occasions on the metal-exposed field sites. Reference populations on the other hand, showed 

stable life history patterns throughout the sampling period and no signs of metal adapta t ion 

were found. These observations showed that the actual level of metal adaptation varies 

considerably, both in time and space. Adaptation to metals in riverine chironomids, 

therefore, should be looked upon as a highly dynamic process. 



CHAPTER V 

Introduction 

Adaptation is one of the core principles in evolutionary biology and 

natural selection is universally regarded as the primary cause of 

evolutionary changes. Adaptation has recently been defined as a heritable 

attribute of a certain character that offers advantages in survival and 

reproduction of that character in a given environment (cf Vermeij 1996). 

Analysing a case of metal-adapted chironomids inhabiting a polluted 

lowland river (see Postma & Groenendijk (1999) for a review of this case) in 

the light of this definition, reveals that the characteristics involved in metal 

adaptation are indeed hereditary. In addition, populations of chironomids 

exposed to metals in the field were less sensitive to cadmium compared to 

unexposed populations when laboratory experiments on larval 

development and hatchability of the egg masses were carried out (Postma et 

al 1995). 

It is virtually unknown how the stability of adaptation is maintained in a 

certain population, because it may be strongly affected by an influx of non-

adapted specimens. In general, the process of gene flow determines the 

spatial scale of adaptation (Slatkin 1987) and the higher the mobility of a 

species, the higher the influence of gene flow can be expected. It was shown 

before that in riverine metal-adapted chironomids, drift of larvae can 

introduce large amounts of genotypes into environments to which they are 

not adapted (Groenendijk et al 1999). Consequently, gene flow can reduce 

the rate of adaptation to pollution very strongly (Comins 1977; Taylor & 

Georghiou 1979; Roush & McKenzie 1987), but on the other hand it may 

provide essential new genetic material and can also reduce the effect of 

inbreeding by introducing new genes essential for a further increase in 

adaptation (Slatkin 1987). The residual effect of gene flow on adaptation will 

differ per situation and, furthermore, will interfere with other structuring 

forces like a fluctuation in selection pressure, due to changing levels of 

toxicants. 

It is hypothesised that in dynamic stream communities the actual level of 

metal adaptation will strongly fluctuate. The main objective of this study, 
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therefore, was to examine if temporal variability in the actual level of metal 

adaptation exists, occurring as a result of immigration of non-exposed midge 

larvae or a fluctuating selection pressure. This was analysed by following 

several life-history characteristics, indicating metal adaptation in 

Chironomus riparius populations over a five-month period. The present 

study was carried out in a lowland river in the northern part of Belgium, 

where a zinc factory causes a continuous high, but fluctuating metal load in 

the river. 

Materials and Methods 

Chironomus riparius 

The species used in the present study, Chironomus riparius, is a member 

of the dipteran family Chironomidae or non-biting midges. Its life cycle 

comprises an egg stage, four larval stages and a pupal stage, all in the aquatic 

environment, and a terrestrial adult stage. At 20 °C, the life cycle can be 

completed within three to four weeks (cf Mackey 1977). At temperate 

latitudes C. riparius displays multivoltine life cycles with repeated settling of 

larvae during April to November (Groenendijk et al 1999). The feeding 

mode of C. riparius larvae can be characterised as collecting-gathering 

(Armitage et al 1995) and the main food source for the larvae is sediment-

deposited detritus (Rasmussen 1984). 

sampling sites 

Populations of C. riparius were obtained from the lowland river Dommel, 

rising in the northern part of Belgium, which is part of the River Meuse 

catchment area. The Dommel is characterised by a sandy bottom, a limited 

width and depth, a current velocity roughly varying between 0.3 and 

1.0 m s"1, and neutral waters with a naturally high iron content (Postma 1995; 

Groenendijk et al 1999). Furthermore, this river is affected by a diffuse 

domestic and agricultural input, which creates a somewhat increased 

background for many toxicants. In addition to this diffuse contamination, 
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the River Dommel is heavily loaded with metals, especially cadmium and 

zinc, coming from a distinct point source. This metal pollution acts as a 

strong selective force on the benthic fauna for more than a century (Postma 

& Groenendijk 1999). The metal pollution in the River Dommel, therefore, 

provides a suitable test case for studying metal adaptation processes in situ. 

In the present study three sampling locations in the Dommel were 

examined. Two sites are heavily polluted with metals and are situated 

downstream from the point source: Neerpelt (PI), situated only 400-500 

metres downstream and Borkel (P2), situated circa seven kilometres 

downstream from the point source of pollution. The reference site was 

located just upstream from the metal input (< 100 m) and is abbreviated in 

both text and figures as R2. Metal analyses of both water and detritus 

demonstrated that at the sites PI and P2, cadmium and zinc were the 

dominant pollutants. Dissolved metal concentrations were similar at both 

polluted sites and varied during the sampling period between 56^470 nM Cd 

(yearly 1995 average: 475 nM) and 5.3-17.1 uM Zn (yearly 1995 average: 

12.8 uM). Concentrations of cadmium are circa two orders of magnitude 

higher and concentrations of zinc are about one order of magnitude higher 

at the metal-exposed sites compared with the reference site R2. For more 

detailed information on water characteristics and concentrations of trace 

metals in both detritus and water in the River Dommel is referred to Postma 

(1995), Janssens de Bisthoven (1995) and Groenendijk et al (1999). In 

addition to the midge populations obtained from the field, the laboratory 

culture (LAB) of C. riparius, started in 1986 from a small experimental pond 

on the campus of the University of Amsterdam, was used as an extra non-

adapted reference population (Rl). 

field sampling and laboratory culturing 

Fourth instar C. riparius larvae were collected at the three field sites on 

seven occasions between July 25 and November 21, 1995. Due to low 

densities, the number of larvae was too low for successful breeding on a few 

occasions, so that on five occasions a complete set of observations could be 

made. Larval sampling took place in sediment banks in the bed of the 
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Dommel, which are a suitable habitat for larvae of C. riparius. The upper 

mud layer was scraped over several metres, using nylon nets with a mesh 

size of 300 urn. Sediment was sieved (400 \ixn) the next day in the laboratory, 

and larvae belonging to the genus Chironomus were collected. 

Field sampled larvae were cultured in plastic aquaria with a flight cage 

(35*20*30 cm) on top. All aquaria were filled with circa 5 liters of Dutch 

Standard Water (DSW) (NPR 6503 1980), a standardised synthetic analogue 

of common Dutch surface waters. Larvae were kept in clean, fine sand 

(grain size < 300 (im). For all field sampled populations, cultures were 

started with circa 300 fourth instar larvae and they were fed ad libitum a 

solution of 10.0 g ground Trouvit and 0.5 g Tetraphyll® in 200 ml water. A 

16 : 7, light : dark regime, with a twilight zone of 30 minutes before and after 

switching, was provided. The water temperature was maintained at 20.0 ± 

1 °C. After a few days, adult midges started to emerge. The egg masses 

produced were collected and allowed to hatch in clean water (DSW). All 

experiments were started by using first instar larvae from at least ten 

different egg masses. Randomly caught male imagoes were collected for 

each population and identified as C. riparius using Pinder (1978). 

experimental protocol 

In the present experiments, first generation laboratory-reared animals 

were used to examine the presence of a genetic component for metal 

adaptation. At the start of the experiments, 20 newly hatched first instar 

larvae were added to plastic 0.5 1 containers, containing 400 ml DSW, circa 1 

cm layer of shredded cellulose fibres and 1.0 ml food suspension. The 

overlying water was aerated constantly and all experiments were carried out 

in a controlled environment room (20.0 ± 1 °C and a 16 : 7, light : dark 

regime, with a twilight zone of 30 minutes before and after switching). Two 

concentrations of cadmium, added as a solution of cadmium chloride 

(nominal concentrations: 178 and 267 nM Cd) and a control were tested in 

triplicate. The water was renewed once a week and water samples were 

taken before and directly after water renewal. Three times a week 1.0 ml of 
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suspended food was added, providing an excess of food. The average actual 

cadmium concentration (nM Cd ± 1 SE) during the experiment in the 

controls was 0.27 ± 0.09. The average cadmium concentration in both 

treatments was 90.9 ± 5.2 and 131.9 ± 9.7 nM Cd, values representative for 

cadmium concentrations at the polluted field sites. In order to prevent a 

significant loss of metals in the test medium during the experiments, the 

plastic containers, the cellulose fibres and the food was spiked with the 

corresponding cadmium concentration by pre-exposure during one week, in 

which the solutions were renewed three times. 

Experiments lasted 14 days and the following parameters were assessed for 

each population: 1) mortality; 2) dry weight to the nearest ug of the 

surviving larvae and 3) accumulated zinc under control conditions. The 

latter parameter was measured because it was shown that cadmium-tolerant 

midges, cultured in the absence of cadmium, showed an increased 

accumulation of zinc (Postma et al 1995) and this parameter, therefore, can 

be used as an additive indicator of adaptation to cadmium. For the 

accumulation of zinc, ten larvae were randomly sampled from the control 

treatments of every population and used for trace metal analysis. 

Lyophilised organisms were weighed and digested individually, in 

concentrated H N 0 3 (Baker Ultrex) and H202 (Merck, 30%), using the micro-

extraction method described in Timmermans (1989). Quality control of the 

zinc analysis was carried out by analysing extraction blanks and reference 

material (IAEA MAA-3/TM, shrimp homogenate). Measured values were 

in good agreement with certified values (less than 10% deviation) and 

destruction blanks were near detection limits (0.3 uM zinc). All materials 

used in the experiments and analysis were cleaned by soaking in 0.1 N H N 0 3 

(Merck) for at least 24 hours, and were rinsed three times with double 

distilled water. Cadmium measurements were performed by using Graphite 

Furnace Atomic Absorption Spectrometry (Perkin Elmer 5100) equipped 

with Zeeman background correction. Zinc samples were analysed using air-

acetylene Flame Atomic Absorption Spectrometry (Perkin Elmer 1100B). 
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statistical analyses 

Routine statistical analysis were applied according to Sokal & Rohlf (1995). 

Assumptions for analysis of variance were, however, repeatedly violated, 

even after logarithmic transformation of the data. Therefore, non-

parametric Kruskal-Wallis tests were performed to analyse the data. 

Mortality percentages were tested after angular transformation of the data. 

The significance was tested at the p < 0.05 level. 

Results 

mortality under clean conditions 

When grown under clean control conditions, the laboratory cultured first 

generation C. riparius larvae from both polluted locations showed a higher 

mortality (20-50%) between July and September, compared with the low and 

stable mortality values (0-20%) of the reference field population (R2) and the 

LAB culture (figure 5.1A). Mortality levels for both polluted populations in 

October and November were, however, comparable to, or even slightly 

lower than mortality rates in both reference populations. These fluctuations 

in control mortality in midges originating from polluted field sites were 

responsible for a highly significant influence of the factor 'sampling time' 

(KW = 18.2; p < 0.01). The seasonal average for midges from the polluted 

field stations (PI and P2) was around 20%, twice as high as compared to the 

reference midge populations. However, this difference was not significant 

(KW = 0.43; p > 0.05), most likely due to the observed high temporal 

variation (figure 5.IB). Because the maximum cadmium concentrations 

tested are sublethal for C. riparius larvae, no differences in mortality rates 

among populations under cadmium exposure were present (data not 

shown, KW = 1.74 for the 90.9 nM Cd treatment and KW = 0.73 for the 

131.9 nM Cd treatment respectively; p > 0.05). 
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FIGURE 5.1 : Panel A: temporal variation in control mortality (%) in four populations of 
Chironomus riparius in 1995. R1 represents the LAB population and R2 the upstream 
located reference population. P1 and P2 represents the polluted downstream located 
populations. Panel B: average values based on the temporal data. 

growth under clean conditions 

Weight of 14 days old first generation larvae reared under clean control 

conditions was approximately 500 ug in each population, although some 

temporal variation was present. The influence of the factor 'sampling time', 

therefore, was found to be highly significant (KW = 229.0; p < 0.001), and was 

most prominent in the P2 location (figure 5.2A). However, no differences 

among populations could be detected (KW = 3.23; p > 0.05). 
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FIGURE 5.2: Panel A: temporal variation in dry weight (ug) after 14 days in four 
populations of Chironomus riparius in 1995 reared under control conditions. 
R1 represents the LAB population and R2 the upstream located reference population. 
P1 and P2 represents the polluted downstream located populations. Panel B: average 
values based on the temporal data. 
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FIGURE 5.3: Temporal variation in larval dry weight expressed as a percentage of the 
corresponding control at 90.9 (panel A) and 131.9 nM cadmium (panel C) in four 
populations of Chironomus riparius in 1995. Average values based on the temporal 
data are presented in panel B (90.9 nM cadmium) and D (131.9 nM cadmium). The 
dotted line at 100% represents the control level, lower values indicate decreased larval 
weight and higher values indicate increased larval weight compared to each 
corresponding control. R1 represents the LAB population and R2 the upstream located 
reference population. P1 and P2 represents the polluted downstream located 
populations. 

response to cadmium exposure 

When exposed to cadmium, both reference populations showed a 

reduction in larval dry weight (around 50%) compared to their 

corresponding control level (figure 5.3A & 5.3C). In contrast, populations 

from both polluted locations showed stimulated growth during July and 

August. This stimulation even reached a factor 3-4 at the beginning of 

August at the P2 site (figure 5.3A & 5.3C). The stimulation faded away 

during autumn and the degree of inhibition reached values equal to 

reference populations during September-November. In the 131.9 nM 

cadmium treatment, both the factor 'sampling time' (KW = 144.0; p < 0.001) 

and the factor 'population' (KW = 75.4; p < 0.001), showed a highly 
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significant influence. In addition, the responses of the C. riparius larvae 

growing in the 90.9 nM Cd treatment (figure 5.3A) were congruent with the 

responses in the highest cadmium concentration. The seasonal average of 

the responses during cadmium exposure, relative to the corresponding 

control, showed an inhibition in larval growth of approximately 50% for 

both reference populations. However, the growth responses in the 

cadmium treatments were clearly higher for both polluted populations and 

increased to an overall value equal to the corresponding control (100% 

level) in the P2 population. However, the large variability should be noted 

(figure 5.3B & 5.3D). 

accumulation of zinc in larvae grown under clean conditions 

During the first two sampling dates, first generation fourth instar C. 

riparius larvae from both metal-exposed populations grown under control 

conditions, contained more zinc compared with larvae from the reference 

populations (figure 5.4A) and a significant difference among populations 

was detected (KW = 47.5; p < 0.001), even if the LAB population was 

excluded from the calculations (KW = 6.54; p < 0.05). This difference 

between exposed and non-exposed populations was, however, less 

pronounced during the remaining sampling dates. Although especially in 

the field populations some temporal fluctuation seemed to be present, there 

was no significant influence by the factor 'sampling time' (KW = 5.97; 

p > 0.05). During the whole sampling period, the LAB population (Rl) 

showed a lower larval zinc concentration compared with the three field 

populations. This is also apparent in the average value presented in figure 

5.4B, where larval zinc content increased from 3.3 for the LAB population to 

5.0 umol g"1 dry weight for the P2 location. 
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FIGURE 5.4: Panel A: temporal variation in zinc concentration (|imol g"1 DW) in larvae of 
four populations of Chironomus riparius in 1995 reared under control conditions. 
R1 represents the LAB population and R2 the upstream located reference population. 
P1 and P2 represents the polluted downstream located populations. Panel B: average 
values based on the temporal data. 

Discussion 

population differentiation 

The observations on mortality under control conditions, present in the 

metal-exposed chironomids, showed a high temporal variation. The low 

mortality rates during October and November, are in contrast to the high 

values recorded in July, August and September. High control mortality has 

been observed previously in toxicant-exposed arthropod populations 

(Donker & Bogert 1991; Posthuma et al 1993; Postma et al 1995), but is 

explained in different ways. In some studies control mortality is 

hypothetically explained in terms of 'costs of tolerance'. The maintenance of 

an adaptive mechanism may be energetically expensive (Sibly & Calow 1989; 

Holloway et al 1990) and an increased investment in the tolerance 

mechanism may initiate a trade-off between the benefits of the adaptation 

and the decreased investments into other processes like growth and 

reproduction (cf Harper et al 1997a). This may result in individuals with a 

reduced fitness in an environment to which they are not adapted, 

explaining for instance the observed high control mortality values. 
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Although in some studies indications for this trade-off hypothesis were 

found (Jones & Hopkin 1996), no clear signs of costs of tolerance could be 

traced in other investigations (Harper et al 1997a; 1997b). Alternatively, a 

lack of essential micronutrients, like zinc and copper, was suggested by 

Posthuma et al (1992) as an explanation for the high control mortality in 

metal-tolerant Collembola. Metal-adapted organisms often show 

indications for an increased metal-handling capacity, resulting in an 

increased efficiency to store and/or eliminate metals (Posthuma et al 1992; 

Postma et al 1996; Donker et al 1996). Possessing such a mechanism could 

well be responsible for an increased dependency on essential metals by 

adapted specimens placed in a clean environment (cf van Capelleveen 1987). 

In support of this explanation, a significant increased zinc concentration was 

observed in control larvae from the PI and the P2 location, which coincided 

with a low larval weight under control conditions and the increased control 

mortality. Furthermore, later during the sampling period low control 

mortality values were recorded in the metal-exposed chironomids and no 

clear differences in larval zinc content could be traced either. Therefore, the 

increased mortality in metal-exposed chironomid populations seemed to be 

caused by an increased need for essential metals, like zinc, and is reflected in 

an increased larval zinc content, being rather 'consequences of tolerance' 

instead of 'costs of tolerance'. 

The significantly enhanced larval growth under cadmium exposure in 

both metal-exposed chironomid populations compared to their 

corresponding controls provided further evidence for the presence of 

adapted specimens on the first sampling dates. Yet, we conclude that there is 

a considerable temporal variation in life-history characteristics associated 

with metal adaptation in metal-exposed chironomids in the River Dommel. 

cause of temporal variation in metal adaptation 

The question may arise why certain characteristics associated with 

cadmium adaptation do show such a high variation. Significant differences 

in certain life history characteristics were measured during July, August and 

September, demonstrating the presence of metal-adapted chironomids in 
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the River Dommel. In contrast however, no clear differences were found in 

October and November, indicating a lack of population differentiation. At 

first glance, this variation in population characteristics seems highly 

unlikely. Either there is a contrasting metal adaptation present which is 

genetically based, implying local selection and predominance of certain 

genotypes of C. riparius, or there is a uniform chironomid population 

indicating a lack of selection pressure and, consequently, no local variation 

in metal adaptation. However, this situation is expected only in situations 

where 1) the selection pressure is rather stable due to a constant level of 

contamination in combination with 2) a low level of gene flow due to a low 

dispersal rate. 

Indeed, the actual cadmium and zinc concentrations in the River 

Dommel both exceed EC50 and NOEC-values for C. riparius regularly (Pascoe 

et al 1989; Timmermans et al 1992), suggesting a direct selective effect on 

local chironomid populations (Postma & Groenendijk 1999). However, the 

actual selection pressure in the River Dommel is not constant because the 

metal contamination is subject to regular changes. During the present study, 

both the concentrations of zinc and cadmium in sediment compartments, as 

well as the dissolved metals showed a high temporal variation by 

comparing two-weekly measurements (differing up to more than a factor 10 

between the observed outermost values). Furthermore, these observations 

indicated that during late summer 1995 at both polluted locations peak 

concentrations were recorded in both water and sediment compartments 

(Groenendijk et al 1999). This suggests an increased selection pressure on 

the C. riparius populations at the polluted sites and this observation 

correlates with the increased metal adaptation in July and August in both 

metal-exposed chironomid populations. 

Secondly, the presence or absence of an adapted C. riparius population is 

influenced by the rate of immigration of animals from upstream non-

polluted sites as well. Immigration of non-adapted specimens will quickly 

lower the speed of local adaptation (Comins 1977; Taylor & Georghiou 1979; 

Flexner et al 1996), and will keep the composition of a population 

heterogeneous. Slatkin (1987) however, suggested that with a low level of 
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gene flow, local adaptation can increase further due to the reduction of the 

chance of inbreeding. Furthermore, the introduction of new genes are of 

vital importance for a viable heterogeneous population. A tentative 

quantitative model in which aspects of this 'shifting balance' theory were 

incorporated indeed suggested that low amounts of gene flow can increase 

local resistance to insecticides (Caprio & Tabashnik 1992). On the other 

hand, if gene flow of non-resistant individuals exceeds 10% per generation 

of the receiving population, the speed of developing insecticide resistance 

will decrease strongly (Caprio & Tabashnik 1992). 

In the case of C. riparius, gene flow is relatively easy to estimate because 

drifting larvae normally represent a major part of the total gene flow 

compared to the dispersal of the short living and weakly flying imagoes (cf 

Davies 1976). Measurements of larval drift of C. riparius at the R2 location 

during 1995 showed a large amount of drifting larvae during August and 

September entering the metal-exposed zone (Groenendijk et al 1999). Based 

on these drift measurements and the actual larval densities at the polluted 

sites, estimates were made of the percentages of larvae entering the metal-

exposed population per day. Although roughly estimated, it was calculated 

that during this period the daily input of non-exposed larvae into the metal-

exposed sites regularly exceeded 5-10% of the local midge population 

present. Because of the similarity in population dynamics of C. riparius at 

the R2 and the PI site, it was concluded that drifting non-tolerant larvae 

most likely interbreed with the PI population (Groenendijk et al 1999). The 

estimated input of C. riparius larvae to downstream sites is therefore most 

likely higher than the mentioned 10% per generation in the model of Caprio 

& Tabashnik (1992). Consequently, this drift and the resulting crossbreeding 

can quickly lower the level of adaptation at downstream, metal-exposed sites 

and this 'dilution' with non-adapted genotypes could therefore well explain 

the lack of population differentiation between upstream and downstream 

sites in October and November. Furthermore, genetic evidence supporting 

this explanation was found in a study using allozyme polymorphisms, 

carried out with fourth instar C. riparius larvae sampled at the beginning of 

October 1995 at the R2 and both the PI and P2 site. This study demonstrated 
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a complete lack of substructuring between metal exposed and non-exposed 

midge populations (Raijmann & van Grootveld 1997). Furthermore, high 

values of gene flow parameters were measured and this correlates strongly 

with the total absence of interpopulation differences in October in the 

present study. 

We conclude therefore, that the observed variation in metal adaptation 

present in river-dwelling C. riparius populations is most likely explained by 

two important factors. Firstly, the actual level of metal adaptation is 

influenced by fluctuations in selection pressure and secondly, the impact of 

immigration of non-tolerant larvae which can easily result in gene flow is 

most probably even larger. This view is supported by the near absence of 

variability in life-history parameters in the C. riparius laboratory population 

because of the lack of gene flow in this stable, non-contaminated population 

in a controlled environment. 
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A method for crossbreeding strains of chironomid midges (Diptera; 

Chironomidae) and its application to ecotoxicological studies 

ABSTRACT 

In this paper a newly developed technique for crossbreeding populations of Chironomus 

riparius is presented. It was shown that this technique is suitable in genetic and 

ecotoxicological studies, when crossbreeding of different strains of a midge species is 

necessary. In addition, no indications of parthenogenesis in C. riparius could be detected, 

allowing users to apply this technique for the numerous conceivable possibilities. In th i s 

study, we tested the applicability of the crossbreeding technique in analysing differences in 

metal sensitivity in two field populations of C. riparius from the metal polluted River 

Dommel, and in the resulting reciprocal crosses. It was shown that the metal adapta t ion 

present in the metal-exposed parent population, based on short term EC50 values for cadmium, 

vanished almost completely within one generation after crossbreeding with a non-adapted 

reference population. This observation will elucidate the expected wax and wane of t he 

actual level of metal adaptation present in C. riparius populations in the River Dommel. 
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Introduction 

Occurrence of mating in chironomid midges is predominantly restricted 

to monospecific aerial swarms during calm weather. Males gradually leave 

the resting areas to form a swarm in which they fly in a zigzag manner over 

a fixed marker. Soon after the onset of swarming, females enter the swarm 

and copulation takes place in the air (Kon 1984). This swarming tactic may 

secure high mating rates of females when population densities are low 

(Armitage et al 1995). However, in laboratory cultures this swarming 

behaviour may hamper the possibilities of successful reproduction of 

different chironomid species, because every chironomid species needs 

specific circumstances to form swarms (LeSage & Harrison 1980). Even more 

difficulties are to be expected in genetic and ecotoxicological studies when 

crossbreeding of different strains of a midge species is necessary to examine 

the heritability of characters in both the parent populations and the 

reciprocal products. 

In this paper we describe a newly developed method to successfully 

crossbreed different populations of the midge Chironomus riparius (Meigen, 

1804). The possibility of parthenogenetic reproduction interfering with the 

crossbreeding results and the relevance of the crossbreeding system in 

general, are discussed in an ecotoxicological case study in which a metal 

adapted and a non-adapted population of C. riparius from the heavily metal 

polluted River Dommel were crossbred. 

Materials and Methods 

field sampling 

Larvae of C. riparius were sampled during six occasions between 

November 1996 and October 1997, on two closely situated locations in the 

River Dommel. Metal contamination in the Dommel originates from a zinc 

factory which creates a distinct point source of pollution in the river. On 

both sides of this point source chironomid larvae were collected. The 1995 
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average of dissolved Cd for the reference site (R) just upstream from the zinc 

factory, was 5 nM Cd, whereas at the polluted site (P) just downstream from 

the zinc factory, 640 nM Cd was measured. Although these two sites differ 

more than a factor 100 in cadmium pollution, the distance between both 

locations is only a few hundred metres. Detailed information about metal 

pollution and related Dommel characteristics is available in Postma (1995) & 

Groenendijk et al (1999). All C. riparius larvae were transported to the 

laboratory on day of collection and reared to adulthood in a controlled 

climate room. 

culturing and crossbreeding conditions 

Field larvae were cultured using plastic aquaria (12.5 1) with a flight cage 

(38*21*30 cm) on top. All larvae were kept in clean sediment (sand < 300 

Urn) and circa 5 1 of Dutch Standard Water (Maas et al 1993). Midge larvae 

were fed ad libitum with a solution of ground Trouvit and Tetraphyll®. 

After circa one week midges started to emerge. Crossbreeding of midge 

populations was carried out with a newly designed emergence trap. In this 

trap, adult, freshly emerged midges were caught separately in small plastic 

tubes (25 ml; 34 per aquarium) which were placed just above the water 

surface (figure 6.1). These plastic tubes were checked at least twice a day and 

tubes in which both male midges and female midges were present, were 

discarded from further use. All individually caught male and female 

midges, were placed in two different flight cages: newly emerged males (m) 

from the reference population (R) together with newly emerged females (f) 

from the polluted population (P) and conversely (figure 6.1). This 

crossbreeding setup produced egg masses from four different C. riparius 

strains. Both parental populations were cultured without emergence trap 

and produced pure reference (R) originated or polluted (P) originated egg 

masses. In both aquaria equipped with emergence traps, egg masses from 

the two reciprocal crosses were produced (figure 6.1). 
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FIGURE 6.1 : Design of the crossbreeding technique. Chironomus riparius larvae from a 
reference (R) site and a polluted (P) site were placed in an aquarium with sediment and 
water in duplicate. The parental populations are shown on the left side and both 
reciprocal crosses are shown on the right. A detailed description is discussed in the 
text. 

ecotoxicity experiments 

Short term experiments for testing metal tolerance and possible effects of 

crossbreeding on the level of metal tolerance, were performed by 

determining the growth rate of first instar larvae. First generation 

laboratory-reared animals (Fl) were used in the experiments to examine the 

presence of a genetic component for population differentiation in metal 

tolerance. All experiments were started with first instar larvae less than 24 

hours old from these first generation egg masses. Twenty-five larvae were 

exposed during four days to six concentrations of cadmium in 400 ml Dutch 

Standard Water. The average actual cadmium concentrations during the 

experiments were 0.2; 59.0; 108; 220; 600 and circa 1200 nM Cd. The food 

(1 ml of a solution of ground Trouvit and Tetraphyll®) was added at the start 

of the experiments and provided a suitable substrate for tube building. 

Therefore, no additional sediment was added. The initial length of larvae 

from each strain was measured in a sample of 25 larvae, using an ocular 

micrometer. After 96 hours, the surviving larvae were counted and their 
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length was measured. Population differences in the growth rates of larvae 

in the unexposed control situation were observed. Therefore, growth in 

each of the four strains exposed to cadmium, was expressed by calculating 

the percentage reduction of the growth relative to the corresponding control. 

In addition, short term EC50 values were estimated with 95% confidence 

limits, by fitting a model for logistic response. When subtoxic stimulus was 

present an extended model for logistic response (van Ewijk & Hoekstra 1993) 

was used to calculate the EC50 value and its accessory 95% confidence limits. 

parthenogenesis 

Two experiments (A and B) were performed to examine the possibility of 

parthenogenesis in C. riparius, using the above mentioned culturing 

conditions. For this purpose circa 300 larvae from the laboratory culture of 

C. riparius present at our department, were placed in plastic aquaria with a 

flight cage on top. All larvae were kept in clean sand (< 300 urn) and circa 5 1 

of Dutch Standard Water (Maas et al 1993). All aquaria were equipped with 

an emergence trap to catch female midges, which had definitely not been in 

contact with male chironomids. These females were allowed to deposit 

their egg masses in a separate flight cage. All egg masses deposited were 

collected and were examined after seven days if hatching of the eggs had 

taken place. 

Results and Discussion 

parthenogenesis 

Parthenogenesis is a widespread phenomenon among insects, although 

only a few chironomid species are reported to show parthenogenetic 

reproduction. Most of these examples are found in the Tanytarsini and 

Orthocladiinae families (Armitage et al 1995). However, three Chironomus 

species have also been found to be partly parthenogenetic (Grodhaus 1971). 

In our experiments more than 180 unfertilised females of C. riparius were 

caught, using the emergence traps from the crossbreeding system (figure 6.1), 
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producing over 100 egg masses in experiments A and B together (table 6.1). 

None of these egg masses hatched, indicating that under the culturing 

conditions used C. riparius is a non-parthenogenetic species. In addition, a 

pilot study analysing allozyme polymorphisms using field captured C. 

riparius larvae also showed no indications of genetically identical 

individuals (Raijmann & van Grootveld 1997). It is therefore highly 

unlikely that parthenogenesis interferes with results obtained in 

crossbreeding experiments with different C. riparius strains. 

TABLE 6.1: Number of used unmated females, the number of produced egg masses 
and the number of fertilised egg masses in two experiments examining the possibility of 
parthenogenesis in Chironomus riparius. 

experiment number of number of fertilised egg 
females egg masses masses 

~/C~ 42 11 0 
_B 139 95 0 

crossbreeding of midge populations 

Table 6.2 shows the number of egg masses produced in each of the four 

strains of C. riparius in the six different experiments. The production in 

both parental populations was on average higher than 40 egg masses, 

indicating a high genetic diversity in the mixture of first instar Fl larvae. 

Due to a minor, but systematic loss of midges during the use of the 

emergence traps, the number of egg masses produced in the reciprocal 

crosses is lower compared to both parental populations. However, the 

produced totals were still appropriate for further use, because each egg mass 

of C. riparius contains at least 300-400 eggs and a vast majority of the egg 

masses were found to be fertilised. Thus, the average number of more than 

15 egg masses in the crossbred strains guaranteed enough genetic diversity in 

the following generation. Consequently, the emergence traps proved to be a 

suitable technique for crossbreeding C. riparius midge populations, 

especially because parthenogenesis in this chironomid species was absent. 

Therefore, this technique is suitable in genetic studies when crossbreeding of 

different strains of a midge species is necessary to study characters present in 

one or both the parent populations and its heritability in the resulting 

112 



METHOD FOR CROSSBREEDING CHIRONOMIDS 

reciprocal products. Out of the numerous conceivable possibilities, we tested 

the applicability of the crossbreeding technique in studying differences in 

metal sensitivity in both parental field populations of C. riparius from the 

metal polluted River Dommel, and in the reciprocal crosses. 

TABLE 6.2: Number of egg masses produced in both parental populations and 
reciprocal crossings of Chironomus riparius in six different experiments. At the bottom 
the average value for each strain is shown. 

population 

experiment R P mR*fP fR*mP 
1 64 53 31 15 
2 48 57 17 30 
3 43 41 14 16 
4 13 8 9 15 
5 22 45 12 18 
6 76 46 14 16 
average: 44 42 16 18 

ecotoxicological relevance 

As an example, larval growth of first instar larvae (Fl) of C. riparius 

exposed to cadmium, in experiment 1 is shown in figure 6.2. Results clearly 

demonstrate that cadmium reduced larval growth of the reference 

population. Larvae from the polluted location, on the other hand, showed 

maximum growth at somewhat increased cadmium concentrations and 

were less affected by cadmium than larvae from the reference site, even at 

the highest cadmium concentration (figure 6.2). This resulted in a 

significantly different 96 h EC50 value for both parental populations. The 

estimated EC50 value for the reference population was 245 nM Cd (95% 

confidence limits (CL): 211-289) and for the polluted population 564 nM Cd 

(95% CL: 469-680). The EC^ values for the mR*fP reciprocal crossing turned 

out to be almost equal to the reference population (243 nM Cd; 95% CL: 

201-294). The f~R*mP strain however, was significantly more affected by 

cadmium than the reference population, resulting in an EC50 value of 

121 nM Cd (95% CL: 102-143). All other experiments showed similar 

indications for an increased metal tolerance in the polluted population and 

a reduction of metal adaptation in the reciprocal Fl products. 
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FIGURE 6.2: Larval growth, as percentage of the corresponding control, of first instar 
larvae hatched from the egg masses in experiment 1 of Chironomus riparius exposed 
to cadmium. F1-generation larvae were obtained from the reference (R) site and the 
polluted (P) site (parental populations, black symbols; solid lines). In addition, both 
parental populations were crossbred, resulting in two reciprocal crossings (open 
symbols; dashed lines): maleR*femaleP and femaleR*maleP. Mean values together with 
standard errors are presented. 

The significant difference in cadmium sensitivity between C. riparius 

larvae sampled at the reference and polluted site is in agreement with the 

findings of Postma (1995) and Postma & Groenendijk (1999), who showed 

that metal adaptation in C. riparius in the River Dommel should genuinely 

be judged genetic according the standards set in Brandon (1990). However, 

based on the presented EC50 values, the cadmium adaptation vanished 

almost completely within one generation after crossbreeding with a non-

adapted reference population. This observation has important implications 

for the actual level of metal adaptation present in C. riparius in the River 

Dommel. Fluctuations in the actual level of metal adaptation are to be 

expected, because it was shown that mass migration of non-tolerant larvae 

in the Dommel regularly takes place (Groenendijk et al 1996). Because 

seasonal dynamics of C. riparius populations on both sides of the point 

source of metal pollution were identical, gene flow between non-adapted 

and adapted populations seems likely to occur in this river. This gene flow 

can easily reduce the speed of adaptation to pollutants (Comins 1977; Taylor 

& Georghiou 1979), but on the other hand it can reduce the effects of 
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inbreeding by introducing new genes, essential to further increase metal 

tolerance (Slatkin 1987). 

Most likely, C. riparius populations mix genetically in the River Dommel 

on a regular base. Based on the results mentioned above, the effects of 

crossbreeding in metal-adapted midge populations can now be studied easily 

using the crossbreeding technique described above. The expected wax and 

wane in metal adaptation and the rate at which metal tolerance can be re

established will be examined in detail. In future research therefore, we 

would like to focus on the crossbreeding effects in metal adapted C. riparius 

populations in the River Dommel. 
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CHAPTER VII 

Loss of metal adaptation in Chironomus riparius (Diptera: 

Chironomidae) by simulating gene flow in adapted field 

populations 

ABSTRACT 

The ability of the non-biting midge Chironomus riparius to survive and reproduce in metal 

polluted lowland rivers facilitates the opportunity to study micro-evolutionary processes in 

situ. However, due to larval drift, adapted midge populations are subject to regular 

immigration of non-adapted specimens from clean upstream river reaches. To examine the 

influence of non-adapted genes in adapted midge populations on the level of metal 

adaptation, a reference and a metal-exposed chironomid population were both 

experimentally crossbred to mimic high gene flow rates under laboratory conditions. Several 

life-history characteristics, indicating adaptation to metals, were followed in the parental 

strains as well as in the reciprocal crossings. Such crossings were repeatedly done for over a 

year, to examine the heritability of metal adaptation in chironomids. Results confirmed the 

presence of adaptation to metals in exposed chironomids. However, a rapid loss of metal 

adaptation in the first generation hybrid offspring was clearly demonstrated. Consequently, 

the large temporal variation in metal adaptation in midge populations from the studied 

lowland river can be explained by the influence of gene flow from upstream non-polluted 

areas. In addition, the responses of the reciprocal first generation crosses showed no clear 

indications of maternal effects indicating a major genetic component for the increased metal 

tolerance in the exposed midge populations. 
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Introduction 

Worldwide, many areas are contaminated to a greater or lesser extent by 

metals originating from the mining and smelting of metal ores. This has 

resulted in the elimination of several plant and animal species and a 

subsequent drastically changed species composition (Bradshaw et al 1965; 

Klerks & Levinton 1993; Clements 1994; Kiffney & Clements 1994). 

However, some plant (Macnair 1997; Schat & ten Bookum 1992) and animal 

species (reviewed in Klerks & Weis (1987) for aquatic organisms and in 

Posthuma & van Straalen (1993) for terrestrial invertebrates) have shown 

their adaptive strength by surviving and reproducing in metal polluted 

environments. Amongst terrestrial invertebrates, conclusive evidence for 

genetically based metal adaptation has been presented for a few species only 

(Posthuma & van Straalen 1993), and also among aquatic organisms 

extensively studied examples of metal adaptation are still scarce: Brown 

(1976) with the isopod Asellus meridianus, Nevo et al (1984) with the 

gastropod Monodonta turbinata, Klerks & Levinton (1989) with the 

oligochaete Limnodrilus hoffmeisteri and Postma & Groenendijk (1999) 

with the non-biting midge Chironomus riparius. 

In general, the actual level of metal adaptation is the residual effect of the 

dynamic interaction between the selective pressure of elevated metal 

concentrations and gene flow (Brandon 1990). Due to this interaction the 

presence or absence of a certain species in a contaminated habitat is not only 

influenced by its sensitivity or ability to adapt, but also by the rate of 

immigration from non-polluted sites. Hence, high levels of gene flow will 

reduce the speed of adaptation to toxicants (Comins 1977; Taylor & 

Georghiou 1979; Roush & McKenzie 1987). A reverse effect of gene flow 

however, is the introduction of essential new genes for a further increase in 

tolerance (Slatkin 1987). As a consequence, regular immigration of non-

adapted specimens will push a given animal population to either sides of 

the balance, resulting in variable levels of adaptation. Recently, indications 

for a fluctuating level of metal adaptation were presented for the non-biting 

midge Chironomus riparius, inhabiting a metal polluted lowland river in 
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Belgium (Groenendijk et al 1999a). In addition, it was shown that migrating 

C. riparius larvae entering the polluted zone will most likely interbreed 

with the specimens already present at the polluted sites because of their 

simultaneous development (Groenendijk et al 1999b). Although not yet 

demonstrated for metal-adapted invertebrates, gene flow has been shown to 

lower metal tolerance amongst offspring in copper tolerant plants (McNeilly 

1968). The main factor responsible for the fluctuations in metal adaptation 

in C. riparius below the point source of metals is therefore most likely to be 

the gene flow by drifting chironomids from non-polluted upstream 

environments. To validate this hypothesis, a reference and a metal-exposed 

C. riparius population were crossbred to simulate gene flow under 

laboratory conditions. Several life-history characteristics, indicating metal 

adaptation were followed in the parental strains as well as in the reciprocal 

crossings repeatedly for more than a year, to examine the heritability of 

metal adaptation in chironomids and the possibility of maternal effects. 

Materials and Methods 

study sites 

The populations of C. riparius used in this study originated from the 

River Dommel which is situated in the northern part of Belgium. The 

Dommel is a second to third order stream fed by rainwater, and is one of the 

numerous lowland rivers in the Meuse River basin. The river is 

characterised by a sandy substrate and neutral waters with a naturally high 

iron content. Visibility is often limited to 10-20 cm due to considerable 

amounts of suspended organic material, but seasonal variation does occur. 

Part of the Dommel is heavily loaded with cadmium and zinc, which 

originates from a nearby zinc factory situated on the banks of a small stream. 

This enters the Dommel close to the Dutch-Belgian border, thereby creating 

a distinct point source of metal pollution in the river. The factory began 

producing zinc and cadmium from ores in 1888. During the 1980s yearly 

production averaged 120,000 tons of zinc and 600 tons of cadmium. In 1992, 
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production of zinc and cadmium was stopped and the factory switched to the 

recycling and production of zinc alloys. Since then and the present day, no 

change in metal concentrations in the River Dommel has been measured, 

because metal input in the river is mainly derived from seepage from 

wasted ores. Concentrations of cadmium are circa two orders of magnitude 

higher and concentrations of zinc are about one order of magnitude higher 

at the metal-exposed sites compared with the reference site. Dissolved metal 

concentrations downstream from the point source varied during the 

sampling period between 6.0-290 nM Cd (average: 112 nM) and 1.9-11.3 (J.M 

Zn (average: 5.8 uM). More detailed information on water characteristics 

and concentrations of trace metals in both detritus and water in the River 

Dommel is given in Postma (1995), Postma & Groenendijk (1999) and 

Groenendijk et al (1999b). The metal pollution present in the River 

Dommel still acts as a strong selective force on the benthic fauna for over a 

century now and has resulted in locally adapted C. riparius populations 

(Postma & Groenendijk 1999). The present situation in the river, therefore, 

provides a suitable test case for studying micro-evolutionary processes in C. 

riparius populations in situ. 

Two closely situated sampling stations were selected in the Dommel on 

either side of the point source of metal pollution. The reference location (R) 

was situated only some tens of metres upstream from the inlet of the zinc 

factory and the metal-polluted sampling station (P) was situated in the 

polluted downstream area near the village Neerpelt, circa 400-500 metres 

downstream from the inlet of the zinc factory. 

field sampling and crossbreeding 

Fourth instar C. riparius larvae were collected at approximately 

bimonthly intervals at the two field sites on eight occasions between August 

13,1996 and October 7, 1997. Larval sampling took place in sediment banks 

in the bed of the Dommel which are a suitable habitat for larvae of C. 

riparius. The upper mud layer was scraped off over several metres, using 

nylon nets with a mesh size of 300 urn. Sediment was sieved (400 urn) the 
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next day in the laboratory and larvae belonging to the genus Chironomus 

were collected. 

Field sampled larvae were cultured in plastic aquaria with a flight cage 

(35*20*30 cm) on top. The aquaria were filled with circa 5 litres of clean 

Dutch Standard Water (DSW) (NPR 6503 1980), a standardised synthetic 

analogue of common Dutch surface waters. For all field sampled 

populations, cultures were started with circa 300 fourth instar larvae, which 

were fed ad libitum a suspension of 10.0 g ground Trouvit and 0.5 g 

Tetraphyll® in 200 ml water. A 16 : 7 light : dark regime, with a twilight zone 

of 30 minutes before and after switching, was provided. The water 

temperature was maintained at 20.0 ± 1 °C. After a few days, adult midges 

started to emerge. Crossbreeding of midge populations was carried out with 

a newly designed emergence trap, which is described in detail in 

Groenendijk & Lücker (1998). In this trap, adult, newly emerged midges 

were caught separately in small plastic tubes (25 ml; 34 per aquarium), which 

were placed at the water surface. These plastic tubes were checked at least 

twice a day and tubes in which both male and female midges were present, 

were discarded from further use. All individually caught male and female 

midges were placed in two different flight cages: newly emerged males (m) 

from the reference population together with newly emerged females (f) 

from the metal-exposed population and vice versa. Both parental 

populations were cultured without emergence trap. Hence, this set-up 

produced egg masses from four different, first generation (Fl) C. riparius 

strains: mR*fR; mR*fP; mP*fR and mP*fP. It was shown that by using this 

technique, high numbers of fertilised egg masses were produced (10-80) to 

ensure sufficient genetic variability at the start of the toxicity experiments. 

In addition, no indications of parthenogenesis in C. riparius could be traced, 

permitting application of this technique for numerous conceivable 

possibilities (Groenendijk & Lücker 1998). The egg masses produced were 

collected and allowed to hatch in clean water (DSW). Randomly caught 

male imagoes were collected from each population and control 

identification using Pinder (1978), confirmed that these all belonged to C. 

riparius. 
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experimental protocol 

Short term experiments for testing metal adaptation and possible effects of 

crossbreeding on the level of metal adaptation, were performed by 

determining mortality and growth rate of first instar larvae under cadmium 

exposure. First generation laboratory-reared animals (Fl) were used in the 

experiments to examine the presence of a genetic component for population 

differentiation in metal adaptation. All experiments were started with 

newly hatched first instar larvae, less than 24 hours old, from the first 

generation egg masses. Twenty-five larvae per treatment (plastic box, 

500 ml) were exposed during four days to six concentrations of cadmium 

(added as CdCl2; Titrisol, Merck) in 400 ml of Dutch Standard Water. 

Depending on the cadmium concentration, samples were analysed by air-

acetylene Flame (Perkin-Elmer 1100B equipped with an impact bead) or 

Graphite Furnace Atomic Absorption Spectrometry (Perkin-Elmer 

5100PC/HGA600/AS60 equipped with Zeeman background correction) after 

acidification to calculate actual concentrations in each experimental 

treatment. The average actual concentrations during the experiments were 

0.2 (control treatment), 59, 108, 220, 600 and 1200 nM cadmium. The food, 

1 ml of the suspension of ground Trouvit and Tetraphyll®, was provided at 

the start of the experiments and constituted a suitable substrate for tube 

building so therefore no additional sediment was added. The initial length 

of larvae from each of the four strains was measured in an additional 

sample of 25 larvae, using an ocular micrometer. After 96 hours, the 

surviving larvae were counted and their lengths determined. Population 

differences in the growth rates of larvae in the unexposed control treatments 

were observed. Therefore, growth in each of the four strains exposed to 

cadmium, was expressed by calculating the percentage reduction (or 

occasionally stimulation) of the growth relative to the corresponding 

control. 

data analysis 

Relative growth (to corresponding control level) was plotted against the 

actual cadmium concentration in the water and from these dose-response 
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plots EC50 values with 95% confidence limits were calculated using a non

linear curve fitting procedure within the computer programme 

Kaleidagraph (Synergy Software) using the model for logistic response 

described in Haanstra et al (1985). When a subtoxic stimulus was present an 

extended model for this logistic response (van Ewijk & Hoekstra 1993) was 

used to calculate the EC50 value and its accessory 95% confidence limits. In 

addition, for every curve fitting procedure a regression coefficient (r) and an 

estimate of the parameter describing the hormesis (H) was calculated. 

Routine statistical analyses were applied according to Sokal & Rohlf 

(1995). Assumptions for ANOVA were, however, repeatedly violated, even 

after logarithmic transformation of the data. Therefore, it was decided to 

perform non-parametric Kruskal-Wallis (KW) tests to analyse the data in all 

cases to facilitate mutual comparisons. Mortality percentages were tested 

after angular transformation of the data. The significance was tested at the 

p < 0.05 level. 

Results 

mortality under control conditions 

When grown under clean conditions, the laboratory cultured Fl 

generation larvae from the polluted location showed a large temporal 

variation in mortality (figure 7.1A). Control mortality was clearly increased 

from November 1996 until January 1997 (circa 25-80%) and again in October 

1997 (circa 40%) compared with the reference population. On the other 

hand, low control mortality rates (< 10%) were found during the remaining 

sampling dates and, consequently, the factor 'sampling time' showed a 

significant influence (KW = 15.5; df = 7; p < 0.05). The reference population 

showed low and stable mortality values (0-12%) throughout the full 

sampling period. The average over the total experimental period for midges 

from the polluted field site was nearly 25%, circa five times higher than for 

the reference population (figure 7.IB). Both reciprocal crosses showed an 

intermediate response (10-15%), however, no significant difference could be 
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traced among populations (KW = 4.59; df = 3; p = 0.20), most likely due to the 

observed high temporal variation especially in the polluted population. 

100-

Sep Dec Mar Jun Sep 

sampling date (1996-1997) 

FIGURE 7.1: Panel A: temporal variation in control mortality (%) in the reference (R) and 
polluted (P) populations of Chironomus ripahus, as well as in both reciprocal crosses. 
Panel B: average values with standard errors based upon the temporal data. 
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FIGURE 7.2: Panel A: temporal variation in larval growth (mm) after 96 hours in the 
reference (R) and polluted (P) population of Chironomus riparius, as well as in both 
reciprocal crosses, reared under control conditions. Mean values together with 
standard errors are presented. Panel B: average values with standard errors based 
upon the temporal data. 

larval growth under control conditions 

Growth of 96 hours old Fl larvae from the reference population, reared 

under clean control conditions, showed a high temporal variation with 

extreme values of circa 1.0 and 2.2 mm (figure 7.2A). Larvae from the 

polluted population showed a similar temporal variation, but responded on 

A . R B 
2.5- - - o - - mR*fP 

- - D - - fR'mP 
2 -

* \ x S - - - - 5 
N U - Ê , 

i iU 1.5- • "* \~rJ/ ' Ä- 31 > j - Y - . N i iU 
1 T T ^ ~ 

T^^a 1 - E 

0.5-

n - — i — i — h H 1 1—1 1— H 1 1 1 1 1 

124 



SIMULATING GENE FLOW 

five occasions with a lower larval growth than the reference site. As a 

consequence, both the factor 'sampling time' (KW = 191.8; df = 7; p < 0.001) 

and the factor 'population' (KW = 15.5; df = 3; p = 0.001) showed a highly 

significant influence. On the other hand, no differences were visible in the 

average values based upon the temporal data (figure 7.2B), and no clear 

responses in the reciprocal crosses could be traced either. 

.1 1 10 100 1000 

concentration cadmium (nM) 

FIGURE 7.3: Larval growth (as percentage of the corresponding control) of first instar 
Chironomus riparius larvae exposed to cadmium. F1 generation larvae were obtained 
from both the non-polluted reference (R) site (grey solid line) and the polluted (P) 
downstream site (black solid line). In addition, both populations were interbred resulting 
in two reciprocal crosses males R * females P (dashed line) and females R * males P 
(dotted line). Curve fitting was done using a model for logistic response as outlined in 
the materials and methods section. For a clear interpretation of the dose-response 
relationships, the original measurements were omitted from the graphs. However, an 
indication of the level of interpopulation variability can be obtained by judging the 
regression coefficients and the EC50 values including the 95% confidence limits as 
shown in table 7.1. Panel A shows the results for the sampling date in October 1996 
and panel B for the sampling date in December 1996. 
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TABLE 7.1:Short term EC;*, values (96 hours) in nM cadmium for Chironomus riparius 
larval growth, with their 95% confidence limits (CL) at each sampling date for both the 
reference (R) and the polluted (P) population as well as for the reciprocal crosses. For 
every curve fitting procedure a regression coefficient (r) and an estimate of the 
parameter describing hormesis (H) is also presented. 

sampling EC«, 95% CL r H ECso 95% CL r H 

date nM Cd nMCd 

13-8-96 271 236-311 0.8723 246 203-297 0.7515 0.1730 

2-10-96 200 165-242 0.8356 603 492-739 0.8408 0.0411 

19-11-96 247 211-289 0.8913 564 469-680 0.8559 0.0129 

23-12-96 258 208-319 0.8245 189 132-270 0.8173 -
16-1-97 145 127-164 0.7999 182 165-202 0.8857 0.0741 

13-3-97 250 213-294 0.8378 240 207-279 0.8117 0.1170 

4-6-97 151 129-178 0.8642 131 116-149 0.8276 0.1253 

7-10-97 254 191-338 0.7528 247 196-311 0.8224 -

mR*fP fR*mP 
sampling EC50 95% CL r H ECM 95% CL r H 

date nMCd nMCd 

13-8-96 234 196-280 0.8160 - 190 166-218 0.8788 0.0919 

2-10-96 439 368-524 0.8072 0.0020 300 254-356 0.8286 00213 

19-11-96 243 201-294 0.8055 0.0128 121 102-143 0.8804 -
23-12-96 267 208-344 0.7800 - 219 169-285 0.8297 -
16-1-97 145 129-163 0.8724 0.2209 127 104-155 0.8258 -
13-3-97 176 152-203 0.8720 - 273 233-321 0.8371 -
4-6-97 233 196-277 0.8490 - 112 85-146 0.8136 -
7-10-97 171 130-224 0.7125 - 215 180-257 0.8248 -

dose-response relationships 

Two examples of dose-response curve fits are presented in figure 7.3. 

Results clearly demonstrated that cadmium strongly reduced the larval 

growth of the reference population. However, on the October 1996 sampling 

date (figure 7.3A), the polluted population showed maximum growth at 

somewhat increased cadmium concentrations and midge larvae were less 

affected by cadmium compared with the reference larvae, even at the 

highest concentrations, resulting in significantly different EC50 values (table 

7.1). Results of the two crossbred populations were more identical to each 

other and showed intermediate responses to cadmium compared to growth 

patterns of the two parent populations (figure 7.3A). In contrast, no 

population differentiation was found in larvae sampled in the River 

Dommel in December 1996 (figure 7.3B) indicating a large temporal 
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variation in metal adaptation present in the metal-exposed midge 

population. 

The EC50 values and their accessory 95% confidence limits (95% CL) 

calculated for both populations and reciprocal crosses at each sampling date 

are presented in table 7.1. Furthermore, regression coefficients (r) for each 

curve fit and values of the parameter describing the subtoxic stimulus (H), if 

present, are also presented. Generally, the regression coefficients varied 

between 0.80 and 0.90, indicating the presence of some variation in growth 

response whilst under toxicant stress in the different data sets. No hormesis 

was found in the reference population, in contrast however, a stimulation 

in the lowest cadmium concentrations was recorded on six occasions in the 

polluted population and also on a few occasions in both reciprocal crosses 

(table 7.1). 
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FIGURE 7.4: Panel A: temporal variation in short term (96 hours) EC50 values (nM 
cadmium) for larval growth in the reference (R) and polluted (P) populations of 
Chironomus riparius, as well as in both reciprocal crosses. For clarity, 95% 
confidence limits were omitted from the graph, but are shown in table 7.1. Panel B: 
average values with 95% confidence limits based upon the temporal data. 

Temporal variation in short term EC50 values is presented in figure 7.4. 

The EC50 values recorded for the reference populations showed a stable level 

which was maintained throughout the year and varied between circa 145 

and 270 nM cadmium. No clear differences between the two field 

populations and the reciprocal crosses were present in August 1996 or again 

between December 1996 and October 1997. In contrast however, a clear and 

highly significant difference in the larval response between the reference 
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and the polluted site was noticed in October and November 1996. On these 

sampling dates, the crossbred strains showed intermediate EC50 values 

between the two parent populations (October 1996) or displayed an equal or 

even lower response compared with the reference parent population 

(November 1996) (figure 7.4). 

Discussion 

metal adaptation 

In general, a high control mortality, a lower larval growth under clean 

conditions and an increased EC50 value observed in clean cultured first 

generation animals, are reliable indicators for local adaptation to pollutants 

in field populations (cf Postma 1995; Forbes & Calow 1997). Obviously, the 

metal-exposed chironomids in the present study showed one or more of 

these adaptation characteristics, confirming the presence of metal adapted 

genes in downstream located populations of C. riparius as earlier reported by 

Postma & Groenendijk (1999). A striking feature within the present dataset 

is however the temporal fluctuation in these parameters for chironomids 

from polluted sites. Both mortality under control conditions and the 

calculated EC50 values for the metal-exposed midges varied considerably in 

time, compared with the stable values recorded for chironomids from the 

reference site. This observation showed consistency with earlier 

measurements of metal adaptation in C. riparius from the River Dommel 

(Groenendijk et al 1999a) and corroborate the conclusion that gene flow 

from non-polluted sites has a large impact on the level of metal adaptation 

in C. riparius at metal-exposed sites in the river. This hypothesis is also 

clearly supported by the results of the crossbreeding experiments. During 

the period that interpopulation differentiation was recorded (October-

November 1996), crossbreeding of the field collected parent population 

resulted in a strong decrease of metal adaptation in the crossbred offspring. 

After one generation of intense gene mixing, the adaptation present in 

metal-exposed chironomids was decreased to intermediate levels or became 
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even comparable with the reference midges. The loss of metal adaptation i n 

C. riparius after crossbreeding with a non-adapted midge population, 

showed a large resemblance with results obtained in comparable 

experiments using insecticide resistant dipterans. After crossbreeding a 

pyrethroid resistant strain of Hornflies (Haematobia irritons) with a 

susceptible population, the Fl hybrids showed intermediate LC50 values 

compared with both parental populations. However, like in the present 

November experiment, the hybrid sensitivity to the pyrethroid showed 

values closer to the susceptible strain, indicating a rapid loss of tolerance to 

the toxicant within one generation (Roush et al 1986; McDonald et al 1987). 

It should be noted that the present crossbreeding technique is the result of 

mixing circa 50% reference together with circa 50% metal-exposed midges, 

mimicking a high gene flow rate. However, it was estimated that under 

natural field conditions, these high gene flow rates are regularly reached at 

the polluted location (Groenendijk et al 1999b; Raijmann & van Grootveld 

1997). 

Two related explanations can be put forward to clarify the absence of 

metal-adapted genes at downstream sites from December onwards. It is well 

possible that the midge population at the metal-exposed site at the time of 

sampling, consists nearly only of drifted larvae originated from non-exposed 

upstream sites. Consequently, no differences in life history characteristics 

can be detected after such larval drift events. On the other hand, the 

reproductive season for C. riparius start in March and last well into 

November (Groenendijk et al 1999b), and gene mixing in the field could, 

therefore, also be responsible for the decline in EC50 values. The rapid loss of 

metal adaptation by gene flow as shown in the October and November 

experiments under artificial conditions, therefore, is most likely to occur 

also in the field situation and this explains why metal adaptation in the field 

is regularly absent (cf Klerks et al 1997). This is confirmed by the recorded 

temporal variation in life-history characteristics in the metal-exposed midge 

population. 
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heritability of metal tolerance 

In the present study, differences in metal tolerance between the reference 

and metal-exposed midges were demonstrated using larvae from a clean 

cultured laboratory-reared Fl generation. Therefore, the presence of a major 

genetic component for the heritability of metal tolerance was assumed. 

However, the influence of maternal effects, recently described as the final 

individual phenotype as affected by the environmental experiences of the 

mother (Mousseau & Fox 1998), could not be ruled out completely. It was 

for instance reported that the freshwater snail Brotia hainanensis collected 

from two separate sites along the same river, showed marked different acute 

responses to cadmium even after acclimation of a period of one week to 

laboratory conditions. Similar interpopulation differences were recorded for 

the Fl juveniles, but these faded away when cultured in the laboratory for 

longer periods. Therefore, it was concluded that both environmental and 

maternal effects had a major influence on cadmium tolerance in the snails 

and this was supported by the results of semi-quantitative genetical analysis 

(Lam 1996). In the present study, it was assumed that indications of the 

presence of maternal effects (or sex-linked inheritance of the metal 

tolerance) on metal adaptation could be properly detected by comparing the 

level of metal tolerance in the two reciprocal crossbred strains. Indeed, in 

some experiments a slight indication of maternal effect or sex-linked 

inheritance of metal adaptation could be traced. This is for instance 

visualised in the significantly increased EC50 value in the October 

experiment for the mR*fP strain compared with the reciprocal mP*fR strain. 

However, no persistent pattern was observed during the sampling period 

and differences between both reciprocal crosses were small and in most cases 

insignificant, indicating a major genetic component for the increased metal 

tolerance in the polluted population. 

In many arthropods, resistance to pesticides is commonly thought to be 

monogenically controlled, especially when the selection pressure is intense 

(Hoffmann et al 1995; Walker et al 1996). This major gene response shows 

in many cases a simple inheritance, with the resistant gene being dominant 

and heterozygotes showing intermediate responses compared to the 
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homozygote strains (Taylor 1986). However, many exceptions are reported 

(cf Shaw 1999), indicating the absence of uniform genomic responses in 

adaptation to toxicants. The response shown by C. riparius in the October 

experiment strongly suggest a single gene response, with both the reciprocal 

crosses almost similar and intermediate compared with the parent 

populations. This is highly comparable with the results of Martinez & 

Levinton (1996), who studied metal adaptation in the oligochaete 

Limnodrilus hoffmeisteri and presented evidence for metal adaptation 

controlled by one single gene. However, the temporal response in the 

present set of experiments is far from uniform and, in addition, the studied 

characteristics showed only relatively small differences between the adapted 

and the non-adapted reference C. riparius population. This is highly 

congruent with earlier research on this subject (reviewed in Postma & 

Groenendijk 1999). Therefore, adaptation to metals in the midge C. riparius 

seemed to be a gradual process (cf Posthuma & van Straalen 1993), and it is 

tentatively hypothesised that in such gradual cases the metal tolerance of an 

individual is determined by several, partly, additive factors. This probably 

involves a polygenic rather than a monogenic response. Consequently, 

differences in the level of adaptation may arise between populations 

depending on the genetic variation present for each of the additive factors. 

However, although the net process seemed to be gradual, a discrete and 

sudden increase in one of the factors is still possible. 

synopsis 

The present set of observations showed that metal adaptation in riverine 

chironomids is subject to considerable fluctuations. If, however, at certain 

moments, population spécifie differences are recorded, experimental 

simulation of high gene mixing rates showed a rapid loss of metal 

adaptation in the first generation hybrid offspring. It is therefore concluded 

that the often observed absence of metal adaptation in C. riparius 

populations from the River Dommel can be reliably explained by the 

influence of gene flow from non-polluted areas. Judging by the response of 

the studied set of parameters in the reciprocal first generation crosses, no 
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clear indications of maternal effects could be traced. It is therefore suggested 

that a major genetic component for the increased metal tolerance in the 

metal-exposed midge populations is present. 
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CHAPTER VIII 

Concluding Remarks 

Virtually all research on adaptation to metals is carried out in relatively 

stable environments. Indeed, in most soils the level of contamination, and 

therewith the level of actual selection pressure, shows only slight temporal 

fluctuations (cf MacNair 1997; Weis et al 1999). When animal species with 

low dispersal rates were also tested, the impact of gene flow is supposed to be 

weak (cf Klerks & Levinton 1989; Posthuma 1992) and, consequently, stable 

adaptation to metals can be attained. Clearly, this explains why the dynamic 

influence of gene flow and selection is often poorly or even not documented 

in cases of metal adaptation (cf Brandon 1990; Posthuma & van Straalen 

1993). 

However, both components (gene flow and selection pressure) were 

expected to change rapidly in riverine environments. The general aim of 

this thesis was therefore to identify key factors influencing the dynamics of 

metal adaptation in C. riparius. This section reviews the present 

observations on temporal and spatial components of metal adaptation in the 

River Dommel. 

speed of micro evolution 

Because selection through metal contamination can be very strong, the 

speed of micro evolution can be many orders of magnitude higher than the 

average rates estimated over macro-evolutionary time scales (Kirkpatrick 

1996). Insight in the rate of adaptation can be obtained by analysing the 
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combination of the strength of the natural selection and the heritability (h2) 

of characters involved. So far in invertebrates, estimations of such 

heritability values in metal tolerance are only available for the springtail 

Orchesella cincta (0.33 < h2 < 0.48; Posthuma et al 1993) and the oligochaete 

Limnodrilus hoffmeisteri (h2 > 0.9; Klerks & Levinton 1993). Indeed, those 

values illustrate good responses to the selection process and indicate that 

adaptation to metals can develop very rapidly within a few generations. 

Accordingly, a high rate of adaptation is also suggested by the development 

of metal tolerance in metal-exposed cultures of C. riparius (Postma & Davids 

1995). The possibility of a quick regeneration of the genetic ability to cope 

with metal stress is indicated in the present set of observations also. The 

studies on temporal variation in adaptational characteristics showed large 

differences in responses of the metal-exposed midges over time. On certain 

sampling dates no tolerance and hence no interpopulation differences could 

be traced, whereas, during following sampling events highly significant 

interpopulation differences were found. These repeated observations suggest 

that restoration of the metal tolerance must have taken place in the 

intermediate periods. This is likely to have been facilitated by the species' 

short generation time during the reproductive season. Thus, hypothetically 

the newly built up metal adaptation can develop quickly in non-tolerant 

midge larvae, but can also emerge from rare metal-adapted genotypes which 

are likely to be present all year round in low frequencies at metal-exposed 

sites. 

Short-term adaptation to strong and consistent selection may lead to a 

substantial loss of genetic variation influencing an individuals 

developmental stability negatively. Fluctuating asymmetry is used as an 

indicator for developmental disturbances and the increased asymmetry 

levels in metal-exposed chironomids suggest that the chironomids have 

been under severe stress. The major part of this increased asymmetry could 

be attributed to the increased metal concentrations, because it disappeared 

after one generation culturing under clean conditions. Accordingly, it has 

recently been argued that increased asymmetry levels could reasonably serve 

as indicators of the strength of natural selection (Swaddle et al 1994; Moller & 
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Thornbill 1997). Indeed, experimental work has shown that Drosophila 

melanogaster populations, after several generations under selection for high 

temperatures, exhibited increased fluctuating asymmetry levels (Bradley 

1980). The increased levels of asymmetry of downstream metal-exposed 

midge populations therefore support the notion of a strong present day 

selection by metals in exposed chironomids. 

In summary, it is concluded that, although no experimental estimations 

of the heritability of characters involved in metal tolerance can be presented 

(cf Postma & Groenendijk 1999), it is highly likely that adaptation to metals 

in C. riparius can occur within a few generations. These high micro-

evolutionary rates are facilitated by the strong selective force, the severe 

metal pollution, as indicated by the increased asymmetry levels. 

influence of gene flow 

It is known that gene flow among populations will prevent complete 

fixation of an adaptive trait. There can be no doubt that gene flow from non-

adapted subpopulations act as force counteracting selection in adapted 

populations. On the other hand, gene flow must exceed a certain level to 

prevent substantial genetic differentiation such as put forward in the shifting 

balance model of evolution (cf Wright 1931; 1982). The present observations 

did not indicate genetic isolation, due to distance or different reproductive 

mechanisms, between metal adapted and non-adapted chironomids. In 

support, even midge populations which were situated over ten kilometres 

apart, showed a complete lack of population substructuring. High gene flow 

rates between the outermost midge populations in the River Dommel were 

calculated on one occasion (Raijmann & van Grootveld 1997). The allozyme 

analyses were carried out with larvae sampled in October 1995 and first 

generation offspring of simultaneously sampled larvae showed no 

population differentiation based on several life history characteristics, 

confirming the results of the allozyme analysis. Other indications for long 

distance migration were suggested by the equal values for morphological 

markers for both metal exposed and non-exposed chironomids in early 

spring 1995. Due to heavy rainfall and the resulting spate of the River 
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Dommel, fluctuating asymmetry values and mentum gap percentages, 

normally increased due to metal stress on metal exposed sites, were on this 

occasion equal to values for chironomids sampled at upstream reference 

locations. This suggest a displacement of non-exposed larvae over more than 

seven kilometres (cf Hemsworth & Brooker 1979), and such massive 

displacement agrees with simultaneously measured high larval drift rates. 

It is argued that because of the similarity in population dynamics of 

midges at reference sites and metal-exposed sites, drifting, non-tolerant 

larvae most probably are in similar growth stages as the metal-exposed 

populations. It is therefore put forward that drifting non-adapted 

chironomids can interbreed with metal-adapted midges present at 

downstream sites. Even if the rate of interbreeding is lower than the 

estimated values based on the drift measurements indicated, the influence 

on the level of cadmium adaptation will be serious. In the crossbreeding 

experiments it was shown that a rapid loss of metal adaptation in the first 

generation hybrid progeny occurred. Values of life-history characteristics 

indicating metal adaptation, were reduced to levels comparable with 

reference populations suggesting an almost complete loss of metal 

adaptation. It seems therefore, that the influence of downstream transport of 

midge larvae and the resulting gene flow is quite high, considerably affecting 

both population structure and cadmium-tolerance levels. 

dynamics of adaptational processes 

The influence of gene flow will vary both in time and space and depend 

upon several factors, such as seasonal population dynamics and current 

velocity. Furthermore, the effects of the second shaping force on the local 

chironomid fauna, the selective pressure of toxic metal concentrations, will 

depend on several biotic and abiotic factors. Field observations of 

disappearance of first and second instar C. riparius larvae, for example, 

showed a correlation, on several occasions, with a sudden increase in metal 

concentrations in detritus. This strongly suggests that selection pressure may 

act particularly on the sensitive younger instar larvae. Furthermore, the 

highly variable metal concentrations in conjunction with rather strict 
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phasing of the chironomid generations render the selection process highly 

unpredictable. Therefore, fluctuations in factors such as seasonal instar 

dynamics, rainfall and discharges might directly influence the level of 

tolerance present in field populations. Consequently, it is put forward that 

adaptation to metals in river-inhabiting chironomids should be regarded as a 

dynamic state in which the actual level of tolerance gradually fluctuates and 

is sometimes even very low or absent (figure 8.1). 

zinc ^ 
factory ^ 

i 
A 

r • > . ^ f c 
^ » 

FIGURE 8.1: Schematic view of Chironomus riparius subpopulations (ovals) in the River 
Dommel close to the zinc factory. The strength of the influences of metal concentrations 
(black arrows) and drifting non-tolerant larvae (white arrows) are indicated by the width 
of the arrow. Darker ellipses indicate better adapted chironomid populations. The 
influence of drift of non-tolerant larvae is supposed to be weaker at more downstream 
located sites. 
A) high levels of metal pollution will increase selection pressure and increase the amount 
of adapted individuals and will promote metal adaptation further upstream 
B) high drift rates of non-tolerant larvae reduce the degree of metal adaptation close to 
the point of discharge 
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Support for this dynamic model is displayed in the present thesis. Both 

studies in which seasonal measurements on field populations were carried 

out, demonstrated that several characteristics indicating metal adaptation, 

recorded for the reference populations, showed stable responses during the 

complete set of observations. In contrast however, field sampled metal-

exposed populations showed considerable fluctuations in seasonally repeated 

measurements of control mortality (up to a factor 80), larval growth under 

cadmium exposure (up to a factor 8) and short term EC50 values for larval 

growth (up to a factor 5), which were all tested in clean cultured Fl larvae. 

Furthermore, those high temporal fluctuations will also be responsible for 

differences among metal exposed midge populations. For example, 

significant interpopulation differences were recorded in the shedding 

capacity of accumulated zinc. The downstream population demonstrated a 

higher metal handling capacity compared with the chironomids inhabiting 

the river bed close to the zinc factory. Based on these differences, it was 

argued that population differentiation due to metal stress is a gradual 

process, rather than an all-or-nothing response, confirming the differences in 

response shown by metal-exposed populations in the temporal studies. 

Furthermore, it should be noted that the impact of gene flow at downstream 

sites close to the zinc factory is most likely stronger and, hence, better adapted 

midge populations are to be expected on most occasions further downstream. 

It is therefore concluded that no uniform response of metal-exposed 

chironomids under experimental conditions can be expected, because the 

actual level of adaptation to metals is subject to strong fluctuations and can 

sometimes even be temporally absent. 
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Summary 

Virtually all research on metal adaptation is carried out in more or less 

stable environments. However, it is hypothesised that the level of metal 

adaptation in the river inhabiting chironomid Chironomus riparius is 

subjected to fluctuations, because changing water discharge influences the 

level of contamination and, therefore, the selection pressure. Furthermore, 

drift of chironomid larvae and, hence, gene flow is a natural feature in river 

inhabiting insects and may also shape the population structure of metal-

adapted strains. The interaction between selection pressure and transport 

rate is likely to be observed as a variable metal adaptation in riverine 

chironomids. This dynamics has rarely been analysed and is examined here 

following five main questions. 

• How similar are seasonal dynamics of chironomids inhabiting polluted 

and reference sites, and is larval drift of quantitative importance? 

In order to get insight into the potential inbreeding between metal 

exposed and non-exposed chironomids, a detailed year round field study was 

conducted. Every fortnight, seasonal population density and structure were 

examined by comparing larval instar composition and density patterns of 

metal exposed and non-exposed populations. Furthermore, the number of 

midge larvae directly entering the metal-exposed zone were measured, to 

estimate immigration of non-exposed individuals. Results indicated a 

massive input to the standing stock at metal contaminated downstream sites 

and it was concluded that drift of non-tolerant larvae might substantially 

dominate the seasonal dynamics of midges downstream. Accordingly, 
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uniform seasonal life cycle dynamics of chironomids inhabiting upstream 

and downstream sites is expected most of the time. 

• Is metal pollution reflected in morphological measures for development? 

Hypotherically, the severe metal influx might negatively affect local 

developmental stability of chironomids. Therefore, the level of disturbance 

was analysed in eight different midge populations and their offspring, 

cultured under clean conditions, by analysing mouthpart aberrations like 

fluctuating asymmetry and the occurrence of mentum gaps. Both 

morphological parameters were highly increased in midges from 

contaminated field sites and less so in larvae sampled at upstream reference 

sites. In the first generation progeny the high incidence of m e n t u m 

deformities were lost, indicating the direct effect of metals on mouthpart 

aberrations and suggests that the metal-exposed chironomids are under 

stringent natural selection. Furthermore, a residual heritable effect of 

increased asymmetry levels is argued to reflect genetic stress emerging from 

interbreeding between metal adapted and non-adapted chironomids. 

• Is metal adaptation expressed in the metal handling capacity of 

chironomids? 

Metal accumulation in larvae and the fate of metals during 

metamorphosis were investigated in metal-exposed midge populations in 

the field and compared with their non-exposed conspecifics. To this purpose, 

zinc and cadmium content was measured in simultaneously sampled larvae 

and imagoes of C. riparius, allowing the estimation of metal shedding rates 

in situ. In contrast to the large interpopulation differences in larval 

cadmium and zinc content, cadmium body burdens in imagoes vanished to 

background levels for all midge populations. This suggest that any cadmium 

accumulated in larval stages was lost during metamorphosis. Body burdens 

of zinc in imagoes showed interpopulation differences even between metal-

exposed sites, indicating differences in shedding capacity for zinc. Clearly, the 

highly efficient shedding of accumulated metals reflect local adaptation to 

metals in exposed chironomids. However, based on the differences in zinc 
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accumulation and shedding rate between the two metal-exposed sites it is 

suggested that population differentiation due to metal stress is of degree, 

rather than of kind. 

• How persistent is the actual level of metal adaptation in metal-exposed 

chironomids? 

The consequences of gene flow in metal-adapted chironomid populations, 

which were expected to be expressed as temporal fluctuations in the degree of 

metal adaptation, were investigated by following certain life-history 

characteristics during a five-month period. Populations were examined in 

experiments using clean cultured first generation progeny and differences 

among populations can, therefore, assumed to be at least partly genetically 

determined. In midge populations originating from downstream metal-

contaminated field sites, several parameters showed substantial temporal 

variation, whereas reference populations displayed stability in all 

characteristics studied. These observations showed that the actual level of 

metal adaptation varies considerably both in time and space. 

• Is it possible to crossbreed midge strains and what is the influence of 

experimentally simulated gene flow on the level of metal adaptation? 

Chironomids need monospecific swarms to mate and therefore it is 

difficult to crossbreed midge strains under laboratory conditions. In an 

attempt to overcome these practical problems, an emergence trap was 

developed in which individual, freshly emerged midges could be caught. 

Virgin midges with a certain background could then be combined in artificial 

swarms and inbred lines produced. This technique proved to be successful in 

crossbreeding C. riparius midges, facilitating research on the heritability of 

adaptation and allowing to mimic gene flow under experimental conditions. 

Experiments focused on two closely situated midge populations which were 

thought to interbreed under natural conditions. Results confirmed the 

presence of metal adaptation in the metal-exposed population. On the other 

hand, a rapid loss of metal adaptation in the first generation hybrid progeny 

was observed. Furthermore, the responses of the reciprocal crosses showed 
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no clear consistent indications of maternal effects, suggesting a major genetic 

component for the increased metal tolerance in adapted C. riparius 

populations. 

This thesis shows for the first time that metal adaptation in riverine 

invertebrates is a highly dynamic process determined by selection of metal 

stress. The findings supplement to the few studies on genetic adaptation to 

metals in invertebrates showing the impact of gene flow. Results 

demonstrated that the actual level of metal tolerance in midge populations 

fluctuates strongly, varying both in time and space. It is therefore concluded 

that temporal fluctuations in adaptation levels are influenced by several 

factors, such as population dynamics and current velocity, and the 

interaction between different factors might even cause a temporary absence 

of tolerance. 
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Samenvatting 

Langdurige vervuiling van de leefomgeving met gebiedsvreemde stoffen, 

zoals metalen, zal bij verschillende plant- of diersoorten die onder deze 

omstandigheden kunnen overleven, leiden tot het ontwikkelen van 

genetisch aangepaste populaties. Vrijwel al het onderzoek aan dergelijke 

metaaladaptatie is gedaan in een relatief stabiele omgeving, wat zal leiden 

tot een relatief stabiel niveau van de genetische aanpassing. Het is echter de 

verwachting dat in de rivierbewonende dansmug Chironomus riparius het 

niveau van metaaladaptatie onderhevig is aan sterke schommelingen. 

Verschillen in waterafvoer van een rivier zullen bijvoorbeeld het niveau 

van de vervuilingsgraad beïnvloeden en daarmee de selectiedruk. 

Bovendien is drift van larven, en daarmee een snelle genenuitwisseling 

tussen populaties, een natuurlijk verschijnsel in rivierbewonende insecten 

en ook dit zal invloed hebben op de populatiestructuur van 

metaalaangepaste stammen. Het is dus waarschijnlijk dat de interactie 

tussen selectiedruk en immigratie van larven is af te lezen aan een variabel 

niveau van metaaladaptatie in rivierbewonenende dansmuggen. Deze 

dynamiek is echter zelden onderwerp van onderzoek geweest en wordt in 

dit proefschrift geanalyseerd aan de hand van vijf vragen. Het onderzoek 

heeft zich vooral afgespeeld in de sterk met metalen verontreinigde 

laaglandbeek De Dommel, waar de dansmug C. riparius zeer talrijk 

voorkomt. 

• Is de seizoensdynamiek van dansmuggen op vervuilde en schone locaties 

onderling vergelijkbaar en hoe belangrijk is de invloed van drift van 

muggenlarven op metaalbelaste populaties? 
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Een gedetailleerde veldstudie is uitgevoerd om te onderzoeken of er 

onder natuurlijke omstandigheden genenuitwisseling mogelijk is tussen 

metaalbelaste en onbelaste dansmuggenpopulaties. Elke twee weken 

werden de leeftijdsopbouw en dichtheidspatronen per populatie vastgesteld. 

Bovendien werd het aantal muggenlarven gemeten dat de metaalvervuilde 

zone binnenkwam, om zo een schatting te kunnen maken van de 

immigratie van onbelaste chironomidenlarven in metaalbelaste 

muggenpopulaties. De resultaten lieten een hoge instroom zien van niet-

aangepaste larven in metaalbelaste muggenpopulaties en de conclusie is dat 

de instroom van onbelaste muggenlarven een belangrijke rol speelt in de 

seizoensdynamiek van benedenstroomse muggenpopulaties. Daarom is in 

veel gevallen uniformiteit van de levenscycli in boven- en 

benedenstroomse gebieden te verwachten, zodat genenuitwisseling tussen 

metaalbelaste en onbelaste muggenpopulaties vrijwel altijd mogelijk is. 

• Komt metaalvervuiling tot uitdrukking in morfologische parameters die 

indicatief zijn voor de larvale ontwikkeling? 

Het is te verwachten dat de sterke metaalvervuiling een negatieve 

invloed heeft op de ontwikkeling van dansmuggen. Om dit te onderzoeken 

is de mate van ontwikkelingsstoornissen bekeken in acht verschillende 

muggenpopulaties en hun schoon opgekweekte nakomelingen. Twee typen 

afwijkingen aan de monddelen van de larven werden hiervoor onderzocht, 

namelijk de mate van asymmetrie in het aantal tanden van de 

epifarynxkam en het voorkomen van mentumkloven. Beide afwijkingen 

kwamen veelvuldig voor bij muggenlarven afkomstig van 

metaalvervuilde locaties en veel minder in muggenlarven van schone 

plaatsen. In de eerste generatie schoon opgekweekte nakomelingen werden 

geen mentumkloven vastgesteld. Dit suggereert een directe invloed van 

metalen op het ontstaan van deze afwijking en geeft aan dat de 

metaalbelaste muggenpopulaties nog steeds onder een sterke selectiedruk 

staan. Asymmetrie werd in de eerste generatie nakomelingen in beperkte 

mate gevonden. Dit kan duiden op een genetische stressfactor die kan 
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voortkomen uit de kruising van metaalaangepaste en niet-aangepaste 

muggenpopulaties. 

• Komt metaaladaptatie bij dansmuggen tot uitdrukking in de opslag- en 

uitscheidingscapaciteit van metalen? 

De ophoping van metalen in muggenlarven en het verlies tijdens de 

metamorfose werden onderzocht in een veldstudie waarin metaalbelaste en 

onbelaste muggenpopulaties met elkaar vergeleken werden. Hiertoe 

werden de zink- en cadmiuminhoud van gelijktijdig verzamelde larven en 

adulte muggen vastgesteld, om zodoende een schatting te kunnen maken 

van de natuurlijke capaciteit om metalen kwijt te raken. Metaalbelaste 

muggenlarven bleken veel grotere hoeveelheden metalen te bevatten dan 

larven afkomstig van schone locaties, maar de gehaltes van cadmium in 

adulte muggen waren voor alle populaties gelijk aan het 

achtergrondniveau. Dit geeft aan dat al het cadmium dat zich opstapelt in 

larven, uitgescheiden kan worden tijdens de verpopping. Verschillen 

tussen populaties werden echter wel vastgesteld in de zinkinhoud van 

adulte muggen en dit suggereert dat er verschillen zijn in de capaciteit om 

zink kwijt te raken tussen de metaalbelaste populaties. Het is duidelijk dat 

de mate van efficiëntie om metalen kwijt te raken een weerslag is van de 

adaptatie aan metalen bij de muggenpopulaties. Door de aanwezigheid van 

verschillen tussen de metaalaangepaste stammen lijkt het aannemelijk dat 

het niveau van metaaladaptatie tussen populaties geleidelijk verloopt. 

• Hoe stabiel is het niveau van metaaladaptatie in populaties van 

metaalbelaste dansmuggen? 

De verwachting is dat de consequenties van immigratie van niet-

aangepaste muggenlarven in metaalaangepaste populaties zich zullen uiten 

als waarneembare fluctuaties in het niveau van metaaladaptatie. Dit werd 

onderzocht door bepaalde populatie-kenmerken gedurende een 

vijfmaandelijkse periode geregeld te registreren. Deze kenmerken werden 

gemeten in schoon opgekweekte, eerste generatie nakomelingen van de 

muggenlarven gevangen in het veld. Zodoende kan men aannemen dat 

151 



SAMENVATTING 

verschillen tussen populaties in ieder geval gedeeltelijk genetisch zijn 

vastgelegd. In de muggenpopulaties afkomstig van metaalbelaste locaties 

werden grote schommelingen in de gemeten parameters in de tijd 

vastgesteld, terwijl de referentie-populaties stabiele reacties te zien gaven. 

Uit deze observaties blijkt dat het niveau van metaaladaptatie een hoge 

mate van variatie te zien geeft. 

• Is het mogelijk om muggenpopulaties experimenteel te kruisen en wat is 

de invloed van nagebootste genenuitwisseling op het niveau van 

metaaladaptatie? 

Dansmuggen hebben soortspecifieke zwermen nodig om tot 

voortplanting te komen en mede daarom is het moeilijk om dansmuggen te 

kruisen onder experimentele condities in het laboratorium. Om een 

oplossing voor deze problemen te vinden is een speciale emergentieval 

ontwikkeld die het mogelijk maakt om vers uitgevlogen muggen 

individueel te vangen. Op deze manier konden ongepaarde muggen met 

een bekende populatie-oorsprong naar keuze gecombineerd worden en zo 

werden kunstmatig zwermen opgebouwd. Deze techniek bleek succesvol en 

het was mogelijk om op deze manier genenuitwisseling tussen populaties 

na te bootsen om zo de overerving van metaaladaptatie te bestuderen. De 

experimenten spitsten zich toe op twee muggenpopulaties aan weerszijden 

van de puntbron van metaalvervuiling, die zich onder normale 

omstandigheden waarschijnlijk ook in het veld vermengen. De resultaten 

bevestigen de aanwezigheid van genetische aanpassing in de metaalbelaste 

muggenpopulatie. Wel is het zo dat deze adaptatie, na kruising met een 

onbelaste muggenpopulatie, in de eerste generatie nakomelingen zeer snel 

verdwijnt. De resultaten geven aan dat de toegenomen tolerantie voor 

metalen in C. riparius dansmuggen voor het grootste deel genetisch is 

vastgelegd. 

Het in dit proefschrift beschreven onderzoek laat voor de eerste keer zien 

dat metaaladaptatie in rivierbewonende insecten een dynamisch proces is, 

aangestuurd door de selectiedruk van de metaalvervuiling. De beschreven 
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invloed van genenuitwisseling tussen populaties voegt kennis toe aan de 

weinige complete studies betreffende genetische aanpassingen aan metalen 

bij ongewervelden. De resultaten laten verder duidelijk zien dat het niveau 

van metaaladaptatie sterk onderhevig is aan schommelingen, zowel in tijd 

als in ruimte. De conclusie is dan ook dat fluctuaties in het niveau van 

metaaladaptatie beïnvloed worden door verschillende factoren zoals 

popularie-dynamiek en stroomsnelheid. De interactie tussen verschillende 

factoren bepaalt de uiteindelijke hoogte van het adaptatie-niveau en het kan 

daarom zelfs voorkomen dat metaaladaptatie bij dansmuggen tijdelijk 

afwezig is. 
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Nawoord 

Het in dit proefschrift beschreven onderzoek werd gefinancierd door de 

stichting Aard- en Levenswetenschappen (805-33.403-P) van de Nederlandse 

Organisatie voor Wetenschappelijk Onderzoek. Het betrof een 'inter

universitair' programma waar behalve de afdeling Aqua tische Ecologie & 

Ecotoxicologie (UvA), de Vrije Universiteit (afdeling Oecologie en 

Oecotoxicologie), het Rijksinstituut voor Volksgezondheid en Milieu 

(Laboratorium voor Ecotoxicologie) en het Instituut voor Systematiek en 

Populatiebiologie van de UvA bij betrokken waren. Regelmatig waren er 

programma-werkbesprekingen en ik wil iedereen bedanken die daar zo 

stimulerend heeft meegedacht tijdens de discussies die ontstonden na de 

inhoudelijke presentaties. In het bijzonder wil ik hier noemen prof dr Nico 

van Straalen als programmaleider, dr Kees van Gestel, dr Marianne Donker, 

Paul Hensbergen als collega-OIO (allen VU), dr Leo Posthuma, dr Jos 

Notenboom, Joost van der Pol, Josée Koolhaas (allen PJVM/ECO), prof dr 

Steph Menken en dr Léon Raijmann (beide UvA, ISP). 

Ik wil ook mijn Belgische chironomiden-collega's dr Boudewijn 

Goddeeris en dr Angelo Vermeulen (Koninklijk Belgisch Instituut voor 

Natuurwetenschappen, Brussel) bedanken voor het kunnen delen van h u n 

(soms kritische) meningen en kennis. Martien Mosink (Waterschap De 

Dommel, Boxtel) ben ik bijzonder erkentelijk voor het jaarlijks verstrekken 

van alle fysische en chemische meetgegevens van vele Dommel-locaties. 

dankjewel.... 

Hoewel de inhoud van het dankwoord nooit in staat is om de 

altruïstische inbreng van al diegenen die op de één of andere wijze 
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bijgedragen hebben aan het uiteindelijke boekje dat u nu in handen hebt, 

exact onder woorden te brengen (toch nog een stelling....), wil ik hier wel iets 

proberen. Ik wil als eerste Wim, die als promotor altijd tijd vond (of 

desnoods maakte) om mijn manuscripten snel en van gedegen commentaar 

te voorzien, heel erg bedanken voor zijn inzet. Ook Michiel, als co-

promotor bleek een onverwoestbare drijfveer en motiverende stimulans 

voor de voortgang van het onderzoek. Nooit was een vraag of ruwe 

tekstversie teveel. Je enthousiasme werkte nogal eens aanstekelijk, ook als 

er weleens wat tegenwind op de weg tot de wetenschap gevoeld werd. Jaap, 

ik zal niet gauw vergeten hoe je zorg droeg voor een vliegende start. Op 

mijn derde werkdag stond ik al in de Dommel en binnen een week stonden 

de eerste experimenten te borrelen in de klimaatkamer. Jouw kennis heeft 

een belangrijke bijdrage geleverd aan de uitgangspunten van het in dit 

proefschrift beschreven onderzoek, en ik bewaar zeer plezierige 

herinneringen aan de talloze gezamenlijke 'Monstertochten' naar de 

Dommel in het eerste jaar. Als begeleider van het eerste uur wil ik ook Kees 

bedanken die mij, van mijn kennismaking met dansmuggen af, beetje bij 

beetje de aquatische muggenecologie bijgebracht heeft. Vol trots kan ik dan 

ook melden dat ik het nog van 'de Davids' heb geleerd! 

De studenten die in de loop van de jaren mij als begeleider hebben 

versleten, hebben allemaal zeer concreet bijgedragen aan de vorm en 

inhoud van de verschillende hoofdstukken. Hoewel niet al jullie namen 

boven een speciaal hoofdstuk terugkomen (trouwens, wat in het vat zit 

verzuurt niet....), is de inbreng van ieder van jullie mede bepalend geweest 

voor de vorming van ideeën en het uiteindelijke resultaat. Bart, als eerste 

in de rij, kan zonder overdrijving getypeerd worden als 

supermuggenvanger. Altijd de volste emmers en eeuwig op zoek naar de 

Vlagzalm of Beekforel voor op de barbecue. Lidy heeft zoveel asymmetrie 

gescoord dat zelfs de gebitten van collega's en de haaientanden op het asfalt 

dwangmatig geteld moesten worden. Miguel als onverstoorbare, noeste 

werker en klasbak-muggenzifter, verdient een ereplaats in de galerij. 

Simone en Suzanne waren de eersten die de emergentieval van hoofdstuk 

VI uit mochten proberen en daar de bijbehorende spreektaal voor hebben 
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ontwikkeld (dan doe je dus de vieze mannetjes bij de schone vrouwtjes....). 

Marc, many thanks for your help during the crossbreeding experiments and 

did you detect any metal-adapted chironomids in Cataluna already? Menno 

en Johan, door de dubbelstage en de onafscheidelijke dubbel-mankracht 

hebben jullie bijna alle concepten van dit proefschrift in één groot 

experiment nog eens dubbel-dunnetjes over gedaan. Martine en Martijs, 

hoewel jullie niet praktisch hebben bijgedragen, zijn jullie scripties 

theoretisch van grote ondersteuning geweest. Allemaal heel erg bedankt! 

Ik realiseer me dat zonder de hulp van alle collega's het nauwelijks 

mogelijk was geweest om het boekje te voltooien, al was het bijvoorbeeld 

alleen al door de plezierige werksfeer op vier-hoog. Mijn kamergenoten wil 

ik hier noemen omdat ze zonder het misschien zelf te weten als 

relativerende katalysatoren werkten. Volker, Diny en vooral Bas (ga je mee 

een rondje lopen, de boog kan niet altijd gespannen staan....), heel veel dank 

dat jullie er waren. Als de hoeveelheden analytisch werk me soms een paar 

monstertjes boven het hoofd groeiden, dan was daar altijd de gewaardeerde 

AAS-ondersteuning van Marco en in de beginjaren van Marion. Gerdit was 

altijd een zekere back-up in het onderhouden van de muggenkweekjes 

tijdens vakanties of vogelrijke weekenden. Harm en Eric wil ik bedanken 

voor hun hulp bij weerbarstige computerproblemen. Vooral van de hulp 

van Eric bij het lay-outen van het proefschrift en van de kunde en ideeën 

van Harm bij het uitvoeren en ontwerpen van de cover heb ik heel erg 

geprofiteerd. Suzanne was door de vergelijkbare fase in haar project 

spreekbuis, deel- en lotgenoot en het was plezierig om zowel de 

hoogtepunten als de dipjes van het experimentele werk met jou te kunnen 

delen. Heather heeft een groot deel van het proefschrift op het Engels 

gecorrigeerd en ook Fiona Curran (University College Dublin) wil ik 

bedanken voor haar aandeel in het correctiewerk. At any moment that the 

fruitful co-operation with Matti Leppänen and Tiina Ristola (University of 

Joensuu) comes to memory, there is an immortal picture of an adult Strix 

nebulosa sitting in a snowy Finnish woodland scenery visible on my retina. 

Thank you both for the appreciated assistance in my project! Ook wil ik 

Simon van Mechelen bedanken die altijd snel en vakkundig de dia's en 
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foto's voor alle presentaties verzorgde. Tenslotte wil ik alle aquaten 

noemen die zich een kleine of grote steun mochten weten in de afgelopen 

vier jaar: Annelies, Chris, Christiane, Christien, Dick, Elly, Frank, Helen, 

Jaap, José, Nuria, Peter, Piet, Saskia, Tineke en veldhulp Marije, allemaal 

heel veel dank voor ieder duwtje in de goede richting. 

Zonder thuisfront geen boekje, dat is voor elke onderzoeker of assistent 

(io) een ongeschreven wet (weer een stelling....) en ook voor mij was er 

thuis de broodnodige afleiding. Jaap, eindelijk is het af en al zal het allemaal 

wel erg onbegrijpelijk voor je zijn, duidelijk is wel dat er nu weer tijd is o m 

aan de trein te knutselen. Gerdien, dat biologie het mooiste vak van de 

wereld zal blijven, is misschien niet direct aan de inhoud van dit 

proefschrift te zien, maar om de verloren tijd in te halen gaan we dit jaar 

weer samen naar libellen, vlinders en ander mooi spul speuren. Lieve 

Mathilde, dankjewel dat je er het hele boekje was, 'gewoon' 24 uur per dag! 
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