






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































a modeling approach to link food availability, growth, emergence, and

Nov 28, 2001 - scribed here with starting densities of 10 organisms per beaker and feeding levels of 0.2, 0.3, and 1.4 mg/larvae/d. Width, length, head capsule ... 

















 Télécharger le PDF 






 88KB taille
 21 téléchargements
 310 vues






 commentaire





 Report
























Environmental Toxicology and Chemistry, Vol. 21, No. 11, pp. 2507–2513, 2002 q 2002 SETAC Printed in the USA 0730-7268/02 $9.00 1 .00



A MODELING APPROACH TO LINK FOOD AVAILABILITY, GROWTH, EMERGENCE, AND REPRODUCTION FOR THE MIDGE CHIRONOMUS RIPARIUS ALEXANDRE R.R. PE´RY,*† RAPHAE¨L MONS,† PATRICK FLAMMARION,† LAURENT LAGADIC,‡ and JEANNE GARRIC† †Laboratoire d’e´cotoxicologie, Cemagref, 3bis quai Chauveau, CP 220, 69336 Lyon, Cedex 9, France ‡Laboratoire d’e´cotoxicologie aquatique, INRA, Campus de Beaulieu F-35042 Rennes CEDEX, France ( Received 28 November 2001; Accepted 10 May 2002) Abstract—We present models to link feeding with growth, emergence, and reproduction of the midge Chironomus riparius. These models are based on assumptions about the biology of this species and distinguish between males and females. The assumptions are the isomorphism of the chironomidae, the fact that much more energy is used for growth than for maintenance, and the existence of a maximum length for male and female larvae that does not depend on food availability. We supported our assumptions by experimental data and estimated the parameters of the model. We then successfully predicted the length pattern of 2-d-old larvae exposed in an artificial sediment to different feeding levels with different starting densities and also linked emergence time and growth pattern. We found our model to be consistent with data from another study and another species (Chironomus plumosus). As for reproduction, the mean number of eggs per mass was described as a linear function of feeding quantity. Our models could be used in sediment risk assessment to choose feeding level, to build effects models, or to predict the effects of toxicants at the population level. Keywords—Chironomus riparius
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constant during the assay, which can influence the level of food availability during the test and consequently the outcome of growth or reproduction tests [8]. It is consequently crucial to assess the minimum feeding level required to have no density effect. If this level is not the same for all the instars, it could also be important to have tests in which feeding level is scaled to the developmental instar of the larvae. We developed a model to understand and quantify the influence of food quantity and of larval density on the outcome of standardized assays with C. riparius in artificial sediments. This model links food availability and growth pattern of the midge C. riparius. It is based on three assumptions concerning the biology of the chironomidae. First, we assume the chironomidae to be isomorphic (the ratio between length and width stays constant) during their growth. Second, we separate the use of energy between growth, maintenance, and reproduction, but we assume maintenance costs to be much lower than growth costs. Third, we assume the existence of a maximum length for male and female larvae. In this paper, we evaluate the relevance of our approach by testing each of our assumptions experimentally and use the resulting data to calibrate our model. We then present experiments carried out to show the ability of the model to describe the effect on growth and emergence of any level of feeding or density during an assay, and we try to link reproduction efficiency and feeding input. Finally, we discuss how our study could help interpret the results of toxicity tests and provide a basis for risk assessment at the population level.



INTRODUCTION



Chironomus riparius (Meigen), from the dipteran family Chironomidae, is a nonbiting midge that is widely distributed in the northern hemisphere at temperate latitudes. It can be found in both lentic and lotic environments, usually in organically enriched waters. Its life cycle comprises aquatic stages (egg, four larval instars, and a pupal stage) and an aerial adult stage. The larvae, which are collector–gatherers, feed on sediment-deposited detritus [1]. Chironomidae are of great interest in ecology. They represent a prominent part of benthic communities in virtually all freshwater habitats. For example, Berg and Hellenthal [2] reported that annual chironomid secondary production in an American stream (northern Indiana, USA) accounted for 80% of the total insect secondary production. The study of the influence of food on the life cycle of chironomids may contribute to an understanding of the energy flows in freshwater ecosystems [3]. Chironomidae also have a number of characteristics that make them valuable for toxicity tests [4]: The life stages are easy to identify, and the life history under laboratory conditions is short. Feeding is necessary in tests with chironomidae because they may starve to death, especially when tests are initiated with young larvae, and because of the high risk for false positives (reduced survival, growth, and reproduction due to other reasons than toxicity) [5,6]. However, food can have a substantial influence on the outcome of assays [7]. It has been shown, for instance, that food level has a very significant influence on growth of C. riparius and on growth and reproduction of Chironomus tentans [8–10]. Another problem arises when the number of individuals varies because of lethal effects of the tested compound. In these cases, density cannot be kept



MATERIALS AND METHODS



Description of the experimental procedures Artificial sediments (silica sand with particle size distribution: 90% between 50 and 200 mm, 10% under 50 mm) were kept with water, aeration, and a very little amount of food (in
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comparison with what we used during the experiments) during three weeks before the beginning of the experiments to allow bacterial development. Chironomidae had been cultured prior to the experiments according to standard methods. The first day of the experiment, 2-d-old organisms were put in beakers. The volume of these beakers was 0.6 L, and the surface area was 14 cm2. They contained 0.11 L artificial sediment and 0.44 L water from an uncontaminated spring near our laboratory (pH 8.1 and conductivity 400 ms/cm). During the experiment, the beakers were set in water maintained at 218C by heating to avoid temperature variations. We used a 16:8-h light:dark photoperiod. Because the amount of food could dramatically affect water quality, we used pipettes, pipes, and an aeration system to introduce air in the medium. We kept this aeration as low as possible to avoid keeping added food in suspension. Conductivity, temperature, pH, dissolved oxygen, and nitrate and ammonium concentrations were measured daily. Midges were fed each day with Tetramint fish food (Tetrawerke, Melle, Germany). The different starting densities and daily food inputs are presented later in this paper, together with model description. Organisms were killed using a solution of 20% formaldehyde and 80% water. They were kept less than 10 s to avoid distortion of the shape. Then length was measured using a binocular microscope fitted with a calibrated eyepiece micrometer. Prior to weight measurements, the organisms were dried for 24 h at 608C. To follow emergence and reproduction, the beakers were covered with a net trap to prevent adults from escaping. Emergence was measured daily for 40 d. Females corresponding to the same diet were then transferred to 1-L mating chambers, with 0.1 L water, with males from laboratory culture in a ratio of three males per female. We used this protocol because we assumed that the males have very little influence on the reproductive output, as has been shown for C. tentans by Sibley et al. [10]. No more than six females were placed in the same bottle. After mating and oviposition, each egg mass was removed and put into a 5-ml tube with 2 ml H2SO4, 2 N overnight. The following day, the tubes were agitated to dissociate the eggs and then counted using a binocular microscope. For each mass, measurements were made three times to reduce experimental errors, and we took into account the average of the measurements.



for juvenile aquatic insects that are chemically fairly well isolated from the environment and, consequently, do not have to invest energy in osmosis regulation [11, chap. 3.6]. Third, we assume that a maximum length, called lmax, exists that can be different for males and females. This assumption is necessary to build a realistic growth model because, without maintenance costs, no reason for growth to stop exists [11]. As soon as this length is reached, length remains constant until emergence. Models for growth and emergence. In the case of unlimited food, we use the dynamic energy budget (DEB) theory developed by Kooijman [11]. The theory is based on simple mechanistic rules that describe the uptake and use of energy and nutrients. The uptake rate of nutrients is assumed to be proportional to gut surface and consequently, for isomorphic organisms, to the square of their length. Because of isomorphism, the growth, which is the derivative of the volume, is also the derivative of the cubic length. The assumption that energy is used mainly for growth leads to the following equation:



d 3 d l } l 2 ⇔ l 5 a, dt dt



(2)



where a is a constant depending on the instar and on the sex of the chironomidae. Before the fourth instar, no difference in length is observed between male and female larvae, but during the fourth instar a significant difference can appear [12]. During this period, a is thus expected to be different between males and females. Length growth is assumed to stop as soon as lmax is reached. In the case of limiting food inputs, the daily weight increase is proportional to the daily amount of food put into the beaker, the proportionality factor, which we call u, accounting for energy assimilation. This leads to the following equation:



Wn11 2 Wn 5 g ·(ln11 2 ln ) 3 5



u Q N



(3)



Assumptions of the model. Our model is based on three assumptions. First, we assume that the length-to-width ratio remains constant during growth. This assumption is termed isomorphism. In this case, weight is proportional to the cubic length of the organism:



where Q (in mg) represents the daily quantity of food introduced into one beaker, N is the number of larvae, ln (in mm) is the larval length at day n, Wn (in mg) is the individual weight at day n, and g is a constant. We take into account the daily amount of food put into the beaker and not the total amount of food put into the beaker since the beginning of the experiment. Indeed, we visually observed disappearance of food on the sediment after each day when the amount of food was limiting. This phenomenon was due mostly to food consumption by larvae, but bacterial degradation has probably also occurred because we measured a slight increase of the amount of ammonia in the beakers. If u, g, and lmax are known, then the time to reach the maximum length for males and females can be calculated using Equation 2 and Equation 3. The measured mean emergence time te is then expressed as



W 5 g 3 l3



te 5 tm 1 d



Model for growth and emergence



(1)



where W is the weight of one chironomid, l is the length of the chironomid, and g is a constant. The presence of sediment in the gut content does not affect Equation 1 because gut content weight is still proportional to volume and thus to organism weight. Second, we assume that maintenance energetic costs, like losses due to respiration, are much lower than growth energetic costs during the larval instars. This is a reasonable assumption



(4)



where tm is the time to reach lmax and d is the delay between the moment when lmax is reached and emergence. One of our aims is to understand how d depends on food quantity.



Experimental tests Experimental tests were performed to test the assumptions and the ability of the model to predict growth patterns for different diets and larvae densities.
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Experiment 1. In this experiment, we tested the three assumptions of our model. We performed an experiment as described here with starting densities of 10 organisms per beaker and feeding levels of 0.2, 0.3, and 1.4 mg/larvae/d. Width, length, head capsule width, and, when possible, weight were measured each day during 8 d, using two replicates per day. Individual length and width measurements could be done from the very beginning of the experiment with the 2-d-old organisms. The precision of our balance allowed weight measurements, with 10 organisms per measurement, only when the organisms had reached the fourth instar. If the assumption of low maintenance costs is correct, the weight increase should be constant when larvae are food limited, and this increase should represent a high percentage of the amount of feeding input. The estimations of the ratio between weight increase and food input provides an estimate for u, and the ratio between larval weight and cubic length provides an estimate for g. These estimations are performed using linear regression. Experiment 2. In this experiment, we estimated the parameter a to describe growth pattern in ad libitum conditions. We performed an experiment as described here with a starting density of 10 organisms per beaker and a daily feeding input of 1.4 mg/larvae/d, which we assumed to be ad libitum conditions relying on a preexperiment in which food was present on the top of the sediment during the entire experiment. Length and head capsule width were measured at days 2, 3, 4, 5, 6, 7, 8, 9, and 10 after the beginning of the experiment using triplicates. The estimates of a were obtained using linear regression methods. The estimates for lmax were obtained by calculating the mean and standard deviation with all the data available after the moment where length growth stopped. For the fourth instar, we tried to distinguish male and female data by making two groups of data the small ones and the large ones. To test the relevance of such an approach, we used four replicates in ad libitum feeding conditions and separated the organisms in two groups by visual inspection when we knew that the fourth instar had been reached for 1 d (thanks to head capsule measurements on the other beakers). These groups were put in different beakers (two replicates per group) and fed with 1.4 mg/larvae/d until emergence. Experiment 3. In this experiment, we tested the ability of the model to describe growth for different conditions of feeding and starting density. We performed experiments as described before with 10 organisms per beaker and four different feeding levels (0.1, 0.2, 0.3, and 0.4 mg/larvae/d) or with three different starting densities (5, 10, or 20 organisms per beaker) and two feeding levels (2 and 14 mg/beaker/d). Length and head capsule width were measured at days 2, 3, 4, 5, 6, 8, and 10 after the beginning of the experiment using triplicates. We then compared predictions rendered from the model with the actual measurements obtained from the various experiments. Using either Equation 2 or 3, we predicted whether the organisms were food-limited. We then used both Equations 2 and 3 to calculate the daily food input necessary for non-foodlimited growth and compared it with the actual feeding input. The statistical tests to compare predictions and measured data were Student’s t tests using the mean and standard deviation of the measured data for each day of measurement. Experiment 4. For the study of emergence and reproduction, 48 beakers were used. These were separated into six groups of eight beakers each containing 10 organisms. Each group was subjected to one of the six feeding regimes: 0.1, 0.15, 0.2,
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Fig. 1. Relation between mean weight and mean length of Chironomus riparius. The data obtained with fourth-instar larvae for two different diets (0.2, 0.3, and 1.4 mg/larvae/d) and for chironomidae from our laboratory culture are represented here. Each point is the mean of 10 weight measures.



0.3, 0.5, or 1.4 mg/larvae/d. Emergence and reproduction were measured as described here. RESULTS



During all the experiments, temperature was constant (21 6 0.58C). Measured pH levels ranged between 8.1 and 8.4. Conductivity was between 300 and 400 ms/cm, and the percentage of dissolved oxygen was always above 80%. Nitrate and ammonia levels were always below 2 mg/L.



Experiment 1 The length-to-width ratio of the larvae remained 10 and 11 during the entire developmental period for all feeding levels. Head capsule width remained constant during each larval stage (intermolt period) and changed rapidly between two consecutive stages, as observed by others authors [13]. Thus, if head capsule width is not taken into account, C. riparius can be considered isomorphic during the larval development. We could then estimate g (the proportionality factor between dry wt and cubic length). To reach a sample size sufficient to get a precise estimate, we included data obtained from groups of chironomidae of comparable length from our laboratory culture. The estimate for g is 0.523 (with 95% confidence interval [0.491, 0.555]) with 20 observations (14 from the experiment, 6 from the culture) and 9 or 10 organisms per observation (Fig. 1). Statistical comparisons of slopes showed no differences ( p . 0.05) between feeding levels or between experiment and culture. Figure 2 presents the daily increase of weight for the three feeding conditions 0.2, 0.3, and 1.4 mg/larvae/d from day 6 to day 10. These are calculated from the daily weight measurements. As we expected, daily weight increase reached a plateau for the two lower food levels. For 0.2 mg/larvae/d, this level was 0.14 mg/larvae/d, and for 0.3 mg/larvae/d, it was 0.20 mg/larvae/d. This means that about 70% (ratio be-



Fig. 2. Mean daily weight increase as a function of daily feeding input (m: 1.4 mg/larvae/d, m: 0.3 mg/larvae/d, l: 0.2 mg/larvae/d). Each point is the mean of two weight measures.
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Fig. 3. Length growth pattern of chironomids with food ad libitum (1.4 mg/larvae/d) as a function of time since the beginning of the experiment during second and third instars. The lines ([········] second instar and [ ] third instar) represent the description obtained with our growth model (Eqn. 2).



tween wt increase and food input) of Tetramin was used for growth. However, it is important to realize that Tetramin is composed of 11% ash and 6% water and contains components, like cellulose, that are difficult to digest. When these refractory components are considered, our results show that most of the digestible food is used for growth as hypothesized by our model. The estimate for u is 0.691 with the 95% confidence interval [0.653, 0.729] based on 18 observations. The maximum lengths for the three feeding levels were not significantly different. These were 12.61 6 0.27 mm for feeding level 1.4 mg/larvae/d, 12.57 6 0.28 mm for feeding level 0.3 mg/larvae/d, and 12.54 6 0.18 mm for feeding level 0.2 mg/larvae/d.



Experiment 2 Figure 3 presents the growth data for second and third instars with food ad libitum. At day 2, 97.5% of the chironomidae had reached third instar, and at day 4, 85% of the chironomidae had reached fourth instar. As expected, growth was linear with respective growth rates of 0.81 mm/d with the 95% confidence interval [0.75, 0.88] and 1.42 mm/d with 95% confidence interval [1.33, 1.51]. For the data obtained with fourth-instar larvae, the distribution of length measures allowed us to distinguish between two different groups: the small organisms and the large organisms. Indeed, in the beakers where we had separated by visual inspection these two groups, only males emerged from the groups of small organisms, and only females emerged from the groups of large organisms. Figure 4 shows growth curves obtained for males and females. We distinguished between the two groups of length in our length data. For males, the growth rate was 1.72 mm/d with 95% confidence interval [1.67, 1.77], and the mean limit length was 11.36 mm with 95% confidence interval [11.12, 11.58]. For females, the growth rate was 2.21 mm/d with 95% confidence interval [2.13, 2.29], and the mean limit length was 13.72 mm with 95% confidence interval [13.52, 13.94].
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Fig. 4. Length growth pattern of the males (l) and females (m) during the fourth stage with food ad libitum. The plots represent the actual data generated from the experiments, and the lines represent the trends predicted from the model (Eqn. 2) using these data.



ues). As for instar duration, which cannot be deduced from our model, our observations showed that the duration of second instar was 3 d (instead of two with 1.4 mg/larvae/d) for feeding levels of 0.1 and 0.2 mg/larvae/d and that the duration of third instar was 3 d (instead of two with 1.4 mg/larvae/d) for feeding levels of 0.3 mg/larvae/d. Figure 6 presents our predictions and measurements of growth pattern for three different densities and two diets. Again, no measurements were significantly different from our prediction ( p . 0.05 with Student’s t tests performed with mean and standard deviation obtained for each measurement with between 12 and 15 values for starting density 5, between 26 and 29 values for density 10, and between 51 and 58 values for density 20). The absence of density effects for food ad libitum shows that if density is below 20 organisms per beaker, the density effects are entirely due to food limitation. The duration of the second instar under no food limitation was 2 d with 14 mg/beaker/d and 3 d with 2 mg/beaker/d for each density, which suggests that instar duration is more dependent on food concentration than on food quantity per larva.



Experiment 4 We observed more than 85% emergence of larvae added in the beakers for all treatments except the 0.15- and 0.1-mg/ larvae/d treatment. We observed, respectively, 70 and 63% emergence from these beakers. These values are significantly



Experiment 3 Starting density and diets had no effect on survival (more than 90% survival for all the treatments after 10 d of experiment). Figure 5 compares our predictions and measurements of growth pattern for four different diets. No measurements were significantly different from our predictions (p . 0.05 with Student’s t tests performed with mean and standard deviation obtained for each measurement with between 25 and 28 val-



Fig. 5. Length growth pattern as a function of daily feeding level (v: 0.4 mg/larvae/d, m: 0.3 mg/larvae/d, m: 0.2 mg/larvae/d, l: 0.1 mg/ larvae/d). The predictions (based on Eqns. 2 and 3) are represented with lines.
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Fig. 7. Number of eggs as a function of the mean amount of food per female given during the period between end of length growth and emergence.



believe that the differences in reproduction efficiency occur during the period between end of the growth and emergence. Figure 7 presents the mean number of eggs per mass as a function of the diet during this period. As the males emerge earlier than the females, more food is available for the females. So the diet is expressed as the mean weight of food given each day during this period per larvae still present in the beaker (which is deduced from emergence data). If we do not take into account the highest diet, a linear relationship occurred between food quantity and reproduction efficiency (y 5 629.2x, r2 5 0.96, with five feeding levels). Fig. 6. Length growth pattern of chironomidae for two diets (A: 14 mg/beaker/d; B: 2 mg/beaker/d) and three starting densities (l: 5 individuals per beaker; m: 10 individuals per beaker; m: 20 individuals per beaker). The predictions are represented with lines.



lower (p , 0.05) than the value observed in the beakers receiving better diets. More than 93% of the females oviposited, and no treatmentrelated differences in the percentage of females ovipositing were observed. Table 1 presents the average time to emergence data for males and females together with the Equation 4 for each emergence time. For all the diets except 0.15 and 0.1 mg/larvae/ d, the parameter d appears to be little dependent on food conditions and has a value of between 4.3 and 5.1 d. For the two lowest diets, an increase in d is apparent. This result, together with the fact that emergence success decreases significantly, could indicate that these feeding levels are not optimal for the chironomidae to prepare emergence in good conditions. With respect to reproduction, for the level 1.4 mg/larvae/ d, we found an average production of 410 eggs (standard deviation 22) per mass. We consider this number to be the maximum number of eggs per mass. At the end of growth, we showed that the length and consequently the weight of the chironomidae did not depend on the feeding level. We thus Table 1. Average time to emergence (average time between the beginning of the experiment and emergence) for males and females. The emergence time te is expressed as tm 1 d (See Eqn. 4), and tm is calculated with Equation 2, Equation 3, and the values for lmax Feeding regime



Emergence time for males (d)



Ad libitum 0.5 mg/larvae/d 0.3 mg/larvae/d 0.2 mg/larvae/d 0.15 mg/larvae/d 0.1 mg/larvae/d



11.3 11.3 13 15 17.7 20.9



5 5 5 5 5 5



7 1 4.3 7 1 4.3 815 10 1 5 11 1 6.7 15 1 5.9



Emergence time for females (d) 11.8 12.7 16.1 17.6 22.1 28.2



5 5 5 5 5 5



7.4 1 4.4 8 1 4.7 11 1 5.1 13 1 4.6 16 1 6.1 22 1 6.2



DISCUSSION



The model Our model gives a good description of growth data for C. riparius for different conditions of diet and density. Mean emergence times can be deduced from growth pattern, except in the case of severe food limitation (here, under 0.15 mg/ larvae/d) for which a delay in emergence can be expected. In our study, this delay was between 1 and 2 d, which represented less than 35% of the delay expected using our model. The fact that the growth data can be described only as a function of food implies that the growth of larvae is independent of their maternal growth rate. This has already been shown for C. tentans by Liber et al. [14]. Our model is based on three assumptions that we tested successfully: that growth is isomorphic, that maintenance costs are low compared to growth costs, and that a maximum length for males and females exists. We also noticed a delay in development in term of instars. The results of experiment 3 may suggest that this delay in development is related to food concentration. We could expect a delay in second instar for feeding levels under 0.2 mg/larvae/ d and a delay in third instar for feeding level under 0.3 mg/ larvae/d, even if the organisms are not food limited. We can then explain some results found by other authors concerning density effects and C. riparius. For example, Ristola et al. [8] observed in laboratory experiments that larval length after 10 d is positively correlated with larval density when C. riparius is food limited and food quantity per larvae is constant. The explanation would be that even if Equation 3 remains the same, a delay in development due to food concentration appears (less food exists if fewer chironomidae exist, and food quantity per larvae is constant). These authors also observed that, if the total amount of food introduced per day is constant and independent on larval density, then larval length after 10 d is negatively correlated with larval density. In this situation, N is changed in Equation 3, which explains the observations. Our growth model focuses on changes in larval growth, and changes in weight were of only secondary interest. With
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A.R.R. Pe´ry et al. Table 2. Minimum daily feeding level to avoid density effects and food limitation during toxicity tests. No delay in instar duration is expected for fourth instar if larvae are not food limited



Instar tested



Minimum feeding level (mg/larvae/d) with delay in instar duration expected



Minimum feeding level (mg/larvae/d) with no delay in instar duration expected



0.025 0.3



0.3 0.4 0.6 0.6



Second instar Third instar Fourth instar Reproduction



Fig. 8. Growth pattern of the males (l) and females (m) during the fourth stage of Chironomus plumosus fed ad libitum (data from Ineichen et al. [12]). The line represents the description of the data obtained with our model.



10 organisms per beaker, weight measurements for one beaker were possible only when organisms had reached the fourth stage, which means 5 d after the beginning of the experiment. On the contrary, length could be easily measured since the beginning of the experiment with 2-d-old organisms. Moreover, with one beaker, between 8 and 10 length measures but only one weight measure could be obtained. However, we must not forget that weight is a more common endpoint than length in toxicity tests with chironomidae. Fortunately, the strong relationship between cubic length and weight presented by Figure 1 allows the results presented with length to be transformed into weight data. As for reproduction, we found a maximum number of eggs per mass of about 410 obtained for feeding levels above 0.6 mg/larvae/d. To compare this with other studies, Postma et al. [15] found an average number of 400 eggs per female in ad libitum feeding conditions with C. riparius, and Sibley et al. [9] found a maximum number of eggs of per mass of about 700 for C. tentans. Once this level was reached, more food did not result in more eggs per mass. We also showed the importance for reproduction of the period between end of the growth and reproduction, and we found a good quantitative linear relationship between feeding during this period and reproduction efficiency. An interesting point to investigate would be to know how general the model presented here is. First, we believe that our model can describe data for other Chironomus species. For instance, Figure 8 presents the growth data for males and females of fourth instar obtained by Ineichen et al. [12] using the cubic root of the weight, which is proportional to the length, of Chironomus plumosus fed under ad libitum conditions. The descriptions of the data using our model (with a linear growth and a maximum length) are also presented, and we can see that Figure 8 presents the same growth pattern than Figure 4. Second, food quality, in terms of its composition in proteins, lipids, and glucides, could be incorporated into the model by a change in parameter u. A study by Vos et al. [16] with C. riparius indicates that food can be separated into two groups with similar quality and effects on growth: foods of plant origin and foods of animal origin (like Tetramin). Thus, our study could be easily generalized to all kinds of foods of animal origin. Exogenous (food input) and endogenous (organic matter of a natural sediment) food could also be compared. Third, we must point out that our experiments were conducted under



fixed conditions of temperature and pH. These parameters can have a substantial influence on the growth of chironomids [17]. Assessment of maintenance costs due to these parameters may be incorporated in the model for new conditions of temperature and pH.



Interest in ecotoxicology We believe that our model can be very useful in ecotoxicology. First, because food can interact with contaminants during toxicity tests, it is important to keep feeding level at a minimum, but this can constitute a confounding factor, for instance, if density varies or if growth is reduced because of food limitation [7]. Using our model, we are able to indicate the minimum food level to use for toxicity tests with larvae of different instars, for which no influence of density and no food limitation are expected. Table 2 indicates these values. We indicate minimum values for which a delay in instar duration is expected and minimum values for which no delay is expected. We also indicate the minimum food level to use to reach optimal number of eggs per mass (which is 0.6 mg/ larvae/d, the same as the minimum food level to have an optimal growth). This level was obtained (Fig. 7) by calculating the intersection point between the linear regression and the optimal number of eggs per mass. To minimize food-level effects, we carried out an additional experiment with changing feeding levels. For each instar, we used the level indicated in Table 2. Thus, starting with a feeding level of 0.3 mg/larvae/ d, we used 0.4 mg/larvae/d after 2 d and ended the assay with a feeding level of 0.6 mg/larvae/d. We obtained a growth pattern similar to the one obtained with a constant feeding level of 1.4 mg/larvae/d. However, if one still wants to minimize food effects on toxicity, then it is possible to use small amounts of food and to use our models to describe growth. We believe that the values in Table 2 are also valid for natural sediment toxicity tests. If enough food is furnished, the effect of sediment organic composition on growth and emergence is expected to disappear [8], just as the effect of density disappeared in our experiments. Second, in life-cycle tests with Chironomidae, the number of eggs per female can increase during the emergence period because of an increase in the amount of food available to the remaining larvae when supplied a fixed feeding rate. This can lead to the erroneous conclusion that reproductive output actually increases during emergence. In this paper, we scale the food supply during the emergence period to the number of remaining larvae, which could overcome this problem. Third, in toxicity tests for growth and reproduction, the models usually used to analyze the data are statistically based models (logit, probit). In the past decade, Kooijman and Be-
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daux [18] proposed biology-based models, DEBtox, to analyze aquatic toxicity data for survival, growth, and reproduction tests. These models were based on the DEB theory [11], which describes growth and reproduction with biologically relevant parameters. The effect of compounds is then described as a change in one of these parameters. The models proposed provided a relevant description of the data for fish and daphnids [18] with a no-effect concentration as an alternative to the noobserved-effect concentration. Using our model, DEBtox for growth and reproduction could be adapted for chironomids. Toxicants could, for example, affect the optimal growth rate by reducing growth efficiency or by affecting food assimilation. It might be necessary to incorporate maintenance costs due to toxicant stress in our model. Fourth, the understanding of the use of energy by the chironomids for growth, reproduction, and of the effects of toxicants could also help assess the effect of toxicants at the population level. We hope to translate increased differences in emergence times between males and females into decreases in the probability of encounter of males and females and consequently into a decrease in the percentage of females ovipositing. Together with the number of eggs per female, this would allow us to calculate the population growth rate and consequently the effect of toxicants on this endpoint. Moreover, our model can incorporate density effects, at least during the growth period. We can then hope to build a population model with carrying capacity and to assess the effect of toxicants on this particular endpoint. Sibly [19] pointed out a need for ecological studies of the effects of pollutants that measure their effects on population growth rate, density dependence, and carrying capacity. The models we propose could thus be the first step in reaching this aim for the species C. riparius.
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