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A PHYSIOLOGICAL/ENERGETIC APPROACH 

by 

Mark Perry Miller 

Dr. Albert C. Hendricks, Chairman 

(ABSTRACT) 

The objective of this project was to investigate two 

mechanisms that are commonly thought to be responsible for 

heavy metal resistance in aquatic invertebrates. Data were 

generated based on comparisons of growth and respiration 

experiments using instar III and IV Chironomus riparius 

under the influence of 0.0, 62.5, 125, 250, and 500 ppb 

zinc. Main comparisons were made between larvae that were 

cultured in clean water conditions and larvae from cultures 

that had been exposed to 10 ppb zinc for over a year anda 

half. Instar III larvae from clean water cultures showed 

Significant reductions in growth and respiration rates when 

exposed to zinc concentrations of 62.5 ppb and greater; 

growth and respiration rates were significantly reduced in 

instar IV larvae at 125 and 62.5 ppb, respectively. Instar 

IV larvae from zinc cultures demonstrated increased 

tolerance to the metal while instar III larvae displayed no 

additional tolerance. To determine if the resistance was an



acclimation or population adaptation phenomenon, additional 

growth and respiration experiments were conducted with F2 

progeny of adults from zinc cultures that were reared in 

clean water. Results suggest that both acclimation and 

adaptation may be responsible for the increased tolerance to 

the metal. When growth and respiration data were converted 

to a caloric basis (calories respired per day and calories 

allocated as growth per day), non-tolerant individuals 

decreased the amount of energy assimilated per day and 

increased the proportion of energy respired vs. energy 

allocated to growth with increasing zinc concentration. 

Resistant individuals, as a result of changes in 

toxicological trends, demonstrated less dramatic versions of 

the previously described trends.
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Introduction 

A large body of ecological literature demonstrates the 

resistance of organisms to heavy metals. Metal tolerance has 

been well documented in many plant taxa and is thought to be 

among the best observed examples of organismal evolution to 

natural and anthropogenic stress (Shaw 1990, preface). Heavy 

metal resistance in animals has been studied most in aquatic 

systems (see Klerks and Weis 1987 and Klerks 1990 for review), 

but resistance in terrestrial invertebrates has also recently 

received attention (see review by Posthuma and Van Strallen 

1993). 

Organisms are thought to be capable of becoming tolerant 

to the toxic effects of metals in two ways. First, they may 

acclimate to the metal at some early stage in their life 

cycle. This type of resistance may be characterized by a 

change in an individual's physiology and is not passed on to 

the organism's offspring. Organisms may also adapt to the 

presence of a toxicant through the process of natural 

selection. In this situation, directional selection for 

genetically tolerant organisms increases the proportion of 

resistant alleles within a population. Because of the genetic 

nature of this type of resistance, organisms adapted to the 

presence of a toxicant will pass those adaptations to their 

offspring (Klerks and Weis 1987). 

Typically, when researchers have investigated the 
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possibility of heavy metal tolerance in aquatic invertebrates, 

one of the most common approaches has been to compare 

differences in acute or chronic bioassays between organisms 

from contaminated and uncontaminated sites (Wentsel et al. 

1978, Luoma et al. 1983). While these methods are relatively 

easy to use, only information documenting the resistance is 

determined; the roles of acclimation and adaptation cannot be 

determined unless additional experiments specifically designed 

to test for these mechanisms are conducted. 

Fraser (1980) and LeBlanc (1982) showed that acclimation 

to metals could be induced in their test organisms; animals 

exposed in the laboratory to low metal concentrations were 

more tolerant of the toxicant than organisms that had not been 

exposed. In these organisms, any resistance observed in 

natural populations to the metals tested may, in part, be 

attributed to acclimation. 

Adaptation-based resistance of aquatic invertebrates to 

metals has been demonstrated a few occasions (Klerks and 

Levington 1989, Brown 1976). In these studies, researchers 

showed that F2 generation offspring from metal tolerant 

individuals grown in clean water conditions were also more 

resistant than non-tolerant individuals from uncontaminated 

sites. Because resistance characteristics were inherited by 

successive generations, the tolerance appeared to be a true 

adaptation. In general, demonstrations of adaptations for 
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metal resistance may be difficult if the species in question 

are not easily cultured in laboratory conditions (Klerks and 

Weis 1987). 

Objectives 

The purpose of this study was to determine if long term 

laboratory exposure of Chironomus riparius (Diptera) to zinc 

produced resistance to the metal. Additional experiments were 

conducted to determine if the resistance was based on an 

acclimation or adaptation phenomenon. Growth and respiration 

rates were determined for instar III and IV larvae under 

varying ambient zinc concentrations with organisms that had 

never been exposed to zinc, organisms from cultures that had 

been exposed to zinc for over a year and a half, and F2 

generation progeny of individuals from zinc cultures reared in 

clean water. Growth and respiration data were also 

transformed to a caloric basis so that patterns of organismal 

energy allocation could be determined.



Literature Review 

Heavy metal resistance in aquatic invertebrates 

Klerks and Weis (1987) provided a thorough review of 

literature dealing with heavy metal resistance in aquatic 

organisms under laboratory and field conditions. Resistance 

was demonstrated in 15 out of 17 studies of prokaryotes, all 

16 studies of algae, and three out of six studies of 

vertebrates. All 21 of the studies using invertebrates 

demonstrated increased resistance of organisms from metal 

contaminated sites. With this information in mind, one might 

infer that heavy metal resistance is fairly common in wild 

populations. Klerks and Weis (1987), however, point out that 

negative results pertaining to this topic may be less likely 

to be published. 

Out of all of the literature reviewed, there is little 

direct evidence for adaptations causing increased metal 

tolerance in aquatic invertebrates. Increased proportions of 

specific forms of allozymes in the shrimp Palaemon elegans and 

the marine gastropod Monodonta turbinata were reported by Nevo 

et al. (1984) at sites contaminated with mercury. "Resistant" 

enzyme forms were also found in high frequencies associated 

with survivors of toxicity tests. In the field study, 

however, the increased proportions were not siginficant 

(p=.089 and p=.090 for Palaemon and Monodonta), respectively. 

Also, laboratory assays showed that no enzyme activity was 
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detected in the supposed resistant allozymes when mercury was 

present. In laboratory toxicity tests exposing Monodonta 

turbinata and M. turbiformis to zinc and copper, significantly 

higher proportions of some allozymes were present in specimens 

killed by the presence of the metals (Lavie and Nevo 1982). 

Despite the drawbacks of the field study and lack of enzyme 

activity, the authors argue that their findings demonstrate 

the natural selection of specific allozyme polymorphisms by 

heavy metals and provide contrary evidence to neutralist 

theories of allozyme polymorphisms. Additional studies have 

also shown differential presence of specific allozymes in the 

survivors of toxicity tests conducted with various taxa (Lavie 

and Nevo 1986, Nevo et al. 1981). Their work is not 

substantiated by traditional biochemical techniques 

demonstrating increased performance of supposed resistant 

enzyme forms in the presence of metals. Evidence of this kind 

may be necessary to show conclusively that natural selection 

is working at the molecular level. 

Two other studies more clearly demonstrate the 

adaptations of aquatic invertebrates to the presence of heavy 

metals. In a study by Klerks and Levington (1989), the 

oligochaete Limnodrilus hoffmeisteri from sites contaminated 

with cadmium, nickel, and cobalt were more resistant than 

individuals from uncontaminated sites when exposed to the 

metals in laboratory toxicity tests. F2 offspring of tolerant 
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organisms cultured in clean water were also more resistant 

than control organisms when exposed to the metals. Brown 

(1976) gave evidence of a genetic basis for lead resistance in 

the isopod Asellus meridianus through the use of similar 

experiments. 

When testing for adaptations by examining characteristics 

of successive generations, it is necessary to use F2 

generation or later progeny for comparisons to prevent the 

influence of maternal effects (Levington 1980). If 

metallothioneins or other metal binding proteins are produced 

by an adult in response to the presence of the toxicant, these 

factors may be transferred to the offspring through maternal 

products and induce "potential" tolerance in individuals 

despite the fact that metals are not present in the 

offspring's surroundings. Munkittrick and Dixon (1988) 

demonstrated evidence for this process in Calostomus 

commersoni and hypothesized that resistance factors may have 

been passed from mother to offspring through the yolk. 

Other researchers have used indirect evidence in hopes of 

demonstrating a genetic component to heavy metal resistance. 

Gallaway and Hummon (1991) showed that the crayfish Cambarus 

bartonii corvatus from acid mine sites were more resistant to 

high concentrations of acid mine drainage than individuals 

from uncontaminated upstream sites. The authors, after 

failing to induce acclimation-based resistance of test animals 
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in laboratory experiments concluded that the observed 

tolerance must have a genetic basis. This assumption may be 

invalid if the duration of preexposure is important; Gallaway 

and Hummon attempted to acclimate their test organisms for 

only four to eight days before starting toxicity testing. 

Bryan and Hummerstone (1971) decided that copper 

tolerance in Nereis diversicolor might be genetically 

controlled after preexposing test animals to low metal 

concentrations for 37 to 45 days. When these organisms fared 

no better in toxicity tests than individuals from clean water 

sites, the tolerance of organisms from metal impacted sites 

was said to demonstrate genetic adaptations. In this case, 

while the researchers used a considerable preexposure time, 

they did not consider that specific exposure concentration or 

life stages may be required for acclimation to occur. 

Callahan and Weis (1983) inferred that methylmercury 

resistance in populations of the crab Uca pugnax, based on 

observations of limb regeneration, was of a genetic nature. 

Individuals from mercury contaminated sites showed increased 

ability to regenerate than did naive individuals when exposed 

to the metal under laboratory conditions. Implications of 

genetic based resistance came from observations of naive 

individuals that performed as well as resistant individuals 

from contaminated sites. Although significant differences in 

limb regeneration existed between populations, there were some 
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tolerant organisms in clean water sites. This indicated to 

the authors that there was sufficient genetic variation in 

stem populations that could have been selected for in 

contaminated populations. 

In all of the above mentioned cases, because of the 

difficulty involved in culturing these specific organisms, a 

lack of evidence for acclimation or observations of 

variability may be the only option for demonstrating the 

presence of adaptations to metals. 

The ability of aquatic invertebrates to acclimate to the 

presence of metals under laboratory conditions has been 

demonstrated on few occasions. Fraser (1980) showed that the 

isopod Asellus aquaticus acclimated to lead after a brief 5 

day preexposure period. LeBlanc (1982) demonstrated that 

Daphnia maqna performed better in toxicity tests conducted 

with copper, lead, and zinc if the crustaceans were preexposed 

to the metals for as little as 20 hours. Bodar et al. (1990) 

Showed that cadmium resistance in Daphnia maqna could be 

acquired within a generation when exposed to low metal levels. 

This tolerance was lost in 21 days if the organisms were 

cultured in clean water. 

When Kraus and Weis (1988) compared mercury tolerance of 

the grass shrimp Palaemonetes pugio from metal-contaminated 

and uncontaminated sites, individuals from contaminated sites 

had higher LT50 values than individuals from clean water 
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populations. Organisms from both locations, however, produced 

metallothionein-like proteins when exposed to mercury, 

indicating that both populations could be equally able to 

acclimate to the presence of the metal. Callahan and Weis 

(1983), however, were unable to demonstrate increased 

tolerance of the crab Uca pugnax to methylmercury after a two 

week pre-exposure to low metal levels. Pre-exposed crabs were 

no more tolerant to chronic mercury levels than organisms that 

had never been exposed. 

The remaining studies concerning this topic make no clear 

distinction between the role of acclimation and adaptations in 

heavy metal tolerance in aquatic invertebrates. In these 

cases, the authors simply document the presence of naturally 

resistant populations (e.g. Wentsel et al 1978, Luoma et al. 

1983). 

Heavy metals and aquatic invertebrate energy allocation 

The effects of heavy metals on aquatic invertebrate 

energy budgets have been studied on few occasions. The energy 

budget of an organism can be described by the general model, 

I = G+tH+We+WitE, where I is the energy in food ingested by an 

organism, G is the energy stored as growth, H is the primary 

heat of the organism, We is the energy for external work 

(activity), Wi is energy used for internal work (biochemical 

reactions), and E equals the amount of unassimilated energy 
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lost as feces (Ivlev 1945). This energy model can be 

Simplified by recognizing that energy ingested (I) less 

unassSimilated energy (E) equals the amount of energy 

assimilated by an organism (A) (Lindeman 1942). Also, the 

primary heat (H), external work (We), and internal work (Wi) 

are all functions of an organism's respiration rate (R) 

(Ricker 1946). These substitutions produce the simplified 

energy budget A = G+R that has been used most often by 

biologists to describe organismal energy allocation. Energy 

budgets of organisms in populations are significant because 

energy stored as growth (G) will be energy available for use 

by higher trophic levels. 

Naylor et al. (1989) and Maltby et al. (1990) studied the 

effects of zinc on the energy budget of Gammarus pulex. 

Energy absorption (assimilation) decreased with increasing 

Zinc concentration while energy allocated to respiration 

remained unaffected. Based on the additive techniques used by 

the researchers (A=G+R), it was also determined that energy 

available for growth (scope for growth) also decreased in the 

presence of Zinc. 

Gilfilian et al. (1985) used a multiple regression 

approach to correlate body burdens of heavy metals in the 

mussel Mytilus edulis from contaminated sites with energy 

assimilation, respiration, and scope for growth. Increased 

bioaccumulation of zinc and cadmium increased scope for growth 
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while silver bioaccumulation was positively correlated with 

respiration rates. Animals used in this study, however, were 

acclimated to laboratory conditions for 24 hours prior to 

testing and were not actually exposed to metals during the 

experiment. Martin et al. (1984) used an energy allocation 

approach to determine the physiological condition of Mytilus 

edulis along a geographical gradient in San Francisco Bay. 

Again, experiments were not conducted in varying metal 

concentrations, but aspects of the mussels' energy budgets 

were Significantly correlated to body burdens of various 

bioaccumulated toxicants. Poulsen et al. (1982), however, 

showed that cadmium concentrations of 10 and 100 ppb had no 

effect on energy assimilation, growth, or respiration of 

Mytilus edulis. 

Zinc Toxicity 

Zinc is an essential micronutrient to most organisms. It 

is used in photosynthesis as a hydrogen carrier and assists in 

protein production (Cole 1983). At high ambient 

concentrations, however, zinc can become toxic. Zinc has been 

shown to decrease feeding rates in both vertebrates (Miller 

and Neathery 1980) and invertebrates (Naylor et al. 1989), 

affect haemoglobin production in vertebrates (Miller and 

Neathery 1980), and alter gill membrane permeabilities in fish 

(Matthiesen and Brafield 1973). 
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Acute toxicity values for 43 fresh water species range 

from 50.7 Ug/L to 88,960 Ug/L at a hardness of 50 mg CacO3/L. 

Chronic data range from 46.73 Ug/L to 5,243 Ug/L for Daphnia 

magna and the caddisfly Clistoronia magnifica, respectively 

(EPA Water Quality Criteria for Zinc 1987). The results of a 

48 hour LC50 test showed the acute toxicity of zinc to the 

midge Chironomus tendipes to be 62.5 mg/L (Rao and Saxena 

1981). A ten day test with the midge Tanytarsus dissimilus 

resulted in an LC50 of 36.8 ug/L (Anderson et al. 1980). No 

data on the effects of zinc to C. riparius have been 

generated. Because information of this kind is used to 

determine ambient water quality criteria, it is important to 

obtain more data on the effects of zinc on different 

organisms. 
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Materials and Methods 

All experiments were conducted in a_- controlled 

environment chamber at 20 C. Moderately hard 

reconstituted water (pH 7.4 - 7.8, Hardness 80 - 100 mg 

Caco3/L, Alkalinity 60 - 70 mg Cac0O3/L) made from glass 

distilled water was used for all culturing and experiments 

(Environmental Protection Agency 1985). Larvae used in 

experiments were cultured in five-liter glass aquaria 

filled with approximately three liters of reconstituted water. 

Strips of boiled, acetone-extracted paper towels were present 

in all aquaria for use by larvae for case construction. Each 

culture received approximately 2 ml food (10 grams dried flake 

fish food homogenized in 200 ml distilled water) three times 

a week. Water was replaced in all cultures every two weeks to 

prevent the buildup of high levels of nitrogenous wastes. All 

cultures were maintained at ambient laboratory temperature and 

exposed to a 16L:8D light regimen. 

Experiments designed to determine the effects of zinc to 

growth and respiration rates were conducted with larvae that 

had been through one of three "pre-experimental conditioning" 

processes. These were designed to yield test organisms that 

provided information on the growth and respiration responses 

of organisms that had never been exposed to zinc (naive 

organisms), organisms that may have developed zinc tolerance, 
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and organisms that may provide evidence for a genetic basis 

for resistance. A diagrammatic representation of these 

methods is shown in Figure l. 

Information on the toxicological responses of naive 

individuals (baseline data) were obtained from cultured larvae 

that had never been exposed to zinc (Figure 1A). Two or more 

egg masses less than 24 hours old were removed from stock 

cultures and hatched in a separate chamber. After hatching, 

larvae were fed 1.5 ml of the homogenized fish food solution 

daily until they reached the appropriate instar for testing. 

By isolating egg masses for use in the experiments, it was 

ensured that the test organisms were of the same age and size 

prior to starting experiments. 

To determine if zinc tolerance could develop in 

Chironomus riparius, egg masses were removed from zinc 

cultures and hatched in the manner previously described except 

that larvae were continuously dosed with a 10 ug/L zinc 

solution prior to conducting experiments (Figure 1B). Zinc 

cultures had been exposed to 10 Ug/L Zn for over a year and a 

half, time for approximately 30 generations based on a 2.5 

week life cycle, before any experiments were conducted. The 

10 Ug/L zinc solution was delivered to zinc cultures and 

hatching chambers by a peristaltic pump at a rate of 5 ml per 

minute. Continuous flow conditions were employed to maintain 
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high ambient concentrations of the metal within zinc cultures 

and minimize loss of the metal in solution through adsorption. 

Because larvae from zinc cultures were exposed to low levels 

of zinc while hatching and developing, and because egg masses 

originated from cultures where zinc resistant individuals may 

have been selected for, it is important to note that any 

tolerance observed in these organisms could be the result of 

individual level acclimation, adaptations, or a combination of 

both. Larvae were said to be more resistant to zinc than 

naive individuals if there was an increase in the lowest 

concentration that Significantly affected growth or 

respiration. 

In order to determine if resistance to zinc was an 

adaptation, methods were employed to isolate organisms from 

zinc cultures while preventing the occurrence of an 

acclimation event (Figure 1C). First, adults from the 10 

ug/L zinc cultures were transferred to clean water cultures. 

The F2 offspring of these adults, after growing and developing 

in clean water to the appropriate instar for testing, were 

used for growth and respiration experiments. By using this 

technique, the possibility of an acclimation event is 

essentially eliminated. In addition, by conducting 

experiments with F2 progeny, maternally derived resistance 

factors should not play a role in increasing the observed 
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tolerances of these individuals. It is generally accepted 

that if resistance persists in F2 or later progeny of 

resistant organisms, and if the F2 progeny have not been 

acclimated to the metal, then reasonable evidence exists for 

the presence of genetically based resistance (Klerks and Weis 

1987). 

Specific methods used for growth and respiration 

experiments are as follows: 

Growth Experiments 

Two or more egg masses less than 24 hours old were 

isolated from stock cultures and allowed to hatch in 

constantly aerated reconstituted water. On the first day that 

all larvae were at the appropriate instar to be tested, five 

larvae were randomly assigned to each of twenty 250 ml plastic 

beakers filled with 200 ml air saturated water. At the same 

time, an additional ten larvae were dried and weighed to 

determine the mean initial dry weight of larvae used in the 

experiments. 1 gram of 100-110 Um glass homogenizing beads 

was present in each chamber as a uniform substrate for larval 

case construction. Nominal zinc concentrations used in 

experiments were 0.0, 62.5, 125, 250, and 500 Ug Zn/L. Four 

replicate chambers were used for each concentration. Air- 

saturated zinc solutions were delivered by a peristaltic pump 
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to the bottom of each chamber at a rate of 2.5 ml per minute; 

the solution left the chamber through a cloth covered hole at 

the 200 ml mark of the beaker. Zinc solutions delivered to 

chambers were made in 18 liter aliquots that were renewed 

daily to prevent loss of metals in solution through adsorption 

or precipitation. Also, the use of flow-through chambers for 

growth experiments minimized the amount of time spent in 

contact with experimental chambers. High mortality was 

observed in preliminary growth experiments that employed 

static-renewal techniques (personal observation), most likely 

the result of the daily replacement of toxicant solutions. 

Flow rates in growth chambers were checked daily to ensure 

uniform toxicant delivery. All equipment was thoroughly acid- 

washed prior to. use. All chambers were exposed to 

experimental conditions for 24 hours prior to the start of the 

experiments. Instar III and Instar IV larvae received 300 Hl 

and 450 ul of a homogenized flake fish food solution (5 grams 

in 100 ml distilled water) per chamber per day, respectively. 

All chambers were on a 16L:8D light regimen. Instar III 

experiments were conducted over a four day period; instar IV 

experiments lasted five days because larvae spend more time in 

this developmental stage. At the end of the experiments, all 

larvae were removed from flow-through chambers and placed in 

static chambers without food for 12 hours. Larvae were then 
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dried at 60 C for 24 hours (Dermott and Patterson 1974) and 

cooled in a dessicator. Larval dry weights were obtained for 

each concentration on a Cahn-28 electrobalance to the nearest 

microgram. The biomass accumulated by an individual during 

the experiment was taken to be its final dry weight minus the 

mean initial weight of sub-sampled larvae taken at the 

beginning of the experiment. Mann-Whitney non-parametric t- 

test equivalents (Hintze 1987) were used to determine zinc 

concentrations that significantly affected growth of larvae 

when compared to unexposed larvae. 

Respiration Experiments 

Respiration experiments were conducted at 20 C in 

plastic 10 ml syringes. Larvae were exposed to nominal 

concentrations of 0.0, 62.5, 125, 250, and 500 Ug Zn/L. All 

water and syringes used in the experiments were sterilized 

before use. Stoppers of the syringes were covered by a layer 

of teflon tape and parafilm; this seemed to minimize changes 

in oxygen concentration in control chambers (personal 

observation). Before being placed in experimental chambers, 

larvae were isolated for 12 hours at 20 C to provide time for 

them to acclimate to experimental temperature. At the 

beginning of the experiments, larvae were placed in syringes 

with air-saturated water of the appropriate zinc concentration 
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and allowed to acclimate for 3-4 hours. Ten treatment 

chambers with two larvae each, and one control chamber with no 

larvae present, were used for each concentration. After the 

acclimation period, a YSI-53 oxygen meter was calibrated to 

100% saturation in well-aerated water. The oxygen 

concentration of the calibration water was determined by the 

mean of three Winkler samples (American Public Health 

Association 1989). This provided an exact (mg/L) reference 

for the oxygen meter's relative (% saturation) scale. Initial 

oxygen concentrations in the syringes were determined by 

Slowly ejecting 5 ml of water through a piece of plastic 

tubing into a glass vial containing a small stir bar. Extreme 

care was taken to prevent aeration of the sample. The oxygen 

concentration of the sample as percent saturation was then 

recorded using the oxygen electrode. Readings from the meter 

were recorded to the nearest 0.5%. The percent saturation 

reading of the sample multiplied by the mean oxygen 

concentrations of the three Micro-Winkler samples equaled the 

initial oxygen concentration within the chamber. Final oxygen 

concentrations in the syringes were determined after a 24 hour 

exposure time. Again, the oxygen meter was calibrated to 100% 

with well aerated water. An additional three Winkler oxygen 

concentration determination samples again provided an absolute 

reference. The remaining 5 ml of water was ejected from the 

chamber and analyzed as previously described. Larvae were 
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removed from the chambers, dried at 60 C for 24 hours (Dermott 

and Patterson 1974) and weighed on an electrobalance to the 

nearest microgram. Oxygen consumption per day was calculated 

as follows: 

R =((Dtest - Dcontrol) * .005 1 * 1000 Ug/mg)/# of larvae 

in each chamber/duration of experiment in days, where R equals 

ug oxygen consumed per individual per day, Dtest is the change 

in oxygen concentration within test chambers (mg/L), Dcontrol 

is the change observed in control chambers (mg/L), and .005 L 

is the volume of water in which the recorded oxygen changes 

occurred. Respiration rates were analyzed using Mann-Whitney 

non-parametric t-test equivalents (Hintze 1987) to examine the 

hypothesis that respiration rates of larvae exposed to zinc 

were significantly different from those not exposed to zinc. 

Respiration rates were not analyzed for standard-size 

organisms (i.e. not corrected for weight) because of a low 

correlation observed between dry weight and respiration rate 

(R=0.34). Variability in respiration rates not accounted for 

by organism size may have been a result of other unmeasured 

variables such as activity levels. 

Analyses of Organismal Energetics 

Mean biomass accumulated by larvae throughout experiments 

at each concentration was converted to calories stored as 
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growth per individual per day by multiplying biomass 

accumulated by 5.424 calories/mg dry weight (Cummins and 

Wuycheck 1971) and dividing by the length of time of zinc 

exposure (days). Respiration rates were converted to calories 

respired per individual per day by multiplying oxygen 

consumption by the constant 3.28 cal/mg 02 consumed (Elliot 

and Davidson 1975). 

By using the general energy budget model previously 

described (Assimilated Energy = Energy Allocated to Growth 

plus Energy Respired), estimates of energy allocated to growth 

and energy respired at each concentration were summed to 

provide estimates of energy assimilation rates for both instar 

III and instar IV larvae from all three pre-treatment groups. 

A second factor investigated from an _- energetic 

perspective involved determining the proportion of available 

energy allocated to either growth or respiration. Changes in 

the ratio of energy allocated to these functional compartments 

at different zinc concentrations were quantified based on the 

quotient of energy respired and energy allocated to growth on 

a caloric basis. Comparisons of trends were made between 

instar III and instar IV larvae and among pre-treatment 

groups. 
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Results 

Growth Experiments 

Results from baseline growth experiments are shown in 

Figure 2. Instar IV larvae demonstrated significant 

reductions in biomass accumulation versus control larvae at 

concentrations of 250 Ug Zn/L. Instar III larvae were 

impaired at all concentrations tested. 

Pre-exposure with 10 ug Zn/L appeared to induce 

tolerance in instar IV larvae. While instar III larvae from 

zinc concentrations were still susceptible to all zinc 

concentrations tested, significant growth impairment in instar 

Iv larvae was only seen in individuals exposed to 500 Ug 

Zn/L, or 2 times the effective concentration observed in 

baseline experiments (Figure 3). 

In experiments conducted with F2 progeny of organisms 

from zinc cultures (Figure 4), instar III growth rates 

remained affected at concentrations of 62.5 Ug Zn/L and 

greater. The lowest concentration that affected instar IV 

larvae was similar to that seen in baseline experiments; 

growth rates were impaired at 250 and 500 ug Zn/L. 

Respiration Experiments 

Results from baseline respiration experiments are shown 

in Figure 5. Respiration rates of both instar III and instar 
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IV larvae were significantly reduced at all concentrations 

tested. Instar IV larvae from zinc cultures, however, 

displayed increased tolerance to the presence of zinc. While 

instar III larval respiration rates were affected by all 

concentrations tested, instar IV larvae were not affected by 

any concentration (Figure 6). 

In respiration experiments conducted with F2 progeny of 

organisms from zinc cultures (Figure 7), instar III larvae 

remained affected by concentrations of 62.5 Ug Zn/L and 

greater. Instar IV larvae, however, continued to display 

increased tolerance as compared to naive larvae; significant 

reductions in larval respiration rates occurred only at 500 

ug Zn/L. 

Energetic Perspective 

Figure 8A depicts a general model of responses seen in 

growth and respiration experiments to the zinc concentrations 

tested. In naive instar III larvae, growth was typically 

impaired in a monotonic fashion in response to zinc 

concentration, whereas respiration rates typically decreased 

at the lowest concentration and remained relatively constant 

at all other concentrations tested. In figure 8B, caloric 

equivalents of energy allocation to growth (G) and respiration 

(R) are depicted. Given the validity of the energetic model 
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previously described, if both growth and respiration decrease 

with increasing zinc concentration, then energy assimilation 

(A) should also decrease (Figure 8B). The effects of zinc on 

estimates of energy assimilation appear relatively constant 

for all experiments conducted with instar III larvae (Figure 

9) owing to the similarity of toxicological responses 

observed in these cases. 

Naive instar IV larvae, as a result of their increased 

tolerance to zinc, show slightly different energy assimilation 

trends (Figure 10). While respiration rates were impaired at 

all concentrations tested, there was age specific tolerance 

observed in growth that affected energy assimilation curves 

(Figure 10A). Instead of the monotonic curve seen associated 

with instar III larvae, instar IV larvae energy assimilation 

estimates remain unaffected at low zinc levels (Figure 10B). 

Instar IV larvae from zinc cultures present another 

scenario. Because growth rates were only affected by the 

highest concentrations tested, and respiration rates were 

unaffected by all zinc concentrations (Figure 11A), energy 

assimilation estimates appear to be unaffected by all but the 

highest zinc concentrations tested (Figure 11B). Instar IV F2 

progeny of zinc culture organisms share trends similar to 

parental organisms. Respiration rates were affected only by 

the highest zinc concentration, while tolerance in growth was 

similar to that of naive larvae (Figure 12A). The resulting 
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estimates of energy assimilation, however, appear to indicate 

that this facet of organismal energy allocation remains 

unaffected by zinc concentrations that impair instar III 

larvae and naive instar IV larvae (Figure 12B). 

The second factor that was considered in organismal 

energetics analyses was the interactions of the variables 

measured. In figure 113A, which again demonstrates 

generalized trends of growth and respiration across an 

increasing zinc gradient, it becomes clear that if respiration 

rates decrease and remain constant while growth rates steadily 

decline, then the proportion of available energy allocated to 

respiration should actually increase at high concentrations. 

Figure 13B depicts this general increase in the ratio of 

energy respired to energy stored as growth. Because growth 

and respiration of instar III larvae were affected by all 

concentrations tested, this increase becomes a model response 

for a "sensitive" organism. Results from other experiments 

conducted with instar III larvae (Figure 14) demonstrate 

Similar, if not more dramatic responses as a result of the 

fact that growth rates were initially impaired to a greater 

extent than respiration rates, thus causing the ratio of the 

two variables to increase more rapidly. 

In figure 15B, the resulting curve of respiration and 

growth ratios of naive instar IV larvae appears similar to 

that seen in baseline instar III experiments. The initial 
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decrease in the ratio of R and G, in this case, is the result 

of the initial decrease in respiration rate when growth was 

not affected until higher concentrations (Figure 15A). 

Data from experiments conducted with instar IV larvae 

from zinc cultures suggest that zinc tolerance may affect the 

way that energy is allocated between growth and respiration. 

In figure 16A, because larval respiration rates were 

unaffected and growth rates only affected by the highest 

concentration tested, in theory the ratios of respiration and 

growth should not increase until the highest concentrations. 

The data, depicted in figure 16B, tend to support this 

concept. While the initial decrease in the ratio is affected 

most by nonsignificant increases in growth at 62.5 and 125 ug 

Zn/L (Figure 4), the actual increase in the ratio does not 

occur until zinc concentrations of 500 Ug/L (Figure 16B). 

In experiments conducted with instar IV F2 progeny of 

Zinc culture organisms, the trend seen in this ratio appears 

Similar to that observed in naive instar IV larvae (Figure 

17). As a result of the persistence of tolerance in 

respiration rate, once growth rates start decreasing, the 

ratio of the two variables increases. 
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Discussion 

General Trends 

Based on growth experiments, instar IV larvae 

demonstrated an increased tolerance to higher ambient zinc 

concentrations than instar III larvae (Figure 2). Instar IV 

larvae showed significant reduction in growth at four times 

the zinc concentration shown to impair instar III larvae. 

Pascoe et al. (1989) demonstrated similar age specific 

tolerances when determining the effects of cadmium on 

Chironomus riparius development. Williams et al. (1986) 

showed, based on 24 hour acute tests, that first instar 

Chironomus riparius larvae were approximately 950 times more 

sensitive to cadmium than instar IV larvae. 

Respiration rates, however, appear to be a more sensitive 

overall measurement of zinc toxicity to naive Chironomus 

riparius. Oxygen consumption was significantly reduced at 

concentrations of 62.5 ug Zn/L and greater for both instar III 

and instar IV larvae (Figure 5). 

While instar IV larvae from zinc cultures demonstrated 

increased tolerance in both growth and respiration, patterns 

of zinc toxicity to instar III larvae remained constant in all 

experiments conducted. The lack of observed tolerance in 

instar III larvae may be ae result of testing with 

inappropriate zinc concentrations. Because significant 
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reductions in instar III growth and respiration always 

occurred at the lowest zinc concentration tested, the true 

"threshold" concentration affecting these variables in this 

larval stage remains unknown. Instar III larvae from zinc 

cultures may be more tolerant of concentrations below 62.5 Ug 

Zn/L than naive organisms. 

Growth Experiments 

Tolerance in growth rates demonstrated by instar IV 

larvae from zinc cultures appears to be an acclimation-based 

resistance resulting from exposure to the 10 Ug/L zinc 

solution during all stages of their life cycle prior to 

testing. Had the tolerance been of a genetic nature, the 

increased resistance seen in zinc culture organisms should 

have also been apparent in their F2 progeny when raised in 

clean water. 

One mechanism thought to be responsible for the 

development of acclimation-based metal tolerance is the 

production of metallothioneins. These low molecular-weight 

proteins produced by many organisms are capable of binding 

metals and are typically only expressed in the presence of the 

metal. Correlations between metallothionein production and 

organismal tolerance have been observed in fish (Chapman 

1985), and their role in increasing tolerances of 
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invertebrates has been discussed on many occasions (Maroni 

1990). Although no true metallothioneins have been described 

in insects (Maroni 1990), proteins with metallothionein-like 

metal binding properties have been found in aquatic insects 

including the stonefly Pteronarcys californica (Clubb et al. 

1975) and the midge Chironomus yoshimatsui (Yamamura et al. 

1983). Given that metallothioneins are widely distributed 

among mammalian taxa (Maroni 1990), it is also likely that 

metal-binding proteins should be present in Chironomus 

riparius since they were detected in a con-generic species. 

Acclimation responses are thought, in part, to occur as 

a function of time (Chapman 1985). In other words, an 

adequate pre-exposure period may be needed to allow 

metallothionein production to equilibrate with toxicant 

concentration. This may account for the increased tolerance 

of instar IV larvae in growth experiments that was not present 

in instar III larvae. Because instar IV larvae were exposed 

to low zinc levels for an additional developmental period 

prior to testing, more time may have been permitted for them 

to produce sufficient levels of metal binding products that 

would confer tolerance when subsequently exposed to higher 

zinc concentrations in experiments. 

Respiration Experiments 

While the increased tolerance as measured by growth rates 
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appeared to be an acclimation-based phenomenon, the data 

suggest, based on the persistence of tolerance in F2 progeny, 

that directional selection for individuals whose respiratory 

functions were not affected by zinc occurred within laboratory 

cultures. Other examples of tolerance persisting in F2 

progeny come from Brown (1976), who showed similar tolerances 

of resistant parent and F2 progeny as measured by the effects 

of copper and lead on growth rates of Asellus meridianus. 

Klerks and Levington (1989) showed that LC50 values of F2 

progeny of metal tolerant Limnodrillus hoffmeisteri cultured 

in clean water were similar to those determined for resistant 

organisms 

Indirect evidence for heavy metal selection on 

respiratory functions has been documented on_- several 

occasions. Nevo et al. (1981) screened survivors of toxicity 

tests conducted with Palaemon elegans exposed to lead for 

variations in phosphoglucomutase allozymes. Survivors of the 

highest lead exposure (.26-.40 ppm Hg) had significantly 

greater proportions of one specific enzyme form while a second 

enzyme form was most abundant in individuals exposed to 

intermediate concentrations (.12-.18 ppm Hg). lLavie and Nevo 

(1982) demonstrated similar trends with allozyme variants of 

phosphoglucose isomerase in the marine gastropods Monodonta 

turbinata and M. turbiformis. In experiments conducted with 

M. turbinata and zinc, higher frequencies of one 
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phosphoglucose isomerase form was found in individuals killed 

in the toxicity test. When exposed to copper, higher 

proportions of a different phosphoglucose isomerase allozyme 

in both M. turbinata and M. turbiforms was present in 

individuals killed by the metals. 

Both of the above mentioned enzymes are integral 

components of glycolytic pathways (Stryer 1985). If 

beneficial variability in enzymes present in respiratory 

pathways of Chironomus riparius existed prior to their 

exposure to zinc, it is possible that individuals whose 

metabolic pathways remained functional in the presence of zinc 

were selected for and became numerically dominant within 

cultures. 

Selection for metal resistant organisms, however, may not 

occur as frequently in natural populations. In laboratory 

cultures, selection may have been enhanced as a result of the 

artificially imposed isolation of zinc stressed "populations". 

Natural populations of Chironomus riparius, as well as most 

other midge species, have broad spatial distributions (Coffman 

and Ferrington 1984) that probably overlap. Selection for 

zinc tolerance in polluted wild populations of this species 

may be inhibited if there is a high frequency of dispersal of 

organisms from uncontaminated populations. However, if 

geographically isolated populations of this species are 

subjected to long-term zinc stress, it remains possible that 
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Chironomus riparius should be able to evolve tolerance to low 

level zinc pollution in natural populations. 

Unlike most other studies dealing with the evolution of 

heavy metal tolerance, this one demonstrated selection on 

respiration rates, a variable that is infrequently measured. 

As previously stated, most studies of heavy metal tolerance 

use more standard acute and chronic bioassays that measure 

either mortality (LC50 values) or growth rates. Future 

studies may need to focus on measurements of variables that 

have different ecological significances. For example, 

organisms in metal-contaminated populations that are able to 

produce large quantities of offspring or produce offspring 

that are more viable under metal stress should in theory be 

selected for over time. Similarly, a common prey species 

whose activity is not impaired by the presence of a toxicant 

should be better able to avoid predators and have increased 

fitness with respect to other con-specifics. In these cases, 

measurements of clutch size, egg viability, or activity in 

response to the presence of a toxicant may provide more 

information than traditional toxicological assays. 

Future studies conducted with contaminated natural 

populations may also benefit from the use of carefully chosen 

study organisms. By studying sexually reproducing species 

that are easily cultured under laboratory conditions and 

characterized by high fecundities, short generation times, and 

32



limited dispersal abilities, more may be learned about 

mechanisms of heavy metal resistance in aquatic organisms. 

Based on these criteria, it appears that some aquatic nematode 

and oligochaete taxa endemic to lentic systems may be among 

the best suited for studies of this kind. 

Implications for Organismal Energetics 

As discussed in the literature review section, it is 

possible to simplify the complex model of organismal energy 

allocation with the general model A=G+R where A is energy 

assimilated by an organism, G is energy stored as growth, and 

R is energy respired for use in various biochemical processes 

(including activity, synthesis, maintenance, etc.). Although 

the unpaired observations made in this study (i.e. estimates 

of growth and respiration rates were taken from different 

individuals) prevent strict statistical analyses of the data 

from an energetic perspective, the general trends observed can 

be interpreted. The consistent nature of these trends, their 

agreement with other empirical data, and their apparent 

adherence to theories of organismal energetics lend these data 

their greatest credibility. 

Based on the energetic model, Chironomus riparius tends 

to decrease the amount of energy assimilated with increasing 

zinc concentration. Naylor et al. (1989) and Maltby et al. 

(1990) empirically demonstrated that zinc decreases energy 
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asSimilation in the amphipod Gammarus pulex. Zinc has also 

been shown to reduce feeding rates in vertebrates (Miller and 

Neathery 1980), which, assuming no change in assimilation 

efficiency, would decrease energy assimilation rates. 

Instar III larvae from all three pre-treatment groups 

displayed similar reductions in estimates of energy 

assimilation (Figures 8 and 9). Naive instar IV larvae showed 

some tolerance in this variable at low concentrations (Figure 

10) while instar IV larvae from zinc cultures demonstrated 

reduced assimilation rates only at the highest concentrations 

tested (Figure 11). Instar IV F2 progeny of zinc culture 

organisms show reductions in this variable at concentrations 

intermediate to those that affected naive instar IV larvae and 

Instar IV larvae from zinc cultures (Figure 12). 

Energy assimilation in an organism can be theoretically 

reduced by a toxicant in one of three ways. First, the 

toxicant may sufficiently impair an organism's ability to 

acquire (ingest) food resources which, assuming no increased 

ability to assimilate ingested resources under the effects of 

the toxicant, would decrease the absolute amount of energy 

absorbed across the gut wall. Second, assimilation efficiency 

may be decreased in an impaired organism, which, assuming no 

increase in resource acquisition rates, would decrease the 

absolute amount of energy assimilated per unit time. Finally, 

if an organism's energetic needs are decreased (i.e. if 
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biochemical pathways associated with growth and respiration 

are impaired), the actual amount of energy assimilated should 

correspondingly decrease given adherence to organismal 

energetic models. While the first two conditions can 

conceivably be tested in laboratory experiments, the third 

scenario may be difficult to demonstrate because it poses a 

cause and effect question. It remains unclear if a reduction 

in growth and respiration reduces the need for energy 

acquisition, or if the impairment of energy acquisition or 

assimilation reduces growth and respiration rates. Regardless 

of impairment mechanism, the increased ability to maintain 

high rates of energy assimilation seen in instar IV larvae 

from zinc cultures could ultimately lead, in Chironomus 

riparius, to larger size at emergence, possible earlier 

emergences, and overall increased fitness. 

In all of the experiments conducted with Chironomus 

riparius, estimates of energy assimilation rates are highly 

correlated to estimates of energy allocated to growth. This 

is a result of the fact that oxygen consumption, on a caloric 

basis, averaged approximately 6 percent of growth rate on 

caloric basis. If estimates of growth and respiration rates 

and constants used in all caloric conversions are correct, it 

may be possible in the future to estimate energy assimilation 

in Chironomus riparius based solely on growth rates. 

The second factor determined on an energetic basis, the 
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ratio of energy respired vs. energy allocated to growth, 

demonstrated a general increase with increasing zinc 

concentration, indicating increased metabolic costs associated 

with zinc exposure. Instar III larvae, regardless of pre- 

treatment method employed, demonstrated relatively similar 

increases in this ratio. A similar trend can be inferred from 

the results of Maltby et al. (1990) (Figure 18). Although 

their data were not strictly analyzed in this manner, their 

observations of energy assimilation, respiration, and scope 

for growth produce ratios of R to G that appear similar to 

that of "sensitive" instar III organisms (Figure 14). 

Instar IV larvae from zinc cultures, however, only 

demonstrate an increase in this ratio at the highest 

concentration tested. One possible explanation for this 

phenomenon comes from the fact that larvae from zinc cultures 

had the advantage of pre-exposure during which time 

acclimation occurred. In naive and "sensitive" organisms, the 

increase in the proportion of energy respired vs. energy 

allocated to growth may be a result of an increased energy 

expenditure for the production of metallothioneins or other 

metal binding proteins. If this sort of energetic expenditure 

has already been made in pre-exposed individuals, the need to 

do so in response to future stresses may be minimized. 
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Conclusions 

While no changes in the tolerance of instar III larval 

Chironomus riparius were observed, instar IV larvae from zinc 

cultures demonstrated an enhanced ability to resist the toxic 

effects of high zinc concentrations. Growth rates of these 

larvae were impaired at twice the concentration that affected 

naive organisms, while respiration rates were unaffected by 

any of the concentrations tested. 

Growth rates of instar IV F2 progeny of zinc culture 

organisms were affected at the same concentration as naive 

organisms. The enhanced tolerance of larvae taken directly 

from zinc cultures may be evidence for their ability to 

acclimate to the presence of the toxicant when exposed to sub- 

chronic levels in early developmental stages. 

All but the highest zinc concentration tested had an 

effect on respiration rates of instar IV F2 progeny. Given 

the similar toxicological responses of "parent" and 

"offspring" cultures, tolerance as measured by respiration 

rates appears to be the result of selection for naturally 

resistant individuals in a laboratory setting. 

Because the growth and respiration of Chironomus riparius 

were tested under the influence of varying zinc 

concentrations, much is now known about energy allocation 

within these organisms. Estimates of energy assimilation 

rates in these organisms, based on the sum of growth and 
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respiration rates converted to a caloric basis, generally 

decreased with increasing zinc concentration. Estimates of 

energy assimilation rates were highly correlated to growth 

rates as a result of the fact that respiration rates, on a 

caloric basis, averaged only six percent of growth rates ona 

caloric basis. 

The ratio of energy respired versus energy allocated to 

growth tended to increase with increasing zinc concentration. 

This indicates that when under zinc-induced stress, Chironomus 

riparius larvae tend to respire more of the energy that is 

available to them rather than allocate it to growth. Because 

acclimation-based tolerances are thought to correspond to 

changes in physiology and have associated energetic costs, the 

increase in this ratio in "sensitive" instar III larvae and 

naive instar IV larvae may indicate the physiological changes 

associated with the occurrence of an acclimation event. 

Instar IV larvae from zinc cultures did not show an increase 

in this ratio until exposed to the highest zinc concentrations 

used in the experiments, indicating that energy may have 

already been expended for the production of tolerance in these 

larvae while growing and developing in a zinc contaminated 

environment. 
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