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A behavioral model for acute responses in bivalves, was developed using time 

series analysis for use in a real-time biomonitoring unit. Stressed bivalves closed their 

shell and waited for the stressful conditions to pass. Baseline data showed that group 

behavior of fifteen bivalves was periodic, however, individuals behaved independently. 

Group behavior did not change over a period of 20 minutes more than 30 percent, 

however, following toxic exposures the group behavior changed by more than 30 percent 

within 20 minutes. Behavior was mathematically modeled using autoregression to 

compare current and past behavior. A logical alarm applied to the behavior model 

determined when organisms were stressed. The ability to disseminate data collected in 

real time via the Internet was demonstrated. 
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INTRODUCTION 

Most laws protecting water quality have been enacted in the past 50 years. 

Historically, formal legislative protection of the waters of the United States dates back to 

the Rivers and Harbors Act of 1899. While the main thrust of the legislation was to 

maintain navigable waterways unobstructed for the purposes of navigation, the act 

protected navigable waters from pollution as well. "It shall not be lawful to ... discharge, 

from or out of any ship, barge, or other floating craft of any kind, or from the shore, 

wharf, manufacturing establishment, or mill of any kind, any refuse matter of any kind or 

description whatever other than that flowing from streets and sewers and passing there 

from in a liquid state, into any navigable water of the United States, or into any tributary 

of any navigable water from which the same shall float or be washed into such navigable 

water;.." [1]. The Act focused mainly on physical obstructions to navigation and was 

rarely enforced where pollution was concerned. Only two bills related to the protection of 

water resources were enacted between the turn of the century and 1948. The first was the 

Public Health Service Act of 1912, which dealt with water pollution and disease from the 

human health perspective [2]. The Oil Pollution Act of 1924 [3] attempted to control oil 

discharges in coastal waters. The Water Pollution Act of 1948 [4] provided 

municipalities with limited monetary assistance for the construction of waste water 

treatment facilities. 

The need for further regulations was brought to the fore of public attention in the 



1950's and 1960's by the continued dumping of untreated sewage and the substantial 

increase in the production and use of chemicals following World War H Chemical 

applications ranged from the household, e.g. laundry soap, to agricultural pesticides and 

fertilizers. Catastrophic fish kills, and terrestrial organism population crashes turned 

public opinion in favor of legislation designed to protect the environment. The result of 

the public outcry was a series of acts initially focused on wastewater treatment followed 

by control of toxics. The Federal Water Pollution Act of 1956 increased the monetary 

assistance for the construction of waste water treatment facilities provided to 

municipalities [5]. The Water Quality Act of 1965 [6] was the first piece of legislation to 

use the concept of water quality based regulation. Water quality was determined using 

chemical measures. The Federal Water Pollution Control Administration was established 

to develop broad water quality guidelines to be used by States to establish interstate water 

quality standards. The act also was the first to classify reaches of rivers by use and set 

standards accordingly. 

It soon became clear that the water quality standards were not being met and 

previous legislation was ineffective. The Federal Water Pollution Control Act of 1972 

[7], also known as the Clean Water Act (CWA) and its subsequent amendments (1977 

Clean Water Act, and 1991 Water Quality Act), established that, "it is the national policy 

that the discharge of pollutants in toxic amounts be prohibited."[7 ] Section 502 of the 

Clean Water Act defines toxic pollutants as "those pollutants, or combinations of 

pollutants, including disease-causing agents, which after discharge and upon exposure, 

ingestion, inhalation, or assimilation into any organism, either directly from the 



environment or indirectly by ingestion through food chains, will, on the basis of 

information available to the Administrator, cause death, disease, physiological 

malfunctions, behavioral abnormalities, physical deformation, birth defects, genetic 

mutations, and cancer." Initially the CWA took a technology based approach requiring 

polluters to treat wastewater with best available technology economically achievable. A 

policy statement issued by EPA in 1984 shifted the water quality regulatory approach to 

one based on biological monitoring of effluents and receiving waters. The monitoring 

apparatus is the National Pollutant Discharge Elimination System (NPDES). Effluent 

guidelines established by the U.S. Environmental Protection Agency are used in permits 

issued to industrial and municipal sewage treatment dischargers under the program. Total 

Maximum Daily Loading is a modeling approach used to set limits on permitted pollution 

which should allow water quality standards to be met. 

All legislation mentioned was focused on the control of point sources of pollution 

(pollution entering the environment from a specific point such as a drain pipe or smoke 

stack) rather than non-point source pollution. This was a sensible approach because of 

the magnitude of the contribution of point source pollution to the total, and the relatively 

lower costs of pollution control technologies. 

Efforts to control point sources of pollution have been quite successful. However, 

any source of pollution within the hydro-geologic boundary contributes to the health of 

the watershed. The Pollution Prevention Act of 1990 [8], requires EPA to promote 

pollutant source reduction rather than focus on controlling pollutants after they enter the 

environment. The current state and future of water quality protection in the United States 



is summarized by the following passage from the EPA 1994 National Water Quality 

Inventory Executive Report to Congress [9]; 

"Although significant strides have been made in reducing the impacts of 

discrete pollutant sources, our aquatic resources remain at risk from a 

combination of point sources and complex nonpoint sources, including air 

pollution. Since 1991, EPA has promoted the watershed protection 

approach as a holistic framework for addressing complex pollution 

problems...EPA's Office of Water envisions the watershed protection 

approach as the primary mechanism for achieving clean water and healthy, 

sustainable ecosystems throughout the Nation." 

EPA has determined that protection of the nation's waters can best be accomplished at the 

watershed level. By addressing pollution at this scale, both point and non-point sources 

are confronted. 

EPA has identified several key principles to guide implementation of watershed 

protection. Place-based focus, Stakeholder involvement and partnerships, Environmental 

objectives, Problem identification and prioritization, and Integrated actions. Place-based 

focus approaches the water quality problem considering the unique properties of different 

locations throughout the United States and how these differences effect water quality. 

This approach considers how local variability in geology and weather patterns, among 

other factors, and local ecology interact. Past regulatory approaches have used national 

criteria to establish pollution limits. This has been inflexible when local conditions have 

either mitigating or accentuating factors which decrease or increase toxicity. EPA has 
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allowed the use of the Water Effects Ratio (WER) to account for local variability. 

Stakeholder involvement and partnerships are important in the success of any protection 

program. If those who live in the watershed do not care, then there is little hope for its 

protection. Environmental objectives are the basis for the whole program. Protection of 

the integrity of watersheds as ecological systems is the ultimate national goal, but local 

stakeholders can choose others as well. Problem identification and prioritization looks 

for the problem areas in a watershed and then prioritizes them considering the relative 

costs of solutions and the expected benefits of the results. Integrated actions are the 

solutions to the problems of restoring or protecting the environmental integrity of the 

watershed. 

A real-time biomonitoring unit fits EPA's watershed approach. Biomonitors 

strategically placed throughout a watershed could provide a method to monitor the 

relative quality of water flowing through it. In-stream monitoring of an organisms 

behavior or physiology could provide real-time information regarding water quality in a 

comprehensive watershed monitoring system when combined with whole effluent toxicity 

testing, rapid bioassessment techniques, and integration of information through a 

Geographical Information System. 

Biomonitoring and Aquatic Toxicology 

Only an organism in its own environment can integrate the various factors that 

determine toxicity [10]. Broadly defined, "Stress is a measurable alteration of a 

physiological (behavioral, biochemical, or cytological) steady-state which is induced by 

an environmental change, and which renders the individuals (or population) more 



vulnerable to further environmental change."[l 1] Responses to environmental stress 

range from tolerance to resistance. Tolerance occurs when stress is present at low levels 

which do not have deleterious effects to an organism whereas resistance means that the 

stress will cause the death of an organism if it is not relieved. Between the two extremes 

exists the chronic or sublethal effects. Stress effects the organism, usually by limiting its 

ability to grow, mature, and reproduce but does not result in immediate death of the 

organism. Methods of measuring stress have been classified into two major groups, acute 

and chronic effects. Death is most often the measured endpoint related to acute effects 

caused by some stressing factor and is only a measure of resistance to the stressor. In a 

system designed to function as an early warning system, death is not a useable endpoint. 

Chronic effects are measured using behavioral changes, protein analysis, bioconcentration 

analysis, reproductive success, death, etc. as measured endpoints and are indicative of 

tolerance. Sublethal effects are often more difficult to identify and differentiate. As the 

complexity of an organism increases, the complexity of the sublethal effects also 

increases. Sublethal effects often adversely affect the ability of an organism to mature 

and reproduce to its full potential. The Congress of the U.S. has decided that most 

waterways in the U.S. will be protected against human induced sublethal stress [7]. 

Past water protection efforts have focused on point sources of pollution. The 

initial approach to deal with water pollution was to eliminate discrete sources of 

pollutants using effluent limitations for individual chemicals. Water Quality Criteria 

were developed which considered human health impact and bioaccumulation as well as 

protection of aquatic life [12]. The list of elements and compounds for which Water 



Quality Criteria have been developed is limited. Therefore, using Water Quality Criteria 

for unknown, complex effluents did not adequately protect aquatic life. 

The next generation of toxicity testing, Whole Effluent Toxicity (WET) testing, 

uses biological methods [13,14] to quantify the toxicity of effluents and to estimate the 

effects of effluents on aquatic life in receiving waters. Short term tests (6 to 9 days in 

duration) are used to measure sublethal effects such as growth, reproduction and genetic 

deformities of the effluent on fish, invertebrates and plants. These tests usually compare 

effects caused by an effluent dilution series to a control group of organisms to estimate 

what concentration of effluent is "safe". This "safe" concentration is based on the 

dilution potential of the receiving water and is used to determine effluent limits. As 

mentioned previously, only an organism in its own environment can integrate the various 

factors that determine toxicity. WET testing considers toxicity as a parameter rather than 

any specific compound or elemental component of an effluent. WET testing treats the 

effluent as a whole, accounting for additive, synergistic, or antagonistic effects of the 

individual components of the complex effluent upon toxicity. While WET tests are 

closer to reality than the analytical chemical techniques, they fall short of the place-based 

approach adopted by EPA. The permitted effluent concentration does not estimate water 

quality criteria. Use of the WER introduces a place-based component. If testing of 

receiving waters show an increased ability to mitigate toxicity, then permitted effluent 

levels can be modified. 

The addition of an in-situ biological monitor is key to understanding the dynamics 

of water quality specific to location. Standard toxicological tests using Ceriodaphnia 
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dubia and Pimephales promelas are effective in testing toxicity of effluents and ambient 

waters [13,14]. Dickson et al. [15] showed a significant statistical relationship between 

ambient toxicity to C. dubia, and biological impact in the receiving system, however, 

these traditional tests do not adequately address the question of realistic in situ exposures. 

Static exposures of surrogate species may represent the exposure faced by individuals in 

the environment. 

Biomonitors placed in an aquatic system will be faced with the same exposure as 

those organisms to be protected and will integrate the local factors affecting toxicity. 

Information on water quality can be derived from the behavior or physiology of the 

biomonitors which are in effect early warning systems of decreased water quality. The 

advantage of an early warning system is speed of analysis. Determination that toxic 

effects are occurring must be made quickly. This forces a look at the current methods for 

determining toxic effects. Many methods (WET, bioconcentration, protein analysis, rapid 

bioassessment of macroinvertebrate communities) take long periods of time to perform. 

Inherent in all of these methods is that they test for effects only after the potential 

deleterious effects have occurred in the environment. Even if results could be obtained in 

a short period of time, there is still a question of sampling and the appropriate testing 

routine. In any sampling routine, chances are great of missing episodic events which 

might occur when samples are not being taken. Since biomonitoriing systems indicate a 

probable toxic event, water samples could be collected and tested to verify toxicity using 

accepted testing methods. 
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Biomonitoring Systems 

Gruber et al. [16] reviewed the state of automated biomonitoring systems and 

state that 'Automated biomonitors, overall, remain in their infancy with their 

development and acceptance.' Organisms used in those systems reviewed included algae, 

bacteria, zooplankton, insects, daphnids, bivalve molluscs, and fish. There have been 

numerous in situ biological monitoring systems developed based on physiological 

changes in fish [17,18,19]. These efforts have focused on responses of relatively 

complex organisms to stress, and have not gained widespread acceptance. These systems 

measured bioelectric action potentials. Variation in the respiration rate of fish is 

indicative of stress, either physical or toxicological, caused by the intimate contact of the 

gills with irritants. As the respiration rate, as observed through the action potential of the 

muscles controlling opercular ventilation, increased a warning condition resulted. Fish 

biomonitor systems produced by Morgan [18,19] relayed information from a remote site 

to a lab via satellite communications. Technology was the limiting factor in data 

collection and analysis in real-time. Current personal computers are compact and 

powerful enough to allow the analysis of large data sets in relatively short periods of time 

using complex statistical methods such as time-series analysis. 

Bivalves as Biomonitors 

Much work has been done to characterize the response of bivalves to changes in 

various environmental factors. The following is a review of literature relevant to this 

research. Four major classes of bivalve response were found in the literature; behavioral, 

lethal, growth, and bioaccumulation. The factors causing the responses included; 
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inorganic and organic chemical toxicity, thermal pollution, food type and feeding regime, 

emersion, photoperiod, and changes in physical and chemical factors such as dissolved 

oxygen and pH. The species examined consisted of both freshwater and marine 

organisms. The experimental methods used were also quite variable. This section is an 

attempt to demonstrate several ideas: 1) C.fluminea is a suitable species to use as a 

biomonitor, 2) behavior is a suitable response, and 3) the underlying mechanisms causing 

the behavioral responses are found across taxonomic groups within the order Bivalvia. A 

review of the responses of the freshwater bivalves C.fluminea and Dreissena 

polymorpha, the Zebra mussel, will be presented followed by similar information for 

marine species. 

Freshwater Bivalves 

The Asiatic clam, C. fluminea, and the Zebra mussel, D. polymorpha, have been 

shown to exhibit patterns in distribution and in behaviors such as gape, valve movements, 

and filtration rate that are affected by stressors in the environment. Factors causing 

behavioral patterns and changes include photoperiod, food density, and water quality. 

Pollutants shown to cause behavioral pattern changes include metals, organics, and 

temperature. Bivalves also have characteristics making them suitable biomonitoring 

organisms; a sedentary lifestyle, local abundance, year-round availability, manageable 

size, and the ability to withstand laboratory handling. 

Corbicula fluminea 

The purpose of an in-situ biomonitoring system is to determine when changes are 

occurring in the environment which are detrimental to life. Hence, there is an urgency in 
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evaluation of the screening endpoint used. Endpoints used to determine effects in bivalve 

molluscs include behavior, bioaccumulation, growth, and mortality. All of these methods 

except behavior, are too slow to determine effects in a biomonitoring system. Several 

studies have been performed to evaluate behavioral responses of C. fluminea to toxicants 

[20, 21,22,23,24, 25,26,27]. Bivalve gape is a readily observable behavioral 

characteristic that can indicate environmental quality based on physiological responses. 

When irritated, a clam closes its shell and isolates itself from the environment until the 

irritant has passed [16]. 

Doherty et al. [20] observed the length of time to first closure and length of time 

C. fluminea individuals were open as it related to exposure to cadmium and zinc during a 

24 hour period. Results of their study show that the length of time to first closure and 

time the clam is open is inversely related to the concentrations of both cadmium and zinc. 

The detection limit for zinc was 0.1 mg/L for both mean time to first closure and mean 

time for valves open. The detection limit for cadmium was 0.2 mg/L for both 

measurements. The detection limit was calculated by performing least squares linear 

regression on observational data. Mean time to closure was regressed against exposure 

concentration. Doherty et al. point out that the actual time to the first closure is of 

interest. C. fluminea reacted two to three times faster to cadmium than it did to zinc. 

Doherty et al. stated this agrees well with other studies showing that cadmium is in fact 

two to three times more toxic than zinc to Tetrahymena pyriformis, Daphnia magna, and 

Ephemerella subvaria. It is also stated that to define the relationship between stimulation 

of valve closure response and exposure to pollutants it would be necessary to compare the 
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toxicity and behavior altering capacity of three or more pollutants in a single species. 

Effects of low levels of chlorine on valve movement behavior of C. fluminea were 

investigated by Ham and Peterson [21]. Clams were exposed to both chlorine 

contaminated and dechlorinated stream water using a flow through system. Total residual 

chlorine levels fluctuated from 0.02 mg/L during the day to 0.07 mg/L at night over the 

eighteen day exposure period. The proportion of time open during 15 minute intervals 

was recorded. Treatment differences were analyzed by repeated measures ANOVA. This 

work showed that the proportion of closed intervals was higher in the clams exposed to 

the chlorine contaminated stream water than the clams exposed to the dechlorinated 

stream water. During the first of two exposure periods, the clams exposed to the 

dechlorinated water showed no periodicity, however, during the second period a 

periodicity was observed but fewer clams were used. It was also apparent that a diel 

periodicity is followed closely by clams exposed to chlorine contaminated stream water. 

The clams only opened during the early afternoon when chlorine levels were lowest. 

Other factors such as temperature, pH, and dissolved oxygen were also suggested as 

possibly affecting valve movement. 

Filtration rate is an observable characteristic that is intimately related to valve 

movement. Filtration, the main route of environmental exposure, in C. fluminea is 

complex [22]. Way et al. [22] reported that the rate of filtration varied across three 

different habitats and was inversely correlated with particle density. They found, 

however, that the mass of particles filtered from the three habitats did not differ 

suggesting a mechanism to optimize filtration rate in order to maintain a constant level of 
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food intake. 

The basis of behavioral responses to stimuli was investigated by Kraemer [23]. 

Due to the reduction of the cephalic region in bivalves, detection of stress is 

accomplished by sense organs located in the mantle and siphons. The siphons are thought 

to have photoreceptor cells called osphradia governing shadow reflexes and phototaxis. 

Ciliary tufts along the margin of the mantle and siphons are sensitive to tactile and 

chemical stimuli. Depending on the level of stimulation to these sensory cells, reactions 

range from closure of the siphons using sphincter muscles, to rapid closure of the valves 

forcing water out of the siphons. 

Another behavioral characteristic of note is C. fluminea's ability to respire when 

emersed. C. fluminea can exchange gases with the air when out of water through the 

mantle tissue [24]. This adaptation allows the individual to maintain aerobic activity 

when out of water. Temperature was found to be inversely correlated with survival time 

while relative humidity had no effect [25]. C. fluminea was found to survive for 248.5-

341.6 hours at 15 °C out of water. Oxygen uptake was followed by aerobic activity, 

mainly burrowing, in an attempt to reach water [26]. Individuals showed no signs of 

oxygen debt upon reimmersion for emersion periods up to 3 days. 

Commensurate with the locomotive capabilities of bivalves, C. fluminea was 

found to be unable to escape from contaminated sediments of greater area than 100 cm 

radius [27]. Clams were found to move independently of one another and in a random 

fashion. 

Doherty [28] reviewed much of the early toxicological work on bioaccumulation 
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performed using C. fluminea. Most of the work centered on bioconcentration of toxicants 

using field studies and laboratory/field comparative studies. C. fluminea has been shown 

to concentrate lipophilic organics [29,30] and heavy metals [31]. 

Growth is another non-lethal response endpoint used to assess chronic effects. 

Reduction in growth rate is a sensitive indicator of stress in C. fluminea [32]. Growth 

rate is also complex and can be confounded by season [33, 34,35] and food availability 

[36, 37,38, 39]. Toxicants found to reduce growth include asbestos fibers [40], thermal 

discharge [41], and heavy metals [42]. Belanger et al.[43] found copper concentrations of 

8.4-26.7 (Jg/L reduced growth rate in both juveniles and adults.. 

Another response endpoint, death, has been investigated. Rodgers et al. [44] 

reported the response of C. fluminea to exposure to heavy metals. Three responses were 

measured; death, gaping, and filtering activity. These responses were compared to water 

concentration and bioaccumulation data. Wide gapeing and death were the response 

endpoints. Filtering activity was considered a non-response. Data were analyzed using 

the probit method. When exposed to copper, the 96 hour EC50 for a stressed response was 

50 jig/L. Bioaccumulation data indicated that when the copper concentration in the 

viscera reached 275-400 ppm, filtering activity ceased. It was determined that C. 

fluminea was more resistant to heavy metals than other bivalves. This resistance was 

attributed to the behavioral defense mechanism of closing their shell. 

Mortality rates in C. fluminea exposed to chlorine and bromine were higher when 

exposed to an initial low dose followed by a high dose [45]. Temperatures greater than 

18°C were also found to increase mortality. In the laboratory, an initial dose of 0.25 
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mg/L total residual chlorine for a period of 12 days, followed by a dose of 0.5-1.0 mg/L 

total residual chlorine for a period of 18 days resulted in similar mortality to a constant 

exposure at 0.5-1.0 mg/L total residual chlorine. Field results using an industrial water 

supply showed higher rates of mortality at lower concentrations than the laboratory 

results. 

Other Freshwater Species 

Toxicological responses of other species of freshwater bivalves have been 

investigated. The species reviewed here are Dreissena polymorpha (Zebra mussel), Unio 

pictorum, Ligunia subrostrata, and Anodonta cygnia. Responses of these organisms 

include behavior, and bioaccumulation. These species appear to have similar responses 

to toxicants. 

Early work on behavior in the zebra mussel described rhythms of adductor 

activity, feeding, digestion, and excretion [46]. This work is one of the first which 

recorded gape activity. The recording apparatus used a mechanical arm attached to one 

valve of the organisms to measure gape. Shell gape activity was recorded on a smoked 

kymograph drum. Morton [46] was able to show that individuals followed a diel pattern. 

Early work done by Sloof et al. [47] measured valve movements as effected by 

twelve toxicants using Dreissena polymorpha. Individual clam valve gape was measured 

using an electronic device. The exposure concentrations were static over a 4, 8, or 16 day 

test period. A mussel was considered to be responding to a pollutant when it was closed 

for ten times the sample interval equal to five minutes. A warning signal was initiated 

when four out of six mussels responded to the pollutant. Results showed high variability 
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depending on the toxicant. Cadmium, Copper, Cyanide, 1,3-Dichlorobenzene, 

Chloroform, Phenol, Pentachlorophenol, Toluene, Xylene, Trichloroethylene, 

Hexachlorobutadiene, and Y-Hexachlorocyclohexan elicited a response, however, three 

different test runs performed resulted in a range of sensitivity for each toxicant. 

Kramer et al. [48], used D. polymorpha and the marine mussel Mytilus edulis to 

monitor changes in valve gape. An electro-magnetic inductive sensing apparatus made of 

copper coils attached to each valve was used. Wires were attached to the coils and the 

output was converted with an analog to digital converter then recorded by a computer. 

The experimental setup included ten clams as a sensing unit. D. polymorpha was 

exposed continuously to a single toxicant. M. edulis was exposed to a single toxicant 

with spike additions. Data recorded were analyzed by transforming the actual gape 

measurements into a percent valve closure. This allowed the comparison of clams of 

different size. It was determined that under "normal" conditions, the mussels were closed 

for only 0.5-1 hour per day. Upon exposure to toxicants the amount of activity increased 

for D. polymorpha and the amount of time M. edulis was open decreased. An alarm 

criteria of 7 of 10 clams reacting (valve closure or change in activity) was used to 

estimate detection limits. 

Jenner et al. [49] found D. polymorpha, and U. pictorum sensitive to hypochlorite 

at a concentration of <37 and <30 |ig/L respectively. A monitoring system very similar to 

that used by Kramer et al. [48] was employed in this study. D. polymorpha was also 

reported to be sensitive to 6 fig/L tributylin oxide. Two way ANOVA was used to 

analyze frequency of movement and the ratio of time open to closed. 
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Borcherding [50] monitored valve closure and movements of the Zebra mussel 

Dreissena polymorpha exposed to pentachlorophenol (PCP). He found that a significant 

response was observed with the addition of 50 fig/L of PCP. The system used a 

magnetically activated reed switch to determine if the clam was open or closed. Mean 

number of clams open over a 5 minute interval in a control and experimental chamber 

were statistically compared using Chi square analysis to determine if the clams responded 

to PCP or variations in temperature or food density. This study indicates that while 

individual mussels did not show rhythmic patterns, a group rhythm given as the mean 

number of individuals with valves open was observed. This rhythm was influenced by 

food density, light cycles, temperature fluctuations of large and small magnitude, and 

possibly endogenous factors. Low food densities as well as low temperatures resulted in 

a pronounced diel rhythm. A maximum of clams open occurred during the first hours of 

the dark period, followed by a reduction in the number of clams open until noon, when 

the number increased again. Another interesting point from this work is that smaller 

clams reacted more quickly and distinctly than larger clams. Borcherding [50] also found 

that at least 24 clams per group were needed to provide reliable results due to variability. 

Toxicity tests using PCP revealed a specific behavioral response. When exposed, clams 

began to close within 5 minutes and depending on the concentration, continued to close 

or remained closed for the duration of the exposure. Valve movements increased during 

the exposure time indicating a sampling behavior. When contaminated water was 

removed, the number of clams open returned to the control levels within 2 hours. Again 

smaller clams were shown to react more quickly than larger clams. Conclusions drawn 
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from this study are that the Zebra mussel was a reliable organism to detect toxic levels of 

PCP and that higher numbers of clams reduce variability resulting in a more reliable 

measure of the clam's group activity. 

Kraak et al. [51] used filtration rate to observe reactions of D. polymorpha to 

cadmium and copper concentrations. Exposure times for this series of experiments 

ranged from 9 to 11 weeks. Algal concentration was analyzed, and decrease in filtration 

rate over time was used to calculate an ECS0 by the probit method. The EC50 was found to 

be lowered dramatically due to exposure to Cd from 388 jig/L at 48 hours to 27 (Jg/L at 

10 weeks. However, the largest decrease in EC50, occurred after 1 week of exposure. The 

ECS0 for Cu, 43 |ig/L, was not affected by increased exposure time. Cadmium levels of 9 

|ig/L and 53 |ig/L for copper significantly reduced filtering rate. 

Sluyts et. al. [52] evaluated the Musselmonitor® produced by Delta Consult using 

D. polymorpha. Baseline data consisting of valve position and activity were recorded for 

a period of one year. Valve position was recorded as percent open and the sampling rate 

was one reading per hour. Activity was recorded as the number of valve movements per 

unit of time, usually one hour. Data collected were analyzed using a time-series method 

called Split Moving Window Boundary Analysis. A moving window was placed on the 

data and split into two halves. A similarity index was calculated for each half. When 

compared, the relative difference in the similarity index was used as a measure of 

behavioral change. Seasonal factors and toxicological factors were investigated. A 

relationship between food availability and gape was established. As food availability 

increased, gape decreased. Mussel activity was also correlated with temperature, 
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indicating a decrease in activity as temperature decreased. Average valve position change 

was shown to vary by time of day demonstrating a diel pattern. The 4 hour EC50 for 

copper was 80 fig/L for both valve position and activity but an 8 hour EC50 of 20 jig/L 

was demonstrated for valve position. 

Behavior of the common pond clam, L. subrostrata (Say) was found to follow 

diurnal rhythms [53]. When subjected to various light dark cycles, the organisms 

adjusted their periods of activity relative to the photoperiod. Activity was highest during 

the dark hours. The photoperiod regime with the highest levels of activity was 16 hours 

light and 8 hours dark. Activity was most depressed under constant light. 

Salanki [54] reported that both copper and lead decreased the amount of time that 

a clam gaped. Individuals of the species Anodonta cygnea L. were exposed under static 

conditions to concentrations of copper and lead for 35 days. Concentrations of 100 fig/L 

copper resulted in a shortening in the amount of time the clams were gaping. Ten (jg/L 

copper produced a change in the cycle of activity. Lead produced similar reactions at 

concentrations of 50 (Jg/L and 500 |ig/L. Following replacement of the contaminated 

water, the clams returned to their previous activity. 

Further work by Salanki [55] using Anodonta cygnea L. exposed to the heavy 

metals copper, cadmium, lead, mercury and zinc suggests that heavy metals affect the 

storage and release of the monoamines, serotonin and dopamine, interfering with the 

ability of the adductor muscle's neural mechanisms. Valve movements were recorded by 

fixing one valve to the bottom of a beaker and attaching a lever on the other. The lever 

manipulated a slow speed recorder. Clams were exposed to each metal for one week. 
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Activity was monitored for one week prior to exposure and one week post exposure. 

Analysis considered the amount of time open versus the amount of time closed expressed 

as a percent of the control and exposure period. The difference was evaluated as a 

percent difference between the exposure period and the control period. Variability was 

high using five clams so each clam was compared to itself during a control period prior to 

exposure. Threshold levels of the metals tended to increase the amount of time the clam 

was open or closed but higher concentrations caused a shortening of the open periods. 

Detection limits were as follows: cadmium 0.05 mg/L, copper 0.005 mg/L, lead no 

significant effect at 0.05-0.10 mg/L, mercury 0.01 mg/L, and zinc 0.01 mg/L. 

Bioaccumulation of toxicants in D. polymorpha has also been studied. Kraak et 

al. [56] examined bioaccumulation by D. polymorpha of heavy metals in the rivers Meuse 

and Rhine. D. polymorpha accumulated Cu, Zn, Cd, and Pb. When comparisons were 

made between 1976 and 1988, Cu levels remained constant, Cd increased in the river 

Rhine but decreased in the Meuse. There was no historical data for Zn and Pb but they 

were also found to accumulate. Secor [57] analyzed for toxic and nutrient elements and 

found elevated levels of Cd and Se in populations of D. polymorpha from three rivers and 

three lakes in upstate New York. Elevated levels of PCB's were found in populations in 

the Hudson River. Mersch [58] et al. found Cu and Cd to be accumulated by D. 

polymorpha. 

Marine Bivalves 

Marine bivalves have been shown to possess similar response characteristics to 

those observed in freshwater bivalves. Akberali and Trueman [59] provide an exposition 



21 

of the effects of environmental stress on marine bivalves. Their major points include; 

detection of stress, the behavioral response (valve closure), physiological penalties of the 

response, the role of the shell, and effects of exposure to toxicants. Species reviewed in 

this section are Scrobicularia plana, Mytilus edulis, Perna viridis, Modiolus modiolus, 

Modiolus demissus, Chlamys opercularis, Crassostrea gigas, Anadara senilis, 

Crassostrea virginica, Crassostrea margaritacea, and Choromytilus meridionalis. 

Gape behavior is driven by similar factors in marine bivalves as freshwater 

bivalves. Intertidal species of bivalves have rhythms of activity driven by exogenous 

factors such as photoperiod [60]. S. plana, and M. edulis are capable of detecting changes 

in salinity by detecting changes in the concentration of a group of ions rather than osmotic 

pressure. They adjust their gape accordingly to avoid sudden changes in salinity [61]. 

Higgins [62] found that C. virginica remained open 94.3% of the time when fed, as 

opposed to only 35.1% of the time when not fed. 

The effects of copper, zinc, cadmium, and lead on filtering rates of the marine 

species C. gigas, C. margaritacia, P. perna, and C. meridionalis were measured by 

Watling [63]. The EC50 for reduction of filtering rate following a 48 hour exposure 

ranged from 16 to 64% of the 96-hour LC50 for Cu. Clearly filtering rate is a more 

sensitive endpoint than mortality in these species. The filtration rate of P. viridis was 

also found to be reduced when exposed to 25 pg/L of Cu and Hg [64]. The 96-hour LCS0 

for P. viridis was determined to be 86 fig/L for Cu, 155 jjg/L for Hg, and 3,900 jig/L for 

Zn [65]. S. plana detected Cu concentrations as low as 10 jjg/L [66]. The response was 

valve closure. Manley and Davenport reported Cu concentrations effecting behavior in 
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the six species of marine bivalves ranging from 21 to 141 |ig/L for M. modiolus, M. 

edulis, C. gigas, A. senilis and M. demissus. C. opercularis was the only species which 

did not respond to Cu [67]. M. edulis has been shown to bioaccumulate heavy metals 

[68] and organics [69]. 

This partial summary of the literature documents that bivalves do in fact react to 

changes in water quality and that behavioral changes are linked to the physiology of the 

animal. 

Biomonitoring System 

A biomonitoring system can be divided into two components; 1) biological and 2) 

mechanical or technological. The biological component was introduced in the last 

section. The technology needed for successful implementation of the system is quite 

advanced. Only within the last 10 years or so has a true real-time, remote biomonitoring 

system been feasible. Several studies mentioned previously have implemented 

technology similar in purpose to that used in this research [47,48,49, 50, 52]. The 

technology and technique used in this study was described in Allen et al. [70] and Waller 

et al. [71]. The watershed management context aimed at detecting episodic events in 

which such a system could be applied was characterized by Waller [72]. Monitoring the 

behavior of clams in situ, may be useful to determine if toxic events are occurring. The 

emphasis of this study is on determining how C. fluminea reacts to irritants and 

differentiating the reaction from unstressed behavior. If C. fluminea reacts in a consistent 

and predictable manner to normal environmental factors and pollutants, then it would be 

possible to use it as a biological monitor. It could effectively warn of toxic conditions 
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with a high level of probability. Once a probable toxic event is detected, the system can 

be instructed to collect a water sample for toxicity confirmation and later analysis. A 

sample must be collected as the warning condition, indicated by the in situ organisms, is 

occurring. Automatic water samplers activated by changes in the behavior of the sentinel 

organism will allow a real-time response. Acute and chronic toxicity methods should be 

used to verify or deny a possible toxic event. If toxicity is confirmed, then a toxicity 

identification evaluation can be initiated to determine the causative toxicant(s). A tool 

such as this could be used in watershed management. By monitoring at different points 

throughout the watershed, pollutants could be linked to their source. 

Understanding how the individual and group respond to both positive and 

negative environmental factors will allow conclusions to be drawn as to the status of their 

environment. Exact causes of the behavioral change may never be differentiated by the 

detail of the behavior, but once known, environmental changes can be deciphered using 

other techniques. Behavioral changes are caused by many factors, several of which have 

been studied experimentally and previously outlined. Changes in suspended particulates 

(food), water quality, and flow have all modified the behavior of C.fluminea. The 

challenge is in determining which behavioral changes are caused by real, negative 

changes in environmental quality. To do this, behavior must be characterized in some 

way that can be tested. Two general methods of characterizing patterns of behavior have 

emerged from this work and the literature. Testing of individual behavior considers the 

individual clam as its own control, i.e. is the clam behaving differently now than it did 5 

minutes previous? When testing for this type of change, one can look at gape, rates of 
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valve gaping and closure, or filtration rate. Testing of individual behavior may result in 

large amounts of data. Testing behavior at the group level reduces uncertainty by 

increasing the sample size. Individual clam behavior is often unpredictable, however, 

group clam behavior can be a reliable indicator of environmental conditions. By 

understanding the behavioral mechanism used by bivalves to avoid negative 

environmental factors a monitoring system and mathematical model can be developed to 

characterize the behavior. The behavior of interest in this study is valve gape. As 

previously stated, bivalves close their shell when they sense a threat. This threat may be 

physical, e.g. a fish trying to eat it or it may be chemical, e.g. changes in water quality. 

The first measurement necessary to model gape behavior is gape itself. Gape 

measurement is made by a system developed specifically for this purpose. Once 

measurements have been made, a model is needed to mathematically differentiate 

behavior. The behavior of interest in this case is valve closure. Bivalves "clam up" when 

they perceive a threat. The result is a decrease in behavioral variability. There are several 

way to quantify this behavior. Frequency of valve movements has been examined, as 

well as periods of open and closed valves. 

The approach taken here is to look at how the group of bivalves behaves. The 

methods examine group behavioral reactions. Normal conditions are represented by high 

variability and low coordination. When clams are exposed to adverse environmental 

stimuli they close, thus reducing variability between individuals, and increase group 

coordination. Parametric statistical methods are inappropriate for these data because the 

data are not serially independent. As such, the analysis of these data fall into a category 
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called time-series. There are several methods available in the time-series realm of 

statistics for analyzing gape. The method selected is to forecast future behavior using 

autoregressive techniques based on models developed with current behavior. The 

observed behavior can then be compared to the predicted behavior to determine if there 

has been a change. 

Test Organism 

C. fluminea was chosen as the test organism for several reasons. Its geographical 

range is extensive in the southern United States. C. fluminea has successfully colonized 

both natural and man-made habitats [45] which lends itself to a wide range of 

applications from streams and rivers to storm drainage systems. C. fluminea has been 

used successfully in caged growth studies to monitor water quality [32,42,43]. It has 

also been used in behavioral studies monitoring valve-movement and filtration rates in 

response to toxicants [20,21, 22]. Work has also been done relating the chronic 

sensitivity of growth in C. fluminea to neonate production in Ceriodaphnia dubia which 

demonstrates that the two organisms sensitivity are reasonably comparable at least for 

some toxicants [42]. 

The Asiatic clam was introduced to the Pacific Northwest in the 1920's [73]. It 

has since spread to the south and east while its movement north has been limited by 

winter temperature extremes. Reproductive success and the ability to adapt to different 

habitats have been reasons cited for the successful invasion by this organism. C. fluminea 

is believed to have an average life span of 2-4 years [43, 35, 74]. McMahon and 

Williams [35] found growth to be inversely related to age and size but positively related 
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to water temperature. Seasonal variability in the filtering activity of the clam may prove 

to be an obstacle in its use as a biomonitor. 

Reproduction in C. fluminea has been shown to be dependant on water 

temperature [35,74,75], however, there is some debate as to whether water temperature 

alone initiates spawning. C. fluminea is hermaphroditic [76,77], and although male and 

female reproductive organs are located in different parts of the gonads the gametes are 

released through the same ducts. Cross-fertilization occurs when spermatozoa have 

entered the infrabranchial chamber through the in-current siphon. Fertilized eggs are 

retained and incubated in the inner demibranch or expelled through the excurrent siphon 

[76]. Hermaphroditic reproduction and lack of a glochidial stage lend to C. fluminea's 

prolific success [76]. The distribution of C. fluminea has also increased due to efficient 

methods of dispersal. Juveniles can be passively transported downstream by water 

currents while adults produce a mucus dragline from the exhalent siphon which acts like a 

sail when caught by the water current [76]. 

Toxicant Selection 

Copper was chosen as a representative of the metals class of toxicants for use in 

this study because of the existing body of toxicological work performed and the relative 

ease with which it is handled and analyzed. 

Diazinon was selected due to the problems it has caused in the north Texas area 

due to widespread occurrence in storm water samples. [78]. 
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Hypotheses 

The hypotheses tested were: 

H01: Toxic concentrations of copper do not affect valve closures in C.fluminea. 

H02: Toxic concentrations of Diazinon do not affect valve closures in C. 

fluminea. 



METHODS 

In this section the evolution of methods for collecting and analyzing bivalve gape 

data is described. Initial methods including analysis of data will be presented followed by 

an explanation of changes that have been made in the methodology. This will then be 

followed by a description of the experimental design used. 

One of the goals of this effort was to improve on the previous bivalve monitoring 

designs which used mechanical switches, by minimizing contact with the bivalve while 

maintaining highly accurate measures of gape. To this end, inductive proximity sensors 

were used. Another goal was to increase our understanding of the behavior of the 

organism thus improving analysis methods. 

As this work proceeded, many improvements in the methods were made. The 

current laboratory setup has changed considerably from the initial setup, although the 

basic design of the system did not change, data collection and analysis methods did. 

Four monitoring units were constructed for laboratory use. Each unit consisted of 

15 individual bivalves. Individual clams were glued onto a plexiglass L frame so that the 

siphon was directed upward. Inductive proximity sensors detect changes in an 

electromagnetic field caused by ferrous metal objects. To take advantage of this, metal 

disks were attached to the clam's free shell. As the free valve opened and closed the 

resulting movement of the attached metal caused reproducible and predictable changes in 

the voltage output of the sensors. Figure 1 demonstrates the clam, sensor configuration. 
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Figure 1. Schematic representation of clam and sensor arrangement. 

A personal computer was used to monitor voltage output from the sensors. The interface 

between the computer and the sensors was an analog to digital (A/D) conversion board 

and a series of multiplexing boards. Data acquisition was performed by the software 

package Notebook® by Labtech Inc. [79]. Data analysis was performed using the 

statistical package S-Plus by Mathsoft [80]. 

Development Of Sensors 

One of the goals of this work was to construct a system that was simple in design 

and low in cost. Several avenues were pursued to keep costs low. The first was to 

construct a sensor using relatively inexpensive components. One of the constraining 

factors of this application is the environment in which the sensors are placed. The 

sensors must be waterproof, consume low amounts of energy, and maintain accuracy over 

relatively large temperature ranges. Several inductive sensors were tried. None of the 

attempts to construct a sensor were successful enough to warrant further efforts. 

Several proximity sensors were evaluated. The sensor selected, model number 
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NI10-P18-Y0, is a non-shielded inductive proximity sensor manufactured by Turck 

Incorporated [81]. Turck Incorporated is a manufacturer of solid-state proximity sensors 

used in varied industrial applications to replace mechanical switches. Their intended use 

is in applications in which the object being detected does not allow for the use of 

mechanical switches whether due to physical properties of that object, non-metallic 

barriers, or hostile environments. Proximity sensors do not come in physical contact with 

the sensed object. The combination of solid-state properties and the ability to remotely 

sense the clam valve makes the sensors ideal for this application. The sensor (Figure 2) 

works on the principle of electronic induction. The sensing device is actuated by metal 

FerriteCore 
Coil 

Cjiiramu 
OSCILLATOR I DETECTOR OUTPUT 

Figure 2. Sensor schematic depicting components and 
functional concept of an inductive proximity sensor. 

objects. A high frequency oscillator generates an electro-magnetic field and a metal 

object entering the field, causes a distortion in the field, decreasing the amplitude of the 

oscillator. A voltage output from the sensor is proportional to the amplitude of the 

oscillator. The response of the oscillator to metal objects is non-linear, however, there is 

a linear portion of the non-linear range that is usable for the purpose of the biosensor. 

Through the course of evaluation of the sensor it was determined that the linear portion 

can be increased by, in effect, shielding the non-shielded sensors in a way which suited 

this application. 
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The sensors are designed to respond to an object entering the sensing range by 

sharply increasing the voltage output. The slope of the linear portion of the response is 

quite steep. To decrease the slope of this linear portion, thus increasing the usable range, 

a stainless steel nut (linear adjuster, Figure 1) was placed on the sensor decreasing the 

amplitude of the oscillator. The result was an effective linear range of approximately 8-

16 mm (R2=.99) (Figure 3), compared with a linear range of approximately 2 mm in its 

unaltered state. Eight millimeters is sufficient to monitor the gape of C.fluminea due to 

their small size. 

In order to optimize the output of the sensor an integrated circuit board (SDB-100) 

designed for use with the Nil0-P18-Y0 proximity sensor was developed (Figure 4). The 

purpose of this board is to supply power to 16 sensors and then condition the output of 

Response Comparison of Modified and 
Unmodified Sensors 
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Figure 3. Voltage response of modified sensor compared with the response of the 
unmodified sensor. 
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Figure 4. Sensor driver board created for use with modified sensors. 
A. Input from sensors and power out. B. Output to A/D board. C. 
Sensor Voltage Regulator. D. Zero Pots (numbered 1-16 from the 
top). E. Integrated Circuit (IC). F. Gain Pots (numbered 1-16 from 
top). 

each sensor prior to input into an analog to digital conversion board. Conditioning 

consists of amplifying the output signal from the sensors, and inverting the signal. There 

are several steps required to prepare the sensors and SDB-100 for use in the clam 

monitoring system. 

Sensors arrived from the factory wired and potted. To ensure water 

impermeability, the sensors were further potted in 3/4 inch PVC pipe using silicone 

rubber cement. Wire leads from the sensors were prepared with crimp pins compatible 

with 37 pm DAC connectors. The following description refers to the schematic drawing 

of the SDB-100, Figure 4. The power (brown) wire of the sensor is connected to the 

power out (outside) pin of the SDB-100 input pins and the signal (blue) wire is 

connected to the signal input (inside) pin. For both the input and output channels of the 
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board, the positive is on the left and the negative is on the right. There was one SDB-100 

board for each sampling unit of 15 clams. The boards were multiplexed using a series of 

2 multiplexing boards which switched between the 4 SDB-100 boards. The multiplexers 

were connected to the A/D board via 16 pin connectors attached to a 37 pin DAC 

connector. Output to the A/D board is differential. 

The gain pots for each channel were set to a resistance of 7.0 ohms. The 

integrated circuits have four prongs on each side which connect it to the board. 

Resistance was checked by placing ohm meter leads on the prongs across from each 

other. Voltage output to the sensors was preset to +9v using the voltage output pots. This 

procedure was followed for each of the channels (Figure 4). 

The sensors were connected to the board and allowed to run for several hours. 

Once the sensors had warmed up sufficiently, the voltage of the sensor output was 

calibrated using the zero pot (D, Figure 4) and a piece of metal. The first step in 

calibration of sensor output was to adjust the maximum output to +5 volts. Voltage 

output was maximized by placing a metal washer on the sensing end of the barrel. By 

turning the zero pot to the left or right the voltage output was adjusted to +5 volts. 

Zeroing pots were numbered from the top to bottom 1-16 to correspond with the sensor 

inputs. The next step in calibration required the use of a stainless steel nut. The nut 

(linear adjuster) was screwed onto the barrel of the sensor as shown in Figure 1. The 

placement of the nut was adjusted so that the voltage output equaled -2.5 volts. The nut 

was then secured between two plastic nuts. The last calibration step was to characterize 

the linear portion of the response curve. This linear portion was in a range of 
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approximately 8-16 mm from the sensor. The response was measured using a PVC bolt 

with a stainless steel washer glued to the end. By measuring the distance from the bolt to 

the sensor, and taking a reading of the voltage, a response curve was created. Linear 

regression of the usable portion of the response curve for each of the sixty sensors 

resulted in R2 values ranging from something to 0.99. 

Once the linear portion of the response curve was characterized, the monitoring 

system was set up. Metal disks (aluminum foil or stainless steel) were attached using 

cyanoacrylate resin to a clam's valve that would be facing the. The clams were then 

attached to the plexiglass L frame, again using cyanoacrylate resin. The distance from 

sensor to clam was set at the maximum distance within the linear portion of the sensing 

range. 

A 386 DX 16mhz computer was dedicated to monitor the clams. A high speed 

analog to digital input/output board, the DAS 1200 produced by Kiethly-Metrabyte ® 

[82], was used to input voltage data. The board is capable of 16 single ended inputs or 8 

differential inputs as well as 32 lines of digital output. Low level signals were output to 

multiplexing boards which switched at prescribed intervals between sensor units. The 

multiplexing boards were manufactured specifically for this sensor system using 

integrated circuit boards and relay switches. Sensor Driver Boards, SDB-100, were also 

custom made for this project as described earlier. Each of the 4 boards were split into 2 

banks of 8 sensors each. The multiplexing board, driven by outputs from the A/D board, 

cycled through the 8 banks of sensors. 
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Software Setup 

The software used to drive the A/D board was Notebook® produced by Labtech 

Inc. This package is a sophisticated front-end system control program. It allows the user 

to control data acquisition hardware with a graphical or menu driven interface. 

Notebook® uses program modules to compose a data collection scheme and directly 

controls a data acquisition board. 

The Notebook® setup used in the study to collect clam valve gape data consisted 

of three parts; multiplex switching, data collection, and data storage. The first module 

was programmed to output a low level signal to the multiplexing boards causing them to 

change the bank of sensors monitored. The second part of the program recorded sensor 

output. The sensor output was filtered by sampling the signal at a rate of 5 Hz over 5 

seconds. This resulted in 25 samples of the signal which were then averaged. The 

number of 25 samples was determined by the number of sensor banks and computer 

processing speed. Each clam was sampled at approximately 1 minute intervals. In order 

for this to occur, all 8 banks of sensors needed to be sampled in 1 minute without 

surpassing the capabilities of the computer processor. Each bank of sensors was 

monitored for a total of 7.5 seconds. To allow time for the processor to compute the 

average voltage reading, monitoring of the voltage signal was limited to 5 of the 7.5 

second window allotted to each bank. A cycle for each sensor bank consisted of 1 second 

to ensure that the output signal had switched banks, 5 seconds of sampling at 5 Hz, and 

1.5 seconds to calculate average voltage. The final portion of the program was to output 

data to file. Data were written to disk in 4 files, one file for each unit. Each file 
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contained 16 columns, 15 for clam data and 1 for a time stamp. Files were written every 

11 hours. 

As mentioned, the system evolved over time. Improvements were made to both 

the hardware and software setup. Due to relatively frequent computer crashes, data 

collection rates were reduced for individual channels. Rather than collecting 25 samples 

over 5 seconds, the rate was reduced to 20 samples over 4 seconds. These 20 samples 

were then averaged. This change avoided timing errors caused by hardware sampling rate 

limitations. There was no noticeable increase in filtered signal variability. Data storage 

also changed. The analysis computer was connected directly to the data logging computer 

via a Local Area Network (LAN) drive. This allowed data to be accessed directly by the 

analysis computer. A network drive was mapped on the data logging computer to the 

analysis computer. Files were concatenated using batch files for analysis. Files were 

written at 5 minute intervals. A batch program was used to recognize when the data file 

was written which in turn launched the statistical analysis program S-Plus to perform the 

analysis. 

The final major change followed the first three experiments. Up to this point, the 

data logging computer had been using DOS and Windows 3.1 networking and software. 

This was less than satisfactory. Limitations in the reliability of the network connection 

made it difficult to establish long periods of uninterrupted data collection. To solve the 

problem of reliability, the data logging computer was upgraded to a 486 66 mHz 

processor with 16 mb of ram memory. The operating system was also upgraded to 

Windows 95. Changes were not made to the data sampling regime. These changes have 
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resulted in a very stable clam monitoring system. 

Data Analysis Methods 

The S-Plus analysis was performed using a script written in the S programming 

language. S-Plus was launched in Batch mode by a Visual Basic Program which 

monitored the output of the data logging computer, manipulated data files, and displayed 

the S-Plus output (Appendix). The data file monitoring program used a timer to initiate a 

directory search for the data logger output file. If the output file was found, S-Plus was 

launched, if not the program restarted the timer to wait 30 seconds before polling again 

for the data file. Following initiation of S-Plus in batch mode, the monitoring program 

started a timer to await the graphic output file from S-Plus. The S-Plus output was in the 

windows metafile format (.wmf extension) and was the last procedure performed by S-

Plus. The appearance of this file signaled the end of the analysis. The monitoring 

program then moved the data file which was analyzed, to a storage directory for 

v =v -v. 
ci max i 

Equation 1. v—raw voltage observation i, vmax = maximum voltage value, vci = corrected 
voltage value 

archiving. The graphic output file was then displayed in the program's window and 

copied to a directory accessible via the internet. Following the data file manipulation, the 

timer was restarted to wait for a new data file from the data logger. 

As mentioned, S-Plus was launched in batch mode. This mode of operation read 
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a script file and performed the commands it contained. The first step was to read the file 

containing the name of the current data file and its date. Using this information, S-Plus 

then read the data file and appended it to an existing data object. The data object was a 

matrix consisting of 60 columns of data, one column for each clam, and 725 rows, one 

row for each observation at one minute intervals. Non-functional individuals, due to 

either death or hardware difficulties, were removed by deleting the data from the output 

file. The first step in the analysis was to transform raw voltage into a relative unit of 

gape. The minimal value representative of the clam being fully closed was set to 0 by 

Pc ——xlOO 
V - v • 

max min 

Equation 2. p,= percent open observation i, vmax = maximum voltage, vmin = minimum 
voltage 

subtracting the minimal distance value (voltage value when the clam was closed) from 

each voltage observation, Equation 1. This resulted in a corrected voltage reading 

representative of the distance the clam was open. The minimal voltage value equaled 0 

and the maximal value equaled fully open. To normalize gape for differences in 

individual size, the voltage value was converted to a percent open by dividing each 

corrected voltage observation by the range of gape Equation 2. 

Because of the serial nature of the data, traditional parametric statistics were 

inappropriate as assumptions of sample independence were violated. Several methods of 

modeling clam behavior to determine when changes in behavior occurred were pursued. 

A threshold value of 30 percent was used to transform percent open data to binary 
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data. This means that if an individual was greater than 30 percent open, it was assigned a 

value of 1, whereas a clam open less than 30 percent was assigned a value of 0. The 

value of 30 percent was chosen because it appeared to be a clear breaking point between 

periods of open and closed gape. The binary data were analyzed several ways. The first 

strategy used was eigenanalysis. Eigenanalysis was performed on a 15 x 15 covariance 

matrix produced by a moving window of 15 observations for each of the 15 clams in the 

unit. The maximum eigenvalue, of the matrix was indicative of the amount of 

coordinated activity between individuals in the unit. A plot of eigenvalues for the moving 

mt=-

n 

£ Pu 
/=1 

n 

Equation 3. m=mean unit gape, p=percent open, i=individual i, t=time t, n=number of 
clams in the unit. 

window showed coordination of activity but did not indicate if the activity was caused by 

an increase or decrease in gape. The binary data were similarly used to calculate the 

slope of the line of number open vs. time. Magnitude and sign of the slope provided 

information on the rate at which individual clams were opening or closing. 

In order to increase the clarity of signal from the clams, mean unit gape was 

calculated as a measure of group activity, Equation 3. This averaging technique is often 

performed in time series replicates undergoing the same treatment [48]. A common use 

is in the averaging of sensor arrays monitoring the same phenomena such as seismic, 
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d=mrmt_x 

Equation 4. d=mean unit gape difference, m=mean unit gape, t=time t, x=lag interval 

sonar, and radar arrays. This simple averaging will reduce noise and variability and 

increase signal. The mean gape of the clams in each unit was calculated for each 

observation. Mean unit gape eliminated the need to have equal numbers of clams in each 

unit for comparison. 

Data of this type are best analyzed using time series analysis. An autocorrelation 

function [80] was applied to the data to investigate periodicities. Crosscorrelation was 

performed on the units to determine if there were differences in cyclic behavior between 

units. Once periodicities in the data were established, a technique called differencing, 

Equation 4, was used to look at how the gape of the clams change at various time 

intervals. This resulted in a measure of how the clams were behaving as a unit and the 

rate of change in behavior. 

Another approach to determining changes in behavior was the use of mean unit 

gape data to predict future mean gape. An autoregressive model was fit for a moving 

observedt -predictedf 

Equation 5. Equation for calculation of Z Scores. 

window of length 20. The maximum order of the model was 2. This model was used to 

forecast the behavior of the unit 20 minutes into the future. Forecasting was 
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observedt -predictedt 

Equation 6. Modified z score of observed mean unit gape. 

accomplished using an Autoregressive integrated moving average (ARIMA) model. Z 

scores were calculated for each observation, Equation 5. The z score is a measure of how 

different the observed value of mean unit gape is from the predicted value of mean unit 

gape. As the observed value varies greatly from the predicted value, the greater the z 

score. A modified z score, Equation 6, was also calculated using the square root of the 

standard error. Z scores from the baseline data were compared to z scores from the 

exposure data to determine if there was a threshold level that the baseline data did not 

cross but the exposure data did. 

It is clear from the experiments presented here that occasionally there was an 

excursion from the zero mean which was not caused by a toxic event but rather by 

coincidental gape changes of individuals. For this reason another variable was introduced 

to determine if the behavioral changes were coincidental or coordinated. Following an 

excursion outside the lower behavioral bounds, mean unit gape of the clams was 

monitored. If all clams were closed for a long period of time, then there was a probability 

that a stressor was present. 

Alarm Criteria 

Mean unit gape and standard deviation were used as the basis of the alarm system 

to detect acutely toxic episodic exposures. The mean unit gape metric describes the gape 

state of the individuals in the unit while the standard deviation describes the variability 
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within the unit. Predicted values of gape based on observed gape values were used to 

determine if the clams behavior changed. The predicted value was compared to the 

observed value to determine if there had been changes in the behavior of the unit. The 

modified z score was used as the relative measure of change in the units behavior. A 

threshold value of response was obtained from the range of the baseline modified z 

scores. Using the minimum and maximum of baseline modified z scores as the threshold 

values grounded the difference testing to the biology and behavior of the test organism 

rather than the power of a statistical test. 

The standard deviation was used to determine if, in fact, all of the individuals 

were behaving the same. It is possible for a random closure of a number of clams to 

cause the modified z score to fall outside the range of the baseline values. If the standard 

deviation did not decrease to near zero, then the event was most likely a random event 

caused by a subset of the open clams closing at the same time. The standard deviation 

was also used to determine the amount of activity of the individuals following an event. 

The mean of the standard deviation over the previous 20 minutes was used to determine if 

the individuals behavior remained coordinated (closed) or if they were beginning to open. 

This was used to confirm that the event was caused by a toxic exposure rather than a 

physical event. 

A series of logical steps were used to assign an alarm value. Each step carried a 

value based on the result of the logical comparison. The steps were then summed to 

determine the alarm value. The first step was to determine if the current modified z score 

fell outside the range of the baseline values, 20 to -20, during the prior 20 minute period. 
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If true, the z alarm value was set equal to 1, if false, the alarm value was set equal to 0. 

The standard deviation was then checked to see if it was less than 10 during the same 

period. If true, the standard deviation alarm value was set equal to 3. The final logical 

step was to determine if the behavior of the unit had remained constant over the 20 

minute period. This was done by averaging the standard deviation of observations over 

the 20 minute period and comparing them to a value of 20. If true, the constant standard 

deviation was set equal to 5. The 3 values were summed to arrive at an alarm value. 

A range of values are possible from this method. Each value has specific 

meaning. Table 1 lists the possible alarm values and their meanings. The S-Plus script 

written to accomplish the data analysis and alarm routine can be found in the Appendix. 

Value Cause 

0 No alarm criteria met 

1 Mean of standard deviation less than 20 during previous 20 minute period 

3 Standard deviation less than 20 

4 Standard deviation and mean of standard deviation criteria met 

5 Modified Z score below baseline minimum, -22 

6 Modified z score and mean of standard deviation criteria met 

8 Modified Z score and Standard deviation criteria met 

9 All three criteria met - maximum alarm value 

Table 1. Alarm response values and their meaning. 
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Experimental Design 

Baseline behavioral data were collected in the laboratory using the same 

organisms which underwent exposure in two copper and one diazinon experiments. Each 

unit of 15 clams was held in its own 50 liter exposure chamber constructed by dividing 2, 

100 L fiberglass tubs in half. Clams were held in pond water from the University of 

North Texas Water Research Field Station, Denton, TX. The water was held in a 300 L 

capacity living stream and circulated through each exposure chamber and then returned to 

the holding tank for mixing and recirculation. Data collection was accomplished as 

described previously. Data were collected over a period of 25 days from December 14, 

1996 to January 7,1997. Fifty liters of fresh water from the University of North Texas 

Water Research Field Station (UNTWRFS) pond were added daily to the holding tank 

except for the days December 18 through December 24. 

Ambient toxicity testing was performed to determine if the water from the 

UNTWRFS was toxic. US EPA methods for short-term chronic toxicity testing were 

followed for this and all subsequent short-term chronic toxicity testing [14]. Analysis of 

the results was performed according to recommendations found in the EPA methods 

manuals. 

Copper Experiment 1 

Organisms were collected from a drainage stream at the U.S. Army Corps of 

Engineers Aquatic Plant Research Facility in Lewisville, Texas in December of 1994. 

Individuals were prepared for monitoring as previously described. Each unit consisted of 

15 individuals and was placed in a separate 50 L tank with a flow through design. 
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Dechlorinated tap water was recirculated through each chamber every other day for a 

period of 30 minutes. Clams were fed Ankistrodesmus falcutus at a rate of 2.5xl03 

cells/L/day. Water chemistry data are in table 2. 

pH Alkalinity Hardness Conductivity Dissolved Oxygen Temperature 

8.5 80 mg/L as CaCO, 112 mg/L as CaCO-, 300 umhos 9.0 mg/L 19° C 

Table 2. Water quality parameters prior to copper exposure. 

Consistency of data collection during the first copper experiment was impaired by 

the use of aluminum foil targets on the clams. The aluminum disks degraded quite 

rapidly resulting in drift of the clam gape signal. Overall patterns of opening and closing 

were recorded, however, precise translation to mm open was not possible over long 

periods of time. The inconsistencies were eliminated in subsequent exposures by using 

stainless steel targets. Monitoring for this exposure was initiated on April 24,1996, five 

days prior to exposure to copper. 

Copper concentrations were selected to insure a response from the clams. The 

water hardness was 112 mg/L as CaC03 resulting in a chronic water quality criteria 

concentration of 13.02 |ig/L [83]. A stock copper solution was prepared by dissolving 

2.5 g of CuS04 into 1 liter of Milli-Q® water. Nominal concentrations of 0 pg/L, 15 

(ig/L, 150 (ig/L, and 500 |ig/L were selected for exposure. Graphite furnace atomic 

absorption techniques were used to establish actual copper concentrations following 

Standard Methods [84]. Actual concentrations of 0 |Jg/L, 35 (ig/L, 170 |ig/L, and 413 

|ig/L were measured. Exposure was initiated by adding directly to each compartment a 

volume of the 2.5 g/L stock solution needed to achieve the final concentration. 
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Exposures lasted for 2 hours at which time the water was replaced. The water was 

replaced by draining approximately 1/2 the volume and restarting circulation. Circulation 

was allowed to continue at a rate of 6.6 L/min until all water in the reserve tank was used. 

Water renewal was then returned to its normal schedule of 30 minutes every 24 hours. 

Wastewater was discarded to avoid contamination of the holding tank and the fresh water. 

Samples were taken immediately following addition of copper and then at 15 minute 

intervals for the duration of the 2 hour exposure. Samples were taken at 10 and 25 

minutes post renewal and again at 17 and 41 hours. The clams were monitored for a 

period of 5 days following the exposure. 

Copper Experiment 2 

Exposure of clams during the second experiment differed from that in the first. 

New clams were obtained from the Lewsiville Lake Aquatic Ecosystem Research Facility 

on August 24,1996. Clams were held in water obtained from the UNTWRFS, Denton, 

TX. Water was drawn continuously from a 300 liter holding tank and circulated through 

each exposure chamber and returned to the holding tank for mixing and recirculation. 

Fifty liters of fresh pond water were added to the holding tank daily. Water chemistry 

results are in table 3. 

PH Alkalinity Hardness Conductivity Dissolved Oxygen Temperature 
8.6 264 mg/L as 

CaCO3 
45 mg/L as 

CaCO3 
580 umho 9.5 mg/L 20° C 

Table 3. Water chemistry during exposure to copper, Experiment 2. 

Due to the unreliability of the aluminum foil targets, they were replaced with 

stainless steel washers. The stainless steel washers produced a linear signal which did not 
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degrade over time. Calibration results are found in the Appendix. 

Exposure was performed differently as well. Clams were exposed to an initial 

high concentration of toxicant which was allowed to decrease over time. Nominal 

concentrations of 200,100, and 50 jig/L were selected for exposure. Atomic absorption 

analysis determined the values to be 0,40, 84,142 |ig/L. Flow remained constant in the 

chambers at 1.8 liters per minute. Contaminated water was diverted from the holding 

tank. The flow rate was calculated to result in 95% replacement of the exposure chamber 

water in a period of 2 hours [85]. Samples were taken at 5 minute intervals for the first 

15 minutes of exposure and at 30,40, 60, 90, and 120 minutes following exposure. 

Atomic absorption analysis of the samples showed that the replacement time was as 

calculated. The highest concentration of 200 (ag/L was measured to be 142 |jg/L at 5 
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Figure 5. Plot of Cu concentration during exposure to 142 |ig/L. 
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minutes post exposure and 6 jig/L at 2 hours post exposure, equal to a 95.8% reduction. 

Figure 5 is a plot of copper concentration versus time in the highest concentration 

exposure chamber. After the 2 hour exposure period the water was redirected to the 

holding tank. Monitoring of the clams was uninterrupted. Samples were taken 

immediately following introduction of the toxicant for use in short-term chronic tests 

using Ceriodaphnia dubia. 

Diazinon 

The diazinon exposure followed the same design as the second copper exposure. 

The same clams were used, as well as the same source of water as in the previous 

exposure. Nominal concentrations of 0,50,100,500 |ig/L diazinon were used. 

Sufficient quantities of a 250 mg/1 stock solution of diazinon, prepared from commercial 

product containing 25% diazinon, were added to the exposure chambers to obtain the 

desired concentrations. High concentrations of diazinon were selected based on results of 

a pilot study which indicated no response at nominal concentrations as high as 4 mg/1. 

Samples were collected following initial exposure for use in Ceriodaphnia dubia short-

term chronic tests. Samples were also collected for analysis using an ELISA 

immunoassay kit plate kit, however results were not conclusive due to an unacceptable 

standard curve. 



RESULTS 

In order for gape, as measured by proximity sensors to be a useful tool, the raw 

voltage data from the proximity sensors must first be converted into a percent open. The 

data from the individual units can then be analyzed to determine if the clams have 

changed their behavior in a way indicative of stressful conditions. Baseline behavior 

must be characterized first to differentiate between stressed and non-stressed behavior. 

The clams behavior when subjected to stress events can then be compared to the baseline 

data. The ultimate goal is to establish an alarm criterion based on clam behavior. 

Individual Clam Output 

The raw voltage generated by the proximity sensors must be converted to a 

useable measure of clam valve position. To accomplish this, raw voltage was converted 

to percent open using Equations 1 and 2 presented above. Figure 6 is a plot of clam 

number 2 in unit 1 during the baseline monitoring period and is typical of individual clam 

data. A change only occurred in the range of the Y axis from 0-100. Zero is closed, and 

100 is maximum open. It is clear that a steady output value exists when the clam is 

closed. However, valve position is quite variable when the clam is open. The pattern of 

near maximal opening followed by a slow decrease in gape was the pattern observed for 

all individuals. 

BASELINE DATA COLLECTION 

In order to understand how the clams react to stressful conditions, behavior under 
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Figure 6. Baseline data for clam 2, unit 1. 

conditions which are not specifically intended to be stressful must be assessed. Baseline 

data were collected for 4 experimental units over a period of 25 days. Each unit consisted 

of 15 clams. Figure 7 consists of 4 plots, one for each experimental unit, of the total 

number of clams open. If a clam's gape was greater than 30% it was considered to be 

open. The data in plots in Figure 8 are the mean unit gape for each unit over the same 

period. Mean unit gape was calculated using Equation 3. Calculation of mean unit gape 

eliminates the artificial threshold imposed on the data by using the total number open as 

well as allows for a method to make direct comparisons between units with different 

numbers of clams. The data in the plots are similar suggesting that the units behaved 

similarly. Figure 9 shows plots of the standard deviation of the mean unit gape data and 

demonstrate how the variability between individuals within units decreases as the number 
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Figure 7. Total number of clams open for each unit during baseline period. 
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Figure 9. Standard deviation of mean unit gape during baseline period. 

of clams open decreases. 

As mentioned earlier, parametric descriptors of gape data are inappropriate due to 

their serial nature. An autocorrelation function was applied to the data to describe its 

serial correlation. The degree to which an observation was correlated with another 

observation at some lag interval (temporal distance between observations) was calculated 

using the autocorrelation function. Figure 10 is a plot of the autocorrelation with the lag 

on the x coordinate and the correlation value on the y for each of the experimental units. 

The possible range is -1 to 1 with an absolute value of 1 indicating perfect correlation. 

The lag value ranged from 0 to 3 days. The plot was limited to 3 days because correlation 

decreases as the distance between the values increases. Autocorrelation of all 4 units 

reveals high correlation with lags less than 0.25 days due to the temporal proximity of the 
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Figure 10. Autocorrelation of each unit during baseline period. 

observation. There was a decrease in correlation at a lag of 0.5 days. Correlation 

increases at a lag of 1 day. The third peak was at a lag of two days. This indicates that 

observations that are 2 days apart from one another still show high coordination. These 

plots show a periodicity in the data with a period of 24 hours. 

Coordinated changes in behavior of each unit can be graphically presented as the 

differences at fixed lags. The plots in Figure 11 are the mean unit gape of 14 clams 

differenced at 20 minute intervals. The data were calculated using Equation 3. This plot 

demonstrates that for this time interval, there was little coordinated change in gape among 

the clams. This also demonstrates that the high correlation coefficient was due to the 

similarity of values at this lag interval. The data appear to be gaussian noise shown by 

the oscillation of the data around a mean of zero with no discernable patterns. 
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The plots in Figure 12 of mean unit gape differenced at 6 hour intervals look 

much different than the 20 minute differences, i.e., a clear pattern is emerging. As data 

diverges from 0, there was less correlation between observations at this lag. Departures 

from the 0 differences indicate coordinated activity over the 6 hour time interval. The 

correlation coefficient at a 6 hour lag is correspondingly relatively lower. There are 

however, intervals within the series that show high coordination at this lag interval. This 

demonstrates a lack of periodicity for these intervals. 

Baseline data differenced at 12 hour intervals are presented in Figure 13. The 

signal of coordinated change in gape was more clearly defined. As in the 6 hour 

differenced plots, a nonzero value indicates a change in gape state. Again, there were 
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intervals where there were no differences. The large swings in gape during portions of 

the baseline sampling period demonstrate a fairly clear diel periodicity for more than half 

of the baseline monitoring period. 

24 hour differences of mean unit gape are presented in Figure 14. These data 

show a decreased signal and increased noise. This shows that in fact, the clams were 

closely following a diel periodicity. The small differences indicate a relatively smaller 

change in mean unit gape at 24 hour intervals. Regardless of how mean unit gape 

changed through the course of 24 hours, it returned to a point close to that of the previous 

24 hour interval. An autoregressive model was applied to a moving window of length 

20. The model was then used to predict the behavior of the clams 20 minutes into the 

future. The z score data presented in Figure 15 were calculated by subtracting the 
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Figure 14. 24 hour differences of mean unit gape during baseline period. 
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Figure 15. Z scores of mean unit gape during baseline period. 

predicted mean unit gape value from the observed mean unit gape value and then dividing 

by the model standard error. The result of this calculation was representative of how 

different the observed behavior was from the predicted behavior. The range of these data 

was from -27 to 55. Modified z scores calculated using the square root of the standard 

error are presented in Figure 16. The range of these data was from -17 to 26. Division by 

the square root of the standard error decreased the range of the z score considerably. The 

square root of the standard error was selected to maintain the relative relationship of the 

residuals with the measure of confidence in the predicted mean unit gape value. 

No alarm events were detected during the baseline data monitoring, Figure 17. 

This would be expected because the threshold of the alarm system is based on the 
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Figure 16. Modified z scores of mean unit gape data during baseline period, 

baseline data. There were periods when the variability within the units decreased below 

threshold levels. However, these periods of low variability did not follow sudden 

changes in behavior as evidenced by an alarm value less than 9. 

Mean unit gape data from the four units appears to be similar as each unit 

practically mirrors the other three. To answer the question of how similar the behavior of 

the units was, a cross correlation function was applied to the data in a pair wise fashion. 

The cross correlation function compared mean unit gape data of each unit to each of the 

other units. As data from each unit varied in a correlated way, the value of the cross 

correlation function increased. Output from this analysis is in Figure 18. Each time 

series was compared to each of the others at lags of 0 to 3 days. As in the autocorrelation 

plots, the correlation coefficient ranges from -1 to 1. High correlation was found at lags 
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Figure 17. Alarm values during baseline monitoring 

of 0 and multiples of 1 day intervals. These plots show a high correlation between units. 

A short-term ambient chronic toxicity test was run to compare the adequacy of to 

the pond water from the UNT Water Research Field Station to reconstituted hard water 

[14]. The test was performed to insure that the pond water was not toxic as compared the 

synthetic water prepared following EPA methods. Ceriodaphnia dubia was selected as 

the test organism because it is generally accepted as a sensitive test species. Results, 

Figure 19, showed no significant difference in reproduction between the pond water and 

the reconstituted hard water control. Data passed the chi-square and Shaprio-Wilks tests 

of normality and Bartlett's and the F-test for homogeneity of variance so they were tested 

for reproductive differences using ANOVA and Dunnett's multiple range test. 
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Boxplot of Reproductive Endpoint for 
Short-Term Chronic Toxicity Test 
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Figure 19. Boxplot of reproductive endpoint for short-term chronic toxicity 
test comparing UNTWRFS pond water to a reconstituted hard water using 
the test species Ceriodaphnia dubia. The median, interquartile range, range 
and 95% confidence intervals (hatched box) are presented. 

Organisms in pond water did not produce fewer neonates than the control. Pond water 

actually resulted in higher production than reconstituted hard water. 
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Copper Exposure 1 

Figure 20 contains plots of the total number of clams open for the units during the 

first exposure to copper. The units were in dechlorinated tap water. Each unit was 

exposed to copper as copper sulfate at measured concentrations of 0,35,170, and 413 

|ig/L for a period of two hours. Following the two hour exposure, contaminated water 

was replaced with dechlorinated tap water. Organisms in the control and lowest exposure 

concentrations did not demonstrate a rapid closure. There was a slow closure of 

organisms at the end of the exposure period, however, this appears to be due to their 

periodicity. Reaction of the clams to the highest concentrations of copper, 170 and 413 

|ig/L was apparent and rapid. In both cases the number of clams open went to zero 

within 15 minutes of exposure. One clam appears to remain open after the initial 
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Figure 20. Total clams open during copper exposure 1. 
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Figure 21. Mean unit gape during copper exposure 1. 

exposure in the 413 fig/L exposure unit. However, visual inspection determined that all 

clams in this concentration were closed. The clam was calculated to be open by the 

method of analysis but inconsistencies caused by use of aluminum foil disks was 

determined to be the cause. Visual observation confirmed that all clams closed after 15 

minutes of exposure to both of the higher concentrations. The recovery period was 

characterized by individuals reopening and sampling the water at various intervals 

following the exposure. 

The control also appears to demonstrate a rapid closure, however the closure 

occurred over a period 2.5 hours. This is a much longer closing time than the 15 minute 

closure time in the two highest exposure concentrations. 

Mean unit gape in Figure 21 once again closely resembles the plots of total 
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number of clams open (Figure 20). Some of the variability in the total number of clams 

open seen in Figure 20, can be explained by the steady decrease in mean unit gape seen in 

portions of the data in Figure 21. Again the mean unit gape data were a better 

representation of the nature of the units than the total open data. One interesting point to 

make concerns the resampling of the water by the clams demonstrated in the 170 |i g/L 

exposure unit following the initial toxicant induced closure. Figure 22 is a plot of mean 

unit gape for the 170 jig/L exposure unit during the time immediately surrounding the 

exposure. Following the initial drop to zero open there was an increase in mean unit gape 

to around 15% with a subsequent return to 0 open. The organisms in the exposed units 

remained closed for the duration of the 2 hour exposure followed by reopening within 8 
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Figure 22. Mean unit gape for 12 hour time period surrounding exposure of 
unit to 170 (jg/L. 
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Figure 23. Standard deviation of mean unit gape. 

hours post exposure. 

Plots of the standard deviation data in Figure 23 showed a decrease in standard 

deviation as mean unit gape decreased. In this experiment the plot of the standard 

deviation closely resembles that of mean unit gape. The rapid closure of the two highest 

concentrations is quite apparent. Also the standard deviation approached zero when all 

clams were closed. Minimal standard deviation following the exposure event was as 

expected, because of the coordinated closure to near zero gape. 

Autocorrelation of all 4 units during the copper exposure experiment reveals 

significant correlation. These plots, Figure 24, appear different than those for the 

baseline period due to a smaller number of observations. Both positive and negative 

correlation were found. The positive correlation occurs at approximately a 1 day interval 
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Figure 24. Autocorrelation of mean unit gape during copper exposure 1. 

while the negative correlation occurred at the same frequency however it was offset by 12 

hours. These plots showed a periodicity in the data with a period of 1 day. 

The twenty minute differences plot of these data in Figure 25 revealed a sharp 

deviation in unit gape from the zero mean at the point of copper addition for the two 

highest concentrations. There was not a sharp deviation for the lower two concentrations 

even though mean unit gape decreased near the exposure point. This deviation was much 

larger than any deviation seen in the baseline data. Another sharp deviation from zero 

was observed near the end of the monitoring period in the 170 fig/L exposure unit. 

Figure 26 contains plots of mean unit gape differenced at 6 hour intervals. Again, 

these data look much different than the 20 minute differences. A clear pattern is 

emerging showing departures from the 0 differences. However, the signal observed at the 
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Figure 25. Unit gape 20 minute differences during exposure 1. 
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Figure 26. Unit gape 6 hour differences during exposure 1. 
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Figure 27. Mean unit gape 12 hour differences during copper exposure 1. 
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Figure 28. Mean Unit gape 24 hour differences during copper exposure 1. 
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point of exposure in the 20 minute differenced data was lost. 

Figures 27 and 28 are the data differenced at 12 and 24 hour intervals. The signal 

of coordinated change in gape was more clearly defined. As in the 6 hour differenced 

plots, a nonzero value indicates a change in gape state. Again, the exposure signal in 

higher concentrations observed in the 20 minute interval has been lost. These plots 

demonstrate a fairly clear diel periodicity. 

The z scores are of great interest in this experiment. The z scores detect 

coordinated changes in behavior over short periods of time. Figure 29 contains plots of 

the z scores for the first copper experiment. Note the signal produced immediately 

following the copper addition in the two highest concentrations. Also there was not a 

signal produced by the control unit which also closed during the exposure period. The 
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Figure 29. Z scores during copper exposure 1. 
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Figure 30. Modified z scores during copper exposure 1. 

difference between the control and the responding groups was the rate of closure. 

Modified z scores for each exposure unit are presented in Figure 30. The range of 

the data have been reduced by division of the square root of the standard error. The 

signal was reduced by a relatively small amount when compared with the reduction in the 

noise component of the data. 

The alarm system detected a change in unit gape behavior Figure 31. The alarm 

was set off in the two highest concentrations following the addition of copper. The alarm 

values increased to 9 which was indicative of meeting all 3 alarm criteria. Again, there 

were periods when the variability dropped below the threshold, however the behavior was 

not characteristic of a stress event. 

Cross correlation of mean unit gape data, Figure 32, shows that the units were 
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Figure 31. Alarm values during first copper exposure. 

significantly correlated over the period of observation. All units had peaks of positive 

correlation at 1 day intervals. Significant negative correlation was found at 1 day 

intervals out of phase by 0.5 days with the positive correlation. Again, this shows they 

were behaving similarly with a period of 1 day. 

C. dubia short-term chronic tests were not performed. 
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Copper Exposure 2 

The second exposure used water obtained from UNTWRFS. The exposure 

regime differed as well as the exposure concentrations. The first copper experiment 

exposed the organisms to a static concentration of copper, whereas this exposure was 

dynamic, simulating an episodic event of short duration. Flow into the exposure 

chambers was maintained throughout the exposure period. Contaminated water was 

discarded as it flowed out of the tanks. The measured concentrations were 40, 84, and 

142 |ig/L copper. The units did not show a response similar to the first copper exposure 

as seen in the plots of the number of clams open for each unit in Figure 33. Similar 

patterns can be seen in plots of mean unit gape in Figure 34. There was a response in the 

highest concentration, 142 jig/L however, it appears that it began prior to copper addition 
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Figure 33. Total number of clams open, second copper exposure. 
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approximately one hour and the unit had reopened prior to total replacement of the water. 

When the organisms began to open the toxicant concentration had greatly diminished as 

seen in Figure 5. The decay in concentration of copper followed closely that predicted 

[85]. The predicted concentration at the end of two hours was 7 \igfL while the observed 

was 6 jig/L. The exposure was done in this way to mimic an episodic event where there 

was an initial high dose of toxicant followed by a steady decrease in concentration. 

The standard deviation of mean unit gape in Figure 35 did not decrease following 

the copper exposure as it did in the first copper experiment. In fact, the standard 

deviation remained quite high for all units throughout the exposure. This indicates that 

there was little coordinated behavior between clams in each unit. 

Autocorrelation of mean unit gape, presented in Figure 36, was slightly different 
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Figure 34. Mean unit gape of units, second copper exposure. 
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Figure 36. Autocorrelation of mean unit gape, second copper exposure. 
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than that observed in the first copper exposure. While the correlation was significant at 1 

day intervals, it was not as high during the second copper exposure as it was in the first 

copper exposure. 

The twentieth differences plot of these data in Figure 37 do not show any type of 

signal produced by the organisms at the time of exposure. This would be expected based 

on the mean unit gape data. There were no dramatic behavioral changes over the 20 

minute time lag. At intervals of 6 hours, Figure 38, the group periodicity is beginning to 

be seen. Figure 39 contains plots of the twelve hour differences and Figure 40 contains 

plots of the 24 hour differences. The data in these plots look similar to that of the first 

copper exposure. Over relatively long periods of time there was little difference in the 

behavior of the clams between the first copper exposure and the second copper exposure. 
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Figure 37. Mean unit gape 20 minute differences, second copper exposure. 
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Figure 38. Mean unit gape 6 hour differences, second copper exposure. 
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Figure 39. Mean unit gape 12 hour differences, second copper exposure. 
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Figure 40. Mean unit gape 24 hour differences, second copper exposure. 
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Figure 41. Z scores, second copper exposure. 



79 

Inspection of the z score data in Figures 41 and 42 reveals the lack of signal 

generated by the organisms following addition of the toxicant. This was expected based 

on the lack of sudden departures from previous mean unit gape values. 

The clam units did not trigger an alarm response Figure 43. There were periods of 

reduced variability but they were not in conjunction with a closure event. 

Cross correlation of mean unit gape data, Figure 44, shows that the units were 

significantly correlated over the period of observation. All units had peaks of positive 

correlation at 1 day intervals. Significant negative correlation was found at 1 day 

intervals out of phase by 0.5 days with the positive correlation. Again, this shows they 

were behaving similarly with a period of 1 day. 

Ceriodaphnia dubia short-term chronic tests performed using water taken from 
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Figure 42. Modified z scores, second copper exposure. 
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Figure 43. Alarm values during second copper exposure. 

the exposure chambers 15 minutes following exposure did not show toxic effects on 

reproduction when compared to the test control. When compared to the performance 

control, toxic effects on reproduction were found at 143 |ig/L shown in the boxplot of 

Figure 45. The sample had a copper concentration of 98 fig/L. The control, 40, and 84 

Ug/L samples were not significantly different than the reconstituted hard water control. 
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Boxplot of Reproductive Endpoint for 
Short-Term Chronic Toxicity Test - Copper 

RHW Oug/L 40 ug/L 84ug/L 142ug/L 
Control 

Figure 45. Boxplot of reproductive endpoint for short-term chronic toxicity 
test comparing clam exposure water contaminated with copper to the clam 
control and a performance control. Test was ran using C. dubia. The 
median, interquartile range, range, and 95% confidence intervals are 
presented. 
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Diazinon 

The third exposure used water obtained from UNTWRFS. The exposure regime 

did not differ from that used in the second copper exposure in that the exposure was 

dynamic, simulating an episodic event of short duration. Flow into the exposure 

chambers was maintained throughout the exposure period. Contaminated water was 

discarded as it flowed out of the tanks. Nominal concentrations were 10,100, and 500 

Ug/L copper. ELISA results were unacceptable due to the lack of fit of the standard 

curve. Toxic concentrations were achieved in all three exposure chambers as evidenced 

by 100 % mortality in the first day of exposure in a C. dubia short-term chronic toxicity 

test. The clam units did not show a response to the concentrations of diazinon used, 

Figure 46 and 47. 
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Figure 47. Mean unit gape, diazinon exposure. 

Time in days 

1 § 

CO 
& 8 ea 

O „ 
'8 D 

Unit Gape Standard Deviation 
Control 

f 
Exposure' 

I 8 

s 

Unit Gape Standard Deviation 
10 ug/L Diazinon 

Exposure 

s. a 

Time in days 

Unit Gape Standard Deviation 
100 ug/L Diazinon 

u T 
ii/WW 

i * 

Time in days 

Unit Gape Standard Deviation 
500 ug/L Diazinon 

U 4 r ^ ^ 

Exposure 

Time in days Time in days 
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85 

The standard deviation of mean unit gape in Figure 48 did not decrease following 

the diazinon exposure as it did in the first copper experiment. In fact, the standard 

deviation remained quite high for all units throughout the exposure. This indicates that 

there was little coordinated behavior between clams in each unit. 

Autocorrelation of mean unit gape, presented in Figure 49, was slightly different 

than that observed in the first copper exposure. While the correlation was significant at 1 

day intervals, it was not as high during the second copper exposure as it was in the first 

copper exposure. 

The twentieth differences plot of these data in Figure 50 do not show any type of 

signal produced by the organisms at the time of exposure. This was expected based on 

the mean unit gape data. There were no dramatic behavioral changes over the 20 minute 
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Figure 49. Autocorrelation of mean unit gape, diazinon exposure. 
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Figure 50. Mean unit gape 20 minute differences, diazinon exposure. 

time lag. At intervals of 6 hours, Figure 51, the group periodicity was beginning to be 

seen. Figure 52 contains plots of the twelve hour differences and Figure 53 contains plots 

of the 24 hour differences. The data in these plots look similar to that of the first copper 

exposure. Over relatively long periods of time there was little difference in the behavior 

of the clams between the first copper exposure and the second copper exposure. 

Inspection of the z score data in Figures 54 and 55 reveals the lack of signal 

generated by the organisms following addition of the toxicant. This was expected based 

on the lack of sudden departures from previous mean unit gape values. The data are 

mostly noise with no observable pattern or signal. The difference in the two methods did 

little to highlight any changes in behavior. The autoregressive function used to predict 

the behavior of the units worked quite well with these data. 
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Figure 53. Mean unit gape 24 hour differences, diazinon exposure. 
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Exposure to diazinon did not elicit a response from the clam units, Figure 56. 

Unit 3 did have two closure events resulting in an alarm value of 5 but they were not 

followed by a period of reduced variability. This behavior occurred when unit gape was 

high and appears to be a coincidental closure. There were periods of low variability in all 

units. 

Cross correlation of mean unit gape data, Figure 57, showed that the units were 

significantly correlated over the period of observation. All units had peaks of positive 

correlation at 1 day intervals. Significant negative correlation was found at 1 day 

intervals out of phase by 0.5 days with the positive correlation. Again, this shows they 

were behaving similarly with a period of 1 day. 

Ceriodaphnia dubia short-term chronic tests performed using water taken from 

the exposure chambers 15 minutes following exposure showed toxic effects on survival at 

all concentrations shown in the boxplot of Figure 58. One hundred percent mortality was 

observed in all concentrations. The LC50 for C. dubia is 0.350 ptg/L [86]. The nominal 

diazinon concentrations were 10,100, and 500 (ig/L. These results show that while the 

exact concentration of diazinon was not known, it was present in sufficient amounts to 

cause an acute response from C. dubia. 
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Boxplot of Reproductive Endpoint for 
Short-Term Chronic Toxicity Test - Diazinon 

RHW Oug/L lOug/L lOOug/L 500 ug/L 
Control 

Figure 58. Boxplot of reproductive endpoint for short-term chronic toxicity 
test using clam exposure water contaminated with diazinon. All diazinon 
treatments produced 100% mortality the first day. The median, interquartile 
range, range, and 95% confidence intervals are presented. 



DISCUSSION 

This work is a study of the reaction behavior of C. fluminea, i.e. how does the 

clam react to environmental stimuli. Understanding how the clam responds to both 

positive and negative factors will allow conclusions to be drawn as to the status of their 

environment. Exact causes of the behavioral change may never be differentiated by the 

detail of the behavior, but once known, environmental changes can be deciphered using 

other techniques. Through the course of this work I have observed behavioral changes 

caused by many factors, several of which have been induced by the experimental work 

performed. Changes in suspended particulates (food), water quality, and flow have all 

modified the behavior of the C. Fluminea. The challenge is in determining which 

behavioral changes are caused by real, negative changes in environmental quality. To do 

this, behavior must be characterized in a way that can be tested. Two general methods of 

characterizing patterns of behavior have emerged from this work as well as the literature. 

Testing of individual behavior considers the individual clam as its own control, i.e. is the 

clam behaving differently now than it did 5 minutes previous? When testing for this type 

of change, one could look at gape, rates of valve gaping and closure, or filtration rate. 

Individual testing may result in large amounts of data with little certainty surrounding 

causes of an individual's valve movements. Individual clam behavior is often 

unpredictable, however, group clam behavior can be a reliable indicator of environmental 

conditions [50,52]. Testing behavior at the group level reduces uncertainty by increasing 
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the sample size. By understanding the behavioral mechanism used by bivalves to avoid 

negative environmental factors, a monitoring system and mathematical model was 

developed to characterize the behavior. The behavior of interest was valve gape. As 

previously stated, bivalves close their shell when they sense a threat. Examples of this 

threat may be physical (fish trying to eat it) or it may be chemical (changes in water 

quality). The first measurement necessary to model this behavior is gape itself. That 

measurement is made by the previously described system developed specifically for this 

purpose. Once measurements were made, a model was needed to mathematically 

differentiate behavior. The behavior of interest in this case was valve closure. Bivalves 

"clam up" when they perceive a threat. The result is a concerted change in valve position 

from open to close and a decrease in behavioral variability among individuals. 

The experiments presented were performed to answer two main questions about 

the behavior of bivalves. The first question was how do clams behave when they are not 

stressed? The second was how do clams behave when they are acutely stressed? To 

answer these questions some metric had to be devised to separate the two types of 

behavior. The design of this metric is best discussed within the context of the baseline 

and reactionary behavior. Sensitivity of the monitoring system was also discussed as well 

as future research needs and applications of the system. 

Baseline Behavior 

Clam behavior was observed for a period of 25 days in the laboratory. It is true to 

say that the conditions in the laboratory do not simulate true environmental conditions, 

therefore clam behaviors such as periodicity and total time open, observed in the 
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laboratory may or may not be similar to behavior exhibited in in-situ settings. However, 

the differences in behavior of the organisms before, during, and after being subjected to a 

sudden stimulus is of interest. This is consistent with the purpose of designing an acute 

biomonitoring system. Baseline data were collected to determine the frequency in which 

particular behavioral patterns were exhibited. Complex patterns such as periodicity over 

long periods were not of interest in this study but may contain information on changes in 

behavior due to chronic stress. 

Since individual behavior is variable at best, only unit average behavior was 

analyzed. Baseline behavior of C. fluminea is characterized by coordinated behavior over 

relatively long periods of time (> 24 hours). This behavior was best characterized in the 

baseline monitoring period by the high autocorrelation values at lags of multiples of 24 

hours (see Figure 10). These data show that the units followed a diel periodicity. The 

clams tended to reach a maxima in mean unit gape around 12:00 AM followed by a 

decrease during the morning hours until the minima was reached around 12:00 PM. The 

minima was followed by an increase in mean unit gape through the afternoon and evening 

until 12:00 AM. This behavior is similar to behavior reported in the literature [21,59, 

60], Ham and Peterson demonstrated that low levels of chlorine can accentuate the 

periodicity of the organisms. This behavior shows promise as a possible measure of 

chronic toxicity. 

Although the four units were treated the same way during the baseline period, a 

valid question is; Did the units behave similarly? Cross correlation between units 

produced high correlation values. These results indicate that during the baseline period 
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the units behaved similarly. Since, when treated the same way, the units behaved the 

same way, differences in behavior were caused by exogenous factors. Each unit's 

behavior was not too variable to make comparisons between units. It also suggests that 

the number of organisms per unit was sufficient to decrease individual variability to the 

point that it was not a factor. 

There were few coordinated changes over shorter periods of time (<20 minutes) 

during the baseline period. This is a key point regarding the acute alarm design discussed 

later. Baseline mean unit gape differenced at lags of 20 minutes showed no distinct 

deviations from 0. The clams did not demonstrate a coordinated closure at this interval. 

This interval was determined to be important based on the time it took for the clams to 

react to exposures to copper as no signal was generated at 20 minute lags. 

Stressed Behavior 

In this research, baseline behavioral data can best be interpreted within the context 

of the acute response behavior. When acutely stressed, the clams closed their shell in a 

coordinated way within a short time interval following introduction of the stress. All 

organisms responded to a stimulus in the same way. Two metrics were employed to 

demonstrate the coordinated change. When mean unit gape of a group of clams that have 

been perturbed was plotted against time, as in Figure 22, the acute response was a rapid 

change in gape toward a value of zero. Standard deviation of mean unit gape was also 

used to show the coordinated change. Under non-stressful conditions, variability between 

organisms was usually quite high. This high variability was due to the fact that gape of 

one individual is rarely the same as the gape of another. When clams are stressed they are 
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all stimulated to change their behavior at the same time resulting in gape for each 

individual decreasing to near zero and a subsequent reduction in standard deviation. This 

can be seen in Figure 23. The time needed for the clams to reach a mean unit gape of 0 

following a stressful event was approximately 20 minutes, thus the selection of 20 

minutes as a key time frame for detection of a reactionary event. 

Following a stressful event resulting in the organism closure, there was a 

characteristic sampling of the water indicated by the slight increase in mean unit gape 

approximately 30 minutes following the initial exposure, Figure 22. This behavior 

appears to be a mechanism to determine if environmental conditions have improved 

enough to allow resumption of normal activity. In the case of the copper exposure, the 

individuals exposed to 170 and 413 ng/L "determined" the environmental conditions 

were not sufficiently improved and remained closed. Experimental data are not 

presented, however, visual observations have been made of clams reopening almost 

immediately following a physical stress such as emersion, or changes in flow. 

Behavior Modeling 

Behavior of the clams as measured by mean unit gape can be predicted based on 

observed behavior. A technique called autoregressive integrated moving average 

(ARIMA) [87, 88] was used to make predictions of mean unit gape based on observed 

values of mean unit gape. This technique comes from the time series analysis realm of 

statistics. To predict short-term behavior, a simple autoregressive model of order = 

(2,0,0) was fit and behavior was predicted 20 observations into the future. A standard 

error of the estimate was also calculated to give a measure of the confidence of the 
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estimate. When the value of mean unit gape observed was variable the confidence in the 

prediction decreased. 

The standard deviation of mean unit gape is a useful metric for understanding the 

behavior of the clams as a unit. As mean unit gape varied from 50%, the standard 

deviation decreases. As mean unit gape approached 0 or 100% the individuals were 

either all closed or fully open. During the stress event the standard deviation approached 

0 when all clams closed. Therefore, standard deviation was used as an indicator of 

coordinated activity. 

The alarm system was capable of detecting changes in the behavior of the clams 

caused by stress events. The presence of copper was detected while diazinon was not. 

This system is dynamic in the sense that the alarm is based on the clams observed 

behavior not on an artificial threshold. Sluyts et al. [57] brought forward the need for 

alarm systems to be based on changes in observed behavior when compared to previous 

behavior. This system bases alarm decisions on information from previous behavior, 

basically using the clams as their own control. When integrated into a remote 

biomonitoring system, the alarm condition can be used to trigger automated sampling 

units to collect water samples as the animals are indicating degraded water quality. 

The experiments using copper appear to be somewhat contradictory. The first 

copper exposure used relatively high concentrations at a relatively high hardness when 

compared to the second exposure. In the first experiment the water source was 

dechlorinated Denton tap water. Reaction of the clams occurred quickly and then the 

clams remained closed for the duration of the exposure. The second copper exposure 
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used lower concentrations but also at a lower water hardness. The water source was a 

clay lined pond at UNTWRFS. As water hardness decreases, copper toxicity increases 

[83]. Therefore, the expectation was that the second experiment would show the same 

responses as observed in the first experiment but at lower copper concentrations. The 

major difference between the two waters was suspended particulates. The tap water was 

of drinking quality whereas the pond water had clay particles, algae, and suspended and 

dissolved organic material which probable reduced the bioavailability of the copper. 

Concentrations of copper used in the second experiment did not cause reproductive 

effects in the C. dubia short-term chronic experiment carried out using the water that the 

clams were exposed to. It would appear that the clams reacted, or did not react, in a way 

that would have been predicted based on the knowledge of the C. dubia test results. The 

monitoring system had responded in the first copper study to a copper concentration of 

170 jig/L at a water hardness of 112 mg/L as CaC03. 

The sensitivity of this system to copper is fairly close to effective concentrations 

for non-lethal effects reported in the literature. C. fluminea's behavioral sensitivity to 

copper has not been reported in the literature, however, Belanger et al. [43] found 

reductions in growth in the laboratory at exposure concentrations of 8.4-26.7 ng/L over 

30 days at water hardness of 77.3-78.0 mg/L as CaC03. The endpoint was shell growth 

and final dry weight.. The copper 30 day LC50 for C. fluminea was found to be 

19.2^g/L. Growth studies were also performed in the field. The effective concentration 

for growth reduction was 22.5-104.8 |ig/L Cu at a water hardness of 180 mg/L. 

D. polymorph# has been used extensively to determine behavioral effects caused 
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by toxicants, specifically copper. Copper concentrations reported to cause behavioral 

changes range from <10-90 |ig/L. Sloof [47] reported a copper detection limit ranging 

from 18-46 |ig/L (water hardness not reported). Kramer et al. [48] found D. polymorpha 

sensitive to less than 10 |ig/L copper (water hardness not reported). Kraak et al. [56] 

investigated filtration rate and found D. polymorpha reduced filtration rate, yet followed 

the temporal pattern at 50 ng/L copper at a water hardness of 150 mg/L as CaC03. Total 

disruption of the temporal pattern was observed at 90 (ig/L. Sluyts et al. [57], using a 

relatively complex analysis system similar to the system described here found D. 

polymorpha sensitive to 80 jug/L (water hardness not reported). 

Behavioral detection limits for copper have been investigated using A. cygnea as 

well. Salanki [54,55] reported a decrease in filtration at concentrations of 10 and 100 

Hg/L and 5-100 |ig/L (water hardness not reported). 

The range of sensitivity of the freshwater species presented is from <10-104.8 

Hg/L. Without knowing the water hardness of some of the experiments it is difficult to 

make direct comparisons of sensitivity. The sensitivity of C. fluminea presented is very 

close to the range of sensitivity found in the literature. The range between the 

concentration of no observed effect, 35 |ig/L, and effects, 170 (ig/L is great and is an area 

in need of further study. 

Sensitivity of C. fluminea to diazinon has not been well characterized. The LC50 

value has not been reported in the literature. Diazinon is an organo-phosphate pesticide 

that attacks the nervous system. Diazinon is not the most toxic form of this chemical. 

Once inside the body, diazinon is converted to its oxon form by the cytochrome P450 
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metabolic pathway. The oxon, diazioxon, is many times more toxic than the parent 

compound. There appears to be several possible reasons why C. fluminea is not sensitive 

to diazinon. It has been reported that there is no phylogenetic evidence that molluscs 

have the cytochrome P450 metabolic pathway [89]. Another possible reason could be 

that the metabolic pathway exists, but other pathways are used which break down 

diazinon into less toxic forms. If diazioxon is being produced, it may be converted to less 

toxic forms at a higher rate than it is being produced, leaving low concentrations in the 

body. A final explanation might be that the nervous system of bivalve mollusks is so 

simple that the organisms can survive long enough to detoxify themselves following 

exposure. 

Based on experimental data, the null hypothesis; toxic concentrations of copper do 

not effect valve closures in C. fluminea, was rejected. There was no experimental 

evidence to reject the null hypothesis toxic concentrations of diazinon do not effect valve 

closures in C. fluminea. 

Feasibility of Use 

The biomonitoring model presented was used in the University of North Texas 

Aquatic Toxicology Laboratory to demonstrate the feasibility of a monitoring system 

such as the one described. The ability to transfer data quickly and efficiently using the 

internet was also demonstrated. Four clam monitoring units were continuously 

monitored. Data from these units were analyzed and then uploaded to an internet site 

which is accessible to the public. Software written in Visual Basic to accomplish these 

tasks can be found in the appendix. 
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This use of internet technology could easily be applied in any situation where 

continuous biological and or physical/chemical monitoring of water is needed. Clams 

could be used to monitor an effluent stream in a wastewater treatment plant or industrial 

situation. As mentioned earlier, EPA has adopted a watershed approach which includes 

stakeholder involvement. This clam monitor tool is an ideal tool to keep the public 

informed of the status of their watershed. Internet use has become widespread and is a 

unique media for quick dissemination of information. Clam monitoring systems could be 

deployed in remote sites throughout a watershed with the use of solar power and cellular 

communication technologies. 

Areas of Future Study 

Future study is needed in several areas. Further definition of the types of 

pollutants that C. fluminea is sensitive to is needed. No single species will detect all 

forms of pollutants. It must be determined which types of pollutants the system can 

detect in order to make choices as to what types of other organisms might be coupled 

with the clams to achieve a comprehensive biomonitoring system. 

Field studies must be performed to evaluated the effectiveness of the system. The 

ratio of false alarms to positive alarms must be determined. Effects of natural events such 

as weather, changing photoperiod, and variable physical parameters such as pH and 

dissolved oxygen must also be determined. These questions must be answered in a 

controlled environment prior to implementation of the system in real environments. 

Blind studies should be performed to determine the ratio of false alarms to positive 

alarms. 
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A chronic alarm system needs to be developed to detect subtle changes in 

behavior. Time series analysis will play a role in this development. Variation in diel 

periodicity is a valid behavioral response endpoint. Ham and Peterson [21] have 

demonstrated that low levels of chlorine cause an accentuated periodicity in C. fluminea. 

Linking data from a group of biomonitoring systems strategically placed 

throughout a watershed to its geographical location using a Geographical Information 

System will allow a better understanding of pollutants and their sources. Data collected 

in real time can be used to update a map of watershed water quality conditions. Maps of 

this type can be used by watershed managers to trace degraded water quality to an area on 

a map and ultimately to its source. 

Conclusions 

A mathematical analysis system has been devised to detect acute changes in the 

behavior of bivalve molluscs. C. fluminea have detected copper concentrations of 170 

jUg/L. The system did not detect unrealistically high levels of diazinon. C. fluminea and 

the system devised can be used in a real time biomonitoring system that produces data 

that can be readily accessible via the internet. 
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Sensor calibration results for sensor model nil0-P18-Y0 and aluminum foil disk. 

Sensor Calibration Regression mm=a(Volts)+b 
Sensor max Volts min Volts a b r2 

1 5 0.42 -0.444 7.012 0.995 
2 5 0.02 -0.486 7.245 0.994 

3 4.95 0.03 -0.566 7.36 0.996 
4 4.83 -0.13 -0.52 7.588 0.996 
5 5 0.22 -0.524 7.87 0.996 
6 4.57 i O

 
00

 

0.539 6.643 0.986 
7 4.97 0.2 -0.506 7.299 0.995 
8 4.9 -0.21 -0.499 7.262 0.994 
9 5 -0.27 -0.469 7.237 0.994 
10 4.96 -0.26 -0.47 7.235 0.993 
11 5 -0.22 -0.509 7.405 0.994 
12 4.99 -0.27 -0.517 6.852 0.989 
13 5 0.02 -0.542 7.048 0.991 
14 5 -0.27 -0.563 7.649 0.995 
15 4.98 -0.06 -0.497 6.852 0.992 
16 5 -0.11 -0.464 6.967 0.994 
17 4.94 -0.05 -0.482 6.848 0.994 
18 5 -0.14 l o in

 

7.462 0.993 
19 5 -0.13 -0.507 7.034 0.99 
20 5 -0.34 -0.61 8.07 0.995 
21 5 -0.08 -0.508 7.147 0.992 
22 5 0.18 -0.57 7.76 0.994 
23 5 0.09 -0.956 8.057 0.993 
24 4.9 -0.16 -0.51 8.092 0.993 
25 5 -0.12 -0.518 6.513 0.99 
26 4.96 -0.63 -0.638 7.835 0.997 
27 4.98 -0.69 -0.645 7.86 0.997 
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36 

38 
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0.17 1-0.611 18.707 10.994 
39 
40 
41 
42 
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0.25 I -0.58 7,772 |o.996' 
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43 
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4.9 
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4.97 | -0.21 1 -0.61 [7.962 l p . 9 9 5 
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-0.19 1 - 0 . 6 6 3 18.221 lo.998 

48 
49 
50 
51 

53 
54 
55 
56 

58 

4.71 I 0.18 1-0.579 [6.227 lp.992 

4.95 1 -Q.28 1-0.486 [7.124 I 0.9?" 
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-0.12 1-0.59 17.781 In QQA 4.9 
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0.06 1-0.51415.93Q 0.993 
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-0.24 I-Q.558 17.41 0.992 
59 4.9 -0.65 1-0.954 17.904 10.996 
60 
61 

4.79 [ -Q.26 [-0.64318.078 |0.997 
4.73 | -Q.23 1-0.568 17.503 In 



107 

62 5 -0.41 -0.618 7.546 0.997 
63 4.73 -0.67 -0.624 7.938 0.997 
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attach('c:\\sfiles\\realtime\pos=l) 

filepath<-'c:/sfiles/temp/' 

upper.alarm.val<-15 

lower.alarm. val<~ 15 

lagval<-c(20,360,1445) 

dumpdir<-"e:/" 

clamnumber<-c(1,15,16,30,31,45,46,60) 

file.length<-5 

upper.alarm. val<-15 

lower.alarm. val<~ 15 

window.len<-20 

maxorder<-2 

bad.chan.num<-c(6,13,14,21,22,48) 

file.write.func<-function() { 

#data.dump(ls(),file=paste(dumpdir,substring(date(), 12,13),'_',substring(date(), 15,16),'_\s 

ubstring(date(), 18,19),'.dmp',sep=")) 

} 

data[1:1445,]<-data[6:1450,] 

data.true[l:1445,]<-data.true[6:1450,] 

data.binf1:1445,]<-data.bin[6:1450,] 

data.percent[l:1445,]<-data.percent[6:1450,] 

data.percent.dif.array[,1:1445,]<-data.percent.dif.array[,6:1450,] 
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unit.total[l:1445,]<-unit.total[6:1450,] 

unit.gape[1:1445,]<-unit.gape[6:1450,] 

#unit.gape.dif.array[,l: 1445,]<-unit.gape.dif.array[,6:1450,] 

alarm.array[,1:1445,]<-alarm.aiTay[,6:1450,] 

times[1:1445]<-times[6:1450] 

bad.channels[l: 1445,]<-bad.channels[6:1450,] 

forecast!1:1445,]<-forecast[6:1450,] 

z.score[1:1445,]<-z.score[6:1450,] 

#read.data 

file.cur<- scan('c:/sfiles/file.cur',what=character()) 

print(file.cur) 

file.date <- scan ('c:/sfiles/file.dat',what=character()) 

print(file.date) 

if (file.cur=file.prev) q(n=0) 

new<-as.matrix(read.table(paste(filepath,file.cur,sep="))) 

times[1446:1450]<-as.vector(diiimames(new)[[l]]) 

data[1446:1450,]<-new 

data[1446:1450,bad.chan.num]<-0 

bad.channels[1446:1450,]<-new[,bad.chan.num] 

count<-count+l 

if(trunc(count/290)==(count/290)) file.write.func() 

var.length<-nrow(data) 
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#set minimum to zero 

for (kin 1:60){ 

data.true[1446:1450,k]<-data[1446:1450,k]-data.range[k,l] 

} 

#percent func 

for (kin 1:60){ 

data.percent[1446:1450,k]<-(data.true[1446:1450,k]/data.range[k,3])*100 

} 

data.percent[1446:1450,bad.chan.num]<-0 

# binary conversion 

data.bin[1446:1450,]<-as.numeric(data.percent[1446:1450,] > 30) 

# set up lag objects 

data.lag.array<-array(0,dim=c(3,file.length,60)) 

data.lag.array[ 1 „]<-data.percent[ {var.length- {lagval[ l]+4}}: {var.length-lagval[ 1]},] 

data.lag.array[2„]<-data.percent[ {var.length- {lagval[2]+4}}: {var.length-lagval[2]},] 

data.lag.array[3„]<-data.percent[ {var.length- {lagval[3]+4}}: {var.length-lagval[3]},] 

# percent differences 

print('percent.dif) 

for (j in l:{length(lagval)}){ 

data.percent.dif.array[j,1446:1450,]<-data.percent[1446:1450,]-data.lag.array[j„] 

} 

# Unit Gape 
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print('Unit Gape') 

for (d in 1:4) { 

print(d) 

unit.gape[1446:1450, {d*2-1} ]<-apply(data.percent[1446:1450,clamnumber[ {d*2-1}] :cla 

mnumber [ {6*2} ]], 1 ,mean) 

unit.gape[1446:1450, {d*2 }]<-apply(data.percent[1446:1450,clamnumber[ {d*2-1}] :clam 

number[ {d*2} ]] ,1 ,sd) 

} 

# Unit Gape Differences 

# print('Unit Gape Differences') 

# for (j in 1 :length(lagval)) { 

# print(j) 

# for (din 1:4){ 

# print(d) 

# unit.gape.dif.array[d,1446:1450, {j*2-l }]<-unit.gape[1446:1450,{d 

*2-1} ]-unit.gape[ {var.length- {lagval[j]+4}}: {var.length-lagval[j]}, {d*2-1} ] 

# unit.gape.dif.array[d,1446:1450, {j*2 }]<-unit.gape[1446:1450, {d*2 

}]-unit.gape[ {var.length- {lagval[j]+4}}: {var.length-lagval[j]}, {d*2} ] 

# } 

# } 

# 

# grouptotal 
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print('grouptotal') 

for (d in 1:4) { 

unit.total[1446:1450,d]<-apply(data.bin[1446:1450,{d*15-14}:{d*15}],l,sum) 

} 

#Z score 

for (din 1:4){ 

print(d) 

for (kin 1446:1450){ 

window<-unit.gape[ {(k-(window.len*2))+l}: {k-window.len}, {d*2-1} ] 

window.ar<-ar(window,order.max=maxorder,method^') 

tmp<-arima.forecast(window,n=20,model=list(ar=window.ar$ar)) 

forecast[k, {d*2-1}: {d*2} ]<-cbind(tmp$mean[20] ,tmp$std.err[20]) 

z.score[k,d]<-(unit.gape[k, {d*2-1} ]-forecast[k, {d*2-1} ])/forecast[k, {d*2} ] 

} 

} 

# Alarm 

for (d in 1:4) { 

j<-l 

# for (j in l:length(lagval)){ 

alarm.array[d,1446:1450,{5*j-4}]<-(z.score[1446:1450,d] < 

lower.alarm.val)* 10 #lower.alarm.value trigger 

alarm.array[d,1446:1450, {5*j-3 }]<-unit.gape[1446:1450, {d*2} ] 
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for (k in 1446:1450) { 

alarm.array [d Jc, {5*j-2} ]<-(alarm.array [d,k, {5*j-2 }]<10)* 15 

alarm.array[d,k, {5*j-l }]<-(mean(alarm.array[d, {k-20} :k, {5*j-3 }])<10)*20 
} 

alarm.array[d,1446:1450, {5*j }]<-alarm.array[d,1446:1450, {5*j-4} 

]+alarm.array[d,1446:1450, {5*j-2}]+alann.array[d,1446:1450, {5*j-l}] 

print(' summing') 

# } 

} 

# Output Plot 

time.lab<-c(substring(times[l],4,8),substring(times[363],4,8),substring(times[725],4,8),s 

ubstring(times[1088],4,8),substring(times[1450],4,8)) 

time.coor<-c(l,nrow(data)*.25,nrow(data)*.5,nrow(data)*.75,nrow(data)) 

win.printer(width=6.6,height=5.0,orientation="landscape",file=,c:\\sfiles\\giftemp\ 

\out.wmf,format='placeable metafile') 

par(mfrow=c(2,2),mar=c(l ,1.5,1,1.5)+. l,oma=c(l .5,.5,1.5,.5),font=l) 

for (d in 1:4) { 

plot(unit.gape[, {d*2-1 }],type=T,axes=F,xaxt="n",ylab="",xlab="",col=l ,ylim=c(-10,110) 

) 

lines(alarm.array [d„ 1] ,col=3) 
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title(paste(TJnit\d,', Current Alarm 

Value=',alarm.array[d,1450,4],sep="),cex=0.5) 

axis(l,at=timexoor,labels=time.lab,xaxp=c(0,1445,5),col=l,cex=0.5,ticks=T,mgp=c(0,.6, 

0)) 

axis(2,col=l,cex=0.5,ticks=F,line=-.75) 

box(lwd=2,col= 1) 

par(new=T,xaxs="d") 

plot(z.score[,d],col=2,type="l",lty=l,axes=F,ylab="",xlab="",ylim=c(-75,75)) 

abline(h=upper.alarm.val,lty=2,col=2) 

abline(h=lower.alarm.val,lty=2,col=2) 

axis(side=4,col=l,cex=0.5,ticks=F,line=-.75) 

mtext(side=4,line=l ,"Z Score",cex=0.5) 

mtext(side=2,line= 1, "Unit Gape",cex=0.5) 

par(xaxs="r") 

} 

mtext(side=3,paste('Current Date',file.date,sep="),col=l,outer=T,cex=.75) 

mtext(side=l,' Mean Unit Gape',col=l,outer=T,adj=0,cex=.7) 

mtext(side=l,' Z Score',col=2,outer=T,adj=.35,cex=.7) 

mtext(side=l,'— Behavioral Alarm Bounds',col=2,outer=T,adj=.6,cex=.7) 

mtext(side=l,' Alarm Value',col=3,outer=T,adj=.95,cex=.7) 

#mtext(side=l,'360th Diffs',col=3,outer=T,adj=.66,cex=.75) 
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#mtext(side=l,'1445th Diffs',col=4,outer=T,adj=l,cex=.75) 

dev.off() 

detach(l) 

#data<-matrix(0,1450,60) 

#data.true<-matrix(0,1450,60) 

#data.bin<-matrix(0,1450,60) 

#data.percent<-matrix (0,1450,60) 

#data.percent. dif. array<-array(0,c(3,1450,60)) 

#unit.total<-matrix(0,1450,60) 

#unit.gape<-matrix(0,1450,60) 

##unit.gape.dif.array<-array(0,c(4,1450,12)) 

#alarm.array<-array(0,c(4,1450,15)) 

#times<-vector(mode="character", length=1450) 

#bad.channels<-matrix(0,1450,6) 

#forecast<-matrix(0,1450,8) 

#z.score<-matxix(0,1450,4) 
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Visual Basic program to run realtime analysis and post data to internet - realtime.vbp. 

Attribute VB_Name = "Module 1" 

Declare Function MetaGif Lib "METAGIF32.DLL" (ByVal szWmf As String, ByVal 

szGif As String, ByVal scaleX As Long, ByVal scaleY As Long) As Long 

Declare Function MetaGifEx l ib "METAGIF32.DLL" (ByVal szWmf As String, ByVal 

szGif As String, ByVal scaleX As Long, ByVal scaleY As Long, ByVal opt As Long, 

ByVal param As Long) As Long 

Public filepresent As Integer 

Public endval As Integer 

Public counter As Integer 

Public filescopied As Integer 

Public filename As String 

Public filesize As Integer 

Public Const srcdir = "j:\" 

Public Const copydir = "c:\sfiles\datasave\" 

Public Const tempdir = "c:\sfiles\temp\" 

Public Const errordir = "c:\sfiles\dataerr\" 

Public Const gifdir = "c:\sfiles\gifitemp\" 

Public Const scratchdir = "c:\" 
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Sub conversion() 

FileCopy tempdir & filename, copydir & filename 

Kill srcdir & filename 

Kill tempdir &"**" 

r = MetaGif("c:\sfiles\giftemp\out.wmf"c:\sfiles\giftemp\current.gif', 100, 100) 

restart: On Error GoTo restart 

filenum = FreeFile 

Open "s:\www\jallen\current.gif' For Append Access Write As filenum 

Close filenum: 

FileCopy "c:\sfiles\giftemp\current.gif"s:\www\jallen\current.gif' 

Realtime.imagel.Picture = LoadPicture("c:\sfiles\giftemp\out.wmf') 

'mytime = Time 

'mydate = Date 

'filename = "c:\sfiles\wmfsave\" & Month(mydate) & Day(mydate) & Hour(mytime) & 

Minute(mytime) & ".wmf' 

'FileCopy "c:\sfiles\giftemp\out.wmf', filename 

Kill "c:\sfiles\giftemp\*.*" 

If endval = 1 Then End 

Realtime.Run_Timer.Enabled = True 

End Sub 

Sub Print_Data() 
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Realtime.PrintForm 

End Sub 

Sub fileclearO 

On Error Resume Next 

Kill gifdir &"*.*" 

Kill gifdir & "oldmetaV* .*" 

Kill "c:\sfiles\file.cur" 

Kill "c:\sfiles\file.dat" 

End Sub 

Sub lookforf!le() 

On Error GoTo errorline 

Realtime.fiIe_list.Path = scratchdir 

Realtime.file_list.Path = srcdir 

filename = Realtime.file_list.List(0) 

filenum = FreeFile 

Open srcdir & filename For Append Access Write As filenum 

Close filenum: 

FileCopy srcdir & filename, tempdir & filename 

filenum = FreeFile 

Open "c:\sfiles\file.cur" For Output Access Write As filenum 



119 

Write #filenum, filename 

Close filenum 

filenum = FreeFile 

filedate = Left(FileDateTime(tempdir & filename), 7) 

Open "c:\sfiles\file.dat" For Output Access Write As filenum 

Write #filenum, filedate 

Close filenum 

filepresent = 1 

GoTo endline 

errorline: filepresent = 0 

endline: End Sub 

sub splusstartO 

'Realtime.textl.LinkTopic = "S-pluslSCommand" 

'Realtime, textllinkltem = "CF_TEXT" 

'Realtime. textl.LinkMode = vbLinkManual 

'Realtime.textl .LinkExecute "sourceCc^sfiles/realtime.s')" 

'Realtime.textl .IinkMode = vbLinkNone 

Shell ( c:\spluswin\cmd\splus.exe BATCH c:\sfilesVrealtime.s") 

End Sub 
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Visual Basic program to analyze clam gape data and post to internet - realtime.frm. 

VERSION 4.00 

Begin VB.Form Realtime 

AutoRedraw = -1 True 

BackColor = &H00FFFFFF& 

Caption = "Realtime.exe" 

ClientHeight = 8085 

ClientLeft = 930 

ClientTop = 345 

ClientWidth = 10380 

Height = 8490 

Left = 870 

LinkTopic = "Forml" 

ScaleHeight = 8085 

ScaleWidth = 10380 

Top = 0 

Width = 10500 

Begin VB.CommandButton Print_command 

Caption = "Print Data" 

Height = 375 

Left = 3480 

Tablndex = 4 
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Top = 120 

Width = 1575 

End 

Begin VB.TextBox Textl 

Height = 375 

Left = 9720 

Tablndex = 3 

Text = "source('c:/sfiles/realtime.s') 

Top = 120 

Visible = 0 'False 

Width = 375 

End 

Begin VB.FileListBox FileJList 

Height = 255 

Hidden = -1 True 

Left = 1200 

Pattern = "* dat" 

Tablndex = 2 

Top = 840 

Visible = 0 "False 

Width = 375 

End 
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Begin VB .Timer Run_Timer 

Enabled = 0 'False 

Interval = 30000 

Left = 9240 

Top = 120 

End 

Begin VB .Timer Wait JFor_Output_Timer 

Enabled = 0 Talse 

Interval = 10000 

Left = 8640 

Top = 120 

End 

Begin VB.CommandButton Command2 

Caption = "End Data Analysis" 

Height = 375 

Left = 1800 

Tablndex = 1 

Top = 120 

Width = 1575 

End 

Begin VB.CommandButton Commandl 

Caption = "Start Data Analysis" 
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Height = 375 

Left = 120 

Tablndex = 0 

Top = 120 

Width = 1575 

End 

Begin VB .Image Imagel 

Height = 7335 

Left = 120 

Top = 600 

Width = 10095 

End 

End 

Attribute VB_Name = "Realtime" 

Attribute VB_Creatable = False 

Attribute VB_Exposed = False 

Private Sub Commandl_Click() 

Run_Tirner.Enabled = True 

End Sub 

Private Sub Command2_Click() 
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endval = 1 

End Sub 

Private Sub filel_Click() 

End Sub 

Private Sub Print_command_Click() 

Print_Data 

End Sub 

Private Sub Run_Timer_Timer() 

On Error Resume Next 

counter = counter + 1 

Run_Timer.Enabled = False 

fileclear 

lookforfile 

If filepresent = 0 Then Run_Timer.EnabIed = True: Exit Sub 

splusstart 

Wait_For_Output_Timer = True 

End Sub 

Private Sub Timer2_Timer() 
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Timer2.Enabled = False 

waitvaloutput = 0 

End Sub 

Private Sub Timerl_Timer() 

End Sub 

Private Sub Wait_For_Output_Timer_Timer() 

Wait_For_Output_Timer.Enabled = False 

outfile = Dir("c:\sfiles\giftemp\out.wmf') 

If outfile o "" Then conversion Else Wait_For_Output_Timer.Enabled = True 

End Sub 
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Form=realtime.frm 

Module=Modulel; realtime.bas 

Object={3B7C8863-D78F-101B-B9B5-04021C009402}#1.0#0; RICHTX32.0CX 

Object={00028C01-0000-0000-0000-000000000046 }#1.0#0; DBGRID32.0CX 

Reference=*\G {BEF6E001 - A874-101A- 8BB A-00AA00300C AB} #2.0#0#C AWINDOW 

S\SYSTEM\0LEPR032.DLL#Standard OLE Types 

Reference=*\G{00025E01-0000-0000-C000-000000000046}#3.0#0#C:\PROGRAM 

FHJESXCOMMON FILESVMICROSOFT SHARED\DC:\PROGRAM FIL#Microsoft 

DAO 3.0 Object Library 

Proj WinSize=82,606,194,128 

ProjWinShow=2 

IconFonn="Realtime" 

ExeName32="realtime.exe" 

Path32="C:\SFILES" 

Name="Projectl" 

HelpContextE)="0" 

StartMode=0 

VersionCompatible32=,,0" 

MajorVer=l 

MinorVer=0 

RevisionVer=0 

AutoIncrementVer=0 
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ServerSupportFiles=0 

VersionCompanyName="UNT" 
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