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The physiological responses of Mvriophvllum spicatum to 

2,4-D, diquat and copper were quantified using a plant 

tissue viability assay, and daily measures of dissolved 

oxygen and pH. Correlations of herbicide tissue residues 

to physiological response measures were determined and the 

relationship was used to develop exposure-response models. 

Diquat and copper had a greater effect on plant tissue 

viability than was observed for 2,4-D. Diquat produced 

greater reductions in dissolved oxygen concentrations and 

pH values than 2,4-D or copper. Copper exposure had the 

least effect on these parameters. 

Exposure-response models developed for 2,4-D predicted 

effective control at plant tissue residues ranging from 

4000 to 4700 mg/kg. Aqueous exposure concentrations 

necessary to produce effective control plant tissue 

residues ranged from 0.20 to 0.40 mg/L. Exposure-response 

models developed for diquat predicted effective control at 

plant tissue residues ranging from 225 to 280 mg/kg. 

Aqueous exposure concentrations necessary to produce 

effective control plant tissue residues ranged from 0.113 



to 0.169 mg/L. Exposure-response models developed for 

copper predicted effective control at plant tissue residues 

ranging from 680 to 790 mg/kg. Aqueous exposure 

concentrations necessary to produce effective control plant 

tissue residues ranged from 0.32 to 0.64 mg/L. Model 

predictions for 2,4-D, diquat and copper were within 0.5 

mg/L of the manufacturers' label recommendations for these 

herbicides. 

The use of laboratory microcosms in development of 

exposure-response models for diquat and copper produced 

results comparable to those using the larger-scale 

greenhouse systems. Diquat effectively controlled M. 

spicatum at lower tissue residues than 2,4-D or copper. In 

addition, initial aqueous exposure concentrations were also 

lower for diquat. 

Use of these models in field situations should be 

coupled with considerations of quantity of biomass present 

and environmental conditions, such as turbidity, in order 

to accurately calculate exposure concentrations necessary 

for effective tissue residues. Thus, the use of these 

models can be used to optimize the impact on the target 

species while minimizing exposure for nontarget species. 
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CHAPTER I 

INTRODUCTION 

Preventing or controlling an aquatic ecosystem 

imbalance such as the excessive growth of aquatic plants 

entails use of one or more physical, mechanical, chemical 

or biological methods. An integrated aquatic weed 

management program may be developed to determine the 

optimal control strategy for a given problem situation. 

Integrated weed management entails use of one or more 

aquatic weed control methods to produce the desired degree 

of control while concurrently minimizing risks to nontarget 

species. The use of aquatic herbicides is one of the most 

frequently used control methods chosen in integrated weed 

management programs (Brooker and Edwards, 1975). 

Using herbicides in an aquatic weed management program 

involves detailed examination of the fate and effects of 

the chemical or chemicals chosen. There are approximately 

13 herbicides currently registered with the United States 

Environmental Protection Agency (USEPA) for aquatic use 

under the Federal Insecticide, Fungicide, Rodenticide Act, 

FIFRA (Rodgers et al., 1983). However, state regulations 

further narrow the choice of chemical. State regulations 
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are often based upon the fate and effects (toxicology) of 

the chemical relative to the intended water body use. In 

addition to complying with federal and state regulations, 

herbicide users must develop an application methodology 

which will fulfill the goals or objectives of an integrated 

weed management program. 

Environmentally safe and efficient aquatic weed 

management strategies are needed. Efficacious use of 

herbicides in aquatic systems requires fate estimations 

(modeling). In addition, understanding the biological 

effects of a chemical in an aquatic environment can provide 

a priori estimation of the feasibility of a proposed 

chemical treatment. 

Data are not available to determine the herbicide 

concentration necessary for 100% control of a given target 

aquatic plant species. Often, approximate concentrations 

are used in weed control practices, with little or no 

concern for quantity of biomass or environmental conditions 

present. Frequently, application rates exceed effective 

concentrations thus unnecessarily exposing nontarget 

species to the aquatic herbicide. Although there are many 

environmental factors involved in determination of 

herbicide exposure to the target species, one factor 

remains prevalent: The amount of herbicide that comes in 

direct contact with the tissue of the target plant species 

will be a determining factor in herbicide effectiveness. 
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If one were to correlate herbicide tissue concentration to 

the physiological responses of the target species and then 

couple this relationship with the established fate models 

of a given herbicide, the resulting model could be utilized 

in a predictive capacity. 

One of the main objectives of this doctoral research 

was to correlate herbicide concentrations of 2,4-D, diquat 

and copper-ethylenediamine complex in plant tissue with the 

physiological responses of Eurasian watermilfoil 

(Mvriophvllum spicatunO . These relationships allowed the 

development of exposure-response models for a priori 

predictions of the exposure concentration required to 

produce 100% control of the target species. In practice, 

this may reduce risks of effects on nontarget species and 

unnecessary waste of costly herbicides. 

Herbicide Effectiveness 

The effectiveness of an aquatic herbicide is dependent 

upon its mode of action, exposure concentration, method of 

application, the fate processes and characteristics of the 

chemical, environmental conditions and physiological state 

of the target species. 

Mode of Action 

Svtemic herbicides - Classification of a herbicide is 

determined by its mode of action on a given target species. 

One such class is the systemic herbicides. Systemic 
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herbicides move within the target species and are effective 

in organs that do not receive a direct application of the 

herbicide. Systemic herbicides may be transported in the 

plant either apoplastically (intercellularly) or 

symplastically (intracellularly) (Ashton and Crafts, 1981). 

Translocated herbicides may have much slower uptake rates 

than contact herbicides. Inhibition of growth is a primary 

effect of systemic herbicides which can be caused directly, 

by interference with cell division or enlargement, or 

indirectly, by interfering with metabolic processes. The 

effectiveness of a systemic herbicide is dependent upon the 

distribution of the chemical in plant tissue, as well as 

the physiological condition of the target species. 

The phenoxy herbicide, 2,4-dichlorophenoxyacetic acid 

(2,4-D) is widely used as an aquatic systemic herbicide for 

control of nuisance aquatic vegetation. The 2,4-D dimethyl 

amine salt (2,4-D DMA) formulation, dissociates less than 

the alkali salt formulation (Ashton and Crafts, 1981). As 

a result of the negatively charged nature of the outer and 

inner leaf (apoplast or phloem) structures, the amines 

enter the plant more readily. Dissociation occurs more 

completely once the amine salt is within the inner leaf 

structure (Ashton and Crafts, 1981). The phenoxy 

herbicides such as 2,4-D tend to concentrate in the 

actively growing part of the leaves and stems. The 

herbicide 2,4-D enters the symplast of aquatic plants such 
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as Mvriophvllum brasiliense Camb. and translocates in the 

phloem with other plant assimilates (Sutton and Bingham, 

1970). Absorption of 2,4-D by open stomates and basipetal 

movement of 2,4-D from mature leaves to lateral branches 

and roots via the phloem also has been described (Sutton 

and Bingham, 1970). 

The areas of active metabolism which are affected by 

2,4-D are usually remote from the point of application 

(Ashton and Crafts, 1981). The specific mode of action of 

2,4-D is stimulation of rapid cell growth, primarily in 

dicots, resulting in the destruction of the structural 

integrity of supporting tissues. Monocots may contain 

enzymes capable of degrading this compound before it exerts 

its toxic effect. Epinastic bending (downward inclination 

that commonly occurs in petioles) is reported to occur 

following foliar application (Ashton and Crafts, 1981). 

Dedifferentiation and initiation of rapid cell division 

occurs in certain mature cells in contrast to the 

inhibition of cell division in primary meristem. 

Copper complexes (copper sulfate, copper-

ethylenediamine and copper-triethanolamine), which are also 

classified as systemic herbicides, are the most frequently 

used herbicides in waters designated as potable water 

supplies (Frank, 1972). Copper complexes are used 

primarily to control algal blooms, however, they are also 

used in vascular aquatic weed control. 
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The specific mode of action of copper is poorly 

understood but current theories include the specific 

inhibitory effect on the Mehler reaction, a Hill reaction 

with oxygen as the electron acceptor (Singh and Singh, 

1987). Nielsen (1969) correlated increase in copper-

specific toxicity in Chlorella with increasing exposure to 

light. In this study, it was proposed that copper was 

bound to the cytoplasmic membrane, preventing cell division 

and thus resulting in accumulation of photosynthate, which, 

in turn, further reduced photosynthesis through a feedback 

inhibition mechanism. Membrane damage occurred in 

Chlorella exposed to excessive concentrations of copper 

(Gross et al., 1970). This damage was proposed to alter 

chlorophyll and carotenoid pigments, thus reducing 

photosynthesis and respiration. Kay and coworkers (1984) 

found that copper inhibited new root growth and interfered 

with root function. Interference with growth and function 

was thought to have resulted from rapid development of 

chlorosis in both the newly-formed and older leaves. 

Contact herbicides - Application of contact herbicides or 

nonsystemic chemicals is usually foliar, although 

translocation through the roots does occur (Ashton and 

Crafts, 1981). The effectiveness of this class of 

herbicide will, be partially dependent upon the surface 

area of the target species (Holly, 1976). Environmental 

conditions, maturity of the plant and method of application 



will also play a role in determining their effectiveness. 

Often contact herbicides will cause foliar damage and kill 

the plant before growth inhibition is observed (Ashton and 

Crafts, 1981). 

Diquat (1,l-ethylene-2-2'-dipyridilium dibromide) is a 

commonly used contact aquatic herbicide. This bipyridilium 

compound is thought to directly interfere with the 

photosynthetic mechanisms of the target species (Brooker 

and Edwards, 1973). Diquat appears to liberate active 

radicals such as peroxides within the plant cell (WSSA, 

1983) . 

Species-Specific Effects 

2.4-D - The amine salt formulation of 2,4-D varies in 

its toxicity to aquatic macrophytes and higher aquatic 

organisms (Table I). Treatment of 10 ha plots in Lake 

Seminole, Georgia with concentrations of 2,4-D DMA 

approximating 45 kg/ha, produced complete control of JL. 

spicatum for more than 70 days after initial treatment. In 

the same study, plots treated with 22.5 kg/ha 2,4-D DMA 

exhibited regrowth by day 70 with the apical meristems of 

M*. spicatum at least 0.3 m from the water surface (Hoeppel 

and Westerdahl, 1983). The biomass of other aquatic plants 

such as coontail (Ceratophvllum demersum), southern naiad 

(Naias cruadalupensis), and eel grass (Vallisneria SP. ) 

appeared to increase slightly in the 22.5 kg/ha treatment 



TABLE I 

TOXICITY VALUES FOR 2,4-D 

Organism Toxicity Concentration 
(mg/L) 

Micropterus dolomeieui slight mortality 

Pimephales promelas 96 h LC50 

M. spicatum 

P. pectinatus 

threshold conc. 

threshold conc. 

100 (WSSA, 1983) 

DMA, 760 
(Mayer and 
Ellersieck, 1986) 

0.10-0.25 
(Westerdahl and 
Hall, 1982) 

0.10-0.25 
(Westerdahl and 
Hall, 1982) 
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plots. Hydrilla, Hvdrilla verticillata. did not regrow 

after 70 days in the 45 kg/ha treatment plots (Hoeppel and. 

Westerdahl, 1983). In another study performed by Wojtalik 

and coworkers (1971), applications of 3.7 to 7.4 kg/ha of 

2,4-D DMA achieved effective control of Mj_ spicatum 

populations within 3 to 4 weeks of application. However, 

coontail (Ceratophvllum demersunO and curly-leafed pondweed 

(Potamoqeton crispus and P. nodosus) were unaffected by 

2,4-D DMA treatment. The application of 5 to 10 kg/ha of 

2,4-D DMA to experimental ponds by Boyle (1980) effectively 

killed arrowhead (Saqittaria montividensisl but did not 

affect N. quadalupensis. 

Diouat - The toxicity of diquat varies among species 

of aquatic macrophytes and higher aquatic organisms (Table 

II). In a study performed by Blackburn and Weldon (1965), 

common duckweed (Lemna minor L.), giant duckweed (Spdrodela 

polyrhyza L.), and watermeal (Wolffia columbiana Karst.) 

were exposed to diquat in farm ponds ranging in size from 

1234 to 7404 m2. Nominal exposure concentrations ranged 

from 0.25 to 1.0 mg/L. Results indicated that the higher 

the concentration of diquat, the more rapid the chlorosis 

in all species. Giant duckweed was the most sensitive 

species to diquat, and watermeal was the most resistant. 

Light also affected the activity rate of diquat on giant 

duckweed. Orange-red (>600 nm) light produced the highest 

rate of photosynthesis and the greatest herbicidal 
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Organism 

TOXICITY VALUES FOR DIQUAT 

Toxicity Concentration 
(mg/L) 

Microoterus dolomieui no effect A O
 

• M
 

(Yeo, 1967) 

Leoomis sp. no effect < 1.0 (Yeo, 1967) 

Gambusia sp. no effect < 1.0 (Yeo, 1967) 

Elodea canadensis 100% control 0.25 (Yeo, 1967) 

Lemna minor 100% control 0.25-
1967) 

1.0 (Yeo, 

Ceratophvllum demersum 100% control 0.50 (Yeo, 1967) 

Mvrioohvllum exalbescens 100% control 0.50 (Yeo, 1967) 

Hvdrilla verticillata 100% control 0.50 
1969) 

(Mackenzie, 
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activity. 

Copper complexes - The copper complexes differ in 

their toxicity to various aquatic macrophytes and other 

higher aquatic organisms (Table III). Copper sulfate is an 

active ingredient in copper complex herbicides. Fifty 

percent inhibition of root growth was observed in M. 

spicatum when exposed to copper sulfate concentrations of 

0.25 mg/L (0.06 mg/L Cu++) (Stanley, 1974). Nominal 

concentrations of 3.0 mg/L (0.75 mg/L Cu++) had no effect 

on PQtam<?qet<?n SP-:., pipewort (Eriocaulon SP. ) . bulrush 

(Scirpus sp.), pickerelweed (Pontederia SP.), rush (Juncus 

§£.), or water-lily fNvmphaea sp.^ (Smith, 1939). However, 

Sutton and Blackburn (1971) found that 2.0 mg/L copper 

sulfate (0.5 mg/L Cu++) inhibited growth of variable-leafed 

milfoil (Mvriophvlum heterophvlluml. Treatment of 

experimental ponds with 3.0 mg/L copper sulfate (0.75 mg/L 

Cu++) severely damaged populations of crispus and water-

weed (Elodea Nuttallii); although, £. Nuttallii regenerated 

after 6 to 8 weeks. Experimental ponds were also treated 

with a nominal concentration of 1.0 mg/L copper sulfate 

(0.25 mg/L Cu++), and only slight damage was noted in musk 

grass (Chara s£.) and £*. crispus (Mcintosh, 1974). 

Time Varying Exposure Effects 

The effectiveness of herbicides varies with duration 

and magnitude of chemical exposure. Elliston and Steward 
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TABLE III 

TOXICITY VALUES FOR COPPER 

Organism Toxicity Concentration 
(mg/L) 

Daphnia magna 

Salmo qairdneri 

Elodea canadensis 

Potamoaeton sp. 

Lemna minor 

96 h LC50 

Lepomis machrochirus 96 h LC50 

24 h LC50 

100% control 

100% control 

100% control 

0.13 (Blaylock 
et. al., 1985) 

2.2 (Blaylock 
et. al., 1985) 

0.8 (WSSA, 1983) 

0.25 (Mcintosh, 
(1974) 

0.25 (Mcintosh, 
(1974) 

0.25 (Mcintosh, 
(1974) 
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(1972) performed a study to determine the response of M. 

spicatum to various exposure periods of a given 

concentration of the butoxyethanol ester of 2,4-D (2,4-D 

BEE). Plants exposed for 1 hr at a concentration of 5.0 

ppm 2,4-D BEE were killed in 8 weeks. A period of 4 weeks 

was required to kill the plants exposed to 5.0 ppm 2,4-D 

BEE for 24, 48 and 96 hr. 

In a comparative study by Quinn et al. (1977), M. 

spicatum and wild celery (Vallisneria americana) were 

continually exposed to various 2,4-D BEE and diquat 

concentrations. Watermilfoil exposed to diquat 

concentrations of 0.01, 0.1 and 1.0 ppm exhibited 90% 

mortality (based on visual vitality observations), in 13, 

13 and 11 days, respectively. Wild celery exposed to 

diquat concentrations of 0.01, 0.1 and 1.0 ppm exhibited 

90% mortality in 50, 4 and 4 days, respectively. Effective 

control was achieved more rapidly in the higher diquat 

concentrations for both species. However, Vj_ americana was 

more sensitive to diquat exposure than was M;. spicatum. In 

the same study, spicatum was exposed to 2,4-D BEE 

concentrations of 0.01, 0.1 and 1.0 ppm. Ninety percent 

mortality was observed in 22, 14 and 11 days for the 0.01, 

0.1 and 1.0 ppm concentrations, respectively. Wild celery 

exposed to 2,4-D BEE concentrations of 0.01, 0.1 and 1.0 

ppm exhibited 90% mortality in 39, 38 and 37 days, 

respectively. Effective control was observed in the higher 
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2,4-D concentrations for Mj_ spicatum. No relationship 

between 2,4-D exposure concentration and time to effective 

control was observed for V̂ . americana. Herbicide 

specificity was apparent in this study. Wild celery was 

more sensitive to diquat than 2,4-D. However, Mj. spicatum 

exhibited similar sensitivity to both diquat and 2,4-D. 

Herbicide Exposure and Fate 

A frequent objective in aquatic herbicide use is 100% 

control of the problem species in a given area. Currently, 

data are not available to provide the actual herbicide 

exposures required for effective control. Frequently, 

recommended treatment concentrations do not consider 

biomass of target species present or environmental factors. 

In determining effective exposure concentrations, a method 

of quantifying the response of the target species should be 

developed. Qualitative and quantitative response methods 

that have been used include visual observations of the 

treatment areas (Blackburn and Weldon, 1965; Mcintosh, 

1974), biomass measurements before and after treatment 

(Getsinger et al., 1982; Westerdahl and Hall, 1983), and 

utilization of vital stains and dyes as indicators of live 

plant tissue (Gaff and Okong'O-Ogola, 1971; Davies and 

Seaman, 1968). Many factors play roles in achieving 100% 

control of a problem species. 

Initial herbicide concentration and exposure - The 
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initial exposure concentration of an aquatic herbicide is 

usually determined by the manufacturer's recommended 

treatment concentration (USEPA approved under FIFRA) which 

is based upon results of a series of tests performed by the 

manufacturer on a variety of target species (Frizzel, pers. 

comm., 1987). The treatment recommendation is designed to 

provide 100% effective control within a given range of 

environmental conditions for a variety of target species. 

Optimal use of the herbicide in terms of cost to the user 

and minimization of effects on nontarget species is also 

considered in the treatment recommendation. The 

recommended treatment may be in excess of the concentration 

that is necessary to produce 100% effective control for a 

particular species. Consequently, minimization of exposure 

to non-target species is often not achieved utilizing the 

manufacturer's recommended treatment concentration. As a 

result, the cost to the user is unnecessarily high, and the 

risk of effects on nontarget species is increased. 

Refinement of the recommended concentrations for many 

aquatic herbicides based on environmental conditions, 

target species, and environmental fate is needed. 

Fate processes of herbicides - The method of aquatic 

herbicide application should depend upon the environmental 

fate of the chemical, nontarget species toxicity, 

environmental conditions, the water body type and the water 

body use. The environmental fate of a given herbicide is 
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largely dependent on its chemical properties. The 

physical/chemical properties include solubility, 

equilibrium vapor pressure, octanol/water partition 

coefficient and pK. The structure and chemical 

characteristics of 2,4-D (Table IV), diquat (Table V) and 

copper complexes (Table VI) will, in part, determine their 

major chemodynamic and biodynamic fate processes and 

chemical distribution (e.g. adsorption and 

bioconcentration). 

Sorption - The process of sorption involves the 

extensive binding of a given chemical with sedimentary and 

detrital materials. Many factors such as physical and 

chemical characteristics of the binding surface will 

influence sorption of a herbicide. The herbicide which 

sorbs onto a surface from the aqueous phase does so against 

its solubility potential (Tinsley, 1979). An inverse 

relationship exists between solubility and sorption for 

many compounds (Chiou et al., 1979). In many cases, it is 

possible to predict the sorption potential by the 

solubility of that compound. 

The acid formulation of 2,4-D is considered a highly 

soluble compound (solubility= 620 ppm) (Allebone et al., 

1975). This herbicide is expected to have a relatively low 

sorption coefficient (Kp= 0.09 to 1.30) (Grover, 1973). In 

the case of diquat, the inverse relationship between 

sorption and solubility does not exist. Diquat with water 
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TABLE IV 

STRUCTURAL AND CHEMICAL CHARACTERISTICS OF 2,4-D DMA 

Parameter 

Molecular Structure /==\ ^°H3 CI /)—OCHgCqOJH-H^ 

Molecular Formula 
ci 3 

c8h6c12°3 

Molecular Weight 221.0 

Vapor Pressure 0.4 nun Hg at 160 C 

Solubility (Water) 3000 mg/L at 20 C 

Half-life (Water) 10 to 50 days (Nesbit and 
Watson, 1980) 

Sorption K o c 330 (Neely and MacKay, 
1981) 

Octanol/Water 
Partition Coefficient 

K o w 645 (Chiou et al., 1977) 

K o w 1100 (Neely and MacKay, 
1981) 

Biodegradation Kjj Half-life 6 to 40 days 
(DeMarco et al., 1967) 
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TABLE V 

STRUCTURAL AND CHEMICAL CHARACTERISTICS OF DIQUAT 

Parameter 

Molecular Structure 

Molecular Formula 

Molecular Weight 

Solubility (Water) 

Half-life (Water) 

Rate Constant (Overall) 

Photolysis 

Hydrolysis 

Sorption 

Bioconcentration 

2 B r 

c12 H12 N2 B r2 

184.0 (Cation) 
344.0 (Dibromide Salt) 

700 mg/L (Pack, 1984) 

1 to 2 days (Hiltebran et 
al., 1972) 

Kij 0.075 d - 1 (Grzenda et 
al., 1966) 

Kip 0.93 d"1 (Frank and 
Comes, 1967) 

K T 0.43 d"1 (Yeo, 1967) 

K«p 0.04 d"1 (Simsiman and 
Chesters, 1976) 

50% loss in 48 h with UV 
(Zepp et al., 1975) 

Potential Alkaline 
Hydrolysis 

Kp 31.2 (Tucker et al., 
1975) 

Kp 40.5 (Simsiman and 
Chesters, 1976) 

1 (Haven, 1969) 
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TABLE VI 

STRUCTURAL AND CHEMICAL CHARACTERISTICS OF COPPER COMPLEX 

Parameter 

Molecular Weight 

Solubility (Water) 

Rate Constant (Overall) 

Photolysis 

Sorption 

249.68 (Copper Sulfate) 

3100 mg/L at 100 C (Copper 
Sulfate) 

Infinite Persistence 

Stable 

Important Process for Organic 
Sediments, Precipitates on Clays, 
Forms Insoluble Copper 
Hydroxides, Phosphates, or 
Carbonates 
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solubility of 700 ppm (Pack, 1984) has reported Kps of 31.2 

(Tucker et al., 1967) and 40.5 (Simsiman and Chesters, 

1976) which are high relative to other solubleherbicides 

such as 2,4-D. This bipyridilium compound is reported to 

be rapidly lost from water by first binding reversibly to 

the organic fraction of the sediments and then becoming 

irreversibly adsorbed to clay where it is thought to be 

biologically unavailable (Burns and Audus, 1976). In a 

study performed by Simsiman and Chesters (1976), diquat was 

degraded to water soluble products within 22 days after 

treatment, and minimal sediment adsorption occurred (19%) 

in the presence of aquatic macrophytes. However, in this 

same study, diquat was readily sorbed to sediments in weed-

free sediment-water systems and remained detectable for 180 

days. 

Sorption is an important fate process for copper. 

Copper sorbs readily to organic sediments, precipitates on 

clays, and forms insoluble copper hydroxides, phosphates 

and and carbonates (WSSA, 1983). 

Phytoconcentration - Phytoconcentration is the 

process by which plant tissue accumulates a compound that 

was present in the environment. This process is dependent 

upon several factors. The exposure concentration will 

determine the maximum concentration possible in plant 

tissue. Studies correlating the lethal concentration of 

herbicides in plant tissues with the minimum time required 
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to attain that concentration for effective weed control are 

lacking. 

Photolysis - Photolysis is the breakdown of a 

chemical into degradative products by electromagnetic 

radiation in the range of 240-700 nm (Tinsley, 1979). In 

some cases, the daughter products produced may be more 

toxic than the parent compound. Photolysis is not a major 

degradative process for 2,4-D. The methyl ester of 2,4-D 

is reported to have a photolytic half-life of 29 days for a 

mixed body of water 1 m deep for a 12-h day in September in 

the southern United States. The 2-Butoxyethyl ester of 

2,4-D was determined to have a more rapid photolytic half-

life of 16 days (Tinsley, 1979). 

One of the major fate transformation pathways for 

diquat is photodegradation. Diquat has reported aqueous 

residence times ranging from 14 (Gangstad, 1978) to 21 

(Mackenzie, 1969) days when applied in concentrations 

ranging from 0.5 to 1.0 ppm, respectively. A 50% loss of 

diquat within 48 h was noted when exposed to UV light (Zepp 

et al.,1975). Copper complexes in contrast to 2,4-D and 

diquat are relatively stable when exposed to light (WSSA, 

1983) . 

Volatilization - It is generally assumed that a 

highly soluble chemical will be less likely to volatilize 

(Tinsley, 1979). Copper sulfate, which has a solubility of 
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3100 ppm is classified as non-volatile (WSSA, 1983). 

Diquat has a solubility of 700 ppm. Volatilization is not 

a dominant fate process for diquat (Simsiman and Chester, 

1976). The herbicide 2,4-D also has a negligible 

volatilization rate. The volatilization half-life for the 

methyl ester and 2-Butoxy ethyl ester formulations of 2,4-D 

were found to be 38.5 and 1830 days, respectively (Tinsley, 

1979) . 

Biodegradation - Biodegradation is the breakdown of 

compounds mediated by microorganisms. Biodegradation is 

the major fate process for 2,4-D. Demarco and coworkers 

(1967) found biodegradation half-lives for 2,4-D DMA to 

range from 6 to 40 days. An overall half-life of 3.9 days 

was determined from a "jar study" utilizing river waters by 

Robson (1968). 

The dominant fate pathway of diquat in aquatic systems 

is suggested to be microbial degradation. However, when 

diquat is sorbed to the sediments, it is unavailable to the 

microbial community and therefore persists for a long time 

(Funderburk, 1969). Copper is not biodegraded and remains 

in the environment indefinitely. 

Hydrolysis - Chemicals can undergo reactions with 

water molecules in the environment resulting in the 

replacement of an existing group with a hydroxyl group 

(Dickson et al,., 1981) . The water pH plays a critical role 
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in the rate of hydrolysis for a given chemical. 2,4-D 

exhibits basic and acidic hydrolysis in the ester 

formulations (Zepp et al., 1975). Diquat has been found to 

undergo alkaline hydrolysis (WSSA, 1983). 

Nasu et al. (1983) found that copper inhibited the 

growth of Lemna paucicostata more strongly at pH 5.1 than 

at pH 4.1. The addition of ammonium ions was found to 

suppress copper absorption in Lemna paucicostata thereby 

decreasing its effectiveness. Finlayson (1980) suggested 

that the toxicity of copper sulfate is dependent on the 

disassociation of the cupric ion from the chelated copper-

ethylenediamine complex. 

Scope of Study 

The main goals of this research have been to determine 

and quantify physiological responses of Myriophvllum 

spicatum to three aquatic herbicides; 2,4-D, diquat and a 

copper complex and to couple these responses with the 

herbicide concentration in the plant tissue. The 

physiological response measurements used included a 2,3,5-

triphenyl tetrazolium chloride (TTC) plant tissue viability 

assay, system dissolved oxygen (DO) concentrations and 

system pH values. Development of exposure-response models 

for 2,4—D, diquat and copper provided a priori predictions 

concerning the exposure concentrations required to produce 

100% control of Mj_ spicatum. This may reduce the risks of 
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effects on nontarget species and unnecessary environmental 

exposure. 

Hypotheses 

Numerous specific hypotheses were presented by this 

research. The series of hypotheses will be tested and 

discussed. 

Hoi: The exposure of M_s_ spicatum to 2,4-D, diquat and 

copper will elicit the same effects on tissue viability, 

dissolved oxygen concentrations and pH values. 

Ho2: The establishment of an LC50 for a given herbicide is 

predictive of the LC100 for that same chemical and JL. 

spicatum. 

Ho3: There is no relationship between body or tissue 

burden of a contact herbicide (diquat and copper complex) 

within the target species (M. spicatum^ and the 

mortality of that same target species. 

Ho4j. There is no relationship between the body or tissue 

burden of a systemic herbicide (2,4-D) within the target 

species (M. spicatum^ and the mortality of that 

same target species. 

Ho5: The manufacturer's recommended dose concentration is 

not significantly different from the LC100 for a given 

herbicide and target species. 
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Ho6: The relative size and complexity of an experimental 

system does not affect the fate of a given chemical nor the 

physiological response the chemical elicits on the target 

species. 

Ho7: A fate model for a given herbicide can predict the 

concentration of that herbicide at a given point in time. 

An exposure-response model developed for a given herbicide 

can then utilize the predicted concentration from the fate 

model and predict the response of a given species to that 

herbicide concentration. 



CHAPTER II 

MATERIALS AND METHODS 

This study was designed to monitor the distribution of 

three herbicides, 2,4-D, diquat and copper in water, plant 

tissue and sediment, in addition to quantifying the 

physiological response of M. spicatum to these herbicides 

(Table VII). 

Experimental Design 

2.4-D 

Laboratory microcosms - Fifteen, 36-L glass aquaria 

were used as static experimental aquatic microcosms. 

Approximately 20 L of nutrient culture medium (Smart and 

Barko, 1985) were added to each system. Light was provided 

by a bank of fluorescent, 40-watt bulbs (140 ft/candles) 

which operated on a 12-hour light/dark cycle. Temperature 

ranged from 19 to 22 °C. Approximately 300 g wet weight of 

JL. spjcatum, obtained from Pat Mayse Lake (Lamar County), 

Paris, Texas, was added to each microcosm. 

Plants were allowed to grow in the microcosms for 

approximately 4 to 6 weeks prior to treatment. Dissolved 

oxygen and pH were monitored prior to treatment. Three 

26 
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aquaria were randomly assigned to each of the four 

treatment exposures and three aquaria served as controls. 

The liquid formulation of 2,4-D dimethylamine (Weed Rhap, 

46.7% active ingredient) was used as the treatment 

variable. Targeted exposure concentrations were 0.05, 

0.10, 0.20 and 0.40 mg/L 2,4-D. Herbicide concentrations 

in water and plant tissue were monitored through time. The 

physiological response of spicatum to 2,4-D was 

determined utilizing TTC as an indicator of viable plant 

tissue, as well as, daily DO and pH measurements as 

indicators of photosynthetic and respiratory processes 

(Davies and Seaman, 1968). Dissolved oxygen and pH were 

measured twice daily throughout the study. TTC was 

measured at designated intervals corresponding to fate 

measurements and visual observations. 

Greenhouse study - Eight circular plastic pools (114 

cm in diameter and 29 cm in depth) containing 6 cm of Pat 

Mayse Lake sediment, were used as static experimental 

aquatic systems. Systems were located in an enclosed, 

temperature controlled greenhouse located on the North 

Texas State University campus. Pools were filled with 120 

L of water (City of Denton). Natural sunlight was the sole 

light source. Temperature of the systems ranged from 28 to 

34 °C. Approximately 50 sp-icat-.iim apical segments, 

obtained from Pat Mayse Lake, 10 cm in length, were planted 

in each pool. JL. spicatum was permitted to grow for 4 to 6 
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weeks prior to treatment. Dissolved oxygen and pH were 

monitored prior to treatment. Three pools were randomly 

assigned to each of the two treatment exposures and two 

pools served as controls. The liquid formulation of 2,4-D 

dimethylamine (Weed Rhap, 46.7% active ingredient) was 

used. Targeted exposure concentrations were 0.05 and 0.20 

mg/L 2,4-D. Herbicide concentrations in the water and 

plants were measured through time. 

The physiological response of spicatum to 2,4-D was 

determined utilizing TTC as an indicator of viable plant 

tissue, as well as, daily DO and pH measurements as 

indicators of photosynthetic and respiratory processes. 

Dissolved oxygen and pH were measured twice daily 

throughout the study. TTC was measured at designated 

intervals corresponding to fate measurements and visual 

observations. 

Diouat 

Laboratory microcosms - Fifteen, 36-L glass aquaria 

were used as static experimental aquatic microcosms. 

Approximately 6 cm of Pat Mayse Lake sediment and 20 L of 

nutrient culture medium (Smart and Barko, 1985) were added 

to each system. Light was provided by a bank of 

fluorescent, 40-watt bulbs (140 ft/candles) which operated 

on a 12-hour light/dark cycle. Temperature of systems 

ranged from 19 to 22 °C. Approximately 300 g of wet weight 

L spicatum was planted in each aquaria and allowed to grow 
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for 4 to 6 weeks prior to treatment. Dissolved oxygen and 

pH were monitored prior to treatment. Three aquaria were 

randomly assigned to each of the four treatment exposures 

and three aquaria served as controls. The liquid 

formulation of diquat (Ortho, 35.3% active ingredient) was 

used as a treatment variable. Targeted exposure 

concentrations were 0.05, 0.075, 0.113 and 0.169 mg/L 

diquat. Herbicide concentrations in water, plant and 

sediment were monitored through time. 

The physiological response of H*. soicatum to diquat 

was determined using TTC as a vitality indicator of plant 

tissue, in addition to, daily DO and pH measurements as 

indicators of photosynthetic and respiratory processes. 

Dissolved oxygen and pH were measured twice daily 

throughout this study. TTC was measured at designated 

intervals corresponding to fate measurements and visual 

observations. 

Greenhouse study - Eight circular plastic pools (114 

cm in diameter, 29 cm in depth) containing 6 cm of Pat 

Mayse Lake sediment were used as static experimental 

aquatic systems. Pools were filled with 120 L of water 

(City of Denton). Natural sunlight was the sole light 

source. Temperature of the systems ranged from 10 to 25 

°C. Approximately 50 apical segments of spicatum. 

obtained from Pat Mayse Lake, 10 cm in length, were planted 

in each pool and allowed to grow for 4 to 6 weeks. 
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Dissolved oxygen and pH were monitored prior to treatment. 

Three pools were randomly assigned to each of the two 

treatments and two pools served as controls. The liquid 

formulation of diquat (Ortho, 35.3% active ingredient) was 

used as the treatment variable. Targeted exposure 

concentrations were 0.05 and 0.169 mg/L diquat. Herbicide 

concentrations in water, plant and sediment were monitored 

through time. 

The physiological response of JL. spicatum to diquat 

was determined utilizing TTC as an indicator of viable 

plant tissue, in addition to, daily DO and pH measurements 

as indicators of photosynthetic and respiratory processes. 

Dissolved oxygen and pH were measured twice daily 

throughout this study. TTC was measured at designated 

intervals corresponding to fate measurements and visual 

observations. 

qppper 

Laboratory microcosms - Fifteen, 36-L glass aquaria 

were used as static, experimental aquatic microcosms. 

Twenty L of nutrient culture medium (Smart and Barko, 1985) 

and 6 cm of Pat Mayse Lake sediment was added to each 

system. Light was provided by a bank of fluorescent 40-

watt bulbs (140 ft/candles) which operated on a 12-hour 

light/dark cycle. Temperature of the systems ranged from 

19 to 22 °C. Approximately 300 g of wet weight M. 

spicatum. obtained from Pat Mayse Lake, was planted in each 
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aquaria and allowed to grow for 4 to 6 weeks prior to 

treatment. Dissolved oxygen and pH were monitored prior to 

treatment. Three aquaria were randomly assigned to each of 

the four treatment exposures and three aquaria served as 

controls. The liquid formulation of copper-ethylenediamine 

complex (Koplex, 8% active ingredient) was used as the 

treatment variable. Targeted exposure concentrations were 

0.08, 0.16, 0.32 and 0.64 mg/L copper. Copper 

concentrations in water, plant and sediment were monitored 

through time. 

The physiological response of snicatum to copper 

was determined utilizing TTC as an indicator of viable 

plant tissue, in addition to, daily DO and pH measurements 

as indicators of photosynthetic and respiratory processes. 

Dissolved oxygen and pH were measured twice daily 

throughout this study. TTC was measured at designated 

intervals corresponding to herbicide concentration 

measurements and visual observations. 

Greenhouse study - Eight circular plastic pools (114 cm 

in diameter, 29 cm in depth) containing 6 cm of Pat Mayse 

Lake sediment were used as static experimental systems. 

Pools were filled with 120 L of water (City of Denton). 

Natural sunlight was the sole light source. Temperature of 

the pools ranged from 8 to 21 °C. Approximately 50 apical 

segments of spicatum. obtained in Pat Mayse Lake, 10 cm 

in length, were planted in each pool and permitted to grow 
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for 4 to 6 weeks prior to treatment. Three pools were 

randomly assigned to each of the two treatments and two 

pools served as controls. The liquid formulation of 

copper-ethylenediamine complex (Koplex, 8% active 

ingredient) was used as the treatment variable. Targeted 

exposure concentrations were 0.08 and 0.64 mg/L copper. 

Herbicide concentrations in water, plant and sediment were 

monitored through time. 

The physiological response of Jk. spicatum to copper 

was determined utilizing TTC as an indicator of viable 

plant tissue, in addition to, daily DO and pH measurements 

as indicators of photosynthetic and respiratory processes. 

Dissolved oxygen and pH were measured twice daily 

throughout this study. TTC was measured at designated 

intervals corresponding to herbicide concentration 

measurements and visual observations. 

Exposure Protocol 

2.4-D Treatment 

Laboratory microcosms - A preliminary test was 

performed to determine the concentrations of 2,4-D that 

would produce effects ranging from 0 to 100% mortality. 

Based on these results, the following concentrations were 

chosen: 0.0, 0.05, 0.10, 0.20, and 0.40 mg/L 2,4-D. Three 

microcosms were randomly assigned to each treatment. 

Treatment concentration was calculated based on herbicide 
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stock solution concentration and water volume of microcosm. 

Treatment solution was introduced into each microcosm 

following pretreatment measurements. 

Greenhouse study - Based on the results from the 

laboratory microcosm study, a minimum (0.05 mg/L) and 

maximum (0.40 mg/L) effect concentration was chosen as 2,4-

D treatment levels. Three pools were randomly assigned to 

each treatment level and two pools were used as controls. 

Treatment exposure was calculated based on herbicide stock 

solution concentration and pool dimensions. Herbicide 

solution was introduced into each pool following 

pretreatment measurements. 

Dicruat Test 

Laboratory microcosms - A preliminary test was 

performed to determine the concentrations of diquat that 

would produce effects ranging from 0 to 100% mortality. 

Based on these results, the following concentrations were 

chosen: 0.0, 0.05. 0.075, 0.113, and 0.169 mg/L diquat. 

Three microcosms were randomly assigned to each treatment 

level. Treatment exposure was calculated based on 

herbicide stock solution concentration and microcosm water 

volume. Herbicide solution was introduced into each system 

following pretreatment measurements. 

Greenhouse study - Based on the results from the 

laboratory microcosm study, minimum (0.05 mg/L) and maximum 
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(0.169 mg/L) effects concentrations were chosen as diquat 

treatment levels. Three pools were randomly assigned to 

each treatment level and two pools were used as controls. 

Treatment exposure was calculated based on herbicide stock 

solution concentration and pool dimensions. Herbicide 

solution was introduced into each pool following 

pretreatment measurements. 

Copper Test 

Laboratory microcosms - A preliminary test was 

performed to determine the concentrations of copper that 

would produce effects ranging from 0 to 100% mortality. 

Based on these results, the following concentrations were 

chosen: 0.0, 0.08, 0.16. 0.32 and 0.64 mg/L copper. Three 

microcosms were randomly assigned to each treatment level. 

Treatment exposure was calculated based on herbicide stock 

solution concentration and microcosm water volume. 

Herbicide solution was introduced into each system 

following pretreatment measurements. 

Greenhouse study - Based on the results from the 

laboratory study, a minimum (0.08 mg/L) and maximum (0.64 

mg/L) effect concentration was chosen as copper treatment 

levels. Three pools were randomly assigned to each 

treatment level and two pools were used as controls. 

Treatment exposure was calculated based on herbicide stock 

solution concentration and pool dimensions. Herbicide 
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solution was introduced into each pool following 

pretreatment measurements. 

Sampling Protocol 

2,4-D Treatment 

Chemical analysis - Water and plants were sampled from 

laboratory systems on days 1, 3, 7, 13 and 16. Water 

samples were extracted and analyzed immediately. Five to 

six segments of spicatum were removed from each 2,4-D 

treatment microcosm, placed in a ziploc plastic bag and 

frozen until extraction and analysis. Water and plants 

were sampled from greenhouse pools on days 0, 3, 5, 7, 12 

and 14. On day 28, water and plants only were sampled. 

Water samples were extracted and analyzed immediately. 

Five to six segments of M. spicatum were removed from each 

2,4-D treatment pool, placed in a ziploc plastic bag and 

frozen (-10 °C) until extraction and analysis. 

Effects—analysis — Apical tips of M. spicatum for TTC 

analysis were sampled from each microcosm on days -3, 3, 7, 

and 11. TTC samples were extracted and analyzed 

immediately. Apical tips of H;. spicatum for TTC analysis 

were sampled from each pool on days -1, 3, 7, 11, 13, and 

28. TTC samples were extracted and analyzed immediately. 

Diauat Treatment 

Chemical analysis - Water samples were collected 
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from each treatment microcosm on days 1 and 3 and extracted 

and analyzed immediately. Plants and sediments were 

sampled on days 1, 3, 7, 11 and 20. Five to six segments 

of 1L. spicatum were removed from each diquat treatment, 

placed in a ziploc plastic bag and frozen (-10 °C) until 

extraction and analysis. Sediment samples were collected 

on petri plates that had been placed in each microcosm 

prior to treatment. One petri plate was removed from each 

treatment on each day of sampling. Plates were capped, 

sealed and frozen until subsequent extraction and analysis. 

Water samples were collected from each treatment pool on 

days 1, 2, and 5. Samples were then extracted and analyzed 

immediately. Plants and sediments were sampled from pools 

on days 1, 2, 5, 9 and 12. Five to six segments of M. 

spicatum were removed from each diquat treatment pool, 

placed in a ziploc plastic bag and frozen (-10 °C) until 

extraction and analysis. Sediment samples were collected 

on petri plates that had been placed in each pool prior to 

treatment. One petri plate was removed from each treatment 

on each day of sampling. Plates were capped, sealed and 

frozen until subsequent extraction and analysis. 

Effects analysis - Apical tips of Jk. spicatum for TTC 

analysis were sampled from each microcosm on days -3, 3, 7, 

and 11. TTC samples were extracted and analyzed 

immediately. Apical tips for TTC analysis were sampled 

from each pool on days -1, 3, 7, 13 and 28. TTC samples 
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were extracted and analyzed immediately. 

Copper Treatment 

Chemical analysis - Total copper and dissolved copper 

samples were collected from each treatment microcosm on 

days 0, 2, 7 and 11. Samples were then acidified with 

concentrated nitric acid to pH 2 and stored at 4 °C until 

analysis. Plants and sediments were sampled on days 0, 2, 

7, and 11. Five to six segments of JL. spicatum were 

removed from each copper treatment microcosm, placed in a 

ziploc plastic bag and frozen (-10 °C) until extraction and 

analysis. Sediment samples were collected on petri plates 

that had been placed in each microcosm prior to treatment. 

One petri plate was removed from each treatment on each day 

of sampling. Plates were capped, sealed and frozen until 

subsequent extraction and analysis. Total copper and 

dissolved copper samples were collected from each treatment 

pool on days 0, 5, and 9. Samples were acidified to pH 2 

with concentrated nitric acid and stored at 4 °C until 

analysis. Plants and sediment were sampled on days 0, 5, 

and 9. Five to six segments of IL. spicatum were removed 

from each copper treatment pool, placed in a ziploc plastic 

bag and frozen (-10 °C) until extraction and analysis. 

Sediment samples were collected on petri plates that had 

been placed in each pool prior to treatment. One petri 

plate was removed from each treatment pool on each day of 

sampling. Plates were capped, sealed and frozen until 
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subsequent extraction and analysis. 

Effects analysis - Apical tips of JL. spicatum for TTC 

analysis were sampled from each microcosm on days -l, 3, 7 

and 11. TTC samples were extracted and analyzed 

immediately. Apical tips of JL. spicatum for TTC analysis 

were sampled from each pool on days -1, 5, 9 and 11. TTC 

samples were extracted and analyzed immediately. 

Herbicide Fate 

2.4-D Analysis 

Preparation of spiking standardards and gas liquid 

ShrPfflatPqraPhY (QLC) standards - A concentrated standard of 

1000 mg/L 2,4-D acid was prepared from the 2,4-D dimethyl 

amine salt formulation (Weed Rhap, liquid formulation, 

46.7% active ingredient). This standard was used to 

spike water, plant and sediment samples in the 

determination of percent recoveries and minimum detectable 

levels. A concentrated standard of 1000 mg/L 2,4-D methyl 

ester was prepared in concentrated hydrochloric acid-

extracted benzene and stored at 4 °C. Dilute standards of 

10 mg/L were prepared from the methyl ester stock solution 

in concentrated hydrochloric acid-extracted benzene and 

used in GLC analysis with a 0.6 or 2 m, 2 mm i.d. GP 5% 

DEGS-PS on 100/120 Supelcoport column. A Tracor 560 gas 

chromatograph equipped with an electron capture detector 
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and Hewlett-Packard integrator was used. High purity (99% 

+) 2,4-D methyl ester was obtained from Union Carbide, 

Agricultural Products Co., Research Triangle Park, North 

Carolina. 

Extraction protocol - water - in order to maximize 

extraction efficiency, water sample volume was dependent 

upon treatment concentration. A sample volume of 12 ml was 

employed for the 0.05 mg/L treatment microcosms. A sample 

volume of 4 ml was used for the 0.10, 0.20, and 0.40 mg/L 

treatment microcosms. Each water sample was placed in a 

screw-top tissue culture tube. Reagent grade methanol and 

hydrochloric acid were added to each sample. Samples were 

capped and incubated in darkness in a water bath (60 °C + 2 

°C) for 18 to 24 h. Following incubation, pesticide grade 

hexane was added and samples were vortexed for 10 minutes. 

The hexane layer was then analyzed using GLC. 

Extraction protocol - plants - Percent dry weight was 

determined for each sample. Each plant sample was placed 

in a coarse-fritted soxhlet glass thimble lined with glass 

wool. A 250-ml round bottom boiling flask containing 0.125 

N NaOH was attached to the soxhlet extraction apparatus and 

boiled for 5 to 8 h. Sample was transferred to a 250-ml 

separatory funnel and cleaned with reagent grade pentane. 

The sample was transferred to a glass sample bottle. 

Reagent grade methanol and hydrochloric acid were added to 
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each sample. The sample bottle was capped and incubated in 

darkness in a water bath (60 °C + 2 °C) for 18 to 24 h. 

Following incubation, samples were extracted with pesticide 

grade hexane. The hexane layer was collected in glass 

vials and analyzed using GLC. 

Extraction protocol - sediments - Percent dry weight 

of sediment was determined for each sample. Each sediment 

sample was placed in a coarse-fritted soxhlet glass thimble 

lined with glass wool. A 250-ml round bottom boiling flask 

containing 0.5 N NaOH was attached to the soxhlet 

extraction apparatus and boiled for 5 to 8 h. Sample was 

transferred to a 250-ml separatory funnel and cleaned with 

reagent grade pentane. The sample was transferred to a 

glass sample bottle. Reagent grade methanol and 

hydrochloric acid were added to each sample. The sample 

bottle was capped and incubated in darkness in a water bath 

(60 °C + 2 °C) for 18 to 24 h. Following incubation, 

samples were extracted with pesticide grade hexane. The 

hexane layer was collected in glass vials and analyzed 

using GLC. 

Diouat Analysis 

Preparation of spiking standards and spectrophotometer 

standards - a concentrated standard of 1000 mg/L diquat was 

prepared from diquat dibromide (Ortho, liquid formulation, 

35.3% active ingredient). This standard was used to spike 
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water, plant and sediment samples in the determination of 

percent recoveries and minimum detectable levels. A 

concentrated standard of 190 mg/L diquat cation was 

prepared from diquat dibromide standard (high purity, 99%+) 

obtained from U.S. EPA, Pesticides and Industrial Chemicals 

Repository, Research Triangle Park, North Carolina. Dilute 

standards were prepared and employed in spectrophotometric 

analysis. A Coleman Model 124, double-beam grating 

spectrophotometer was utilized in the detection of diquat 

at designated wavelengths (373, 377 and 378) (Chevron 

Chemical Co., 1967). 

Extraction protocol - water - Approximately 250 ml of 

water sample from each treatment were passed through a 

cation exchange column. Exchange columns were hollow glass 

tubes (14 cm in length and 1.6 cm inner diameter) fitted 

with teflon stopcocks. Columns were packed with cation 

exchange resin approximately 3.5 to 4.0 cm in height (Dowex 

50W-X8, 200-400 mesh hydrogen form). Column resin was 

washed consecutively with saturated sodium chloride and 

distilled water. Water samples were run through columns 

followed by 2 N hydrochloric acid and distilled water. A 

0.10 saturated ammonium chloride solution was passed 

through to remove weakly bound cations. Diquat was eluted 

from the columns in saturated ammonium chloride and brought 

UP to a standard volume. Samples were reduced with sodium 
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dithionite solution and analyzed on a Beckman model 25 

spectrophotometer (674, 678, 681 nm). 

Extraction protocol - plant - Plant sample was 

quantitatively transferred to a 250-ml boiling flask 

containing 100 ml of 18 N sulfuric acid. Sample was 

refluxed gently for 5 h and filtered through a preweighed 

glass fiber filter (0.45 i im) . Filter was dried at 103 to 

105 °C for 48 h. Filtered sample was passed through 

prewashed cation exchange columns. Following this, 2 N 

hydrochloric acid and distilled water were alternately run 

through. A 0.10 saturated ammonium chloride solution was 

passed through to remove weakly bound cations. Diquat was 

eluted from the columns in saturated ammonium chloride and 

brought up to a standard volume. Samples were reduced with 

sodium dithionite solution and analyzed on a Beckman model 

25 spectrophotometer (674, 678, 681 nm). 

Extraction protocol - sediment - sediment sample was 

quantitatively transferred to a 250-ml boiling flask 

containing 100 ml of 18 N sulfuric acid. Sample was 

refluxed gently for 5 h and filtered through a preweighed 

glass fiber filter (0.45 jim). The filter was dried at 103 

to 105 °C for 48 h. Filtered sample was passed through 

prewashed cation exchange columns. Following this, 2 N 

hydrochloric acid and distilled water were alternatively 

run through. A 0.10 saturated ammonium chloride solution 
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was passed through to remove weakly bound cations. Diquat 

was eluted from the columns in saturated ammonium chloride 

and brought up to a standard volume. Samples were reduced 

with sodium dithionite solution and analyzed on a Beckman 

model 25 spectrophotometer (674, 678, 681 run) . 

Copper Analysis 

Preparation of spiking standards and atomic absorption 

spectrophotometry standards - A concentrated standard of 

1000 mg/L copper was prepared from the copper-

ethylenediamine complex formulation (Koplex, liquid 

formulation, 8% active ingredient). This standard was used 

to spike water, plant and sediment samples in the 

determination of percent recoveries and minimum detectable 

levels. Dilute copper standards were prepared from a 

certified 1000 mg/L atomic absorption (AA) 

spectrophotometry standard and employed in AA analysis 

using a Perkin Elmer 2380 flame atomization atomic 

absorption spectrophotometer. 

Extraction protocol - water - Approximately 20 ml of 

water were removed from each treatment for the analysis of 

total copper. An additional 20 ml were removed from each 

treatment and passed through a 0.45um filter for the 

determination of dissolved copper. Water samples were 

stored in nalgene bottles and acidified to pH 2 with 

concentrated nitric acid. Samples were refrigerated (4 °C) 



46 

until analysis on AA. 

Extraction protocol - plant - Percent dry weight was 

determined for each sample. Each plant sample was placed 

in a 50-ml glass beaker. Approximately 10 ml of reagent 

grade nitric acid was added to each sample. Beakers were 

covered with watch glasses and boiled until solution was 

clear. Sample was quantitatively transferred to a 

volumetric flask and diluted to a standard volume with 

milli-Q water. Samples were transferred to nalgene bottles 

and refrigerated (4 °C) until analysis on AA. 

Extraction protocol - sediment - Percent dry weight 

was determined for each sample. Each sediment sample was 

placed in a 50-ml glass beaker. Approximately 10 ml of 

reagent grade nitric acid was added to each sample. 

Beakers were covered with watch glasses and boiled for 5 h. 

Aqueous extract was decanted quantitatively, transferred to 

a volumetric flask and diluted to a standard volume with 

milli-Q water. Samples were transferred to nalgene bottles 

and refrigerated (4 °C) until analysis on AA. 

Effects Analysis 

Water Quality Parameters 

Dissolved oxygen was measured daily, in the morning 

prior to daylight, and in the evening prior to darkness. A 

YSI model 54 DO meter and probe were used for determination 



47 

of DO for the laboratory and greenhouse studies. Dissolved 

oxygen of both laboratory and greenhouse microcosms was 

measured at least 7 days prior to the onset of treatment 

and continued for the duration of each study. 

The pH was measured daily, in the morning prior to 

daylight, and in the evening prior to darkness. A Fisher 

pH meter and probe were used for pH measurements for the 

laboratory and greenhouse studies. The pH of both 

laboratory and greenhouse microcosms was measured at least 

7 days prior to the onset of treatment and continued for 

the duration of each study. Conductivity was measured 

periodically throughout each study. A YSI model 33SCT 

meter and probe were used for determination of 

conductivity. Alkalinity and hardness were measured prior 

to each treatment and at the conclusion of each study. 

Methods for analyses were according to Standard Methods 

(APHA, 1985). 

2.3.5-TriPhenvl Tetrazolium Chloride Analysis 

Three apical tips of JL. spicatum were removed per 

sample for each microcosm and pool. Three replicate 

samples were collected from each microcosm and pool. 

Apical tips were placed in 125-ml erlenmeyer flasks. 

Flasks were filled with 0.05% TTC solution and stoppered to 

eliminate all air bubbles. Flasks were covered and 

incubated for 48 h at 30 °C. Following this, solution was 

poured out and apical tips were rinsed and ground in 10 ml 



48 

of reagent grade methanol. The ground solution was 

returned to original flask, stoppered, covered and 

incubated for 24 h at 35 °C. After incubation, samples 

were filtered through a preweighed 0.45pm glass fiber 

filter. The filter was dried at 105 °C for 24 h. Filtrate 

was brought up to standard volume with reagent grade 

methanol and analyzed on Beckman model 25 spectrophotometer 

at 518 nm (Davies and Seaman, 1968). 

Data Analysis 

The data were summarized and analyzed using the 

Statistical Analysis System (SAS) (SAS Institute Inc., 

Version 82.6) package of the North Texas State University 

computer facilities (Advanced Systems 8040). All effects 

parameters were compared using a Kruskal-Wallis ranked sums 

test with a Chi-square approximation (a =0.05) and 

Dunnett's Multiple Range test when multiple comparisons 

were made (Zar 1974; SAS Institute Inc., 1982a,b). 

Correlation analysis was performed to determine 

relationships between herbicide plant tissue concentration 

and degree of effects based on physiological measurements. 



CHAPTER III 

RESULTS 

2,4-D 

Laboratory Microcosms 

Fate parameters - Day 0 was the day of 2,4-D treatment. 

Aqueous 2,4-D concentrations in water (Figure 1) were below 

the minimum detectable level (0.040 mg/L) by day 0 and 1 

for the 0.05 and 0.10 mg/L treatment levels, respectively. 

Aqueous concentrations of 2,4-D were detectable in the 

water column on the last day of the study (day 16) for the 

0.20 and 0.40 mg/L treatment. The corresponding aqueous 

column half-lives, following maximum aqueous 

concentrations, were 0.67, 2.9 and 14.7 days for the 0.10, 

0.20 and 0.40 mg/L treatments, respectively. Aqueous 

concentrations of 2,4-D were not detected in the control 

systems. 

2,4-D concentration in M. spicatum tissue (Figure 2) 

was detectable in the 0.05, 0.10 and 0.20 mg/L treatments 

on day 16. M. spicatum in the 0.40 mg/L treatment had 

disintegrated and fallen to the bottom of the aquaria by 

day 13. Phytoconcentration factors (PCF) (relating to 

plant tissue/water concentration ratios) ranged from 3.0 to 

49 
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Fig. 1—Mean (+SD, n=3) aqueous 2,4-D concentrations 
(mg/L) in the 0.05, 0.10, 0.20 and 0.40 mg/L 2,4-D 
microcosm treatments. 
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Fig# 2 Mean (+SD, n=3) milfoil 2,4-D concentration 
(mg/L) in the 0.05, 0«3.0, 0*20 and 0.40 mg/L 2^4—D 
microcosm treatments. 
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39359. The PCF values (± standard deviation) at maximum 

plant concentration were 21705.7 ± 9699 and 13291.7 + 

4201.7 for the 0.20 and 0.40 mg/L treatments, respectively. 

Decay rates of 2,4-D in !k_ spicatum. following maximum 

plant concentrations, for the 0.05, 0.10, 0.20 and 0.40 

mg/L treatments were 0.105, 0.315, 0.141 and 0.019 d"1, 

respectively. Corresponding half-lives of 2,4-D in plant 

tissue were 6.6, 2.2, 4.9 and 37 days for the 0.05, 0.10, 

0.20 and 0.40 mg/L treatments, respectively. 

Effects parameters - Morning DO concentrations (Figure 3) 

for the control and the 0.05 mg/L treatments were 

significantly higher than the remaining 2,4-D treatments 

(p=0.0001) as determined by Kruskal-Wallis and Dunnett's 

multiple range tests. Evening DO concentrations (Figure 4) 

for the control treatment were significantly higher than 

the 2,4-D treatments (p=0.0001). Morning pH values for the 

0.40 mg/L treatment were significantly lower than the 

controls and remaining 2,4-D treatments (p=0.0010). 

Evening pH values (Figure 5) for the controls were 

significantly higher than the 2,4-D treatments (p=0.0001). 

The results of the plant tissue viability assay 

(Figure 6) indicate that M̂ . spicatum tissue in the control 

treatment was significantly more viable throughout the 

study than the 2,4-D treatments (p=0.0041) as determined by 

Kruskal-Wallis and Dunnett's multiple range test. 



55 

Fig. 3—Mean (+SD, n=3) morning dissolved oxygen 
concentrations (mg/1) in the control, 0.05, 0.10, 0.20 and 
0.40 mg/L 2,4-D microcosm treatments. 
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Fig. 4—Mean (±SD, n=3) evening dissolved oxygen 
concentrations (mg/L) in the control, 0.05, 0.10, 0.20 and 
0.40 mg/L 2,4-D microcosm treatments. 
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Fig. 5—Mean (±SD, n=3) evening pH values in the 
control, 0.05, 0.10, 0.20 and 0.40 mg/L 2,4-D microcosm 
treatments. 
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Fig. 6—Mean (+SD, n=9) TF values expressed as a 
percentage of the control value on a given day in the 0.05, 
0.10, 0.20 and 0.40 mg/L 2,4-D microcosm treatments. 



62 

"5 
-b 

o 
£ 

110 

100 -



63 

Exposure-response models - Response values were plotted 

against tissue herbicide concentrations to determine if a 

relationship existed between plant response and plant 

tissue herbicide residues. Response values beyond the 

point of 100% control were discarded. The remaining 

response values were log transformed. Linear regression 

was performed to determine significance of relationship. A 

significant relationship was found between morning 

dissolved oxygen concentrations and 2,4-D plant tissue 

residues (p=0.0207) (Figure 7). The regression equation 

for this model was log(morning DO) = -0.0001(2,4-D tissue 

residue) + 1.514 with an R2 = 0.24. A significant 

relationship was also found between TF values and 2,4-D 

plant tissue residues (p=0.0019) (Figure 8). The 

regression equation for this model was log(%TF) - -

.00007(2,4-D tissue residue) + 4.56 with an R2 = 0.39. 

Greenhouse Study 

Fate parameters - Day 0 was the day of 2,4-D treatment. 

Aqueous 2,4-D concentrations in water (Figure 9) were below 

the minimum detectable level (0.040 mg/L) by day 11 for the 

0.05 and 0.20 mg/L treatment levels, respectively. 

Corresponding aqueous column half-lives were 2.6 and 2.3 

days for the 0.05 and 0.20 mg/L treatments, respectively. 

Concentrations of 2,4-D were not detected in the control 

systems. 
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Fig. 7—Exposure-response curve depicting 
relationship between plant tissue 2,4-D burden (mg/kg) and 
morning dissolved oxygen concentrations (mg/L) for the 
0.05, 0.10, 0.20 and 0.40 mg/L 2,4-D microcosm treatments. 
The line of best fit is shown. 
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Fig. 8—Exposure-response curve depicting 
relationship between plant tissue 2,4-D burden (mg/kg) and 
TF values for the 0.05, 0.10, 0.20 and 0.40 mg/L 2,4-D 
microcosm treatments. The line of best fit is shown. 
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Fig. 9—Mean (+SD, n=3) aqueous 2,4-D concentrations 
(mg/L) in the 0.05 and 0.20 mg/L 2,4-D greenhouse 
treatments. 
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Concentrations of 2,4-D in 14. spicatum tissue (Figure 

10) ranged from 78 to 3100 mg/kg for the 0.05 mg/L 

treatment and 849 to 6628 mg/kg for the 0.20 mg/L 

treatment. Concentrations of 2,4-D were detectable in the 

M. spicatum tissue for both treatments on the last day of 

the study (day 13). Half-lives for 2,4-D in plant tissue 

were 2.6 and 2.3 days for the 0.05 and 0.20 mg/L 

treatments, respectively. Phytoconcentration factors ranged 

from 13420 to 55380. The PCF mean values (± standard 

deviation) at maximum plant concentrations were 33715.3 + 

19540.5 and 24160.7 + 6853.9 for the 0.05 and 0.20 mg/L 

treatments. 

Effects parameters - Morning DO concentrations (Figure 11) 

for the control treatment were significantly higher than 

the 0.05 and 0.20 mg/L treatments (p=0.0001) as determined 

by Kruskal-Wallis and Dunnett's multiple range tests. 

Evening DO concentrations (Figure 12) for the control and 

the 0.05 mg/L treatments were significantly lower than the 

control treatment (p=0.0001). Morning pH values (Figure 

13) for the control were significantly higher than the 0.05 

and 0.20 mg/L treatments (p=0.0004). Evening pH values 

(Figure 14) for the control and 0.05 mg/L treatments were 

significantly higher than the 0.20 mg/L treatment 

(p=0.0001). 

The TTC assay results indicate that Mj. spicatum 

tissue viability was not significantly higher in the 
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Fig. 10—Mean (±SD, n=3) milfoil 2,4-D 
concentrations (mg/kg) in the 0.05 and 0.20 mg/L 2,4-D 
greenhouse treatments. 
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Fig. 11—Mean (±SD, n=3) morning dissolved oxygen 
concentrations (mg/L) in the control, 0.05 and 0.20 mg/L 
2,4-D greenhouse treatments. 
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Fig. 12—Mean (±SD, n=3) evening dissolved oxygen 
concentrations (mg/L) in the control, 0.05 and 0.20 mg/L 
2,4-D greenhouse treatments. 
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Fig. 13—Mean (±SD, n=3) morning pH values in the 
control, 0.05 and 0.20 mg/L 2,4-D greenhouse treatments. 
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Fig. 14—Mean (+SD, n=»3) evening pH values in the 
control, 0.05 and 0.20 mg/L 2,4-D greenhouse treatments. 



80 

10 

E 
Q. 8 

•Ar- 0.05 

0.20 

-0— control 

6 
0 2 3 5 6 7 12 13 14 

DAY 



81 

control the 2,4-D treatments (p=0.10) as determined by 

Kruskal-Wallis and Dunnett's multiple range tests (Figure 

15) . 

Exposure-response models - Response values were plotted 

against tissue herbicide concentrations to determine if a 

relationship existed between plant response and plant 

tissue residues. No significant relationships were 

determined between plant response and plant tissue residues 

for the 2,4-D greenhouse study. 

Diquat 

Laboratory Microcosms 

Fate parameters - Day 0 was the day of diquat treatment. 

Diquat concentrations in water (Figures 16) were below the 

minimum aqueous detectable level (0.010 mg/L) by day 3 for 

the 0.05, 0.075 and 0.113 mg/L treatment levels, 

respectively. Diquat was below the MDL by day 7 for the 

0.169 mg/L treatment level. The corresponding aqueous 

column half-lives were 0.9, 0.8, 1.9 and 1.8 days for the 

0.05, 0.10, 0.20 and 0.40 mg/L treatments, respectively. 

Diquat was not detected in the control systems. 

Diquat concentration in spicatum (Figure 17) was 

below the minimum detectable level (0.1 mg/kg) by day 7 and 

11 for the 0.05 and 0.075 treatments, respectively. Diquat 

was detectable in JL_ spicatum tissue on day 11 (last day of 

study). PCFs ranged from 2130 to 13195. The PCF mean 
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Fig. 15—Mean (±SD, n=9) TF values expressed as a 
percentage of the control value on a given day in the 0.05 
and 0.20 mg/L 2,4-D greenhouse treatments. 
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Fig. 16—Mean (±SD, n=3) aqueous diquat 
concentrations (mg/L) in the 0.05, 0.075, 0.113 and 0.169 
mg/L diquat microcosm treatments. 
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Fig. 17—Mean (+SD, n=3) milfoil diquat 
concentrations (mg/kg) in the 0.05, 0.075, 0.113 and 0.169 
mg/L diquat microcosm treatments. 
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values (— standard deviation) at maximum plant 

concentrations were 4784 + 2186, 4895 + 2969, 2087 + 1258 

and 2975 + 1427 for the 0.05, 0.075, 0.113 and 0.169 

treatments, respectively. Diquat decay rates in M. 

gpigatirm tissue for the 0.05, 0.075, 0.113 and 0.169 mg/L 

treatments were 0.495, 0.248, 0.462 and 0.136 d~̂ -, 

respectively. Half-lives for diquat in plant tissue were 

1.4, 2.8, 1.5 and 5.1 days for the 0.05, 0.075, 0.113 and 

0.169 mg/L treatments, respectively. 

Sediment diquat concentrations were still detected on 

day 11 in the 0.05, 0.075, 0.113 and 0.169 mg/L treatments 

(Figure 18). Diquat decay rates in sediment were 0.058 and 

0.120 d"1 for the 0.05 and 0.075 mg/L treatments. Diquat 

concentrations in the sediment for the 0.113 and 0.169 mg/L 

treatments continued to increase throughout the study. 

Corresponding sediment half-lives of 12 and 5.8 days were 

calculated for the 0.05 and 0.075 mg/L treatments. 

Effects parameters - Both morning (Figure 19) and evening 

DO (Figure 20) concentrations and pH values (Figures 21-22) 

for the control treatment were significantly higher than 

the 0.05, 0.075, 0.113 and 0.169 mg/L diquat treatments 

(p=0.0001) as determined by Kruskal-Wallis and Dunnett's 

multiple range tests. 

The TTC assay results indicate that Ms. spicatum 

tissue in the control and 0.05 mg/L treatments was 

significantly more viable throughout the study than the 
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Fig. 18—Mean (±SD, n=3) sediment diquat 
concentrations (mg/kg) in the 0.05, 0.075, 0.113 and 0.169 
mg/L diquat microcosm treatments. 
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Fig. 19—Mean (±SD, n=3) morning dissolved oxygen 
concentrations (mg/L) in the control, 0.05, 0.075, 0.113 
and 0.169 mg/L diquat microcosm treatments. 
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Fig. 20—Mean (±SD, n=3) evening dissolved oxygen 
concentrations (mg/L) in the control, 0.05, 0.075, 0.113 
and 0.169 mg/L diquat microcosm treatments. 
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Fig. 21—Mean (±SD, n=3) morning pH values in the 
control, 0.05, 0.075, 0.113 and 0.169 mg/L diquat microcosm 
treatments. 
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Fig. 22—Mean (±SD, 11=3) evening pH values in the 
control, 0.05, 0.075, 0.113 and 0.169 mg/L diquat microcosm 
treatments. 
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Fig. 23—Mean (±SD, n=9) TF values expressed as a 
percentage of the control value on a given day in the 0.05, 
0.075, 0.113 and 0.169 mg/L diquat microcosm treatments. 
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Fig. 24—Exposure-response curve depicting 
relationship between plant tissue diquat burden (mg/kg) and 
morning dissolved oxygen concentrations (mg/L) for the 
0.05, 0.075, 0.113 and 0.169 mg/L diquat microcosm 
treatments. The line of best fit is shown. 
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Fig. 26—Exposure-response curve depicting 
relationship between plant tissue diquat burdens (mg/kg) 
and TF values for the 0.05, 0.075, 0.113 and 0.169 mg/L 
diquat microcosm treatments. The line of best fit is 
shown. 
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Fig. 25—Exposure-response curve depicting 
relationship between plant tissue diquat burden (mg/kg) and 
evening dissolved oxygen concentrations (mg/L) for the 
0.05, 0.075, 0.113 and 0.169 mg/L diquat microcosm 
treatments. The line of best fit is shown. 
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aqueous detectable level (0.01 mg/L) by day 1 for the 0.05 

and 0.169 mg/L treatments. Diquat was not detected in the 

control systems. 

Diquat concentration in JL. spicatum tissue (Figure 

27) was detectable on day 12 (last day of study) in the 

0.05 and 0.169 mg/L treatments. JL. spicatum decay rates 

for the 0.05 and 0.169 mg/L treatments, following maximum 

tissue concentrations, were 0.693 and 0.139 d~l, 

respectively. Half-lives for diquat in plant tissue were 1 

and 5 days for the 0.05 and 0.169 mg/L treatments, 

respectively. PCFs were not calculated due to undetectable 

diquat levels in the water column. 

Sediment diquat concentrations were still detected on 

day 12 (Figure 28) in the 0.05 and 0.169 mg/L treatments. 

Decay rate of diquat in sediment was calculated to be 0.064 

d"1 for the 0.05 treatment. Sediment diquat concentrations 

in the 0.169 mg/L treatment continued to increase 

throughout the study. A corresponding half—life for diquat 

in sediment of 10.8 days was determined for the 0.05 mg/L 

treatment. 

Effects parameters - Morning (Figure 29) and evening 

(Figure 30) DO concentrations for the control treatment 

were significantly higher than the 0.05 and 0.169 mg/L 

diquat treatments (p=0.0001) as determined by Kruskal-

Wallis and Dunnett's multiple range tests. Morning pH 

values (Figure 31) for the 0.05 and 0.169 mg/L treatments 
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Fig. 27—Mean (±SD, n=3) milfoil diquat 
concentrations (mg/kg) in the 0.05 and 0.169 mg/L diquat 
greenhouse treatments. 
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Fig. 28—Mean (+SD, n=3) sediment diquat 
concentrations (mg/kg) in the 0.05 and 0.169 mg/L diquat 
greenhouse treatments. 
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Fig. 29—Mean (±SD, n=3) morning dissolved oxygen 
concentrations (mg/L) in the control, 0.05 and 0.169 mg/L 
diquat greenhouse treatments. 
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Fig. 30—Mean (±SD, n=3) evening dissolved oxygen 
concentrations (mg/L) in the control, 0.05 and 0.169 mg/L 
diquat greenhouse treatments. 
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Fig. 31—Mean (±SD, n=3) morning pH values in the 
control, 0.05 and 0.169 mg/L diquat greenhouse treatments. 
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were significantly lower than the control treatment 

(p=0.0001). Evening pH values (Figure 32) for the control 

treatment were significantly greater than the 0.05 and 

0.169 mg/L treatment (p=0.0012). 

The TTC assay results indicate that M*. spicatum 

tissue in the control treatment was significantly more 

viable throughout the study than the 0.05 and 0.169 mg/L 

treatments (p=0.0002) as determined by Kruskal-Wallis and 

Dunnett's multiple range test (Figure 33). 

Exposure-response models - Response values were plotted 

against plant tissue diquat residues to determine if a 

relationship existed between plant response and plant 

tissue residues. Response values beyond the point of 100% 

control were discarded. The remaining response values were 

log transformed. Linear regression was performed to 

determine significance of relationship. A significant 

relationship was found between morning DO concentrations 

and plant tissue diquat residues (p=0.0483) (Figure 34). 

Regression equation for this model was log(morning DO) = -

0.0009(diquat tissue residue) + 1.79 with an R2 = 0.20. No 

significant relationship was found between TF values as a % 

of control values and plant tissue diquat residues 

(p=0.0941). 
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Fig. 32—Mean (+SD, n-3) evening pH values in the 
control, 0.05 and 0.169 mg/L diquat greenhouse treatments. 
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Fig. 33—Mean (±SD, n=6) TF values expressed as a 
percent of the control value on a given day in the 0.05 and 
0.169 mg/L diquat greenhouse treatments. 
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Fig. 34—Exposure-response curve depicting 
relationship between plant tissue diquat burden (mg/kg) and 
morning dissolved oxygen concentrations (mg/L) for the 0.05 
and 0.169 mg/L diquat greenhouse treatments. The line of 
best fit is shown. 
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Copper 

Laboratory Microcosms 

Fate parameters - Day 0 was the day of copper treatment. 

Total and filtrable copper concentrations in water (Figures 

35-36) were below the MDL (0.07 mg/L) by day 2 for the 

0.08, 0.16 and 0.32 mg/L treatment levels. Total and 

filtrable copper concentrations were below the MDL by day 3 

for the 0.64 mg/L treatment level. Corresponding aqueous 

column half-lives were 1.3, 1.3, 1.4 and 1.2 days for the 

0.08, 0.16, 0.32 and 0.64 mg/L treatments, respectively. 

Copper was not detected in the control systems. 

Copper concentration in 1L. soicatum tissue (Figure 

37) was detectable in the 0.08, 0.16, 0.32 and 0.64 mg/L 

treatments on day 11 (last day of study). Mean PCFs ranged 

from 83 to 5511. The mean PCF values (± standard 

deviation) at maximum plant concentrations were 5511.1 + 

2560 and 3270.3 ± 2640 for the 0.08 and 0.16 mg/L 

treatments, respectively. Half-lives of copper in M. 

spicatum were 5.7, 16 and 3.1 days for the 0.05, 0.16 and 

0.64 mg/L treatments, respectively. 

Sediment copper concentrations were still detected on 

day 11 in the 0.08, 0.16, 0.32 and 0.64 mg/L treatments 

(Figure 38). Concentrations ranged from 2.38 to 3.91, 2.09 

to 7.3, 2.95 to 8.62 and 4.74 to 7.28 mg/kg for the 0.08, 

0.16, 0.32 and 0.64 mg/L treatments, respectively. 
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Fig. 35—Mean (±SD, n=3) aqueous total copper 
concentrations (mg/L) in the 0.08, 0.16, 0.32 and 0.64 mg/L 
copper microcosm treatments. 
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Fig. 36—Mean (±SD, n=3) aqueous filterable copper 
concentrations (mg/L) in the 0.08, 0.16, 0.32 and 0.64 mg/L 
copper microcosm treatments. 
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Fig. 37—Mean (±SD, n=3) milfoil copper 
concentrations (mg/kg) in the 0.08, 0.16, 0.32 and 0.64 
mg/L copper microcosm treatments. 
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Fig. 38—Mean (±SD, n=3) sediment copper 
concentrations (mg/kg) in the 0.08, 0.16, 0.32 and 0.64 
mg/L copper microcosm treatments. 
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Wffaflfcg parameters - Morning (Figure 39) and evening 

(Figure 40) DO concentrations and pH values (Figures 41-42) 

for the control treatment were significantly higher than 

the 0.05, 0.08, 0.16, 0.32 and 0.64 mg/L copper treatments 

(p=0.0001) as determined by Kruskal-Wallis and Dunnett's 

multiple range tests. 

The TTC assay results indicate that M̂ . spicatum 

tissue was significantly more viable in the control, 0.08 

and 0.16 mg/L treatments than the 0.32 and 0.64 mg/L 

treatments (p=0.0001) as determined by Kruskal-Wallis and 

Dunnett's multiple range test (Figure 43). 

Exposure-response models - Response values were plotted 

against tissue herbicide concentrations to determine if a 

relationship existed between plant response and plant 

tissue copper residue. Response values beyond the point of 

100% control were discarded. The remaining response values 

were log transformed. Linear regression was performed to 

determine significance of relationship. A significant 

relationship was found between morning DO concentrations 

and plant tissue copper residues (p=0.0001) (Figure 44). 

Regression equation for this model was log(morning DO) — 

0.0008(copper tissue residue) + 2.06 with an R2 = 0.52. A 

significant relationship was found between TF values as a % 

of control values and plant tissue copper residues 

(p=0.0159) (Figure 45). Regression equation for this model 
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Fig. 39—Mean (±SD, n=3) morning dissolved oxygen 
concentrations (mg/L) in the control, 0.08, 0.16, 0.32 and 
0.64 mg/L copper microcosm treatments. 
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Fig. 40—Mean (±SD, n=3) evening dissolved oxygen 
concentrations (mg/L) in the control, 0.08, 0.16, 0.32 and 
0.64 mg/L copper microcosm treatments. 
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Fig. 41—Mean (±SD, n=3) morning pH values in the 
control, 0.08, 0.16, 0.32 and 0.64 mg/L copper microcosm 
treatments. 



141 

10 

9 

E 
<d 
5. 8 

0.64 

B— control 

• 1 1 2 3 4 6 7 9 11 13 14 

DAY 



142 

Fig. 42—Mean (±SD, n=3) evening pH values in the 
control, 0.08, 0.16, 0.32 and 0.64 mg/L copper microcosm 
treatments. 
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Fig. 43—Mean (+SD, n=9) TF values expressed as a 
percentage of the control value on a given day in the 0.08, 
0.16, 0.32 and 0.64 mg/L copper microcosm treatments. 
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Fig. 44—Exposure-response curve depicting 
relationship between plant tissue copper burden (mg/kg) and 
morning dissolved oxygen concentrations (mg/L) for the 
0.08, 0.16, 0.32 and 0.64 mg/L copper microcosm treatments. 
The line of best fit is shown. 
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Fig. 45—Exposure-response curve depicting 
relationship between plant tissue copper burden (mg/kg) and 
TF values for the 0.08, 0.16, 0.32 and 0.64 mg/L copper 
microcosm treatments. The line of best fit is shown. 
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was log(%TF) = -0.0010(copper tissue residue) + 4.55 with 

an R2 = 0.28. In addition, significant relationships were 

also found between evening dissolved oxygen concentrations 

and plant tissue copper residues (p=0.0001) (Figure 46). 

Regression equation for this model was log(evening DO) = -

0.0008(copper tissue residue) + 2.28 with an R2 = 0.75. 

Greenhouse Study 

Fate parameters - Day 0 was the day of copper treatment. 

Total and filtrable copper concentrations in water (Figures 

47-48) were below the MDL by day 6 for the 0.08 and 0.64 

mg/L treatments. The corresponding aqueous half-lives for 

filtrable copper were 2.7 and 1.5 days for the 0.08 and 

0.64 mg/L treatments, respectively. Copper was not 

detected in the control systems. 

Copper concentration in JL. soicatum tissue (Figure 

49) was detectable in the 0.08 and 0.64 mg/L treatments on 

day 9 (last day of study). Mean PCF's ranged from 431 to 

3653. The PCF mean values (± standard deviation) at 

maximum plant concentrations were 15935.8 for the 0.64 mg/L 

treatment. A half-life for copper in plant tisue of 5.8 

days was determined for the 0.08 mg/L treatment. 

Sediment copper concentrations were still detected on 

day 9 for both the 0.08 and 0.64 mg/L treatments (Figure 

50). Concentrations ranged from 0.935 to 6.11 mg/kg and 

1.41 to 6.64 mg/kg for the 0.08 and 0.64 mg/L treatments, 

respectively. 
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Fig. ̂  46—Exposure-response curve depicting 
relationship between plant tissue copper burden (mg/kg) and 
evening dissolved oxygen concentrations (mg/L) for the 
0.08, 0.16, 0.32 and 0.64 mg/L copper microcosm treatments. 
The line of best fit is shown. 
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Fig. 47—Mean (±SD, n=3) aqueous total copper 
concentrations (mg/L) in the 0.08 and 0.64 mg/L copper 
greenhouse treatments. 
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Fig. 48—Mean (±SD, n=3) aqueous filterable copper 
concentrations (mg/L) in the 0.08 and 0.64 mg/L copper 
greenhouse treatments. 
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Fig. 49—Mean (+SD, n=3) milfoil copper 
concentrations (mg/kg) in the 0.08 and 0.64 mg/L copper 
greenhouse treatments. 
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Fig. 50—Mean (±SD, n=3) sediment copper 
concentrations (mg/kg) in the 0.08 and 0.64 mg/L copper 
greenhouse treatments. 
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Effects parameters - Morning (Figure 51) and evening 

(Figure 52) DO concentrations for the control treatment 

were significantly higher than the 0.08 and 0.64 mg/L 

copper treatments (p=0.0002 and p=0.0001, respectively) as 

determined by Kruskal-Wallis and Dunnett's multiple range 

tests. Morning pH values (Figure 53) for the control 

treatment were significantly higher than the 0.08 and 0.64 

mg/L treatments (p=0.0003). However, evening pH values 

(Figure 54) for the control and 0.08 mg/L treatments were 

significantly higher than the 0.64 mg/L treatment 

(p=0.0001). 

The TTC assay results indicate that spicatum 

tissue was significantly more viable in the control and 

0.08 mg/L treatments than the 0.64 mg/L treatment 

(p=0.0511) as determined by Kruskal-Wallis and Dunnett's 

multiple range test (Figure 55). 

Exposure-response models - Response values were plotted 

against plant tissue copper residues to determine if a 

relationship existed between plant response and plant 

tissue residues. Response values beyond the point of 100% 

control were discarded. The remaining response values were 

log transformed. Linear regression was performed to 

determine significance of relationship. A significant 

relationship was found between morning DO concentrations 

and plant tissue copper residues (p=0.0164) (Figure 56). 
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Fig.^ 51—Mean (±SD, n=3) morning dissolved oxygen 
concentrations (mg/L) in the control, 0.08 and 0.64 mg/L 
copper greenhouse treatments. 
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Fig.^ 52—Mean (±SD, n=3) evening dissolved oxygen 
concentrations (mg/L) in the control, 0.08 and 0.64 mg/L 
copper greenhouse treatments. 
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Fig. 53—Mean (±SD, n=3) morning pH values in the 
control, 0.08 and 0.64 mg/L copper greenhouse treatments, 
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Fig. 54—Mean (±SD, n=3) evening pH values in the 
control, 0.08 and 0.64 mg/L copper greenhouse treatments. 
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Fig. 55—Mean (±SD, n=6) TF values expressed as a 
percentage of the control value on given day in the 0.08 
and 0.64 mg/L copper greenhouse treatments. 
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Fig. 56—Exposure-response curve depicting 
relationship between plant tissue copper burden (mg/kg) and 
morning dissolved oxygen concentrations (mg/L) for the 0.08 
and 0.64 mg/L copper greenhouse treatments. The line of 
best fit is shown. 
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Regression equation for this model was log(morning DO) = -

0.0007(copper tissue residue) + 2.32 with an R2 = 0.39. A 

significant relationship was found between TF values as a % 

of control values and plant tissue copper residues 

(p=0.0001) (Figure 57). Regression equation for this model 

was log(%TF) = -0.002(copper tissue residue) + 4.77 with an 

R2 = 0.80. In addition, a significant relationship was 

also found between evening dissolved oxygen concentrations 

and plant tissue copper residues (p=0.0004) (Figure 58). 

Regression equation for this model was log(evening DO) = -

0.0008(copper tissue residue) + 2.61 with an R2 = 0.67. 
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Fig.^ 57—Exposure-response curve depicting 
relationship between plant tissue copper burden (mg/kg) and 
TF values for the 0.08 and 0.64 mg/L copper greenhouse 
treatments. The line of best fit is shown. 
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Fig. 58—Exposure-response curve depicting 
relationship between plant tissue copper burden (mg/kg) and 
evening dissolved oxygen concentrations (mg/L) for the 0.08 
and 0.64 mg/L copper greenhouse treatments. The line of 
best fit is shown. 
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CHAPTER IV 

DISCUSSION 

Accurate assessment of the physiological effects an 

aquatic herbicide has on a given target species requires an 

understanding of the mode of action of that herbicide. 

Once the mode of action has been established, physiological 

response measures can be chosen that are indicative of the 

specific effects. The modes of action of the approximately 

13 herbicides currently registered with the USEPA for 

aquatic use under FIFRA have been reported (Ashton and 

Crafts, 1981). Determination of the relationship between 

target species' physiological response and plant tissue 

herbicide concentrations can be established once 

appropriate response measures are defined. 

Comparison of Herbicide Effects 

One of the objectives of this research was to compare 

the effects of 2,4-D, diquat and copper on fL spicatum. 

Quantification of the physiological responses of M. 

spicatum to these herbicides was performed using a plant 

tissue viability assay, measures of daily DO concentrations 

179 
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and pH values. These physiological response measures were 

chosen based on the modes of action of 2,4-D, diquat and 

copper. 

TTC is a water soluble compound, that, when introduced 

into the aqueous medium surrounding an aquatic macrophyte, 

is easily transported across plant tissue membranes. It 

becomes incorporated in the organelles of the plant cell, 

specifically the mitochondria. The electron transport 

system occurs within the mitochondria of the plant cell. 

When the electron transport system is functioning, TTC 

becomes reduced to the water insoluble compound, triphenyl 

formazon (TF) as a result of the oxygen reduction potential 

of cytochrome c. The resulting compound, TF, which can 

only be extracted from the plant tissue with a nonpolar 

solvent, is red in color. The degree of "redness", or 

concentration of TF, is indicative of the relative 

functioning of the electron transport system, and, thus, 

the relative "health" of the plant tissue. Therefore, this 

bioassay is an indirect measure of the effects of these 

herbicides on the respiration process of the target 

species. 

Dissolved oxygen depletion and corresponding reductions 

in pH values are common symptoms of stress in aquatic 

systems. Reduction in DO concentrations and pH values 

usually indicates a decrease in population photosynthesis 

and respiration. 
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In comparing the effects of these herbicides on the 

tissue viability of 1L. spicatum it is evident that exposure 

to copper concentrations ranging from 0.32 to 0.64 mg/L 

produced greater reductions in plant tissue viability than 

exposure to 2,4-D and diquat. Minimum plant tissue 

viability ranging from 30 to 75% of the controls (see 

Figure 43) was observed in the 0.32 and 0.64 mg/L copper 

treatments for the laboratory microcosms. Viability values 

fell as low as 10% of the controls in the 0.64 mg/L copper 

treatment (see Figure 55) for the greenhouse systems. 

Exposure of JL. spicatum to diquat concentrations ranging 

from 0.113 to 0.169 mg/L reduced plant tissue viability 

(see Figure 23) from 60 to 78% of the controls in the 

laboratory microcosms. Minimum plant tissue viability 

values as low as 30% of the controls was observed in the 

0.169 mg/L treatment for the greenhouse treatments. Plant 

tissue viability was not reduced as low as in the copper 

treatments, however this may be due to the higher copper 

exposure concentrations. 

In the 2,4-D laboratory microcosms, maximum reductions 

in plant tissue viability (> 50%) occurred in the 0.10 mg/L 

treatment. However, effective control was only observed in 

the 0.20 and 0.40 mg/L treatments. Reductions in plant 

tissue viability did not correspond with- exposure 

concentration or observed effects. No significant 

reductions in tissue viability were determined for the 2,4-



182 

D treatments in the greenhouse systems. Based on these 

observations, the TTC bioassay was not an accurate 

indicator of the effectiveness of 2,4-D on JL spicatum. 

This may be the result of the mode of action of 2,4-D. 

Stimulation of the respiratory process occurs when the 

target species in initially exposed to this herbicide. 

Therefore, initial stimulation of the respiratory process 

may have resulted in erroneous determination of plant 

tissue viability. 

Exposure to 2,4-D, diquat and copper produced 

significant reductions in both morning and evening DO 

concentrations and pH values. Diquat exposure 

concentrations of 0.169 mg/L produced minimum DO 

concentrations ranging from 1.5 to 3.2 mg/L for the 

laboratory microcosms and 2.0 to 3.9 mg/L for the 

greenhouse systems. In comparison, minimum DO 

concentrations for the 2,4-D study did not fall below 2.0 

for the 0.20 mg/L treatment in either the laboratory 

microcosms or the greenhouse systems. Minimum DO 

concentrations for the copper study did not fall below 4.5 

mg/L for either the laboratory microcosms or greenhouse 

systems. Similar patterns of effects were observed for the 

pH values. In summary, diquat produced a greater effect on 

DO concentrations and pH values than 2,4-D and copper. 

Exposure to copper produced the least effect on these 

parameters. 
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Exposure-Response Models 

Before plant response vs. tissue herbicide residue 

models can be used, relationships between these parameters 

must be evaluated. Statistically significant relationships 

between plant physiological response and plant tissue 

herbicide residues can be determined using correlation and 

regression analysis. Establishment of significant 

relationships between these parameters provides a model 

that can be used in a predictive capacity. Plant tissue 

residues that produce 100% control of the target species 

can be determined from these models. In addition, initial 

aqueous herbicide exposure concentrations required to 

produce effective tissue residues can also be extracted 

from these models. 

An objective of this research was to determine if a 

relationship existed between the physiological response of 

M. spicatum to 2,4-D, diquat and copper and the plant 

tissue residues of these herbicides. The results of this 

study indicate that statistically significant relationships 

between &s_ spicatum response and tissue burdens did exist 

for 2,4-D, diquat and copper. However, the degree of 

significance and goodness of fit of the models to the 

observed values varied among herbicides and between 

experimental systems. 

In examining the exposure-response models for the 2,4-D 

study, no statistically significant relationships were 
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found between response and tissue burdens for the 

greenhouse systems. However, for the laboratory microcosms, 

exposure-response models for TF and morning DO 

concentrations were developed. According to the TF model 

(see Figure 8) effective control of M̂ . spicatum was 

observed when TF values were reduced to < 70% of the 

control. This percent reduction in plant tissue viability 

corresponded to plant tissue residues ranging from 4000 to 

4700 mg/kg. Similar results were obtained from the DO 

model (see Figure 7) . Effective control of M_j_ spicatum was 

observed at DO concentrations <3.5 mg/L. These levels 

corresponded to plant tissue residue ranging from 4000 to 

4700 mg/kg. Aqueous concentrations that produced plant 

tissue 2,4-D residues required for effective control ranged 

from 0.20 to 0.40 mg/L. In comparing the two models, TF 

vs. tissue residue produced a better fit model (R2 = 0.39) 

than the DO vs. tissue residue model. However, it should 

be noted that neither of these physiological response 

measurements produced significant models for the 2,4-D 

greenhouse systems. It is suggested that other 

physiological response measurements may provide a more 

significant exposure-response model in the case of 2,4-D. 

In other words, other physiological measurements of milfoil 

"health" may be more useful in discerning the effects of 

2,4-D. 

Exposure-response models were developed for the diquat 
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laboratory microcosms and greenhouse systems. According to 

the TF model for the laboratory microcosms (see Figure 25) , 

effective control of spicatum was predicted when TF 

values were reduced to < 60% of the control. This percent 

reduction in plant tissue viability corresponded to plant 

tissue diquat residues ranging from 225 to 280 mg/kg. The 

morning and evening DO models for the laboratory microcosms 

predicted effective spinaturn control using diquat at 

morning and evening DO concentrations of 1.3 and 3.5 mg/L, 

respectively. These DO concentrations corresponded to 

plant tissue residues of diquat ranging from 130 to 160 

mg/kg. The relationship between TF values and tissue 

burdens produced a better fit model (R2 = 0.57) than the 

morning and evening DO concentration models (R2 = 0.45 and 

R2 = 0.42, respectively). Aqueous diquat concentrations 

that produced plant tissue residues required for effective 

control ranged from 0.113 to 0.169 mg/L diquat for all 

models. 

Morning and evening DO concentrations of 4.7 and 6.7 

mg/L corresponded to model predictions of effective control 

of Jli. spicatum. Effective control in the greenhouse 

systems was achieved at higher DO concentrations than the 

laboratory microcosms. However, corresponding plant tissue 

residues of diquat ranging from 250 to 280 mg/kg agreed 

with the predicted plant tissue residues of the laboratory 

microcosm models. Aqueous diquat concentrations that 
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produced plant tissue residues necessary for effective 

control (0.113 to 0.169 mg/L) also corresponded with those 

determined for the laboratory microcosms. In the case of 

diquat, use of laboratory microcosms in the development of 

exposure-response models produced results comparable to 

those obtained using larger-scale, more complex 

experimental systems. 

Exposure-response models were developed for the copper 

laboratory microcosms and greenhouse systems. According to 

the TF model for the laboratory microcosms (see Figure 45), 

effective control of HJ. spicatum was predicted when TF 

values were reduced to < 47% of the control. This percent 

reduction in plant tissue viability corresponded to plant 

tissue residues ranging from 680 to 790 mg/L copper. The 

morning and evening DO models for the laboratory microcosms 

predicted effective control corresponding to morning and 

evening DO concentrations of 4.3 and 5.8 mg/L, 

respectively. These DO values corresponded to plant tissue 

residues ranging from 680 to 790 mg/kg copper. The 

relationship between morning and evening dissolved oxygen 

concentrations and tissue residues produced better fit 

models (R2 = 0.52 and R2 = 0.75, respectively) than the TF 

model (R2 » 0.28). Aqueous copper concentrations that 

produced plant tissue residues necessary, for effective 

control ranged from 0.32 to 0.64 mg/L copper for all 

models. 
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In comparing the TF model developed for the copper 

laboratory microcosms to the TF model developed for the 

copper greenhouse systems (see Figure 57), effective 

control occurred when TF values were reduced to < 20% of 

the control in the greenhouse systems. The percent 

reduction in plant tissue viability corresponded to plant 

tissue residues ranging between 900 to 1000 mg/kg copper. 

The TF model for the greenhouse systems predicted effective 

control at plant tissue copper residues of 100 to 200 mg/kg 

greater than the laboratory microcosm TF model. In 

addition, the predicted model for the greenhouse systems 

corresponded more closely to the observed values (R2 = 

0.80). The morning and evening DO models for the 

greenhouse systems predicted effective control of M. 

spicatum corresponding to morning and evening DO 

concentrations of 5.5 and 6.4 mg/L. Effective control of 

M. spicatum in the greenhouse systems was achieved at 

higher morning and evening DO concentrations than the 

laboratory microcosms. The corresponding plant tissue 

residues of copper were 100 to 200 mg/kg higher than those 

predicted for the laboratory microcosms. The predicted 

models did not correspond as closely with the observed 

values (R2 « 0.39 and R2 = 0.67) as did the laboratory 

microcosm models. Aqueous copper concentrations that 

produced plant tissue residues necessary for effective 

control of Mj_ spicatum (0.32 to 0.64 mg/L) corresponded 
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with those determined for the laboratory microcosms. In 

the case of copper, use of the laboratory microcosms in the 

development of exposure-response models produced results 

comparable to those obtained from larger-scale, more 

complex experimental systems. 

Herbicide Effectiveness 

2,4-D is classified as a systemic herbicide. This 

particular compound has a chemical structure that resembles 

a naturally occurring plant auxin. When present in 

sufficient quantity, the resulting effect is abnormal 

growth and dysfunction. Diquat and copper are classified 

as contact herbicides. Their relative modes of action 

correspond with membrane and chloroplast damage thus 

resulting in the breakdown of the normal structure and 

function of the target species. Tissue residues of 

herbicides required for effective control may be related to 

the herbicidal mode of action. The results of this study 

indicated that the tissue residue concentrations required 

to produce effective control of spicatum vary among 

these herbicides. This variance may be at least partially 

attributed to the relative modes of action of these 

compounds. Lower exposure concentrations and plant tissue 

residues of a compound such as 2,4-D would be more likely 

to produce a detrimental response in the target species 

because of its hormonal characteristics. Contact 

herbicides such as diquat and copper may require greater 
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tissue concentrations in order to produce sufficient M. 

spicatum membrane and chloroplast damage for effective 

control. However, when comparing the plant tissue residues 

for 2,4-D, diquat and copper required for effective 

control, relationships between herbicide classification and 

effective control plant tissue residues are not apparent. 

Tissue residues required for effective control of M. 

spicatum ranged from 4000 to 4500 mg/kg, 150 to 275 mg/kg, 

and 600 to 1000 mg/kg for 2,4-D, diquat, and copper, 

respectively. Diquat effectively controlled SPIcatnm at 

lower tissue residues than 2,4-D or copper. In addition, 

initial aqueous exposure concentrations required for 

effective control were also lower for diquat. 

Effective Control Concentration vs. Label Recommendations 

Another objective of this research was to compare the 

aqueous exposure concentrations of 2,4-D, diquat, and 

copper, necessary for effective control, to the 

manufacturer's label recommendations (Table 8). Model 

predictions for 2,4-D, diquat, and copper were within 0.5 

ppm of the label recommendations for these herbicides. 

Many physical, chemical and biological factors determine 

actual aqueous exposure concentrations for many herbicides 

in field situations. For example, the quantity of biomass 

present will determine the actual tissue residue potential. 
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Aqueous exposure concentrations necessary for effective 

control must account for this factor. Turbid waters will 

affect aqueous exposure concentrations of sorptive 

compounds such as diquat and copper. Simple calculations 

using partition coefficients of these herbicides can be 

used to adjust aqueous exposure concentrations necessary 

for effective control. Thus, the use of aquatic herbicides 

can be optimized for impact on the target species while 

minimizing exposure for nontarget species. 

Conclusions 

1) The exposure of 2,4-D, diquat and copper to Mj_ spicatum 

produced a range of effects on plant tissue viability, 

DO concentrations and pH values. Exposure to copper 

concentrations ranging from 0.32 to 0.64 mg/L produced 

greater reduction in plant tissue viability than 

exposure to 2,4-D and diquat. Exposure to diquat 

concentrations of 0.169 mg/L produced a greater effect 

on DO concentrations and pH values than 2,4-D and 

copper. 

2) Exposure-response models for 2,4-D predicted effective 

control plant tissue residues ranging from 4000 to 4700 

mg/kg. Aqueous exposure concentrations necessary to 

produce effective control plant tissue residues ranged 

from 0.20 to 0.40 mg/L. 

3) Exposure-response models for diquat predicted effective 

control plant tissue residues ranging from 225 to 280 
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mg/kg. Aqueous exposure concentrations necessary to 

produce effective control plant tissue residues ranged 

from 0.113 to 0.169 mg/L. 

4) Exposure-response models for copper predicted effective 

control plant tissue residues ranging from 680 to 790 

mg/kg. Aqueous exposure concentrations necessary to 

produce effective control plant tissue residues ranged 

from 0.32 to 0.64 mg/L. 

5) The use of laboratory microcosms in the development of 

exposure-response models for diquat and copper produced 

results comparable to those obtained using larger-

scale, more complex experimental systems. 

6) Diquat effectively controlled JL. spicatum at lower 

tissue residues than 2,4-D or copper. In addition, 

initial aqueous exposure concentrations were also lower 

for diquat. 

7) Model predictions for 2,4-D, diquat and copper were 

within 0.5 ppm of the label recommendations for these 

herbicides. 

8) Use of these models in field situations should be 

coupled with considerations of quantity of biomass 

present and environmental conditions such as turbidity 

in order to more accurately determine exposure 

concentrations necessary for effective tissue residues. 

Thus, the use of these models can be used to optimize 

the impact on the target species while minimizing 
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exposure for nontarget species. 
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