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Atrazine is an asymmetrical s- triazine herbicide used pre - 

and post emergence for weed control in many crops. Triazine herbi- 

cides have been used in the Pacific -Northwest for weed control in 

orchard crops. Under certain conditions where trees were grown 

in nutrient deficient areas, it was noted that toxic symptoms due to 

the herbicide appeared on the leaves of the trees. It was also noted 

that these symptoms were apparently overcome by the addition of 

foliar sprays containing the nutrient which was deficient in that area. 

This study was conducted to determine whether nutrients might 

have a significant effect in reducing the toxicity of herbicides. 

Magnesium and atrazine were chosen to study this interaction since 

it was known that both affected the photosynthetic processes of the 

plant. Plants were grown in sand cultures to avoid the complex inter- 

actions which occur between soils and herbicides. Nutrient solutions 

`,1(n`) 



were used to provide a nutrient supply to plants grown in sand. 

Three different nutrient solutions were used containing zero - 

magnesium, medium -magnesium, and high- magnesium levels. 

These three nutrient solutions contained the same amount of all the 

other essential elements. 

Tomato plants were grown in sand cultures under three 

magnesium levels. Three weeks after planting, atrazine rates of 

0, 1/16, 1/8, and 1/4 ppm were added to pots containing the plants. 

Plants were harvested six weeks after planting. Results of the ex- 

periment showed a significant growth increase due to the addition of 

magnesium. The statistical analysis also showed that the addition 

of magnesium helped overcome the toxicity of atrazine. 

A similar experiment using oat plants was carried out. Two 

weeks after planting, atrazine treatments of 0, 1/32, 1/16, and 1/8 

ppm were added to the plants. Plants harvested five weeks after 

planting showed that the magnesium treatment had no significant 

effect on the dry weight of the oat plants. The interaction between 

magnesium and atrazine was also insignificant. The difference be- 

tween the results of this experiment and the experiment involving 

tomatoes was probably due to seed size and the duration of the ex- 

periment. Small- seeded plants grown over a longer period of time 

allowed the magnesium and atrazine effects to appear. 

Tomato plant material from the magnesium -atrazine interaction 



experiment was used in the laboratory to determine the effects of 

magnesium and atrazine on the uptake of other plant nutrients. Re- 

sults showed that atrazine had a significant effect in reducing the up- 

take of the thirteen nutrient elements analyzed. Ambient magnesium 

concentrations significantly influenced the uptake of magnesium and 

molybdenum. 

Preliminary research was conducted to determine the nutrient - 

supplying capability of the sand used in the experiment. Results 

from the laboratory showed that the macro -nutrient supply of this 

sand was extremely low. Plants growing in this sand would have to 

obtain their nutrients from an external source. 
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THE INFLUENCE OF MAGNESIUM ON 
THE TOXICITY OF ATRAZINE 

INTRODUCTION 

In recent years, triazine herbicides have been recommended 

and extensively used on a wide variety of crops ranging from small 

grains to tree fruits. These diversified uses have been accompanied 

by problems which remain unsolved. 

Research has shown that certain climatic and edaphic factors, 

e.g. , temperature, moisture, soil composition, pH, organic matter, 

and cation exchange capacity have a considerable effect on the per- 

formance of herbicides. Several of these factors have or are being 

studied while others have not yet been investigated thoroughly. 

Some cases of triazine herbicide injury on various tree fruits 

have been noted throughout the Pacific -Northwest. Unconfirmed re- 

ports indicated that certain mineral elements in chelate form tended 

to reduce these injury symptoms. A review of the literature shows 

that no research has been conducted to study the interactions between 

certain mineral elements and herbicide toxicity. Much of the re- 

search in the past on fertility- herbicide interactions has dealt pri- 

marily with nitrogen, phosphorus, and potassium. Most of the pres- 

ent day chelates contain metal elements such as magnesium, manga- 

nese, iron, zinc, and copper. 
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Photosynthesis could be a common site that might be inter- 

related where herbicides and minerals interact. Research by Gast 

(19), Exer (22), and Crafts (15), indicated that triazines in some 

way were inhibiting photosynthesis. Several of these metallic ele- 

ments are also directly or indirectly involved in photosynthesis. 

Magnesium was selected for this study because its role in photosyn- 

thesis has been established and, being a major essential element, 

deficiency symptoms could be obtained without many complex puri- 

fication procedures. 

The primary objective of this investigation was to study the ef- 

fects of various magnesium levels on the toxicity of atrazine. Bio- 

assay plants were grown in sand cultures. Three nutrient solutions, 

each containing a different level of magnesium, were used to pro- 

vide nutrient supplies to the plants. As soon as distinct magnesium 

deficiency symptoms were obtained, various levels of atrazine were 

added. Plant material was then harvested, dried, weighed, and 

statistically analyzed. Plant material was also chemically analyzed 

to determine the effects of atrazine and magnesium on the uptake of 

other nutrient elements. 
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LITERATURE REVIEW 

Physical and Chemical Properties of Atrazine 

The physical and chemical properties of atrazine are sum- 

marized in a technical bulletin from Geigy Chemical Corporation (20). 

The technical form is a white, crystalline substance and is approxi- 

mately 98% pure. Solubility in various solvents, expressed in parts 

per million, is as follows: water (70 ppm), methanol (18, 000 ppm), 

ethyl ether (12,000 ppm) , and chloroform (52,000 ppm). The pri- 

mary formulation is an 80% wettable powder. The pure chemical has 

a melting point of 173 -175 °C. Geigy reports that atrazine is stable 

in neutral, slightly basic, or slightly acid media. When heated in 

acid or basic media, it hydrolyzes to the non -toxic form: 2- hydroxy- 

4 - ethylamino -6 -i s opropylamino -s -triazine. 

The synthesis of triazines was reported by Gysin and Knusli in 

1956 (21), 1960 (22), and in 1963 by Gysin (23). Synthesis starts by 

reacting hydrocyanic acid with chlorine to form cyanogen chloride. 

Three moles of cyanogen chloride yield one mole of cyanuric 

chloride. Cyanuric chloride with its three mobile chlorine atoms is 

the starting material for most of the triazine derivatives. These 

chlorine atoms are substituted by such chemicals as alcohols, 

phenols, thiophenols, mercaptans, and amines. Cyanuric chloride 

reacts with ethylamine yielding 2, 6- dichloro -4- ethylamino -s- triazine. 
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This intermediate is reacted with isopropylamine forming 2- chloro- 

4- ethylamino -6- isopropylamino -s -triazine (atrazine). 

The residual activity of atrazine in soils at selective rates has 

caused a great deal of concern. A number of research workers (9, 

12, 16, 38) have studied the persistence or disappearance of atrazine 

on agricultural land. Several of these workers found that atrazine 

at four pounds per acre was toxic to indicator plants planted one year 

after application. The disappearance of atrazine was highly depend- 

ent on soil texture. The relationship between herbicide performance 

and soil type is indicated by herbicide rate recommendations; e. g. , 

Geigy Chemical Corporation (20) recommends two different rates of 

atrazine for selective weed control in corn. Two pounds per acre 

are recommended for sandy and low organic soils while four pounds 

per acre are recommended for fine -textured or muck soils. 

Herbicidal Uses of Atrazine 

Atrazine will kill very small weeds by contact action, hence 

it can be used postemergence as well as pre- emergence if applica- 

tion is made while the weeds are very young (23, 28). Test results 

show that atrazine is less selective to crops but is more toxic to a 

broader spectrum of weeds than most of the other triazine com- 

pounds. Atrazine has been injurious to the following crops: vege- 

tables, cereal grains, asparagus, soybeans, peanuts, and potatoes. 
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The compound has shown promise for selective use in chemical 

summer fallow, grapes, ornamentals, sorghum, sugarcane, peas, 

woody berry crops, and perennial grasses (20). It has given excel- 

lent control of quackgrass (Agropyron repens) and yellow nutsedge 

(Cyperus esculentus) at rates of four pounds per acre active ingredi- 

ent during the fall or early spring. Atrazine is a very popular herbi- 

cide for weed control in corn at rates of two to four pounds per acre 

(pre- emergence or early post emergence). It has been used for 

weed control as a supplement to spring tillage in a stubble mulch 

fallow program at rates of one -half to one pound per acre depending 

on the soil type (2). 

Mode of Action 

According to Gysin and Knusli (22), Gast was the first to pub- 

lish any significant results on the mode of action of the triazine 

herbicides. Gast showed that chlorazine and simazine have no 

phytohormonal effects which are typical of 2,4 -D and MCPA herbi- 

cides. Gast (19) showed that 2- chloro- 4,6 -bis- (alkylamino) -s- 

triazines inhibited the accumulation of starch in Coleus blumei. 

Starch -free Coleus leaves kept in the dark in a saccharose solution 

were able to form starch in the presence of the herbicide, which 

would indicate that triazines inhibit sugar formation. 

Exer (22) showed that simazine and similar 2- chloro -4, 6 -bis- 

(alkylated amino) -s- triazines inhibit the Hill reaction. Among the 
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triazines tested by Exer, some showed 50% inhibition of the Hill 

reaction in concentrations of the same order of magnitude as those 

of the ureas of the CMU type (10 -4 to 10 -7 M). Moreland et al. (34) 

later confirmed these findings of Exer by showing that simazine 

strongly inhibited the Hill reaction. 

Ashton et al. (3) made a detailed study on 14CO2 fixation by 

bean plants treated with the triazine herbicides. Excised leaves 

from bean plants treated with varying concentrations of atrazine for 

different time periods, fixed 
14CO2 normally at 0.1 ppm atrazine 

up to 100 hours. At 1.0 ppm atrazine fixation was 75% at six hours, 

54% at ten hours, and 10% at 50 and 100 hours. At 10.0 ppm atra- 

zine fixation amounted to 25% at five hours, 7% at ten hours, 2% at 

50 hours,and 1% at 100 hours. These results show that atrazine 

greatly inhibits 14CO2 fixation but even at relatively high concentra- 

tions for long time periods, fixation was not completely blocked. 

Because of this early work on the mode of action of triazines, 

several workers suggested that photosynthesis was probably the 

physiological system most sensitive to the herbicide (25). More 

recent work by Crafts (15), using radio -labelled triazines, showed 

that the chloro -triazines enter the roots, migrate to the apoplast, 

and move upward in the xylem. In the leaves the apoplastic move- 

ment is continued and the amount entering the living cell causes a 

drastic change in the metabolism in the presence of light. He 
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reported that the photolysis of water and the evolution of oxygen 

was blocked. 

Ashton (4) suggested that other physiological systems may be 

involved. He studied the quantitative and qualitative effects of light 

on the toxicity of atrazine. The quantitative experiment, with light 

intensity varying from 30 to 4,000 foot candles, showed that atrazine 

injury in oats increased with increasing amounts of light. The light 

quality study showed that atrazine caused more injury at 428 mµ and 

658 mµ while minimum injury occurred at 500, 528, and 607 mµ. 

These data caused Ashton to conclude that the toxicity of atrazine is 

not caused by the compound per se but rather by a secondary sub- 

stance formed by some mechanism involving the interaction of the 

herbicide and light. He suggested that it may be a "free radi- 

cal", although attempts to isolate such a substance from atrazine 

treated plants have been unsuccessful. 

It would appear from the research on the mode of action of 

atrazine, that the exact site of this action is still unknown. Re- 

searchers have shown that several systems are affected by atra- 

zine, but the primary site of action which leads to the death of the 

plant has not been confirmed. 

Magnesium in the Soil 

The amount of magnesium in soils varies considerably. 
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According to Millar (33), the average magnesium content of 23 re- 

presentative soil types in the United States was 0.36% and shows a 

range of from 0.05% in red -yellow podzolic soil to 1.34% in desert 

soils. Bear (6) reports that the average composition of the earth 

crust was 2.0% magnesium. 

Magnesium in the soil comes from the decomposition of such 

rock minerals as olivine, serpentine, dolomite, biotite, and 

chlorite. As these minerals are weathered, magnesium is slowly 

released and adsorbed by the surrounding clay particles or organic 

material, lost in the percolating water, absorbed by living organisms, 

or reprecipitated as secondary minerals. Available magnesium is 

largely contained on the exchange sites of clay and organic matter. 

Bear and Toth (7) suggested that the cations on the exchange complex 

of an ideal soil should consist of 65% calcium, 10% magnesium, 5% 

potassium, and 20% hydrogen. It was generally considered that 

soils containing less than 100 pounds of exchangeable magnesium per 

acre are likely to be deficient for crops of high magnesium require- 

ment. 

Effects of Other Cations on the Uptake of Magnesium 

The balance of other cations in the soil greatly affects the 

amount of magnesium taken up by plants. Lucas and Scarseth (30) 

found that the concentration of any one cation reflects on the status 
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of the other cations in the plants and found that rather wide ratios of 

cations could be used while the plants still maintained a fairly con- 

stant total amount of cations. Carolus (11) applied sodium, calcium, 

magnesium, and potassium singly and in combination with a uniform 

amount of nitrogen and phosphorus to potato plants. Plant analysis 

showed that the amounts of sodium, calcium, and potassium taken up 

by plants played an important role in determining when magnesium - 

deficiency symptoms appeared. The ratio of calcium to magnesium 

was very important, and if this ratio was too wide, crops suffered 

from lack of magnesium even though considerable quantities were 

present in the soil (7). This occurred on soils limed with a high 

calcium material such as calcite. Since these experiments were con- 

ducted, the influence of calcium and potassium on magnesium defici- 

ency has become well known. Also, generally accepted is the fact 

that certain cations can substitute for other cations to a certain ex- 

tent in plants (32). 

A review of literature on magnesium -phosphorus interaction 

by Beeson (8) revealed a positive correlation between these two ele- 

ments. Truog et al. (39), while working with canning peas, found 

that increasing the supply of available magnesium results in a cor- 

responding increase in the supply of available phosphorus. The 

quantity of phophorus taken up by the peas was increased by in- 

creasing magnesium levels more than by increasing phosphorus 

levels. 
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Role of Magnesium in Plants 

Chlorophyll contains up to 2. 7% magnesium; however, this is 

only a small part of the total magnesium content of leaves (32). As 

a constituent of the chlorophyll molecule, magnesium is directly in- 

volved in photosynthesis. Any marked deficiency of this element 

would be reflected in reduced chlorophyll content and consequently 

in reduced photosynthesis. Magnesium is also indirectly involved in 

photosynthesis as a constituent of many of the important enzyme 

systems that function in carbohydrate metabolism. The kinases and 

mutases generally require chelation with magnesium for the group 

transfer processes in which phosphorus participates. The dual role 

of magnesium in photosynthesis is well illustrated in experiments by 

Fleischer (17) in which chlorophyll content of Chlorella was varied 

by controlled deficiencies of either iron, nitrogen, or magnesium. 

A linear relationship was found between rate of photosynthesis and 

the chlorophyll concentration if the latter was a result of the graded 

deficiencies of iron or nitrogen. However, if magnesium was with- 

held from the cells until the chlorophyll content and photosynthesis 

were both very low, increasing amounts of magnesium caused 

chlorophyll formation but photosynthesis remained nearly constant 

at a low level until the chlorophyll had almost reached its normal 

concentration. Evidently the chlorophyll cannot function in photo- 

synthesis until enough magnesium is present to mediate a dark 
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reaction. 

Evidence of the participation of magnesium in the dark reac- 

tion was given by Kennedy (27) working with Chlorella. When flash- 

ing light was used and the length of the dark period varied, the 

photosynthesis per flash per gram of chlorophyll was increased 

greatly by increasing the length of the dark period in magnesium 

deficient cells. No corresponding increase was noted in the case of 

iron deficient cells. Magnesium deficiency, therefore, is associ- 

ated with the lowering of the rate of the dark reaction. 

Magnesium plays a predominate role in promoting the forma- 

tion of enzyme substrate complexes and the resulting reaction inter- 

mediates (32). Pyrophosphates chelate with magnesium in may co- 

factors, the metal serves as a bridge between ATP, DPN, and the 

protein molecule. Magnesium's role in the formation of lecithin and 

nucleo- proteins probably accounts for its abundance in young meri- 

stematic plant tissue, in the seed, and in the fruit. 

Magnesium apparently influences carbohydrate production and 

the movement of carbohydrates from the leaves to the stems of 

plants. Garner (18) analyzed magnesium -deficient tobacco leaves 

and found they contained less carbohydrates than normal leaves. 

Whether magnesium is related to carbohydrate production and trans- 

port by virtue of its phosphate relationship or by some other mecha- 

nism is not fully understood. 
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Magnesium Deficiency Symptoms 

Magnesium deficiency symptoms in tomato plants are frequent- 

ly distinctive and easily recognized (24). The leaves become very 

brittle and the margins tend to curve upward. The veins remain 

dark green, while the interveinal tissue becomes yellow. In the ad- 

vanced stages, the yellow areas become pale yellow and finally 

necrotic. This loss of color first appears at the tips and margins of 

the leaves. Symptoms are more common in the older, more mature 

leaves because of the mobility of the magnesium salts. When an in- 

adequate magnesium supply is present, younger plant tissue is able 

to draw on the older plant parts for its necessary magnesium. 

Interaction between Nutrients and Herbicides 

Probably the first research work in the area of fertility and its 

effect of phytotoxicity of soil -applied herbicides was done in 1939 by 

Crafts (14). He worked with soils of varying mineral levels and 

found that although arsenic and borate toxicity was related primarily 

to textural grade of soils, chlorate toxicity was correlated to fertili- 

ty. By varying only a single mineral nutrient in a soil -culture series 

containing different concentrations of chlorate, those with added 

nitrates invariably showed lowered chlorate toxicity. 

Studies on the relationship of mineral elements on the effect of 
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2, 4- dichlorophenoxyacetic acid (2,4-D) on rice seedlings were 

formed by Ishaque (26). He found a correlation between applications 

of some nutrients and increased injury to the shoot of rice seedlings 

from 2,4-D. Root injury on the other hand was reversed by the ap- 

plication of nutrients; i.e. , less injury to roots from 2,4-D was 

obtained as nutrient levels were increased. 

Work by Pennington and Erickson (35) on Canada thistle 

(Cirsium arvense) control, revealed that 2,4-D caused the greatest 

root damage in the high nitrogen treatments. 2,4-D was least 

damaging to roots in the high phosphorus treatments. 

Bingham and Upchurch (10) studied the interaction between 

nitrogen, phosphorus, potassium, and calcium on the phytotoxicity 

of 3-( 3, 4- dichlorophenyl )- 1,1- dimethylurea (diuron). Their results 

showed that phosphorus significantly increased the toxicity of diuron. 

Later, Upchurch et al. (40) were unable to duplicate this former 

interaction with phosphorus but found that the herbicide 3- amino -1, 

2,4-triazole (amitrole) interacted with phosphorus. Their results 

showed that amitrole was much more toxic in the presence of high 

phosphorus than in the presence of low phosphorus. They concluded 

that phosphorus enhances the uptake and /or translocation of amitrole 

by the formation of an amitrole- phosphorus complex. The amitrole- 

phosphorus interaction was the only interaction which was significant 

of the twelve herbicides tested. 
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Adams (1) found that high levels of phosphorus tended to sup- 

press growth of soybeans, oats, and foxtail in the presence of 2- 

chloro-4, 6 -bis(ethylamino) -s- triazine (simazine) as compared to 

controls containing no simazine. However, this relationship was 

not significant, varying with the soil used in the experiment. 
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MATERIALS, METHODS, AND RESULTS 

General Procedures 

All research was performed in the greenhouse or laboratory. 

The bioassay plants used in the experiments were tomatoes 

(Lycopersicon esculentum) and oats (Avena sativa). Since the use 

of soil would present many complex interactions and environmental 

factors not related to the problem studied, plants were grown in 

sand cultures. Seeds were planted in 4 -1/4 x 4 -1/4 x 4 inch plastic 

pots. Three 20 mesh plastic screens were placed in the bottom of 

each pot to prevent the sand from running out of the drain holes. 

Eight hundred -fifty grams of dry sand were placed in each pot, 

twelve seeds were placed on the surface, and 150 grams of dry sand 
Y 

used to cover the seeds. Each pot then received two liters of dis- 

tilled water. The excess water was used to leach out the water - 

soluble nutrients as well as very fine sand particles. The pots were 

arranged in a completely randomized design on the rack shown in 

Plate I. The pots were systematically rearranged every four days 

for the duration of the experiment. This was done in order to re- 

duce variability in the experiments. The plants were thinned two 

weeks after the date of planting. Tomatoes were reduced to four 

plants per pot while oats were reduced to ten plants per pot. 

Prior to treatment with atrazine each pot was watered by 



Explanation of Plate I 

The arrangement of pots placed in slots between 

2" x 4" boards. 
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surface application with enough nutrient solution to saturate the sand. 

The exact amount each pot received was not recorded. Nutrient 

solution was added to the surface of the sand until a small amount 

came through the drain holes in the bottom of the pots. Up to the 

time of atrazine treatment all pots were rinsed with distilled water 

once a week to prevent nutrient salts from accumulating in the sand. 

The formula for the nutrient solution used (Table I) was taken from 

Machlis and Torrey. The pH of the solution was adjusted to 6. 5 with 

1.0 N NaOH. 

Table I. Composition of the nutrient solution showing various 
amounts of magnesium used. 

Stock solution 

Milliliters of stock solution per 
liter of nutrient solution 

High -Mg Medium -Mg Zero -Mg 

1M Ca(NO3)2' 4H2O 5 5 5 

1M KNO3 5 5 5 

1M MgSO4 2 1 0 

1M KH2 PO4 1 1 1 

1M Na2SO4 0 1 2 

Fe chelate 1 1 1 1 

Micronutrients 2 1 1 1 

1 The iron chelate used in the solution was Geigy's Sequestrene 
330 Fe iron chelate (Sodium ferric diethylenetriamine pentaacetate). 

2The micro -nutrient stock solution contained 2.86 g of I-111304 

1.81 g of MnCl22' 4H2O, 0.11 g of ZnCl , 0. 07 g of CuSO4 5H2O, 
0.025 g of Na2NIo04 2H2O per liter. 2 

Note: Na2SO4 was used to supply sulfur to the nutrient solution 
where MgSO4 could not be used. 
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This same procedure of watering was continued until the 

plants were treated with atrazine. After the atrazine treatment no 

nutrient solution was allowed to drain out of the pots. The amount 

of nutrient solution added to each pot was adjusted according to the 

atrazine treatment. Plants in the high atrazine treatment pots re- 

quired very little nutrient solution compared with the zero and low 

atrazine treatments. For example, tomato plants treated with one - 

fourth ppm atrazine used about 1620 ml of nutrient solution in fifteen 

days while those plants not treated with atrazine used nearly 3000 

ml. The amount of nutrient solution used by the various treatments 

is given in Table 1 of the Appendix. 

Three weeks after seeding, the plants were treated with atra- 

zine. The correct amount of atrazine was added to 150 ml of nutri- 

ent solution and applied to the surface of the sand. It was assumed 

that the correct amount of atrazine would remain in the root zone 

since no nutrient solution was allowed to drain from the sand from 

atrazine treatment time to harvest time. 

Plant samples were harvested by cutting them off at the sand 

surface. Plant material was then placed in an oven to dry for 24 

hours at 100oC. Weights of the dry plant samples were determined 

on a microbalance. The results were statistically analyzed. The 

interaction between magnesium and atrazine was determined by 

using a factorial analysis as outlined in LeClerg, et al. (29). 
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Temperature conditions in the greenhouse were variable, 

ranging from 30 °C (85 °F) in the day to 16 °C (60 °F) at night. 

Humidity fluctuated between 36 -42 percent. Plants were subjected 

to continuous supplemental light for 24 hours a day for the duration 

of the experiment. 

Chemical and Physical Properties of the Sand Medium 

Soil Analysis 

An attempt was made to wash the sand with 1.0 N HCL to re- 

move the soluble nutrients contained in the sand but this procedure 

was abandoned because of the difficulty in rinsing off all of the acid 

and again raising the pH of the sand back up to a level suitable for 

plant growth. Therefore, sand samples were sent to the soil testing 

laboratory to determine the amount of exchangeable nutrients present. 

Materials and Methods. One thousand grams of dry sand 

were placed in 4 -1/4 x 4 -1/4 x 4 inch plastic pots. Three liters of 

distilled water were leached through each pot. The sand was allowed 

to dry. The sand samples were then taken to the soil testing labora- 

tory for analysis. 

Results and Discussions. The results of this analysis are 

given in Table 2. The results from the laboratory indicated that the 

sand contained no nutrient elements at a high enough concentration to 
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satisfy the requirements for normal plant growth. In all cases the 

nutrient levels were lower than the level of sensitivity of the flame 

photometer. These results showed that acid washing was unneces- 

sary when working with macro -nutrients such as nitrogen, phos- 

phorus, potassium, calcium, and magnesium in this particular sand. 

The pH of the sand was 6. 4. Since the pH of the nutrient solution 

was adjusted to 6. 5, the interaction between the sand and the nutri- 

ent solution would result in no net change in pH of either the sand 

or the nutrient solution. 

Table 2. Analysis of exchangeable nutrients in El Monte quartz 
sand. 

Treatment 
N P K Ca Mg Na 

pH ppm ppm ppm ppm ppm ppm 

Sand 6. 4 0. 0 1. 0 0. 0 0. 6 0. 2 0. 0 

Leachate Analysis 

To further study the activity of the sand used, the following ex- 

periment was initiated to determine how much of the nutrient solu- 

tion was adsorbed on the sand surface and to determine whether any 

nutrients were contributed to the plants by the sand. 

Materials and Methods. One thousand grams of sand were 

placed in a 4 -1/4 x 4 -1/4 x 4 inch plastic pot. The sand was washed 

with three liters of distilled water and allowed to dry. After the 
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sand had dried, two liters of nutrient solution were leached through 

the sand. Samples of the nutrient solution before its addition to the 

sand and the leachate coming through the sand were collected. The 

sand was then allowed to dry. One week after the addition of the 

nutrient solution, another two liters of solution were added and the 

leachate again collected. All three samples were then sent to the 

soils testing laboratory for analysis. The results of the analysis 

are recorded in Table 3. 

Results and Discussions. The results of this experiment in- 

dicated that the cation exchange capacity of the sand was essentially 

zero. The leachate collected after it had passed through the 

washed sand was the same as that added to the surface. This means 

that there were no charged surfaces in the sand which would attract 

charged cations from the nutrient solution. There was an increase 

in nutrients in the leachate collected one week later. This would 

be expected since the water in the nutrient solution would evaporate 

leaving the mineral salts behind in the sand. Because of this salt 

accumulation, later experiments were rinsed with distilled water 

up to the time of atrazine treatment. This study and the sand analy- 

sis clearly showed that the sand had essentially no chemical or 

physical activity and that nutrients taken up by the plants were pro- 

vided by the nutrient solution. 
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Table 3. Analysis of the nutrient solution before and after its addition to quartz sand. 

Treatment 

N P K Ca Mg B Na Fe Cu 

ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Normal nutrient solution 228 142 284 108 21.7 0.7 10 4.0 0.06 
Leachate 228 136 281 108 25.0 1.0 11 4.0 0.06 
Le achate collected one 
week later 234 156 302 116 27.0 1.0 13 4.0 0.06 

Dosage Response Studies 

The toxicity of atrazine is highly dependent upon soil texture 

(20). The objective of this experiment was to determine the amount 

of atrazine required to cause an intermediate reduction in plant 

growth using sand as a support media. 

Materials and Methods. Two identical experiments were 

initiated; one using tomatoes and one using oat plants. The plants 

were seeded as outlined in the general procedures section. Plants 

received nutrient solution containing high magnesium. Atrazine 

rates of 0, 1/4, 1/8, 1/16, and 1/32 parts per million were used in 

the experiment. The experiment was conducted as a completely 

randomized design with four replications and five atrazine rates. 

The above -ground portions of the plants were harvested four weeks 

after planting (two weeks after being treated with atrazine). 

Results and Discussions. Dry weights of the various treat- 

ments are given in Tables 4 and 5. The results showed that oats 

and tomatoes were similar in sensitivity to atrazine with tomatoes 
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being slightly more sensitive. An intermediate plant growth response 

was obtained at the 1/32 ppm rate of atrazine. This rate was 

selected as the lower rate to be used in further experiments. 

Table 4. The effect of various atrazine rates on the growth of oat 
seedlings grown in sand cultures. 

Average dry weight of Percent 
Atrazine rate ten plants in mgs. of check 

(treatment 1) 

0 

1/4 
1/8 
1/16 
1/32 

ppm 
ppm 
ppm 
ppm 
ppm 

130.1 
48.2 
49.8 
57.4 
64.4 

100.0 
3 7. 0 

38.3 
44.1 
49.5 

Table 5. The effect of various atrazine rates on the growth of 
tomato seedlings grown in sand cultures. 

Average dry weight of 
Atrazine rate four plants in grams 

Percent 
of check 

(treatment 1) 

0 ppm 7.81 100.0 
1/4 ppm 0.82 10.5 
1/8 ppm 1.05 13.4 
1/16 ppm 1.44 18.4 
1/32 ppm 3.22 41.2 

Studies on the Interaction Between Magnesium and Atrazine 

Experiments on Oats 

Having completed preliminary experiments designed to 

answer basic questions about techniques and procedures, the 



25 

following experiments were performed to determine whether various 

magnesium treatments had a significant effect on the toxicity of 

atrazine. Since the amount of magnesium required to fulfill plant 

requirements varies greatly from species to species, two similar 

experiments were initiated; one involving oat plants and one in- 

volving tomato plants. 

Materials and Methods. Seeds were planted in plastic pots as 

outlined in the general procedures section. Atrazine rates of 0, 1/8, 

1/16, and 1/32 ppm were added to the sand three weeks after plant- 

ing. Three rates of magnesium were used as outlined in Table 1. 

The plants were grown continuously in this nutrient solution from 

the time of seeding to harvest time. The experiments were con- 

ducted in a completely randomized design with four replications and 

twelve treatments. Plant tops were harvested five weeks after 

planting. 

Results and Discussions. Average plant dry weights and per- 

cent of check values are recorded in Table 6. The analysis of vari- 

ance is given in Table 7. Visual evaluations were taken, but not re- 

corded, since no noticeable differences were observed. 

The statistical analysis shows that the dry weights of oat plants 

did not differ significantly due to the magnesium treatment and that 

no significant interaction occurred between magnesium and atrazine. 

Evidently, the oat seed was large enough to contain sufficient 
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magnesium to satisfy the requirements of the oat seedling for the 

short duration of the experiment Or the magnesium requirements of 

the oat plant were so low that plants were able to absorb enough 

magnesium from the 0.2 ppm magnesium found in the sand. Since 

no significant difference occurred due to magnesium treatment, no 

interaction between magnesium and atrazine would be expected. 

Table 6. The effect of magnesium and atrazine on the dry weight of oat plants. 

Average dry weight Percent 
Treatment per ten plants (mgs) of check 

0-magnesium 0 ppm atrazine 186.2 88.0 
1/8 ppm atrazine 93.6 44.2 
1/16 ppm atrazine 84.2 39.8 
1/32 ppm atrazine 120.8 57. 1 

Medium-magnesium 0 ppm atrazine 194.2 91.7 
1/8 ppm atrazine 81.3 38.4 
1/16 ppm atrazine 96.8 45.7 
1/32 ppm atrazine 133.0 62.8 

1 

High -magnesium 0 ppm atrazine 211.7 100.0 
1/8 ppm atrazine 80.8 38.2 
1/16 ppm atrazine 88.7 41.9 
1/32 ppm atrazine 122.8 58.0 

1 
Check treatment 

Table 7. Analysis of variance for magnesium -atrazine effects on oat plants. 

Source of variation df Sum of Squares Means Square F Value 

Between Treatments 11 990.5 90.0 30.82 ** 
Magnesium 2 .3.0 1.5 .51NS 
Atrazine 3 966.0 322.0 110.30** 
Magnesium X Atrazine 6 21.5 3.6 1.23NS 

Within Treatments 36 105.0 2.92 
Total 47 1,095.5 

* Significant at the 5% level 
**Significant at the 1% level 
C. V. = 14.1% 
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Experiments on Tomatoes 

Materials and Methods. This experiment was conducted in the 

same manner as the experiment involving oats except that the atra- 

zine rates were changed slightly. Atrazine rates of 0, 1/4, 1/8, and 

1/16 ppm were used. The duration of the experiment was also ex- 

tended one week over that of the oat experiment. Plant tops were 

harvested six weeks after planting (three weeks after atrazine treat- 

ment). One week after the atrazine treatment and for two succeed- 

ing weeks, the author and two co- workers rated each individual pot 

using the rating system given in Table 9. The ratings were all 

made individually so that one worker could not influence the decision 

of the others. 

Results and Discussions. The visual ratings were compiled 

and averaged in Table 8. The results showed that the atrazine rates 

of 1/4 and 1/8 were too high to determine by visual observation any 

interaction between magnesium and the herbicide. Plants treated 

with these two rates were essentially all killed. However, the 1/16 

ppm atrazine rate was ideal for the purpose of the experiment. The 

degree of injury to the plants was far less in the high magnesium- 

1/16 ppm atrazine treatments than the zero magnesium -116 ppm 

atrazine treatments. The results also showed that plants treated 

with high magnesium -116 ppm atrazine began to recover three 
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weeks after the herbicide treatment whereas plants treated with 

zero magnesium -116 ppm atrazine did not. The injury to the zero 

magnesium -116 ppm atrazine treated plants was severe enough that 

it was doubtful that these plants would ever recover fully. 

Table 8. Visual ratings showing the degree of injury on tomato plants due to the combined 
effects of magnesium and atrazine (average of three observations). 

Treatment 

0-magnesium 0 ppm atrazine 
1/16 ppm atrazine 
1/8 ppm atrazine 
1/4 ppm atrazine 

Medium -magnesium 0 ppm atrazine 
1/16 ppm atrazine 
1/8 ppm atrazine 
1/4 ppm atrazine 

High -magnesium 0 ppm atrazine 
1/16 ppm atrazine 
1/8 ppm atrazine 
1/4 ppm atrazine 

Weeks after atrazine treatment 
1 2 3 

. 125 .5 .375 
5.75 7.0 7.0 
7.25 9.5 9.75 

10.0 10.0 10.0 

0.0 . 125 .125 
4.5 5. 125 4.0 
8.0 9.5 9.5 

10.0 10.0 10.0 

.0 .0 .0 
3.37 3.75 2.62 
9.5 9.75 9.5 

10.0 10.0 10.0 

Table 9. Rating system used on tomato plants. 

Rating Symptoms 

0 Normal healthy plants 
1 First visual signs of chlorosis 
2 Definite chlorosis, with slight visual signs of growth reduction 
3 Chlorosis, growth reduction, signs of necrosis in lower leaves 
4 Chlorosis, growth reduction, necrosis of lower leaves 
5 Chlorosis, 50% growth reduction, lower leaves necrotic 
6 8 -10 terminal leaves visible but chlorotic, lower leaves necrotic 
7 5 -6 terminal leaves visible but chlorotic, lower leaves necrotic 
8 3 -4 terminal leaves visible but chlorotic, lower leaves necrotic 
9 Slight leaf activity at stem apex, all other leaves necrotic 

10 All leaves completely necrotic, die back at stem apex 
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Because the 1/4 and 1/8 ppm atrazine rates were so toxic that 

all the plants were killed, plant fresh weights were taken only on the 

0 and 1/16 ppm atrazine treatments. The results of the fresh weight 

determination are given in Table 10 with the analysis of variance in 

Table 11. The analysis of variance showed that the fresh weights of 

tomato plants differed significantly due to magnesium, atrazine, and 

the interaction between magnesium and atrazine. After the fresh 

weights were taken, the plant material was oven dried. 

Table 10. The effect of magnesium and atrazine on the fresh weights of tomato plants. 

Treatment 

Zero -magnesium 0 ppm atrazine 
1/16 ppm atrazine 

Medium -magnesium 0 ppm atrazine 
1/16 ppm atrazine 

High -magnesium 0 ppm atrazine 
1/16 ppm atrazine 

Average fresh weights 
per four plants in grams 

Percent 
of check 

130. 16 88.8 
30.02 20. 5 

144. 17 98.3 
53.87 36.7 

1 
146.60 100.0 
70.08 47.8 

1 
Check treatment 

Table 11. Analysis of variance for the magnesium -atrazine effects on fresh weights of tomato 
plants. 

Source of variation df Sum of Squares Means Square F Value 

Between Treatments 5 51, 385.7 10, 277.1 163.39 ** 
Magnesium 2 3,317.0 1,658.5 26.37 ** 

Atrazine 1 47, 500.5 47, 500.5 755. 17 ** 
Magnesium X Atrazine 2 568.2 284.1 4.52* 

Within Treatments 18 1, 132.3 62.9 
Total 23 52, 518.0 

* Significant at the 5% level 
**Significant at the 1% level 
C.V. = 7.3% 
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Dry weight information is recorded in Table 12 with the analysis of 

variance given in Table 13. The analysis of variance for the dry 

weight data substantiated the findings of the visual ratings and the 

fresh weight information. Pictures taken at harvest time are shown 

in Plates 2 and 3. The visual differences due to the various treat- 

ments were very dramatic since both growth reduction and chlorosis 

were readily seen. Plants treated with zero -magnesium and atra- 

zine were all very pale green. Pictures in Plates 2 and 3 are ar- 

ranged so that all possible combinations can be viewed from this one 

figure. The 1/4 ppm atrazine rate was excluded from the picture 

because its appearance was essentially the same as the 1/8 ppm 

treatment. 

Table 12. The effect of magnesium and atrazine on the dry weight of tomato plants. 

Treatment 

Zero- magnesium 0 ppm atrazine 
1/16 ppm atrazine 
1/8 ppm atrazine 
1/4 ppm atrazine 

Medium -magnesium 0 ppm atrazine 
1/16 ppm atrazine 
1/8 ppm atrazine 
1/4 ppm atrazine 

High-magnesium 0 ppm atrazine 
1/16 ppm atrazine 
1/8 ppm atrazine 
1/4 ppm atrazine 

Average dry weight per 
four plants in grams 

Percent 
of check 

11.47 79.2 
2.41 16.6 
1.42 9.8 
1.37 9.5 

13.64 94. 1 

4.09 28.2 
1.45 10.0 
1.47 10. 1 

14.49 100.01 
6.21 42.9 
1.60 11.0 
1.52 10.5 

1 
Check treatment 



Explanation of Plate II 

Top picture, from left to right: 

1. Zero atrazine, zero -magnesium 
2. Zero atrazine, medium -magnesium 
3. Zero atrazine, high- magnesium 

Center picture, from left to right: 

1. 1/16 ppm atrazine, zero -magnesium 
2. 1/16 ppm atrazine, medium -magnesium 
3. 1/16 ppm atrazine, high- magnesium 

Bottom picture, from left to right: 

1. 1/8 ppm atrazine, zero -magnesium 
2. 1/8 ppm atrazine, medium -magnesium 
3. 1/8 ppm atrazine, high- magnesium 
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Table 13. Analysis of variance for magnesium - atrazine effects on the dry weight of tomato 
plants. 

Source of variation df Sum of Squares Means Square F Value 

Between Treatments 11 1, 160.6 105.5 324.624* 
Magnesium 2 25.7 12.84 39.50** 
Atrazine 3 1, 112.1 370.69 1, 140.58 ** 
Magnesium X Atrazine 6 22.9 3.81 11.72 ** 

Within Treatments 36 11.7 .33 
Total 47 1, 172.3 

* Significant at the 5% level 
**Significant at the 1% level 
C.V. = 10.9% 

The results of this experiment show that the growth of tomato 

plants was affected by both magnesium and atrazine treatments. 

This information was confirmed by visual ratings, fresh weights, 

dry weights, and photographs. However, the most important inform- 

ation to come out of this study was that atrazine toxicity may be at 

least partially overcome by the addition of magnesium to plants 

which are deficient in magnesium. The dry weight of plants treated 

with high magnesium -116 ppm atrazine was nearly three times that 

of plants treated with zero magnesium -116 ppm atrazine (6.21 

grams vs 2.41 grams). Part of this difference could be attributed 

to magnesium alone, but not the entire three -fold difference. A 

factorical statistical analysis showed the interaction between mag- 

nesium and atrazine to be highly significant. To contrast this ex- 

periment with the experiment involving oats, two important changes 

were made; first, a smaller seeded plant was used and second, the 



Explanation of Plate III 

Top picture, from left to right: 

1. Zero -magnesium, 1/8 ppm atrazine 
2. Zero -magnesium, 1/16 ppm atrazine 
3. Zero -magnesium, zero atrazine 

Center picture, from left to right: 

1. Medium -magnesium, 1/8 ppm atrazine 
2. Medium- magnesium, 1/16 ppm atrazine 
3. Medium -magnesium, zero atrazine 

Bottom picture, from left to right: 

1. High- magnesium, 1/8 ppm atrazine 
2. High- magnesium, 1/16 ppm atrazine 
3. High- magnesium, zero atrazine 
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duration of the experiment was extended for one week. Food re- 

serves in the tomato seed would be used up much faster than re- 

serves in the much larger oat seed, making the plant dependent upon 

nutrients absorbed by the roots at a younger age. The extended 

growth period would allow the deficiency symptoms to show up to a 

greater degree. The total growth increase from the small seeded 

tomato should also be considered. Harvested plant material from 

four tomato plants ranged from 100 to 1500 milligrams whereas the 

harvested plant material from ten oat plants weighed only 80 -210 

milligrams. This means that the nutrient requirement for the to- 

mato plants would be much greater than the requirements for the 

oats. This increased nutrient requirement resulted in significant 

growth differences due to the lack of magnesium whereas these 

growth differences were not obtained with oat plants. On the basis 

of these two experiments, it appears that magnesium will decrease 

the toxicity of atrazine on plants having a high magnesium require- 

ment when these plants are grown in a magnesium deficient media. 

The Influence of Magnesium and Atrazine on Nutrient Uptake 

According to Lucas and Scarseth (30), the concentration of 

any one cation reflects on the status of the other cations in the plant. 

The purpose of this experiment was to determine the effects of 

magnesium and atrazine on the uptake of other nutrients. 
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Materials and Methods. Tomato plant samples from the pre- 

vious magnesium -atrazine interaction experiment were sent to the 

United States Testing Co. , Richland, Washington. The various 

nutrients taken up by each sample were determined by the use of a 

mass spectrometer. 

Results and Discussions. Results of the plant analysis were 

expressed as percentage or parts per million on a dry weight basis 

(Appendix Table 7). These values were multiplied by the harvested 

dry weight to determine the total uptake of each element. The values 

in Appendix Tables 8 -20 represent total nutrient uptake. The cor- 

responding statistical information accompanies each table. To ob- 

tain an overall picture of how the various treatments affected the 

nutrient uptake, mean values from the Appendix tables were con- 

verted to percent of check values (Table 14). Since the high mag- 

nesium-zero atrazine treatment was a normal Hoagland solution, it 

was used as the check treatment. 

The F test showed that the atrazine treatment had a significant 

effect on the uptake of all nutrient elements. This effect can be seen 

readily from Table 14 since atrazine decreased the uptake of all 

elements. According to Millar (33), nutrient absorption is affected 

by several factors. Since the exact mode of action of atrazine is 

still unknown, it is rather hard to determine which of these factors 

is affecting nutrient absorption. It appears to be a general 



Table 14. Effects of magnesium and atrazine on the uptake of various nutrient elements, expressed as percent of check. 

Treatment 
Mg Atrazine 

(level) (ppm) 

Nutrient Elements 

Na Cu K Ca Zn P B Al Si Mn Fe Mo Mg 

Zero 0 243.0 113.6 112.7 105.2 101.3 98.5 97.2 92.8 90.8 86.9 86.5 17.3 13.5 

1/16 76.0 64.1 45.9 40.2 50.6 43.7 36.2 65.3 48.1 46.3 50.6 13.3 9.4 

1/8 54.0 43.2 30.8 27.8 37.8 27.6 28.1 46.7 37.0 35.3 40.6 12.3 8.1 

1/4 36.0 23.8 19.4 17.5 23.7 17.5 19.8 34.7 30.8 21.8 32.4 8.0 5.3 

Medium 0 188.0 94.5 97.1 100.0 93.6 97.8 97.0 77.2 80.6 95.2 90.0 53.2 58.3 

1/16 84.0 56.0 54.4 44.3 46.8 49.6 44.7 61.1 49.3 52.8 53.5 32.9 30.3 

1/8 31.0 26.7 18.6 17.5 25.0 20.9 21.4 32.3 27.0 27.1 30.6 17.8 12.5 

1/4 34.0 26.7 21.0 18.0 22.4 19.0 20.5 3S.9 28.7 23.6 32.9 17.1 12.9 

High 0* 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

1/16 44.0 56.8 51.5 39.7 41.0 47.0 42.6 49.1 42.7 45.0 42.4 47.0 41.0 

1/8 20.0 32.2 21.9 21.1 25.0 24.3 24.0 35.3 29.3 30.1 34.1 25.1 18.9 

1/4 18.0 23.8 18.8 17.0 21.8 19.0 20.5 32.9 27.7 24.4 37.6 24.9 18.6 

Check treatment 
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disturbance of several metabolic processes which slows down 

nutrient uptake. 

Magnesium treatments had a significant effect on the uptake of 

sodium, molybdenum, and magnesium. Results showed that the 

zero magnesium -zero atrazine treatment contained nearly two and 

one -half times as much sodium as the high magnesium -zero atra- 

zine treatment. To avoid an erroneous conclusion reference must 

be made to Table 1. The zero magnesium treatment received 

sodium - sulfate while the high magnesium treatment received none. 

Sodium - sulfate was used as a source of sulfur in those nutrient 

solutions where no magnesium could be used. Therefore the large 

amount of sodium found in the zero -magnesium treatments could be 

due to the fact that sodium was added to this treatment and not be- 

cause magnesium enhanced the uptake of sodium. Magnesium did, 

however, greatly decrease the uptake of molybdenum. This action 

may be similar to that reported by Lucas and Scarseth (30) who 

showed that the uptake of a given ion by plants may vary considerably 

with the concentration and nature of other cations. Ambient concen- 

tration of magnesium also had a significant influence on the uptake of 

magnesium. This influence would be expected since Russell (36) 

demonstrated that increasing the concentration of a given cation in 

the growth medium generally increased the quantity of that ion in 

the plant. 
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CONCLUSIONS 

The addition of magnesium to magnesium- deficient plants sig- 

nificantly decreased the toxicity of atrazine. Top growth of tomato 

plants grown in sand cultures was significantly reduced by withhold- 

ing magnesium from the nutrient solution. By adding various 

amounts of atrazine to these magnesium- deficient plants, it was 

noted that magnesium significantly reduced the toxic effect of the 

herbicide. 

Before determining the possibilities as to how magnesium may 

decrease atrazine toxicity, research in the past should be reviewed 

so that an overall picture of the mode of action of atrazine may be 

determined. Exer (4), Crafts (15), and Moreland (34) showed that 

atrazine inhibits the Hill reaction in a manner similar to that of 

diuron. This means that the electron from water is not being re- 

ceived by plastoquinone, a process which blocks the whole photo- 

synthetic mechanism. This blockage of the electron chain does not 

prevent the chlorophyll pigment from absorbing light energy. The 

energy which was normally used to excite the electron from water to 

the plastoquinone level is now being used to oxidize various compo- 

nents of the cell. Evidence that this is happening is verified by 

Gast (19), who showed that Coleus leaves kept in the dark were able 

to form starch in the presence of the herbicide when fed a saccharose 
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solution. This reaction would not take place in the light, which in- 

dicates that light is causing the inhibition. Ashton et al. (3) also 

showed that atrazine was more toxic at 428 mµ and 658 mµ light 

peaks, which are the absorption peaks for chlorophyll. This would 

also indicate that the chlorophyll pigment is absorbing the light 

energy which is used to photo- oxidize the plant. When atrazine is 

applied to plants, the leaves take on a bleached appearance which is 

another indication that the pigments of the cell are being oxidized. 

In summary, it appears that when atrazine blocks the electron flow 

from water, energy adsorbed by chlorophyll is now used in photo - 

oxidization processes. 

In order for magnesium to decrease the toxicity of atrazine, 

it must alter the form of atrazine or limit the amount present at its 

site of action so that some of the electrons from water are being 

received by plastoquinone and thus transmitted on through the elec- 

tron chain. There are several possibilities as to how this may 

happen. (1) Magnesium may combine with atrazine in the sand 

media to form a non -toxic atrazine- magnesium complex. An experi- 

ment should be performed where tomato plant roots were evenly 

divided into two separate containers. One container would receive 

the nutrient solution to maintain growth while the other container 

would receive the atrazine treatment. This would prevent the 

magnesium from complexing with the atrazine in the sand media. 
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(2) This same reaction may also occur in the plant once the mag- 

nesium and atrazine have entered the plant. (3) Magnesium may 

compete with atrazine for absorption sites on the root surface. 

This possibility could be investigated by using analytical procedures 

to extract the atrazine taken up by the plants. One could then com- 

pare the atrazine uptake of high- magnesium plants versus zero - 

magnesium plants. (4) The addition of magnesium may greatly en- 

hance the synthesis of chlorophyll and thus provide many more sites 

which a given amount of atrazine must overcome. This possibility 

could be checked by extracting the chlorophyll from the chloro- 

plasts or by checking the effect of magnesium on the rate of photo- 

synthesis by using an infra -red analyzer. (5) Plants grown in high 

magnesium media may produce more lipids, starches, carbohy- 

drates, and other lipid -soluble compounds which may complex with 

atrazine and thus limit the amount of atrazine available at its given 

site of action. Researchers in the past, after having extracted 

atrazine, have found that there has always been a certain amount of 

the herbicide which could not be accounted for. They have attri- 

buted this loss to lipid - soluble complexes which bind the herbicide 

so tightly that they were unable to extract it. This is a very good 

possibility, since it is known that although atrazine is very in- 

soluble in water, it has good lipid solubility. Research should be 

conducted to determine whether the amount of this atrazine which 
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cannot be accounted for is higher for high- magnesium plants than for 

zero -magnesium plants. 

Magnesium had no significant effect on the toxicity of atrazine 

using oats as bioassay plants. Magnesium's influence on the growth 

of oat plants was also insignificant. The failure to obtain a mag- 

nesium- deficiency in oat plants was probably due to the large oat 

seed containing enough magnesium to fulfill the magnesium require- 

ments of the plant. Had the experiment been extended over a longer 

period of time, magnesium deficiency would have occurred since the 

magnesium reserves in the oat seed would have been depleted. Sig- 

nificant growth reduction was obtained on the tomato plants by with- 

holding magnesium. Tomato seeds were very small in comparison 

to the oat seeds and the dry weight increase from these small seeds 

was much higher than that obtained from the oat seeds. The mag- 

nesium requirement in oat seedlings may not be as great as that in 

tomatoes. 

An experiment to determine the influence of atrazine and mag- 

nesium on nutrient uptake showed that atrazine significantly reduced 

the uptake of all nutrient elements analyzed. Sutcliffe (37) showed 

that the active absorption of mineral salts, that is, the accumulation 

of salts in a concentration higher than those which occur in the medi- 

um, clearly requires the expenditure of energy. Visible light sup- 

plies energy for mineral uptake in green plants through 
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photosynthesis. If atrazine blocks the electron transport chain, no 

ATP is formed and thus available energy for nutrient uptake would 

be reduced. Magnesium treatments decreased the uptake of molyb- 

denum. It has long been recognized that the uptake of a given ion by 

plants may vary considerably with the concentration and nature of 

other ions. Magnesium is evidently competing with molybdenum 

causing less molybdenum to be taken up. 

Studies were conducted to determine the nutrient content of 

quartz sand. The results showed that macro -nutrients were present 

in very small quantities. When studies were conducted to determine 

the effect of macro -nutrients such as nitrogen, phosphorus, mag- 

nesium, calcium, and potassium on plant growth, acid washing to 

remove these elements from the sand media was unnecessary since 

negligible amounts were present in the unwashed sand. Essentially 

all nutrients supplied to the plants came from the nutrient solution 

and not from the sand. 

The results from this research can be used on a very practical 

basis. In magnesium- deficient areas of the state, herbicide rates 

may have to be decreased slightly to prevent toxicity symptoms 

from occurring. If toxicity symptoms have already appeared due to 

atrazine, the addition of magnesium to the soil or foliage may be a 

method to reduce injury. Experiments should be performed where 

plants already showing symptoms of magnesium deficiency are 
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treated with atrazine, then magnesium added either by foliar or soil 

application to determine if magnesium can be used as a plant pro - 

tectant. Experiments should also be conducted to determine the ef- 

fect of magnesium on other herbicides. Since the mode of action of 

diuron and other related herbicides is very similar to that of atra- 

zine, one would strongly expect an interaction between urea base 

herbicide and magnesium. Similar experiments should also be con- 

ducted using the technique developed in this thesis to determine 

whether other cations interact with herbicides. 
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SUMMAR Y 

The influence of magnesium on the toxicity of atrazine was 

studied. Plant material was analyzed to determine the effect of 

atrazine and magnesium on the nutrient uptake of tomato plants. 

Studies were conducted to determine the physical and chemical pro- 

perties of the sand media. 

The following results were obtained. 

1. Magnesium significantly reduced the toxicity of atrazine 

in experiments involving tomatoes. Increasing atrazine rates signi- 

ficantly reduced the growth of tomato plants. 

Z. Magnesium treatments on oat seedlings had no significant 

effect. The interaction between atrazine and magnesium was also 

insignificant. Growth of oat plants was significantly decreased due 

to atrazine treatments. 

3. The total amount of each of the nutrient elements taken up 

by tomato plants was significantly reduced due to atrazine treatments. 

Magnesium treatments had a significant effect in reducing the uptake 

of molybdenum. The addition of magnesium to the nutrient solution 

increased the amount of magnesium in the plant. 

4. Mineral analysis of the quartz sand showed negligible 

amounts of macro -nutrients. Leachate studies confirmed the inform- 

ation obtained from the flame photometer. 
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Table 1. Milliliters of nutrient solution used by tomato plants per pot after atrazine treatment. 

Zero -Mg 
Atrazine Rate /ppm 

Medium -Mg 
Atrazine Rate /ppm 

High -Mg 
Atrazine Rate /ppm 

Date 0 1/16 1/8 1/4 0 1/16 1/8 1/4 0 1/16 1/8 1/4 

Apr9 150 150 150 150 150 150 150 150 150 150 150 150 
" 10 150 150 150 150 150 150 150 150 150 150 150 150 
" 11 160 150 150 150 160 150 150 150 160 150 150 150 
" 12 170 150 150 140 170 150 150 140 170 150 150 140 
" 13 180 150 140 140 180 150 140 140 180 150 140 140 
" 14 180 140 140 130 190 150 140 130 190 150 140 130 
" 15 190 140 130 120 200 150 130 120 190 140 130 120 
" 16 190 140 120 110 200 140 120 110 200 140 120 110 
" 17 200 140 110 110 200 140 110 110 210 140 110 110 
" 18 210 140 110 100 210 140 110 100 210 140 110 100 
" 19 210 130 100 85 220 140 100 85 220 140 100 85 
" 20 220 130 80 75 220 130 80 75 230 140 80 75 
" 21 230 130 60 60 230 130 60 60 240 140 60 60 
" 22 240 125 60 50 240 130 60 50 250 130 60 50 
" 23 240 125 50 50 240 130 50 50 250 130 50 50 

Total 2920 2090 1700 1620 2960 2130 1700 1620 3000 2140 1700 1620 

Table 2. The effect of atrazine rates on the dry weights of oat seedlings grown in sand cultures. 

Treatment Rep I 

0 ppm Atrazine 132.7 
1/4 ppm Atrazine 50.2 
1/8 ppm Atrazine 51.7 
1/ 16 ppm Atrazine 59. 0 
1/32 ppm Atrazine 67.3 

Dry wt. of oat shoots in mgs. 

Rep II Rep III Rep IV Ave. 

127.2 138.6 121.8 130.1 
49.9 49.7 42.8 48.2 
48.3 49.1 50.2 49.8 
58. 5 57. 0 55. 2 57.4 
61.3 70.5 58.3 64.4 

Table 3. The effect of atrazine rates on the dry weights of tomato seedlings grown in sand cultures. 

Treatment 

0 ppm Atrazine 
1/4 ppm Atrazine 
1/8 ppm Atrazine 
1/16 ppm Atrazine 
1/32 ppm Atrazine 

Dry wt. of tomato shoots in grams 

Rep I Rep II Rep III Rep IV Ave. 

7.920 7.828 7.800 7.703 7.813 
.816 .847 .830 .791 .821 

1.039 1.118 .975 1.055 1.047 
1. 141 1.852 1.432 1. 317 1.435 
3.392 2.899 3.630 2.941 3.216 
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Table 4. The effect of magnesium and atrazine treatments on the dry weight of oat shoots. 

Treatment 

0- Magnesium 

Med. -Magnesium 

High -Magnesium 
vi 

O ppm Atrazine 
1/8 ppm Atrazine 
1/16 ppm Atrazine 
1/32 ppm Atrazine 

O ppm Atrazine 
1/8 ppm Atrazine 
1/ 16 ppm Atrazine 
1/32 ppm Atrazine 

O ppm Atrazine 
1/8 ppm Atrazine 
1/16 ppm Atrazine 
1/32 ppm Atrazine 

Dry weights of oat shoots in nags. 

Rep I Rep II Rep III Rep IV Ave. 

188,9 197.8 176.8 181.2 186.2 
98.2 86.2 90.3 99.8 93.6 
80.3 90.0 84.5 82.2 84.2 

109.6 118. 1 132.2 123.2 120.8 

239.4 164.3 175.4 197.7 194.2 
86.5 103.0 76.3 59.5 81.3 
82. 1 100.6 98.9 105.7 96.8 

153.0 128. 1 111.7 138.9 133.0 

232.5 218.9 198.4 196.9 211.7 
83.7 63.6 107.0 68.8 80.8 
81.9 97.9 82.4 92.5 88.7 

102.6 98.8 137.4 152.3 122.8 

Table 5. The effect of magnesium and atrazine treatments on the dry weight of tomato shoots. 

Treatment 

0- Magnesium 

Med. -Magnesium 

O 

High -Magnesium 

O ppm Atrazine 
1/4 ppm Atrazine 
1/8 ppm Atrazine 
1/16 ppm Atrazine 

O ppm Atrazine 
1/4 ppm Atrazine 
1/8 ppm Atrazine 
1/16 ppm Atrazine 

O ppm Atrazine 
1/4 ppm Atrazine 
1/8 ppm Atrazine 
1/16 ppm Atrazine 

Dry weights of tomato shoots in grams 

Rep I Rep II Rep III Rep IV Ave. 

12.264 12.337 10.246 11.033 11.470 
1.550 1.411 1.518 1.013 1.373 
1.516 1.655 1.310 1. 180 1,415 
3.264 2. 140 2.519 1.708 2.408 

13.735 13.530 13.084 14.215 13.641 
1.803 1.073 1.449 1.554 1.470 
1.425 1.807 1. 101 1.455 1.447 
4.894 4.074 3.379 4.031 4.094 

14.240 15. 123 15.007 13.572 14.486 
1.527 1.769 1.500 1.271 1.517 
2.090 1.478 1.700 1. 150 1.604 
5.021 6.703 7.087 6.027 6.210 

11 

it 



Table 6. Visual ratings showing the degree of injury to tomato plants due to the combined effects of magnesium and atrazine ( average of three 
observations). 

Treatments (ppm) 

Replications 
RI RII RIII 

Weeks after atrazine treatment 
RN 

1 2 3 1 2 3 1 2 3 1 2 3 

0-mag. 0-atrazine 0. 0 0. 0 0. 0 0. S 0. 5 0. 0 0. 0 0. 5 0. 5 0. 0 1. 0 1. 0 

1/16-atrazine 5.5 7.0 7.0 6.0 7.0 7.0 6.0 7.0 7.0 5.5 7.0 7.0 

1/8-atrazine 6.0 9.0 10.0 7.0 9.0 9.0 8.0 10.0 10.0 8.0 10.0 10.0 

1/4-atrazine 10. 0 10. 0 10. 0 10.0 10.0 10.0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 

Med. -mag. 0-atrazine 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 0 0. 5 0. 5 

1/16-atrazine 4.0 5.0 4.0 4.0 4.0 3.0 5.0 6.0 5.0 S.0 5.5 4.0 

1/8-atrazine 7.0 8.0 8.0 10.0 10.0 10.0 7.0 10.0 10.0 8.0 10.0 10.0 

1/4-atrazine 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 

High-mag. 0-atrazine 0.0 0. 0 0.0 0.0 0.0 0.0 0. 0 0. 0 0.0 0, 0 0. 0 0.0 

1/16-atrazine 3.0 4.0 3.0 3.5 3.5 2.0 4.0 5.0 3.0 3.0 3.5 2.5 

1/8-atrazine 10.0 10.0 10.0 9.0 10.0 10.0 9.0 9.0 8.0 10.0 10.0 10.0 

1/4-atrazine 10. 0 10. 0 10.0 10. 0 10.0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 10. 0 



Table 7. Concentration of nutrient elements found in the aerial portions of tomato plants. 

Treatment (ppm) 
Dry /wt. 
Grams Reps 

Percent Parts per million 

K P Ca Mg Na Si Mn Fe B Cu Zn Al Mo 

0-Mag. 0 Atrazine 8.51 1 4.85 .31 2.38 .09 .31 19 23 175 54 4 20 175 .43 
7.27 2 5.54 .32 2.53 .15 .30 21 21 151 48 4 18 172 .49 
7.20 3 6.05 .36 2.76 .10 .32 21 28 183 52 3 20 187 .49 
7.88 4 5.71 .38 2.91 .09 .33 30 31 247 62 5 24 269 .57 

1/16 Atrazine 2. 73 1 7. 48 . 48 3. 29 .21 . 33 37 39 321 64 8 33 442 1. 08 
1.84 2 7.42 .50 3.20 .27 .32 48 54 439 73 9 39 543 1.22 
2.03 3 6.81 .52 3.79 .28 .32 45 47 415 72 7 33 478 2.09 
2.85 4 7.50 .49 2.96 .22 .32 32 43 322 60 6 31 407 .79 

1/8 Atrazine 1.21 1 6.95 .49 3.48 .29 .35 58 57 610 93 9 42 640 1.81 
1.22 2 7.27 .48 3.30 .34 .34 46 52 431 76 9 43 498 1.71 
1.39 3 7.27 .48 3.74 .33 .35 55 57 552 78 8 36 602 2.09 
2.38 4 7.89 .46 3.46 .31 .35 35 48 308 72 6 34 376 1.52 

1/4 Atrazine 1.16 1 7.18 .45 3.44 .33 .36 64 52 575 84 10 43 616 1.88 
.94 2 8.16 .48 3.69 .35 .38 61 51 551 97 4 37 598 1.85 
.77 3 7.68 .57 3.30 .32 .36 56 51 484 90 7 38 510 1.43 
.99 4 7.34 .47 3.39 .32 .37 64 54 660 86 7 35 676 1.99 

Med-Mag. 0 Atrazine 7.42 1 4.74 .35 2.39 .48 .26 21 29 209 54 4 19 162 1.75 
7.74 2 5.11 .35 2.93 .51 .25 24 33 232 61 3 22 216 1.58 
6.64 3 5.11 .38 2.62 .50 .27 19 30 199 54 4 19 162 1.68 
7.77 4 4.84 .34 2.53 .43 .24 20 26 188 56 3 19 155 1.34 

1/16 Atrazine 3.61 1 6.05 .41 2.74 .55 .31 37 44 387 68 5 27 408 2.51 
3.64 2 6.58 .39 2.58 .57 .27 28 35 237 57 4 20 271 2.32 
3.15 3 6.30 .44 2.81 .61 .24 27 35 270 56 6 22 320 2.24 
2.15 4 7.58 .48 2.84 .64 .24 28 41 250 65 4 25 295 2.02 

1/8 Atrazine 1.16 1 7.16 .53 3.17 .71 .30 54 56 559 85 7 32 582 4.39 
1.37 2 5.75 .47 2.87 .69 .25 43 52 412 71 7 34 421 3.31 
.92 3 6.55 .57 3.46 .72 .29 45 66 466 99 S 43 461 3.65 

1.01 4 5.68 .48 2.72 .62 .26 45 49 441 79 6 30 461 2.58 

cont. on next page 



Table 7 cont. 

Treatment (ppm) 
Dry /wt. 
Grams Reps 

Percent Parts per million 

K P Ca Mg Na Si Mn Fe B Cu Zn Al Mo 

Med-Mag. 1/4 Atrazine .95 1 7.23 .49 2.98 .74 .29 50 48 442 79 6 35 476 3.02 
1.32 2 7.16 .45 3.38 .75 .30 44 49 472 78 7 29 519 3.57 
1.07 3 6.45 .44 3.09 .69 .31 58 51 636 76 7 34 628 4.04 
1.11 4 7.56 .44 2.75 .63 .31 49 46 456 83 6 30 S34 2.82 

High-Mag. 0 Atrazine 7. 92 1 5. 35 . 34 2. S2 . 79 . 13 26 31 217 54 4 21 224 2. 39 
7.80 2 4.31 .33 2.23 .71 .12 22 25 195 51 3 18 197 2.62 
7.83 3 4.76 .32 2.25 .71 .13 21 26 183 53 3 17 173 2.35 
7.70 4 4.88 .38 2.93 .90 .13 30 35 278 62 4 24 263 3.91 

1/ 16 Atrazine 3. 39 1 6. 38 . 38 2. 36 . 76 . 14 27 33 227 60 5 20 273 3. 02 
3.63 2 6.17 .36 2.33 .84 .14 27 32 213 56 5 19 236 3.40 
2.90 3 6.42 .45 2.63 .91 .14 22 32 217 56 S 21 231 3.65 
2.94 4 5.10 .38 2.27 .65 .12 26 31 236 55 4 19 282 2.78 

1/8 Atrazine 1.14 1 5.76 .48 2.55 .80 .14 47 50 465 81 6 28 466 3.74 
1.43 2 4.94 .35 2.74 .85 .13 25 32 229 56 4 22 222 2.98 
1.85 3 6.09 .46 2.82 .93 .14 42 52 434 74 7 27 474 4.17 
1.32 4 5.87 .54 3.21 1.04 .14 45 58 484 79 7 33 475 4.39 

1/4 Atrazine 1.04 1 6.76 .46 2.86 1.02 .16 46 47 457 74 7 29 494 4.17 
.98 2 6.73 .54 3.42 1.12 .18 48 54 488 95 4 35 477 6.16 

1.12 3 6.87 .47 3.08 1.10 .18 51 55 534 81 8 33 525 5.05 
1.06 4 6.76 .49 3.16 1.07 .17 59 55 605 87 6 31 603 5.52 
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Table 8. Milligrams of potassium taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RN Ave. 

413 402 436 449 425 
204 137 138 214 173 

84 89 101 188 116 
83 77 59 73 73 

352 396 339 376 366 
218 240 198 163 205 
83 79 60 57 70 
69 94 69 84 79 

424 336 373 376 377 
216 224 186 150 194 

66 71 113 77 82 
70 66 77 72 71 

Analysis of variance for potassium uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 773, 293 70, 299 87. 9** 
Magnesium 2 2, 829 1, 41S 1. 16NS 

Atrazine 
Atrazine X Magnesium 

3 

6 

758, 
11, 

712 
752 

252, 904 
1, 959 

316. 0** 
2. SNS 

Within Treatments 36 28, 823 800 
Total 47 802, 116 

** Significant at the 1% level 
NS Non -significant 
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Table 9. Milligrams of phosphorus taken up by tomato plants. 

Tre atment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RN Ave. 

26.4 23. 3 25.9 29.9 26.4 
13. 1 9. 3 10. 6 13. 9 11. 7 

5. 9 5. 9 6. 7 10. 9 7. 4 
5. 2 4. 5 4. 4 4. 7 4. 7 

26. 0 27. 1 25. 2 26. 4 26. 2 

14.8 14.2 13.9 10.3 13.3 
6. 1 6.4 5.2 4. 8 5.6 
4.7 5.9 4.7 4.9 5. 1 

26.9 25.7 25. 1 29. 3 26.8 
12. 9 13. 1 13. 1 11. 2 12. 6 

5.5 5.0 8.5 7. 1 6.5 
4. 8 5.2 5.3 5.2 S. 1 

Analysis of variance for phosphorus uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 3, 456.0 314.2 124. 2** 
Magnesium 2 .5 .25 . 1NS 

Atrazine 3 3, 444.0 1, 148.0 453. 4** 
Atrazine X Magnesium 6 11.5 1.92 . 76NS 

Within Treatments 36 90.9 2.53 
Total 47 3, 546.9 

** Significant at the 1% level 
NS Non -significant 
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Table 10. Milligrams of calcium taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High- Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave. 

203 184 198 229 204 
90 59 77 84 78 
42 40 52 82 54 
40 35 25 34 34 

177 227 174 197 194 
99 94 89 61 86 
37 39 32 27 34 
28 45 33 31 35 

200 174 176 226 194 
80 85 76 67 77 
29 39 52 42 41 
30 33 34 33 33 

Analysis of variance for calcium uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 205, 157 18, 651 84. 0** 
Magnesium 2 352 176 .8NS 
Atrazine 3 203, 860 67, 953 306. 0** 
Atrazine X Magnesium 6 945 157 . 7NS 

Within Treatments 36 7, 990 222 
Total 47 213, 147 

** Significant at the 1% level 
NS Non -significant 
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Table 11. Milligrams of magnesium taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High - Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RHI RIV Ave. 

7.66 10.91 7.20 7.09 8.22 
5. 73 5. 00 5. 68 6. 27 5. 67 
3.51 4. 15 4.59 7.38 4.91 
3.83 3.29 2.46 3. 17 3. 19 

35. 62 39.47 33.20 33.41 35.43 
19. 86 20. 75 19. 22 13. 76 18. 40 
8.24 9.45 6.62 6.26 7.64 
7.03 9.90 7.38 6.99 7.83 

62.57 55.38 55.59 69.30 60.71 
26.78 25.77 20.59 26.46 24.90 
8.66 12.01 16.83 8.58 11.52 

10.60 10.98 12.32 11.34 11.31 

Analysis of variance for magnesium uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 12, 360.0 1, 124. 138. 7** 
Magnesium 2 3, 750. 1, 875. 231.4** 
Atrazine 
Atrazine X Magnesium 

3 

6 

5, 

2, 

860. 
750. 

1, 953. 
458. 

241. 1 ** 

56. 5** 

Within Treatments 36 290. 8. 1 

Total 47 12, 650. 

**Significant at the 1% level 



60 

Table 12. Milligrams of sodium taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RN Ave. 

26.4 
9. 0 

4.2 

21.8 
5. 9 

4. 1 

23. 0 

6. 5 

4.9 

26.0 
9. 1 

8.3 

24.3 
7. 6 

5.4 
4. 2 3.6 2. 8 3. 7 3. 6 

19. 3 19. 4 17.9 18. 6 18. 8 
11. 2 9. 8 7. 6 5. 2 8. 4 
3. 5 3. 4 2. 7 2. 6 3. 1 

2.8 4.0 3.3 3.4 3.4 

10.3 9.4 10.2 10.0 10.0 
4.7 5. 1 4. 1 3. 5 4.4 
1.6 1.9 2.6 1.'8 2.0 
1.7 1.7 2.0 1.8 1.8 

Analysis of variance for sodium uptake 

Source of variation df Sum of squares Means Square F value 

Between Treatments 11 2, 185 198.6 116. 0** 
Magnesium 2 271 135.5 79. 0** 
Atrazine 3 1, 698 566.0 333.0** 
Magnesium X Atrazine 6 216 36.0 21.1 ** 

Within Treatments 36 62 1.7 
Total 47 2, 247 

**Significant at the 1% level 



61 

Table 13. Milligrams of silicon taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave. 

1, 617 1, 527 1, 512 2, 364 1, 755 
1, 010 883 914 909 929 

702 561 764 833 715 
742 573 431 634 595 

1, 558 1, 858 1, 262 1, 554 1, 558 
1, 336 1, 019 850 602 952 

626 589 414 455 521 
475 581 621 544 555 

2, 059 1, 716 1, 644 2, 310 1, 932 
915 980 638 764 824 
536 358 777 594 566 
478 470 571 625 536 

Analysis of variance for silicon uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 11, 353, 650 1, 032, 150 23.6** 
Magnesium 2 86, 380 43, 190 1. ONS 

Atrazine 
Atrazine X Magnesium 

3 

6 

10, 946, 620 
320, 650 

3, 648, 
53, 

873 
442 

83. 5** 
1. 2NS 

Within Treatments 36 1, 572, 237 43, 673 
Total 47 12, 925, 887 

** Significant at the 1% level 
NS Non -significant 
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Table 14. Milligrams of manganese taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave. 

.196 . 153 .202 .244 . 199 

.106 .100 .095 .122 .106 

.069 .063 .079 .114 .081 

.060 .048 .039 .053 .050 

.215 .255 .199 .202 .218 
.159 .127 .110 .088 .121 
.065 .071 .061 .049 .062 
.046 .065 .055 .051 .054 

.246 . 195 .203 .270 .229 

.112 .116 .093 .091 .103 

.057 .046 .096 .077 .069 

.049 .053 .062 .058 .056 

Analysis of variance for manganese uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 .1928 .0175 36.5 ** 
Magnesium 2 .0003 .0001 .3NS 
Atrazine 3 .1894 .0631 131.5** 
Atrazine X Magnesium 6 .0032 .0005 1. 1NS 

Within Treatments 36 .0174 .00048 
Total 47 .2102 

** Significant at the 1% level 
NS Non- significant 
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Table 15. Milligrams of iron taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med.-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave. 

1.49 1. 10 1.32 1.95 1.47 
.88 .81 .84 .92 .86 
.74 .53 .77 .73 .69 
.67 .52 .37 .65 .55 

1. 55 1. 80 1. 32 1. 46 1. 53 
1. 40 .86 .85 .54 .91 
.65 .56 .43 .45 .52 
.42 .62 .68 .51 .56 

1.72 1.52 1.43 2. 14 1.70 
.77 .77 .63 .69 .72 
.53 .33 .80 .64 .58 
.65 .51 .70 .68 .64 

Analysis of variance for iron uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 7.9924 .7266 17.2 ** 
Magnesium 2 .0053 .0027 . 06NS 
Atrazine 3 7.7105 2.5702 60.9** 
Atrazine X Magnesium 6 .2766 .0461 1. 1NS 

Within Treatments 36 1.5198 .0422 
Total 47 9.5122 

Significant at the 1% level 
NS Non -significant 

. 

+ut 
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Table 16. Milligrams of boron taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave 

.459 .349 .374 .489 .418 

.175 .134 .146 .170 .156 

.113 .093 .108 .171 .121 
.097 .090 .069 .085 .085 

.400 .472 . 359 .435 .417 

.245 .207 . 176 . 140 . 192 
.099 .097 .091 .080 .092 
.075 .103 .081 .092 .088 

.428 .398 .415 .477 .430 

.203 .203 . 162 . 162 .183 

.092 .080 .137 .104 .103 

.077 .092 .091 .092 .088 

Analysis of variance for boron uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 .8590 .0781 71.0** 
Magnesium 2 .0002 .0001 .9NS 
Atrazine 3 .8541 .2847 258.8** 
Atrazine X Magnesium 6 .0047 .0008 .7NS 

Within Treatments 36 .0392 .0011 
Total 47 .8982 

** Significant at the 1% level 
NS Non -significant 

. 
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Table 17. Micrograms of copper taken up by tomato plants. 

Tre atment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave. 

34 29 22 39 31. 0 
22 17 14 17 17.5 
11 11 11 14 11.8 
10 4 5 7 6. 5 

30 23 27 23 25. 8 

18 15 19 9 15.3 
8 10 5 6 7. 3 

6 9 7 7 7. 3 

32 23 23 31 27. 3 

17 18 15 12 15.5 
7 6 13 9 8.8 
7 4 9 6 6.5 

Analysis of variance for copper uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 3,370 306.4 23.6 ** 
Magnesium 2 70 35.0 2.7NS 
Atrazine 3 3,256 1,085.3 83.5 ** 

Atrazine X Magnesium 6 44 7.3 . 6NS 

Within Treatments 36 469 13.0 
Total 47 3, 839 

** Significant at the 1% level 
NS Non -significant 
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Table 18. Milligrams of zinc taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII RIII RIV Ave. 

. 170 . 130 . 140 . 190 . 158 

. 090 .072 .067 . 088 .079 

.051 .052 .050 .081 .059 

.049 .035 .029 .034 .037 

. 141 . 170 .126 . 147 . 146 

.097 .073 .069 .054 .073 

.037 .047 .040 .030 .039 

.034 .038 .036 .033 .035 

. 166 .140 . 133 .185 . 156 
.068 .069 .061 .056 .064 
.032 .031 .050 .044 .039 
.030 .034 .037 .033 .034 

Analysis of variance for zinc uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 .10474 .00952 43.9** 
Magnesium 2 .00103 .00052 2.4NS 
Atrazine 3 . 10287 .03429 158.0** 
Atrazine X Magnesium 6 .00083 .00014 .6NS 

Within Treatments 36 .00781 .00022 
Total 47 .11255 

** Significant at the 1% level 
NS Non -significant 
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Table 19. Milligrams of aluminum taken up by tomato plants. 

Tre atment 

0-Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

R eplications 

RI RII RIII RN Ave. 

1.49 
1. 21 

1.25 
1. 00 

1.35 
. 97 

2. 12 

1. 16 

1.55 
1. 09 

.77 .61 .84 .89 .78 

.71 . 56 .39 .67 .58 

1. 20 1. 67 1. 08 1. 20 1. 29 
1. 47 . 99 1. 01 . 63 1. 02 
.68 .58 .42 .46 .54 
.45 .69 .67 .59 .60 

1.77 1.53 1.35 2.02 1.67 
.92 .86 .67 .83 .82 
.53 .32 .88 .63 . 59 
.51 .46 .59 .63 .55 

Analysis of variance for aluminum uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 7.098 0.645 13.6** 
Magnesium 2 .158 0.079 1. 66NS 
Atrazine 3 6.505 2.168 45. 55** 
Atrazine X Magnesium 6 .436 0. 073 1. 52NS 

Within Treatments 36 1.713 0.048 
Total 47 8.811 

* *Significant at the 1% level 
NS Non -significant 
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Table 20. Micrograms of molybdenum taken up by tomato plants. 

Treatment 

0-Magnesium 0 ppm Atrazine 
1/ 16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Med. -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

High -Magnesium 0 ppm Atrazine 
1/16 ppm Atrazine 
1/8 ppm Atrazine 
1/4 ppm Atrazine 

Replications 

RI RII Rill RIV Ave. 

3.66 
2.95 
2. 19 

2. 18 

3.56 
2. 24 
2.09 
1.74 

3.52 
4.24 
2.91 
1. 10 

4.49 
2. 25 
3.62 
1.97 

3.81 
2.92 
2.70 
1.75 

12.99 12. 23 11. 15 10. 41 11. 70 
9, 06 8. 44 7. 06 4. 34 7. 23 
5.09 4.53 3.36 2.60 3.90 
2.87 4.71 4.32 3. 13 3.75 

18.93 20.44 18.40 30. 10 21.97 
10.24 12.34 10. 59 8. 17 10.33 
4.26 4.26 7.71 5.79 5.51 
4.34 5.98 5.66 5.84 5.46 

Analysis of variance for molybdenum uptake 

Source of variation df Sum of squares Means square F value 

Between Treatments 11 1, 416.0 128.8 33. 8** 
Magnesium 2 515.0 257.5 67. 8 * 
Atrazine 3 599.0 199.7 52. 6* 
Atrazine X Magnesium 6 302.0 50. 3 13. 2 * 

Within Tre atment 36 138.0 3. 8 

Total 47 1, 554.0 

°Significant at the 1% level 


