ABSTRACT

Kevin James Currie. Bi oassay Determ nation of Species
Specific PhytpP!ankton Responses to the Herbicide Atrazine
and its Quantitication in B. Everett Jordan Reservoir. (Under

the direction of Dr. Donald E. Francisco)

Atrazine was quantified bi-weekly in sanples fromthree
| ocations in B. Everett Jordan Lake during March - July 1985
usi ng gas chromat ography. The presence in Segment 1 of
atrazine and other previously identified Haw Ri ver
constituents was verified by GO Ms. The highest
concentrations were consistently found in Segnent 1 (0.5-2.5
ug/ L) and residue concentrations were generally higher in
Segnment 2 than Segnent 3. Although atrazine concentrations
declined rather rapidly following the field application
runoff pulse in My, herbicide residue |evels remained higher
than those prior to that date. 1In vitro, natural population
bi oassays reveal ed species specific responses to atrazine.
The popul ation as a whole was severely inhibited at 50 ug/L
atrazine. Results suggest |owdose (1 ug/L) growth
stinmul ation for several nenbers of the Cyanophyta. Severa
speci es of the Chl orophyta exhibited tenporal growth |ags at
atrazine concentrations of 50 ug/L. However, nmaxinmum bi omass
was not severely depressed. O her species of green aI%ae,
Chl amydononas in particular, exhibited resistance to the
effects of atrazine at all doses. Conpetitive interactions
bet ween species affected individual responses to the
toxi cant. Species specific responses to atrazine |levels
commonly found in agricultural watersheds (0.25-10 ug/L)
illustrate the potential of this inportant herbicide to alter
t he ecol ogi cal basis of the food web.
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LI TERATURE REVI EW

General Characteristics of Atrazine

Atrazi ne (2-chl oro-4-ethyl anm no-6-i sopropyl ani no-s-
triazine) is a colorless crystalline powder in its pure form
wth a nelting point of 173-175°C. At 25°C it has a vapor
pressure of 4 x 10" mmHg, and while relatively insoluble in
water (70 ng/L), it is very soluble in organic solvents
(ether 12,000 ng/L, nethanol 18,000 ng/L and chl orof orm
52,000 ng/L). It is stable in neutral, weakly acidic or
al kaline media and has a pKa of 1.68 at 22"C in water.

The herbicidal potential of atrazine was recognized in
the early 1950's, and it was rel eased for public use in 1959.
Today, atrazine is the herbicide of choice for American corn
and sorghumfarners. It is wdely used for pre-and post-
energent control of gerninating weeds and for non-sel ective
control of weeds in non-cropped areas (Lewis et al. 1985).
Atrazi ne does not biomagnify, has relatively lowtoxicity to
mammal s (acute oral LD50 for rats is 1750 rag/ kg) but sonewhat
hi gher toxicity in fish (48 hour LC50 for rainbow trout is 10
nmg/L). In 1976 41 mllion kilograns, as active ingredient,
were applied to land in the United States (Ei chers et al
1978). In North Carolina alone, over 1.5 mllion kil ogramns

are applied on an annual basis (Turner, D giano, and DeRosa

1984) .
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Due to its low water solubility, atrazine is usually
supplied as a wettabl e powder or as a suspensi on concentrate
al t hough a granular formulation is avail able for |onger
persi stence. The usual nethod of application is whole field
spraying. |In North Carolina, application usually takes place
with crop planting in April but occasionally, a second post-
energent treatnent is also used (Lewis et al. 1985).

The anount of atrazine applied depends on the crop being
grown and the soil type. Recomended rates of active
i ngredient for corn and sorghum (its principle application in
North Carolina) are 2.0 - 3.0 and 1.6 - 2.4 pounds per acre,
respectively. The range is due to soil type: The higher
rates are used on heavy clay/organic soils while lighter
|l oany soils receive | ess herbicide. Atrazine is not
recommended for sand or soils with | ess than 1% organic
content. No-till agriculture requires slightly higher rates

of herbicide application to penetrate the surface soil to the

root zone where it has its action.

Fate of Field-Applied Atrazine

After application, atrazine will have one of six fates.
It may be 1) taken up by target crops where it inhibits
phot osynthesis or by resistant crops where it is netabolized,;
2) sorbed to the soil and hydrolyzed to inactive hydroxy-
atrazine; 3) hydrolyzed in the soil-water to hydroxy-atrazine
and renmai n sol uble or beconme sorbed to the soil; 4)

reversi bly bound to soil w thout deconposition and |ater


NEATPAGEINFO:id=F5553806-7CF1-4B74-A60F-75A5914F139C


rel eased as active atrazine; 5) transported as active
atrazine in runoff waters in soluble formor as a soil-bound
colloid; or 6) degraded mnmicrobially producing a variety of
atrazi ne anal ogs.

The potential inpacts a field-applied herbicide m ght
have on non-target organi sns present in receiving rivers and
|l akes will be determ ned by the anpunt and form of the
herbicide in runoff waters. This in turn, is primrily
dependant on field noisture and the soil's physical -chem cal
characteristics. Atrazine is transported through the soil to
absorbi ng plant roots by mass fl ow and nol ecul ar di ffusi on
(Lavy 1968). W thout adequate field noisture atrazine's
phytotoxicity towards target plants is severely di m nished
(Harrison et al. 1976) and the nolecule is increasingly
subj ect to sorption by clay and organic naterials in the soil
(Dao et al. 1978).

Application rates for atrazine are based on the
percentage of clay and organic material contained by
receiving soils. The relationship between atrazine activity
and percentage kaolinitic clay in North Carolina soils has
been described as weak (Harrison et al. 1976), while Anderson
et al. (1980) and Smt et al., as cited by Nel and Rei nhardt
(1984), found a strong negative relationship between atrazine

avai lability and percentage organic nmaterial found in soils.
In nost soils the organic material is intinmately bound

to the clay, probably as a clay-netal-organic conplex. Hunus

(the organic fraction) has been shown to have about four
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times the cation exchange capacity of clay (Kl ingnan, Ashton,
and Noordhoff 1975). Then, the relative sorptive capacity of
the soil will be determ ned by the degree to which the clay
fraction is coated with organic nmaterial .

Soil pH determines, to a great extent, the degradative
mechani sns operating on atrazi ne and the sorptive capacity of
the clays and hunus present there. At pH values close to 7
atrazine is extrenely stable, however a decrease in
availability of atrazine with decreasing pHis generally
recogni zed. According to Armstrong et al. (1967), the nost
i nportant cheni cal nechani sm for degradati on of atrazi ne at
low pH is hydrolysis to hydroxy-atrazine. It was suggested
that sorption takes place between the ring nitrogen of
atrazi ne and a protonated- COOH group of the organic
matter/clay conplex. Hydrogen bonding of the ring nitrogen
causes |l oss of O ~ and subsequent replacenent with OH'.

Under high pH conditions, direct nucleophilic substitution of
OH' for ClI" is thought to take place. Mechani sns of

i nactivation include sorption to organic/clay conpl exes via
hydr ogen bondi ng or protonation in the soil solution and
subsequent ion exchange. Bot h nechani sns are reversi ble and
result in conplexes that are subject to transport in runoff
wat er .

Smt et al., as cited in Nel and Rei nhardt (1984),
descri be an inorganic soil fraction (Fe.Al.COH which they
| abel the soil anorphous conponent. It was suggested that

sorption of atrazine to this conponent conplexed with clay
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del ayed deconposition of the herbicide because atrazi ne was
sorbed in the anionic formw thout hydroxylation at the
sorption site. The conplexed atrazine is biologically

i nactive, but their data suggest that atrazine is released in
the active formwhen the pH ri ses. Soils with a | arge

anor phous fraction could accunulate atrazine in this manner
and release it along tine after application, during field
limng, for exanple. This hypothesis is supported by the
work of Kells et al. (1980). Wjayaratne and Means (1984)
have found that active atrazine is released fromcolloid
compl exes under oxidi zing conditions. There is general
agreenent that atrazine does carry over to the next grow ng
season in soil (Arnstrong 1967; W 1980; Khan and Sai dak
1981; and Nel and Rei nhardt 1984); however, it is apparently
rel eased in runoff during the next grow ng season because it
does not accumul ate over tine (W 1980).

Smit et al., as cited by Nel and Rei nhardt (1984), have
found a positive correl ati on between phosphorus concentrati on
and atrazine availability in soils containing a | arge
anor phous conponent. It was hypot hesi zed that phosphorus
conpetes with atrazine for the negative binding sites in
t hese soil s.

A delay simlar to the one outlined above has been
reported (Wi et al. 1983) for experinental watersheds. During
t he grow ng season (May-August, 1977), |less than ten percent
of the total atrazine discharge to receiving streans

occurred. Significant atrazine discharge did not occur until
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January of 1978 which indicates that atrazine was either
bound reversibly or remai ned unconpl exed for at |east eight
nont hs and then was transported to receiving streans w t hout
deconposition. It should be noted that this runoff occurred
after an extrenely dry growi ng season and that this single
storm event produced greater than 50% of the total atrazine
di scharged on an annual basis (W et al. 1983).

S-triazines are susceptible to biological degradation in
the soil. Early researchers thought this to be the prinary
mechani sm of atrazine inactivati on. Non-steril e soils added
t o aqueous solutions of sinmazine have been shown to have
greater degradative capacity than sterile soils (Burnside et
al. 1961). Fungi (Kearney 1966) and bacteria (Kaufnman et al.
1965) have been inplicated in a variety of netabolic
transfornmati ons. However, when conpared to the evidence for
the relatively rapid chenical degradative nechani sns
operating, nmicrobes play a relatively mnor role in the
i nacti vati on of atrazine.

There is general agreement that a snall percentage of
applied atrazine actually nakes its way to aquatic
environnents. Values of between 0.1%to 3.0% are present in
the literature (Hall et al. 1972; Frank et al. 1979; Miir and
Baker 1978; Hermann et al. 1979; W 1980; and dotfelty et
al. 1984). Atrazine transport in streanms occurs mainly in
solution. Solution-atrazine conprised 58%to 99% of the
total detected (Ritter et al. 1974; Leonard et al. 1979;
Frank et al. 1979; Wi 1980; and Jotfelty et al. 1984).
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Estuari ne col |l oi ds have been shown to be 10 to 35 tines
greater in atrazine sorptive capacity than sedi nent or soi
organic matter on an organi c carbon basis (Means and
W jayaratne 1982). However, a significant decrease in

sorptive capacity occurred when the anbient pH of 7.98 was

increased to 9.0 or decreased to 5.0. It was suggested that
colloids could play an inportant role in atrazine transport.
The half-life of atrazine in various environnents is
expected to be highly variable, reflecting the different
conditions present (pH, soil type, organic carbon, and
salinity). In distilled water, hydrolysis to hydroxy-
atrazine reaches a mnimumat pH 7.0. The half-Ilife under
these conditions has been cal cul ated to be approxi mately 1800
years (Plust et al. 1981). Essentially no atrazine
degradation occurred in synthetic sea water after four nonths
(Ballantine et al. 1978). Arnstrong et al. (1967) found a
ten fold increase in hydrolysis of atrazine upon addition of
sterile soil to aqueous nmedium A three to twelve day half-
life (degradation plus sorption) was determ ned by Jones et
al. (1982) using a 2:1 water/soil estuary m xture, whereas
Ballantine et al. (1978) found the half-life to be 30 days
using a 10:1 water/soil estuary m xture from Chesapeake Bay.
Less work has been done with fresh water degradation. The
half-life of atrazine in fresh water/sedi nent m xtures has

been found to be between 95 days to greater than three years

(Armstrong et al. 1967).
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Atrazine Concentrations In Streans And Lakes
The above nentioned nechanisns for degradation as well as
transport of atrazine and its degradation products to aquatic
environnents illustrate the conplex set of factors that
determ ne the concentration of atrazine and its degradation
products in streans and | akes. As m ght be expected,
concentrations of atrazine are highest near its source so the
greatest immedi ate inpact will be on subnerged plants and
periphyton in streans. Gdotfelty et al. (1984) found 300
ug/L atrazine in "edge of field" runoff after the first
significant rainfall in the We R ver Estuary system
Variation is to be expected with season and soil conditions.
Wi (1980) reported "edge of field" values for the grow ng
season (May-August, 1977) to be from<0.08 ug/L to 52 ug/L.
As atrazine is transported downstream it may settle out
if sorbed to suspended nmaterial and be diluted such that non-
target inpacts in larger streans and rivers should reflect
| ower concentrations. Conversely, if sorbed to colloids,
atrazine nmay be transported w thout significant decrease in
its concentration. In the main body of the We River
Estuary, Gotfelty et al. (1984) reported upstream atrazine
val ues of 15 ug/L, decreasing downstreamto 1 ug/L near the
Chesapeake Bay. Frank et al. (1979) reported atrazine val ues
at the nouths of rivers entering the Geat Lakes simlar to
those found upstream Atrazine concentrations ranged from<
0.02 ug/L to 33 ug/L with a mean concentration (n=92) of 1.6


NEATPAGEINFO:id=2DCE18F3-0D6C-4B32-8338-EDCAF4279F20


ug/L. Miir, Yoo, and Baker (1978) have reported simlar

concentrations in five Quebec wat ersheds.

Lakes and bays may serve as reservoirs for atrazine
i nputs via bioaccumul ati on and colloid or sedi ment sorption
al t hough concentrations reported are generally |lower than in
streans. Sanples taken in June and July 1980 fromthe
Chesapeake Bay never exceeded 1.3 ug/L (Kenp et al., as cited
by Aotfelty et al. 1984). This reflects the dry conditions
that growi ng season and the | ow concentrations found in the
We River (generally < 0.05 ug/L) reported by otfelty et
al. (1984) for that year. |In contrast, concentrations in an
lowa reservoir were as high as 9.4 ug/L during May-June 1974
(Richard et al. 1975). The highest atrazine residues wll
generally be found shortly after the first significant runoff
event follow ng spraying. However, during drought years,
significant discharge events may be m ssed with sunmer
sanpling. W et al. (1983) found "edge of field"
concentrations of atrazine exceeding 100 ug/L in runoff
sanpl ed during January and approxi mately 20 ug/L before crop

sprayi ng in May.

Ecol ogi cal | npacts of Atrazi ne
Many of the studi es nentioned above were conducted to

assess the extent of atrazine pollution of aquatic systens
due to concern over its inpact on non-target organisns,
mainly fish and rooted aquatic plants. A "safe" val ue using

chronic and acute testing methods for estuarine zoopl ankton.
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crab, shrinp, mnnow and oyster popul ations of 9 ug/L
atrazine was found by Ward and Bal |l antine (1985). Frank et
al. (1979) state that atrazine concentrations entering the
Great Lakes "do not pose a threat to Geat Lakes water
quality as defined by water quality objectives for non-
persistent organics.” Gotfelty et al. (1984) "can find no
evi dence that atrazine entering the Chesapeake Bay via the
We River Estuary causes significant harmto the subnerged

aquatic vegetation found there."

Al gal Sorption OF Atrazine
Currently, there are no regul ati ons governing the
i ntroducti on of non point-source pollutants fromthe
per specti ve of phytopl ankton i npacts. However, the potentia
i mpacts a photosynthesis inhibitor mght have on al gae has
been of concern and nmuch work has been done in this area.
The fact that atrazine is not biomagnified in aquatic
ecosystens is to be expected of a non-lipophilic herbicide.
Resi dues are, therefore, not concentrated in predators.
However, evidence for bioaccunulation in al gae (which have
| arge surface/volunme ratios and occasionally high biomss in
| ake ecosystens) has been reported (Streit 1979). Siml ar
evidence is provided by the work of Val entine and Bi ngham
(1976). They found that adsorption of AC atrazine was
conpl ete after six hours in aqueous nmedia containing 10 ug/L
to 1.0 ng/L atrazine although nore atrazine was renoved on a

percentage basis fromthe | ower concentration (42% than from
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t he higher concentration (20%. They found no difference
with |ight or tenperature conditions and concluded that the
atrazi ne renoval nechani sm operating in Scenedesnus
guadri Cauda nust be physio-chemical in nature. This sane
experinmental procedure was used with Chlanydononas vul garis
and 2.5 ng/L atrazine (Veber et al. 1981). Wthin one hour,
90% of the atrazine present was adsorbed to cells. Upon
| onger exposure, adsorbed atrazine was rel eased back to
sol ution and subsequently taken back up by the end of 96
hours. This sane result was observed in flasks in which
essentially no growth occurred (5.0 ng/L atrazine) indicating
t hat uptake of atrazine isn't dependant on cell grow h. I'n
contrast Butler, Deason, and O Kelley (1975b) concl uded t hat
al gae did not renove atrazine fromnedia in which 21 al ga
i sol ates were grown for two weeks.

Upt ake i n higher plants has been shown to occur through
the root system and phytotoxic action takes place by
i nhi bition of photosythesis at photosystemIl. Algae are
susceptible to this sane inhibition. 1t has been shown that
atrazine does not inhibit respiration (Glloway and Mets
1981) or cause any permanent danage to the photosynthetic
cell organelles (Boger 1976). Disregarding genetic
resi stance for the nmonent, plant resistance is conferred by
the ability to nmetabolize atrazine to an inactive nol ecul e
al ong one of several pathways (Nel and Reinhardt 1984).

These degradati ve nechani sns have been shown to be

uni nportant in algae (Butler, Deason, and O Kelley 1975b
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Val enti ne and Bi ngham 1976), and in fact species of
filamentous al gae, considered a nuisance at high densities,
have been successfully controlled in ponds by addition of 0.5

to 1.0 ng/L atrazine (Wal ker 1964).

Effects O Atrazine On Al gae - Single Species Bi oassays

Many investigators have provided evidence that atrazine
has an effect on the growmh of algae. A representative
sanple of results is presented in Table 1

Ni trogen fixation by Cyanophyta is an inportant factor
in the availability of nitrogen in the soil, especially in
rice cultivation. Rohwer and Fl ueckiger (1979) found that
nei ther growmh nor nitrogen fixation by Anaebaena cylindrica
was affected at concentrations of atrazine between 0.22 -
22.0 ug/L. However, at 2.2 ng/L both functions were
essentially static. This conflicts with the results of
Stratton (1984) who found EC50 val ues of greater than 100 and
55 ng/L atrazine for nitrogen fixation in A cylindrica and
h' i naequal i s respectively. These discrepancies may be due
to differences in incubation periods.

Atrazine was found to.delay growth of Chlorella
pyrenoi dosa by extending the "lag phase" of growth (CGonzal ez
et al. 1985). Wiile cell division was inhibited by treatnent
compared to controls, chlorophyll synthesis was nore strongly
inhibited. In addition, it was found that atrazine dosing

caused the ratio of chlorophyll a to chlorophyll b to


NEATPAGEINFO:id=C2241C5E-4D59-4AE1-9C51-B1259751CDDF


Tabl e 1. /

denonstrated in vitro,
Cone.

gpgci g9

Anaebaena cylindrica 0.22-22.0

A. cylindrica 2200

A cyl Indrl ca 0.22-22.0

A. cylindrica 220

A. cylindrica 2200

A. cylindrica 500

A. cylindrica 3600

A. cylindrica 1200

A. cylindrica 370

A. inaequalis 50

A i naequal i s 30

A i naequal i s 100

A. variablis 100

A. variablis 4000

A vari ablis 5000

GCscillatoria |lutea 1. 0-1000

Bumi |l | eriopisis 1500

filiforiais

Vaucheri a 1. 0- 1000

gem nat a

Euglena gracilis 100- 10, 000

Nitzschia sp. 1000

Anki strodesnus brauni i 60

Cl adophor a sp. 500- 1000

Chl anydononas 5000

rei nhardtli

C. reinhardii 100- 1000

C. eugamet 0s 5000

Chl orel l a pyrenoi dsa 500

C . pyrenoidosa 300

C. pyrenoi dosa 200

C. pyrenoidsa 100- 10, 000

C. pyrenoi dsa 100- 1000

C. pyrenoidsa 54, 108

13

Representative algal species and the effects of atrazine

at the doses and conditions reported.

Ef f ect/
Condi ti on

no effect (2 week growt h)

V. limted growth
no effect (Nit. Fix.)
50% of Controls (Nit.

effectly inhibited (Nit.

EC50 (phot osynt hesi s)
EC50 (growth rate)
EC50 (growth yield)
EC50 (phot osynt hesi s)
EC50 (phot osynt hesi s)

EC50 (growth yield)
EC50 (growth rate)

EC50 (phot osynt hesi s)
EC50 (grow h)
EC50 (growth rate)

7% 0% (of control growh)

(growth equal to controls

Ref er ence

Rohwer and

Fl uecki ger (197 9)

Stratton (1984)

Stratton and
Cor ke (1981)

Stratton (1984)

Torres and

O Fl akerty (1976)

Boger (1976)

Chi a. content/cell increase 33%

2% 100% decr ease Chi

75% of controls - no growth

2 week - no growth

EC50 (growth and Chi

grow h controlled in pond

growt h prevented

Torres and

O Fl akerty (1976)
Val entine and

Bi ngham (197 6)

Butler et al. (197 6)
Burrell et ai.(1985)

Wal ker (1964)

Loeppky (1969)

no inhibition/growmh prevented

no effect

EC50 (photosynt hesi s)

EC50 (growt h)
EC50 (growth rate)
no effect/

conpl ete inhibition

slight inhibition/
total inhibition

35% and 65% growt h decr ease

Stratton (1984)

Val enti ne and

Bi ngham (1979)

Wel | s and
Chappel | (1965)

CGConzal ez et al.
(1985)
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Table 1. Representative al ga
(Cont'd) denonstrated in
Cone.
Speci es
C. pyrenoidsa 20, 40,
200, 400
C. pyrenoi dsa 500, 1000
C. vul gari s 25
C. vul garis 1.0
C. vul garis 0.5
Chl or occum hypnospor um 0.5-50
C. hypnospor um 5000
Nanochl oris ocul ata 100
Scenedesnus 100- 10, 000
S. quadri cauda 300
S. gquadri cauda 100
S. quadri cauda 20
Sti geocl oni um t enue 1. 0-1000

14

speci es and the effects of atrazine
vitro,

at the doses and conditions reported.

Ef fect/
Condi ti on

15, 25, 30, 75,
100% i nhi bi ti on

70% 95% growt h i nhi bition

EC50 (cell growth and Chi aj.

50% decrease in Chi a.
156% i ncrease in Chi a
no effect

growt h reduced "slightly"

46. 2% - 54% i nhi bi ti on

(dependi ng on |ight

slight effect -
conpl ete inhibition

EC50 (phot osynt hesi s)
EC50 (growth yield)
EC50 (growth rate)

99.8% 92% of controls

and tenp.

Ref er ence

Graml i ch and
Frans (1964)

Virmani et al. (1975)
Burrell et aJ. (1985)

Torres and

O Fl aherty (1976)

Virmani et al. (1975)

Kar | ander et al.
D C1LOo983)

Val enti ne and

Bi ngham (1976)

Stratton (1984)

Torres and

O Fl akerty (1976)
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decrease relative to controls. Ridley (1977) suggests that
chlorophyll b is subject to | ess photo-destruction than

chl orophyl| a because of efficient energy transfer to
chlorophyll a. Virmani, Evans, and Lynn (1975) reported a
70% and 95%initial growh reduction for Chlorella

pyrenoidosa by 0.5 and 1.0 ng/L atrazine respectively. These
results at non-lethal doses of atrazine were interpreted as

an indication that cell walls adsorb the herbicide initially,
i nhi biting growth but reducing the concentration of herbicide
remaining free in the nmedia, which in turn allowed growth
equal to controls. Simlar results and concl usions were
presented for atrazine doses of 0.2 ng/L (Ganlick, and Frans
1964). Chl orococcum hypnosporum was not affected by doses of
50 ug/L atrazine. This result was explained as a failure of
atrazine to penetrate the thick cell wall of this species
(Torres and O' Fl aherty 1976).

Sone reports indicate that sub-toxic levels of triazine
herbi ci des increase growh and nitrogen content of certain
pl ant species (Ashton and Crafts 1981). |Increases in growh
of Chl amydononas euganetos grown in simazine, another
triazine-H Il reaction inhibitor, may result fromincreased
nitrate uptake (Vance and Smth 1969). Boger (1976) found a
33%increase, relative to controls, in chlorophyll a content
per cell and oxygen evolution in Bumlleriopsis filiforms
grown in atrazine-free media after being growmn in 1.5 ng/L of

the herbicide. Cell growth was approxi mately the sane as
controls. Chlorophyll a was used to nmeasure the | ow dose

15
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response of Chlorella vulgaris (Torres and O Fl aherty 1976).
Atrazi ne dosage of 0.5 ug/L produced a response that was 156%
of control val ues.

The wi de range of effects reported in Table 1 and the
text above illustrates the species specific nature of the
action of atrazine as well as the serious |ack of standard
testing conditions. Karlander, Mayasich, and Terlizzi (1983)
have pointed out that tenperature and light, in addition to
atrazi ne concentration, are inportant to the toxicity
exhi bited by the herbicide. Toxicity was naxin zed when
conditions were optinmal for rapid growth. Their results for
atrazine inhibition of Nanochloris oculata ranged from 46. 2%

at 15°C and 0.208 mMiWcmto 54% at 25°C and 1.352 nWcm

Mechani sns OF I nhibition And Resi stance | n Al gae

As early as 1964, species specific differences in
tol erance to atrazine were postul ated as being due to
her bi ci de/ receptor site binding (Gamick and Frans 1964).
Her bi ci de resi stance has been i nduced i n Chl anydonpnas
reinhardtii by growing it on atrazine-fortified nedium This
cul ture showed atrazi ne resi stance conpared to the non-
i nduced precursor culture under autotrophic conditions
(Gall oway and Mets 1981). Mdre recent work has provided
evidence that resistance in Chlanydononas reinhardtii can be
established by a mutation of the chl oropl ast gene which codes
for a protein of photosystem Il (Erickson et al. 1984). This

protein is part of the secondary stable el ectron acceptor

16
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(compl ex B) which receives electrons fromthe prinary stable
el ectron acceptor (conmplex Q in photosystemll. It has been
proposed that atrazine binds to the protein of conplex B

preventing electron transfer from conplex Q and that

resi stance is conferred such that atrazi ne does not bind to

this protein (Galloway and Mets 1984). FErickson et al

(1984) have seguenced this protein and shown that a single
ami no acid change in mutant C. reinhardtii cells results in
resi stance to the effects of the herbicide on el ectron
transfer. It was al so denpbnstrated that in the absence of
atrazine, electron transfer fromQto Bis inhibited in
mutant cells. This effect has been established by others
(Gl loway and Mets 1984). An additional note on the species
specific differences seen in atrazine resistance: G 11| ham
(1978) points out that C. reinhardtii is the only alga for
whi ch gene reconbi nation and therefore nutation possibility
duri ng sexual reproduction has been observed. This would

i ndi cate that chl oropl ast gene reconbi nati on nmay be i nportant

in conferring atrazine resistance via mutation in al gae.

At razi ne/ Atrazi ne- Anal og/ Sol vent Interactions And Toxicity
Many of the studies cited above used relatively high

concentrations of atrazine. The usual nethod of preparing

atrazi ne/water solutions is to dissolve the herbicide in a
wat er sol ubl e organi ¢ sol vent such as acetone and dilute this
wth water. Many researchers do not provide details of

herbicide fornul ati ons or additions. Butler, Deason, and
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O Kelley (1975a) state the concentration of acetone they used
was 0.5% or |less, which did not affect growh. Stirring
medi a overni ght containing these sane concentrations all owed
acetone to evaporate and experinents indicated that acetone
had no effect on growth (O Kell ey and Deason 1976). It has
been suggested that acetone increases cell perneability and
subsequent herbi ci de uptake by di sruption of nenbrane
structure and transport systems (Stratton, Burrell, and Corke

1982). It was argued that synergistic or antagonistic

interacti ons between sol vent and herbici de can mask the
effects of the herbicide and | ead to erroneous concl usi ons
regarding its toxicity. Furthernore, it was suggested that
the sol vent used in bioassays should react additively with

t he herbicide and inhibition values should be cal cul ated by
subtraction from controls. Dat a provided by Stratton and
Corke (1981) indicate that atrazi ne and acetone i nteract
additively in experiments with Scenedesnus quadri cauda at

0. 1% and 0. 2% acetone but synergistically above 0.2%

Sol vent/ herbicide interactions were additive at 0.1, 0.2 and
0. 6% acetone, antagonistic at 0.4% but synergistic at 0.8 and
1.0%for Chlorella pryenoidosa. It was suggested that
stinmulati on of photoactivity in the acetone controls (30-40%
at 1.0% acetone) is the result of solvation of sel ected

menbr ane conponents by acetone and the increased pernmeability
to CO2 that would result.

It is well established that nuch of the atrazine applied

to crops degrades in the plant and receiving environnent to

18
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several of its analogs, prinmarily hydroxy-atrazi ne. Few

st udi es have been conducted to assess the degree of
netabolite pollution in fresh water. Atrazine/ deethyl at ed-
atrazine rati os of between three and ten have been reported
for Ontario rivers feeding the Great Lakes (Frank et al.
1979). Only recently have studies of atrazine anal og
toxicity been undertaken. Atrazine was found to be seven to
ten tines nore inhibitory than the nost effective netabolite
t owards bl ue-green algae (Stratton 1984). The order of
inhibition by netabolites tested was; deethylated >

dei sopropyl ated > di am ne > hydroxy-atrazine. The latter two
nmet abolites were relatively non-toxic, having EC50 val ues
greater than 10 ng/L. This sane toxicity sequence has been
reported for non-target subnerged vascul ar plants (Jones and

W nchell 1984).

Effects O Atrazine On Al gae - Popul ati on Bi oassays

The ability of atrazine to inhibit cellular functions
and growh in algae is widely accepted. Therefore, its
presence will have an inpact on these non-target organismns.
Toxicity testing with single species can only produce
i nformati on about the response of that organismto the
toxicant. This information may not be valid in predicting
any but imediate effects in a dynam c aquatic ecosystemin
whi ch interspecific conpetition is operating. This has been
illustrated by Mdsser, Fisher, and Wirster (1972).

Thal assi osi ra pseudonana and Dunaliella teriolecta were grown


NEATPAGEINFO:id=FC8BAE4B-51A2-44D2-BC95-220C2F716F70


in m xed culture in the presence of DDT or PCBs. Pur e

cul ture bioassays with these toxicants had established D
teriolecta and T. pseudonana as resi stant and sensitive,
respectively. T. pseudonana established dom nance over D
teriolecta in control cultures but was not able to conpete
with the resistant D. teriolecta in the presence of either of
the pesticides. This was the case even at toxicant
concentrati ons shown to have no effect on either organismin
pure cul ture.

The ecosystem approach to toxicity testing has, to date
received little attention. This is probably due to the
enormty of the task and difficulty of its interpretation.
DeNoyel l es, Kettle, and Sinn (1982) exposed duplicate ponds
to 20 and 500 ug/L atrazine; two additional ponds served as
controls. Total biomass, as neasured by cell counts and <" ~C
upt ake decreased sharply during the first few days in the 500
ug/ L ponds but by Day 30 equal ed control ponds. The
i mmedi ate decrease was interpreted as a direct result of
atrazine inhibition of all algal species in addition to the
secondary effect of zoopl ankton grazing on the stressed
popul ation. Later, opportunistic nenbers capable of grow ng
in the presence of atrazine dom nated the ponds, bringing
total autotroph bionmass equal to controls. The |ower, 20
ug/ L dose of atrazine did not result in a bionass nuch
different than the controls. Species that grew well in the
500 ug/L ponds after initial inhibition were; Mllononas spp.

(predom nately M pseudocoronata), Cryptononas marsonii, and

20
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C. erosa. Those that experienced decline were; Coel astrum
spp., Qocystis spp., Scenedesnus spp., Staurastrum
tetracirum and Tetraedron mnimum Species that were

present in all ponds were; Dinobryon divergens var

Schaui nslandii, Kirchneriella lunaris var. irregularis,
Synedra acus, Senedesnus radi ans, and Urogl enopsi s aneri cana.
Addi ti onal atrazi ne exposure of subsanples from each pond
after Day 42 resulted in less inhibition for popul ations from
t he hi gher atrazi ne-dosed ponds as neasured by fl uorescence

i ncreases. This was taken as evi dence of resistance to
atrazi ne by the species present. Resi st ance for one
particul ar species, Cryptononas marsonii, was denonstrated in
the | aboratory. G owh after 19 days in 500 ug/L atrazine
was not significantly different than that irt control fl asks.
Definite responses attributable to the effects of atrazine
could not be shown for organisns in the food web of higher
order than the zoopl ankton.

Anot her interesting study has been conducted to
determ ne what effect atrazine m ght have on periphyton
community structure in flowthrough m crocosnms. Species
enunerati on was conducted prior to, during, and after
treatnment with 100 ug/L atrazine (Hamal a and Kol lig 1985).
The pretreatnent comunity was conposed of (as percentage of
total); Chlorophyta 71% Bacillariophyta 19% Cryptophyta 3%
and Cyanophyta 2% Follow ng atrazine addition, the
conposition relative to controls for treatment and recovery

peri ods, respectively, was as follows; Total count 23 and
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25% Chl orophyta 15 and 26% Bacillariophyta 19 and 75%

Cyanophyta 216 and 83% and Cryptophyta 9 and 8% During

treat nent Anki strodesnus fal catus, Chlanmydonbnas spp.,

Cosnari umrei nschii, Scenedesnus di nor phus, Staurastrum
manfeldtii, and Stigeoclonium ]l ubricumall experienced |arge
density decreases. |In contrast Chroococcus m nor i ncreased

to 224% of control val ues.

Community productivity, as neasured by oxygen production
decreased t hroughout the treatnent period. |In contrast,
conmmunity respiration in the atrazine nicrocosnms was sinilar
to controls, with slight increases during treatnent
attributed to heterotrophic activity. It was suggested that
the rapid recovery of community productivity foll ow ng
treatnent indicated the effect of atrazine was algistatic
rat her than al gicidal. No evi dence for induced resistance
could be found for the treated m crocosns upon additi onal
atrazine treatnment after the recovery period. 1In contrast to
this study. Lynch, Johnson, and Adams (1985) could find no
significant or lasting effects on primary productivity or

community respiration in a simlar study using 25 ug/L

atrazi ne.

To date, there is little informati on avail abl e
concerning the concentration of atrazine residues in | akes
and reservoirs. Mst sanpling has focused on initial runoff
periods. There is a large body of literature concerning the
direct effects of atrazine on individual algal species.

However, natural interspecific conpetition will greatly
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af fect the individual responses of a community of
phyt opl ankton to a toxicant. Efforts to quantify the
tenmporal, species specific responses of natural phytoplankton
popul ations are apparently absent fromthe literature. Such
an analysis could reveal not only the direct effects a
toxi cant mi ght have but also the indirect secondary effects
such as nutrient conpetition and interspecific inhibition.

The objectives of this study were to:

| . Document the presence and concentration of

atrazine at three |locations in B. Everett

Jordan Lake, N.C. from March through July of
1985.
1. Utilize in vitro bi oassay techni ques to:

A. Evaluate the direct and secondary effects
of atrazine on individual species within a
phyt opl ankt on comuni ty.

B. Deternm ne whet her dose/response inhibitions
or stimulations exist for atrazi ne-treated
phyt opl ankt on speci es.

C. BEvaluate the effect of atrazine on species
specific growh kinetics.

D. Determ ne whether an atrazine action | evel
exi sts for natural communities of

phyt opl ankt on.
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METHODS

Atrazine Sanpling In Jordan Lake

Water sanples were taken from Stations HL6, NHL7, and
NH15 {Figure 1) in conjunction with bi-weekly water quality
sanpling trips fromMarch 1985 through July 1985. Atrazine
sanmpl es were conposites of the euphotic zone (defined as the
zone fromthe surface to a depth at which 1% of surface
irradiation remains). This depth was chosen to represent the
zone nost likely to contain phytoplankton. Approxinately 20
liters of |ake water were punped (Jabsco Inc.) directly into
clean carboys. Al glassware used for atrazine anal yses was
soaked in Mcro (International Products Corp.) overnight and
rinsed with at |east six aliquots of glass distilled dionized
water. Sanples were usually transferred to the |aboratory
within four hours for resin adsorption which was al ways
complete within 36 hours of sanpling. No attenpt was made to
keep these large volumes of water on ice in the field.
However if sanpling-day resin adsorption was not feasible,

the carboys were held at 4°C until the follow ng day.

Adsorption O Organics From Water Sanpl es

Amberlite XAD resin has been used to concentrate

di ssol ved organic materials fromwater with many methods.
Junk et al. (1974) described in detail a nmethod for

extracting a variety of organic conpounds added to water. A
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Fig

1. Map of Jordan Lake, N.C., show n

| ocations {adapted fromWiss et. al.,

sanpling station
%985)”.p :
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siml|ar method was used to extract atrazine from vari ous
real -water sanples at concentrations | ess than one part per
trillion (Richard et al. 1975). A nodification of this

met hod has been described by Pfaender et al. (1977) as well
as others (Schnare 1979; Dietrich, MIIlington, and Christnman
1983). Several aspects of these nethods were conbined for
use in the present study.

Anberlite polyneric adsorbent XAD 2 (Rohm and Haas) was
used to extract atrazine froml|l ake water. Thi s choi ce was
made in anticipation of atrazine |evels below the |iquid-
liquid extraction limt. However, XAD-2 resin requires
significant cleanup prior to use. A nulti-solvent soxhl et
extracti on procedure was chosen to acconplish this task
simlar to that reported by Junk et al. (1974). The resin
was cl eaned in batches of approxinmately 150 niL using the
foll owi ng solvents in sequence, each one used tw ce for 48
hours such that methanol was the first and final sol vent:
met hanol, acetonitrile, nethylene chloride, and diethyl
et her. Resin batches cleaned in this manner were stored

under fresh nmethanol until needed.

Lake water for atrazine analysis was spiked with
sinmetryne, another s-triazine, prior to resin adsorption for
guantification purposes. Sinetryne was chosen as the

surrogate standard because it is structurally simlar to

atrazine and is not used in the watershed of Jordan Lake
(Turner, D giano, and DeRosa 1984). It was assuned t hat

simetryne was subject to the same sorption and equilibrium
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reactions as atrazine. Spiking solutions were nmade by
di ssolving 100 nmy simetryne in an appropriate vol une of
met hanol to give solutions in the range of suspected atrazine
| evel s. Spi kes of these solutions were made directly into
t he sanpling carboys one hour prior to the start of resin
adsor pti on.

During that time period, the adsorption colum (Biorad
100 nmL.) was loaded with 10 nL resin (approximately 9 g) and
t he nmet hanol was flushed out with 3-L of distilled dionized
water. Flushing was interrupted after 1-L had passed through
the colum to disrupt air bubbles trapped in the resin bed.
The spi ked carboy containing the | ake sanple was then
attached to the Biorad colum and allowed to flow via gravity
t hrough the resin bed. Al attachnents were of Teflon and
the flow rate was mai ntai ned at approxi mately 100 nL/m n
Water flow ng through the resin bed was coll ected and
recorded to calculate the volune extracted. Occasionally,
hi gh al gal bi omass and detritus would slow the flow which was
then mai ntained by a positive pressure of clean, dry nitrogen
on the carboy. After the sanple had passed onto the resin
bed (approximately three hours), two 1-L rinses of the carboy
with distilled dionized water were allowed to pass through
the colum. The remaining water was expelled and the resin
dried by connecting the colum directly to the nitrogen
source. Resin containing adsorbed organics was placed in 25-
nL Erlennmeyer flasks, sealed with Teflon tape and stored

frozen prior to the elution step
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El uti on O Adsorbed Organics

M cro-soxhlet (25-m) elution usually took place within
the sane week of sanpling. The sanple resin containing
adsor bed conpounds was pl aced on a bed of glass wool
(previously extracted with nethylene chloride) in the
soxhl et. Methylene chloride (15 nL) was added to the round
bottom flask of the soxhlet apparatus and allowed to cycle
through the resin for 24 hours. At this tinme, nethylene
chloride containing the eluted organics was transferred back
to the original Erlenneyer flask and anhydrous sodium sulfate
was added to renove any remaining water. Finally, the sanple
was transferred back to the round bottom flask, a 3-bal
Snyder distillation colum attached and the sol vent was
allowed to evaporate until only 1 nL of sanple remained. The
sanpl es were stored in 2-nL vials equipped wth
Tefl on/silicon septum screw caps. Prior to gas
chromat ogr aphi ¢ anal ysis, sanples were further concentrated
wth a gentle streamof clean, dry nitrogen to 25-50 ul,

whi ch represents a concentration factor of approxi mately

500, 000.

Gas Chromat ography And Mass Spectronetry Confirmation
Gas chronat ographi ¢ determ nation of the presence and
concentration of atrazine was usually conpleted during the

week follow ng sampling. A Carlo Erba HRGC 5160 mega series
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gas chromat ograph equi pped with a Shimadzu integrator was
used for all atrazine quantifications. Conditions were:
COLUMN: 30 neter DB-5, 1 umfilmthickness, J & W
Scientific
FLOARATE: Helium 1 nmb/mn @16 PSIG
| NJECTOR:  Split-splitless injector, split ratio 10: 1-

20:1, septumpurge 4 nL/mn. March and Apri

sanpl es analyzed in splitless node due to | ow
concentrati ons

PROGRAM 180°C (10 min), 6° min, 260°C (5 mn)

| NJECTI ON: 1-2 ul

DETECTOR  Fl ane ionization detector (FID), 280°C

Identification of atrazine and its surrogate,

simetryne was routinely based on a pair of injections. The
first injection contained only sanple while the second
injection included a standard sol ution containing both
conpounds in addition to sanple. This second injection
produced two peaks of greater anplitude (atrazi ne and
sinetryne) than all others, which all owed correct selection
of the two conpounds fromthe first chronmatogram and
subsequent quantification. Typically, three sanple
i njections were made and averaged for reported

concentrations. Peak identifications utilizing this nethod

were confirned for the June 19" sanple from Station HL6 by

&/ Ms. The GO/ Ms systemutilized was a Hew ett-Packard 5710-

A gas chromat ograph interfaced with a VG M cromass Mde

7070F doubl e focusi ng nass spectroneter. Mass spectra were

enhanced using conputer assisted subtraction routines.

Chr omat ographi ¢ conditions were the sane as above except that

I njections were made with an OCl-2 on-colum injector
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(SGE Corp.). Electron ionization conditions were:

| ONI ZI NG ELECTRON ENERGY: 70 eV

ACCELERATI NG VOLTAGE: 4 KV

TRAP CURRENT: 200 uA

MASS RANGE: 40- 400

SOURCE TEMPERATURE: 200°C

SOURCE PRESSURE: 5 x 10"° torr

CYCLE TIME: 0.7 sec/decade

RESOLUTI ON: 1000 @ 10% val | ey
Representative gas chromatogranms for resin blanks, standards,
and | ake sanples and the GO/ M5 confirmation spectra are
presented Figures 2-6. Several organic conmpounds (Figure 6)
found to be present in the June 19" sanple from Station H 6
have been previously identified in Haw Ri ver water (Dietrich,
MIlington, and Christman 1983).

The linear response range of the the Carlo Erba FID for
atrazine and sinetryne, and the response factor of both of
t hese conpounds relative to sinetone was determned in a
singl e experinent. Equal anmounts of each conpound were
di ssol ved in nethyl ene chloride and accurate dilutions of the
resulting solutions were made such that a concentration range
of two orders in magnitude was obtai ned for atrazi ne and
sinmetryne (10 - 1000 ng/ul). Three solutions covering this
range were nade containing the analyte and surrogate standard
at equal concentrations and a constant anount (100 ng/ul) of
the internal standard, sinmetone. Each of these sol utions was
injected three tines and the average peak count ratio of
atrazi ne/ si metone and sinmetryne/si netone was plotted agai nst

the known mass ratio of the anal yte/internal standards added

to the solution (Figures 7 and 8). The ratio of the
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Atrazi ne

4. Gas chromat ogram of organic con‘Pounds present at Station
d

Hl on June 19", show ng enddgenous atrazine and surrogate
st andar d, S|rnetryne
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resul ting slopes (response factor) was used to calculate the
atrazine concentration in | ake sanples as foll ows:

STD * Ra/Rs * RF

Cone (ug/L)
\V4
where: STD is the mass of sinetryne added in ug
Ra is the integrator count for atrazine
Rs is the integrator count for sinetryne
RF is the response factor (0.963), for
(sinetryne/ atrazi ne)
Vis the volune of water adsorbed in liters.

An experinment was designed to denonstrate that
recoveries of the surrogate standard simetryne and anal yte
atrazine were conparabl e even under worst-case conditions
(high turbidity). Five 20-L water sanples were obtained as
descri bed above from Station NH14 (Figure 1) and spiked with
a range of equal anmounts of atrazine and sinmetryne (0.5 - 3.5
ug/L). This range was sel ected as being representative of
suspected real -water concentrations. Extraction and
concentration took place as described previously. A known
and constant anount of internal standard, sinmetone, was added
to the final extract prior to gas chromatographic anal ysis.
Rel ative integrator count ratios (response factors taken into
account) of surrogate standard and anal yte to internal
standard, were plotted against the nass of atrazine and
sinetryne added to the | ake water (Figure 9). The sl ope of
each line represents recovery for that conpound. The slight
upwar d deflection of the atrazine plot represents the
presence of endogenous atrazine. Atrazine and sinetryne were

recovered with conparable efficiency: the slopes were 0.009
and 0.011 respectively.
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'A~N Bi oassav Medi a and Enumeration Techni ques

Speci es specific phytopl ankton responses to atrazine
were determ ned using a nodified version of the Sel enastrum
capricornutumPrintz Algal Assay Bottle Test (MIler et al.
1978). In an attenpt to provide a nmediumsuitable for the
nost di verse popul ation of algae, and in view of reports that
sone species may not use NOB" at all (Mss 1973), soil water
(prepared as described by Pringsheim 1946) was added to the
medi um (40 nL/L) and ammoniumnitrate (12.75 ng/L) was
substituted for sodiumnitrate.

Atrazi ne used as dosing reagent, was nmade up prior to
t he bi oassays by dissolving 100 ng of atrazine in 100 ralL of
acetone. A working stock solution was prepared by adding 10
nmL of the acetone solution to stirred, near-boiling water,
and the acetone was allowed to evaporate overnight. |,
Dilutions of this solution were made such that 1 nL woul d
give the appropriate atrazine concentration in the bioassay
fl asks. These concentrations were 0.25, 1.0, and 50 ug/L and
1.0, 10, and 50 ug/L atrazine for bioassay | and |
respectively.

Wat er used to seed the bioassay flasks was obtained with
a Kemrmerer sanpler fromthe SR1008 bridge close to Station
NH14 on Jordan Lake. A conposite sanple representing the
euphotic zone was transferred imediately to the | aboratory
where a subsanpl e was concentrated by centrifugation. The

A supernatant was renoved and cells resuspended in a known
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vol ume of bioassay medixomso that 1 nL of this seed, added to
the bioassay flasks, resulted in an initial population of
approxi mately 3000 cells/nlL. Water was collected on June
19*-A and on Qctober 9, 1985 for the innocul umused in

bi oassays | and Il respectively.

Triplicate flasks of the control and three atrazine
dosages containing 60 nmL of nedia were incubated in 250 nm.
Pyrex Erlenneyer flasks. The tenperature was maintained at
25'"' C under continuous fluorescent |ighting of approximately
400 footcandl es. The flasks were rotated daily on a shaker
table to ensure equal |ight exposure. Cotton was used to
stopper the flasks which were shaken at 110 oscillations per
mnute to facilitate gas exchange.

Two nmet hods of cell enuneration were investigated in
this study. The "Vaspar" method is simlar to the nethod of
Campbel I (1973). A known volume (15 ul) of the sample is
pl aced under a cover glass of known surface area. A
paraffin-petroleumjelly mxture is used to seal the cover
gl ass and prevent drying of the sanple. The nunber of
cells/m is calculated fromthe known area of the cover
glass, the area of the transects counted, and the vol ume of
wat er placed under the cover glass. This method has the
advantage of allow ng oil immersion (1250x magnification)
exam nation for careful cell identification. A major
difficulty with this nethod is that cells are quite often
distributed unevenly over the slide, causing variation

bet ween transect counts.
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The second method investigated utilized a henmacytoneter
which is conmonly used for algal cell enumeration. A grid
enbedded in the hemacytometer allows cal culation of cells/n
fromthe known vol vine of sanple contained by the counting
chamber. Even distribution of cells is enhanced by the
design of the |oading channel. The disadvantage encount ered
with this device is a result of its thickness which precludes
the use of oil imersion | enses. However, adequate
resolution is provided at 500x magnification. A comparison
of counts obtained fromthese two methods is presented in
Tabl e 2.

It was determned that the "Vaspar" nethod, while
yi el ding much greater resolution, was too variable for the
purposes of this experiment. It was found that a conbination
of these two methods proved to be quite successful.
Quantification was acconplished with a hemacytoneter, and
species identification was verified wth the "Vaspar" nethod.

Al cell counts were nade with a Zeiss G.F conpound
m croscope equi pped with phase contrast. On each counting
day, a 1-mL subsaraple was renoved fromeach flask and cel
clunps broken up by gentle grinding with a tissue grinder. A
| oop-full of this sanple was transferred to a henmacytoneter
for quantification. At |east 300 cells fromeach flask were
counted with the hemacytoneter at 500x magnification.

Counts were begun on Day 3 of bioassay | (BlI) and
continued every two days through Day 9, when it was certain
that maxi mum bi omass had been achieved at all dosage |evels.
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Table 2. A conparison of cell counts (cells/nl) of

Gscillatoria limetica nade with a henacytoneter and by the
"Vaspar" net hod.

METHOD Hemacyt onet er Vaspar
49 48
30 50
45 60
31 69
50 32
25 23
16 100
23 35
33 10
34 58
Mean 34 48
Std. Dev. 11 26

Coeff. of Variance 0.34 0. 53
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Exam nation of the results fromthis experinent indicated
that additional informtion could be obtained by daily cel
counts, which were begun on Day 2 of bioassay Il (BIl) and
continued through Day 8. A blind counting technique was
utilized for the second experinent which assured that cel
counts were made w thout know edge of the atrazine

concentration associ ated with that count.

Statistical Treatment O Algal Responses To Atrazine

During BII, it was noted that certain replicates did not
show good growth conparable to replicates of the sane
atrazine dose for any species. No clear reason can be
determned for this occurrence. These replicates, one each
fromdoses 1, 10, and 50 ug/L atrazine were not included in
the statistical analysis or the graphic illustrations. A
conplete listing of the statistical results fromthese
experinents is presented in Appendix A

Four statistical nodels were devel oped to assess the
speci es specific responses of algae to different doses of
atrazine. In each nodel the natural logarithm of cel
count/nL was used as the dependant variable. The independent
variabl e was atrazine concentration used as a flask dose.

Cel | counts for the predom nant species or groupings
were anal yzed using ANOVA and | east squared means nethods of
SAS (Statistical Analysis System). Specifically, analysis of
variance (GLMprocedure) with the |east squared means (LSM
option was used to detect dose-related differences in cel
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counts on a given day (Moddel A) or dose related differences
in growmh rate over a period of days (Mddel C. The CORR
procedure with the Spearman option was i nvoked to detect the
correl ati on between cell count and atrazine dose on a given
day (Model B) or growth rate and atrazine dose over a period
of days (Mbdel D)

It was found that the natural |ogarithmtransformation
of cell count stabilized the vari ance of the dataset and
enhanced conpatibility with the normal distribution. The
specific transformation was |og” (cells/nL+l), which allowed
for cell counts of zero. The nopdel specification for the
anal ysis of vari ance was:

Response = Constant + Treatnent effect.

In this specification, the "constant” can be interpreted as

the nean for the control group, and the treatnent effects can

be interpreted as differences fromcontrol for all atrazine
doses.

Least square mean val ues were cal cul ated for each
day/ atrazine treatnent conbination for data found to be
statistically significant (P<0.1000, F test) by analysis of
vari ance Mbdels A and C. Pairw se conparisons for these
| east square nean values were tested using a two sided T
test. Rejection of this hypothesis (P<0.1000, T test) was
taken as evidence that the two atrazi ne doses in question

were statistically different. The conputing fornmula used in

the | east square nodel s was:

t = (pairwise difference)/(estinmated standard error).
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Spearman rank correlation coefficients were cal cul at ed
in Models B and D to determ ne the |inear dependence of cel
count on atrazine dose. The hypothesis that the correl ation
coefficient r equal ed zero was tested {P<0.1000, T test) with
rejection indicating that the dose/response inhibition or
stinmulation was statistically significant. The fornula for
t he Spearnan correl ati on was:

ECan-a) (G -c)
"\|e (ai-c)2 E(ci-c)2)
where: a-" is the rank of the i*" atrazine val ue

s the rank of the i cell count val ue

a and ¢ are the means of the aj _ and G~ val ues
respecti vely.


NEATPAGEINFO:id=F95239A2-53AB-4079-B758-2F8C52197DE4


47

RESULTS AND DI sCUsSI ON

At razi ne Fl ow Dynani cs I n Jordan Wat ershed

B. Everett Jordan Lake has been descri bed as havi ng four
di stinct segnents. These are defined by the causeways
carrying traffic across the New Hope arm and the "narrows", a
constricted portion upstream fromthe confl uence of the Haw
and New Hope arns on the New Hope side (Figure 1). Both
rivers carry point and non-poi nt di scharges which, during | ow
flow conditions, nake up a |l arge percentage of the total flow
into the | ake. However, the causeways on the New Hope side
cause a great deal of nutrient sedinentation, and the
resulting water quality has supported extensive recreational
usage.

The Haw Ri ver supplies the | ake with much nore water
than the New Hope flow (Figures 10 and 11). The 20-year
average Haw to New Hope flowratio is 4:1; the range is due
to greater winter runoff fromthe | arger watershed of the Haw
Ri ver (Weiss 1986). During extrenme hydrol ogi cal events,
water fromthe Haw Ri ver flows up the New Hope arm of the
| ake. Muddy water fromthe Haw was observed at the NC- 64
causeway foll owi ng one occurence when the | ake | evel rose
eight feet in three days during February, 1985.

I nter-segnent volune fluxes in Jordan Lake have been
descri bed for the water year October 1982 - Septenber 1983
(Moreau and Challa 1985). They suggested that for this
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period, approxinmately 26 percent of the tinme there was back
flow from Segnent 1 to Segnment 2; 23 percent of the tine
there was back flow from Segnent 2 to 3; and 19 percent of
the tine there was back flow from Segnent 3 to 4. It should
be noted that these estimates assune conplete nm xi ng of each
segnent and treat the back flow as a nass of water. It is
concei vabl e that vertical tenperature differentials existing
within a water mass cause back flow to occur in layers. This
woul d all ow even greater spatial back flow to take pl ace.
Segnents 1 and 2 behave as rivers during and follow ng | arge
runof f events due to water backup and draw down of stored
water. Retention tine can be as short as several days under
these conditions (Wi ss, Francisco, and Canpbell 1985).

Previ ous research on synthetic organics in the Haw Ri ver
has docunented the presence of atrazine (Pfaender, et al
1977; and Dietrich, MIlington, and Christnman 1983).
Therefore the rationale for atrazine sanpling station
location in the | ake was based on the agricultural activities
known to take place in the watershed (Figure 12) and the fl ow
and segnentati on characteristics nentioned above. Land use
patterns have been deternined for the Jordan Lake watershed
based on 1983 data (USSCS, 1985). Nearly 55,000 acres of
corn are grown in the ten counties conprising the watershed,
50, 000 acres in the Haw Ri ver basin al one. Approxi nately
5000 acres of corn are grown in the New Hope wat ershed

(Figure 12, dotted line). Atrazine is also applied to
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sor ghum crops whi ch account for 7,800 and 200 acres of the
Haw and New Hope wat er sheds respectively.

Atrazine residues in runoff waters will be transported
in solution or sorbed to colloids and sedi nents. The spati al
and tenporal distribution of residues in a |lake will not
sinply reflect the anount input. In Jordan Lake, the
operation of the dam biol ogical and chem cal interactions,
as well as physical properties of the |ake (flow
characteristics and m xing depth) will determ ne the euphotic
zone concentration. The lake is operated as a flood control
reservoir, holding back runoff water until the downstream
fl ow has decreased, at which tinme runoff water is rel eased.
Therefore, the | ake level may fluctuate as much as 38 feet in
response to extrene inputs. During periods of |owflow, dam
out put can exceed Haw River input. Oten solar inputs wll
acconpany these low fl ows such that the surface of the Haw
armof the lake is warnmer than inflowing waters. |f the dam
di scharge takes place at the bottom of the structure, cooler
inflowing water will flow through the |ake on the bottom
resulting in essentially no allocthonous input to Segment 1.
Much of the upper New Hope.armis shall ow and subject to w nd
m xi ng which will deposit bottomresidues in the water
colum. The deeper sections of the |ake are | ess susceptible
to this nechani smbut during high flows or cold periods with
hi gh wi nds, m xi ng has been observed to take place at other
t han the classical |imological turnover tines (Wiss,

Franci sco, and Canpbel | 1985). Phytopl ankt on popul ati ons
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will respond to the conditions outlined above. Duri ng warm
|l owfl ow peri ods, |arge bi omass has been observed, although

no "bl oons" of the surface dwelling type have taken place. -

Rel ati onshi ps Between the Storage O | nput Fl ows And
Conductivity To Atrazi ne Residues In Jordan Reservoir

The concentrations of atrazine reported in this study
wer e obtai ned from single sanples of the water col um.

Al t hough experinments were conducted to denonstrate conparabl e
extraction efficiency for the analyte and surrogate standard,
tinme and | abor constraints did not allow field duplicate
measurenents to be nmade. Therefore, the uncertainty
associated with single "grab" sanples is recognized to be
present for the data reported in Figures 13-15.

Atrazine application in North Carolina usually takes
pl ace during the mddle of April; but in 1985, dry weat her
enabl ed crop planting and herbicide treatnent during early
April . Basel i ne atrazi ne resi due data were obtained in March
and bi -weekly sanples were taken fromearly April through
Jul y.

April was characterized by low flows and hence, no
significant storage. The dry weather foll ow ng atrazine
application del ayed the expected atrazine pulse until My
22nd (Figures 13-15). The |ake rose nore than one foot in
May. Storage of runoff water occurred in early and mddle
My prior to the May 22°1" atrazine sanpling. The storage of

the two relatively snall flows in May resulted in the highest
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atrazine residue value recorded at Station H16 (Figure 13)
during the study.

During periods of storage, flow out of segnents 2, 3,
and 4 will be retarded by downstreaminflow of Segment 1
water. Therefore, inplied retention times will be |onger
under |owflow conditions and shorter during post-storm draw
down.

H gh flows fromsource streanms in the New Hope wat ershed
wi ||l not have an immedi ate inpact on the New Hope arm of
Jordan Lake due to the long retention tinme of these flows.
Direct runoff fromfields adjacent to the | ake was nost
likely responsible for the May 22*M pul se observed at NHL7
(Figure 14) and NH15 (Figure 15). The higher concentration
detected at Station NHL7 was probably due to a conbination of
direct runoff and back-up of Haw water into Segnent 2 during
storage periods follow ng atrazine application.

| ndirect evidence for this hypothesis is provided by
conductivity measurenments. Conductivity is a measure of
cation and anion activity and is related to dissol ved
material present in the water colum. Segnents 1 and 4 will
general ly contain the highest conductivity values due to
erosional runoff and sewage effluent contained in source
streans. There are no other direct sources of conductivity
in the |ake basin so the conductivity will decrease
downstream as inorganic soluble ions become encorporated as

organic and inorganic particulates and settle to the bottom

This action is enhanced by the segnenting features nentioned
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above. Conductivity measurenents at nine |ocations

t hroughout the study show a regul ar downstream decrease in
the Haw arm and also in the New Hope armto NC-64 (Table 3).
Conductivity downstream fromthis causeway increases, which
is taken as evidence that Haw river water makes its way into
segnent 2.

The fact that conductivity in Segnent 2 remained higher
than in Segnents 3 or 4 throughout the this year suggests
that water from Segment 1 remains in Segment 2 long after
back flow events have taken place. Flow events that took
place in February of 1985 nost likely resulted in large scale
back flow displacenent of Segment 1 water into Segnent 2.
The only large scal e di splacenment taking place during the
atrazine sanpling period occurred July 25-31. Conductivity
nmeasurenents in Segnent 2 on July 317" indicate that Segnent
1 water fromthis flow was present at Station NHL7.

These observations bring up an inportant point
concerning the relationship between flow and conductivity.
The initial surge of a high flow event wll have high
conductivity due to its flushing effect on river beds and
runoff of salts fromfields. As runoff continues, tenporal
freshening of the floww Il take place. Conductivity
measurenents taken at the end of the July flow event
illustrate this effect (Table 3). The initial surge
containing high conductivity flowed into Segment 2 whereas
|ater flow, neasured on the sane day but at the top of

Segment 1 (Station H5) resulted in |ower conductivity.
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Table 3. Water-colum nean conducti vit umho/cm for sites
in Jordan Lake neasured during 1985. v )

Segnent < 1 2 3 4

Stati onse- 5 H16 H17 NH18 NH17 NHO9 NHL5 NH7 NH1 4

Dat e
2/ 27 8 4 8 4 8 5 95 9 4 96 99 95 86
3/13 14 9 131 115 111 105 102 98 98 99
3/ 27 15 1 150 165 110 108 10 5 10 1 102 108
4/ 10 159 153 140 116 110 10 & 102 10 4 112
4/ 23 18 9 172 146 122 115 111 102 107 110
5/ 8 20 7 188 169 120 119 113 108 112 125
5/ 22 215 207 172 124 119 112 110 116 135
6/5 169 160 154 124 126 116 115 118 139
6/ 19 22 4 196 165 140 122 119 118 124 136
71 22 6 204 168 130 128 127 131 130 144
7117 220 249 203 136 134 12 8 12 9 134 153

7/ 31 14 1 136 150 156 160 134 124 127 143
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June 5" sanpl es reveal ed atrazine concentrations much
| ower than on the previous sanpling date. Qutflow, as
illustrated by the negative storage val ues (Figure 13)
follow ng My 22"*7A, is suggested as the reason for this five-
fold atrazine decline at Station H16. However, the retention
time of water in Segnents 2 and 3 is too great for this to
result in the | ower concentrations observed in the New Hope
arm (Figures 14 and 15). It is nore reasonable that the
pul se on May 22" in the New Hope segnents was a result of
fortuitous sanpling of direct runoff which was diluted by
June 5™ or otherw se [ost fromthe euphotic zone.

Low fl ow characteri zed the end of May, all of June and
the first week of July (Figures 10 and 11). River inputs
were simlar to dam di scharges for this period and very
little storage took place. However, atrazine concentrations
at all stations were greater than those present after the
initial pulse in May. Station HL6 shows a particularly
regul ar increase through this period which can best be
explained in terns of the biological sequence of events that

t ook place (Figure 16) as foll ows.

Bi ol ogi cal Accunul ation O Atrazi ne

The pul se of atrazine observed on May 22""*A was
acconpani ed by a large anount of algal nutrients. An
opportuni stic Cyanophyta species. Mcrocystis aerugi nosa, was
present in |low densities on May 22"" but increased to 37% of
the total density by June 5 (Canpbell 1985). This species
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possesses high surface area, gas vacuol es which all ow
flotation, and has been shown to reduce conpetition via toxic
excretions (Ingramand Prescott 1954). By June 26", M
aerugi nosa was 96% of the total biomass at Station HL6 and

was present at a density of 181,000 cells/n (Canpbell 1985).

Veber et al. (1981) found that |ive and dead cell surfaces of
Chl amydononas vul garis grown in the presence of @ C atrazine
adsorbed the herbicide fromthe nedia. Atrazine residues nay
have accunul ated on the cell surface of M aerugi nosa during
its explosive growh period. Lake m xing and nutrient
depletion caused a decline in density by July 17, although
atrazi ne accunul ati on apparently reached a peak on this date.
Cel lul ar uptake as well as physio-chem cal adsorption nay
have been taking place such that dead cells could al so serve
as a sink for atrazine. Atrazine concentrations declined
after July 1" at Station HL6, probably due to a conbination
of cell sinking, outflow fromthe |ake, and chem cal
degradation. The results of in vitro bi oassays presented
bel ow in this paper suggest that the success of Mcrocystis

aerugi nosa may be due in part to tol erance of atrazine.

Summar y
Thr oughout the study, the highest concentrations of
atrazine were found in Segnent 1. Concentrations in the New

Hope segments (Figures 14 and 15) were roughly one-third
t hose observed in Segnent 1 (Figure 13), and atrazine at NH17

was consistently higher than at NHL5. The hi gher val ues at
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NH17 nost likely reflect a conbinati on of hydrol ogi cal inputs

from Segnent 1 and downstream al gal accumnul ati on di scussed

above. The atrazine values in Segnent 2 and 3 remai ned | ower
than the May ZZ' M~ value but generally increased fromthe | ow
concentration determ ned on June 5*"". Possibl e expl anations
i ncl ude greater m xing depths of June (this would tend to

i ncl ude atrazine from depths previously excluded from

sanpl es), direct runoff in late July, and al gal

bi oaccumul ati on in June and July.

It would appear that the mpjority of atrazine entering
Jordan Lake occurred as a single pulse followng field
application, and then dissipated rapidly. Additional inputs
were relatively | ow by conpari son, but concentrations at al
stations renuai ned hi gher than those neasured prior to field
application in April. It is suspected that, in the absence
of extrene hydrological flows following initial input, the
concentration of atrazine is deternined by the biological and
chenical interactions taking place within the | ake. The
bi oassay data presented later in this paper indicate that
atrazi ne concentrations determ ned for Jordan Lake in this
study are not of a | evel which would have adverse effects on
t he phytopl ankt on popul ati on taken as a unit. However,
statistically significant stinulation of Chlorella spp. was
found to take place at atrazi ne concentrations present on

several sanpling dates in the Haw arm of the | ake.
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Speci es Specific Responses To Atrazine - Bioassays | And |
The bi ol ogi cal assay system enployed in this study

utilized a natural phytopl ankton popul ati on from Jordan Lake

which all owed the best in vitro estinate of the effects of
atrazi ne on phytopl ankton. An ecosystemis a very conpl ex,
i nt erdependent system whi ch nmakes nodel i ng chal |l engi ng and
subject to pitfalls if certain limtations are not taken into
account .

Two in vitro experinents were conducted to assess the
speci es specific responses of a natural phytopl ankton
popul ation to the herbicide atrazine. Bioassay | (Bl) was
conducted in June and bioassay Il (BID in October of 1985.
Results fromthese experinents are presented graphically in
Figures 17-40. Each figure represents cell counts for an
al gal species or group of species by atrazine dose on the day
i ndi cated. The average of these counts is presented in the
ri ght-nost set of bars and can be interpreted as the "growh
potential"™ for that species or group at the given atrazine
dose. The term"treatnent” as used in this study includes
all atrazine doses and the control unless indicated
otherwi se. Results for species or algal groupings found in
both experinents are presented together.

Bet ween 25 and 30 species were recogni zed t hroughout
bot h experinents al though m croscopi c exam nation at 1250x
power suggested even greater diversity. The |arger nunber of

speci es presented for BlIl does not represent greater
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diversity than for Bl but rather, greater counting effort in
t he second experi nment.

Clearly recognized limtations were present in the
counting nethod (Table 2). Counting variability was a
constant source of error in the sense that all phytopl ankton
speci es were counted using the same nethod. However, cel
counts of abundant species represented the popul ation nore
closely than counts of sparsely popul ated speci es.

Therefore, greater confidence was placed in these results.

Careful mcroscopic exam nation at 1250x magnification
m ni m zed problens associated with species identification.
Speci es not recogni zed were classified as unidentified. |If
doubt or confusion over the identification of a species or
group arose, it has been discussed in the text.

The effect of atrazine was considered statistically
significant in nodels producing P values |ess than 0.1000.
This m ght be considered a conservative approach in view of
the inherent variability associated with the assay. For this
reason, results which did not produce P values |ess than or
equal to 0.1000 but which suggested sone trend or other
effect of atrazine were included and clearly identified as
appearing "graphically". Caution has been used in the
interpretation of these graphically-apparent results and the
reader is cautioned to pay close attention to the confidence
expressed in the individual species results. Unless
I ndi cated otherw se, mssing data can be interpreted as

i ndicating that the species in question was bel ow the
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detection limt of the counting nethod which was 1 cell per

slide or approximtely 1000 cells per ni.

Tot al Count
(Bl and BlIl, Figures 17A and 17B).

Bot h experinents resulted in simlar trends for the
total count (the sum of all individual species including
uni dentified nenbers). Maxi num bi omass was achi eved in
control flasks by Day 5 (Bl) or Day 6 (BIl) with the | ower
atrazi ne doses outgrowing the controls. This was true even
of the 10 ug/L dose in BIl. However, cells at 10 ug/L |agged
behind the control and 1 ug/L dose, and rapidly decreased
after Day 7 such that the "growth potential" achieved was
slightly less than control, 0.25 or 1.0 ug/L atrazine. There
were no statistical differences detected between the two
| ower doses and the control on any day, or for the "growth
potential™ in either experiment.

Severe inhibition characterized 50 ug/L atrazine at all
times during both Bl and BlIl. The characteristic logarithmc
phase of growth never took place at this dosage. Strong
statistical differences between 50 ug/L and all other
treatnments were established after Day 3. During the
| ogarithm c growth phase. Days 3-5 for Bl and Days 3-6 for
BllI, the growh rate at 50 ug/L was statistically |ower than
that at 0.25 ug/L (Bl), and 1 and 10 ug/L (BIl). A

statistically significant negative correlation between
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atrazine dose and cell count existed throughout both
experi ments.

It woul d appear then, that for a natural phytoplankton
popul ation taken as a whole, the in vitro "action [evel" for
atrazine (that |evel below which no statistically significant
differences fromcontrols can be established) is between 10
and 50 ug/L. Although they were not found to be
significantly different than the controls, |ow doses of
atrazine (0.25-10 ug/L) did produce higher gromh rates and
bi omass than controls. The literature provides evidence to
support this type of effect in algae (Boger 1976) and (Torres
and O Fl akerty 1976) and al so in higher plants (Vance and

Smith 1969).

Oscillatoria limetica
(Bl and BlIl, Figures 18A and 18B).

Gscillatoria Iimetica, a nenber of the Cyanophyta, was
the dom nant species in both bioassays. Severe inhibition at
50 ug/L characterized both experinents, strong statistica
di fferences between 50 ug/L and other treatnments were
established in Bl and Bll after Day 3. Maxi num bi omass at

this concentration was reached on Day 7 conpared with Day 5

and Day 6 for the | ower doses and controls of Bl and BI
respectively. The |ower doses of atrazine in both
experiments produced a maxi num bi omass that was greater than
the controls, but this | owdose stinulation was not shown to

be statistically significant. However, during the
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| ogarithm c growth phase (Days 3-6) of experinent IIl, the
growh rate of cells in 1 ug/L atrazine was statistically
greater than the control and al so higher than for cells in 50
ug/L atrazine. During the logarithmc growh phase (Day 3-5)
of Bl, only cells in 0.25 ug/L atrazine had higher growth
rates than those at 50 ug/L.

The resulting "growth potential"™ of this species from
bot h experinents indicates that 50 ug/L atrazi ne produced a
bi omass that was statistically snaller than any other
treatnent. Doses of 1 and 10 ug/L produced essentially the
sane biomass as the control in BlIl while 0.25 ug/L atrazine
allowed growh slightly greater than the control in Bl. It
may be concluded that Gscillatoria linmetica is resistant to
concentrati ons of atrazine commobn in streans receiving field
runof f. However, the higher concentrations of atrazine
reported adjacent to atrazine treated fields nmay have
potentially severe negative effects on this alga, while the
much | ower concentrations reported for reservoirs in this
study may stinulate growh of this species.

An additional note relating to the taxonony of this
species; during the logarithm c phase of growh for Bl and
Bll, this species was observed to have short (<1 un) spaces
bet ween each cell within a filament, and its appearance was
not unlike that of another species, 0. gemnata. It may be
t hat under ideal growh conditions, dividing cells of O

i metica take on the appearance of another species, O


NEATPAGEINFO:id=FDFE9D11-CA0B-4B67-9E87-4918A596F788


gem nata, and that these species are one and the sane, nanmely

O |limetica.

Meri snopedi a tenui ssi ma
(Bl'l, Figure 19).

Thi s speci es, another nenber of the Cyanophyta, was
present in both bioassays but only quantified for Bl
Maxi mum bi omass for the experinent was obtained on Day 6 at 1
ug/L atrazine. 1In all other treatnents, M tenuissinm peaked
on Day 7. Cells in 1 and 10 ug/L atrazine outgrew the
control on Days 5 and 6 and had slightly greater "growth
potential" as well. At 50 ug/L, this species | agged behi nd
other treatnents following Day 5, but inhibition at this
dosage | evel was not severe. There were no statistically

significant differences found between any of the atrazine

doses during the experiment. Slight inhibition may occur at
atrazi ne doses above 10 ug/L, as illustrated by the "growh
potential". However, this effect cannot be shown to be

statistically significant.

d eocapsa punct at a
(BlI'l, Figure 20).

Anot her menber of the Cyanophyta, d eocapsa punctata was
not found in Bl. However, this species was a subdom nant in
the water used to seed the second experinent and was present
inrelatively [ ow nunbers throughout that bioassay. Cells of

this species were aggregated in colonies of 5 to 20 cells per
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unit and were quantified as units. This nay have caused
variation in biomss estimation due to variation in the
nurmber of cells per col ony because col oni es were not
converted into cells/nm. The only statistical difference
bet ween treatnents was found on Day 2 when 1 and 10 ug/L
atrazi ne produced higher cell counts than the control. In
terms of "growth potential”, cells at 50 ug/L experienced
slight atrazine inhibition relative to other treatnents, mnuch
li ke that reported here for Merisnopedia tenuissim. A
conparison with the early growth (Days 2-4) of other species
i ndi cates rather poor or static growth. In viewof its
relatively large initial biomss, it would seemthat this

speci es could not conpete well under these bi oassay

condi ti ons.

Pol ycystis firma
(BI'l, Figure 21).

The final nenber of the Cyanophyta to be di scussed, P.
firma, was present in | ow numbers during both experinents
al though its quantification was only undertaken during BllI.
Cells of this alga are united in small, firmy packed
clusters of 20 to 30 cells which were counted as units.

The maxi mum bi omass for this species was achi eved by
cells in 1 ug/L atrazine on Day 6 which coincided with the
control growth peak. Treatnment with 10 ug/L atrazine
produced essentially the same maxi num bi onass on Days 3, 4,

and 5 while cells in 50 ug/L peaked on Day 5. The "growth
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potential" for this species suggests a stinmulation by 1 ug/L
atrazine. However, statistical nodels indicate that atrazine
has no effect on the "growh potential” of this species at
any treatnent. The apparent stimulation at 1 ug/L was
probably due to the single pulse on Day 6. In view of the
relatively good growh occurring prior to Day 6, the poor
performance in the latter stages by this species woul d not
seemto be due to atrazine inhibition. Nutri ent depl etion by

nmore conpetitive species seens a nore |ikely explanation.

Nephr osel m s di scoi dea
(Bl and BIl, Figures 22A and 22B).

This biflagellate nenber of the Cryptophyta is easily
recogni zed by its shape and notion and was present in both
bi oassays. In Bl, maxinimbi omass was observed on Day 9 for
the control. Day 5 for 50 ug/L atrazine, and Day 7 for 1 and
0.25 ug/L atrazine. 1In contrast, cells of this species were
not observed after Day 5 of experiment I1. Duri ng Bl
maxi mum bi onass for the control and 1 ug/L atrazi ne was
observed on Day 4 and on Day 3 for 10 and 50 ug/L atrazine.

The "growth potential”, illustrated by this species in
bot h experinments suggests atrazine inhibition at all doses,
al t hough this inhibition cannot be shown to be statistically
significant. The only significant differences between any
treatnments occurred in BlI. Cell counts for the control and 1
ug/ L dose on Day 3 were both statistically higher than at 50

ug/ L atrazine. During both experinents, a negative
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associ ati on was observed between atrazi ne dosage | evel and
the resulting cell count. This relationship was
statistically significant on Days 3 and 9 of Bl and on Day 4
of experinent BlI.

Conpetition seens a |likely explanation for the absence
of Nephrosel mi s discoidea following Day 5 of BlIl. Prior to
this tinme it was noted that cells of this species were
sl uggi sh and many cells had dropped their flagella. 1t was
at this point that O limetica was in |logarithmc phase of
grow h and established dom nance. Many species of the
Cyanophyta have been reported to produce toxins thought to
give them an advantage in interspecific conpetition (Ingram
and Prescott 1954). It nay be that Nephrosel m s discoi dea

was i nhibited by one or nore of the Cyanophyta during BIl

Crypt ononas spp
(BlI'l, Figure 23).

These biflagel |l ated species, nenbers of the division
Crypt ophyta, are common nenbers of the phytoplankton found in
Jordan Reservoir. |In Bl this group was either bel ow the
detection limt or not recognized. Cryptononas spp. were
present in noderate nunbers in the water used as seed for
BlI, but were detected only briefly during the experinent.
Cells in 1 ug/L reached maxi mum bi omass on Day 6 and on Day 4

inall other treatnments. No cells were detected at any

treatnent on Days 2, 7, or 8.
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In view of the | ow counts observed, it is not surprising
that statistical nodels did not detect any difference between
doses or other associations of cell count with atrazine
| evel . However, the lack of atrazine effect is supported by
essentially equal "growth potential” at each treatnment |evel
so it would seemthat this group of species is relatively
unaffected by atrazine levels used in this experinent. This
concl usi on has been reached at even hi gher doses by others

(DeNoyel l es, Kettle, and Sinn 1982).

Cyclotel l a spp.
(BI'l, Figure 24).

These nenbers of the Chrysophyta were subdom nants in
seed sanples for both experinents but only counts from Bl |
were anal yzed statistically. This genus, primarily conposed
of Cyclotella pseudostelligera, did not experience good
growth after Day 4. This is illustrated by the early peak
and subsequent decline for cells at all treatment |evels.
Maxi mum counts for the control and 10 ug/L atrazine were on
Day 3 while 1 and 50 ug/L peaked on Day 4. The peak on Day 4
at 50 ug/L atrazine was the maxi mnum bi omass of any treatnent
observed during the experinent. There were no statistically
significant differences between the "growth potential" of the
control, 1 or 50 ug/L, however 10 ug/L never reached maxi num
bi omass conparable to other treatments and therefore

denonstrates a | ower "growth potential" than other

treat nents.
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Strong statistical evidence is provided for dose related
differences on Day 2. The control cell counts as well as
those at 10 ug/L atrazine were statistically larger than at 1
and 50 ug/L. However, by Day 4 growth in the control and 10
ug/L treatments was declining, whereas 1 and 50 ug/L atrazine
produced bi onass greater than the control and were
statistically greater than the 10 ug/L treatnent.

Statistical nmodel s designed to detect differences in growh
rates illustrate this effect. Doses 1 and 50 ug/L have
statistically higher growth rates than 10 ug/L atrazine
during the period Day 2-3. Gowh of cells in 1 and 50 ug/L
continued through Day 4 at a rate that is statistically

hi gher than both the control and 10 ug/L atrazine. There
were no statistically significant differences after Day 4.

The results for these species indicate a growh |ag at
| ow and hi gh doses of atrazine, followed by stimulation at
t hese doses. The internediate concentration of 10 ug/L
atrazine never approached the bi omass obtained in other
treatments. However, the "growth potential" shows only
slight inhibition at 10 ug/L atrazine and no statistical
differences between treatments were found. Wile it would

appear that there is an absence of dose-rel ated atrazine

effects, it is suggested that the observed growth patterns
are nore a result of interspecific conpetition than an effect

of atrazi ne.
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Di ct yosphaeri um ehr enber gi anum
(BlI'l, Figure 25).

Thi s species, a nenber of the Chlorophyta, was present,
in both experinents but only treated statistically for Bl
D. ehrenbergianumgrows in colonies with thin thread-1ike
connections between each cell. Cell counts presented here
represent cells per nL rather than colony units. D
ehrenber gi anum was a subdom nant in the seed used for Bll and
reached appreciable bionmass in this experinent. However,
there may have been some confusion between this species and
the genus Chlorella when the thread-1ike connections were not
clearly visible.

Maxi mum bi omass for the control and 10 ug/L was observed
on Day 5. This control biomass was the |argest obtained for
any treatnment during the experiment. Cells in 1 and 50 ug/L
atrazine peaked two days later. The control and 10 ug/L
treatments showed regul ar increases followed by decline,
while the 10 and 50 ug/L doses had two distinct phases of
growth, possibly a result of varying conpetition |evels.

The "growth potential™ indicates that bionass decreased
with increasing atrazine dosage |evel except for the anomaly
at 10 ug/L which was shown to be statistically different than
the control. Gowth at all treatments proceeded at a rather
low rate until the control peak on Day 5. This biomss was
statistically larger than that observed at 1 ug/L atrazine.

By Day 6 the control and 1 ug/L atrazine flasks contained

significantly larger biomss than the 50 ug/L dose. Al
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treatments were statistically different than the | ow count
for the 10 ug/L dose on Day 7.

Cell counts for Dictyosphaerium ehrenbergi anumresulted
In a negative dose/response association throughout the
experiment. This effect was statistically significant on
Days 5 and 6 as well as for the "growth potential".

In general, these results suggest the absence of an
"action level" for this species. Wile all doses of atrazine
produced appreciable biomss (with the exception of 10 ug/L),
an extended lag time was observed for all doses when growth
curves are conpared with controls. In addition, none of the
atrazine-treated popul ati ons approached the control |evel of

"growth potential".

Chlorella spp
(BI'l, Figure 26).

This genus was conposed primarily of C. vulgaris and C.
el lipsoidea. It was a mnor conponent of the original seed
sanple for both experiments but was only quantified for BllI.

Maxi mum bi omass was achieved on Day 5 in all the
atrazine dosed flasks but not until Day 6 for the control.
Chlorella spp. in 1 ug/L atrazine outgrew the control
throughout the experiment and resulted in the |argest bionass
observed during BIl on Day 5. The "growth potential" of
cell's at this dose was found to be statistically larger than
that at either 10 or 50 ug/L atrazine. Neither of the higher
doses of atrazine produced popul ations that approached the
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bi omass observed at the | ower dose or control. Gowh at
t hese atrazine | evel s | agged behind other treatnents,
particularly the 1 ug/L dose.

The control and 1 ug/L treatnments produced bi omass that
was statistically greater than that dosed with 50 ug/L
atrazine on Day 2. Treatment with 1 ug/L continued to
produce statistically greater biomass than 50 ug/L atrazine
on Days 4 and 5. A negative association between atrazine
dosage | evel and cell count was established throughout the
experinment. Statistical evidence for this effect is provided
on Days 2, 4, 6, and 7 as well as by the "growh potential".
Thi s evidence suggests that nenbers of this genus were

stinul ated at | ow doses and inhibited at high doses of

atrazi ne.

Anki st rodesnus spp.

This genus is a conmon fresh water nenber of the
Chl orophyta and was present in noderate nunbers in the seed
sanpl es used for both experiments. The two experinments are
not strictly conparabl e because Ankistrodesnus fal catus var.
spirilliforms was distinguished fromthe other nenbers of
this genus in Bll but not during the first experinent.

Therefore, results are discussed by experinent.
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Anki st rodesnmus spp.
(Bl, Figure 27).

Maxi mum bi onass was achi eved at 50 ug/L atrazi ne on Day
7 and by all other treatnents on Day 5. There were no
significant differences between the "growth potential" of any
two treatnents. There was, however, a growth |ag produced
during the first five days by the 50 ug/L atrazi ne dose.
During logarithnmic growh (Day 3-5), the growh rate at 50
ug/ L atrazine was statistically | ower than any other
treatnent. A dose/response inhibition during this period was
al so shown to be statistically significant. The effects of
atrazine appear to be tenporary, as cells in flasks treated
with 50 ug/L atrazine produced essentially the sane maxi mum

bi omass as other treatnents two days | ater

Anki st rodesmus spp.
(BI'l, Figure 28).

Maxi mum bi omass for this genus was observed in al
flasks on Day 5. Treatnent with 50 ug/L atrazine stinul ated
growt h, producing cell counts that were equal to or greater
than the control after Day 3. The stimulation at 50 ug/L
atrazine is illustrated by the "growh potential” for this
species although it is only significantly different fromthat
obtained at 10 ug/L. As has been illustrated by other
species or groups, the 10 ug/L atrazine dose inhibited growh

to the greatest extent for this genus, nost |ikely an

indirect result of greater growh by 0. Iimetica. Cells in
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10 ug/ L atrazi ne approached the | evel of growth observed at
other treatnents only on Day 5 and were generally much | ower.
Al t hough these observations appear graphically, statistica

nodel s fail to detect any dose-rel ated differences.

Anki strodesnmus falcatus var. spirilliforms
(BI'l, Figure 29).

As di scussed previously, this species was present in
bot h experinents but only distinguished from other nenbers of
t he genus during the second bioassay. Cells at 1 ug/L
atrazine generally outgrew the control throughout the
experinment. This treatnment produced the nmaxi m om bi omass
observed for the species on Day 5. Maxinum bi omass at 10
ug/L occurred on Day 6 foll owed by the control and 50 ug/L on
Day 7. Inhibition at 50 ug/L atrazine was sonewhat severe,
never allow ng the popul ation to establish the typica
| ogarithm c phase of gromth. On Day 5 this dose produced a
bi omass statistically lower than 1 and 10 ug/L atrazine. The
apparent inhibition at 50 ug/L was not statistically
significant. These results suggest that atrazi ne produces
| ow-dose stinulation and high-dose inhibition in this
species, but the results are insufficient for this
concl usi on.

It should be noted that if counts for Ankistrodesnus

spp. and A falcatus var. spirilliform s are conbined from

Bll, they are simlar to counts for Ankistrodesnus spp. from

Bl .
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Chl anydononas
(Bl and BIl)
This flagell ated genus of the Chlorophyta is regularly

present in | ow nunbers in Jordan Lake and was present in

wat er used to seed both bi oassay experinents. I nteresting
results for this genus fromBI |led to a nore focused effort
on individual species of this genus during Bll and hence the
| arger nunber of species reported. Two rather distinct

species were quantified in both experinents

Chl anydononas (Total Count)
(BI'l, Figure 30).

Ei ght Chl anydononas speci es were observed during Bl
Si X species were quantified individually, treated
statistically, and are di scussed below. |In addition, al
observations were conbi ned and are the subject of the
i medi at e di scussi on.

Statistically significant dose-rel ated differences
observed for this group occurred on Day 2 when the contro
had significantly higher bionmass than 1 and 50 ug/L atrazine.
Maxi mum bi omass at 10 ug/L atrazine occurred on Day 3,
followed by all other populations on Day 4. The | argest
bi omass observed during the experinent was present on Day 4
in the 50 ug/L flasks. Continued growh at this |evel was
nmost likely prevented by the | ogarithmc growh of the

dom nant Oscillatoria |imetica foll ow ng Day 4.
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Gowh during the early stages of the experinent was
indicative of resistance to the effects of atrazine. The
"growth potential” for this group illustrates this point,
being greatest at 50 ug/L atrazine. The depressed "growth
potential" at 10 ug/L atrazine has been noted for other

speci es but is perhaps, nost pronounced for this genus.

Chl anydononas debar yana
(Bl and BI'l, Figures 31A and 31B).

Thi s species was quantified and treated statistically in
both experinments. However, it was absent after Day 5 of BII.
This species yielded the | argest biomass at 50 ug/L atrazine
on Day 5 and 3, of bioassays | and Il, respectively. No
other treatnent approached this bionmass in either experiment.
Cell counts for atrazine at 50 ug/L proved to be
statistically larger than the control and 1 ug/L on Day 5,
and 0.25 ug/L on Day 7 in Bl. There were strong statistica
di fferences between the greater growth rates for cells in the
50 ug/L atrazine flasks and all other treatnents during the
| ogarithm c phase of growth (Day 3-5) of BlI. The resulting
cell counts on Day 5 indicate that a statistically

significant dose/response stinulation took place during this
phase.

Statistical dose-related differences were absent for
this species in the second experiment. However, exam nation

of the early pulse at 50 ug/L atrazine, and the "growth

potential" illustrates that the sane general trends were
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operating. It may be concluded that this species is

relatively resistant to the effects of atrazine.

Chl anydononas sp. "L"
(Bl and BlIl, Figures 32A and 32B)

This yet-to-be described species has a distinctive
el ongated cell shape (Canpbell 1985). It was present and
statistically analyzed in both experinents.

Maxi mum bi omass in the first experiment was achi eved at
the 50 ug/L dose on Day 5 and at the 1 ug/L treatnent on Day
4 of BIl. Only the 50 ug/L dose provided significant cel
counts after Day 4 of BlIl, whereas cells were present in al
treatments throughout Bl. The | ower biomass observed at 1
ug/L atrazine on Day 7 of Bl was statistically different from
all other treatnents, while only 50 ug/L atrazi ne showed
growth on Days 6 and 8 of BIl. Although both experiments
general |y show a positive association between atrazine and
cell count, this effect was only statistically significant on
Days 6 and 8 of BII.

The general trend for this species in both bioassays is
Illustrated by the "growth.potential". Wth the exception of
the internedi ate dosage decline, there was a regular increase
incell count with atrazine dose. This is taken as evidence
for atrazine resistance and, nost |ikely, a dose-related

stimulation of this species.
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Chl anydonpbnas al tera
(BI'l, Figure 33).

Chl anydononas altera was the dom nant species of this
genus. Maxi nxi m bi omass for the experiment was achi eved by
cells in 50 ug/L atrazine on Day 4. The control and 1 ug/L
doses al so reached peak bionmass on Day 4 while cells in the
10 ug/L dose did so one day earlier.

Gowh in all flasks declined after Day 4 and cells were
only detected consistently in the 50 ug/L flasks. This led
to the large "growth potential" at 50 ug/L atrazine which was
statistically greater than that observed at 10 ug/L. Cells
in 10 ug/L atrazine declined after Day 3 and were either
absent or at |low | evels through the end of the bioassay.
Except for the poor performance at 10 ug/L, C. altera can be

characterized as insensitive to the effects of atrazi ne and

possi bly stinul ated at the highest atrazine dose.

Chl anydononas nuci col a
(BI'l, Figure 34).

Chl anydononas nucicola is sonmewhat snaller than C
altera (3-4 x 6-7 um) but simlar in shape. The growth curve
for this species does not show as sharp a decline follow ng
peak bi omass on Day 4 which has characterized ot her nmenbers
of this genus. C nmucicola is the only Chlanydononas species
for which 50 ug/L atrazine did not produce the |argest
bi omass of all treatments. The control and 1 ug/L treatnents

cont ai ned consi derably |arger biomass than the higher-dosed
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popul ations on Day 4, fromwhich statistically different cel
counts were obtained for 1 and 10 ug/L atrazine. The growth
rate observed at 1 ug/L during Day 2-4 was statistically
higher than all treatments. It would appear that |ow dose
stinulation took place in the early phase of the experiment
and tapered off rather rapidly, so that the "growh
potential" shows a slight decrease at 1 ug/L atrazine.
Counts for popul ations dosed with 50 ug/L atrazine decreased
more gradually after Day 4 than other treatments. This
produced a "growth potential" conparable to the control. At
10 ug/L atrazine, growth was inhibited throughout the
experinment conpared to other treatment levels, and cells were
general ly absent in this treatnment after Day 4.

Chl amydononas mnuci col a did not show the dose-rel at ed
stinulation illustrated by other species of this genus.
Except for the 10 ug/L decrease in "growth potential", this

speci es was generally insensitive to the effects of atrazine.

Chl anydononas gl obosa
{BI'l, Figure 35).

Counts for this alnost spherical species were |ow
relative to other nenbers of this genus. No cells were
detected in any flask after Day 5. Atrazine at 50 ug/L
produced the maxi mum bi onass observed for this species on Day
3 foll owed by peaks for the control and 1 ug/L treatnents on
Day 4. Cells in the 10 ug/L doses were absent after Day 2.
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The only results shown to be statistically significant
arise fromthe absence of growth in the 10 ug/L flasks.
However, the lack of growth at this dose is noted as being
characteristic of the genus. Additional conclusions do not

appear warranted in view of the |ow and variable counts.

Scenedesnus spp.
(BI'l, Figure 36).

The genus Scenedesnmus was wel | represented in both
bi oassays. At |east eight species of this genus were
recogni zed during these experinents but were only quantified
during the second bioassay. Due to |ow individual species
counts, it was decided that grouping these species would be
the most efficient nethod to pursue. Statistical analysis of
the cell counts was only perfornmed for the results fromBlI.

Cel | counts fromthe control flasks increased regularly
to a peak biomass on Day 7. The 1 ug/L atrazine dose
produced a popul ation that followed a somewhat regul ar
increasing growth curve. This produced the |argest bionass
observed for the species on Day 6. The growth curve for
cells dosed with 10 ug/L atrazine was relatively flat, but
reached a peak on Day 4. Cells treated with 50 ug/L atrazine
were noticeably inhibited relative to other treatnents and
reached a peak bi omass on Day 7.

Statistical differences were found between all
treatments and 50 ug/L atrazine on Day 4 (no cells found at

this dose) and on Day 8 when there was a negative association
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between cel|l count and atrazine dosage level. This

rel ati onshi p was negative throughout the bioassay.

Exam nation of the "growth potential" for this genus
indicates a slight |owdose stinulation at 1 ug/L atrazine
and severe inhibition at higher doses. O interest is the

| ate peak biomass observed for the control and 1 ug/L
treatnments. It would appear that after heavy conpetition
during the early phases of the experinent fromthe nore

dom nant species, notably Gscillatoria |imetica, this genus
was able to recover at the control and 1 ug/L treatnents and
utilize nutrients unavailable to it earlier. However, the
effect of atrazine was too great for this renewed growth to
take place at the higher doses. Therefore, this genus may be
characterized as being sensitive to doses of atrazine higher
than 10 ug/L. Simlar results have been presented by

DeNoyl l es, Kettle, and Sinn (1982).

Kirchneriella lunaris
(BI'l, Figure 37).

Kirchneriella lunaris was present only in |ow nunbers in
the seed sanmple used for bioassay Il. Cells of this species
in the control, 10, and 50 ug/L treatments showed a regul ar
i ncrease to peak biomass on Day 5 foll owed by gradua
decline. All doses of atrazine produced |arger maxi num
bi omass than the control. Atrazine at 1 ug/L produced a
cycle of rising and declining bionmass with peaks on Days 4,

6, and 8. On Day 6, the bionmass produced at this dose was
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t he maxi mum observed for this species. In view of the
regul ar increase and decline observed at other treatments,
the pattern of rise and decline at 1 ug/L appears to have no
cl ear expl anati on.

Statistically different cell counts occurred on Day 7,
when the control cell count was larger than that at 10 ug/L
atrazine, and on Day 8 when the control was statistically
| ower than that at 1 ug/L atrazine. The "growth potential"
Illustrates a dose-related stinulation by atrazine for this
species as wel|l as exceptional biomass at 1 ug/L. Al though
this effect is not statistically significant in this
I nvestigation, simlar results have been presented by

DeNoyel | es, Kettle, and Sinn (1982).

Merotrichia capil ata
(BI'l, Figure 38).

Thi s species of the Chloronmonadophyta was not detected
until Day 4 and only sporadically, in |ow nunbers thereafter.
Cell's were not detected in control or 1 ug/L treatments after
Day 6. Only 50 ug/L atrazine produced appreciable bionass
after this tine.

No statistically significant differences could be
detected between any treatnments. There was, however, a
positive association between atrazine dosage |evel and cel
count. This fact is supported by the general increase in
"growth potential” with dose. It is difficult to make

concl usive statenents about the effect of atrazine on this
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Fi? 38. Cell counts for Merotrichia capilata fromBllI,
i1Tustrating the effects of atrazine on cell count for the days
and at the doses i ndicated.
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species due its sporadic performance which probably hindered

statistical nodeling of the resulting cell counts.

Col orl ess Fl agel | at es
(BI'l, Figure 39).

Cells of this group of colorless algae were noted in B
but only quantified and treated statistically fromBIlI.
Maxi mum bi omass for the experinent was observed in control
flasks on Day 4. This was the only treatnment which
illTustrated a regular tenporal increase and decrease.
Treatnents 1 and 50 ug/L peaked on Day 3 whereas cells
treated with 10 ug/L atrazine did not reach nmaxi num cel
count until Day 6.

The only statistically significant result occurred on
Day 4 when the control biomass was significantly larger than
that at 1 or 50 ug/L atrazine. The "growth potential" for
this group indicates a lack of effect by atrazine although
the slight increase at 10 ug/L is of interest in view of the
nunmerous species show ng a decrease at this dose. Colorless
speci es have | ong been recogni zed as natural menbers of the
phyt opl ankton (Smith 1950). However, atrazine has been
reported to cause "bleaching", or loss of chlorophyll in
species of algae grown in its presence (Ashton and Crafts
1981). It is conceivable that species which experienced a
decline at 10 ug/L atrazine (notably Chlanydononas) had been

"bl eached" and therefore identified as colorless flagellates.
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Uni denti fi ed Phyt opl ankt on
(BI'l, Figure 40).

This group of species was nmade up of phytopl ankton that
were either present in such |ow nvinbers that time did not
allow their quantification, or not recognized. It was noted
during the experinent that the majority of this group were
menbers of the Chl orophyta.

The control, 1, and 10 ug/L treatnents all illustrated
regular increases in biomass through Day 7 when maxi mum
bi omass was achi eved except for a decline on Day 5. The 1
ug/ L atrazine dose contained the |argest biomass observed
during the bioassay on Day 7. Cells in 50 ug/L atrazine
produced a flat growth curve with maxi num bi onass occurring
on Day 7. The control and 1 ug/L atrazine produced cell
bi omass statistically larger than that of 50 ug/L on this
day.

The "growth potential” indicates a slight stimulation at
1 ug/L atrazine and inhibition at 10 and 50 ug/L although
this effect is not statistically significant. This result is
not unlike that observed for other nenbers of the
Chl orophyta, nanely Scenedesnus spp. and Anki strodesnus
falcatus var. spirilliforms. The "growh potential"”
achieved at 50 ug/L atrazine was statistically |ower than
that of any other treatment. The correlation between
atrazine dose and cell count renained negative throughout the
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Fig 40. Conbined cell counts for all unidentified species presem
inBIIl, illustrating the effects of atrazine on cell count for

the days and at the doses indicated.
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experiment and was found to be statistically significant on
Days 4, 6, and 7 as well as for the "growth potential"”

It seens clear that the effects of atrazine on this
group, conposed mainly of menbers of the Chlorophyta is one
of increasing inhibition at doses higher than 1 ug/L.

Phyl ogenetic Trends Associated Wth The Effects O Atrazine

Several observations have been nmade concerning the
species specific level of atrazine effects that may be the
result of interspecific conpetition or inhibition. The
I ndi vi dual species results presented above are summarized by
the type of atrazine effect observed (inhibition, stinulation
ect.) in Table 4.

The effect of atrazine on the procaryotic Cyanophyta,
was characterized by | ow dose stimulation and hi gh-dose
inhibition. The Cryptophyta illustrated the extremes of
atrazine effects: either being unaffected by atrazine or
inhibited at all doses. The single menber of the Chrysophyta
appears to be unaffected by atrazine. Menbers of the
Chl orophyta illustrated a wide range of responses to
atrazine, possibly due to the diversity within this division
Merotrichia capilata, placed in the Chlorononadophyta, showed

no definitive response to atrazine.
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Table 4. Summary of species specific responses of phytopl ankton

to the effects of atrazine - Bl and BII.
_ I nhi b.
£ I nhi b Stim at
X;)t at | ow . at | ow Sti O der
Speci es Di vi si on no  doses Inhib . doses ! m. 10 ug/1 .
ffect at hi gh at hi gh Lag in
° doses doses growt h
[Tot al Count L ’ ’ - L
ti 2 * * _ 1
|10. I!l mmet | ca Wanopﬂhyta 1 i * @Cl | | a; or| a| e5|l
) .
|m  Tenuissim 2 ’ ) * Chroocqlccal es |1
| g. punctata 2 .
|p.  firm 2 2
|n.  discoidea Crypt ophyt a 1o ’ Crypt ononadal esl
! " ) . "
Icryptononas  spp 2 “
Cvclotella spp. Chrysophyt a 2 . * 2 Centrales |
. « « N . t I
P' ehrenber gi anum Chl or gphyt a 2 . ? 1
chlorella spp 2 * Chl orococcal es |
| Andi st r odesnus £>pp- 1 i ! '
1 o > - . . I 1
la. spirilliforms 2 ) f " !
[Total  Chl anydononas . 2 ) ) Vol vocal es |
C. debaryana 1 - H 1
1 " n 2 * I 1
c sp. "L ! 1 - 1 1
1 f " 2 * * [ 1
Ic. altera 2 * 9 * I 1
o . . . N [
|c.itiucicola ; 2 ‘e : 1
C. cl obosa 2 *a? * ! 1
Scenedesnus sdp ! 2 . ) *as Chl orococcal es 1
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| nterspecific Relationships And The Effects O Atrazine

The Chl anydononas species all illustrated stinulation at
t he highest atrazine dose. Sexual reproduction involving
chl oropl ast gene reconbi nati on has been observed for C
reinhardtii (G 1llham 1978). This species has been shown to

undergo a genetic nutation in the presence of atrazine which

confers resistance to the effects of the herbicide (Erickson
et al. 1984). 1In view of these facts, as well as the

ubi qui tous distribution of atrazine in aquatic environments,
genetic resistance to the effects of atrazine seens the nost
l'ikely explanation for the ability of this genus to grow
under high doses in the present study.

Many speci es experienced good growth only during the
first four Days of Bll. This effect was particularly
pronounced for the Nephrosel m s discoidea and Chl anydononas
species (Figures 22A, 22B, and 30-35). Poor growth during
the mddle and |atter stages of BIl nmay have been a result of
conpetition with the dom nant species for avail able
nutrients. The stinmulated growth of Chlamydononas species at
50 ug/L, may have been due to a comnbination of genetic
resistance to atrazine and the lack of interspecific
conpetition at this treatnent.

The rather curious decline in "growh potential"”
illustrated by many species during Bll at 10 ug/L atrazine
was most |ikely another indirect result of the herbicide.

Exam nation of the cell counts by dose for 0. |imetica

during the period (Day 3-7) (Figure 18B), reveals that cells
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of this species at 10 ug/L atrazine generally outgrew all
ot her doses, which possibly resulted in depressed growh

(resulting fromnutrient conpetition and/or toxin production)

at 10 ug/L for other species.

The success of the Cyanophyta species present in both
experiments at all but the highest doses of atrazine may have
been due to a conbination of conpetitive ability and
tolerance to the effects of |ower doses. The extrene
inhibition at 50 ug/L and | ack of sexual reproduction would
down-play the role of genetic resistance to atrazine. An
interesting possibility mght be related to the
phot osynt hetic differences between the procaryotic Cyanophyta
and the eucaryotic nmenbers of the phytoplankton. However,
this question is beyond the scope of this research.

Anot her, nore easily envisioned possibility involves the
physi o-chem cal adsorption of atrazine to cell surfaces.

This woul d take place at all doses, reducing the solution

concentration of atrazine but at sone dose between 10 and 50

ug/L, an equilibriumis reached such that an inhibiting
concentration remains in solution.

Several species illustrated a growh |ag at the higher
atrazine doses, particularly the Chlorococcales (Table 4),
but go on to produce maxi mum bi omass conparable to controls.
It is suggested that cellular uptake of atrazine,

di stingui shed from but in addition to physio-chem cal
adsorption, reduced the available atrazine concentration in

solution. Atrazine that was taken into the cell and bound to
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a protein of the electron transport chain would not be
avai |l abl e even after those inhibited cells had died. This
woul d al l ow | ater good growth at high atrazine doses. |If
this was indeed the case, the decrease in solution atrazine
may al so hel p explain the poor growth of atrazine-resistant
Chl anydononas species after Day 4. That is, if genetically
conferred atrazine resistance requires atrazine for electron
transport, and hence growh, a decrease in atrazine

concentration shoul d be followed by a decrease in growh.
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CONCLUSI ONS AND RECOMVENDATI ONS

Concl usi ons

|. Atrazine was present at detectable |evels at al
sanpling stations throughout the study period.
Atrazine residues in Segnent 1 were roughly three tines
those found in the New Hope segnents but considerably
| ower than levels found to produce severe inhibition in
t he phytopl ankt on popul ations tested in vitro. Lowest
| evel s were found prior to agricultural field
application. Hi ghest concentrations were detected
followng field application, which nay have been due to
storage of two relatively small flow events. The rapid
decline of residues in Segnment 1 by early June was nost
i kely associated with outflow fromthe |ake, organic
and inorganic particulate settling, deeper m xing
dept hs and bi ol ogi cal degradati on.

1. Atrazine, nethyl atraton, tribubutylphosphate, and
tris{chl oropropyl)phosphate (previously identified in
the Haw River) were confirnmed by GC/ M5 anal ysis to be
present in Segnent 1 of Jordan Lake.

| 11. Biological accunulation of atrazine by Mcrocystis
aerugi nosa may have taken place in Segment 1 during
| ate May through June of 1985. It is likely that

tol erance of the effects of atrazine contributed to the

growt h success of this species.
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Phyt opl ankt on popul ations tested in vitro illustrated

speci es specific inhibitions, stimulations, or no dose-

rel ated responses to the effects of atrazine.

A. Combi ned cell counts for all species, indicated
severe inhibition at 50 ug/L for the popul ation

al t hough | ower doses produced maxi num bi onmass

| arger than controls.

B. Menbers of the Cyanophyta were unaffected or

stimul ated by atrazine concentrations |ess than or

equal to 10 ug/L, but severely inhibited at 50 ug/L

at razi ne.

1. Gscillatoria Iimetica was severely inhibited
by 50 ug/L, but |ower doses produced greater
maxi mum bi omass and had greater logarithmc
growth rates than controls.

2. Moderate growth |ag and depression at 50 ug/L
atrazine characterized Merisnopedi a tenuissim
and d eocapsa punct at a.

C. Nephrosel m s discoidea, a nmenber of the Cryptophyta
was inhibited by all concentrations of atrazine.

D. The Chrysophyta,. represented by Cyclotella sp., did
not appear to be affected by atrazine.

E. The Chlorophyta illustrated several different types
of responses to atrazine. Many nenbers illustrated

growt h depression at 10 ug/L.
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Di ct yosphaeri um ehrenber gi anum di d not grow
well at 10 ug/L and all atrazine doses produced
growt h |l ags conpared to controls.

Chlorella spp. were stinulated by 1 ug/L
atrazine but inhibited at higher doses.

Anki strodesnus falcatus var. spirilliform s was
affected in the sane manner as Chlorella spp.
but to a | esser extent.

Speci es of Chl anydononas, including C.
debaryana, C. sp. "L", C altera, C nucicola,
and C. gl obosa were all inhibited nost strongly
at 10 ug/L atrazine, nost likely a result of
conpetitive exclusion by Gscillatoria
limetica. In 50 ug/L atrazine, these species
grew as well as, or better than in contro
flasks. The sinulation response is interpreted
as evidence for genetic resistance to the
effects of atrazine.

Cell counts for Scenedesnus spp. suggest that a
| ow- dose stinulation and a hi gh-dose inhibition
occurr ed.

Kirchneriella lunaris may be stinmul ated by

i ncreasi ng doses of atrazine.
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Reconmendat i ons For Lake Managenent And Future Research

| . Watershed nmanagenment practices designed to decrease
farm and erosion would result in |ower atrazine residues

in Jordan Lake and crops would likely require |ower rates of
herbi ci de application. This would also be true for other
farm products subject to | oss via runoff.

I'l. Additional research should be done in the follow ng

A. In situ phytoplankton toxicity experinents
i nvol ving enclosures, will provide conditions for nore
cl osely approximating natural growth conditions.

B. Invitro toxicity experinments as described in the
present study should be conducted in conjunction with
experiments using single species of the population to provide
better conparisons of direct and indirect phytoplankton
responses to atrazi ne.

C. Segments of Jordan Lake which are designated for
future drinking water intake sites and subject to Haw River

wat er incursion should be anal yzed for the presence of

synthetic organic conpounds due to known di scharges of these

conpounds in the Haw R ver wat ershed.
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Appendi x A,

Results of Statistical Analysis Using Mdel A

Results of Mbdel A showi ng the effect of atrazine on daily and average
("growmt h potential") cell counts. The analysis of variance (F test
for the overall nodel) is given above the | east square nean (T test)

result for differences between atrazine dose (ug/1l). *=P<0.1000;
**=P<0. 0500; ***=P<0.0100; ****=P<0.0010.

Al gal Species Expt. Day Source £ Py>F Fr=>T £
Anki st rodesnus 1 3 nodel 0.6 0. 5700
spp. 5 model 32.1 0. 0001
dose 0, 50 0. 0006 T
dose . 25,50 0. 0006
dose 1, 50 0. 0006
7 nodel 1.4 0. 3227
9 nodel 0.9 0.4771
Expt Avg. nodel 1.0 0. 4360
2 2 nodel 1.3 0. 3830
3 nodel 0.8 0. 5342
4 nodel 1,1 0. 4180
5 nodel 1.2 0. 3904
6 nodel 0.6 0. 6275
7 nodel 1.0 0. 4478
8 nodel 3.5 0. 1063
Expt. Avg. nodel 4.8 0. 0616
dose 10,50 0. 0840
Anki srodesr aus 2 2 nodel 0.5 0. 6959
fal cat us var. 3 nodel 1-6 0. 4108
spirllliforms 4 nodel 9.3 0.0175 T
dose 1, 50 0. 0600 -
dose 10,50 0. 0270
5 nodel 3.0 0. 1371
6 nodel 0.9 0. 5076
7 nodel 0.3 0. 8125
8 nodel 2.9 0. 1384
Expt. Avg. nodel 4. 4 0. 0719
Chl anmydononas 2 2 nodel 2 0. 1239
altera 3 nodel .1 0. 9761
4 nodel 1.8 0. 2665
5 nodel 0.7 0. 5699
6 nodel 1.5 0. 3156
7 nodel 1.8 0. 2725
8 nodel 1.3 0. 3721
Expt. Avg. nodel 4.9 0. 0597

dose 10,50 0.0738
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Chl anmydononas
debar yana

Chl anydononas
gl obosa

Chl anrydononas

muci col a

Chl anydononas

Expt

Expt .

Expt

Expt

2

spp. (total count)

Expt .

Avg.

0 N o o> w N

Avg.

© N O O

Av

» W o

o N o U

Avg.

o N o o~ W

Avg.

£

nodel 1.4
nodel 11.7
dose O, 50

dose 1,50

nodel 4. 6
dose . 25,50

nodel 1.2
nodel 8.8
dose O, 50

dose 1, 50

nodel 1.7
nodel 5.3
nodel 1.1
nodel 0.6
nodel 1.3

no cells found

nodel 1.3
nodel 0.8
nodel 1.8
nodel 5.6
nodel 201. 1
dose O, 10

dose 1, 10

dose 50, 10

nodel 5 0
no cells found

no cell s found

no cells found
nodel 3.7
nodel 3.1
nodel 0.
nodel 6.1
dose 1, 10

nodel 3.3
nodel 0.4
nodel 0.9
cells not found
nodel 4.7
nodel 6.9
dose O, 50

dose 0,1

nodel 0.8
nodel 4. 6
nodel 1.1
nodel 0.7
nodel 1.8
nodel 4.6
nodel 3.4

PY>E,

O O 0 O O

[olNe]

o

©cooo0o0o00

. 3017

. 0027

. 0368

. 3845

. 0066

. 2756
. 0513
. 4346
. 6667
. 3721

. 3721
. 5315

. 2727

. 0468
. 0001

. 0577

. 0974

. 1286

. 9608

. 0405

. 1135

. 7428

. 4926

. 0635

. 0319

. 5332
. 0682

4453
5877
2604
0668

.1114

Py>T

o

. 0024
. 0414

o

0. 0708

o

. 0126
. 0138

o

0. 0006
0. 0006
0. 0006

0. 0642

0. 0696
0. 0858
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dose
nodel

node
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nodel
nodel
nodel
nodel
dose
dose
dose
nodel
nodel
dose
dose
dose
nodel

nodel
dose
dose
node
nodel
dose
node
dose
node
node
nodel
nodel
dose
dose

nodel
nodel
nodel
dose

dose
nodel

nodel
nodel
nodel
node

0,1
.25,1
1,50

0, 50
1,50
10, 50

0, 50
1,50
10, 50

0, 50
1, 50

1,50

1,50

1, 10
1, 50

0,1
0, 50

N
~

w
o

293.

40.

12.

©coor
oo NG N

©® 0 r W

ONAPRPE
© o N ©

w

© o O u

NN

Pr >F

o

o

O O O oo

o

O O o0 O

o O

0 o ooo

. 5970
. 1175
. 0224

. 8464
. 0698

. 3932
. 7210
. 5698
. 6248
. 0001

. 4921
. 0006

. 8393

. 0302

. 1745
. 0439

. 0348

. 1062
. 4647
. 6723
. 0191

. 1471
. 2118
. 0098

. 2530
. 4156

0627

L1717
. 5394

Pr>T

o

o

o

. 0534
. 0654
. 0600

. 0006
. 0006
. 0006

. 0012
. 0018
. 0018

. 0660
. 0732

. 0678

. 0468

. 0948
. 0336

. 0132
. 0702
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Al gal Species Expt.

Cr ypt ononas =
spp.

Expt .

Cyclotella 2
pseudostel lig' era

Expt .

Di et yosphaer | um =
ehr enber hi anum

Expt .

d eocapsa
punct at a

Py

©o N o O b~ W

Avg.

0 N o O

z
Q

N

Avg.

© N o 0 A~ W

z
=

g<?yr

cg

no cells found

nodel
nodel
nodel
nodel

no cells found
no cell s found

nodel

nodel
dose
dose
dose
dose
nodel
nodel
dose
dose
nodel
nodel
nodel
nodel
nodel

nodel
nodel
nodel
nodel
dose
nodel
dose
dose
nodel
dose
dose
dose
nodel
nodel
dose

nodel
dose

dose

nodel
nodel
nodel
nodel
nodel
nodel
node

1.

15.

0,1
0, 50
1,10
10, 50

1,10
10, 50

11.

27.

0, 10

15.

0,1
0,10

P OPrO
PN

B PP NO
oON®wN

mooo

PP P OOOR
® O ~NNO® O

. 05

[e2]

NN

Py=>g

O O 0 O

o

O O O O0Oo

coooooo

. 9828
. 2714
. 7805
. 3721

. 3709

. 0060

. 0679
. 0315

. 9245
. 1932
. 2663
. 4060
. 4498

9865
8637
7720
0568

. 0115

. 0015

. 7082
.0l1l61

. 0055

. 4811
. 6155

9114

. 5971
. 4504
. 3297
. 2713

Pr >T

O o0 oo

o

o

. 0294
. 0294
. 0312
. 0312

. 0894
. 0552

. 0894

. 0210
. 0480

. 0036

. 0042
. 0036

. 0192

. 0126
. 0396
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2?21 >F Pr =T
Ki rchnerl el l a 2 2 nodel 1.2 0. 4074
lunarl s 3 nodel 1.8 0. 2622
4 nodel 2.0 0. 2281
5 nodel 0.8 0. 5509
6 nodel 0.7 0. 6073
7 nodel 5.2 0. 0548
dose 0, 10 0. 0990 -
8 nodel 6.0 0. 0409
dose 0, 1 0. 0780 *
Expt. Avg. nodel 2.9 0. 1394
Mer i snopedi a 2 2 nodel 0.5 0. 6958
t enui ssi m 3 nodel 0.5 0. 6746
4 nodel 0.4 0. 7816
5 nodel 0.7 0. 5926
6 nodel 3.8 0. 0942
7 nodel 0.2 0. 9228
8 nodel 0.6 0. 6380
Expt. Avg. nodel 1.1 0. 4246
Merotri chi a 2 2 no cell s found
capllata 3 no cell s found
4 nodel 0.5 0. 6823
5 nodel 3.8 0. 0927
6 nodel 2.4 0. 1862
7 nmodel 999. 9 0. 0001 T
all doses, 50 0. 0006 T
8 nodel 0.9 0. 4917
Expt. Avg. nodel 0.7 0. 5749
|\bphr oselm s 1 3 nodel 4.4 0. 0420
di scoi dea dose 0, 50 0. 0870 -
dose 1, 50 0. 0990 =
5 nodel 2.1 0. 1827
nodel 0.6 0. 6643
nodel 1.1 0. 4157
Expt. Avg. nodel 1.0 0. 4268
2 2 nodel 1.1 0. 4296
3 nodel 0.9 0. 5077
4 nodel 4.5 0. 0690
5 nodel 0.3 0. 8220
6 no cell s present
7 no cell s pr esent
8 nodel 1.3 0. 3721

Expt. Avg. rmodel 1.0 0. 4498
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Al gal

Cscillatoria
li etica

Pol ycyst | s

firnma

Speci es Expt @

Expt

Expt .

Py

Avg.

Avg.

ggyrgg

node
node

dose O, 50

dose
dose
node
dose

dose
node

nodel

. 25,50
1,50

0, 50
. 25,50

dose O, 50

dose
dose

node
dose
dose
nodel
dose
dose
dose
nodel
dose
dose
dose
nodel
dose
dose
dose
node
dose
dose
dose
nodel
dose
dose
dose
nodel
dose
dose
nodel
dose
dose
dose

nodel
nodel
nodel
nodel

. 25,50
1, 50

0, 50
10, 50

0, 50
1,10
10, 50

0, 50
1,50
10, 50

0, 50
1,50
10, 50

0, 50
1,50
10, 50

0, 50
1,50
10, 50

0, 50
1,50

0, 50
1, 50
10, 50

11.

15.

11.

11.

29.

14.

88.

cooo
N w oo

Pr >y

© O OO

. 3721
. 0046

. 0190

. 0884
. 0114

. 0194

. 0110

. 0059

. 0103

. 0106

. 0013

. 0071

. 0001

. 6493
. 6228
. 8034
. 5738

Pr =T

o

. 0816
. 0066
. 0144

. 0324
. 0456

. 0822
. 0138
. 0540

. 0276
. 0738

. 0348
. 0882
. 0480

. 0090
. 0468
. 0150

. 0204
. 0246
. 0348

. 0264
. 0030
. 0234

. 0030
. 0048
. 0030

. 0126
. 0174

. 0006
. 0006
. 0006
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Al gl Species Expt ~ PV Source £ W >7 Vx>T E
Pol ycysti s 2 6 nodel 276. 4 0. 0001 R
firma  (cont'd) dose 0, 10 0. 0006 R
dose 1, 10 0. 0006
dose 50, 10 0. 0006 T
7 nmodel 1.3 0. 3720
8 no cells present
Expt. Avg. nmodel 0.6 0.6713
Scenedesnus 2 2 nodel 1.7 0. 2855
spp. 3 nmodel 1.2 0. 3959
4 nmodel 123.0 0. 0001 T
dose O, 50 0. 0006 et
dose 1, 50 0. 0006 et
dose 10, 50 0. 0006
5 rmodel 1.4 0. 3557
6 nmodel 1.1 0. 4209
7 nodel 1.1 0. 4442
8 nmodel 2.6 0.1672
Expt. Avg. nodel 2.5 0.1720
Tot al Count 1 3 nodel 1.6 0. 2638
nmodel 12. 3 0. 0023 T
dose 0O, 50 0. 0312 -
dose . 25,50 0. 0066 e
dose 1, 50 0. 0036 e
7 nmodel 6.6 0. 0151 **
dose 0O, 50 0. 0234 o
dose . 25,50 0. 0408 **
9 rmodel 2.6 0. 1240
Expt. Avg. nmodel 8.6 0. 0069 ol
dose 0, 50 0. 0408 x
dose . 25,50 0. 0336 *
dose 1, 50 0. 0090 o
2 2 rmodel 15.2 0. 0060 e
dose O, 10 0. 0240 *
dose 0, 50 0. 0078 T
3 nmodel 2.8 0. 1451
4 nmodel 13.1 0. 0083
dose O, 50 0. 0108 **
dose 1, 50 0. 0396 o
dose 10, 50 0. 0408 “
5 rmodel 11.5 0.0111 **
dose 0, 50 0. 0192 o
dose 1, 50 0. 0270 o

dose 10, 50 0. 0516 *
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Al gal Species Expt. P'Y. Soprce £ vr>r. Pr>T. E
Tot al Count 2 6 nodel 13.8 0. 0075 T
(cont' d) dose 0, 50 0. 0186 o
dose 1, 50 0. 0186 *
dose 10, 50 0. 0186 x
7 nmodel 14.2 0. 0070 e
dose O, 50 0. 0132 **
dose 1, 50 0. 0186 **
dose 10, 50 0. 0228 -
8 nodel 4.5 0. 0705 -
Expt. Avg. nodel 98. 7 0. 0001 el
dose 0, 50 0. 0006 e
dose 1,50 0. 0006 e
dose 10, 50 0. 0006 T
Uni denti fi ed 2 2 nodel 1.6 0. 3079
spp. 3 nodel 0.8 0. 5306
4 nodel 4.7 0. 0651 *
5 nodel 0.3 0. 8507
6 nodel 3.3 0. 1149
7 nodel 9.0 0. 0187 nr
dose 0, 50 0. 0384 r
dose 1, 50 0. 0354 **
8 nodel 0.2 0. 9233
Expt. Avg. nodel 14. 4 0. 0068 e
dose 0, 50 0.0114 *
dose 1,50 0. 0156 -

dose 10, 50 0. 0876 *
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Appendi x A (cont'd)
Results  of Statistical Analysis Using Mdels B and D
Results of Mddel B and Model showi ng the association of
with atrazine dose. Spearman correlation coefficients are
associ ated probabilities (Ttest.) *=P<0. 1000; **=pP<0. 0500;
***=p<0. 0100; ****=pP<0. 0010.
NModel B. Di ff . Bet vwn Nbdel
Al gal Speci es fiset Cax £ E££/MN£ £ USS.
Anki st r odesnus 3 -0.28 0. 3768 3 and 5 -0.24
spp. 5 -0.65 0. 0224 3 and 7 0.34
7 0. 39 0. 2083 3 and 9 0. 41
9 0. 46 0. 1364
Expt. Avg. -0. 38 0. 2250
2 -0. 48 0. 1934 2 and 3 - 0. 06
3 -0.32 0. 3921 2 and 4 0.31
4 0. 11 0. 7702 2 and 5 0. 27
5 -0.18 0.6511 2 and 6 0. 36
6 0.19 0. 6270 2 and 7 0.32
7 0. 03 0. 9323 2 and 8 0.39
8 0.34 0.3736
Expt. Avg. 0. 08 0. 8261
Anki st rodesnus 2 0.12 0. 7529 2 and 3 -0.40
fal catus var. 3 -0. 66 0. 0525 2 and 4 -0.40
spirllliforms 4 -0.31 0.4182 2 and 5 -0. 40
5 -0. 30 0. 4319 2 and 6 -0. 22
6 -0.32 0. 4047 2 and 7 -0.13
7 -0.19 0. 6264 2 and 8 -0.30
8 - 0. 36 0. 3443
Expt Avg. -0.39 0. 3021
Chl anydononas 2 -0.51 0. 1577 2 and 3 0 50
altera 3 0. 11 0.7749 2 and 4 0 57
4 0. 28 0. 4600 2 and 5 0 06
5 -0.10 0. 7962 2 and 6 0 61
6 0. 48 0. 1862 2 and 7 0 28
7 0. 06 0. 8663 2 and 8 0 51
8 0. 49 0.1766
Expt. Avg. 0. 28 0. 4599
Chl anydononas 3 -0. 26 0. 4092 3 and 5 0.79
debar yana 5 0. 84 0. 0006 3 and 7 0. 06
7 -0.06 0. 8398 3 and 9 0. 20
9 0.04 0. 8905
Expt. Avg. 0.55 0. 0630

©cooo0o0o0

©coooo0o0

count
given with

D

4573
2714
1853

. 8758

4178
4900
3400

. 3960
. 3000

. 2814

2814
2927
5636

. 7412
. 4319

. 1725
. 1115
. 8774
. 0813
. 4651
. 1577

. 0023
. 8404
. 5217
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Algal Species fissl? Pay
Chl anydonpnas =2 =2
debar ayna 3
(cont'd) 4
5
6
7
8
Expt . Avg.
Chl amydononas =2 =2
gl obosa 3
4
5
6
7
8
Expt. Avg.
Chl sLi aydononas =2 =2
muci col a 3
4
5
6
7
8
Expt. Avg.
Chl anydononas 1 3
sp. "L" 5
7
9
Expt. Avg.
=2 =
3
4
5
6
7
8
Expt. Avg.

Chl anydononas 2
spp. (Total Count)

© N o g~ W N

Expt. Avg.

Model

B.

= =™ =

-0.
(0]
0.
- 0.
o

68
56
08
27
49

no cells

(0]
[0}

-0.58 O.
O. 55 O.
- 0. 59 O.
O. 61 O.

21
23

no cells

no cells

no cells

O. 08 O.

-0.
- 0.
-0.
[0}
- 0.
[0}

no cells

- 0.

-0.

28
18
50
06
11
32

32

18

0. 44

- 0.
- 0.

o

.29
.24
.29

. 30
. 06
.15
.41
.74
. 36

74

.01

.75
. 30

03
18

.14
.78

[elNeRNelNe]

. 0418
. 1208
. 8267
. 4861
0.

1766

f ound

0.
0.

5846
5500

1032
1253
0935
0802
f ound

f ound

f ound
8326

O 00 OO

4709

. 6477
. 1725
. 8842
. 7692
0.

4012

f ound

0.

O o0 oo

o o

ocoooo

ocooo

4047

. 5645

1536

. 3559

4458

. 3562

4366

. 8837
. 6983
. 2721

0244
3348
0224
9825

. 0191
. 4258
. 9301
. 6329

. 7173
. 0130
. 8433

Pi ff,

N NNNNN

N NN NDNDDN

N N NN NN

NN NN NN

N N NN NN

Day

and
and
and
and
and
and

and
and
and
and
and
and

and
and
and
and
and
and

and
and

and

and
and
and
and
and
and

and
and
and
and
and
and

P«t vwn

® N o o b W ~ 0N OO N® o N bW 0o NGO bW

0o N oMW

o

©oo0o0000

©coo0o00o0

cooo0o0o0

©00000

©coo0o0o0o0

71
45
12
68
68
65

52
o7

. 57
. 58

58
58

14
27
19
19
43
28

. 24
.19
.21

17
12
05
86
56
86

. 563

46
21
61
40
87

Model

D

2i >s.

O o0 OO0 oo O OO OO0 o O OO0 O0oOo

(]

o O O o O o

ocooooo

. 0321
. 2238
. 7615
. 0418
. 0418
. 0563

. 1478
. 8594
. 1089
. 1032
. 1032
. 1032

. 7233
. 4795
. 6264
. 6264
. 2474
. 4709

. 4573
. 5451
. 5187

. 6599
. 7580

9037
0032

. 1209
. 0032

1381

. 2086

5947
0813
2927
0025
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Al gal Speci es EXS®

Chlorella 2
spp.

Expt .
Col or | ess 2

Fl agel | at es

Expt .
Crypt ononas 2
spp.

Expt .
Cyclotella 2
spp.

Expt .

Di ct yosphaerium 2
ehrenhergian urn

Expt .

Day

0o o N O » WN

Avg.

o N oo g~ wWw N

Avg.

0 N o 00 b W DN

Avg.

© N o g b~ w DN

Avg.

0w N o g b~ W N

Avg.

Model

- 0.
- 0.
- 0.
- 0.
- 0.
- 0.
- 0.
- 0.

no cells
.10
.34
-0
- 0.
no cells
no cells
.23

-0. 39
- 0.
. 28
. 24
- 0.
- 0.
- 0.
- 0.

84
26
61
56
62
68
02
76

.58
.34
- 0.
-0
- 0.
. 56
. 30
- 0.

57
68
o1

o1

12
o7

09

54
26
15
19

.02
- 0.
-0
- 0.
- 0.
- 0.
- 0.
- 0.

02
35
60
88
12
34
68

Pr ?T,

. 0044
4941
0824
1183
0744
0452
9650
o177

©coooo0o0o0o0

1040
3654
1089
0459
. 9823
. 1173
. 4284
. 9824

coooo0o000

f ound
0. 8059
0. 3676
0. 7519
0. 8569
f ound
f ound’
0. 5454

. 2998
. 8168
. 4631
. 5238
. 1321
. 5011
. 7040
. 6264

O OO0 OO0 O0O0Oo

. 9543
. 9561
. 3528
0910
0020
. 7580
. 3654
. 0446

© o0 oooooo

-

N N N N NN N N NN NN N N NN NN NN NN NN

N N NN NN

Bet wn

and
and
and
and
and
and

and
and
and
and
and
and

and
and
and
and
and
and

and
and
and
and
and

and

and
and
and
and
and
and

0 N o g b~ w 0o N o g b w o N o 00 b~ W o N o 0 bh w

o N o 0 >~ w

@]

Model

.73
64
57
32
70
39

©coo0o000

-0. 66
-0.58
. 33
. 23

o
O 0O 0O 00O

.10
. 34
.12
. 07

no cells

!
O O o o
O o0 O O

no cells

33
30
33
33
19
23

.
©oo0o0o000

-0.18
-0. 33

-0.03
-0. 07

0000 O0oO

ocooo0o0o0

(o}
(o}
(0]
-0.28 0.
(0]
(0]

D

Pr; ~r.

. 0256
. 0659

1115
4047

. 0342
. 3043

. 3528
. 0525
. 1050
. 3783
. 5466
. 9825

. 8059
. 3676
. 7519
. 8569

f ound
f ound

. 3914
. 4319

3783
3783

. 6264
. 5483

. 9737
. 6424
. 3783

4599

. 9301
. 8606
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Model B.

Al(?ral  Speeies Expt Pry £ gr =F
d eocapsa =2 =2 0. 42 0. 2572
punct at a 3 -0.55 0. 1216
4 -0.27 0. 4810
5 0. 14 0. 7150
6 -0.50 0. 1705
7 -0.41 0. 2701
8 -0.09 0.8173
Expt . Avg. -0.44 0. 2340
Kl rchnerl el l a =2 =2 -0.21 0. 5787
lunarls 3 0. 36 0. 3462
4 -0.04 0. 9267
5 0. 50 0.1703
6 0. 19 0. 6264
7 -0. 36 0. 3343
8 0. 47 0. 2011
Expt. Avg. 0.34 0. 3697
Mer i snopedi a =2 =2 0. 06 8821
t enui ssi ma 3 -0.08 8305
4 -0.23 5448
5 0. 33 3874
6 -0.40 2814
7 -0.33 3914
8 -0.17 0. 6572
Expt. Avg. -0.53 0. 1458

Merotrichi a =2 =2 no cells found
capil ata 3 no cells found
4 -0.31 0. 4212
5 -0.59 0. 0926
6 0. 81 0. 0083
7 0.75 0. 0208
8 0. 55 0. 1228
Expt. Avg 0. 28 0. 4560
Nephrosel m s a 33 -0.52 0. 0860
di scoi dea 5 -0.14 0. 6578
7 0. 20 0. 5339
9 -0.51 0. 0913
Expt. Avg. -0.39 0. 2106
=2 2 0.19 0. 6315
3 -0.47 0. 1971
4 -0.82 0. 0070
5 -0.07 0. 8557

6 no cell s found

7 no cells found
8 -0.07 0. 8569
1619

Expt. Avg. -0.51 0.

Diff.

Bet wn

Pav-

N NN NN

w

and

and

and
and
and

and
and
and
and
and
and

and
and
and
and
and

and

and
and
and
and
and
and

and
and
and

and
and
and
and
and
and

0 ~NO O h~® 0o N s 0 ~NOODdMW® N o 0 AW

~

0 N0 0 MW

Model D
£ Pr >c
0. 33 0. 3783
0.11 0.7749
0. 42 0. 2594
0. 21 0. 5791
0. 08 0. 8420
0. 33 0. 3783
0. 11 0. 7747

42 0. 2594

21 0. 5791

08 0. 8420
0. 45 0. 2260
-0. 04 . 9112
-0.15 , 6913
0. 05 , 9036
-0.10 . 7919
-0.18 0. 6424
-0.21 0. 5947

no cells

o

-0.
- 0.
-0.
- 0.
-0.
-0.

. 37
.43
.02

31 (0]
59 (0]
81 [0}
75 (0]
55 (0]

O O O

13
21
02
19
19
26

f ound
. 4212
. 0926
. 0083
. 0208
. 1228

. 2370
. 1593
. 9467

, 7412
, 5853
, 9475
, 6315
, 6315
, 5070
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Al gal

Gscill atori a
l'i metica

Pol ycysti s
firma
Scenedesnus
spp.

Tot al Count
(all spp.)
Tot al Count

Speci e £ Expt

Expt .

Expt .

Expt .

Expt .

Expt .

Expt .

(DA

Y.

©o N 0o w

Avg.

0 N o g~ w N

Avg.

0 N o o > w N

Avg.

0o N o g b~ W N

Avg.

© N 0o w

Avg.

0 N O 0> N

Avg.

Model

- 0.
- 0.
-0
- 0.
-0
- 0.
-0.
- 0.

- 0.
. 30
- 0.
. 65
- 0.
-0

.13
- 0.
- 0.
.22
- 0.

39
88

52

76
46
67
58
20
51
88
54

10

14

50
o7

B

no cell s

(0]

- 0.
- 0.
- 0.
- 0.
- 0.
-0
-0
-0.

-0
- 0.
- 0.
.12
-0

- 0.
-0.
- 0.
- 0.

- 0.
- 0.
-0.

03

23
39
26
58
a4
30
74
52

17
39
88

54

83
58
70
69

73
84

O OO0 OO

O o0 O o

o O

©cooo0o0000 00000

©coooo

©Oo0oo0o00O0O0O0

Pr>r.

. 6850
. 2118

0001
5003
0844

0185
2183
0484
1050

. 6105
. 1639
. 0015
. 1325

. 5501
. 2944
. 4939

1046
2353

. 4258
. 0239

1478

. 5914
. 2118
. 0001
. 7384
. 0701

. 0053
. 0987
. 0342
. 0409

. 1050
. 0256
. 0044

E

Jii£f__SEtHa

N N NN NN N N M N NN

N NN N NN

N NN N NN

Day.

and
and
and

and
and
and
and
and
and

and
and
and
and
and
and

and
and
and
and
and

and

and
and

and

and
and
and
and
and
and

o N o o b W 0w N o 00 b~ w

0 N oo 00 W

0 N o a >~ w

- 0.
- 0.
. 00

- 0.
- 0.
. 09

.
©cooo0o0o0

|
©o00o0o0o0o0

Model

65
63

.48

16
03
14
27
17

29
13
57
38
04
10

. 05
.15
.16
.42
.08
.12

58
32

. 40
.02
- 0.
- 0.
.02
- 0.

26
33

24

o

O 0O 00O o0 O

O O O o oo

o

© o000 o

©cooo0o0o0

D

Pr >r.

. 0228
. 0294
. 0000

. 1900
. 6749

9301
7245

. 4887
. 6586

. 4526
. 7396
. 1089
. 3176
. 9170
. 7864

. 8939
. 6913
. 6749
. 2590
. 8261
. 7645

. 0467
. 3044
. 7896

. 2814
. 9475

5033
3914
9475

. 5531
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Ai g™l Speci es

Uni denti fi ed

spp.

Expt

Model

Pay £

o N o o bd w N

Expt .

-0.03
-0.34
-0.85
-0.32
-0. 60
-0.72
-0.27

Avg--0.81

B

Pr >r

coooo0o00o0

. 9298
. 3762

0037
3960
0869
0283

. 4887

0085

Diff.

NN NNNN

Pay

and
and
and
and
and
and

Bet wn

® w4 O A~ W

- 0.
- 0.
- 0.
- 0.
- 0.
- 0.

17
73
11
69
51
20

Model

D

Pr >r

O O o 0o o

. 6586
. 0256
. 7749
. 0409
. 1639
. 6105
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Results of Statistical

Resul ts of Mbdel

The anal ysis of variance (F test for the overall

above the | east square nmean (T test) result for differences between
atrazine dose (ug/1l).

**** =P<0. 00010.

Al gal Speci es

Ankl st r odesnus

spp.

Ankl st rodesnus
fal catus var.

spirillifoirms

Chl anydononas
altera

Chl anmydononas
debar yana

Appendi x A. (cont'd)

Anal ysi s Usi ng Model

C.

C, showing the effect of atrazine on

Fxpt _-

1

VI U-

*=p<0. 1000; **=P<0, 0500;
Bet wn

P"ys. Sour ce E
3 and 5 nodel 0.2
3 and 7 nodel 0.8
3 and 9 nodel 1.2
2 and 3 nodel 1.3
2 and 4 nodel 0.6
2 and 5 nodel 1.0
2 and 6 nodel 0.5
2 and 7 nodel 0.4
2 and 8 nodel 3.7
2 and 3 nodel 0.7
2 and 4 nodel 0.4
2 and 5 nodel 0.5
2 and 6 nodel 0.4
2 and 7 nodel 0.3
2 and 8 nodel 0.8
2 and 3 nodel 1.4
2 and 4 nodel 2.0
2 and 5 nodel 0.4
2 and 6 nodel 2.9
2 and 7 nodel 2.0
2 and 8 nodel 1.6
3 and 5 nodel 16. 6

dose O, 50

dose .25, 50

dose 1,50
3 and 7 nodel 4.2
3 and 9 nodel 1.0
2 and 3 nodel 2.7
2 and 4 nodel 1.4
2 and 5 nodel 0.5
2 and 6 nodel 1.6
2 and 7 nodel 1.7
2 and 8 nodel 1.4

nodel

Pr >E

O O O

o

o O

OO0OO0OO0OO0OO0O ©OO0OO0O0O0O©O

cooooo0

©coo0o000

. 8620
. 5246
. 3596

. 3701
. 6208

4567
7132
7597

. 0975

. 5889

7563
7182

. 7672
. 8012
. 5390

3525
2410
7650

. 1383
. 2264
. 3045

. 0008

. 0454
. 4386

. 1589
. 3423

7220
3123

. 2756
. 3453

rowth rate.
i's given

***=p<0. 0010;

Fx>1

0. 0012
0. 0036
0. 0076
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137

Pitf , Betua

Al gal Species FErpt L. P.dYS SQv?; ce E POF. Pr >t £
Chl an‘ydormnas 2 2 and 3 nodel 6.5 0. 0358 **
g| obosa dose 10, 50 0. 0708 *
2 and 4 nodel 8.0 0. 0234 **
dose 0, 10 0. 0966 *
dose 1, 10 0. 0918 =
dose 50,10 0. 0348 T
2 and 5 nodel 5.5 0. 0483 o
dose 0, 50 0. 0810 .
and 6 nodel 1.8 0. 2727
and 7 nodel 1.8 0. 2727
2 and 8 nodel 1.8 0. 2727
Chl anydononas 2 2 and 3 nodel 0.1 0.9412
mucl col a 2 and 4 nodel 11. 3 0.0114 o
dose O, 1 0. 0192 =
dose 10 1 0. 0288 =
dose 50,1 0. 0924 -
2 and 5 nodel 2.9 0. 1419
2 and 6 nodel 0.5 0. 7190
2 and 7 nodel 1.1 0. 4252
2 and 8 nodel 3.1 0. 1286
Chl anmydononas 1 3 and 5 nodel 6 0. 2553
sp. "L" 3 and 7 nmodel 5.1 0. 0296 T
dose 0, 1 0. 0684 =
dose 0, 50 0.0678 -
3 and 9 nodel 0.3 0. 8268
2 2 and 3 nodel 0.2 0. 8601
2 and 4 nodel 1.5 0. 3302
2 and 5 nmodel 0.3 0. 8498
2 and 6 nodel 3.5 0. 1059
2 and 7 nodel 2.4 0.1786
2 and 8 nmodel 4.4 0.0713 "
dose 0, 50 0.0918 .
Chl an’ydononas 2 2 and 3 nodel 2.4 0. 1809
spp. (Tot al Cour>t) 2 and 4 nodel 5. 4 0. 0510 *
2 and 5 nodel 1.0 0. 4590
2 and 6 nodel 1.4 0. 3486
2 and 7 nodel 2.1 0. 2181
2 and 8 nodel 4.4 0.725 -
Chlorell a 2 2 and 3 nodel 3.1 0. 1253
spp. 2 and 4 nodel 1.4 0. 3376
2 and 5 nodel 1.3 0. 3793
2 and 6 nodel 1.0 0. 4541
2 and 7 nodel 0.7 0. 5936
2 and 8 nodel 0.8 0. 5683
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Al gal

Col or | ess 2
Fl agel | at es

Cr ypt onpnas 2
app.
Cyclotella 2
spp.
Di ctyosphaerium 2

ehrenbercri anum

d eocapsa 2
punct at a

Ki rchneriell a 2
lunaris

Speci es Expt.

Dff.

Bet wn

PMYS.

2

N NN NN

N N N N NN

N N NN N N NN NN N N NN

N

NN NN NN

and

and
and
and
and
and

and
and
and
and
and

and

and

and

and
and
and

and

and
and
and
and
and
and

and
and
and
and

and
and

and
and
and
and
and

and

o N o g b

0w N o 0o b~ w

o &~ W o N o g b W 0 N o O

©

0 N o o >~ W

Sour ce. E
nodel 4.7
dose 1, 10
nodel 2.5
nodel 2.6
nodel 1.8
nodel 2.3
nodel 1.6
nodel 0. 05
nodel 1.8
nodel 0.4
nodel 1.3
no cells found
no cells found
nodel 11. 2
dose 1,10
dose 10, 50
nodel 15. 8
dose O, 50
dose 10, 50
dose 1, 10
nodel 0.5
nodel 1.9
nodel 1.6
nodel 1.3
nodel 0. 06
nodel 0. 02
nodel 0. 01
nodel 0. 05
nodel 0. 08
nodel 0. 04
nodel 4. 6
nodel 4.6
nodel 0.6
nodel 7.9
dose 0,1
dose O, 10
nodel 1.2
nodel 1.1
nodel 1.3
nodel 0.3
nmodel 1.5
nodel 0.5
nodel 4.8
nodel 3.7

Pr >F

o

o O

O O OO0 0O

coooo

©o0o0o0

ocooo

cooocooQ

cooo

. 0638

. 1783
. 1606
. 2651

1909
3015

9828
2714

. 7805
. 3721

. 0118

. 0055

6970

. 2515

2958
3729

9776

. 9964
. 9989
. 9855
. 9688

9882

0673

. 0674
. 6625
. 0239

. 4078
. 4218

. 3636
. 8258
. 3145
. 7120
. 0615
. 0973

Pr >T

0. 0942

0. 0588
0. 0156

0. 0726
. 0114
0. 0168

o

0. 0450
0. 0924
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Di ££. BetYfn

Al gal Species Expt L. P*ya  Source E
Mer i snopedi a 2 2 and 3 nodel 0.5
t enui ssi ma 2 and 4 nodel 0.6
2 and 5 nodel 0.4
2 and 6 nodel 0.3
2 and 7 nodel 0.4
2 and 8 nodel 0.6
Merltrlchl a 2 2 and 3 no cell s found
capilata 2 and 4 nodel 0.5
2 and 5 nodel 3.8
2 and 6 nodel 2.4
2 and 7 no cell s found
2 and 8 nodel 0.9
[\bphr oselm s 1 3 and 5 nodel 5.6
dl scoi dea dose 0, 50
dose 1, 50
3 and 7 nodel 2.
3 and 9 nodel 0.7
2 2 and 3 nodel 1.3
2 and 4 nodel 1.3
2 and 5 nodel 0.9
2 and 6 nodel 1.1
2 and 7 nodel 1.1
2 and 8 nodel 1.0
Cscillatoria 1 3 and 5 nodel 4.4
limetica dose .25, 50
3 and 7 nodel 1.8
3 and 9 nodel 2.4
2 2 and 3 nodel 0.7
2 and 4 nodel 0.5
2 and 5 nodel 3.9
2 and 6 nodel 7.5
dose O, 1
dose 1, 50
and 7 nodel 3.8
2 and 8 nodel .5
Pol ycysti s 2 2 and 3 nodel 0.2
flrna 2 and 4 nodel 1.0
2 and 5 nodel 1.2
2 and 6 nodel 4.8
2 and 7 nodel 1.3
2 and 8 nodel 0.6
Scenedesnus 2 2 and 3 nodel 0.2
spp. 2 and 4 nodel 1.0
2 and 5 nodel 1.2
2 and 6 nodel 4.8
2 and 7 nodel 1.3
2 and 8 nodel 0.6

Pr >F.

o

o O

o

O O 0O O o

o O

O O 00O 0O

©coooo0o0

©co00o000

oooooo0

. 7223

6717
7431
8031
7894
6251

. 6823

. 0927

. 1862

. 4917

. 0225

. 1813

. 5693
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Al gal Speci es
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