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A b s t r a c t .  T h e  p r o c e s s e s  o f  a t r a z i n e  
(2-chloro-4-[ethylamino]-6-[isopropylamino-]-s-tri- 
azine) uptake and release in the submersed vascular 
plant, P o t a m o g e t o n  pe~fol iatus  L., were rapid, ap- 
proaching equilibrium with the surrounding envi- 
ronment within one hr. The ratio of internal atra- 
zine concentration to external concentration was 
approximately l0 at the point of maximum photo- 
synthetic inhibition and rapidly increased at lower 
external atrazine concentrations. The I50 (the con- 
centration inhibiting photosynthesis by 50%) for 
atrazine in solution was 80 ~g/L with the maximum 
observed photosynthetic reduction (87%) at a solu- 
tion concentration of 650 >g/L. Initial photosyn- 
thetic recovery of P. pe~fol iatus following exposure 
to atrazine was rapid with oxygen evolution from 
treated plants (5, 25, and 100 >g/L) being statisti- 
cally indistinguishable from control plants after two 
hr of atrazine-free wash. However, there was an in- 
dication of residual photosynthetic depression in 
dosed plants, even after a 77 hr recovery period. In 
Chesapeake Bay, potential long-term exposure of 
submersed plants to concentrations of atrazine 
greater than l0 p.g/L is doubtful so that reduction of 
P. per fo l ia tu s  photosynthesis under such condi- 
tions would be minimal and reversible. 

A small percentage of the herbicides used for agri- 
cultural weed control is lost from croplands with 
some eventually entering contiguous watercourses 
(Muir et  al. 1978; Triplett et  al. 1978; Wu !980; 
Glotfelty et  al. 1984). If significant concentrations 
of  these herbicides occur  in adjacent  aquatic 
systems, a potential stress exists for the indigenous 

Permanent address: Salisbury State College, Department of Bi- 
ological Sciences, Salisbury, Maryland 21801 

plant community including the submersed vascular 
plants. One of the most commonly used herbicides 
is atrazine (2-chloro-4-[ethylamino]-6-[isopropyt- 
amino]-s-triazine), a compound observed recently 
in the waters of a large North American estuary, 
the Chesapeake Bay (Wu 1980; Stevenson et at. 
1978; Glotfelty et al. 1984). Numerous species of 
submersed vascular plants have been important in 
this estuarine ecosystem until recent years, when 
their abundance declined (Stevenson and Confer 
1978; Bayley et at. 1978; Orth and Moore 1983). 
Thus, the effect of herbicides such as atrazine on 
the growth and production of vascular plants in 
Chesapeake Bay is a matter of some concern. 

Several recent studies have examined the effect 
of atrazine on various submersed vascular plants in 
Chesapeake Bay and other aquatic ecosystems 
(Forney and Davis 1981; Correll and Wu 1982; 
Cunningham et  al. 1984; Jones and Estes 1984; 
Jones and Winchell 1984; Delistraty and Hershner 
1984; Kemp et al. 1985). In each of these studies, 
significant reductions in growth and production of 
these plants were observed consistently at atrazine 
concentrations >~50-100 ~xg/L. Concentrations of 
<50 ~xg/L occasionally resulted in significant levels 
of inhibition in some experiments. In small coves 
surrounded by agricultural watershed, these sub- 
mersed plants may be exposed periodically to atra- 
zine concentrations of the order of 5-50 p.g/L for 
brief periods during runoff events (Kemp et al, 
1982). However, dilution, adsorption, and degrada- 
tion of the herbicide tend to reduce concentrations 
in the water phase to <5 >g/L within 6-24 hr Cor- 
rell et  al. 1978; Jones et al. 1982; Kemp et al. 1982; 
Glotfelty et  al. 1984). Since exposure of submersed 
plants to phytotoxic herbicide concentrations tends 
to be short-term, it is important in assessing poten- 
tial herbicide effects to know: how rapidly the corn- 
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pounds are taken-up by plants; how uptake and 
plant response are related, and whether effects per- 
sist after the herbicide concentration in the water 
phase is reduced. 

The purpose of this study was to examine the ki- 
netic relationships between uptake of atrazine and 
photosynthetic inhibition for a common submersed 
angiosperm. Experiments were conducted with the 
submersed plant, Potamogeton pelfoliatus L., an 
important species in upper Chesapeake Bay (Ste- 
venson and Confer 1978). Specific questions inves- 
tigated include: 1) the rate of atrazine uptake; 2) the 
relative affinity of roots vs shoots for atrazine up- 
take; 3) the relation between uptake and reduction 
in carbon assimilation; and 4) the time required for 
photosynthetic recovery following brief (2 hr) ex- 
posure to atrazine. 

Materials and Methods 

Collection of Experimental Materials 

Plants were collected from shallow coves (0.5 to !.5 m) near the 
mouth of the Choptank River estuary, a tributary of Chesapeake 
Bay during July 1981 and 1982. Plants were obtained one day 
prior to experimental incubations by gently removing roots and 
rhizomes from their substrate and washing leaves and roots free 
of sediments and epiphytic material. Plants were held overnight 
in filtered (1 ixm) estuarine water (10% salinity) at 25~ under 
constant fluorescent illumination of 150 IxEin m-= s ~. All ex- 
periments were conducted either in a Percival environmental 
chamber or 55 L glass aquaria. 

Atrazine Uptake and Phytotoxicity 

Matched sets of plant material (5 g wet wt) were selected for use 
in two parallel series of treatments. The first treatment series 
employed uniformly ring-labelled [~4C]-atrazine (1,85 MBq/mg, 
CIBA-Geigy Corp) dissolved in methanol to ascertain atrazine 
uptake, while the other series used [14C]sodium bicarbonate 
(24.86 MBq/mg) plus non-labelled atrazine (99.7%, CiBA-Geigy 
Corp) dissolved in methanol to determine the amount of CO,- 
fixation at a given herbicide dosage. Plants were incubated in 
2-L Ertenmeyer flasks (with 1 L of treatment solution) at atra- 
zine concentrations of 10, 50, 100, 450, and 650 ~g/L. Controls 
consisted of flasks containing [14C]-sodium bicarbonate only and 
flasks containing [J4C]-sodium bicarbonate and methanol. All 
flasks were simultaneously incubated in a Percival Environ- 
mental chamber at 25~ and 150 txEin m 2 s-  ~ for four hr with 
periodic (hourly) mixing by hand swirling. At the end of the ex- 
periment, triplicate plants from each flask were radioassayed 
(Jones and Estes 1984). 

Time-Course Atrazine Uptake 

Plants (apical 20 cm of shoot) were placed in 2-L Erlenmeyer 
flasks containing either 20, 50, or 100 rxg/L 14C-atrazine (ring-la- 

belled, 1.85 MBq/mg) dissolved in !.0 L of filtered (GF/C) es- 
tuarine water. The flasks were incubated for a total of 24 hr at 
constant temperature and light as described above. Plants were 
removed from the flasks at 0, 0.25, 0.50, 0.75, 1, 2, 4, 8, 12, and 
24 hr from the initial treatment, washed, blotted, weighed, and 
processed for radioassay as described above. Measurements of 
blotted wet weight (w.w.) were converted to dry weight (d.w.) 
using relations obtained on a subsample of 25 plants, and ratios 
of (w.w.):(d.w.) were 10.3 +_ 1.2 (s.d.) for shoots and 8.1 _+ 0.6 
for roots. 

Photosynthetic Recovery 

Individually tagged shoots (apical 20 cm) were placed in a treat- 
ment series (5 replicates each) consisting of a control plus atra- 
zine concentrations of 5, 25 and 100 txg/L. Bottles (300 ml BOD) 
containing plants and treated water were suspended in 55 L glass 
aquaria with the surrounding water agitated gently by submers- 
ible pumps. Apparent photosynthesis (P~,) was estimated by 
changes in dissolved oxygen (DO) in each bottle following 2-hr 
incubations. Dissolved oxygen measurements were made with a 
polarographic oxygen electrode (Orbisphere Model 2709), air- 
calibrated prior to the experiment. The incubation temperature 
was 25~ and the light intensity at the water surface was 150 
~xEin m -2 s -1. 

Two related experimental designs were used to investigate 
photosynthetic recovery of these plants. In the first of these, 
herbicide-dosed plants (5 replicate plants having been exposed 
to 5, 25 and 100 rxg/L atrazine for 2 hr in BOD bottles) were 
transferred to another series of BOD bottles containing filtered, 
atrazine-ffee estuarine water; Pa was measured again following a 
2 hr incubation. This procedure was repeated in two more se- 
quences, after which the plants were removed from the bottles 
and placed in 20 L of atrazine-free filtered estuarine water, 
where they were maintained in the light for 18 hr. A final 2 hr 
incubation in BOD bottles was performed to estimate P~ (as 
above) on each plant at 24 hr after the initial dose period. 

The second experiment to examine photosynthetic recovery 
was identical to that described above in terms of BOD bottle 
incubations for measurement of P~,; however, it differed in the 
length of the recovery period and volume of water used to wash 
the plants. Here, plants were removed from the atrazine-con- 
taining BOD bottles following the initial 2 hr incubation and 
placed directly into aquaria containing 20 L of atrazine-free 
water and allowed to "wash" for 3 hr before being incubated 
again in BOD bottles to monitor photosynthesis. The plants 
were returned to their respective aquaria following this 2-hr in- 
cubation (the water in each aquaria was replaced between Pa 
measurements). Pa was again determined as above for individual 
plants at 29 and 77 hr after initial exposure. 

Atrazine Release 

~4C-atrazine release was monitored for previously dosed (100 
ixg/L atrazine) plants in the first of the photosynthetic recovery 
experiments described above. A parallel set of 10 plants were 
exposed to 100 ixg/L ring-labelled 14C-atrazine (1.85 MBq/mg) for 
2 hr. Five of these plants were immediately processed for ra- 
dioassay. The other five plants were placed in BOD bottles and 
apparent photosynthesis measured polarographically as above, At 
the end of the each incubation in atrazine-free water, triplicate 1 
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ml aliquots were taken from each BOD bottle and placed in 10 
m] of Aquasol-2 (New England Nuclear). At the end of the entire 
series of incubations and washes, the plants were removed and 
dried for analysis of remaining 14C content. 

The release of ~4C-atrazine was also measured in another ex- 
periment using a wash series of various solvents. Whole plants, 
incubated for 2 hr in 10, 50. 100. 450 and 650 txg/L ~4C-atrazine, 
were subjected to a 4-step wash series in the following order: ( 1 ) 
500 ml of filtered estuarine water, (2) 0.1% Tween 80 | (surfac- 
tant) in 500 ml of estuarine water, (3) 500 ml of estuarine water, 
and (4) 500 ml of a 2% HC1 solution in estuarine water. Triplicate 
l-ml aliquots from each beaker were placed into 10 ml AquasoI-2 
for radioassay. 

Resu l t s  and D i s c u s s i o n  

Plant Uptake of  Atrazine 

The up t ake  of  a t r az ine  by P. perfoliatus shoot  
tissue was rapid, reaching equilibrium with the sur- 
rounding solution within 15 min (Figures la,  b). 
There was no significant change in atrazine concen- 
t rat ions (p > 0.05, ANOVA,  SNK)  in the plants 
after the first 15 rain. of  incubation through the du- 
ration of the exper iment ,  24 hr later (Figure l b). 
Fur thermore ,  varying the solution concentrat ions 
of  atrazine f rom 20 to 50 Fg/L had little or no effect 
on the time required to achieve equilibrium. 

Although results of  similar t ime-course atrazine 
up take  s tudies  are not ava i lab le  for  o ther  sub- 
mersed macrophytes ,  exper iments  involving single- 
celled algae have been repor ted .  Vallentine and 
Bingham (1976) found that for several species of  
f r e shwate r  algae rapid a t razine uptake  occur red  
within the first minute of  incubation, with cellular 
concentrat ions remaining relatively constant  over  
the exper imental  period (24 hr). Bohm and Muller 
(1976), working with Scenedesmus (another single- 
celled algae) found that  cellular a t razine uptake  
reached  equi l ibr ium with the culture solution in 
4 - 8  hr. 

The  u p t a k e  of  ~4C-atrazine by r h i z o m e / r o o t s  
(roots) of  P. perfoliatus (per gdw of  tissue) was 
lower than shoot uptake (per gdw of tissue), with 
root  up take  at a given concen t ra t ion  of  a t razine  
ranging f rom 16-40% of shoot uptake (Table 1). Al- 
though roo t s  and shoots  were  not s epa ra t ed  in 
these  e x p e r i m e n t s ,  the l ike l ihood of  s ignif icant  
t rans loca t ion  of  a t razine  occurr ing during these 
short- term (2 hr) incubations is minimal (Funder- 
burk and Lawrence  t963). Typical root: shoot bio- 
mass ratios for P. perfoliatus populat ions in Chesa- 
peake Bay are 0 .2-0 .3  (Kemp et al. 1984), so that 
root  up take  of  a t raz ine  would only const i tu te  a 
small f ract ion of  total  plant up take  if both  plant 
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Fig. 1. Atrazine uptake by P. pe~fMiams shoots over periods of: 
(a) 24 hr at both 20 and 50 ~-g/L: and (b) I hr at 100 FgL (X _+ 
S.E.) 

sections were exposed to the same herbicide con- 
centrations.  The ratio of  root to shoot uptake on a 
whole plant basis was considerably lower in these 
exper iments  than on a per gram dry weight of  tissue 
basis ranging f rom .04 to .16 (Table 1). There are, 
however ,  few if any reliable data on pore -wa te r  
concentrat ions of  atrazine in estuaries,  making it 
difficult to extrapolate  these results to conditions in 
nature.  Forney  and Davis  (1981) also concluded 
f rom another  approach  that root uptake of  atrazine 
was relatively unimportant  for both P~ petfoliatus 
and Elodea canadensis. 

U p t a k e  of  a t r a z i n e  by  P. perfotiatus shoo t s  
(F igure  2a) was  p o s i t i v e l y  c o r r e l a t e d  wi th  in- 
creasing solution concentrat ions over  the concen- 
trations tested reaching 7.10 9~g atrazine/gdw shoot 
at 650 b~g/L aqueous concentrat ion.  Rhizome/root  
(root) uptake was also positively correlated but the 
uptake per  gdw was less with the internal concen-  
tration reaching 2.75 ixg atrazine/gdw in a t reatment  
of  650 Ixg/L atrazine (Table 1). However ,  the parti- 
tioning of atrazine be tween  the shoots of  P, perfo- 
liatus and the incubation solution was not constant  
with increasing solution concentrat ions while it was 
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Table 1. Root:shoot ratio of ~4C-atrazine uptake in P. pe@)liatus (4 hr incubation) 

T. W. Jones et al. 

Atrazine 
solution Partition 
concentration Atrazine uptake Coefficient a 
qxg/L) Roots  Shoots Roots  Shoots 

Ratio of weight- 
specific uptake 
by roots:shoots b 

Ratio of 
root: shoot 
uptake for 
whole plant ~ 

10 0.19 • .04 d 0.85 • .05 .0190 

50 0.22 • .06 1.30 • .07 .0044 
100 0.32 • .07 2.00 • .07 .0032 
450 1.68 • .38 4.20 • .51 .0037 
650 2.75 • .62 7.10 • .62 .0041 

.0850 

.0260 

.0220 

.0093 

.0109 

0.22 
0.17 
0.16 
0.40 
0.39 

0.04 
0.07 
0.07 
0.16 
0.06 

a Tissue concentration divided by solution concentration (~xg/gdw: p~g/L) 
b Ratio expressed per gdw of root or shoot, respectively 

Ratio expressed per gdw of total plant 
d ~xg/gdw • S.E. 
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Fig. 2. (a) Atrazine uptake and associated photosynthetic inhibi- 
tion for P. perfoliatus shoots at external solution concentrations 
of atrazine from 10 to 650 txg/L (b) Internal atrazine concentra- 
tion and associated photosynthetic inhibition in P. perfoliatus 

relatively constant for root tissue (Table 1). This is 
discussed in more detail below. 

450 and 650 >g/L, respectively (Figure 2a). Dark 
CO2 uptake for these plants was determined to be 
2% of the total CO2 fixed in the light, while up- 
take of atrazine was the same in the light as in the 
dark (this insensitivity to light for atrazine uptake 
has also been reported by Vallentine and Bingham 
(1976) working with the alga Scenedesmus). 

The I50 (atrazine concentration at which photo- 
synthesis is inhibited by 50%) for P. perfoliatus in 
these experiments was 80 Ixg/L. Kemp et al. (1985), 
also working with P. perfoliatus, reported a 50% 
reduction in apparent photosynthesis  (P~) at an 
atrazine concentration of 130 ~xg/L. Of interest is 
the fact that their experiments were long term (5 
wks) and used oxygen evolution to assess photo- 
synthesis as compared to the shorter incubations (4 
hr) and Hl4CO3-incorporation methodology used in 
the present study. In another study where Pa was 
measured using oxygen evolution Jones and Win- 
chell (1984) found an average I50 for four species of 
submerged macrophytes to be 95 p~g/L with the I50 
for P. perfoliatus being 75 txg/L. 

Forney and Davis (1981) observed 50% reduc- 
tions in growth of P. perfoliatus and Elodea cana- 
densis at atrazine concentrations of 30 ~xg/L and 
125 ~xg/L atrazine, respectively. Correll and Wu 
(1982) reported various effects on submersed 
macrophyte production resulting from exposure to 
75 Ixg/L atrazine, ranging from stimulation for P. 
pectinatus to reductions of 50% and 20% for Zanni- 
chellia palustrus and Vallisneria americana, re- 
spectively. Thus, it appears that 50% inhibition of 
photosynthesis  and growth of many submersed 
macrophytes occurs at atrazine concentrations of 
from 50-150  jxg/L. 

Atrazine Phytotoxicity 

Inhibition of photosynthesis with increasing atra- 
zine concentrations follows Michaelis-Menton ki- 
netics with the maximum inhibitions observed (87 
and 88%) occurring at atrazine concentrations of 

Relationship between Atrazine Uptake 
and Toxicity 

The relationship of internal atrazine concentration 
in P. perfoliatus shoots to photosynthetic inhibition 
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suggests that maximum photosynthetic inhibition 
occurs at external concentrations >450 ~xg/L corre- 
sponding to internal concentrations >5 >g/gdw 
(Figure 2b). At these external concentrations asso- 
ciated with maximum photosynthetic inhibition, an 
equilibrium is achieved between internal and ex- 
ternal levels of atrazine. The ratio of internal 
(shoot) to external solution concentrations of atra- 
zine approached a constant level of 10 (Fg/kg)/(p.g/ 
L) at this equilibrium point, while it increased 
markedly  with lower solution concent ra t ions  
(Figure 3). 

Similar patterns of accumulation of atrazine at 
low concentrations have been observed in algae by 
direct measurements  of tissue concentrat ions 
(Bohm and Muller 1976) and indirectly by observa- 
tions on the % atrazine remaining in solution (Val- 
lentine and Bingham 1976). Atrazine is known to 
have a high binding affinity for organic matter 
(Weber et aI. 1969). The acute accumulation of 
plant-bound atrazine at low atrazine concentrations 
could result from the fact that the ratio of plant or- 
ganic matter to solution atrazine concentration in- 
creases as the external solution atrazine concentra- 
tion decreases. In support of this is the report by 
Geller (1979), who found a good correlation be- 
tween bacterial surface area and atrazine accumu- 
lation, i.e., increased surface area yielded higher 
atrazine accumulation. 

Atrazine Release 

The release of atrazine from P. perfoliatus shoot 
tissue originally exposed to 100 /xg/L for 2 hr was 
examined in a series of washes involving 2-hr incu- 
bations of the plants in BOD bottles containing 
atrazine-free estuarine water (Table 2). Approxi- 
mately 45% of the initial 14C-atrazine bound to the 
plant material was released after its return to atra- 
zine free solution (2 hr). The rate of release slowed 
markedly over the next washings, and by the third 
wash, 76% of the initially bound atrazine had been 
released. 

Bohm and Muller (1976) observed an atrazine de- 
sorption time for the algal species, Scenedesrnus, 
of 4-8 hr and found that about 10% of the sorbed 
atrazine was irreversibly bound. An atrazine ad- 
sorption/desorption study on three aquatic bacteria 
by Geller (1979) showed that these organisms 
reached equilibrium with their atrazine-containing 
solution within 30 min; desorption was also com- 
plete within 30 min. It was also observed that 10% 
of the atrazine sorbed by the bacteria could not be 
desorbed as was found for Scenedesmus by Bohm 
and Muller (1976). This observation of irreversibly 
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Fig. 3. Ratio of atrazine uptake in P. pe@)iiatus to atrazine con- 
centration in external medium 

Table 2. ~4C-atrazine released from treated plants (100 ~xg atra- 
zine/L) with repeated washes 

Washing period ~ 

]4C-atrazine contained HC-atrazine 
in plant material per released 
bottle per bottle 

Initial 2-hr 
treatment 1.12 • . 15 u 0 

I N.D5 0.49 • .03 
2 N.D. 0.18 • .01 
3 N.D. 0.18 • .01 
4 0, t3 • .02 0.04 _+ .01 

a Periods 1-3 are consecutive 2-hr wash periods in BOD bottles 
foliowed by an 18-hr wash period in a 55-L aquarium and then 
another 2 hr wash in BOD bottles (period 4) 

b~g ~4C-atrazine • S.E. 
N.D. = not determined 

bound atrazine to plant tissue has been reported 
elsewhere (Izawa and Good 1965). 

The strength of atrazine binding to shoot tissue of 
P. petfoliatus exposed to 14C-atrazine for 4 hr was 
investigated using a washing sequence of progres- 
sively stronger solvents (Tabte 3). It was assumed 
that the first wash of filtered ambient water would 
remove the loosely associated surface film con- 
taining the 14C-atrazine due to the sharp difference 
in atrazine concentration between the plant surface 
film and the wash water, while the surfactant in the 
second wash would remove the physically bound 
lipophilic atrazine. The third wash with filtered am- 
bient water removed the surfactant from the plant. 
The final wash, a 2% HC1 solution, was intended to 
shock the membrane electrical potential allowing 
materials in the cytoplasm to flow out and/or de- 
tach ionically-bound J4C-atrazine. 

The first immersion in water removed consider- 
able 14C-atrazine. The surfactant wash and third 
reimmersion in water removed very little additional 
heribcide. However, the acid wash did remove a 
substantial amount of I4C-atrazine. The results in- 
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Table 3. The quantity of ~4C-atrazine removed from P. pe@)- 
liatus by various washes following a four-hour incubation period 

Atrazine 
concentration # l #2 #2 #4 
(p~g/L) Water Surfactant Water 2% HCI 

10 0.14 a 0.01 (3) b 0.00 (0) 0.02 (5) 
50 0.10 0.03 (5) 0.00 (0) 0.18 (29) 

100 0.26 0.09 (11) 0.00 (8) 0.29 (37) 
450 1.14 0.38 (16) 0.19 (8) 0.45 (19) 
650 1.54 0.41 (13) 0.20 (8) 0.60 (19) 

a txg 14C-atrazine 
b Numbers in parentheses are the percent of total plant L4C-atra- 
zine removed. Water wash # l  not reported due to variability in 
the amount of water carried-over from incubation solutions 

dicate that a very low percentage of the sorbed 
atrazine is " loosely" bound to external plant sur- 
faces. 

The exact physio-chemical mechanisms of atra- 
zine removal effected by the acid wash and the lo- 
cation of the atrazine within the plant material are 
open questions. Complications such as atrazine on 
the plant surfaces being hydrolyzed to hydroxy- 
atrazine (Jones et aI. 1982) by the lowered pH of 
the acid wash, hence, facilitating the dissolution of 
this relatively more polar compound cannot be dis- 
counted. 

Photosynthetic Recovery 

The data indicate that photosynthetic recovery of 
P. perfoliatus occurred rapidly. In both experi- 
mental procedures, the plants recovered to greater 
than 75% of their maximum photosynthetic poten- 
tial within 2-3 hr (Figures 4a, b). A slower re- 
covery occurred over the next 10-80 hr. Although 
a t-test indicated no significant difference (p > 0.05) 
between the means of the control and treatment 
plants after 2-3 hr, a slow but steady increase in 
photosynthesis was evident (the reason for the drop 
in photosynthesis seen in the 25 Ixg/L treatment 
(Figure 4a) is unknown).  Even after 77 hr of 
flushing in the large volume experiment, mean pho- 
tosynthesis was still less than control plants in the 
100 txg/L treated plants (Figure 4b). 

Analysis of the plants in the first recovery proce- 
dure exposed to 100 fxg/L of ~4C-atrazine deter- 
mined that the plants contained approximately 10% 
of the original ~4C-atrazine at the end of 24 hr of 
flushing (Table 2). However, there was no simple 
linear correlation between atrazine release and 
photosynthetic recovery of plants after 6 hr of 
wash. The initial 100 p,g/L treatment resulted in a 
60% reduction in photosynthesis, and after 6 hr of 
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Fig.  4. P h o t o s y n t h e t i c  r e c o v e r y  b y  P. pe~foliatus f o l l o w i n g  a 2 

hr exposure period with 5, 25, and 100 ~xg/L atrazine determined 
over (a) 24 hr and (b) 77 hr (X _+ S.E.). Statistically different 
groups (P < .05) indicated by differing letters (ANOVA, Stu- 
dent-Newman-Kuels test) 

recovery and wash, photosynthesis had only recov- 
ered to 75% of the control, only a 50% increase in 
photosynthesis compared to a 76% reduction in in- 
ternal atrazine. 

Cunningham et al. (1984) and Kemp et al. (1985) 
observed a partial recovery of photosynthesis by P. 
perfoliatus growing in laboratory aquaria (micro- 
cosms) within 1-2 wk after treatment with ~<100 
jxg/L atrazine. In these experiments, there was a 
continual exposure to elevated concentrations of 
atrazine, which remained at 80-85% of initial levels 
at 4 wk after treatment. 

The results indicate that uptake and release of 
atrazine in Potamogeton perfoliatus was rapid, 
reaching equilibrium with surrounding solution 
within one hour. Photosynthesis in this plant is rela- 
tively sensitive to atrazine exposure at least under 
estuarine (10%) conditions with an estimated 50% 
loss of pho tosyn thes i s  occurr ing at 80 txg/L 
aqueous atrazine. Root affinity for uptake of atra- 
zine was relatively low compared to shoot uptake. 
When P. perfoliatus was exposed to a range of 
atrazine concentrations followed by incubation in 
atrazine-free water, photosynthetic recovery oc- 
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cur red  rapidly,  with no s ignif icant  t r ea tmen t  effects 
ev ident  after  29 hr. Thus ,  a l though this species  of 
submer sed  m a c r o p h y t e  was s ignif icant ly  inhibi ted  
by a t raz ine  c o n c e n t r a t i o n s  b e t w e e n  l0 and  50 Ixg/L, 
recovery  occur red  wi th in  one hour  after a t raz ine  
was removed .  

In C h e s a p e a k e  Bay, potent ia l  exposu re  of sub- 
mersed  plants  to c o n c e n t r a t i o n s  of a t raz ine  greater  
than  10 ~g/L genera l ly  pers is t  in the water  c o l u m n  
for less than  1 day (Wu et al. 1980; Glotfel ty  et al. 
1984; K e m p  et al. 1984), so that the total  r educ t ion  
of P. pe l fo l ia tus  pho tosyn thes i s  unde r  such condi-  
t ions  would  be min ima l  and revers ible .  Al though  
more  i n f o r m a t i o n  is n e c e s s a r y  to e v a i u a t e  rh izo-  
sphere  effects,  the initial  f indings  show that roots 
and rh izomes  have lowered  potent ia l s  for uptake ,  
again suggest ing very  high sed iment  concen t r a t i ons  
of  a t r az ine  wou ld  be n e c e s s a r y  for i nh ib i t i on  of 
m a c r o p h y t e  product iv i t ies .  F u r t h e r m o r e  we ques-  
t ion to what  ex ten t  the t r ans loca t ion  of a t raz ine  to 
ch lo rop la s t s  can  o c c u r  if subs t an t i a l  a m o u n t s  of 
this herb ic ide  does  en te r  the roots.  

Acknowledgments. The authors wish to thank CIBA-GEIGY 
Corporation for supplying the atrazine compounds. This project 
was funded by the U.S. Environmental Protection Agency grant 
No. X003248010. 

References 

Bayley S, Stotts VD, Springer PF, Steenis J (1978) Changes in 
submerged aquatic macrophyte populations at the head of 
the Chesapeake Bay, 1958-1975. Estuaries 1:74-75 

Bohm HH, Muller H (1976) Model studies on the accumulation 
of herbicides by microalgae. Naturewissenschaften 63:296 

Correll DL, Pierce JW, Wu TL (1978) Herbicides and submerged 
plants in the Chesapeake Bay. Proc Symp Tech Environ So- 
cioeconomic and Regulatory Aspects Coastal Zone Manage. 
ASCE, San Francisco, CA, pp. 858-877 

Correll DL, Wu TL (1982) Atrazine toxicity to submersed vas- 
cular plants in simulated estuarine microcosms. Aquatic Bot 
14:151-t58 

Cunningham JJ, Kemp WM, Lewis MR, Stevenson JC (1984) 
Temporal responses of the macrophyte, Potamogeton pelfo- 
liatus, and its associated autotrophic community to atrazine 
exposure in estuarine microcosms. Estuaries 7:519-530 

Delistraty DA, Hershner C (1984) Effects of the herbicide atra- 
zine on adenine nucleotide levels in Zostera marinum (L.) 
(Elegrass). Aquatic Bot 18:353-369 

Forney DR, Davis DE (1981) Effects of low concentrations of 
herbicides on submersed aquatic plants. Weed Sci 29:677- 
85 

Funderburk HH, and Lawrence JM (1963) Absorption and 

transiocation of radioactive herbicides in submersed and 
emersed aquatic weeds. Weed Res 3:304-311 

Geller A (1979) Sorption and desorption of atrazine by three bac- 
teria! species isolated from aquatic systems. Arch Environ 
Contain Toxicol 8:713-720 

Glotfelty DE, "Ib.ylor AW, tsensee AR, Jersey J. Glenn S (1984) 
Atrazine and simazine movement to Wye River estuary. J 
Environ Qual 13:115-121 

lzawa S. Good NE (1965) The number of sites sensitive to 
3-(3-4-dichlorophenyl)-I, l-dimethyurea,3-(4-chtorophenyll- 
l.l-dimethylurea and 2-chloro-4-(2-propylaminol-6-thyla- 
mino-s-triazine in isolated chloroplasts. Biochim Biophys 
Acta 102:20-38 

Jones TW, Kemp WM, Stevenson JC. Means JC (1982) Degrada- 
tion of atrazine in estuarine water/sediment systems and 
soils. J Environ Qual 11:632-638 

Jones TW, Estes PS (t984) Uptake and phytotoxicity of soil- 
sorbed atrazine for the submerged aquatic plant, Potamo- 
geton perfi)liatas L. Arch Environ Contain Toxicol 13:237- 
241 

Jones TW, Winchell L (1984) Uptake and photosynthetic inhibi- 
tion by atrazine and its degradation products on rotor species 
of submerged vascular plants. J Environ Qua~ 13:243-247 

Kemp WM, Means JC, Jones TW, Stevenson JC (1982) Herbi- 
cides in Chesapeake Bay and their effects on submerged 
aquatic vegetation. In Chesapeake Bay Program Technical 
Studies: A Synthesis. Part 1V. US Environmental Protection 
Agency, Washington, DC, pp 503-567 

Kemp WM, Boynton WR, Twilley JC, Stevenson JC, Ward LG 
(1984) Influences of submerged vascular plants on ecological 
processes in upper Chesapeake Bay. In Kennedy, VS (ed) 
Estuaries as filters. Academic Press, New York, pp 367-394 

Kemp WM, Boynton WR, Cunningham J J, Stevenson JJ. Jones 
TW, Means JC (1985) Effects of atrazine and linuron on pho- 
tosynthesis and growth of the macrophytes, Potamogeton 
petfotiatus (L.) and MyriophyI~um spicatum (L.), in an es- 
tuarine environment. Mar Environ Res (in press) 

Muir DCG, Yoo JY. Baker BE (1978) Residues of atrazine and 
N-deethylated atrazine in water from five agricultural water- 
sheds in Quebec. Arch Environ Contam Toxicol 7:221-224 

Orth R, Moore K (1983) Chesapeake Bay: An unprecedented 
decline in submerged aquatic vegetation. Science 222:51-53 

Stevenson JC, Confer NM (1978) Summary of available informa- 
tion on Chesapeake Bay submerged vegetation. U.S. De- 
partment of Interior, Fish and Wildlife Service. (FWS/OBS- 
78/66). Washington, DC, 335 pp 

Triplett GB, Conner lgJ. Edwards WM (t978) Transport of atra- 
zine and simazine in runoff from conventional and no-tillage 
crops. J Environ Qual 7:77-84 

Vallentine JR Bingham SW (1976) Influence of algae on amitrole 
and atrazine residues in water. J Can Bot 54:2100-2107 

Weber JB, Weed SB, Ward TM (19691 Absorption of s-triazines 
by soil organic matter. Weed Sci 17:417-42I 

Wu TL (1980) Dissipation of the herbicides atrazine and alach!or 
in a Maryland corn field. J Environ Qual 9:459-465 

Manuscript received August 16, 1985 and #~ revised form No- 
vember 29, 1985. 


