
receptors in the great variety of animals 
and plants in which photoperiodism or 
circadian rhythmicity (or both) have 
evolved. 

Our results indicate that carotenoids 
or derivatives of carotenoids such as 
retinoids may function as the photo- 
receptor pigments in photoperiodic light 
reception in these predacious mites. 
However, the conclusion that the photo- 
pigment is a carotenoid will have to 
await confirmation from studies of action 
spectra. 

A. Q. VAN ZON 
W. P. J .  OVERMEER 

A. VEERMAN 
Laboratory of Experimental 
Entomology, University of 
Amsterdam, Kruislaan 302, 
1098 SM Amsterdam, Netherlands 
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Allelopathy Between Zooplankton: A Mechanism for 
Interference Competition 

Abstract. The jiltering rate of the copepod Diaptomus tyrrelli is reduced in the 
presence of its potential competitor and predator, Epischura nevadensis, by as much 
as 60 percent. This effect is caused by a chemical released into the water by 
Epischura. The chemical does not pass through dialysis tubing with a pore size of lo4 
angstroms, indicating that it is a large molecular weight compound. The reduction in 
jiltering rate is the result of interference competition between two species and may 
be linked to the evolution of a mechanism for avoiding predation. 

The effect of physical interactions be 
tween zooplankton on their ability to 
feed has not been well documented ( I ) ,  
and the effect of chemical interactions on 
feeding is less well known. Physical en- 
counters between animals may result in 
either a change in swimming movements 
(speed, direction, pattern) or an adjust- 
ment of feeding time related to time 
spent avoiding predators (2). Such be- 
havioral changes in one species of zoo- 
plankton, elicited by the physical pres- 
ence or chemical effect of a second, 
could result in a change in the filtering, 
or feeding, rate of both species. Al- 

, --I ..---- I-i( D alone 

--- D in two- 
species treatments 
......... D i n  E contact 

water  treatment 

- C 

E in D contact 

Jan. Feb.  Mar .Apr .  M a y  
1980 

Fig. 1. Filtering rates for Diaptomus (D) and 
Epischura (E) in water from Lake Tahoe. (A) 
The filtering rates were measured for each 
species in single-species experiments on sev- 
en dates. (B) The filtering rates of Diaptomus 
in three experiments. (C) The filtering rates of 
Epischura in three experiments. Data points 
are means i: standard errors of the mean. 

though chemically induced inhibiton of 
feeding has not been demonstrated for 
these animals, several studies provide 
evidence of the ability of pelagic zoo- 
plankton to respond to chemical stimuli. 
For example, Gilbert (3) showed that a 
chemical released by the predator stimu- 
lated a morphological change in the prey 
that made it less vulnerable to predation. 
It has also been shown that zooplankton 
can modify their feeding behavior in re- 
sponse to chemical differences among 
food types (4). 

When the ability of one species to use 
resources is reduced by the chemical or 
physical intervention of a second spe- 
cies, it is termed interference competi- 
tion. We present evidence that this phe- 
nomenon occurs between some species 
of herbivorous zooplankton. We found 
that a change in the filtering rates of one 
species of zooplankton occurred when it 
was placed with a second species in 
experimental containers. The second 
species released a chemical that caused a 
reduction in the filtering rate of the first, 
thus providing evidence for chemical al- 
lelopathy as a mechanism for interfer- 
ence competition between species of 
zooplankton. 

The animals studied were taken from 
Lake Tahoe on the California-Nevada 
border. The pelagic zooplankton fauna 
of the lake consists of the mysid shrimp 
Mysis relicta; two species of calanoid 
copepods, Diaptomus tyrrelli and Epis- 
chura nevadensis; the rotifer Kellicotia 
longispina; and extremely low numbers 
of the cladoceran Bosmina longirostris 
(5). Diaptomus, Epischura, Kellicotia, 
and possibly early instars of Mysis make 
up the entire pelagic community of graz- 
ers most of the year. We studied the two 
species of copepod, which interact in 
several ways: as predator (Epischura) 
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water. The filtering rate of Diaptomus 
showed a statistically significant depres- 

and prey (Diaptomus), as competing her- 
bivores, or as a combination of these 
two. When adults of Epischura were 
given nauplii, copepodids, and adults of 
Diaptomus in laboratory and field ex- 
periments, Epischura preyed heavily 
only on the nauplii and small copepodids 
of Diaptomus (6). Although we saw adult 
Epischura eat adult Diaptomus in the 
laboratory at extremely high densities, 
we were unable to measure a significant 
predation rate on the adults in feeding 
experiments at in situ densities. There- 
fore, the predation of adult Diaptomus 
by Epischura is likely to be low. Epis- 
chura also grazes on algae, and the filter- 
ing rates of Diaptomus are always great- 
er than those of Epischura (Fig. 1A). 
Since Diaptomus and Epischura overlap 
spatially and temporally, attain the same 
size as adults, depend on filter feeding 
for a portion of their food, and are 
thought to graze on a similar size range 
of particles, they are probably competi- 
tors on at least some occasions. When 
we measured the filtering rate of animals 
in experiments with both species, the 
filtering rates of Diaptomus were 60 per- 
cent lower than the rates measured in 
experiments with a single species (Fig. 
2). 

All copepods were collected at the 
same location with an 80-pm mesh net 
and towed vertically from 100 m to the 
surface. The experiments were conduct- 
ed with a composite sample of lake water 
drawn from four depths. A radioactively 
labeled food suspension was prepared by 
adding 350 pCi of the radionuclide phos- 
phorus-32 (as ~ ~ ~ ~ ~ 0 4 )  to 450 ml of the 
composite sample of lake water and in- 
cubated for 24 hours under low light. 
Adult copepods were placed into 125-ml 
glass jars containing 120 ml of fresh lake 
water (7). After acclimation (30 to 45 
minutes), 5 ml of the labeled food was 
added to each jar, and the animals fed for 
10 to 15 minutes. All of the experiments 
were run at 8°C in the dark. Filtering 
rates were calculated from measure- 
ments of 3 2 ~  uptake estimated from scin- 
tillation counts (8). 

The filtering rate of Diaptomus was 
significantly lower in experiments with 
Epischura (P < ,005) (9). The observed 
temporal differences in the filtering rates 
of Diaptomus (significant at P < .005) 
(Fig. 1B) were probably due to seasonal 
changes in the composition of the in situ 
food and in the physiology of the ani- 
mals. 

Experiments were performed at four 
different times to demonstrate that the 
cause of the reduction in the filtering rate 
of Diaptomus was a chemical released 
by Epischura. The filtering rates of Diap- 

D a l o n e  Ealone D w i t h E  E w i t h D  D i n E  E i n  D  
Single species T w o  species Contact  water  

Fig. 2. Comparison of three experiments: 
single species, two species, and contact wa- 
ter. Mean filtering rates and 95 percent confi- 
dence intervals are shown for pooled data of 
experiments on the 4 days; N, number of 
values pooled; D, Diaptomus, and E,  Epis- 
chura. 

tomus were measured in three types of 
treatments with (i) only Diaptomus, (ii) 
both species, (iii) Diaptomus and lake 
water that had contained Epischura. The 
water for the third treatment, described 
as contact water (Fig 1, B and C), was 
prepared by leaving 25 adult Epischura 
in a 1-liter jar of lake water for 12 to 24 
hours. After the Epischura were re- 
moved, 25 ml of the remaining Epischura 
contact water was added to the experi- 
mental containers. The filtering rate of 
Diaptomus in the treatments with Epis- 
chura and Epischura contact water was 
significantly lower than in the treatment 
with only Diaptomus (Fig. 1B) (P 
< .01). We concluded that a chemical 
allelopathic agent released by Epischura 
caused the reduction in filtering by Diap- 
tomus. The release of this chemical is 
not actively generated by the presence of 
Diaptomus because the Epischura con- 
tact water was produced by Epischura in 
the absence of Diaptomus. 

The following experiment was con- 
ducted to characterize the allelopathic 
agent as either a low molecular weight 
compound (for example, ammonia) or a 
high one. Epischura contact water (250 
ml) was placed into dialysis tubing (pore 
size, lo4 A) and allowed to equilibrate 
with 2 liters of quartz distilled water for 
24 hours. The water remaining inside the 
dialysis tubing after 24 hours (termed 
dialysis water), contained the algae from 
the composite sample of lake water and 
any materials produced by Epischura 
that were too large to pass through the 
tubing (10). The filtering rates of Diapto- 
mus were then measured in six types of 
treatments with (i) only Diaptomus, (ii) 
both species, (iii) Diaptomus and 25 ml 
of Epischura contact water, (iv) Diapto- 
mus and 25 ml of Diaptomus contact 
water (11), (v) Diaptomus and 25 ml of 
Epischura dialysis water, and (vi) Diap- 
tomus and 25 ml of Diaptomus dialysis 

sion by exposure to both the Epischura 
contact and the dialysis water (P < .001) 
(12). These results suggest that the 
chemical causing the depression in the 
filtering rate of Diaptomus was either a 
large molecular weight compound that 
remained inside the dialysis bag or a 
compound effective at extremely low 
concentrations. Finally, the filtering rate 
of Diaptomus was not depressed by ex- 
posure to Diaptomus contact water 
(P > 5 ) .  This result provided further 
evidence that the allelopathic agent was 
not ammonia, but a product directly 
linked to Epischura. 

The effect of Diaptomus on the filter- 
ing behavior of Epischura was also ex- 
amined by measuring the filtering rate of 
Epischura in treatments similar to all 
those described for Diaptomus (Fig. 1C). 
The data for these experiments were 
pooled and did not show a statistically 
significant difference between the filter- 
ing rate of Epischura in the presence or 
absence of Diaptomus (P  > . l )  (13). Al- 
though the filtering rate of Epischura 
was depressed significantly in two of the 
eight experiments (14), Diaptomus did 
not have a direct effect on the filtering 
rate of Epischura. 

Thus, in laboratory experiments, a 
chemical released by Epischura causes a 
depression in the filtering rates of Diap- 
tomus. In experiments with both spe- 
cies, the filtering rate of Diaptomus is 
reduced by 60 percent, from five times 
the filtering rate of Epischura, when 
rates in the single-species treatments of 
both species are compared, to less than 
three times the filtering rate of Epischura 
in two-species treatments (Fig. 2). This 
reduction in filtering rate by Diaptomus 
is evidence of interference competition 
whereby the weaker filter feeder has a 
negative impact on the feeding of the 
stronger grazer. 

In order to estimate the importance of 
this allelopathy in the field, measure- 
ments of the time the animals spend in 
patches of one or both species at specific 
densities are needed, along with esti- 
mates of the density of competitors re- 
quired to elicit a response and of the 
correlation between filtering rate and in- 
dividual fitness. Most of these data are 
not available, or cannot be gathered, for 
Lake Tahoe populations; however, we 
have data on high density patches of 
both species that overlap spatially and 
temporally (15). The effect of allelopathy 
between Epischura and Diaptomus is 
likely to be episodic in situ, occurring at 
the specific depths and times of the year 
when both species are most abundant, 
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and inshore where large swarms of both ed for differences from two-species experiments Epischura filtering rates were so low that it may 
(both species together, Diaptomus in Epischura have been impossible to reduce them further 

species form in the late summer and fall contact, and Diaptomus in Epischura dialysis). without killing the animals. We suggest that 

(16). The difference was statistically significant Epischura may only be affected by Diaptomus 
(P  < .005). when its filtering rate is above some threshold 

Although the presence of Epischura 13. Although the effect of Diaptomus contact water value. 

can cause a substantial decrease in the on Epischura filtering rates was significant 15. J .  T. Rybock, thesis, University of California, 
( P  < .05) with data pooled from experiments on Davis (1979). 

filtering rate of Diaptomus, the ultimate four dates, the effect was not significant for 16. E. Byron, in preparation. 
three of four experiments. The overall signifi- 17. C. L. Folt, personal observation. effect On the fitness Dia~ tOmus  may cance was due to the highly significant depres- 18. We thank R. Gersberg, E. Byron, R. Folt, K .  

not be negative. For example, upon sion measured on 14 April 1980. Hopper, D. Peart, R. Richards, and an anony- 
14. Our data indicate that a depression in Epischura mous revlewer for suggestions and assistance 

sensing the chemical released by Epis- filtering rates resulting from exposure to Diapto- and M. Smith for manuscript preparation. SUP 
chura, ~ i ~ ~ t ~ ~ ~ ~  may stop feeding and mus occurred only when Epischura filtering ported by NSF grant DEB79-16221. 

rates in single-species experiments were above 1 
attempt to avoid predation by ceasing to ml per animal per day. On the other dates 11 August 1980; revised 27 May 1981 

move or by spiraling away (17). The 
reduction in filtering rate could thus be 
the result of a mechanism for escaping 
predation that may have evolved be- 
cause of predation pressure on early 

Central Norepinephrine Metabolism During Alcohol 
instars. Intoxication in Addicts and Healthy Volunteers 

CAROL FOLT 
CHARLES R. GOLDMAN Abstract. The concentrations of the major norepinephrine metabolite, 3-methoxy- 

Division of Environmental Studies, 4-hydroxyphenylethylene glycol (MOPEGJ, in lumbar cerebrospinalfluid of alcoholic 
University o f  California, Davis 95616 patients were markedly elevated during intoxication and successively declined - - 
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The density of animals in the single-species 
treatments varied from four to six adults per 125 
ml. For the two-species experiments the total 
density equaled the single-species density, and 
equal numbers of both species were used. In 
contact water and dialysis experiments the num- 
ber of animals was equal to the number in the 
single-species experiment. There were three to 
six replicates of each experiment. The densities 
of animals used in these experiments represent 
the uooer ranee of in situ densities that we have 
mea&ed. 
The animals were heat-killed, rinsed, soaked in 
a mild ohosohate buffer for 2 hours, and solubi- 
lized ib 0 . h n l  Soluene-350 (Packard) for 24 
hours at 50°C. Then 10 ml of Dimilume (Pack- 
ard) was added, and the radioactivity in the 
animals was counted in a Beckman LS-100 
scintillation counter. The food suspension (1 ml) 
was filtered onto 0.45-pn HA Millipore filters 
(three replicates). Filters were dissolved in 
Bray's scintillation fluid and counted. The filter- 
ing rates were calculated as milliliters per animal 
per day = counts per minute in the animal1 
counts per minute in the food divided by length 
of feeding period (hours)l24 hours. 
The data were analyzed two ways with the same 
statistical result. The difference between filter- 
ing rates of animals in all single- versus all two- 
species experiments was tested by the Mann- 
Whitney U test (P  < .01). Filtering rates from 
experiments at seven different times were 
pooled for single- and two-species treatments. 
Analysis of variance resulted in a significant 
difference between treatments at P < ,005. 
The water in the dialysis tubes was stirred 
several times during the 24-hour incubation peri- 
od. If the equilibrium was complete for ammonia 
and other low molecular weight compounds, the 
result would have been a decrease in concentra- 
tion to 12.5 percent of the concentration in the 
contact water. Since the filtering rates were 
significantly depressed in the presence of dialy- 
sis water, we hypothesized that the chemical 
involved was either equally effective at very low 
concentrations or was a large molecular weight 
compound unable to pass through the tubing. 
As a control for the effect of the manipulation, 
Diaptomus was tested for an effect on itself. The 
water was prepared in the same way as Epis- 
chura contact water and dialysis water. 
Each species was also examined for an effect on 
the filtering rate that might be due to the physi- 
cal or chemical presence of the other. The 
results of the three experiments with Diaptomus 
(alone, in Diaptomus contact water, and in 
Diaptomus dialysis water) were pooled and test- 

during I and 3 weeks of abstinence. During intoxication the MOPEG concentration 
in cerebrospinal fluid showed a statistically significant correlation with the blood 
alcohol concentration. In healthy volunteers who received 80 grams of ethanol, the 
MOPEG concentration in cerebrospinal fluid increased significantly. Healthy sub- 
jects sampled during intoxication had significantly higher concentrations of MOPEG 
in the cerebrospinalfluid than did subjects sampled after the end of intoxication. The 
results indicate that alcohol administration markedly stimulates norepinephrine 
metabolism in the central nervous system in human subjects, possibly by increasing 
unit impulse activity of central noradrenergic neurons. 

In spite of extensive research, the 
mechanisms for the euphoriant effect of 
alcohol are still unknown. Nor have the 
psychiatric symptoms dominating the 
withdrawal reaction in alcohol addicts 
been definitely correlated to specific al- 
terations of brain biochemistry. In pa- 
tients with delirium tremens ( I ) ,  elevated 
concentrations of MOPEG (3-methoxy- 
4-hydroxyphenylethylene glycol), the 
major norepinephrine metabolite, have 

vated concentrations of MOPEG in the 
CSF of patients during alcohol with- 
drawal (6). This effect was selective, 
since concentrations of two other major 
transmitter metabolites, homovanillic 
acid and 5-hydroxyindoleacetic acid, in 
the CSF were not elevated or correlated 
with the MOPEG concentrations (7). 
The stimulation of central norepineph- 
rine metabolism during alcohol with- 
drawal may be related to direct or indi- 

been observed in the cerebrospinal fluid rect effects of alcohol on the noradrener- 
( C S F ) .  This effect has been assumed to gic system. If the MOPEG elevation in 
reflect an increased release of norepi- the CSF is related to direct effects of 
nephrine in the central nervous system in 
connection with the development of the 
delirious symptoms. Some animal ex- 
periments support this assumption, since 
a stimulating effect of acute alcohol in- 
take on norepinephrine synthesis and 
metabolism in the brain has been report- 
ed ( 2 ) ,  but other studies could not verify 
these results (3). The demonstration of a 
role of the noradrenergic system in the 
reinforcing effect of ethanol on self-ad- 
ministration of the compound in rats also 
supports a critical interference of ethanol 
with noradrenergic mechanisms in the 
central nervous system (4). This view is 
further supported by the findings that the 
catecholamine synthesis inhibitor a- 
methyltyrosine counteracts the stimulat- 
ing effects of alcohol in rats and healthy 

ethanol, it might be correlated with the 
blood alcohol concentration during in- 
toxication. A MOPEG elevation in the 
CSF might also be produced during alco- 
hol administration in healthy volunteers. 

We analyzed concentrations of MO- 
PEG in the lumbar CSF of alcohol ad- 
dicts and healthy volunteers and found 
that in both groups MOPEG concentra- 
tions were markedly elevated during in- 
toxication. In the addicts, where very 
high concentrations of alcohol were 
found, there was a statistically signifi- 
cant correlation between the alcohol 
concentration in the blood and the MO- 
PEG concentration in the CSF. 

In one group of alcoholic patients 
(N = 18), CSF samples were taken when 
the patients were intoxicated and imme- 

volunteers (5). diately after admission to the hospital 
We have reported the presence of ele- (day 1). Samples were taken again after 
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