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waves, the height of the parent bedforms may have significantly
exceeded this estimate. A porosity of 40% is plausible for the
loosely packed avalanched sand'®, whence y=1,600kgm™.
The calculated tidal peak speeds and amplitudes'® are plausible
(Table 1, values not in parentheses), suggesting that the general
tidal model is apt, but seem low by a factor of ~2, judging from
the Holocene case of the overall mean tidal ranges (springs =
4.4m, neaps=2.9m) predicted at Flushing'®. Equation (2)
apparently overestimates the bedload transport rate when k is
based on laboratory experiments, possibly because these were
performed at relatively very shallow flow depths. Although
Colby's?” data on the total sand transport of four moderate to
large rivers do not equal in quality the laboratory results, they
give estimates for k (Table 1, values in parentheses) significantly
lower than the experimental ones, when empirically adjusted to
bedload alone'®. The peak tidal speeds and ranges arc better
(Table 1, values in parentheses) but still low, indicating overes-
timation of bedload transport. In the tidal case, the widespread
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deposition of mud and its persistence on the bed from one tide
another may significantly inhibit sand transport during thy
episodes of dominant current, by armouring the bed (U
raised) and by reducing the area from which sand can be scour;:i
{flow undercharged with sand). Underestimation of the sand.
wave height may also have affected the results.
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Predator evasion as an explanation
of diurnal vertical
migration by zooplankton

Hans-Bernd Stich & Winfried Lampert

Max-Planck-Institut fiir Limnologie, Postfach 165,
D-2320 Plén, FRG

Diurnal vertical migrations of planktonic crustaceans are
widespread phenomenz both in freshwater lakes and in the sea.
The adaptive significance of this behaviour is unclear. This
movement from the warm surface layers, which provide abun-
dant food, to colder, deeper water with its poor food supply must
place the migrating animals at a disadvantage compared with
individunals remaining near the surface. The reduced availability
of food and the energy consumed in migration result in reduced
growth and reproductive capacity of migrating individuals.
Moreover, the development time of the eggs carried in the brood
pouch orin egg sacs is prolonged in cold water and the birth rate
is reduced. We have studied vertical migrationina deep lake and
report here that two very similar Daphnia species have different
strategies. Daphnia hyalina shows a pronounced diornal
migration whereas Daphnia galeata remains near the surface.
Although the non-migrating D). ga leata has a much higher birth
rate than D. kyalina, the latter is pumerically dominant, as D.
galeata suffers a high mortality near the surface. These results
support the hypothesis that predator avoidance is one of the
most important factors in vertical migration.

As migration behaviour has evolved in different taxonomic
groups in spite of a probable reduction in fitness, there must be
some selective pressure favouring it and providing a higher
overall fitness to migratory populations. Many hypotheses have
been put forward to explain this selective pressure, including the
avoidance of optically orientating predators’ and metabolic
advantages of alterations in temperature® or food®, To deter-
mine the distribution patterns of zooplankton and the changes in
food levels and temperature to which these animals are exposed,
we carried out an intensive study of diurnal migration and
environmental parameters in Lake Constance (southern FRG).
This lake is mesotrophic with an area of 476 km?, a maximum
depth of 252 m and a mean depth of 100 m.

Temperature{7)(°C)
)

230406
Particulate
carbon (C) {mg 1™
Fig. 1 Typical examples of the different diurnal vertical migra-
tions of D. galeata (open area) and D. hyalina (shaded area) in
Lake Constance, July 1977, The left panel shows four of seven
measured depth distributions of the populations at difterent times
of day. The right panel illustrates the temperature and food
gradients in the water column. Only that fraction of particulate
carbon <30 um is considered as filterable food. Such distributions
were recorded monthly from February 1977 to April 1978.
Zooplankton samples were taken at 11 diferent depths (vertical
lines) using a 30-1 zooplankton trap every 4 h for 28 h. Tempera-
ture and particulate carbon were measured 4 times a day; as there

were only miner diurnal variations the values were averaged.

5 00 5 10
Density of Daphnia (no. per 1)

When following the migratory pattern during an annual cycle,
we discovered interesting differences between the populations
of D. galeata and D. hyalina, which are of a similar maximum
size (1.7-2.0 mm) and general morphology. A typical example
of the difference in behaviour is shown in Fig. 1. During the night
both populations are in the upper Jayers of water, whereas in the
morning D. hyalina moves downwards so that the two popu-
lations are clearly separated during the day. In the late afternoon
D. hyalina migrates back to the upper layers so that the two
populations again overlap during the night. As there ar¢
substantial vertical gradients of temperature and food the
populations are exposed to different environmental conditions-
Most of the D. galeata population stays in warm water in
conditions of abundant food, whereas D. hyalina lives at 5 °C
for a considerable part of the day. The concentration of food in

0028-0836/81/400396—-03501.00

© 1941 Macmillan Journals le_

=y

I

=



Nature Vol. 293 1 October 1981

397

Table 1 Seasonal changes in the population dynamics and

mean environmental conditions to which migrating Daphnia hyalina and non-migrating
Daphnia galeata are exposed

—

Mean
concentration Mean No. Egg
Abundance of food temperature of eggs development  Instantaneous
Month Species {no. per m*) (mgC1™h Q) per adult time (days) birth rate
May D. galeata 41,514 0.705 9.3 6.2 3.9 0.101
D. hyalina 9,887 0.633 8.9 4.2 9.6 0.079
June D. galeata 342,006 0.080 9.5 0.05 9.1 0.002
D. hyalina 600,133 0.075 74 0.2 13.3 0.003
July D, galeaia 639,906 0.143 14.6 35 6.8 0.122
D. hyalina 220,610 0.096 7.4 . 0.64 13.1 0.024
August D. galeata 38,207 0.336 14.2 7.1 8.8 0.147
D. hyalina 91,500 0.155 7.1 3.68 14.5 0.055

and flume; | September D. galeata 154,789 0.184 12.4 2.20 9.1 0.056

+ which cas, D. hyalina 272,212 0.107 6.7 1.01 15.4 0.029

sets devoig Qctober D. ga!ec;m 14,155 0.161 10.5 1.90 7.1 0,105

D. hyalina 30,580 0.122 8.3 0.88 8.9 0.039

November D, galeata 18,634 0.144 9.9 2.60 7.9 0.057

D. hyalina 123,044 0.116 8.3 2.60 9.9 0.056
2UITB) Population size was estimated by integrating the depth distribution of numbers from O to 60 m and taking the average of six estimates per day.
Particulate carbon smaller than 30 pm was considered as food. A weighted average of the food concentration was calculated for each sampling time

’L::;;L“&iﬁl}i using the concentrations at the different depths and the corresponding numbers of animals. The mean concentration of food to which the animals were

W '] exposed during the whole day was calculated for the 24-h series; the same procedure was followed for the mean temperature. Animals 1.3 mm long
ware considered 10 be adults. This was the minimum size at which the first eggs appeared in the brood pouch. Egg development time was calculated
from the mean temperatures. It was assumed that temperature fluctuations do not significantly affect the speed of development. Instantaneous birth
rates were calculated from the number of eggs and the egg development times’ .
0 Differences between the two populations change during the

m aqnua]_ cycle (Fig. 2); during early spring and winter there is no

) migration at all. Differential behaviour starts in June, after

L E which the mean depth of the D. kyalina population is much

) ¥ ’ 1 greater than that of D. galeata, as is the daily amplitude of

'/\] migration. In October, the Daphnia reach their maximum depth

l and amplitude of migration, and then the population returns to

10F l r\\ the initial state in winter. This behaviour cannot be explained by

a simple avoidance reaction to the warm water, as in laboratory

- € experiments both species grow and reproduce very well at a
‘g' ! ! constant temperature of 20°C. In these conditions D. galeata

E has only a slightly higher reproductive capacity than . fiyalina.

] We also studied both species simultaneously in simulated

& migratory conditions. In a flow-through system they were

E 20r b . exposed to 20 °C with food during the night, and to 8 °C without

BTTE = food during t.hc day. In this case D. hyalina produced more
late = _young than did D. galeata.

(©) (mg 17" g | . The different migratory pattern has severe consequences for
al migra- = \ the population dynamics of the twospecies (Table 1). Because of
1area} in ! the better food conditions, the number of eggs per adult in D.
of seven galeata is higher than in D, hyalina. Moreover, the eggs of D.
ent times 30k galeata develop much faster due to the higher temperature to
ind food which they are exposed’. As a result the instantaneous birth rate
irticulate of D. galeata is considerably higher than that of D. hyalina
ributions S during the period of different diurnal vertical migration. From
i 1978. F :

(vertical these data, the D. galeata population \\c'ould be expected to grow
“empera- much faster than that of D. hyalina; the fo'rmer should
. as there theoretically reach such large numbers tl‘fat it eventually
sraged. . L L L 1 o . outcompetes the latter. Surprisingly this is not the case.

May June  July  Aug  Sept t ov Numbers of the migrating D. hyalina are higher almost all
1uat cycle, Fig. 2 Seasonal variations in the vertical migrations of the two summer, with the exception of JTuly. Thus, there must be severe
spulations daphnid species. The mean depth of the whole population was mortality of D. galeata, due to predators or some other factor
maximum calculated from the distributions at different times of the day as near the surface. In the case of optically orientating predators
I example illustrated in Fig. 1. Points represent the average of six mean such as fish, this predation pressure must be reduced during the
3 the night vertu:a} positions per dgy, wlith standard deviations f:a!culat;d from night when D. hyalina feeds in the upper layers. In fact, analyses
reas in the thf:-se six positions, which give a measure of the daily §mpl1tude of of the gut contents of certain whitefish (Coregonus wartmanni)

migration. From May to October, depth and amplitude of the gut conte I certal 8 s
WO popu- vertical migration of D. hyalina (@) increase continuously, and perch (Perca fluviatilis) showed that the fish ate nine times as
afternoon whereas there is only a slight seasonal effect in D. galeata (. many D. galeata as D. hyalina.
it the two Thus we conclude that by remaining in optimal conditions, D.
there are | deepwatercan hardly meet the minimum energy demands of the galeata is able to compensate for high mortality by high prop-

food the | daphnids although at the lower temperatures that prevail there, agation; by migrating into deeper waters during the day, D.
snditions. § the metabolic rate is also reduced. However, the feeding rate is hyalina reduces its mortality but must tolerate low birth rates.
water in § lower in these conditions. Food particles (smaller than 30 pm} The results of the laboratory experiments with fluctuating
es at 5°C § must provide a minimum concentration of 0.1 mg carbon per | temperature and food conditions indicate that the latter strategy
offoodin | for the animals to reproduce®. ' would be less effective for D. galeata.
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