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Abstract 
Field data and laboratory feeding experiments support the hypothesis that predation can 

be an important factor in the adaptive significance of vertical migration among zooplank- 
ton. In both Gatun Lake in Panama and Fuller Pond in Connecticut the diel vertical mi- 
gration patterns of prey populations assume distributions which result in lessened predation 
by the dominant lake planktivores. It is concluded that such patterns of vertical migration 
will result when prey populations are under intense, selective pressures from visually de- 
pendent predators. 

The diel vertical movement in the water 
column of aquatic plant and animal popu- 
lations is a well documented but poorly 
understood biological phenomenon. Pat- 
terns of vertical migration are found 
among a great variety of organisms, under 
different physical conditions, and in dif- 
ferent habitats, to which a voluminous lit- 
erature bears weary witness. Fortunately, 
there are two excellent reviews: Hutchin- 
son ( 1967) emphasizes freshwater situa- 
tions, and McLaren (1963) examines some 
of the theories propounded to explain the 
adaptive significance of vertical migration. 
Light, modified by other physical and bio- 
logical factors, seems usually to be impor- 
tant in initiating, controlling, and orientat- 
ing migration (although under certain 
conditions low oxygen tension may induce 
migration: LaRow 1970). 

As might be anticipated for such a wide- 
spread phenomenon, many theories have 
been proposed to explain its adaptive sig- 
nificance. In phytoplankton populations, 
since there is inhibition of photosynthesis 
above a certain light intensity and a drastic 
reduction of photosynthesis below another, 
migration might help to maintain greater 
efficiency of light use over the day (Tilzer 
1973). Clarke’s ( 1934) early work related 
the observed migration patterns of zoo- 
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plankton to light levels, presuming a simple 
response to food (phytoplankton) distribu- 
tion. However the situation is considerably 
more complex and many different hypothe- 
ses have been generated. These include 
the advantages of increased genetic ex- 
change ( David 1961)) more efficient phy- 
toplankton utilization ( Hardy 1956)) popu- 
lation self-regulation ( Wynne-Edwards 
1962), and more efficient energy utiliza- 
tion (McLaren 1963) or increased fecun- 
dity ( McLaren 1974). Two recent papers 
have discussed the relationship of vertical 
migration to efficient utilization of phyto- 
plankton populations while basically avoid- 
ing the question of adaptive significance 
(McAllister 1969; Kerfoot 1970; but see 
Miller et al. 1972 and McLaren 1974). 

Hypotheses relating to the adaptive sig- 
nificance of vertical migration have not 
been adequately experimentally tested. 
Some evidence, while not experimental, is 
that in estuarine Chesapeake Bay, Mary- 
land, where only by synchronizing itself to 
the tidal pattern can a population of the 
cladoceran Podon polyphemoides prevent 
itself from being flushed out to sea (Bosch 
and Taylor 1973). The hypothesis that mi- 
grants avoid predation has been suggested 
often, but it, too, has had no experimental 
investigation substantiating it. We pre- 
sent here two lacustrine examples, one 
tropical and one temperate, which provide 
experimental evidence for the hypothesis 
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that vertical migration can be adaptive as 
a means of avoiding predation. 

We thank the Smithsonian Tropical Re- 
search Institute for the use of its facilities. 
Special thanks go to J. L. Brooks, G. E:. 
Hutchinson, and L. Provasoli for counsel 
at critical times. E. T. Weers and D. S. 
Wilson provided criticism of an initial 
draft of this manuscript. 

Tropical lake data 

McLaren (1963) stated that, provided 
that there is sufficient food, developmental 
rates and adult size of crustaceans are a 
function of tcmpcrature alone. His driving 
mechanisms for vertical migration would 
be the presence of food in the surface wa- 
ters ( a reason for being up) and, in the 
presence of thermal stratification, the 
maximization of reproductive potential by 
the animals’ migrating down to a colder 
temperature where metabolic costs arc rc- 
duced. Thus, migration provides animals 
with a small but perhaps significant en- 
ergy bonus. To date, however, attempts to 
verify the hypothesis have failed (Lock 
and McLaren 1970; Swift 1975). McLaren 
(1974) has presented a demographic model 
in which an increased fecundity accrues to 
a population undergoing vertical migra- 
tion. In this model, the animal’s size and 
fecundity are shown to bc negatively cor- 
related with temperature; by going to 
cooler waters it gains a benefit in repro- 
ductive success. 

In either of the above casts, there would 
bc an adaptive advantage only in thermally 
stratified waters. However in Gatun Lake, 
Panamci, where there is a very pronounced 
vertical migration of the Calanoid copepod 
Diaptomus gatunensis, there is essentially 
no thermal stratification ( daily tempera- 
tures approach a maximum of 30°C). 
Tcmpcraturc profiles show a tcmpcrature 
differential between the surface and 30 m 
of only 0.2”C ( O’Shaughnessy 1940). Un- 
published data taken by T.M.Z. over a 5- 
year period and more recent intensive work 
by the Miraflorcs Water Laboratory of the 
Panama Canal Company show a typical 
temperature differential between the sur- 

Table 1. Rssemblagcs of open-water crusta- 
cean zooplankton from Gatun Lake, Panad, 1900 
hours, 4 July 1072, surface tow. 

Maximum adult 
lcngtll (mm) No. L-l 

Eosminn longirostris 0.40 3 x 10 
-2 

--__ 
Uosmiwsis dcitcrsi 0.35 16 x 10 

-2 
-Cu ---- 
Kuhosmina tubiccns 0.45 4 x 10 -2 
-_ -_.--_ __ __ 
Ccriodaphnin cornuta . . -___ 

unhorncd morph 0.40 59 x 10 -2 

horned morph 0.40 13 x I.0 -2 

Moina minutus 0.60 48 x 10 -2 
- -- ---___ 
Diaphanosomn brachyurum 0.90 27 x 10 

-2 
-.-__-- - -.- 
Chydorus euzotus 0.50 7 x 10 -2 

- __ 

Diaptomus gatuncnsis adults 1.50 37 x 1o-2 ____-___ 
Diaptomus g ntuncnsis - 

copepod ids 0.80 19G x 10 -2 

Eucyclops agilis adults 1.50 3 x 1o-2 

I:ucycLops ngilis copepodids 0.80 12 x LO -2 

total nauplii 0.25 685 x lO-2 

Total l,LlO x 10 -2 

face an.d the bottom (16 m) of between 
0°C and 0.2”C, with 0” being usual. This 
lack of thermal stratification is not surpris- 
ing since the lake is relatively shallow 
( 30-m max depth but 16 m in most areas) 
and is mixed by almost daily winds. The 
presence of very pronounced vertical mi- 
gration by copepods hcrc seems to contra- 
dict McLarcn’s hypothesis. 

Of the nine common limnetic crustacean 
species in Gatun Lake, D. gatunensis is 
dominant both numerically and in terms of 
total biomass in >90% of the collections 
taken with a 100-m surface tow approxi- 
mately every 10 days over a 15-month pe- 
riod during 1969 and 1970. Table 1 comes 
from a sample taken in 1972, when reliable 
quantitative towing methods were avail- 
able, and indicates that this pattern still 
prevailed in the lake. Although of mod- 
crate size for a freshwater copepod (maxi- 
mum adult body length 1.5 mm), D. gatu- 
nensis is more than three times as large as 
the other common crustaceans, Bosmina 
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Fig. 1. Diel vertical migration patterns for Diuptomus gatunensb (upper-adults; middlwopep- 
odids; lower-nauplii) from Gatun Lake, PanamB, June-July 1967. Each kite represents loo%, 
showing distribution. 

longirostris, Ceriodaphnia cornuta, and 
Moiruz minutus. During the daytime adult 
Diaptomus were found just above the sedi- 
ment, while just after dusk they were 
highly concentrated in the top 4 m of sur- 
f ace water. They gradually descended 
during the night. Immature copepodids 
showed less strong migration, the recently 
hatched naupliar stages the least strong. 
Such age-related migration is common (e.g. 
see Mauchline and Fisher 1969). 

Figure 1 presents data for the vertical 
migration of Diaptomus adults, copepodids, 
and nauplii at a single station in Gatun 
Lake. The samples were taken at 5 depths: 
surface to 1 m; 4-5 m; 8-9 m; 12-13 m; 
and 16 m to just above the bottom. Repli- 
cate samples were taken every 4 h from 
0900 hours until and including 0900 the fol- 
lowing day with an ll-liter Kemmerer wa- 
ter sampler. Separate tests of vertical tows 
with plankton nets indicated insignificant 
net avoidance, not surprising considering 
the relatively small size of these tropical 
plankters. Figure 1 is composed of data 
from the two sampling dates, 16 June and 
21 July 1967. The profile was similar on 
both dates, and data were lumped together 

for the figure to present an average verti- 
cal migration pattern. (The surface sam- 
ple for 1700 hours on 21 July was lost and 
is not included.) Separate collections were 
made of the bottom waters on several other 
dates to verify that the adults were, in- 
deed, at this position throughout most of 
the day. 

Although Diaptomus is the largest and 
most numerous potential food item in 
Gatun Lake and might be expected to be 
an important component of the diet of the 
dominant planktivorous fish, the atherinid 
Melaniris chugresi, it is rarely found in the 
stomach contents (an average of <5% of 
the total prey items examined from 300 
fish taken during 1969 and 1970). How- 
ever, on the four occasions when Mekzniris 
was found feeding on copepods, many of 
the fish examined were filled almost ex- 
elusively with Diaptomus, mostly adults 
(e.g. on 15 May 1969, 25% of the fish con- 
tained >90% adult Diuptomus in their 
stomachs). Data from 1969 are presented in 
Table 2. Fish samples were taken immedi- 
ately after the plankton samples with a 
special collection net, over the identical 
100-m towing tract and at the same time 
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Table 2. Feeding of Melunirk on Diuptomus 
(adults and copepodids ) from buoy sampling sta- 
tion, 1969; based on 143 fish stomachs having 
>5,000 individual zooplankton. 

__-_- _I_.L___..________ -_ _.--_- -_I--._ _ -_--__ __ .--_--_- _---- ---- --~- 

Date % Dinptomus 
in plankton 

% IIItomus 
in stomachs 

-.- - _I_- __.- _ ---___-- ~___ --.- _- 

I4 Jan 59 6 
1.5 .Jan 44 2 
25 Jan 18 0 
14 Fcb 11 0 
24 Feb 27 3 

6 Mar 49 8 
26 Mar 29 0 
15 May 13 34 
25 May 60 2 

4 .Jun 48 17 
4 .Jul 37 14 

23 Jul 22 1 
I 3 Aug -14 0 
24 Aug 23 0 
24 scp 56 12 
26 Nov 20 2 

---- .-- 

Average 33 6 

(after sunset, between 1915 and 1930 
hours ) . In the table only numbers of adults 
and copepodids are considered. All fish 
were examined and all had recognizable 
stomach contents. 

We investigated the feeding of Meluniris 
on Diaptomus by methods (Zaret 1972) 
designed to approximate lake conditions as 
closely as possible. Results of experiments 
on the electivity of Melaniris for Diapto- 
mus compared to its clectivity for Bosmina 
and Cerioduphnia, the food normally pre- 
dominant in the diet, are pooled in Table 
3. (In all six experiments presented, at 
least 5% but not more than 30% of the prey 
available were eaten.) These data demon- 
strate that MeZaniris is capable of eating 
Diaptomus almost as readily as it can eat 
Bosmina and Ceriodaphnia. Within the 
Diaptomus population, Melaniris took 
adults most commonly, smaller copepodids 
rarely, and did not eat nauplii at all, corre- 
sponding to Brooks’ (1968) laboratory find- 
ings involving a different planktivore, the 
alewife Alosa pseucloharengus, feeding on 
Diaptomus minutus. 

The importance of light to planktivore 
feeding has been demonstrated (see Nikol- 

Table 3. Totals from laboratory feeding ex- 
pcrimcnts for Melaniris on Diaptomus. 

---- ~- _-l_- _I___ ______ --_---~-----_---~----- . 
No. prcscnt No. eaten % catcn 

-_- _-._ -----..--- --- 

Total clndocernns 326 85 29 
Diaptonws adults .L97 36 18 
~aJjtomus copcpotl ids 104 4 4 ---- 
~~ytomus nnupli i 100 0 0 _ . . . - 
______ -__ - _._- -_-.-.----- -. -. ------. -- ---- - 

sky 1963). Melaniris chagresi is a visually 
dependent plankton feeder (Zaret 1971) 
as are all other piscine planktivores that 
have been studied. Melaniris feeds only in 
the top meter of water (Zaret 1971), and 
the migration pattern of Diaptomus brings 
it to surface waters during the period when 
MeZaniris normally cannot feed. Further, 
the Diaptomus pattern is correlated with 
the Melaniris food preferences; that is, the 
preferred Diaptomus adults have the 
strongest migration pattern, the lcss-pre- 
ferred copepodids have a less strong pat- 
tern, and the nonpreferred nauplii have the 
least strong migration pattern of all. 

Although D. gatunensis seems the most 
likely prey for Melnniris in Gatun Lake 
since it is the most abundant zooplankton 
species with by far the largest body size of 
any limnetic crustacean, it is rarely eaten 
despite the fact that Melaniris is quite ca- 
pable of eating it. Nighttime feeding by 
Melaniris would depend on sufficient il- 
lumination, as well as reasonably calm wa- 
ter so that light deflection would not hin- 
der feeding. Moonlight feeding ability has 
been documented for other planktivores 
such as the North American herring Clupea 
harrengus (Blaxter 1966) and sockeye sal- 
mon Oncorhyncus nerka ( Narver 1970). 
Our field notes suggest that on the four oc- 
casions when Melaniris did eat many Diap- 
tomus there may have been both enough 
light from moonlight or starlight and calm 
water. (The relative abundances of the 
other zooplankton species were not signifi- 
cantly different on these evenings from 
those when Melaniris did not eat Diapto- 
mus. ) In contrast, for 10 of the 12 collec- 
tions when copepods were rare in the 
stomach contents (4% numerically), field 
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notes indicate dim or dark nights (no moon, 
or cloud cover during the rainy season), 
rough water, or both; two of these occa- 
sions had uninterpretable light and water 
conditions. This information suggests that 
Melaniris consumes Diaptomus in signifi- 
cant numbers only on occasional evenings 
when certain environmental conditions are 
met. 

In summary, our data strongly suggest 
that the vertical migration pattern of D. 
gatunensis in Gatun Lake is adaptive in 
that it reduces fish predation and that this 
pattern may have evolved as a response to 
predation pressures. 

Temperate lake data 

In the Gatun Lake example we used data 
from predator stomachs, prey distribution, 
and laboratory feeding experiments to eval- 
uate the effect of fish on the zooplankton 
populations. Another approach is to exam- 
ine predator feeding efficiency at different 
light intensities, and then to correlate these 
light levels with natural prey distributions. 
To do this we examined the distribution 
patterns of the important planktivore and 
prey species from Fuller Pond, a 17.8ha 
mesotrophic kettle lake in northwestern 
Connecticut (41”45’N lat, 73”28’W long). 
The entire drainage basin of the lake is 
contained within the Pond Mountain Nat- 
ural Area and has been protected from cul- 
tural eutrophication. Mean and maximum 
depth are 8.62 m and 18 m. Secchi disk 
readings range from 3 to 5 m, in contrast 
with a Secchi disk depth of 8 m in 1941; 
there is reason to believe that the change 
toward more eutrophic conditions has been 
entirely mediated by the introduction of 
the golden shiner Notemigonus crysoleucas 
in the early 1950s (Suffern 1973). 

The crustacean zooplankton species of 
Fuller Pond include D. galeata mendotae, 
Diaphanosorna leuchtenbergianum, B. 
longirostris, Cerioduphnia reticulata, Lep- 
todora kindtii, Epischura lucustris, D. minu- 
tus, Cyclops scutifer, and Cyclops vernalis. 
Daphnia ambigua has been observed, but 
only rarely, over the past 6 years. Of these 
only D. galeata mendotae is an important 

prey item for the dominant planktivore, N. 
crysoleucas, as shown by gut analysis. 
Notemigonus is an omnivore, consuming 
zooplankton, algae, and fish fry (Radcliffe 
1931; Moore 1932; Ewers 1934; Costa and 
Cummins 1972). Although a 1968 fish cen- 
sus (Suffern 1973) included several other 
potential planktivores, Notemigonus was 
the only species commonly taken in morn- 
ing and evening open-water gill-nets 
[meshes from 052 inches ( 1.3-5.0 cm) 1, 
set on the surface and at depth during this 
1969-1970 study. SCUBA observations 
confirmed the shiner’s dominance. The 
fish exhibited a horizontal diurnal migra- 
tion, schooling in the littoral during the 
day and at sunset moving into the open 
water, where they fed on D. galeata men- 
dotae, preferentially selecting adults, >l- 
mm bl (body length, measured from base 
of tail spine to tip of helmet). 

The diel distribution of D. galeata men- 
dotae was examined using a lo-liter Juday 
trap. Replicate samples were taken at l-m 
intervals to the bottom and preserved in 
10% Formalin solution. These data for 28- 
29 July 1969 are presented in Fig. 2, com- 
paring the distribution of animals greater 
and less than l-mm bl, corresponding to 
mature and immature animals. The data 
show a pronounced vertical migration by 
the animals >1-mm bl, less so by those 
<l mm. The adults were clustered at 9 m 
during the day, rose to 3 m by 2200 hours, 
and were back to 9 m by 0600 hours. The 
immatures were diffusely distributed dur- 
ing the day, rose to a peak at 3 m by 2200 
hours, and centered at 5 m by 0200 hours 
and 7 m by 0600 hours. Juday samples 
taken over summer 1969 showed an in- 
crease over the year in the separation of the 
population into these two distinct size 
classes and also an increase in depth of the 
majority of the adult population from 8 m 
in early June to 10 m by mid-July. Burns 
(unpublished) also found such a migration 
pattern in 1968, as did Cunningham (1972). 

To determine the feeding efficiency of 
Notemigonus at different light intensities, 
a special double-walled tank was used so 
that these often skittish fish would not be 
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Fig. 2. Diel vertical migration patterns for 
Daphnia galeata mendotae (upper-adults >l- 
mm body length; lower-immatures <l-mm 1~1) 
from Fuller Pond, Connecticut, 28-29 July 1969. 

disturbed by the experimenter’s move- 
mcnts. Experimental fish wcrc placed in 
a clear-walled Lucite box inside a large 
aquarium. An overhead light bulb con- 
nected to a Variac transformer allowed 
light intensities spanning those found in 
the lake from the bottom to 9 m. A Whit- 
ney photoelectric cell was used to measure 
light intensity in the lake and during the 
experiments. The Whitney cell has an ab- 
sorption maximum around 5,900A (Jerlov 
1968), while the eyes of freshwater fish are 
maximally sensitive between 5,230 and 
6,OOOA (Brown 1957)) so that the light lev- 
els recorded by the Whitney cell approxi- 
mate those available for fish vision. We 
have ingnorcd changes in light source 
emission spectrum with changing line volt- 
age (a shift toward red with lowering volt- 
age) because of this similarity in spectral 
sensitivity. 

Daphnia galeata mendotae was captured 
in Fuller Pond and cultured in the labora- 
tory in Provasoli medium DM2 (Provasoli 
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Fig. 3. Laboratory predation rate of the 
goldcn shiner Notemigonus crysoleucas on Daph- 
nia galeata mendotae at diffcrcnt light intensities. 
Mean-O; number of replicates-in parentheses; 
range of replicates-vertical bars. 

1968; D’Agostino and Provasoli 1970 ) . 
Cultures of Chlamydomonas reinhardi 
strain GMS- and a strain of Scenedesmus 
were fed to the daphnids-the ChZumy- 
domonas daily and Scenedesmus every fifth 
day. Complete descriptions of the experi- 
mental technique and fish tank are given 
by Suffern (1973). 

The experiments consisted of: prcfecd- 
ing the fish; allowing them to acclimate to 
the light intensity for 1 h; introducing half 
of a daphnid culture containing several 
hundred animals (divided by use of a 
plankton splitter); letting the fish feed for 
a given period of time under a specific 
light regime; and comparing the size fre- 
quency distribution and number of u11- 
eaten prey with the initial controls, to give 
sizes and numbers of daphnids consumed. 
The illumination ranged from complete 
darkness to an intensity approximating that 
in the daytime water column location of 
the population peak of adult Daphnia. 

Figure 3 shows the number of Daphnia 
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Table 4. Fuller Pond light measurements, 28- 
29 July 1969, in ergs crne2 s-l. Sunset 28 July at 
2033 hours; Sunrise 29 July at 0534 hours. 

Depth Time (hours) 
Cm) 1400 1800 2200 0200 0600 1000 1400 

75 2200 65000 
-2 -I 

ergs cm s 

Fig. 4. Number and body-size frequency dis- 
tribution of Daphnia galeata mendotae contrasted 
with ambient light intensity in Fuller Pond, 
23 July 1969, 1300 hours, Adult ( >1-mm body 
length) population peak at 10 m, corresponding to 
light intensity of 75 ergs cm-’ s-l. 

consumed per fish-minute plotted against 
light intensity. There is essentially no pre- 
dation in the dark, there is a fairly constant 
predation rate at intensities from 9.5 to 
800 ergs cm-2 s-l, and there is a sharp in- 
crease in feeding rate at 2,200 ergs cm-2 s-l. 

The implications of these results are sig- 
nificant for the relationship between natu- 
ral daphnid distributions and light inten- 
sity in Fuller Pond. We will consider only 
the adult Daphnia (>1-mm bl) since, as 
Brooks (1968) has pointed out, temperate 
zone planktivores feed very little on daph- 
nids of sizes <l-mm bl. 

During daylight the majority of the adult 
daphnids clustered in deep water, at light 
intensities associated with a reduced preda- 
tor feeding efficiency. On 17 June, the 
midday adult Daphnia peak was at 8 m 
(corresponding to a light intensity of 2,800 
ergs cm-2 s-l), on 23 July at 10 m ( 800 
ergs cm-2 s-l), on 29 July at 9 m ( 1,300 
ergs cm-2 s-l), and on 10 September at 10 
m (2,800 ergs cm-2 s-l). The plot for 23 

-- 
. . . . 
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15 

465,000 20,500 0 0 800 12,000 700,000 
250,000 11,500 0 0 410 5,600 375,000 
140,000 5,600 0 0 210 2,800 190,000 
74,000 2,800 0 0 110 1,400 105,000 
44,500 1,450 0 0 56 920 55,000 
26,000 920 0 0 30 350 27,500 
13,000 350 0 0 14 160 15,000 
5,600 160 0 0 7.8 75 8,000 
3,200 75 0 0 4 38 3,900 
1,300 44 0 0 0 18.5 2,200 

560 22 0 0 0 9 1,150 
280 10.5 0 0 0 4.5 560 
110 4.8 0 0 0 0 310 
54 0 0 0 0 0 150 
23 0 0 0 0 0 75 
12.5 0 0 0 0 0 44 

July is shown in Fig. 4 as an example; the 
rest can be found elsewhere (Suffern 1973). 

On all dates the midday peak of Daph- 
nia is at or below 8-m depth, with light 
intensities of 2,800 ergs cm-2 s-l or less. All 
peaks are associated with illumination lev- 
els <lo% of afternoon levels for surface 
waters (top 3 m, see Table 4). More im- 
portant, these values are for midday when 
light intensities are maximal. By about 
1800 hours, when the fish migrate away 
from the littoral zone and begin to feed 
on daphnids in the open water, the light 
intensities at or below 8-m depth where 
the adult D. galeata mend&w are clus- 
tered are less than 75 ergs cm-2 s-l. A por- 
tion of the prey population is captured by 
the fish, as evidenced by stomach contents, 
but most mature individuals can escape pre- 
dation pressures by remaining in the zone of 
reduced light where fish feeding efficiency 
is reduced. It is only at 2200 hours that 
the daphnids peak at a higher position in 
the water column, and at this time the 
light is at a level coinciding with low feed- 
ing rates by fishes in the laboratory experi- 
ments. 

In both examples presented, tropical 
Gatun Lake and temperate Fuller Pond, 
we find that the vertical migration patterns 
of potential prey species determine that 
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these spccics are associated with predatory 
fishes only when the predator’s feeding ef- 
ficiency is greatly rcduced. It seems clear 
that in the presence of vision dependent 
predators selection will favor those prey 
individuals that adopt such a pattern. 
Cunningham (1972) has shown that this 
same D. galeata rnendotae population in 
Fuller Pond shows only slight migration 
during winter, a behavioral change coincid- 
ing with the seasonal decrease in predation 
pressures by lake planktivores; there is pre- 
sumably no advantage to strong migration 
during winter since the selective forces of 
predation are practically absent. The 
same pattern has been documented by Koz- 
hov (1963) for Lake Baikal, where the 
greatest vertical migrations of zooplankton 
also coincide with seasonal maxima of 
planktivore abundance, 

Since the golden shiner was only recently 
introduced into Fuller Pond, a comparison 
of the vertical migration patterns of D. 
galeata mendotae before and after its intro- 
duction would be useful. Not surprisingly 
the appropriate data are not really avail- 
able for this evaluation. However, when 
J. L. Brooks (unpublished notes) first sam- 
pled the lake in 1941, there were two daph- 
nid species present: D. galeata mendotae, 
and the larger Daphnia pulex, in a ratio of 
abundance of 1 : 1.5. Brooks noted that 
over 80% of the D. puZex were at 10-m 
depth or below with no “large individuals” 
(presumably meaning adults) above 8 m, 
suggesting that the D. pulex were at depths 
approximating those occupied by D. gale- 
ata mendotae today, Over 70% of the D. 
galeata mendotae individuals were at 5-m 
depth, with no “large individuals” below 8 
m, indicating that the adults inhabited 
much shallower waters than at present 
and, given the greater water clarity men- 
tioned earlier, better illuminated, 

In 1968, about 16 years after the intro- 
duction of Notemigonus, preliminary stud- 
ies by C. W. Burns (unpublished) con- 
firmed a major change in the zooplankton 
composition: D. pulex was no longer pres- 
ent. This was not due to changes in physi- 
cal conditions, since Burns showed that D, 

pulex could persist in Fuller Pond for at 
least 3 weeks if contained within nylon net- 
ting cages. Further, she found that D. gale- 
ata mendotae exhibited striking vertical 
migration, in contrast to the earlier obser- 
vations of Brooks. Burns concluded that 
the diel depth was related to factors other 
than such physical ones as temperature, 
oxygen concentrations, and turbulence. 

Although we cannot definitively evalu- 
ate the behavioral change in daphnid popu- 
lations in Fuller Pond following the intro- 
duction of the golden shiner, we can 
examinc these observations and experi- 
ments in the light of our present hypothe- 
sis. It is well established that increased 
planktivore pressures can lead to the cx- 
termination of large daphnid species and 
their subsequent replacement by smaller 
ones (see Brooks 1968). We can conclude 
with some justification from recent investi- 
gations, together with the studies of Burns, 
that the demise of D. pulex in Fuller Pond 
was attributable to fish predation. 

One possible explanation is that as long 
as D. pulex was present and fish predation 
fell more heavily on this larger species 
(mean adult size 2.0-2.5-mm total length 
vs. M-1.8 mm for D. galeata mendotae ac- 
cording to Brooks), vertical migration be- 
havior was not selected for in D. galeata 
mendotae. However, with the introduction 
of the golden shiner and the subsequent 
extinction of D. pulex, fish predation fell 
heavily on D. galeata rrwndotae, and 
only those individuals that exhibited the 
appropriate behavioral response of vertical 
migration were able to survive to produce 
descendants. The data available are not 
sufficient to make a. definitive statement 
about the accuracy of this possible explana- 
tion, but they arc consistent with our ex- 
perimcntal observations. 

The effectiveness of vertical migration 
as a strategy for prey escape is clearIy 
demonstrated in both examples presented 
here-the species with the strongest pat- 
tern, such as the calanoiod copepod D. 
gatunensis, becoming the dominant lake 
plankter. Certainly this does not show that 
predation is the only adaptive reason for 
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vertical migration. Attempts to provide 
one single hypothesis to account for all ob- 
served vertical migration represent a sim- 
plistic outlook on natural selection. Al- 
though this phenomenon, shown by so 
many different crustacean species, is ap- 
parently derived from a basic endogenous 
rhythm (Harris 1963; Enright and Hamner 
1967; Enright 1970; Umminger 1968), the 
rhythm could be modified by different se- 
lective pressures or combinations of pres- 
sures to produce different migration pat- 
terns. Since the basic behavioral pattern 
appears to be easily modified, and its en- 
ergy cost low (Vlymen 1970), predation 
can at times provide a strong, overwhelm- 
ing selective pressure and result in the pri- 
mary adaptive value for the phenomenon 
observed. 

One question that may be asked about 
the effectiveness of vertical migration as a 
predator-avoidance mechanism is why the 
planktivores do not simply follow the prey 
downward (this does occur sometimes : 
Narver 1970). A possible explanation 
(Zaret 1972; Zaret and Kerfoot 1975) is 
that planktivores, being light dependent 
predators, rely on the contrast between 
their prey item and the background to see 
and capture moving prey. A fish that 
swims downward to locate prey will lose 
the advantage of seeing the object silhou- 
etted against the light background of the 
sky, presumably resulting in a greatly re- 
duced predation efficiency. 

One important but unanswered question 
is why, if vertical migration provides an ef- 
fective method of predator escape, don’t 
all prey species use this strategy? The di- 
rect energy expenditures involved appear 
to be small (Hutchinson 1967; Vlymen 
1970), so that this would not be an impor- 
tant limitation; some other factor must be 
the key one. Whether it relates to physio- 
logical response, interspecific competition 
among the zooplankton, or something else 
is a question whose answer is critical to an 
understanding of the basic problems of ver- 
tical migration phenomena among the 
plankton. 
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