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Predicting diel vertical migration of zooplankton 

Abstract-Amplitude of diel vertical migration 
is predicted by water clarity measured by Secchi 
depth. The model assumes that vertical migra- 
tion serves to minimize mortality from visually 
feeding fish and to maximize grazing rate within 
this predation context. Three of the 24 obser- 
vations of diel vertical migration are outliers which 
are either ultraoligotrophic, or have minimal 
populations of plankton-eating fish, or both. The 
other 2 1 observations in lakes with average pho- 
tosynthetic rates 2300 mg C m-2 d-’ and more 
than -2 g m-2 of plankton-eating fish showed 
diel vertical migration proportional to Secchi 
depth, with a correlation coefficient of about 

Acknowledgments 
I thank Virginia Dodson, Ken Parejko, Charles 

Ramcharan, Bart DeStasio, and Peter Jumars for com- 
ments on the manuscript. Thanks to Charles Ram- 
charan (Licht Pond), Trevor Downie (Muskellunge 
Lake), and the 1987 University of Wisconsin summer 
limnology class (Lake Mendota), who helped sample 
these lakes. I especially thank Steve Carpenter who 
allowed me to use unpublished data from Long Lake, 
Michigan, Ami Litt who went out and sampled Lake 
Washington when I asked if there were any data, and 
Jane and Wes Licht, who allowed me to sample their 
pond in Wisconsin. 

0.880. The residual ofthe migration-water clarity 
relationship is significantly and inversely corre- 
lated with percent illumination of the moon. Wa- 
ter clarity and moon intensity together account 
for 84% of the variation in migration amplitude 
for the 21 observations. 

The usual behavior pattern of diel vertical 
migration is for a population of zooplank- 
ton to spend the daylight hours deep in a 
lake and then to rise toward the surface for 
a few hours at night. This behavior has been 
studied for nearly two centuries (Lampert 
1989). Several recent reviews identify a few 
factors as important causes of the behavior 
in both marine and freshwater habitats: in- 
tensity of visual predation on zooplankton, 
light intensity, temperature, and food levels 
(e.g. Clark and Levy 1988; Gabriel and 
Thomas 1988; Lampert 1989; Wurtsbaugh 
and Neverman 19 8 8). Although differing in 
details, a common theme runs through these 
studies. Diel vertical migration is thought 
of as being primarily determined by a com- 
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promise between predator avoidance and 
foraging opportunities. Because light flux 
diminishes exponentially as it penetrates 
into water, the resulting vertical gradient of 
light means that photosynthesis and visual 
predation (especially on prey z 1 mm, cf. 
O’Brien 1987) are most intense near the sur- 
face during daylight. Zooplankton can avoid 
fish predation by moving deeper during the 
day, but they also leave their food behind. 
They can then compensate by returning to 
graze in the upper waters at night. 

Migration is costly because it reduces 
population growth rate in several ways: re- 
duces the total time spent feeding, diverts 
energy to swimming from growth and re- 
production, and slows growth and repro- 
duction by exposure to cooler (deeper) wa- 
ters during the day. Physiological studies by 
Dagg (1985) and Lampert (1989) support 
the hypothesis that zooplankton migrate 
only if they are not severely food limited. 

Diel vertical migration is probably pos- 
sible only if light intensity fluctuates daily. 
Bogorov (1946) and Buchanan and Haney 
(1980) found no migration in arctic waters 
during the constant light of the arctic sum- 
mer. 

If one knows that zooplankton in a spe- 
cific lake experience a daily light-dark cycle, 
intense fish predation, and lack severe food 
limitation, is it possible to correctly predict 
vertical migration? For example, Madison, 
Wisconsin, lakes fulfill the first criterion and 
probably the second two criteria in summer, 
but zooplankton show little or no migration 
(Table 1). On the other hand, zooplankton 
of a small, shallow pond (Licht Pond) in the 
same region show migration through most 
of the available water column. At least three 
recent models (Clark and Levy 1988; Ga- 
briel and Thomas 1988; Gliwicz and Pija- 
nowska 198 8) use the predator-avoidance 
scenario as the basis for making quantita- 
tive predictions of vertical migration inten- 
sity. These models are general and make 
precise predictions but require extensive 
knowledge of factors such as light penetra- 
tion, algal distribution, predator distribu- 
tion, and prey size and swimming behavior. 
This information is expensive and time 
consuming to gather and is not available in 
the vertical migration literature. I see a need 

for a simpler model that predicts vertical 
migration intensity, perhaps with less pre- 
cision and generality, and is easy to use. 

Daphnia is probably the most commonly 
studied genus of the appropriate size zoo- 
plankton (generally 2 1 mm). Surprisingly 
few studies of Daphnia diel vertical migra- 
tion report both Secchi depth (or any mea- 
sure of light penetration, such as the depth 
of the 10% light level) and thermocline 
depth. Table 1 includes data from all such 
studies done since 193 1. I excluded only 
studies, such as those of Worthington (193 1) 
in which zooplankton were collected with a 
closing net over large depth intervals, be- 
cause this technique shows large variations 
in capture efficiency in different strata 
(Langford 1938). 

Migration intensity can be measured as 
the amplitude of vertical migration (M). M 
refers to the extent of diel oscillation of the 
average depth of the population. In the 
Daphnia example given here, I used data 
from the original literature for all species 
and ages of Daphnia to calculate M (Table 
1). Typically, not all individuals of a species, 
or all species participate in migration to an 
equal extent, but the available data on 
Daphnia migration often do not make these 
distinctions. Certainly, precision of the re- 
lationship could be improved by restriction 
of migrating classes. 

Even for lakes with high populations of 
plankton-eating fish, predation intensity is 
not high throughout the year. Fish preda- 
tion is most intense in north temperate lakes 
between May and October, both because of 
the temperature-dependent increase in 
feeding rate and the enormous recruitment 
of young fish (e.g. Hairston et al. 1983; 
Threlkeld 1979; Hewett and Stewart 1989). 
For this reason, all the estimates of M an- 
alyzed here (Table 1) are taken from May 
to October. 

The predator-avoidance scenario sug- 
gests migration intensity is proportional to 
water clarity, which is proportional to the 
Secchi depth (Ds): the deeper light pene- 
trates into a lake, the deeper the zooplank- 
ton must sink during the day to avoid fish 
predation. In order to compare habitats of 
different depth (e.g. Licht Pond and Lake 
Michigan), it might be necessary to scale M 
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Table 1. Data for 25 instances of diel vertical migration. When data for more than one species of Daphnia 
were given, the vertical distributions were combined. The residual is that of the linear model, Eq. 1, for M vs. 
Ds. 

Lake Location Residual 
Moon 

(96 full) Reference* 

Bull Shoals Arkansas, 7 Jun 67 6 4 14 1.54 0 1 
czos Poland, 4 Jul 86 0.6 0.8 7 -1.23 7 2 
Constance Germany, 20 Jul 82 7.4 5 9 2.12 0 3 
Kuc Poland, 4 Jul 86 8.6 6.2 7 2.33 7 2 
Lampackie Poland, 4 Jul 86 4.6 1.8 5 1.95 7 2 
Licht Wisconsin, 29 Aug 88 0.73 1.8 2.5 -1.92 87 4 
Long Colorado, 6 Sep 41 5.8 9.2 9 -2.93 98 5 
Long Michigan, 10 Jul 88 5.5 3.4 2.75 1.54 15 6 
Long Michigan, 2 1 Jun 88 5 3.4 3 1.04 47 6 
Long Michigan, 1 Jul 88 4.6 4 3.3 0.14 92 6 
bni3 Michigan, 21 Jul88 2.5 2.85 3.75 -1.01 51 6 
Long Michigan, 30 Jul88 2.1 2.75 4 -1.33 94 6 
Mendota Wisconsin, 26 Jun 87 0.1 1.4 12 -2.22 0 4 
Michigan Michigan, 7 Aug 54 9.6 9.1 14 0.95 63 7 
Michigan Michigan, 27 Aug 54 10.9 6.4 18 4.47 7 7 
Michigan Michigan, 7 Ott 54 5.6 3.6 27 1.47 79 7 
Muskellunge Wisconsin, 21 Jul 87 2.35 6 9.5 -3.75 15 4 
Pilanko Poland, 4 Jul 86 3.1 2.2 6 0.12 7 2 
Probarskie Poland, 4 Jul 86 10.7 5 5.34 7 2 
Schiihsee Germany, 1 Ju182 3 

:-: 
8 - 1.05 83 8 

Washington Washington, 28 Sep 89 2.04 8’ 14.5 -5.71 1 9 
Wintergreen Michigan, 21 Jun 76 0.64 1.25 3.75 -1.56 30 10 
Winter-green Michigan, 6 Jul 76 1.25 0.75 4.25 -0.54 77 10 
Three Lakes Michigan, 21 Jun 72 5.5 5 4 4.33 81 11 

* 1 -Applegate and Mullan 1969; 2-Gliwicz and Pijanowska 1988; 3-Geller 1986; Miiller 1985; 4-Dodson unpubl. data; 5-Pennak 1944, 1955; 
6-Dini 1989; Carpenter unpubl. data; 7-Wells 1960; 8-Lampert and Taylor 1985; 9-Litt and Edmondson unpubl. data; lo-Threlkeld 1979, 
unpubl. data; 11 -Haney and Hall 1975. 

by some appropriate measure of depth. I 
chose the depth of the thermocline (D,) as 
the scaling factor because it defines the low- 
er limit of the region of greatest biological 
activity. 

Of the 24 observations, some are single 
observations from a lake and some are mul- 
tiple observations from the same lake (Ta- 
ble 1). This leads to problems in the statis- 
tical analysis. Namely, are the observations 
independent? The observations are a col- 
lection of different studies and are not or- 
ganized to test the independence of within- 
lake samples compared to between-lake 
samples. The within-lake samples are likely 
to be independent at least to the extent that 
they, being at least 11 d apart, are not mea- 
surements on the same animals. The data 
were analyzed in two ways. First, the ob- 
servations were treated as independent (N 
= 24); second, the data from lakes with mul- 
tiple samples were averaged, and the aver- 
age values were used in place of the multiple 
observations (N = 17). In terms of statistical 

significance (a = 0.05), the two approaches 
gave the same results. In the following anal- 
yses, only the results of the first approach 
(full data set) are given. 

The correlation coefficient for A4 vs. D, 
for the 24 observations in Table 1 is 0.629, 
which is significant (df = 22, P < 0.01). 
Adding the thermocline depth in a multiple 
linear regression increases the correlation 
coefficient to 0.633, and D, is not signifi- 
cantly correlated with M (correlation coef- 
ficient = 0.300, P > 0.05). Thus, the Secchi 
depth, but not the thermocline depth, has 
predictive power for the amplitude of diel 
vertical migration. 

When the relation between M and DS is 
plotted, there appear to be three points (0, 
Fig. 1) which do not fit the general pattern 
(Lakes Washington, Muskellunge, and Long 
in Colorado). These outliers are similar in 
that they all have low or minimal popula- 
tions of plankton-eating fish (Table 2). 
Planktivorous fish biomass in Long and 
Muskellunge is probably well below 1 g rnd2, 
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Fig. 1. The linear relationship between amplitude 
of diel vertical migration and Secchi disk depth. The 
statistics are calculated for 0 only. Y = 1.41X - 0.32; 
r-2 = 0 775 . . 

and the biomass in Lake Washington is - 1.5 
g me2 planktivorous juvenile sockeye salm- 
on and longfin smelt. However, the bulk of 
the Lake Washington planktivores occur 
below 10 m (day) to 15 m (night), while over 
half the Daphnia live above 8 m day and 
night, in a region with lower fish predation 
(Beauchamp pers. comm.). A minimal level 
of effect of fish on the Lake Washington 
Daphnia is suggested by a lack of correlation 
between Daphnia population dynamics and 
annual variation in fish numbers (Edmond- 
son pers. comm.). 

Two of the three outliers are ultraoligo- 
trophic; the third (Washington) is oligotro- 
phic (Table 2). All the other lakes have high- 
er levels of predation intensity and none are 
ultraoligotrophic: they have average pho- 
tosynthetic rates of -288 mg C m-2 d-l 
(Schohsee) or greater and -2 g me2 (Long 
Lake, Michigan) or more of plankton-eating 
fish. Thus, the three outliers in Fig. 1 are 
least likely to fit the assumptions of the 
model (intense fish predation and not se- 

Table 2. Productivity and plankton-eating fish. Fish data are given for the year of the diel vertical migration 
study, except for Lake Michigan, which is an estimate for 1987. The average rates of photosynthesis are not 
necessarily for the same year. Photosynthetic flux per m3 was estimated by dividing the per m2 rates by the 
average depth of the lake. Annual average rates of photosynthesis below -300 mg C m-2 d-l may be considered 
oligotrophic; rates above 1,000, eutrophic (Wetzel 1983). Relative predation intensity was estimated by com- 
paring all quantitative and qualitative data given by the investigators, in consultation with two fisheries biologists 
(J. Kitchell and J. Baylis). 

Avg photosynthesis 
Predation 

(mg C intensity Refer- 
lake (mg C m-2 d-l) m-3 d-l ) Major planktivorous fish species predation 6s m-2) ence* 

Bull Shoals Eutrophic Threadfin, gizzard shad High 1 
czos Highly eutrophic Vendace, roach, smelt, perch 600, high 2 
Constance 822 8.22 Whitefish, perch Moderate 3 
Kuc Highly eutrophic Vendace, roach, smelt, perch 600, high 2 
Lampackie Highly eutrophic Vendace, roach, smelt, perch 600, high 2 
Licht Eutrophic Sunfishes High 4 
Long (Colorado) 429 2.23 Few benthic trout Minimal 5 
Long (Michigan) Oligotrophic Yellow perch 2, low 6 
Mendota 938 75.6 Cisco, yellow perch, sunfish 15, low 7 
Michigan 550 6.5 Bloater, alewife, smelt 4.9, low 8 
Muskellunge Oligotrophic Few yellow perch Minimal 9 
Pilanko Highly eutrophic Vendace, roach, smelt, perch 600, high 2 
Probarskie Highly eutrophic Vendace, roach, smelt, perch 600, high 2 
Schohsee 288 22.1 Vendace, roach, bream, perch High 10 
Washington 263 8.0 Longfin smelt, sockeye salmon 2, low 11 
Waubesa Eutrophic Yellow perch, sunfish Moderate 7 
Winter green 1,010 289 Yellow perch, sunfish 200, high 12 
Three Lakes Mesotrophic Bluegill, brook silversides Moderate 13 

* 1 -Applegate and Mullan 1969; Applegate et al. 1966; 2-Gliwicz and Pijanowska 1988; 3-Geller 1986; Stich and Lampert 1981; 4-Dodson 
unpubl. data; 5-Keefer and Pennak 1977; 6-Carpenter and Kitchell unpubl. data; 7-Brock 1985; Rudstam pers. comm.; I-Fahnenstiel pers. 
comm.; Sprules pers. comm.; 9-Frost pers. comm.; McLain and Magnuson 1988; IO--lampert et al. 1986; Lampert and Taylor 1985; ll- 
Lehman 1988; Beauchamp pers. comm.; 12-Threlkeld 1979; Hall and Ehlinger 1989; 13-Tessier pers. comm. 
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verely food limited). Note that Lake Mich- 
igan, which is also borderline for both cri- 
teria (it has an especially low average 
photosynthetic flux per m3), has one point 
that is somewhat of an outlier and two points 
that are in the cloud of the remaining 21 
points. The linear model predicting M from 
D, is 

M = 1.4090, - 0.3 17. (1) 

The correlation coefficient is 0.880 (df = 
19, P < 0.01). The Y-intercept (-0.317) is 
not significantly different from zero (no mi- 
gration with Ds = 0), and the slope of the 
relationship (1.409) is a species-specific 
constant for Daphnia. The coefficient of de- 
termination (r2) for the 21 observations is 
0.7 7 5. Vertical migration literature suggests 
that the remaining 23% of the variation in 
M not explained by Secchi depth could be 
due to factors such as variation in predation 
intensity and food limitation, varying re- 
sponses among different Daphnia species to 
fish predation and food limitation, re- 
sponses to invertebrate predators, variation 
among studies in the diel pattern of trap 
avoidance, and other within- and between- 
study sampling error. Also, diel vertical mi- 
gration can be masked by diel horizontal 
migration or diel patterns in Daphnia pop- 
ulation dynamics. For example, the average 
population depth can rise and fall with no 
movement of any of the constituent indi- 
viduals: if fish feed near the surface during 
the day, the Daphnia population may ap- 
pear to sink; if Daphnia reproduction is then 
highest near the surface at night, the pop- 
ulation may appear to rise again. 

Moonlight is also thought to influence the 
amplitude of diel vertical migration (e.g. 
Gliwicz 1986). The percent of illumination 
of the moon at midnight for each location 
can be used as an index of the effect of 
moonlight. This index and the Secchi depth 
have a multiple correlation coefficient with 
Mof 0.916 (n = 21, P < 0.001). There is a 
significant negative correlation between the 
residual of the M vs. Ds correlation and the 
moon index (correlation coefficient = P < 
0.05, Fig. 2). Full moonlight appears to de- 
press M by -2 m (Fig. 2). 

This linear model (Eq. 1) leads to several 
predictions. First, it can be used to predict 

4 0 
1 

3 
t 

0 

20 40 60 80 100 

Per cent of Moon Illuminated 

Fig. 2. The linear relationship between the residual 
values from Fig. 1 (diel vertical migration amplitude 
vs. Secchi disk depth) and the percent of the moon 
illuminated (percent full) when each observation of 
migration was done. Y = -0.021X + 0.93; y2 = 0.29. 

the intensity of Daphnia vertical migration 
in north temperate lakes or ponds that have 
a diel light-dark cycle and contain visually 
oriented predators and sufficient food for 
the migrating animals. Departures from 
predictions indicate possible food limita- 
tion or unusually low levels of fish preda- 
tion. Second, the model predicts that tur- 
bidity of whatever source, including glacial 
flour or suspended clay, should inhibit diel 
vertical migration. It supports the wisdom 
of doing diel vertical migration studies dur- 
ing the dark of the moon. 

This predictive model, based on what is 
known of the biology of migrating Daphnia 
and calibrated from previous studies, pro- 
vides a tool which can be generalized to the 
comparative study of zooplankton diel ver- 
tical migration in lakes of various size, tro- 
phic status, and fish abundance. Its strengths 
are that only the simplest data are required 
for prediction and that (at least for Daphnia) 
the relationship explains - 84% of the vari- 
ation in migration intensity for a wide range 
of lakes. 

Stanley Dodson 

Department of Zoology 
University of Wisconsin 
Madison 53706 
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