The Effect of Whole-Lake Fish Community Manipulations on Daphnia
Migratory Behavior

Michael L. Dini; Stephen R. Carpenter

Limnology and Oceanography, Vol. 36, No. 2 (Mar., 1991), 370-377.

Stable URL:
http://links jstor.org/sici?sici=0024-3590%28199103%2936%3A2%3C370%3ATEOWFC%3E2.0.CO%3B2-C

Limnology and Oceanography is currently published by American Society of Limnology and Oceanography.

Your use of the JSTOR archive indicates your acceptance of JSTOR’s Terms and Conditions of Use, available at
http://www.jstor.org/about/terms.html. JSTOR’s Terms and Conditions of Use provides, in part, that unless you
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and
you may use content in the JSTOR archive only for your personal, non-commercial use.

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at
http://www jstor.org/journals/limnoc.html.

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or
printed page of such transmission.

JSTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of
scholarly journals. For more information regarding JSTOR, please contact support@jstor.org.

http://www.jstor.org/
Tue Jan 17 15:58:39 2006



370

Limnol. Oceanogr., 36(2), 1991, 370-377
© 1991, by the American Society of Limnology and Oceanography, Inc.

Notes

The effect of whole-lake fish community manipulations on

Daphnia migratory behavior

Abstract— A four-summer study of vertical mi-
gration by Daphnia was conducted in two neigh-
boring lakes during a two-stage fish community
manipulation. This manipulation produced dis-
crete periods of low and high planktivory by fish.
The migration pattern was variable and weak
during the low predation stage, but became con-
sistent and intense within weeks of the change to
high levels of predation, confirming the pre-em-
inence of predation avoidance among several ex-
tant hypotheses.

Many planktonic organisms exhibit day-
night differences in vertical distribution.
Several mechanisms, based on differences
in vertical stratification of light, tempera-
ture, or food resources, have been proposed
to account for the adaptive significance of
diel vertical migration by zooplankton. A
nonexhaustive list finds darker waters at
depth providing a refuge from daytime fish
predation (Hutchinson 1967; Zaret and Suf-
fern 1976; Gliwicz 1986), cooler waters at
depth causing energy-saving metabolic shifts
(McLaren 1974), especially when food is
limiting (Geller 1986), and various schemes
involving heterogeneous vertical distribu-
tions of algal abundance, quality, or size
(Johnsen and Jakobsen 1987; Pijanowska
and Dawidowicz 1987). Most recently, in-
teractive hypotheses involving two or more
of these mechanisms have been proposed
(Clark and Levy 1988; Gabriel and Thomas
1988). They involve tradeoffs between the
adaptive optima of various mechanisms as,
for example, between optimal protection
from predation in deep water and optimal
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growth rate in surface waters (Lampert
1989).

To date, field experiments to test these
hypotheses directly have been lacking. Here
we report a two-stage, whole-lake manipu-
lation in which planktivorous fish were re-
moved from and later reintroduced to a lake.
During the period of reduced planktivory,
migratory behavior of Daphnia in the lake
was inconsistent and variable, as previously
reported (Dini and Carpenter 1988). Here
we show that the reintroduction of plank-
tivorous fish was associated with a persis-
tent pattern of nocturnal vertical migration
by Daphnia. These results are best ex-
plained by the predation-avoidance hy-
pothesis.

Tuesday and Paul are kettle lakes within
1 km of each other at the University of No-
tre Dame Environmental Research Center
near Land O’Lakes, Wisconsin. Tuesday
Lake’s area, maximal depth, and mean depth
are 0.79 ha, 18.5 m, and 10.0 m. The same
measures for Paul Lake are 1.2 ha, 12.2 m,
and 5.0 m. A two-stage manipulation per-
mitted us to monitor migratory behavior
under different predation intensities. The
reduced-predation stage began in May 1985
when 90% of the biomass (56.4 kg) of plank-
tivorous fish (88% Phoxinos eos, 6% Phox-
inos neogaeus, 6% Umbra limi) was trapped
out of Tuesday Lake and replaced with 55.8
kg of piscivorous largemouth bass, Microp-
terus salmoides (see Carpenter et al. 1987).
The ensuing reduction in planktivory al-
lowed Daphnia to dominate the plankton
within 3 months (Carpenter et al. 1987). In
September 1986, all fish were removed from
Tuesday Lake with rotenone. The in-
creased-predation stage began in May 1987
with the reintroduction of planktivorous fish
(in the same ratio as those removed) to 2%
of their former biomass.

Migration studies in Paul Lake occurred
on 15 dates across four summers. In Tues-
day Lake, there were 13 migration studies;



Notes

the scarcity of daphnids in Tuesday Lake in
early-midsummer 1985 precluded migra-
tion studies at that time. Studies were con-
ducted at midday and midnight (prelimi-
nary studies indicated maximal diel
displacement at those times). A 12-liter
Schindler-Patalas trap was deployed in du-
plicate casts at 5-6 depths at each of 2-5
horizontal stations (the 9-liter trap referred
to in our 1988 paper was actually a 12-liter
trap). Animals were preserved in sugared,
buffered Formalin at a final concentration
of ~4%. Samples with <100 animals were
counted in their entirety with a dissecting
microscope at 7x. Denser samples were
subsampled with a Folsom plankton splitter
to facilitate counting (Dini and Carpenter
1988). Throughout this time we monitored
daphnid migration as day-night difference
in the average depth of the assemblage at
each station (Plew and Pennak 1949); val-
ues from all stations were then averaged to
arrive at “lakewide” means.

Biweekly measurements of planktivore
catch per unit effort (CPUE) made with
minnow traps set for 24 h in both littoral
and pelagic zones (Carpenter et al. 1987)
allowed us to estimate predation intensity.
We emphasize that CPUE is only an ap-
proximation of predation pressure. It is an
indirect measure of fish density and in-
cludes no direct observations on predation.
Recapture data from angling and electro-
shocking of the tagged bass populations dur-
ing August indicated densities of juvenile
and adult bass. Egg ratios (the product of
mean brood size and proportion of adult
females bearing broods) were calculated bi-
weekly from 10 to 300 individuals (actual
number depended on daphnid abundance
in the samples) and allowed us to estimate
daphnid reproductive potential. Weekly Chl
a concentrations were determined fluoro-
metrically for 6-8 samples distributed ver-
tically through the photic zone (Carpenter
et al. 1987). Mean daphnid length (base of
tail spine to most anterior part of helmet)
was measured weekly at 250X on 10-15
randomly chosen individuals. Species com-
position of the assemblage was determined
by identifying these same individuals (Car-
penter et al. 1987). The same measurements
were performed in Paul Lake, which was
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Table 1. Epilimnetic temperature (°C), depth to
thermocline (m), depth to 1 mgliter—! dissolved oxygen
(m), and depth to 1% of surface irradiance (m) during
the diel migration studies. Means and ranges (in pa-
rentheses) for all dates of diel migration measurements
from 1985 to 1988 are reported.

Depth to
Epilim-
nion 1 mg 1%
Lake temp. thermocline liter! O, irradiance
Paul 19.8 3.6 6.1 5.4
(14-24) (2.5-4.2) (4.8-10.0) (4.9-6.0)
Tuesday 20.3 2.6 3.9 3.1
(16-24) (2.0-3.5) (2.4-8.7) (2.5-3.5)

not manipulated, and which contained
largemouth bass, few planktivores, and
abundant Daphnia throughout the study
(Carpenter et al. 1987).

Daphnia is sensitive to rotenone (Rach et
al. 1988), although recent studies indicate
the effect to be short lived (Gilderhus et al.
1988). In Tuesday Lake, live Daphnia were
common in net tows taken 2 d after the
rotenone application on 23 September 1986
(S. R. Carpenter pers. obs.). In water at 23—
27°C, the half-life of rotenone applied at the
maximal recommended dosage (0.225 mg
liter—1)is 22.6 h. In water at 0-5°C, the same
dosage is reduced to <0.002 mg liter~! in
57 d (Gilderhus et al. 1988), a level at which
there are only minimal fecundity and sur-
vivorship effects on Daphnia (Rach et al.
1988). About 240 d elapsed between the
rotenone application in September 1986 and
migration studies in May 1987, so rotenone
was no longer present in a concentration
that could have affected Daphnia during the
studies reported here.

Statistical tests for changes in migratory
amplitude and other variates after the min-
now introduction were performed with ran-
domized intervention analysis (RIA; Car-
penter et al. 1989). We chose RIA over
conventional parametric alternatives be-
cause RIA requires no assumptions about
the underlying distributions, and the effects
of serial autocorrelation on the P value can
be readily determined by Monte Carlo sim-
ulation. Power curves and the effects of se-
rial autocorrelation were reported by Car-
penter et al. (1989). P values reported here
were corrected for the effects of autocorre-
lation by Monte Carlo analysis with the au-
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Fig. 1. I Change in lakewide average depths calculated from the difference between midday and midnight
average depths, with standard error bars. II. Planktivore catch per unit effort, CPUE (left scale). In Tuesday
Lake, A indicates time of minnow removal and bass addition, B minnow reintroduction. Small peaks in 1985
and 1986 consisted of young-of-the-year bass. Shaded bars represent juvenile (left) and adult (right) bass densities
during August, with standard deviation error bars (right scale). III. Daphnid densities and relative abundances;
black portions indicate Daphnia pulex densities, clear Daphnia rosea. IV. Egg ratios (the product of mean brood
size and proportion of adult females bearing broods). Throughout most of summer 1985, daphnids in Tuesday
Lake were too rare to calculate egg ratios. V. Mean daphnid length (base of tail spine to most anterior part of

helmet). VI. Chl a concentrations; solid line—pooled mixed layer (left scale), dashed line—depth of 1% light
transmission (right scale).

toregressive model described by Carpenter face irradiance were relatively constant in

et al. (1989). Autocorrelation and partial both lakes during the four summers of diel

autocorrelation functions of our data indi- migration studies (Table 1). During June,

cated that the autoregressive (1) model was epilimnion temperatures were cooler and the

in fact appropriate (Chatfield 1980). water column was oxygenated to greater
Depths to the thermocline and 1% of sur- depth than in July and August.
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Daphnia became sufficiently abundant to
measure vertical migration in August 1985
(Carpenter et al. 1987). Daphnid migration
was highly variable in Tuesday Lake during
1985 and 1986 when minnows were absent
(Fig. 1). Daphnids twice performed a weak
nocturnal migration (up after sunset, down
before dawn). Twice they did not migrate.
Three times, migration was reversed (up at
day, down at night; e.g. Fig. 2)—a relatively
rare phenomenon among daphnids (Hutch-
inson 1967). During 1985 and 1986, day
and night mean depths were above the ther-
mocline (Fig. 3). Even though several of the

1987

Continued.

migrations had relatively small amplitudes,
the small size of the standard error bars
compared to the mean changes in average
depth indicates significant differences be-
tween midday and midnight mean depths
on most occasions (Fig. 1).

Within 6 weeks after the reintroduction
of minnows in 1987, nocturnal migration
was pronounced (Fig. 1). Daytime vertical
profiles from 1987 and 1988 contrast sharp-
ly with the nocturnal ones from those years
and both the day and night profiles from
1985 and 1986 (Fig. 2). During the day in
1987 and 1988, daphnid mean depth was
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Fig. 2. Above—depth distribution of Daphnia as-
semblages in Tuesday Lake when reverse migration
was strongest and when nocturnal migration was
strongest; below—on similar dates in Paul Lake. Data
for 1986 are combined abundances at five horizontal
stations in each lake; 1988 data are from three hori-
zontal stations. Abundances are reported as percent of
total catch.

at or below the thermocline (Fig. 3). Most
of the animals were therefore in relatively
cool (and sometimes hypoxic) water.

Meanwhile, Daphnia in Paul Lake un-
derwent normal nocturnal migration
throughout the study despite high natural
variabilities in daphnid density, relative
species abundance, egg ratio, mean body
length, and Chl a content of the water col-
umn (Fig. 1). Planktivore CPUE and adult
bass densities remained relatively constant
throughout this period.

Statistical analyses confirm the patterns
that are visually apparent in Fig. 1 (Table
2). Migration intensity, as measured by
change in mean depth, increased signifi-
cantly following reintroduction of min-
nows. Egg ratio also increased significantly
following the reintroduction. There is no
evidence of nonrandom change in chloro-
phyll concentration, the ratio of epilimnetic
chlorophyll to metalimnetic chlorophyll,
total Daphnia density, the proportion of to-
tal Daphnia represented by Daphnia pulex,
or Daphnia length. Power curves for RIA
indicate that P values depend only weakly
on sample size when 40 or more observa-
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Fig. 3. Mean midday depths (O) and mean mid-
night depths (@) of Daphnia assemblages in Tuesday
Lake (13 dates) and Paul Lake (15 dates) across four
summers.

tions are available (Carpenter et al. 1989).
Therefore, our nonsignificant RIAs with n
= 50 provide strong evidence that these var-
iates did not change following minnow re-
introduction.

Diel vertical migration was closely asso-
ciated with the presence of minnows in
Tuesday Lake. These fish are extremely ef-
fective planktivores. Minnow predation was
sufficient to exclude Daphnia from Tuesday
Lake before the bass introduction in May
1985 (Carpenter et al. 1987). By 1989, min-
now predation had eliminated Daphnia from
Tuesday Lake (Carpenter et al. unpubl. data).

The fact that our results are fully consis-
tent with the predation-avoidance hypoth-
esis does not exclude the possibility that
other factors were involved. For example,
differences in thermocline depth and pen-
etration of light and oxygen may have con-
tributed to the differences in migration be-
tween the lakes in the presence of bass. Bass
predation is not capable of eliminating
Daphnia in these lakes. On the other hand,
Daphnia is a major component of bass diets
in Paul Lake and was present in bass diets
in Tuesday Lake (Hodgson and Kitchell
1987; Carpenter et al. 1987). Therefore, diel
vertical migration may reduce predation on
Daphnia by bass. Variable migratory be-
havior in Tuesday Lake during 1985-1986
may have been due to weak predation on a
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Table 2. Results of randomized intervention analysis testing for nonrandom changes after reintroduction of
minnows to Tuesday Lake. For each variate, we present the premanipulation mean interlake distance, post-
manipulation interlake distance, pooled standard deviation, lag-1 autocorrelation coefficient, number of obser-

vations, and P value corrected for serial autocorrelation.

Variate Premanip. Postmanip. SD n1) n P
Change in mean depth —1.60 1.50 1.124 0.25 12 0.008
Epilimnetic Chl 7.92 5.91 3.71 0.54 50 0.16
Epilimnion : metalimnion Chl ratio 1.75 2.77 1.37 0.27 50 0.081
Daphnia density 1.76 3.05 2.46 0.75 50 0.36
Daphnia pulex : total Daphnia ratio 0.497 0.390 0.430 0.91 50 0.42
Daphnia length 1.00 1.04 0.427 0.19 50 0.80
Daphnia egg ratio 0.227 1.06 0.791 0.39 50 0.009

daphnid population that was highly hetero-
geneous with respect to migratory behavior
(Dini and Carpenter 1988) or to other fac-
tors. Our study was not designed to resolve
this question.

We considered several alternative hy-
potheses that might explain the abrupt
change in the migratory behavior of daph-
nids in Tuesday Lake. They include a shift
in species composition (Stich and Lampert
1981), increase in daphnid size (Hutchinson
1967), onset of thermal stratification
(McLaren 1974; Geller 1986), and several
hypotheses relating migratory behavior to
food availability. One of them proposes that
migration occurs only when food availabil-
ity is low (Geller 1986), another only when
food is abundant (Johnsen and Jakobsen
1987), and a third only when food distri-
bution is vertically heterogeneous (Pija-
nowska and Dawidowicz 1987).

There was no significant change in daph-
nid density after minnow reintroduction
compared to the period before it, nor was
there any change in the relative proportions
of Daphnia pulex and Daphnia rosea. Daph-
nia pulex dominated the Tuesday Lake as-
semblage before, during, and for an entire
summer after the dramatic change in mi-
gratory behavior. Moreover, there was no
difference in the character of migration be-
tween summer 1987, when D. pulex was
predominant, and summer 1988 when D.
rosea completely replaced D. pulex. The
change in daphnid species is probably ex-
plained by D. rosea’s inconspicuousness rel-
ative to D. pulex at a time of rebounding
minnow populations (see Kitchell and
Kitchell 1980). A study conducted in sum-
mer 1988 in Long Lake, 3 km away, dem-

onstrated nearly identical migratory behav-
ior by D. pulex and D. rosea on five different
dates (Dini 1989).

It is generally accepted that larger daph-
nids migrate more consistently and with
greater amplitude than smaller daphnids
(Hutchinson 1967), and this disparity has
been confirmed for the daphnid assemblage
in this suite of lakes (Dini et al. 1987). Body
lengths after the reintroduction were not sig-
nificantly different, however, from those be-
fore. We conclude that the shift in migratory
behavior cannot be accounted for by a shift
in body size.

Migrating, cold-acclimated zooplankters
may gain an “energy bonus,” translated via
shifts in enzyme pathways into increased
growth and fecundity (Geller 1986). We used
egg ratio to monitor daphnid reproductive
potential and found this measure to be sig-
nificantly higher following minnow reintro-
duction. Higher egg ratios may indicate a
metabolic advantage acquired by daphnids
spending a considerable portion of each day
in deeper, colder water (McLaren 1963,
1974; Geller 1986), as they consistently did
following minnow reintroduction. The
question becomes one of timing: since Tues-
day Lake had similar temperature stratifi-
cation in all years, why did Daphnia not take
consistent advantage of the purported en-
ergy-saving value of cold water at depth in
1986? Geller (1986) proposed that migra-
tion is a starvation-avoidance mechanism
and should most likely occur when food re-
sources are limiting. The very low egg ratios
of Tuesday Lake’s 1986 daphnid assem-
blage, relative to those in subsequent sum-
mers and those in Paul Lake (Fig. 1), in-
dicate that these daphnids were starving.
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According to the metabolic-advantage hy-
pothesis, then, these daphnids should have
undertaken consistent migrations into deep
water. Instead, when they migrated at all,
they undertook very weak migrations that
rarely exposed them to cold water.

Rather than indicating a metabolic ad-
vantage achieved by migrating into cold wa-
ter, the higher egg ratios in Tuesday Lake
daphnids in 1987 and 1988 were maybe the
result of the increased Chl a content of the
water column, especially at depth (Fig. 1).
Johnsen and Jakobsen (1987) proposed that
migratory behavior results from a tradeoff
between the need to obtain sufficient food
and the need to avoid visual predators. They
identified starvation avoidance as the more
important of the two and asserted that when
food is limiting and predators are present,
animals will reduce migratory behavior and
feed in surface waters, thereby increasing
their vulnerability to predation. Only when
food is not limiting should zooplankters mi-
grate—presumably to reduce vulnerability
to predation. They associated reverse mi-
gration with periods of starvation. The gen-
eral trends in Tuesday Lake are consonant
with Johnsen and Jakobsen’s hierarchy. Yet,
individual cases do not fit as well. For ex-
ample, the two strongest nocturnal migra-
tions by daphnids in Tuesday Lake in 1987
and 1988 corresponded to times when algal
abundance was extremely low—as low, in
fact, as during the instances of reversed mi-
gration. Moreover, reduced algal abun-
dance throughout the water column in Paul
Lake in 1986 —a reduction similar to that
in Tuesday Lake—was not accompanied by
reverse migrations or even by cessation of
migration but, rather, by the strongest mi-
grations in that lake during the four-sum-
mer study (Fig. 1).

Pijanowska and Dawidowicz (1987) pro-
posed that migratory behavior hinges on a
combination of vulnerability to visual pre-
dation and the vertical distribution of food
resources, with vertical differences in size
of food particles being an important con-
sideration. Chl a data from both lakes in-
dicated no pattern between the ratio of sur-
face:metalimnetic Chl a content and the
direction or intensity of migration (Fig. 1).
Our data are insufficient to evaluate their

Notes

hypothesis, however, as we have no infor-
mation about vertical distribution of vari-
ously sized food particles.

Our data strongly support predation
avoidance as the primary factor behind the
dramatic introduction of consistent noctur-
nal migration among daphnids of Tuesday
Lake. They do not, however, indicate the
means by which fish were able to effect
change in Daphnia’s migratory behavior,
whether by selective elimination of non-
migrating clones (Dini and Carpenter 1988),
by chemical induction (Dodson 1988), or
by mechanical contact with fish (Bollens and
Frost 1989). Determining the nature of the
fish effect is a crucial area for future re-
search.

Neither do our data eliminate alternative
hypotheses based on food availability. And
it is not likely that they would, since it has
been well established that the predation-
avoidance hypothesis cannot account for all
the different migratory patterns (Geller
1986). Further research will also be needed
to explore the interplay of predation avoid-
ance and food availability in bringing about
and controlling diel vertical migration.

Michael L. Dini

Department of Zoology and
Physiology

Louisiana State University

Baton Rouge 70803

Stephen R. Carpenter

Center for Limnology
University of Wisconsin
680 N. Park St.
Madison 53706
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Bioerosion of coral reefs— A chemical approach

Abstract—We measured total alkalinity changes
as a direct clue to the rate and mechanism (chem-
ical or mechanical) of boring of the bivalve Li-
thophaga lessepsiana in colonies of the coral Sty-
lophora pistillata, the most abundant coral-borer
association in the reefs of the northern Gulf of
Elat (Agaba), Red Sea. Our experiments included
comparison between total alkalinity measure-
ments of seawater surrounding colonies of S. pis-
tillata free of L. lessepsiana and colonies infected
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with it. It is suggested that L. lessepsiana is able
to redissolve chemically up to 40% of the CaCO,
deposited by S. pistillata.

Buildup of the primary framework on
coral reefs is accompanied by continuous
biological, physical, and chemical destruc-
tion. The net rate of CaCO, deposition on
the reef is the sum of these processes
(MacGeachy and Stearn 1976). Biological
weathering, or bioerosion (Neumann 1966),
destroys and removes the calcareous sub-
strate by the direct boring or rasping action
of organisms.

Boring organisms, rather than rasping or-
ganisms, have a significant effect on the me-
chanical stability of the reef framework,



