Oecologia (2015) 179:687-697
DOI 10.1007/s00442-015-3405-4

@ CrossMark

PHYSIOLOGICAL ECOLOGY - ORIGINAL RESEARCH

Predator evasion in zooplankton is suppressed by polyunsaturated

fatty acid limitation

Tomasz Brzezinski! - Eric von Elert!

Received: 10 February 2015 / Accepted: 16 July 2015 / Published online: 1 August 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Herbivorous zooplankton avoid size-selective
predation by vertical migration to a deep, cold water ref-
uge. Adaptation to low temperatures in planktonic poikilo-
therms depends on essential dietary lipids; the availability
of these lipids often limits growth and reproduction of
zooplankton. We hypothesized that limitation by essential
lipids may affect habitat preferences and predator avoid-
ance behavior in planktonic poikilotherms. We used a lipo-
some supplementation technique to enrich the green alga
Scenedesmus obliquus and the cyanobacterium Synec-
chococcus elongatus with the essential lipids, cholesterol
and eicosapentaenoic acid (EPA), and an indoor system
with a stratified water-column (plankton organ) to test
whether the absence of these selected dietary lipids con-
strains predator avoidance (habitat preferences) in four
species of the key-stone pelagic freshwater grazer Daph-
nia. We found that the capability of avoiding fish predation
through habitat shift to the deeper and colder environment
was suppressed in Daphnia unless the diet was supple-
mented with EPA; however, the availability of cholesterol
did not affect habitat preferences of the tested taxa. Thus,
their ability to access a predator-free refuge and the out-
come of predator—prey interactions depends upon food
quality (i.e. the availability of an essential fatty acid). Our
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results suggest that biochemical food quality limitation, a
bottom—up factor, may affect the top—down control of her-
bivorous zooplankton.
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Introduction

There is an ongoing debate in population ecology about
mechanisms that control the strength of interspecific inter-
actions within food webs (Pace et al. 1999; Schmitz et al.
2004; Heath et al. 2014). This is well illustrated by the con-
troversy over the relative importance of resources (bottom—
up effects) and predation (top—down effects) for population
control. Predation is an important selective force which
has been shown to drive the shape of trophic cascades, par-
ticularily in aquatic ecosystems, by direct (changes in prey
density due to mortality driven by predators) and indirect
(changes in prey behavior, morphology, and life history,
all of which reduce pressure on the resource density of the
prey) interactions (Schmitz et al. 2004; Luttbeg and Kerby
2005). The indirect effects reflect induction of anti-predator
defences in prey (reduction of foraging, changes in diet,
migration of prey to safer habitats, etc. (Cousyn et al. 2001;
Gliwicz 2003).

Diel vertical migration (DVM) of zooplankton is a clas-
sical example of a widespread predator avoidance behav-
ior in aquatic ecosystems (Gliwicz 1986; Lampert 1989;
Hays 2003; Cohen and Forward 2009). The risk of day-
time predation by visually orientated predators, e.g., fish, is
reduced when the zooplankton prey reside in the dark, deep
layer of the water column. At night, they reappear in the
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warm, upper water stratum to minimize demographic costs
associated with spending time in the cool, food-depleted
deep-water refuge (Loose and Dawidowicz 1994). DVM
is induced mutually by solar light and by kairomones, i.e.
chemicals released by predators (Dodson 1988; Cohen and
Forward 2009). As the amplitude of DVM increases with
predator abundance, DVM is considered an efficient behav-
ioral defense mechanism which allows optimization of risk
management and habitat use (Lampert 1989; Loose and
Dawidowicz 1994; Hays 2003).

DVM of zooplankton, with its synchronized ascent and
descent of animals in the water column, represents proba-
bly the biggest animal migration on the planet (Hays 2003;
Reichwaldt and Stibor 2005). Filter-feeding zooplankton
represent an aquatic keystone guild, which controls the
abundance of primary producers and represents a major
food source for higher trophic levels (e.g., fish, birds) in
pelagic food webs (Hays 2003; Haupt et al. 2009). Impor-
tant large-scale phenomena, such as phytoplankton dynam-
ics (clear water stage or bloom), nutrient recycling, and
the vertical transport of matter, depend on the taxonomi-
cal structure and vertical position of this guild in the water
column (Lampert and Taylor 1985; Hays 2003; Reichwaldt
and Stibor 2005; Haupt et al. 2009).

It is widely assumed that, in response to kairomones
released by fish, zooplankton individuals may easily
descend to the deep-water refuge, and that the observed
amplitude of DVM only reflects the trade-off between the
costs of repressed reproduction in the deep-water refuge
and risk of mortality in shallow waters (Loose and Dawido-
wicz 1994; Hansson and Hylander 2009). Nevertheless, in
a typical thermally stratified lake, the temperature differ-
ence between the near-surface layer and the deep-water
refuge may exceed 10 °C. Individuals performing DVM
experience considerably lower mean temperatures (Stich
and Lampert 1981; Lampert et al. 2003), which strongly
affect the properties of biological membranes in a poikil-
othermic organism such as Daphnia. Roughly speak-
ing, decreasing temperatures reduce membrane fluidity,
while increasing temperatures increase membrane fluidity
(Hazel 1995). Poikilotherms try to maintain membrane
fluidity through changes in membrane lipid composition
(homeoviscous adaptation) (Hazel and Williams 1990;
Hazel 1995). This may include an increase in the content
of unsaturated fatty acids, which prevents the transition of
membranes to the solid phase at lower temperatures (Far-
kas 1979; Hazel 1995). In line with this, decreases in tem-
perature lead to an increase in the level of polyunsaturated
fatty acids (PUFAS) in Daphnia, suggesting a higher PUFA
requirement at low temperatures (Schlechtriem et al. 2006;
Sperfeld and Wacker 2012). Cholesterol is another indis-
pensable structural component of cell membranes. Due to
its multiple effects on membrane fluidity, permeability, and
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the functioning of membrane proteins, it is also involved
in thermal adaptation in poikilotherms (Hazel and Williams
1990; Crockett 1998). The cholesterol content of mem-
branes and animal tissues is often positively correlated with
temperature (Crockett 1998), but an increase in the level
of cholesterol in cold-adapted poikilotherms has also been
reported (Viarengo et al. 1994; Crocket and Hazel 1995).

Some of the PUFAs, i.e. eicosopentaenoic acid (EPA;
20:5w3), docosahexaenoic acid (DHA; 22:6w3), ara-
chidonic acid (ARA; 20:4 w6), a-linolenic acid (ALA;
18:3w3) and linoleic acid (LIN; 18:2w6) are described as
being essential fatty acids for zooplankton (Wacker and
von Elert 2001; Smyntek et al. 2008) in that they cannot
be synthesized with an efficiency sufficient to meet the
demand (Arts et al. 2001). In addition, cholesterol cannot
be synthesized de novo by arthropods (Gurr And Harwood
1991; Von Elert et al. 2003). Growth and reproduction of
crustacean zooplankton can be limited by the availability
of these resources (Miiller-Navarra 1995; Wacker and Von
Elert 2001; Martin-Creuzburg et al. 2008); experiments
with supplementation of natural seston provide evidence
that zooplankton populations are occasinally under bot-
tom—up control due to PUFA limitation (Hartwich et al.
2012). In particular, the prevalence of one of the PUFAs—
eicosapentaenoic acid (EPA)—in seston is a powerful
predictor of Daphnia growth (Miiller-Navarra et al. 2000;
Wacker and Von Elert 2001). The content of EPA and of
other 3-PUFAs in phytoplankton decreases with nutrient
loading (Miiller-Navarra et al. 2004; Persson et al. 2007),
while the frequency of cyanobacterial blooms increases
(Watson et al. 1997; Johnk et al. 2008). The well-known
nutritional inadequacy of cyanobacteria for zooplankton
is not only due to inhibitory secondary metabolites (Ger
et al. 2014) but also to the low content of PUFAs (Cobelas
and Lechado 1989) and the absence of phytosterols (Von
Elert et al. 2003; Martin-Creuzburg et al. 2008), the latter
of which are essential for all arthropods, as they serve as
the precursor for the synthesis of cholesterol. The degree of
EPA and sterol limitation has been shown to depend on the
ambient temperature (Sperfeld and Wacker 2011; Martin-
Creuzburg et al. 2012).

As DVM-performing poikilotherms have to face a shift
in the ambient temperature, we hypothesized that homeovis-
cous adaptation in zooplankton is a prerequisite of DVM.
We were interested in whether a food-quality limitation
(bottom—up effect) may interact with a predator-driven habi-
tat shift (indirect top—down effect). Hence, we expected that
the capability of predator avoidance through DVM depends
on the availability of dietary lipids, particularly of EPA and
cholesterol. We used an indoor setup which simulated the
conditions in the open water of a thermally-stratified lake,
and applied supplementation of a green alga and a cyano-
bacterium with EPA and/or cholesterol, to investigate
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whether availability of these essential lipids constrains the
access to the cold-water refuge in fish-threatened Daphnia.

Materials and methods
Organisms

We performed experiments with a clone of the pond-dwell-
ing Daphnia magna and three clones of the lake-dwelling
Daphnia longispina complex. The D. magna clone origi-
nated from Grosser Binnensee (Lampert 1991), whereas the
clones of the D. longispina complex (D. galeata clone, D.
hyalina clone and D. hyalina x galeata clone) originating
from Lake Ro$ (northeastern Poland). Daphnids are sub-
jected to fish predation in both lakes. Intra- and interspecific
polymorphism with regard to amplitude of habitat change
in response to fish threat was reported, and some species
of Daphnia are known to be non-migratory or only slightly
migratory, while others express pronounced changes in
habitat preferences. To account for this polymorphism, dif-
ferent taxa inhabiting two different types of water bodies
(shallow lake Grosser Binnensee and deep, dimictic Lake
Ro$) were chosen. D. hyalina, D. hyalina x galeata and D.
magna clones perform DVM, while individuals of selected
D. galeata clone do not leave the warm epilimnetic waters.

Daphnia stock cultures were maintained in 1 L of fil-
tered and conditioned tap water, at 21 °C under non-lim-
iting food conditions of Chlamydomonas klinobasis (strain
56, culture collection of the Limnological Institute at the
University of Constance).

The food source used in experiments consisted of the
cyanobacterium Synechococcus elongatus (strain SAG
89.79), which contains neither cholesterol nor EPA (Von
Elert and Wolffrom 2001; Von Elert et al. 2003) or the green
alga Scenedesmus obliquus (strain SAG 276-3a), which
does not contain EPA (Von Elert 2002; Becker and Boersma
2005) but contains various phytosterols (Martin-Creuzburg
et al. 2012). S. elongatus and S. obliquus were cultivated in
chemostats (dilution rate 0.2 day™!); the former in Cyano
medium (Von Elert and Jiittner 1997) and the latter in WC-
medium (Guillard 1975). Cells collected from the chemo-
stats were concentrated by centrifugation (4000 rpm) and
resuspended in fresh Cyano medium. The carbon content of
the food suspensions was determined by reference to pho-
tometric light extinction at 800 nm, along with previously
determined carbon-extinction equations (unpublished).

Experimental design
We utilized a plankton organ (Loose and Dawidowicz

1994) for the assessment of the vertical daytime distribution
of daphnids. The set-up consisted of plexiglas tubes (1 m

long, 1.5 cm in diameter, volume 200 mL) protected with a
stopper at the bottom and arranged vertically in a thermally
stratified water bath (2.5 x 0.25 x 1.1 m). The tubes were
illuminated from the top by a set of halogen lamps (20 W,
12 V), shining through a frosted glass screen. A summer
photoperiod (16L:8D) was applied with a daytime light
intensity which decreased from 17 pymol x s~! x cm™2 at
the surface to 1.3 umol x s~' x cm™2 at the bottom. The
temperature in the plankton organ was measured using
submerged laboratory thermometer (accuracy + 0.1 °C),
placed from the surface to the bottom at 10 cm intervals.
The thermal gradient in the organ (Fig. 1) simulated the
conditions in the open water of thermally stratified lakes
in summer. The tubes were either filled with water condi-
tioned through the presence of fish or with control water.
Fish-conditioned water was obtained by exposing four indi-
viduals of daphnid-fed perch (Perca fluviatilis) of 8-10 cm
body length in 8 L of tap water for 24 h. Control tap water
and fish-conditioned tap water were filtered (0.45 pm
pore size) before preparation of the food suspensions. As
we focused on the effects of limitation by essential lipids
in general and not on interspecific comparisons, a block
design of experiments (all treatments checked in one run,
only one species tested in each block) was applied.

Food supplementation

Food suspensions were enriched with cholesterol or eicosa-
pentaenoic acid (EPA) by supplementation with liposomes
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Fig. 1 Thermal stratification in the experimental set-up. Mean values
measured in plankton organ for all four blocks of experiments
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according to Martin-Creuzburg et al. (2008). Supplemented
diets were prepared by adding 30 w1 of the respective lipo-
some stock suspension per replicate (0.188 mg of essen-
tial lipid per 1 mg C in food suspension). A food level
of 2 mg C L™! was kept constant in all treatments. The
experimental food treatments were S. elongatus supple-
mented either with pure liposomes, liposomes containing
cholesterol, liposomes containing EPA, or with liposomes
containing a mixture of both lipids. Only for D. magna,
additionally the habitat preferences were also tested
using the green alga S. obliquus as a food source, supple-
mented either with pure liposomes or with EPA-enriched
liposomes.

Experimental procedure

Synchronized cohorts of 3rd clutch neonates raised in fil-
tered (Whatman GF/C) tap water at saturating concentra-
tions of Ch. klinobasis were used to initiate the experi-
ments. When the animals reached the 3rd instar (on days
3-5, depending on the species), they were subjected to
the experimental food treatments (see above, with a food
concentration of 2 mg C L™!; the medium was exchanged
daily). Four replicates were estabilished (0.5 L volume of
medium in each) for each treatment, animals were assigned
randomly to replicates. The behavioral part of the experi-
ment started with mature, egg-bearing females; the animals
were therefore exposed to experimental food treatments
only a few days beforehand to minimize size differences
of females between treatments. As soon as the eggs were
delivered to the brood chambers, the animals were trans-
ferred to the tubes of the plankton organ (5 individuals of
D. magna, or 8 individuals of either D. galeata, D. hyalina
or D. hyalina x galeata per tube) which contained water
either with or without fish kairomones and with respective
test food. The media were prepared in separate beakers and
mixed before being poured into the tubes. Accordingly, all
treatments were started with a homogenous distribution of
cyanobacterial (or green algae) cells and liposomes. On
each consecutive day, animals in the tubes were fed with
the respective test food to a concentration of 1 mg C L™
The fresh food suspensions were prepared in separate beak-
ers, and respective volumes were gently injected into each
tube from the top using an automatic 5-ml pipette. Each
clone was tested separately. Each treatment consisted of
four tubes (n = 4 replicates per treatment for each clone).
Since it was not possible to directly measure the tempera-
ture at the depth of each animal, the vertical position of the
animals in the tubes was measured by visual inspection,
with 1 cm accuracy, at noon of the photoperiod time, 2 days
after being transferred to the plankton organ. For each tube,
a median of the vertical position of all individuals per tube
was calculated and used as replicate. The median depth
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preferred by daphnids was subsequently converted into res-
idence temperature using the thermal gradient in the plank-
ton organ (Fig. 1). The respective temperature relevant to
this depth was calculated according to the following depth—
temperature equation: (temperature) = 0.00002(depth)?
— 0.0037(depth)> + 0.0043(depth) + 23.21, R* = 0.989.
The residence temperature (one value for each replicate)
was used for statistical analyses—this is because we were
interested in the temperatures preferred by the animals
and not in their vertical position in tubes, and the rela-
tionship between depth and temperature was curvilinear
(see equation above). The values of temperature were log-
transformed to meet the assumption of homoscedascity of
variances.

Data analysis

A general linear model (GLM) was used to test for the dif-
ferences between habitat (temperature) preferences. The
model included ‘food’ (a four-level factor when S. elonga-
tus was used for preparation of food suspensions: S. elon-
gatus with liposomes, S. elongatus with EPA liposomes,
S. elongatus with cholesterol liposomes, S. elongatus with
EPA + cholesterol liposomes, or a two-level factor when S.
obliquus was used for preparation of food suspensions: S.
obliquus with liposomes, S. obliquus with EPA liposomes)
and ‘predation’ (a two-level factor: fish kairomones absent
or present). Differences between means were tested using
Tukey’s test. Analyses were performed using Statistix 7.0
(Analytical Software, USA).

Results

We found that food quality and the presence of kair-
omones released by fish affected the vertical distribu-
tion of daphnids (Tables 1, 2), except that of D. galeata
(Table 1). Predator avoidance by D. magna in response to
kairomones depended on the diet, irrespective of whether
the animals were fed S. elongatus (Table 1, food x preda-
tion p < 0.00001) or S. obliquus (Table 2, food x predation
p < 0.04). Kairomones failed to induce predator avoidance
in Daphnia feeding on the cyanobacterium supplemented
with control liposomes (Fig. 2a, c); predator avoidance
through DVM was observed only upon EPA-supplementa-
tion of the cyanobacterium, as evidenced by different habi-
tat preferences of daphnids (Fig. 2a)—animals subjected
to fish kairomones and EPA-supplemented diets stayed
in habitat which was, on average, 7.4-8.8 °C colder than
animals subjected to fish kairomones and cyanobacteria
supplemented with control liposomes (Fig. 2c). Interest-
ingly, although growth and reproduction of Daphnia fed
on cyanobacteria can be constrained by the absence of both
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Table 1 Results from a general linear model examining the habitat
preferences of D. magna, D. hyalina x galeata, D. hyalina and D.
galeata fed unsupplemented or supplemented Synechococcus elonga-
tus, under different predation regimes

df SS MS F P

D. magna
Food 3 037 0.12 28.0  <0.00001
Predation 1 02 0.2 472 <0.00001
Food x predation 3022 0.07 16.8  <0.00001
Error 24 0.1 0.004

D. hyalina x galeata
Food 3 003 0.008 6.0 <0.003
Predation 1 0.03 0.03 18.1  <0.0003
Food x predation 3  0.02 0.005 3.7 <0.02
Error 24 0.03 0.001

D. hyalina
Food 3 011 0.04 12.1  <0.0001
Predation 1 0.06 0.06 18.7  <0.0002
Food x predation 3  0.05 0.02 5.5 <0.005
Error 24 0.07 0.003

D. galeata
Food 3 0.0009  0.00003 1.1 0.41
Predation 0.0006  0.00006 22 0.15
Food x predation 3 0.0006 0.00002 0.7 0.54
Error 24 0.006 0.0002

Table 2 Results from a general linear model examining the habi-
tat preferences of D. magna fed unsupplemented or supplemented
Scenedesmus obliquus under different predation regimes

df SS MS F )4
Food 2 0.04 0.02 4.8 <0.02
Predation 1 0.84 0.83 208 <0.00001
Food x predation 2 0.03 0.02 3.6 <0.04
Error 18 0.07 0.004

PUFAs and sterols, only supplementation of EPA but not of
cholesterol allowed for this behavioral predator avoidance
by Daphnia (Fig. 2a, c).

When the diet consisted of the green alga S. obliquus,
individuals of D. magna subjected to fish kairomones
resided in water of lower temperature compared to those
in the predator-free environment (Fig. 2b, d). In agree-
ment with a still-prevailing EPA limitation on this green
alga, EPA supplementation resulted in daphnids migrating
to even lower temperatures in the presence of fish kair-
omones (Fig. 2d); however, this difference in experienced
temperatures (3.4 °C) was only marginally significant
(0.04 < p <0.05).

We found that the response to fish kairomones was
affected by lipid supplementation of the cyanobacterium in
D. hyalina x galeata (Table 1, food x predation p < 0.02)
and D. hyalina (Table 1, food x predation p < 0.005). D.
galeata individuals did not change habitat preferences
in the presence of fish kairomones, and their preferences
were not altered by different food quality (Table 1, preda-
tion p = 0.15, food x predation p = 0.54). When feed-
ing on a PUFA- and sterol-free diet, no habitat shift in
response to fish kairomones was observed in D. hyalina
and D. hyalina x galeata, and supplementation revealed
that it was the absence of EPA but not of sterols that sup-
pressed migration to the cold water refuge (Fig. 3a, b). The
habitat preferences of the non-migrating D. galeata was
affected neither by kairomones nor by food supplementa-
tion (Fig. 3c).

Neither the presence of EPA nor of cholesterol induced
changes in habitat preferences of daphnids per se (Figs. 2,
3).

Discussion

With increased nutrient loading, a decline of particular
PUFAs in natural phytoplankton was reported (Miiller-
Navarra et al. 2004; Persson et al. 2007), and it was shown
that growth and reproduction of the keystone pelagic grazer
Daphnia are limited by the availability of these essential
lipids in natural phytoplankton (Miiller-Navarra 1995;
Wacker and Von Elert 2001). However, the effects of bio-
chemical food quality limitation on predator avoidance
by zooplankton have not been investigated. In this study,
EPA supplementation was demonstrated to be a factor
which allows predator avoidance: daphnids fed EPA-sup-
plemented food in the presence of fish kairomones started
to descend to the colder water refuge, or at least increased
the amplitude of their habitat shift compared to non-supple-
mented conditions. This reaction was observed in species
isolated from both a shallow and a deep lake, and was inde-
pendent of whether the supplementation improved the food
quality of cyanobacteria or green algae, suggesting that
diet-mediated suppression of DVM may not be restricted
to lakes with cyanobacterial blooms. However, it is uncer-
tain whether this enhancement of predator avoidance could
be observed when thermal stratification is not estabilished,
e.g., in very shallow lakes. Interestingly, there is evidence
that the cold-water refuge is not always used by daphnids
under natural conditions with predation pressure, despite
its potential accessibility (Flik and Ringelberg 1993; Sak-
winska and Dawidowicz 2005). Sakwinska and Dawidow-
icz (2005) have found that fish-threatened daphnids modify
their life-histories instead of performing DVM in some
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Fig. 2 Habitat preferences of Daphnia magna fed with food of dif-
ferent qualities. a Vertical distribution and ¢ temperature preferences
of D. magna after supplementation of the cyanobacterium Synechoc-
occus elongatus with pure liposomes, liposomes enriched with EPA,
liposomes enriched with cholesterol, or liposomes enriched with EPA
and cholesterol. b Vertical distribution and d temperature prefer-
ences of D. magna after supplementation of the green alga Scened-
esmus obliquus with pure or EPA-enriched liposomes. Open circles
habitat preferences in predator-free treatments, filled circles habitat
preferences in treatments with fish kairomones (mean + SD, n = 4).
Identical letters indicate homogeneous groups (Tukey’s post hoc test,
p > 0.05). Dashed horizontal lines frame the metalimnion, i.e. the
zone with the steepest temperature gradient

lakes, although they have not discovered why one of the
defensive strategies is preferred over the other. There are
several potential explanations, and one of them could be
drawn from our observations: modification of life-history

@ Springer

would be the option when the deep-water refuge cannot be
accessed due to inadequacy of food quality.

The experimental set-up (plankton organ) was developed
to study the effects of temperature on zooplankton per-
forming DVM (Loose and Dawidowicz 1994). Despite the
fact that the thermal gradient in the tubes is “compressed”
down to only 1 m, it resembles thermal stratification in real
lakes (in Lake Ros, the summer temperature in the epilim-
nion reaches 21-23 °C and 8-10 °C in the hypolimnion;
Brzeziriski 2010). The fairly “compressed” temperature
gradient implies that temperature changes considerably
faster with depth than in a stratified lake: in the plankton
organ, temperatures drop by 7 °C over a vertical distance
of 30 cm, whereas the same absolute change in temperature
in Lake Ro§ occurs within a vertical distance of 6 m. How-
ever, the height of the water column is of little importance
for migrating Daphnia, since the cost of vertical move-
ment is negligible (Dawidowicz and Loose 1992). Along
with the smoother temperature gradient in stratified lakes,
we would expect that even small differences in low tem-
perature tolerance would result in pronounced differences
in habitat (depth) preferences of animals, whereas the steep
temperature gradient in the plankton organ allows only for
the differentiation of strong differences with respect to low
temperature tolerance.

We suppose that the enhacement of predator avoidance
observed after EPA supplementation could be explained by
the PUFA-dependent acclimation of poikilothermic animals
to the low temperature in the deep-water refuge. Acclima-
tion to a cold environment is achieved by an increase in
the proportion of PUFAs within membrane phospholipids,
which prevents a transition to a solid phase at lower tem-
peratures and protects the function of membranes (Farkas
1979; Hazel 1995). Altering the cholesterol content of cell
membranes is another mechanism by which poikilotherms
can acclimate to changing environmental temperatures
(Viarengo et al. 1994; Crocket and Hazel 1995). Neverthe-
less, we have not found evidence that a lack of cholesterol
in the diet affects the depth selection behavior of Daphnia.
Our findings corroborate the observations that planktonic
crustaceans have a higher requirement for PUFAs at lower
temperatures (Schlechtriem et al. 2006; Masclaux et al.
2009; Sperfeld and Wacker 2012), and that limitation by
dietary sterols is less pronounced at low temperatures (Has-
sett and Crockett 2009; Sperfeld and Wacker 2009).

It is worth noting that, even without EPA supplemen-
tation of Scenedesmus obliquus, individuals of Daphnia
magna in the presence of fish kairomones were able to
migrate into the cold-water refuge, and EPA supplementa-
tion moderately amplified this ability. Since it is known that
the strain of S. obliquus used here contains PUFAs other
than EPA (Von Elert 2002; Becker and Boersma 2005),
this may indicate that PUFAs other than EPA may also be
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Fig. 3 Habitat preferences of individuals of the Daphnia longispina
complex. Vertical distribution and temperature preferences of a
D. hyalina x galeata, b D. hyalina, and ¢ D. galeata fed with the
cyanobacterium Synechococcus elongatus supplemented with pure
liposomes, liposomes enriched with EPA, liposomes enriched with
cholesterol, or liposomes enriched with EPA and cholesterol. Open

involved in the acclimation to lower ambient temperatures
during DVM. This finding is in accordance with Martin-
Creuzburg et al. (2012) who showed that growth limita-
tion of Daphnia at low temperatures could be alleviated by
supplementation of different PUFAs, suggesting that the
effects of EPA on DVM reported here would probably not
differ for other PUFAs. Alternatively, our observation may
be explained by the finding that Daphnia fed EPA-free S.
obliquus were capable of endogenous synthesis of EPA,
albeit at rates that are too low to fully alleviate the absence
of dietary EPA (Weers et al. 1997; Von Elert 2002).

We have demonstrated that PUFA supplementation
allows for DVM, which indicates that without supplemen-
tation DVM was suppressed by the absence of PUFAs from
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circles habitat preferences in predator-free treatments, filled circles
treatments with fish kairomones (mean + SD, n = 4). Identical let-
ters indicate homogeneous groups (Tukey’s post hoc test, p > 0.05).
Dashed horizontal lines frame the metalimnion, i.e. the zone with the
steepest temperature gradient

the diet. For both test diets used here (S. obliquus, S. elon-
gatus supplemented with cholesterol), it was demonstrated
that juvenile growth and reproduction of Daphnia are EPA-
limited (Von Elert 2002; Martin-Creuzburg et al. 2009).
One may speculate that EPA limitation of somatic growth
and reproduction goes along with suppression of DVM;
however, we have not determined the effects of EPA sup-
plementation on growth and reproduction, and it remains to
be tested whether or not limitations of growth and behavior
have similar thresholds of limitation by EPA.

Our finding contradicts the common assumption that
zooplankton may easily descend to the deep-water refuge,
and that the amplitude of DVM only reflects the evolution-
ary trade-off between the lower risk of being captured by
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a predator and the higher demographical costs resulting
from staying in a non-optimal habitat (Boriss and Gabriel
1988; Lampert et al. 2003). The access to the deep-water
refuge depends on the availability of EPA—daphnids
cannot ‘freely’ choose the habitat without potential fish
threat. This may also indicate that migration into a deeper
and colder habitat without proper adaptations (e.g., with
uncompleted homeoviscuous adaptation due to scarcity of
PUFAs) has more detrimental effects than staying in upper
levels and dealing with the risk of being eaten. In this case,
the unavoidable risk of death due to cold shock exceeds
the uncertain probability of death by an encounter with a
predator. It can be ruled out that the observed effect of EPA
on DVM is a food quantity effect, since the experiments
were performed at food concentrations that were consid-
erably above the limiting levels and since supplementa-
tion of liposomes and liposomes with cholesterol had no
effect on DVM. Supplementation provided animals with
concentrations of essential lipids higher than levels limit-
ing growth and reproduction, according to Martin-Creuz-
burg et al. (2009) in the case of cholesterol, and accord-
ing to Sperfeld and Wacker (2011) in the case of EPA, so
that it is reasonable to assume that adaptation of Daphnia
to low ambient temperatures after supplementation was
no longer constrained by a low availability of the respec-
tive essential lipid. Supplementation with EPA (and some
other PUFAs) has been shown to improve performance of
Dapnia at any temperature between 10 and 25 °C, but the
most pronounced effect was observed at 10 °C (Martin-
Creuzburg et al. 2012). In our experiment, individuals that
changed habitat preferences in response to the presence of
fish kairomones stayed near the thermocline at an ambient
temperature of less than 21 °C (Figs. 2, 3), which is within
the range of temperatures for which an increased demand
for PUFAs was found (Martin-Creuzburg et al. 2012; Sper-
feld and Wacker 2012). Our results indicate that the effects
of food quality on DVM should be taken into consideration
in studies that focus on the adaptive value and the evolu-
tion of DVM as an anti-predatory mechanism.

When PUFAs are not limiting, species of zooplank-
ton that are able to perform DVM can express adaptation
to cold and hide in the deep refuge; thus, direct effects of
predators on these species (mortality) can be minimized,
whereas indirect effects of the presence of predators
(i.e. changes in behavior and life-history, and the demo-
graphic costs of staying in the refuge) can be still observed
(Fig. 4a). Constraints of DVM driven by a lack of dietary
EPA may increase the mortality in zooplankton popula-
tions, as a reduced ability to migrate into the predator-free
refuge exposes individuals to encounters with predators.
Together with direct effects (lowered somatic and popula-
tion growth rates; Von Elert 2002; Ravet et al. 2003; Becker
and Boersma 2005), this indirect effect of PUFA limitation
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Fig. 4 Effects of limitation by polyunsaturated fatty acids (PUFAs)
on food-chain topology. Predators affect herbivorous prey directly
(causing mortality, broad arrow) and indirectly (by inducing changes
in life-history, behavior etc., dashed line). a Under non-limiting con-
ditions (PUFA-rich), the direct effects are mitigated due to a habitat
shift of the prey. b When prey is limited by polyunsaturated fatty
acids (PUFA-poor), the antipredator refuge cannot be accessed,
exposing herbivorous prey the to direct effects of predation. Hence,
predator—prey interactions depend on the biochemical quality of phy-
toplankton

on mortality of Daphnia may increase the strength of top—
down control (Fig. 4b). In nutrient-loaded freshwater eco-
systems, this may contribute to the observed replacement
of large-bodied planktonic filter-feeders (mainly Daphnia)
by small-bodied species (Gliwicz 2003) which are less vul-
nerable to fish predation but also less efficient at grazing
on phytoplankton (Gliwicz 1990). Large-bodied herbivo-
rous zooplankton constitute a keystone guild in freshwater
ecosystems. When no hypolymnetic refuge is available due
to PUFA-poor phytoplankton, large-bodied planktonic her-
bivores will be exposed to predation (Fig. 4b). As a con-
sequence, they could be replaced by small-bodied species
of zooplankton and the grazing on phytoplankton could be
reduced (Fig. 4b). The restoration of lakes by biomanipu-
lation is based on a deliberate reduction in planktivory, in
order to release this keystone guild from the pressure of
zooplanktivores. Availability of antipredatory refuges is
important for the success of biomanipulation: The rela-
tively higher success rates of biomanipulations in shallow
lakes as opposed to in stratified lakes is frequently attrib-
uted to the development of macrophyte beds in shallow
lakes; such beds offer a refuge for zooplankton from fish
predation and increase the efficiency of piscivorous fish
(Perrow et al. 1997; Mehner et al. 2002). We hypothesize
that constraints in access to the deep-water refuge due to
limitation of zooplankton by essential fatty acids may con-
fine the efficiency of biomanipulation in stratified lakes.
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Habitat shifts by herbivorous prey avoiding predators
are an important element influencing the effects of these
cascades in both aquatic and terrestial ecosystems (e.g.,
Bernot and Turner 2001; Fortin et al. 2005; Manzur et al.
2014). Habitat shifts are associated with changes in ambi-
ent temperature in several terrestrial and aquatic ecosys-
tems. In line with this, it was shown that organisms occupy-
ing habitats characterized by different temperatures differ
with regard to their PUFA content. For example, copepods
overwintering in deep, cold-water strata are characterized
by a higher PUFA content than their conspecifics resid-
ing in shallow waters (Pond and Tarling 2011). Differ-
ences in lipid composition were found between organisms
inhabiting different layers of thermally stratified soil: ani-
mals found in shallower layers which had been exposed
to temperature shifts contained more PUFAs than animals
from deeper layers with a more stable temperature (Van
Dooremalen et al. 2013). Similarly, soil invertebrates and
microbes exposed to low temperatures (0-10 °C) had a
lower fatty acid content and a higher degree of desatura-
tion among the fatty acids than conspecifics in moderate
(ca. 20 °C) temperatures (Petersen and Klug 1994; Petersen
and Holmstrup 2000). In conclusion, occurence of inverte-
brates in colder terrestrial or aquatic strata goes along with
a higher content of unsaturated fatty acids in the animals. It
is reasonable to assume that this relationship also reflects a
higher PUFA requirement of animals in order to be able to
acclimatize their membranes to the cold stratum.

Trait-mediated interactions are considered to be an
important factor influencing the strength of effects in
trophic cascades (Schmitz et al. 2004). Here, we show that
the biochemical supplementation of food influences the
habitat use of prey in the presence of kairomones released
by predators. The dietary availability of an essential lipid
and its indirect effects on the interaction between preda-
tor and prey can be a factor moderating bottom—up and
top—down effects across the food web. We suggest that a
food quality-mediated suppression of predator evasion may
contribute to the well-known trophic decoupling, driven by
changes in phytoplankton assemblage following eutrophi-
cation (Elser et al. 2000). We conclude that the availability
of essential PUFAs sets a frame which determines to what
degree the zooplankton individuals may realize their poten-
tial of behavioral predator avoidance by DVM.
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