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Abstract. The predator Amoeba proteus induced be- 
havioural and morphological changes in ciliates of the 
genus Euplotes. The frequency of avoidance behaviour in 
E. octocarinatus increased from 1 6 i  5% to 84• 5% (SD) 
after 14 h of coexistence with the predator. The ciliate's 
width increased from 59• 3 ~tm to 77•  ~tm (SDM) 
within 48 h. Similar behavioural, but not morphological, 
change was induced in E. daidaleos, but neither mor- 
phological nor behavioural responses occurred in 
E. aedicuIatus. E. octocarinatus and E. daidaleos popula- 
tions survived in the presence of A. proteus, whereas 
E. aediculatus populations became extinct by predation. 
Induced behavioural response seemed to be the reason 
for the low predation risk of E. oetocarinatus and 
E. daidaleos. The results suggest that Euplotes ciliates 
have evolved specific defence mechanisms to various 
predators. Defensive changes are induced by a chemical 
substance released from A. proteus. This "kairomone" 
has a molecular weight between 5000 and 10000 Da. 
Proteolytic digestion of its activity indicated that the 
avoidance-inducing substance is a peptide. After the tur- 
bellarian Stenostomum sphagnetorum had induced a de- 
fensive morphology in E. octocarinatus or E. aediculatus, 
neither of these ciliates immediately avoided Amoeba 
proteus. Thus, Euplotes ciliates with a defensive morphol- 
ogy do not have behavioural defences in reaction to all 
predators. 
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ogy - Phenotypic plasticity - Predation - Protozoa 

Phenotypic plasticity may be important in reducing the 
effect of predation in aquatic ecosystems. Potential prey 
organisms can often detect the presence of predators and 
alter their own morphology (reviewed by Havel 1987; 
Appleton and Palmer 1988 ; Washburn et al. 1988; Wick- 
low 1988; Dodson 1989; Tollrian 1990; Br6nmark and 
Miner 1992; Kusch 1993a), life history (Lfining 1992; 

Crowl and Covich 1990; Stibor 1992), or behaviour (e.g. 
Lampert 1993). Induced behavioural changes are known 
in cladocerans (Havel and Dodson 1984; Dodson 1988; 
Loose 1993; Loose et al. 1993), copepods (Neill 1990), 
and aquatic insects (e.g. Peckarsky 1980; Sih 1982, 1986; 
Dawidowicz et al. 1990). Predators induce avoidance 
behaviour in these prey organisms, and in Daphnia, 
Chaoborus larvae and in several mayfly nymphs the 
stimuli are transmitted in the form of chemical sub- 
stances. Chemical cues ("kairomones", Parejko and 
Dodson 1990) also are responsible for predator-induced 
morphological changes in metazoan prey (Gilbert 1966; 
Halbach 1970; Hebert and Grewe 1985; Parejko and 
Dodson 1990) and in protozoan prey (Washburn et al. 
1988; Wicklow 1988; Kusch 1993a). 

Various predaceous ciliates (e.g. Lembadion bullinum; 
Kuhlmann and Heckmann 1985), the turbellarian 
Stenostomum sphagnetorum, and Amoeba proteus (Kusch 
1993a) induce defensive morphological changes in 
several ciliates of the genus Euplotes. In the presence of 
one of these predators the prey ciliates develop extended 
lateral "wings" and dorsal and ventral protuberances. 
Thereby the prey ciliate shape changes from a typical 
ovoid form to an enlarged circular form. Morphological 
changes take place within 2-4 h and they are induced 
without direct contact between prey ciliates and their 
predators. Signal substances initiating the changes are 
transmitted by the surrounding medium. The extent of 
morphological changes depends on the concentration of 
the chemical cues (Kusch 1993a). Two of these signal 
substances have been isolated from the medium of Lem- 
badion bullinum (Kusch and Heckmann 1992)and 
Stenostomum sphagnetorum (Kusch 1993b). The signal 
molecules were proteins with molecular masses of 
31.5 kDa and 17.5 kDa, respectively. 

Enlargement of potential prey organisms limits the 
chances of predation by size-selective predators as Lem- 
badion or Stenostomum (Kuhlmann and Heckmann, in 
press). Only size-selective predators are known to induce 
morphological defence in Euplotes. Since amoebans do 
not have well defined mouth openings, food consump- 
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t ion by  Amoeba proteus is less res t r ic ted  in terms o f  
par t ic le  size. The re fo re  the  effect o f  p r e d a t i o n  by  
A. proteus on b e h a v i o u r  o f  Euplotes cil iates was inves- 
t igated.  I here  r e p o r t  on  b e h a v i o u r a l  responses  o f  Eu- 
plotes to the  presence  o f  A. proteus. Behav iou ra l  changes  
are  m o r e  s ignif icant  in reduc ing  the r isk o f  p r e d a t i o n  
than  m o r p h o l o g i c a l  ones.  In  a d d i t i o n  the  chemica l  s ignal  
induc ing  p h e n o t y p i c a l  changes  is descr ibed.  

Materials and methods 

Organisms and culture conditions 

Amoeba proteus was cultivated at 20 ~ C in SMB medium (synthetic 
medium for Blepharisma; 1.5raM NaC1, 0.05 mM KC1, 0.4ram 
CaC12, 0.05 mM MgC12, 0.05 mM MgSO4, 2.0 mM sodium phos- 
phate buffer, pH 6.8). The ciliate Colpidium campylum was used as 
food. Euplotes ciliates were also grown in SMB medium, and they 
were offered the photosynthetic flagelIate Chlorogonium eIongatum 
as food. 

Evaluation of morphological and behavioural changes 

The experiments were set up by adding approximately 1000 well-fed 
Euplotes individuals ml-~ to a culture of Amoeba proteus or to 
Amoeba-conditioned medium. The mixtures were incubated for 
certain periods at 20-22 ~ C, and then EupIotes ciliates were exam- 
ined for induced morphological or behavioural changes. The diame- 
ter of the Euplotes cells was measured to determine morphological 
effects (Kusch 1993a, b). For this purpose cells were fixed by adding 
a 2.5% solution of glutaraldehyde to a sample (1:10, v/v). For each 
sample, the diameter of 40 Euplotes celis was measured in a Fuchs- 
Rosenthal-counting chamber with an ocular micrometer at a 400- 
fold magnification. Controls were carried out for each test series. 
For this purpose Euplotes cells were incubated in SMB medium 
without adding predators or predator-conditioned medium. 

The behaviour of Euplotes was observed directly in mixed cul- 
tures. One hundred contacts between prey ciliates and Amoeba 
predators were observed in each of five identical experiments to 
describe the kind and frequency of behavioural response. At each 
contact, I noted whether Euplotes ciliates moved straight ahead 
across A. proteus cells, or whether the ciliates changed their direc- 
tion away from the predator (avoidance behaviour). 

To investigate the effect of chemical cues with respect to induc- 
tion of defensive changes in Euplotes, 1000 ciliates in 250 lal SMB 
medium were added to 1 ml sterile filtered medium previously in- 
habited by amoebae. To compensate for bacterial or thermic degra- 
dation of signal substances during the time of incubation with 
Euplotes, 1 ml predator-conditioned medium was also added after 
4, 14, 24, and 34 h, respectively. Euplotes cells that had been in- 
cubated in Amoeba-conditioned culture medium were added to 
A. proteus after the incubation periods (4, 14, 24, 34 and 48 h) and 
the behaviour of Euplotes ciliates was observed immediately. 

Characterization of the signal substance (s) 

Ultrafiltration experiments were done with Ultrafree-MC filter 
units (no. UFC3 LGC; and no. UFC3 LCC; Millipore, Eschborn, 
Germany) as described in the directions for use. Effects of the 
enzyme proteinase K on the signal substance were measured by 
determining changes of its defence inducing activity after incuba- 
tion with this reagent. Twenty milligrams of lyophilized proteinase 
K-agarose (185 units/g agarose; Sigma, Deisenhofen, Germany) 
were suspended and washed three times in SMB and incubated with 
1 ml conditioned medium at 37 ~ C for 1 h. Following the incuba- 

tion, the immobilized enzyme was removed from the samples by 
centrifugation (350 g, 2000 rpm, 1 rain, Biofuge A, Heraeus, Ost- 
erode, Germany), and the supernatant was studied for its effect on 
the behaviour and morphology of E. octocarinatus. To examine a 
possible binding of the signal substance to the agarose of the immo- 
bilized enzyme, samples were incubated with agarose (Serva No. 
11401 and No. 11397) alone, and the activity of the samples was 
subsequently measured. 

Results 

Predation risk 

Amoeba proteus is able  to p r ey  on  cells o f  Euplotes aedi- 
eulatus tha t  do  no t  have any  induced  defence proper t ies .  
In  the presence o f  10 A. proteus m1-1 the coexis t ing  
E. aediculatus p o p u l a t i o n  (160 cil iates m l - 1 )  was exter-  
m i n a t e d  by  p r e d a t i o n  in 10 days  (Fig.  1). E. octocarina- 
tus (Fig.  1), and  E. daidaleos ( d a t a  no t  shown) ,  on  the 
o the r  hand ,  survived coexis tence wi th  A. proteus for  
10 days .  E. aediculatus p o p u l a t i o n s  cu l t iva ted  w i thou t  
p r e d a t o r s  d id  no t  decrease  (Fig.  l) .  D u r i n g  10 days  o f  
cu l t iva t ion  p r e d a t o r  p o p u l a t i o n s  inc reased  their  densi t ies  
f rom 10 to 15 :k 2 (SD) a m o e b a e  m l - i  in the presence  o f  
E. octocarinatus, or  to 29=t= 1 a m o e b a e  m1-1 in the 
presence o f  E. aediculatus. 

Morphological changes 

Differences in the size o f  the Euplotes species cou ld  be the 
reason  for  the  obse rved  differences in thei r  vu lne rab i l i ty  
to p r e da t i on .  Amoeba proteus i nduced  signif icant  mor -  
pho log ica l  changes  in E. octocarinatus dur ing  24 h o f  
coexistence.  A t  a dens i ty  o f  10 p r e d a t o r s  m l - 1  the wid th  
o f  this ci l iate increased  f rom 59 i 5 g m  to 72 ~ 8 g m  (SD) 
(S tuden t ' s  t-test ,  P 40 .01 ) .  A t  100 p r e d a t o r s  m1-1 the 
cells were 77:k 7 gm wide af ter  48 h (Fig.  2), and  their  
length  was 94 + 8 gin. M e d i u m  c o n d i t i o n e d  by  A. proteus 
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Fig. 1. Effects of predation by Amoeba proteus on the ciliates Eu- 
plotes oetocarinatus and E. aediculatus Densities of the prey ciliates 
were counted in four cultures after various periods of incubation 
with 10 A. proteus ml-1,  and in control cultures without predators 
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Fig. 2. Morphological change of the ciliates Euplotes octocarinatus 
and E. aediculatus as a function of incubation time and of amoeban 
predator density. 1000 well-fed Euplotes ciliates m1-1 were in- 
cubated either without predators or with 10 or 100 Amoeba proteus 
m l -  1, or with medium that had been conditioned by 100 predators 
m l -  1. The vertical lines represent SDM 
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Fig. 3. Behavioural changes in Euplotes octocarinatus and in 
E. aediculatus as a function of incubation time and predator density. 
EupIotes ciliates were incubated with 10, or 100 Amoeba proteus 
predators ml-1 ,  or with medium that had been conditioned by 
100 predators m l -  1. After various incubation periods the frequency 
of avoidance behaviour of the ciliates in relation to a total number 
of 100 prey-predator (A. proteus) contacts was counted from mi- 
croscopical observations. The vertical lines represent SD 

also induced morphological changes in E. octocari- 
natus; the ciliates' width increased from 57:k6 lain to 
70 + 8 gm (SD) (Student's t-test, P ~  0.01). The morpho- 
logy of E. aediculatus (width 75-784-6 txm, length 
125-1284-9 gm) (Fig. 2) and of E. daidaleos (width 
70 4- 5 gm, length 102 + 5 gm) was not influenced by the 
presence of 100 amoebae ml-1 for 48 h. Thus, the largest 
width of E. octoearinatus was approximately the same as 
that of E. aediculatus, while the length was always 
shorter. Therefore it seemed unlikely that the size of the 
Euplotes cells was the reason for the observed differences 
in vulnerability to Amoeba predators. This was confir- 
med by experiments with E. octocarinatus and E. aedi- 
culatus cells that had a Stenostomum-induced defensive 
morphology (95+8 gm or 182+ 15 ~tm cell width, res- 
pectively). The enlarged ciliates of both species were 
consumed by Amoeba proteus a short time after they were 
added to this predator. 

Behavioural changes 

Ciliates of the genus Euplotes tend to "walk" with their 
cirri on the bottom or the walls of the culture vessel and 
on any particles. Euplotes cells that were added to cul- 
tures of Amoeba proteus "walked" across these predators 
as they did on other particles. The predators then often 
caught the ciliates. Some hours or a day later, E. octocari- 
natus ciliates were very seldom observed to move across 
the amoebae. Instead, when they came into contact with 
amoebae (either with their fronto-ventral cirri or with 
their adoral membranelles) they immediately moved 
backwards, turned around and withdrew. 

Avoidance behaviour upon contact with A. proteus 
was quantified by counting the frequency of backward 

movements in relation to the total number of predator- 
prey contacts (Fig. 3). Over 24 h the frequency of avoid- 
ance behaviour increased in E. octocarinatus from 
11 + 3 % (SD) to 81 + 5 % in the presence of 10 A. proteus 
ml-1. At a higher predator density (100 amoebae ml-1) 
avoidance frequencies reached 844-5% in 14h and 
98+2% in 48 h. Significant behavioural changes were 
already induced after 4 h of coexistence with 10 or 100 
A. proteus m1-1 (to 404- 11% or 454-6%, respectively) 
(z<test, P ~ 0.001). Several days after removal of preda- 
tors Euplotes ciliates did not immediately avoid newly 
introduced amoebae. Medium that was conditioned by 
100 A. proteus ml-1 also induced behavioural changes in 
E. octocarinatus. The frequency of avoidance behaviour 
increased to 80+4% after 48 h of incubation (%2-test, 
P~0.001) (Fig. 3). Ciliates that avoided A. proteus did 
not avoid other particles such as detritus, glass or agarose 
beads. 

A. proteus also induced behavioural changes in 
E. daidaleos. In 24 h after addition of predators avoid- 
ance frequency increased from 144-3% to 64+6%. 
E. aediculatus cells that coexisted with A. proteus did not 
change their behaviour during two days although preda- 
tor density was very high (100 A. proteus/ml). The fre- 
quency of avoidance behaviour remained at 14:t:4% 
(z<test, P >  0.7) (Fig. 3). These behavioural differences 
between Euplotes species may be crucial for the differ- 
ences in the predation risk by Amoeba proteus. 

Whether ciliates with a defensive morphology avoid 
amoebae on principle was investigated using cells of 
E. octocarinatus that had a Stenostomum-induced en- 
largement (95 • 8 I~m cell width). Those ciliates did not 
avoid amoebae (12+4% frequency) immediately upon 
exposure to the predator (but avoidance behaviour in- 
creased with increasing time of coexistence similarly to 
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Fig. 4. Induc t ion  o f  behav ioura l  and  morpho log ica l  changes  in 
Euplotes oetocarinatus by ultrafi l t rate o f  Amoeba-conditioned 
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that described in Fig. 3). E. aediculatus that had a Ste- 
nostomum-induced defensive morphology (182 4- 15 gm 
cell width) dit not increase avoidance of Amoeba at all 
(8 4- 2% frequency). Thus the behavioural response of 
Euplotes ciliates was not linked to morphological 
changes, and was specific to the defence-inducing preda- 
tors. 

The signal substance(s) 

Culture medium conditioned by A. proteus induced mor- 
phological and behavioural changes in E. octocarinatus 
(Figs. 2, 3). This indicates that a defence-inducing sub- 
stance is released by the predator. Ultrafiltration experi- 
ments showed that this substance has a molecular weight 
between 5000 and 10000 Da. A filter that excluded mole- 
cules heavier than 10 kDa did not retain the defence- 
inducing substance. When exposed to an ultrafiltrate 
< 10000 Da, 95 4- 1% (SD) of the predator-prey contacts 
resulted in avoidance behaviour, and the width of the 
ciliates reached 69 4- 1 gm (SDM) after 24 h of incuba- 
tion. In comparison, only 104- 6% of the contacts result- 
ed in avoidance behaviour, and a width of 60 4- 1 gm was 
measured after 24 h of incubation with an ultrafiltrate 
_<5000 Da (Fig. 4). 

The released defence-inducing signal substance was 
further analysed by enzymatic degradation of its biologi- 
cal activity. The proteolytic enzyme proteinase K inac- 
tivated the signal substance. To investigate whether pro- 
teinase K inactivated the signal substance or whether it 
interfered with structures on the target cells necessary for 
signal recognition, conditioned medium was incubated 
with proteinase K that was immobilized on agarose. 
Induction of avoidance behaviour in E. octocarinatus by 
signal substance treated with proteinase K-agarose was 
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significantly lower (21 + 9 % avoidance) than by signal 
substance incubated with agarose (59_+6% avoidance) 
(Z2-test, P~0.001). This indicates that the avoidance- 
inducing signal substance of Amoeba proteus is a peptide. 
Induction of morphological changes was as low in ex- 
periments with proteinase K (62_+ 3 gm Euplotes width) 
as in the controls with agarose (65_+3 gin) (z2-test, 
P>0.5). 

Discussion 

Predation risk 

Two different defensive responses seem to occur in Eu- 
plotes prey ciliates. Whereas morphological defence may 
be important in determining the risk of predation by 
size-selective predators like the ciliate Lembadion bulli- 
hum or the turbellarian Stenostomum sphagnetorum 
(Kuhlmann and Heckmann 1985; Kusch 1993a; Kuhl- 
mann and Heckmann, in press), behavioural changes 
considerably lower the vulnerability to the less size-selec- 
tive predator Amoeba proteus. E. octocarinatus and 
E. daidaleos showed a significant increase of avoidance 
behaviour to A. proteus after only 4 h of coexistence. 
E. aedicuIatus did not avoid this predator. Risk of preda- 
tion by A. proteus was found to vary considerably in 
these three prey species. 

Avoidance behaviour and defensive morphology 

Avoidance behaviour occurs before a predator initiates 
an attack, whereas escape behaviour occurs after the 
attack begins (Sih 1986). By this definition Euplotes cili- 
ates respond to Amoeba predators by avoidance. Kuhl- 
mann (in press) described in detail the behavioural re- 
sponse of E. octocarinatus to Stenostomum spha 9- 
netorum. Avoidance of Amoeba proteus by E. octocarina- 
tus mainly shows the same pattern, i.e. the ciliates change 
their direction of movement immediately upon contact 
with the predator. E. aediculatus did not avoid Stenosto- 
mum (Kusch, unpubl.), nor dit it avoid Amoeba preda- 
tors. However, behavioural response to quickly moving 
predators like Stenostomum is more difficult to quantify 
than that to slow-moving amoebae. 

Predators also induce avoidance behaviour in other 
zooplankton organisms (Lampert 1993). Seven Daphnia 
species, Diaptomus kenai (Copepoda), and Chaoborus 

flavicans larvae (Insecta) showed vertical migration in 
response to the presence of fish or invertebrate predators 
(Dodson 1988; Dawidowicz et al. 1990; Neill 1990; 
Loose 1993). Additionally, Daphnia pulex with a defen- 
sive "spined" morphology has a higher escape efficiency 
to Chaoborus predators (Havel and Dodson 1984). 

Morphological changes were induced by A. proteus 
only in E. octocarinatus. The changes were less extensive 
than those induced by other predators (Kusch 1993a). 
The reason why E. aediculatus shows defensive morphol- 
ogy in the presence of predaceous Lembadion ciliates and 
Stenostomum turbellarians but not in that of Amoeba 
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proteus is unclear. Possibly A. proteus and E. aediculatus 
inhabit different microhabitats of natural ponds. 

Specificity of induced defence 

Different predators may induce the two types of defen- 
sive responses simultaneously or separately in different 
EupIotes species. E. oetocarinatus showed a behavioural 
response to amoebae only after exposure to this preda- 
tor. The ciliates did not avoid amoebae after exposure to 
Stenostomum turbellarian predators, which also induced 
morphological (Kusch 1993a) and behavioural defence 
(Kuhlmann, in press). Thus Euplotes ciliates must be able 
to distinguish between various predator species, possibly 
by different substances on the predators' surfaces, which 
may be identical with the released signal substances 
(since avoidance behaviour occurs after contact with the 
predator's surface, whereas "avoidance readiness" is in- 
duced by a predator-released signal substance). Daphnia 
species also showed prey-specific and predator-specific 
behaviours. These zooplankton species can distinguish 
between three different predators (Dodson 1988). Lively 
(1986a) predicted that induced morphological defences 
should develop in response to specific predators. 

Signal substances 

Differences between the defence-inducing signal sub- 
stances from various predators seem to be responsible for 
the species-specific reactions. The avoidance-inducing 
signal substance of Amoeba proteus is a peptide of a 
molecular weight between 5000 and 10000 Da. Whether 
both the morphological and the behavioural responses of 
Euplotes octocarinatus are induced by the same signal 
substance from A. proteus, or by two diverse kairomones 
of similar molecular weight, is still unclear. Mor- 
phological-defence-inducing signal substances from 
Lembadion bullinum and from Stenostomum sphag- 
netorum have been isolated and identified as polypeptides 
with molecular weights of 31 500 and 17 500 Da, respec- 
tively (Kusch and Heckmann 1992; Kusch 1993b). Thus, 
the known signal substances that induce defensive re- 
sponses in Euplotes are polypeptides, but they differ 
considerably in molecular weight. Their amino acid se- 
quences need to be analysed to learn more about the dif- 
ferences and the evolution of induced defence mecha- 
nisms in ciliates. The substance released by the car- 
nivorous rotifer AspIanchna brightwelli that causes a de- 
fensive morphology in offspring of the rotifer Brachionus 
calyciflorus is also a polypeptide (Gilbert 1966). The 
kairomones released by larvae of the dipteran Chaoborus 
americanus (Hebert and Grewe 1985; Parejko and Dod- 
son 1990), which induce morphological changes in Daph- 
nia, and by fish (Loose et al. 1993), which induce vertical 
migration in this prey, are low-molecular-weight mole- 
cules (<  500 Da). 

Cost of induced de fence 

Anti-predator phenotypic plasticities are predicted to 
evolve if they are beneficial when predators are present. 
However, fitness costs are incurred when predators are 
absent (Lively 1986a). A cost of induced defences has 
been shown in several prey organisms (Yoshioka 1982; 
Dodson 1984; Lively 1986b; Black and Dodson 1990; 
Riessen and Sprules 1990). Thus a decrease in reproduc- 
tive rate or growth of the defended prey was measurable 
as a result of e.g. the synthesis of extra tissue, lower 
feeding rate or stronger swimming effort (Tollrian 1991). 
Specific defence mechanisms to various predators, like 
behavioural and morphological changes in Euplotes, 
could lower the cost for the prey by avoiding unnecessary 
changes. However, the cost in terms of reduced fitness 
because of avoidance behaviour in Euplotes is still un- 
known. Some energy expenditure is necessary for avoid- 
ance, but the magnitude of this cost relative to other 
metabolic costs is hard to evaluate. Feeding rates should 
be largely unaffected by the presence of predators since 
avoidance takes place only upon contact with a predator. 

Acknowledgements. The author thanks Dr. K. Heckmann and Dr. 
H.-W. Kuhlmann for critical comments on the original manuscript, 
and L. Platt and an anonymous reviewer for linguistic improve- 
ments. 

References 

Appleton RD, Palmer AR (1988) Water-borne stimuli released by 
predatory crabs and damaged prey induce more predator-resis- 
tant shells in a marine gastropod. Proc Natl Acad Sci USA. 
85:4387-4391 

Black AR, Dodson SI (1990) Demographic costs of Chaoborus- 
induced phenotypic plasticity in Daphnia pulex. Oecologia 
83:117-122 

Br6nmark C, Miner JG (1992) Predator-induced phenotypical 
change in body morphology in crucian carp. Science 
258:1348-1350 

Crowl TA, Covich AP (1990) Predator-induced life-history shifts in 
a freshwater snail. Science 247:949-951 

Dawidowicz P, Pijanowska J, Ciechomski K (1990) Vertical migra- 
tion of Chaoborus larvae is induced by the presence of fish. 
Limnol Oceanogr 35:1631-1637 

Dodson SI (1984) Predation of Heterocope septentrionalis on two 
species of Daphnia: Morphological defenses and their cost. 
Ecology 65:1249-1257 

Dodson S (1988) The ecological role of chemical stimuli for the 
zooplankton: predator-avoidance behavior in Daphnia. Limnol 
Oceanogr 33:1431-1439 

Dodson SI (1989) The ecological role of chemical stimuli for the 
zooplankton: predator-induced morphology in Daphnia. Oe- 
cologia 78:361 367 

Gilbert JJ (1966) Rotifer ecology and embryological induction. 
Science 151 : 1234-1237 

Halbach U (1970) Die Ursachen der Temporalvariation yon Brach- 
ionus calyciflorus Pallas (Rotatoria). Oecologia 4: 262-318 

Havel JE (1987) Predator-induced defenses: a review. In: Kerfoot 
WC, Sih A (eds) Predation, direct and indirect impacts on 
aquatic communities. University Press of New England, Han- 
over London, pp 263-278 

Havel JE, Dodson SI (1984) Chaoborus predation on typical and 
spined morphs of Daphnia pulex: behavioral observations. Lim- 
nol Oceanogr 29 : 487-494 



359 

Hebert PDN, Grewe PM (1985) Chaoborus-induced shifts in 
the morphology of Daphnia ambigua. Limnol Oceanogr 
30:1291-1297 

Kuhlmann H-W (in press) Escape response of Euplotes octocarina- 
tus to turbellarian predators. Arch Protistenkd 

Kuhhnann H-W, Heckmann K (1985) Interspecific morphogens 
regulating prey-predator relationships in protozoa. Science 
227 : 1347-1349 

Kuhlmann H-W, Heckmann K (in press) Predation risk of typical 
and "winged" morphs of Euplotes (Protozoa, Ciliphora). Hy- 
drobiologia 

Kusch J (1993a) Induction of defensive morphological changes in 
ciliates. Oecologia 94:571-575 

Kusch J (1993b) Predator-induced morphological changes in Eu- 
plotes (Ciliata): isolation of the inducing substance released 
from Stenostomum sphagnetorum (Turbellaria). J Exp Zool 
265:613 618 

Kusch J, Heckmann K (1992) Isolation of the Lembadion-factor, a 
morphogenetically active signal, that induces Euplotes cells to 
change from their ovoid form into a larger lateral winged 
morph. Dev Genet 13:241-246 

Lampert W (1993) Ultimate causes of diel vertical migration of 
zooplankton: New evidence for the predator-avoidance hypoth- 
esis. Arch Hydrobiol Beih Ergebn Limnol 39:79 88 

Lively CM (1986a) Canalization versus developmental conversion 
in a spatially variable environment. Am Nat 128:561 572 

Lively CM (l 986b) Competition, comparative life histories, and the 
maintenance of shell dimorphism in a barnacle. Ecology 
67 : 858-864 

Loose CJ (1993) Daphnia diel vertical migration behavior: Re- 
sponse to vertebrate predator abundance. Arch Hydrobiol Beih 
39 : 29-36 

Loose CJ, yon Elert E, Dawidowicz P (1993) Chemically-induced 
diel vertical migration in Daphnia: a new bioassay for kairo- 
mones exuded by fish. Arch Hydrobiol 126:329-337 

Lfining J (1992) Phenotypic plasticity of Daphnia pulex in the 
presence of invertebrate predators: morphological and life his- 
tory response. Oecologia 92:383 390 

Neill WE (1990) Induced vertical migration in copepods as a de- 
fence against invertebrate predation. Nature 345 : 524-526 

Parejko K, Dodson S (1990) Progress towards characterization of 
a predator/prey kairomone: Daphnia pulex and Chaoborus am- 
ericanus. Hydrobiologia 198 : 51-59 

Peckarsky BL (1980) Predator-prey interactions between stoneflies 
and mayflies: behavioral observations. Ecology 61:932-943 

Riessen HP, Sprules WG (1990) Demographic costs of antipredator 
defenses in Daphnia pulex. Ecology 71 : 1536-1546 

Sih A (1982) Foraging strategies and the avoidance of predation by 
an aquatic insect, Notoneeta hoffmanni. Ecology 63:786-796 

Sih A (1986) Antipredator responses and the perception of danger 
by mosquito larvae. Ecology 67:434-441 

Stibor H (1992) Predator induced life-history shifts in a freshwater 
cladoceran. Oecologia 92:162-165 

Tollrian R (1990) Predator-induced helmet formation in Daphnia 
eucullata (Sars). Arch Hydrobiol 119:191-196 

Tollrian R (1991) Some aspects in the costs of cyclomorphosis in 
Daphnia cucullata. Verh Int Verein Limnol 24:2802 2803 

Washburn JO, Gross ME, Mercer DR, Anderson JR (1988) Preda- 
tor-induced trophic shift of a free-living ciliate: parasitism of 
mosquito larvae by their prey. Science 240:1193-1195 

Wicklow BJ (1988) Developmental polymorphism induced by in- 
traspecific predation in the ciliated protozoon Onychodromus 
quadricornutus. J Protozool 35:137 141 

Yoshioka PM (1982) Predator-induced polymorphism in the bryo- 
zoan Membranipora membranacea (L.). J Exp Mar Biol Ecol 
61 : 233-242 


