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SUMMARY

1. A key aspect of the ecology and evolution of adaptive prey responses to predator risk is
the timing by which the former develop a defensive trait in response to inducing

signals released by the latter. This property, called reactivity, has been shown to affect
population stability and persistence.

2. Theoretically, the minimal predator density required by prey to exhibit induced
defences is expected to increase with the effectiveness of the defence and decrease with its
cost. Likewise, the time required for the prey population to exhibit an induced defence is
expected to increase together with cost.

3. The freshwater rotifers Brachionus calyciflorus and B. havanaensis and their predator
Asplanchna brightwelli were used to test the hypothesis that prey species exhibiting
defences that offer a larger fitness benefit and lower fitness cost are more reactive to
predator signals, in terms of requiring shorter exposure time and lower signal concen-
tration to trigger a morphological defence reaction.

4. Our results showed that both prey species exhibited costly and effective defences after
induction by predator infochemicals. Faster reactions were observed at higher levels of
predator cues. Nevertheless, the observed relationship between reactivity and benefit/cost
of defences did not agree with our expectations.

5. To our knowledge, this is the first study in which the timing of induction of
morphological defences is experimentally assessed over a gradient of risk signals. We
propose new research directions to disentangle the mechanisms and project the
consequences of prey decisions at the morphological level.
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signals released by their predators. In nature, many
prey species respond adaptively to changes in the
density of their predators by modifying behavioural,
morphological, or life history traits, thus diminishing
the probability of being killed (Tollrian & Harvell,
1999; Anholt, Werner & Skelly, 2000). From a func-

Introduction

In planktonic systems, antipredator inducible defences
are an important type of prey response to chemical
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tional point of view, induced prey defences have
shown to exert important influences on the stability of
the focal predator-prey system (Ramos-Jiliberto, 2003;
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Vos et al., 2004; Kopp & Gabriel, 2006; Ramos-Jiliberto,
Frodden & Aranguiz-Acufa, 2007), as well as that of
small food web modules (Ramos-Jiliberto & Garay-
Narvaez, 2007, Ramos-Jiliberto, Duarte & Frodden,
2008a; Ramos-Jiliberto et al., 2008b), and even the
entire network of interacting species (Kondoh, 2007).
Therefore, gaining knowledge about the mechanisms
of induction and action of plastic defences is relevant
for a better understanding of the functioning of
ecological systems of any level of complexity.

A key aspect of adaptive prey responses relies on
how fast organisms are able to react in the presence of
an inducing environmental signal; a property hereaf-
ter termed ‘reactivity’. Theoretically, the rate at which
organisms can react phenotypically towards an
induced optimal state enhances the stability of food
webs and promotes species persistence (Kondoh,
2003, 2007). In aquatic systems, infochemicals released
by predators (generically named kairomones) accu-
mulate in their surrounding environment when pre-
dators are abundant, but they also break down and
therefore decay over time when predators become
scarce. Therefore, kairomones can be reliable environ-
mental cues for prey to induce morphological
defences in response to varying predation risk. From
the last consideration, the reactivity of prey to pred-
ator cues may be analysed from two different
perspectives: (i) how strong the environmental signal
must be for the prey to perceive it and initiate the
defensive response and (ii) how fast the defended
phenotype is developed after the response is initiated.
Although these functional traits are likely to be
species-specific and constrained by the organisms’
own physiology and life history, their optimal values
should be affected by the set of costs and benefits
associated with the available options.

It has been extensively reported that plastic defen-
sive traits tend to be triggered where and when they
confer a fitness benefit that overcomes their unavoid-
able costs (Stemberger, 1988; Harvell, 1990; Tollrian &
Harvell, 1999). On this basis, it follows that the
likelihood of organisms exhibiting induced defences
should increase with the risk of being predated and
decrease with the magnitude of costs associated with
the expression of the defensive trait (Tollrian &
Harvell, 1999).

An efficient defence, favoured by natural selection,
would be exhibited whenever the defence cost is
lower than the benefits of expressing it (i.e. cost of
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harm). As the cost of harm increases with the density
of predators there should be a threshold predator
density at which the benefit equals the defence cost,
above which the defence is triggered (Riessen, 1992;
Van Buskirk & Arioli, 2002; Trimmer et al., 2008).
Therefore, this predator density threshold is expected
to increase with the effectiveness of the defence and
decrease with its cost (Nesse, 2005).

On the other hand, exhibiting a defensive plastic
trait often requires a period of latency from the instant
when the signal is perceived by the organism until the
defence is displayed. According to the speed-accuracy
hypothesis, this time delay would prevent the prey
from responding to temporary false alarms (Tollrian
& Harvell, 1999; Duquette, Altwegg & Anholt, 2005;
Trimmer et al., 2008; Chittka, Skorupski & Raine,
2009). A longer delay allows the prey to recover
higher-quality information about the actual risk of
predation and to develop a more accurate response.
Nevertheless, to delay the response excessively may
imply the inconvenient maintenance of a vulnerable
state, increasing the risk of being killed. If the costs of
making a wrong decision are low, a fast but inaccurate
response would be promoted. Conversely, when
accuracy is of vital importance to avoid costs, a slow
but accurate response is expected (Chittka et al., 2009).

Brachionid rotifers constitute good biological mod-
els for testing reactivity to predator kairomones. They
develop conspicuous and effective morphological
defences in response to kairomones released by
predators (Gilbert, 1966, 1999; Stemberger & Gilbert,
1987; Sarma, 1993; Iyer & Rao, 1996, Nandini, Pérez-
Chavez & Sarma, 2003). The herbivores Brachionus
calyciflorus Pallas and B. havanaensis Rousselet are
common inhabitants of fresh water that are known
to react, through the elongation of body spines, to
kairomones released by the carnivore Asplanchna
Gosse. In addition, it has been reported that these
herbivores respond morphologically with different
promptitude to variations in field density of
Asplanchna  (Gilbert, 2001; Garza-Mourifio et al.,
2005). In this study, we evaluate the costs, benefits
and reactivity of morphological defence induction
exhibited by B. calyciflorus and B. havanaensis in
response to kairomones released by Asplanchna. Based
on the theory summarised earlier, we test the follow-
ing hypothesis: species with defences that confer a
greater benefit (increase in protection) and that
impose a lower cost (decrease in population growth
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rate) will be more reactive to predator kairomones,
requiring a shorter exposure and a lower concentra-
tion of infochemicals to trigger the defence.

Methods
Cultures of the test species

The predator A. brightwelli and the herbivores B. caly-
ciflorus and B. havanensis were isolated from temperate
lakes of central Chile: Tranque Pitama (33°27'S-
70°49’'W) and Rapel Reservoir (34°09'S-71°26'W).
Clones were established from a single parthenogenic
female and maintained under standard laboratory
conditions (pH 7.5 + 0.1, temperature 25+ 0.5 °C,
photoperiod 12 : 12, 1 : d) for 2 months prior to their
experimental use. For culture maintenance as well as
for conducting the experiments, we used moderately
hard water (U.S. EPA) enriched with vitamins:
100 mg L™" thiamine (B1), 0.5 mgL™" biotin and
0.5 mg L' cyanocobalamine (B12). The stock cultures
of herbivores were fed daily with the green alga
Chlorella vulgaris at a density 0.5-10° cell mL™", which
was cultured with Bold’s basal medium (Borowitzka
& Borowitzka, 1988). A. brightwelli was cultured in
500-mL vessels and daily fed ad libitum with a mixture
of brachionid prey (B. calyciflorus, B. caudatus, B. ha-
vanaensis and B. patulus). The culture medium was
changed daily.

Population growth and cost of defences

To assess the population growth rates of the herbi-
vores exposed to predator infochemicals in the
absence of predation, predator-conditioned EPA
medium was prepared with Asplanchna at densities
of 0.005, 0.01, 0.02, 0.1, 0.25 and 0.5 ind mL™" day™".
The control medium consisted of pre-conditioned
fresh water with a mixture of the rotifers used as prey
for the predator. Every 24 h Asplanchna individuals
were filtered out, the conditioned medium was
membrane-filtered (0.45 ym) and the pH adjusted to
7.5 +0.1.

For the experiments, we used 50-mL jars containing
20 mL of medium with food (C. vulgaris) at a density
of 10° cell mL~!. For each brachionid species, the
experiments were initiated with 20 randomly chosen
rotifer individuals (i.e. 1 ind mL™") obtained from the
stock cultures in exponential growth phase. We used

56 experimental jars (two prey species x seven kair-
omone levels x four replicates). Brachionid density
was assessed daily, either by an exhaustive count or
by counting 1 mL samples from three to four aliquots.
After density assessment, rotifers were transferred to
new jars containing the appropriate test medium and
food. Growth experiments were ended after 15 days,
when most rotifer populations in the test jars began to
decline.

The population density curves were compared using
repeated measures ANOVA, after verifying parametric
assumptions of normality (K-S test), homoscedasticity
(Levene test) and sphericity (Mauchly test). The intrin-
sic growth rate r (per day) was calculated for each
replicate as the slope of the curve InN; versus time
(Fernandez-Araiza, Sarma & Nandini, 2005), from the
exponential growth phase. These rates were com-
pared with one-way ANOVA and a Dunnett test for
multiple comparisons.

The estimates of r were used to identify the
densities of Asplanchna that diminish the growth rate
of B. calyciflorus and B. havanaensis, relative to the
control. We considered the cost of defence to be the
percent decrease of r values calculated from kairo-
mone treatments with respect to the values calculated
from controls.

Functional response and benefit of defences

We quantified prey consumption by Asplanchna over
a gradient of prey densities for two groups of prey:
organisms previously grown under kairomone expo-
sure (induced morphs) and organisms grown in
control medium (non-induced morphs). The kairo-
mone medium was obtained by preconditioning it
with a predator density of 0.1 Asplanchna mL™" day ™.
Previous tests showed that this predator density was
effective to induce defended morphs. Seven different
prey densities were used (0.25, 0.5, 1, 2, 4, 8 and
16 ind. mL™") with five replicates each. Two individ-
uals of A. brightwelli, previously starved for 2 h, were
introduced into each experimental jar containing
20 mL of medium and the prey densities specified
earlier. Predators were allowed to feed for 45 min,
after which they were immediately fixed with diluted
formalin (5%) and their stomach content analysed.
Consumption rate was calculated as the mean num-
ber of prey in the stomach of each predator over
45 min.
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We performed least squares nonlinear regression to
fit the predator consumption data to a type II
functional response, y =ax/(1+aHx), where a and
H are the attack rate and handling time, respectively.
We measured the benefits of the defence as the
percent change of 2 and H values between kairomone
and control treatments. The significance of differences
in parameter values between induced and non-
induced prey morphs was tested by means of a
permutation test (3000 runs).

Reactivity

A second series of experiments, following the same
culture protocol as in the previous sections, was used
to assess both the kairomone and time thresholds for
induction of defensive structure in both herbivores.
Kairomone concentrations were the same as before.
Each culture of a brachionid species was initiated at a
density of 1ind mL™" in 150 mL. A total of 24
experimental jars were used (two rotifer spe-
cies x four kairomone levels X three replicates). At
days 0, 2, 4, 6 and 8, 50 egg-bearing females were
sampled from each jar and fixed in 5% formalin.
Digital images of the animals were taken under a
dissecting microscope. We measured the length of the
anterior and posterior spines on the images. Addi-
tionally, we measured the length and width of the
body in each treatment. All measurements were made
with the software uTHSCSA Image Tool for Windows
v.3.0 (Department of Dental Diagnostic Science at
The University of Texas Health Science Center, San
Antonio, TX, US.A.).

For each replicate, each morphological measure of
spine length made on individuals was compared
against the 95th percentile of the morphological
measure distribution obtained from control individu-
als (without kairomone). Thus, each measure was
categorised as 1 (induced state) or 0 (not induced
state) depending on whether the attribute was greater
or less than the 95th percentile of the control.

Threshold kairomone concentration and threshold
exposure times for defence induction were calculated
by means of probit regression, as the kairomone
concentration and exposure time to kairomones needed
to induce 50% of the individuals in each replicate.

The relationship between body size measures and
population growth rate was assessed by means of
Pearson correlation analysis.
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Results
Population growth and cost of defences

The initial phase of exponential growth of herbivores
extended until days 5-9 for B. calyciflorus and days
10-12 for B. havanaensis, depending on the concentra-
tion of Asplanchna kairomone. The results of repeated
measures ANOVA showed that mean population
densities of both species were significantly affected
(P < 0.001) by the interaction between kairomone and
time (Fig. 1).

Both B. calyciflorus and B. havananesis populations
showed greater values of r in both the control and
the lowest kairomone concentration (0.005 Asplan-
chna mL™" day™"), compared to the higher densities
of kairomone (Dunnett, P < 0.05). There were no
significant differences in r values among concentra-
tions of kairomone equal to or greater than 0.01
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Fig. 1 Population density trajectories of (a) Brachionus
calyciflorus and (b) B. havanaensis through time exposed to kair-
omones of Asplanchna brightwelli at the following levels: 0, 0.005,

0.1 and 0.5 Asplanchna mL™" day ™. Error bars indicate 95%
confidence intervals.
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Fig. 2 Cost of defences exhibited by Brachionus calyciflorus and
B. havanaensis, calculated as percent decrease of intrinsic rates of
population growth of rotifers exposed to kairomone treatments
relative to controls. Error bars indicate 95% confidence intervals.

Asplanchna mL™" day™' (see detailed information in
supplementary data Fig. S1). Therefore, our results
revealed that B. calyciflorus and B. havanaensis showed
costs of defences, measured as the reduction in 7, but
those costs were higher for B. calyciflorus than for
B. havanaensis (Fig. 2).

Body size of both brachionid species increased with
kairomone concentration, so that at lower concentra-
tions (0 and 0.005 mL Asplanchna mL™" day™") both
herbivores reached smaller body sizes than at high
concentrations of kairomones (>0.1 mL Asplanchna
mL~" day™") (t-test, P <0.05, supplementary data
Fig. 52). The r values after exposure to kairomones
were inversely correlated with the body size of both
B. calyciflorus, (fpody width = —0.45, Tbody length = —0.58,
Pearson, P < 0.05) and B. havanaensis (roody width =
—0.43, Tbody length = —0.67, Pearson, P < 0.05).

Functional response and benefit of defences

Functional response curves of Asplanchna feeding on
both types of prey were significantly fitted (P < 0.001)
to a type II function (see data and best fit in
supplementary data Fig. S3). This held for both the
(B. calyciflorus, R?> =050, B. havanaensis,
R?* = 0.70) and non-induced prey morphs (B. calyciflo-
rus, R* = 0.52, B. havanaensis, R* = 0.62). The attack
rate of Asplanchna on both prey species was reduced
as a result of the induced defences (B. calyciflorus, apon-
induced = 0.02 + 0.02, Ainguced = 0.004 + 0.005; B. ha-
VaANAENsis, Apon-induced = 0.076 = 0.08, ainquced = 0.01 +

induced
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Fig. 3 Benefit of defences exhibited by Brachionus calyciflorus
and B. havanaensis in response to kairomones of Asplanchna
brightwelli. The benefits were evaluated as the percent change
of attack rate 2 and handling time H of predators feeding on
induced prey, relative to values from predators feeding on
control prey. Asterisks indicate values significantly different
from zero (3000 permutations).

0.01). The ratio of predator attack rate on induced
prey versus the attack rate on non-induced prey
indicated that both prey species acquired a significant
benefit from the defence, of similar magnitude for this
parameter (Fig. 3). In addition, induced B. havanaensis
was also favoured by increasing the handling time (H)
required to be consumed by the predator (B. calycif-
lorus, Hpon-induced = 0.66 £ 0.59, Hipquceqa = 0.69 = 0.84;
B. havanaensis, Hpon-induced = 0.38 = 0.31, Hinquced =
0.68 = 0.55). The benefit of defences from increasing
H was significant only for B. havanaensis (Fig. 3). The
abovementioned results suggest that induced de-
fences provide a greater benefit to B. havanaensis than
to B. calyciflorus.

Reactivity

In general, the time of kairomone exposure required
to induce spine elongation in 50% of the population
decreased with increasing kairomone concentration,
and the kairomone concentration required to induce
defences decreased with exposure time (Fig. 4).
B. calyciflorus required a shorter exposure time and a
lower kairomone concentration to induce spine elon-
gation compared to B. havanaensis. There was an
exception to the abovementioned rule at the highest
kairomone concentration for the anterior spine and at
the two highest concentrations for the posterior spine,
where no significant differences between species were
found. These results indicate that B. calyciflorus
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Fig. 4 Reactivity of the inducible defence
of prey Brachionus calyciflorus and B. ha-
vanaensis in response to A. brightwelli
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required lower exposure times and concentrations of
kairomone to express morphological defences com-
pared to B. havanaensis. In other words, B. calyciflorus
was more reactive than B. havanaensis to the kairo-
mone dose.

Integrating our results, the initial hypothesis is
rejected since the species gaining the highest benefit
and suffering the lower cost from expressing the
induced defences, B. havanaensis, was less reactive
than the species exhibiting higher costs and lower
benefits, B. calyciflorus.

Discussion

Both B. calyciflorus and B. havanaensis exhibited costly
and effective
Asplanchna kairomones. In addition, our results
showed that the decrease in population growth (cost)
was greater for B. calyciflorus than for B. havanaensis.
Nevertheless, the observed decrease in population
growth under kairomone treatments could be a by-
product of the increase in body size associated with
the defensive response (see supplementary data,
Fig. S2). Our results also indicated that the expression
of morphological defences gave a greater benefit to
B. havanaensis than to B. calyciflorus, since predator
functional response in the former decreased to a
greater degree after the induction of defences.
Contrary to our expectations, defence reactivity to
predator cues exhibited by B. calyciflorus was greater

inducible defences triggered by
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compared to B. havanaensis, especially with regard to
the kairomone concentration required to induce the
defence. Consequently, our results do not support the
hypothesis that species presenting more beneficial
and less expensive defences should be more reactive
to predator signals.

Reactivity to hazard signals has been linked to
optimal behavioural responses exhibited by organ-
isms of many species (Van Buskirk & Arioli, 2002;
Chittka et al., 2003; Dukas & Morse, 2003; Franks et al.,
2003; Ings & Chittka, 2008). Conversely, to our
knowledge, this is the first study in which the timing
of induction of morphological defences is experimen-
tally assessed over a gradient of risk signals. Our
results are in agreement with current theory (Franks
et al., 2003) in that faster decisions are made under
riskier conditions, as imposed by increasing levels of
predator cues. Thus, rules of behavioural decisions
also seem to apply for morphological responses.

Phenotypic plasticity involves potential variation in
behaviour, morphology, physiology, development or
life history of organisms as a consequence of envi-
ronmental heterogeneity (Agrawal, 2001). When to
move, when to forage or when to trigger the devel-
opment of a defensive structure are all decisions with
fitness consequences and are all prone to error in
dependence on the amount and quality of the
information gathered from the environment (Chittka
et al., 2009). Planktonic prey often evaluates predation
risk through the perception of kairomones. Therefore,
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the more time a prey is exposed to a cue or the more
intense the signal is, the more certain the organism
will be about the actual risk of being predated.
Conversely, a high reactivity implies more risk of
exhibiting an unnecessary and costly defended state.
From the abovementioned arguments, it follows that
rules governing adaptive behavioural decisions
should also hold, at least partially, for developmental
decisions leading to morphological variation.

Unlike behavioural defences, the induction of
defended morphs in rotifers occurs during the for-
mation of eggs produced by mothers exposed to
Asplanchna kairomone. Once spine induction is trig-
gered in developing eggs, the expression of defences
is irreversible even if the stimulus is removed. Hence,
there is a one-generation delay in the expression of
morphological (Gilbert, 1966), which
imposes a lower limit to reaction time. This implies
that an instantaneous induction of morphological
responses is not achievable, contrary to the case of
behavioural responses where this limit to reactivity
can be negligible. In time units, the response delay
will be a function of developmental rate, which in
turn is affected by several factors such as temperature,

defences

feeding and physiological condition of organisms
(Atkinson, 1994; Kirk, 1997; Stelzer, 2001, 2002).

In the same vein, induced populations exhibiting
faster growth will express defences earlier, all other
things being equal. In our experiments, B. calyciflorus
showed a lower r compared to B. havanaensis. There-
fore, if the time of kairomone exposure required by
the populations to express defences is scaled by 7, the
observed interspecific differences in reactivity to
predator cues will be even higher.

Although the observed relationship between reac-
tivity and benefit/cost of defences did not agree with
our a priori expectations, our results open new direc-
tions for future research. First, the magnitude of the
benefit of the defensive response could be a function of
the relative abundances of alternative prey (Van
Buskirk & Arioli, 2002; Nandini et al., 2003; Sarma &
Nandini, 2007). In this case, a next step would be to
provide the predator with an offer of multiple prey
species in a gradient of relative densities, to measure
the defence benefits allowing for shifts in consumer
preferences. On the other hand, the net cost of defence
expression in a natural context could result from
reductions in prey growth rate derived from changes
in the strength of interactions with other species and

therefore may be not accurately evaluated in isolated
populations. Trade-offs have been reported between
induction of defences and competitive ability of
organisms (Werner & Anholt, 1996; Relyea, 2000,
2001; Werner & Peacor, 2003) and between defences
and vulnerability to other predators (Taylor & Gabriel,
1992; Tollrian & Dodson, 1999). Thus, the reduction of
rin our isolated system may give an underestimate of
the cost of defences in the scenario where organisms
evolve. In addition, the assessment of energetic costs
associated with defensive responses to kairomones
may require an experimental setup with more limited
food availability (Sarma & Rao, 1987; Sarma, 1989;
Gilbert, 1999; Van Buskirk, 2000). It follows that
further experiments are needed to assess the cost of
defences in a more realistic community context. Our
understanding of the functioning of natural systems
will increase with new empirical and theoretical
research focused on disentangling the mechanisms
and projecting the consequences of prey decisions at
the morphological level.
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Additional Supporting Information may be found in
the online version of this article:

Fig. S1 Population growth rate of (a) Brachionus
calyciflorus and (b) B. havanaensis, exposed to a gradi-
ent of kairomone concentration. Bars indicate mean
values and errors are 95% confidence intervals.
Different symbols indicate significant differences
among treatments (P < 0.05, Dunnett test).

Fig. S2 Body length (a) and body width (b) of
Brachionus calyciflorus and B. havanaensis over a gradi-
ent of kairomone concentration. Low kairomone level
grouped treatments of 0 and 0.005 mL Asplanchna
mL~" day™'. High kairomone level includes treat-
ments >0.1 mL Asplanchna mL™" day~'. Mean values
and 95% confidence intervals are shown.

Fig. S3 Functional responses of Asplanchna brightw-
elli feeding on non-induced (a, ¢) and induced (b, d)
states of Brachionus calyciflorus (a, b) and B. havana-
ensis (c, d). Continuous lines show least squares best
fits.
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