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Anti-predator responses to alarm pheromone
in groups of young and/or old thrips larvae
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Abstract
Many prey species suffer from different predators in the course of their
ontogeny. Hence, the alarm signal a small prey individual sends can have a
different meaning than the signal a large prey individual sends, both for
small and large receivers. Larvae of Western flower thrips are known to
face predators that attack only small larvae (first instars), or predators that
attack small larvae and large larvae (second instars). Furthermore, thrips
larvae release a two‐component alarm pheromone, which varies in compo‐
sition with larval age. Here, we study if the response of Western flower
thrips varies with their alarm pheromone. First, we confirmed that large
and small larvae respond when nearby larvae of both sizes were prodded
with a brush to induce alarm pheromone excretion. This suggests that lar‐
vae perceive the alarm pheromone of both small and large larvae.
Subsequently, we tested whether thrips larvae of a given size respond dif‐
ferentially to alarm pheromone excreted by a small or large companion
larva. We analyzed two types of behavior that are used in direct defense
against a predator and one type of escape response. Only small (not large)
larvae attempted to escape more frequently in response to excretions
from a large larva. This difference in response could have been due to the
alarm pheromone or to the companion larva in the vicinity. We subse‐
quently tested for, but did not find an effect of size of the companion larva
on the behavior of the test larva when exposed to synthetic pheromone
mimicking that of a second‐instar larva. Finally, we tested which aspects of
pheromone composition affect anti‐predator behavior by exposing thrips
larvae to synthetic pheromones differing in amount and ratio of the two
components. Only for small larvae, we found significant changes in escape
behavior with pheromone amount, and a trend with the ratio. Overall, we
conclude that small thrips larvae respond differentially to alarm
pheromones excreted by small and large larvae, and that this differential
response is due to differences in pheromone quantity, and possibly also
quality. Our results suggest that responses to alarm signals can vary with
the chemical composition of those alarm signals.

Unpublished manuscript
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Introduction
The predation risk imposed by a predator on a prey individual often changes with
prey size (e.g., Lima and Dill 1990; Tonn et al. 1992; Chase 1999). Larger individuals
can be invulnerable to predators that effectively prey on smaller individuals of the
same prey species and vice versa, whereas some predators are dangerous to prey
of all possible sizes. Thus, if an alarm signal is sent by a small individual, it may con‐
vey information on a different danger level to another small individual than to a
large one. So how can receivers of different sizes tell these differences in informa‐
tion apart if they have no clue of the sender’s size? A possible solution to this
problem may emerge if alarm signals vary consistently with prey size. Then,
receivers may evolve an antipredator response that is balanced against other fit‐
ness‐enhancing activities (Sih 1980; Lima and Dill 1990). Such context‐dependent
alarms and adaptive antipredator responses have been found for alarm cues in
aquatic systems (e.g., Belden et al. 2000; Mirza and Chivers 2002), but to the best
of our knowledge there are only two examples where alarm signals vary with
ontogeny in terrestrial systems. First, colony foundresses and workers of the
paper wasp Polistes dominulus (Christ) excrete alarm chemicals in different ratios
in their venom, and workers respond differently to the pheromone of workers
and that of foundresses (Bruschini et al. 2008). Second, the amount and ratio of
the two components of the alarm pheromone of Western flower thrips,
Frankliniella occidentalis (Pergande) (Insecta: Thripidae) varies with the age of the
thrips larva emitting it (MacDonald et al. 2003). Here, we consider the second
example in more depth by testing whether the response of thrips larvae to alarm
pheromone varies with the age of the sender and receiver.

Thrips larvae have several features that make them suitable objects to study
responses to chemical signals. First, the alarm pheromone is present in anal
excretions that are released in the form of droplets of ca. 1 nl (MacDonald et al.
2003) and the release of these so‐called ‘anal droplets’ can be observed. Second,
the release of a droplet can be triggered by prodding a larva with a fine brush.
Third, the chemicals constituting the alarm pheromone have been identified as
decyl acetate and dodecyl acetate (Teerling et al. 1993), thus enabling the use of
synthetic mimics of the alarm pheromone (Teerling et al. 1993; de Bruijn et al.
2006). Fourth, the variation in alarm pheromone described above concerns both
the ratio and amount of decyl acetate and dodecyl acetate (MacDonald et al.
2003). Finally, thrips larvae exhibit easily observable antipredator responses
when exposed to the alarm pheromone, such as walking away (Teerling et al.
1993), retreating into refuges (Venzon et al. 2000), swinging their abdomen and
producing an anal droplet, which they try to bring into contact with the integu‐
ment and extremities of the predator (Bakker and Sabelis 1987, 1989). These
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droplets are thought to be acidic, and when predators become contaminated
with it, they give up attacking and retreat to groom (Bakker and Sabelis 1989).

Thrips larvae commonly live in groups of mixed ages and – because their
body size correlates well with age – also of mixed sizes. This is important because
size matters to the predation risks that larvae experience (Bakker and Sabelis
1987, 1989; Sabelis and van Rijn 1997). For example, predatory mites, which are
ca. 0.5 mm in size, are much more successful in attacking first‐instar thrips larvae
(ca. 0.75 mm, see suppl. data) than second‐instar larvae (ca. 1.0 mm, see suppl.
data) (Bakker and Sabelis 1987, 1989; Sabelis and van Rijn 1997), whereas preda‐
tory bugs (ca. 2 mm) attack both instars equally successfully (Sabelis and van Rijn
1997). Given the variation in pheromone composition with age and the size‐
dependent predation risk, the alarm pheromone excreted by small (first‐instar)
and large (second‐instar) thrips larvae represents different information on the
level of danger. However, to the best of our knowledge, nothing is known about
responses of thrips to these different alarm signals.

We test the hypothesis that both small and large receiver larvae show differ‐
ences in behavioral responses to alarm pheromone produced by a small or large
companion larva. Because small larvae are more vulnerable to predation than
large larvae, we expect small larvae to always respond to the alarm pheromone
of both small and large larvae, whereas we expect large larvae to always respond
to alarm pheromone of large larvae but less so to that of small larvae. We scored
two types of behavior that thrips larvae use in direct defense against predators
and one escape behavior. If larvae perceive alarm pheromone, this may indicate
the presence of an attacking predator in the vicinity, but the receiving larva is not
directly under attack. Hence, we expect that these larvae will not show an
increase in defense behavior aimed at a predator, but will show an increase in
escape behavior. Because small and large larvae release different amounts of
alarm pheromones, we tested first whether alarm pheromone of larvae of differ‐
ent size invoked a response in all larvae, with a set‐up that was previously used
to show that larvae do respond to alarm pheromone from large larvae (de Bruijn
et al. 2006). Subsequently, we tested behavior of small and large focal thrips lar‐
vae before and after the induced release of an anal droplet by a small or large
companion larva present in the same experimental arena. To control for differ‐
ences between companion larvae other than the alarm pheromone they excrete,
we also observed responses of focal larvae to synthetic pheromone. Finally, we
tested whether the total amount or the ratio of decyl acetate to dodecyl acetate
affected the response of focal thrips larvae.
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Materials and methods

Cultures
Cucumber plants, Cucumis sativus (var. Ventura RZ, Rijk Zwaan, De Lier, The
Netherlands), were grown, free of herbivores, in a climate room at 25 °C, 70% RH,
L16:D8 photoperiod. We had two cultures of Western flower thrips for our
experiments. For the first culture, thrips were collected from cucumber plants
in a commercial greenhouse in Pijnacker, The Netherlands, in February 2006.
Thrips were subsequently reared in a climate box (25 °C, 60% RH, L16:D8) on
cucumber leaves, cut to fit in a Petri dish on top of a layer of wet cotton wool
that was put on the bottom of the Petri dish. Once a week, thrips pupae and
adults from older leaves of the culture were put on such a cucumber leaf and
pollen of Typha latifolia was provided on this leaf as additional food for the
thrips. The adult females would lay eggs in this new leaf disc and after approxi‐
mately a week this would result in new adults and pupae and the procedure was
repeated. Unfortunately, this culture collapsed when our research group moved
to a new building in 2010. For the second culture, thrips were generously sent to
us by Greet Steenhuis‐Broers and Willem Jan de Kogel from Wageningen
University and Research Center in 2010. Before the thrips were sent to us, they
had been kept on chrysanthemum. This new culture was reared in the same way
as described above.

Synthetic alarm pheromone
Synthetic alarm pheromone was prepared by dissolving decyl acetate (Alfa
Aesar, Germany) and dodecyl acetate (>99% pure, Sigma‐Aldrich, USA) in cyclo‐
hexane (98% pure, Sigma‐Aldrich, USA). Four different pheromone blends were
prepared in such a way that 1 μl of such a blend corresponded to the amount
and/or ratio of the two pheromone components present in the anal droplet of
one first‐ or second‐instar larva. In the first blend, the total amount and ratio of
the two components corresponded to that of the alarm pheromone of one sec‐
ond‐instar thrips larva (5 ng of each component in 1 μl; MacDonald et al. 2003).
The second blend contained the total amount of pheromone released by one
second‐instar larva (10 ng), but in the ratio corresponding to the pheromone of
first‐instar larvae; 1:3 for decyl acetate:dodecyl acetate (MacDonald et al. 2003),
hence, 1 μl contained 2.5 ng of decyl acetate and 7.5 ng of dodecyl acetate. The
third blend contained the total amount of decyl acetate and dodecyl acetate as
present in pheromone of a first‐instar larva (0.6 ng; MacDonald et al. 2003), but
the ratio of the two compounds was similar to the pheromone released by sec‐
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ond‐instar larvae (1:1). Hence, 1 μl of the third blend contained 0.3 ng of each
component. In the fourth blend, the total amount and ratio of the two com‐
pounds corresponded to that of pheromone of a first‐instar larva, therefore 1 μl
of the fourth blend contained 0.15 ng decyl acetate and 0.45 ng dodecyl acetate.
In the experiments described below, either 1 μl of this solution of synthetic alarm
pheromone was used or 1 μl of cyclohexane as a control.

Response to natural pheromone of small and large larvae
Adult female thrips from the Wageningen‐culture were placed in groups of 3‐5 on
a rectangular leaf fragment of approximately 25 cm2 and were allowed to
oviposit for approximately 1 week. Subsequently, the females were removed. At
this time, the leaf fragment harbored roughly 20 first‐ and second‐instar larvae,
of which we randomly selected up to five individuals for the experiment. We
repeatedly prodded a first‐instar (small) or second‐instar (large) larva with a
metal needle until it excreted an anal droplet, and then dipped the needle in this
droplet. We immediately challenged a first‐ or second‐instar larva (haphazardly
chosen) on another leaf fragment with this needle by repeatedly prodding it until
an anal droplet was excreted, and we measured the time it took for this induced
response to occur. As control treatment, we also challenged first‐ or second‐
instar larvae with a clean needle. We chose not to isolate thrips larvae for this
test, because that involves moving them with a brush which usually results in
excretion of an anal droplet, and most thrips larvae do not excrete another
droplet for at least several hours afterwards (PJAdB, personal observation). In
our procedure, most thrips larvae on leaf fragments where we collected excret‐
ed droplets are challenged after other thrips larvae from the same fragment
excreted droplets. The latter may affect their response, but this is the same for
all treatments in the experiment. To otherwise minimize recent experience with
anal droplets, larvae used to measure the time until droplet excretion were
selected from different leaf fragments than larvae used to excrete an anal
droplet in which the needle was dipped. We analyzed the data using a one‐way
ANOVA.

Responses to natural alarm pheromone and effect of companion larva
Small leaf discs (diameter 10 mm) were cut from cotyledons of cucumber plants
and served as experimental arenas. Two thrips larvae from the Pijnacker‐culture
were placed on each experimental arena. One was designated as ‘focal’ larva
and its behavior was observed during the experiment. The other larva was des‐
ignated as ‘companion’ larva. To allow acclimatization of the larvae, the experi‐
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mental arena with both focal and companion larvae was incubated in a climate
room (25 °C, 70% RH, and L16:D8 photoperiod) for 16 h. Approximately 5 min
before the experiment, the experimental arena was placed on a larger leaf disc
(diameter 24 mm), also cut from a cucumber cotyledon, which was placed in a
Petri dish with a layer of wet cotton wool at the bottom (FIGURE 4‐1). Five minutes
appeared to be enough to allow thrips larvae to resume their feeding behavior
(PJAdB, personal observation). The larger leaf disc served as alternative to which
the thrips larvae could escape from the experimental arena.

For experiments on behavioral responses to alarm pheromone, we scored
two types of defensive behavior: the excretion of an anal droplet and the exe‐
cution of abdominal swings (i.e., a characteristic movement where the thrips
larva jerks its abdomen from one side to another; Bakker and Sabelis 1987,
1989). In addition to these defensive behaviors, we also scored escape behav‐
ior, defined as thrips larvae moving off the experimental arena (smaller disc)
onto the larger leaf disc. This escape behavior, however, was observed infre‐
quently. Instead, we observed much more frequently that larvae move over the
border of the experimental arena up to approximately half their body length,
head first, yet move back to the experimental arena before they had fully
moved off. We scored these partial crossings of the edge of the experimental
arena (henceforth called ‘partial crossings’) because they arguably relate to a
tendency to leave the experimental arena. If a focal thrips larva escaped the
experimental arena (smaller leaf disc) before a treatment was applied, the
replicate was discarded. In case a thrips larva escaped from the experimental
arena within 2 min after applying a treatment, the observation was terminated.
These replicates were included in the analyses after correcting for the shorter
observation time by calculating the rate of the observed behaviors (number of
scored behaviors divided by the observation time). Observations were made on
25 focal larvae per treatment. Thrips behavior was observed using a binocular
microscope with a cold light source, and was recorded and timed using the

49

Anti‐predator responses to alarm pheromone in groups of thrips larvae

FIGURE 4‐1 Experimental setup to test behavioral responses of a focal larva in the pres‐
ence of a companion larva. We placed these two larvae on an experimental arena (white
circle) made from a small leaf disc (diameter 10 mm) of a cucumber‐plant cotyledon. The
experimental arena was placed on a larger leaf disc (diameter 24 mm, grey circle), also
cut from a cucumber‐plant cotyledon.
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freeware event recorder EthoLog version 2.2.5 (Ottoni 2000). This program is
used to record the different types of behavior and the time at which they
occurred.

We tested if and how the excretion of an anal droplet by a first‐instar
(small) or second‐instar (large) companion larva affected thrips behavior. All
four combinations of small and large focal and companion larvae were tested.
We induced the production of alarm pheromone (hereafter called natural alarm
pheromone) by gently prodding the head of the companion larvae once or
twice with a fine brush. To assess the role of cues coming from the companion
larva other than the alarm pheromone, we added a control where we tested the
response of the focal larva, in the presence of first‐ or second‐instar companion
larvae, to synthetic pheromone mimicking that produced by a second‐instar
larva. If behavioral changes were induced by the pheromone alone, we would
not expect a difference in response to the synthetic pheromone in the presence
of a first‐ or second‐instar companion larva. In contrast, if cues from the com‐
panion larva also affected the behavior of the focal larva, we would expect to
find differences in behavior between these two treatments. Furthermore, as a
control we added only the solvent of the synthetic control, cyclohexane. In
these two controls, we used a Gilson pipette to apply 1 μl of pheromone solu‐
tion or cyclohexane on the experimental arena, away from the thrips larvae.
Thrips were randomly assigned to the natural pheromone treatment or one of
the two controls.

Because the observed anti‐predator behavior can also occur in the absence
of alarm pheromone, we observed each focal larva for 2 min before and 2 min
after application of a treatment. This enabled the detection of changes in droplet
release by the thrips larva, which was subsequently used to test for the effects
of the various treatments. To analyze behavioral differences due to companion
larvae, changes in number of anal droplets released by individual larvae were
analyzed using a Generalized Linear Model (GLM) assuming a Poisson error distri‐
bution. Contrasts among treatments were assessed through model simplifica‐
tion (Crawley 2007) and simplified models were compared with more extended
models using the anova function in R. Furthermore, the standard assumptions on
residual variation were checked.

The analysis of the change in behavior appeared to be possible only for the
data on droplet release. Because the number of abdominal swings and partial
crossings were zero‐inflated, it was not possible to find an appropriate distribu‐
tion to analyze the change in behavior. Therefore, we analyzed the number of
swings and partial crossings before and after the treatment separately.
Differences in the number of abdominal swings and partial crossings due to com‐
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panion larvae were analyzed using a non‐parametric Kruskal‐Wallis test (Siegel
and Castellan 1988). Because the groups of thrips larvae with the same instar as
companion were treated identically before applying one of the pheromone treat‐
ments, we pooled before‐treatment data for each of these categories of focal
and companion larvae. Data obtained after application of the treatments were
first tested with an overall Kruskal‐Wallis test in R, and if this showed a significant
effect of treatment, we performed a post‐hoc test correcting for multiple com‐
parisons using the ‘pgirmess’ package (Giraudoux 2008).

We analyzed differences before and after applying treatments on the differ‐
ent behaviors separately, i.e., the excretion of anal droplets, abdominal swings
and partial crossings of the edge of the arena. To do so, we used the non‐para‐
metric Wilcoxon rank sum test on the paired data before and after applying a
treatment with pooled data from all treatments. With respect to the first occur‐
rence of these behaviors, data were subjected to a time‐to‐event Kaplan‐Meier
analysis (Hosmer and Lemeshow 1999).

All statistical analyses were done using R (R Development Core Team 2010).
To avoid the possibility that outliers dominated the average parameter values,
we removed data points more than 3× the standard deviation away from the
mean. In total, we removed 29 out of 1800 data points. Outliers in the data are
marked red in the supporting information (Appendix TABLE S4‐4).

Effect of amount and ratio of pheromone components on thrips behavior
Using only synthetic pheromone, we tested if and how differences in amount
and ratio of the two pheromone components influenced thrips behavior. For
this, we used the same set‐up and tested the same behavior as described above
(section Responses to natural alarm pheromone), except that we used the
Wageningen thrips culture and we always used a second‐instar larva as a com‐
panion. Focal thrips larvae (either first‐ or second‐instar) were subjected to one
of the following five treatments: four different synthetic pheromone blends as
described above, and the solvent cyclohexane (all 1 μl). Assignment of thrips lar‐
vae to treatments was done using the Random() function in Excel (2003). The
test was performed double blind, implying that the observer was unaware of the
treatment applied. All statistical analyses were done as described above (section
Responses to natural alarm pheromone), except that the differences in abdominal
swings and partial crossings after application of the treatments were analyzed
with a GLM (because these data were not zero‐inflated) with a quasi‐Gaussian
error distribution.
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Results

Response to natural alarm pheromone of first- and second-instar larvae
Small and large larvae released an anal droplet earlier when challenged with a
needle containing pheromone than when challenged with a clean needle (FIGURE

4‐2; one‐way ANOVA: small larvae F2,69 = 5.7, P = 0.005; large larvae F2,76 = 11.4,
P<0.001). For both types of larvae, there was no difference in response to a nee‐
dle with alarm pheromone from a small larva or with alarm pheromone from a
large larva (Tukey post‐hoc test: small larvae P = 0.92, large larvae P = 0.96).
Hence, thrips larvae respond to both types of alarm pheromone equally well.

Responses to natural alarm pheromone and effect of companion larva
For both small and large focal larvae, the change in droplet release (from before
to after the alarm pheromone treatment) did not vary significantly with treat‐
ment or with companion larva (FIGURE 4‐3, TABLE 4‐1). Also, the number of abdom‐
inal swings after application of the treatment did not vary significantly with treat‐
ment or with companion larva (FIGURE 4‐4; overall effect: small focal larvae KW =
7.09, d.f. = 5, P = 0.21; large focal larvae KW = 2.01, d.f. = 5, P = 0.85). For the num‐
ber of times a focal larva partially crossed the border between the small and
large leaf disc, the type of companion larva did not have a significant effect
before treatments (small focal larvae KW = 0.35, d.f. = 1, P = 0.55; large focal lar‐

CHAPTER 4

FIGURE 4‐2 Response time of thrips larvae to a simulated attack. Shown is the mean (± SE)
time (s) between attack with a needle and the release of an anal droplet by first‐ and
second‐instar larvae. The needle was either clean (N = 31), or had been dipped in first‐
instar (N = 21) or second‐instar alarm pheromone (N = 20). For each instar of focal larva,
different letters indicate significant differences.
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vae KW = 0.05, d.f. = 1, P = 0.83), but after treatments, small larvae displayed sig‐
nificantly more partial crossings when exposed to natural pheromone from a
large larva than to that from a small larva (FIGURE 4‐5; overall effect: small larvae
KW = 17.6, d.f. = 5, P<0.01; large larvae KW = 24.1, d.f. = 5, P<0.001; per treatment
post‐hoc effects in TABLE 4‐2). If synthetic pheromone or only its solvent was
released, there was no significant difference in partial crossings (TABLE 4‐2). This
shows that other cues from companion larvae play no role. Hence, thrips larvae

Anti‐predator responses to alarm pheromone in groups of thrips larvae

FIGURE 4‐3 Changes in release of anal droplets (before and after treatment) in response
to natural pheromone or control treatments. The treatments consisted of the triggered
release of natural pheromone by a companion larva, the application of synthetic
pheromone dissolved in cyclohexane or pure cyclohexane. N = 25 for all bars. Shown are
the mean (+ SE)  responses of first‐instar (panel A) or second‐instar larvae (panel B) that
were in the company of either first‐instar (white bars) or second‐instar larvae (grey
bars). The composition of the synthetic alarm pheromone corresponded to the natural
pheromone of second‐instar larvae. ns = not significant.

TABLE 4‐1 Results from GLM‐tests comparing the change in anal droplet release of a focal
larva with treatment (natural pheromone, synthetic pheromone or cyclohexane) in the
vicinity of a first‐instar vs. second‐instar companion thrips larva.
Focal larva Factor χ2 d.f. P
First instar Companion 3e‐15 1 1

Treatment 1e‐14 2 1
Companion*treatment 6.97 4 0.14

Second instar Companion 8.9e‐15 1 1
Treatment 6.2e‐15 2 1
Companion*treatment 4.16 4 0.38
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FIGURE 4‐4 Number of abdominal swings in response to natural pheromone or control
treatments. Shown are box plots of numbers of swings before treatment (pooled for all
treatments, N = 75) and after treatment (triggered release of natural pheromone by the
companion larva present, or controlled release of synthetic pheromone or cyclohexane
by the experimenter, N = 25 each). Focal larvae were either first‐instar (panel A) or sec‐
ond–instar larvae (panel B) and were in the company of either first‐instar (white boxes)
or second‐instar larvae (grey boxes). Boxes indicate the second and the third quartile,
horizontal lines separating the boxes indicate the medians, whiskers above the box indi‐
cate the 90th percentiles, dots indicate outliers; ns = not significant.

FIGURE 4‐5 Number of partial crossings, in response to natural pheromone or control
treatments. Shown are box plots of the numbers of crossings before treatment (pooled
for all treatments, N = 75) and after treatment (release of natural pheromone, synthetic
pheromone or cyclohexane, N = 25 each). Focal larvae were either first‐instar (panel A)
or second‐instar larvae (panel B) and were in the company of either first‐instar (white
boxes) or second‐instar larvae (grey boxes). Boxes indicate the second and the third
quartile, horizontal lines separating the boxes indicate the medians, whiskers above and
below the box indicate the 90th and 10th percentiles, dots indicate outliers; ns = not sig‐
nificant; ** indicates P<0.01.
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respond differentially to pheromones produced by small or large larvae. The
number of partial crossings by large larvae after exposure to natural pheromone,
synthetic pheromone or cyclohexane did not vary significantly with the type of
companion larva (TABLE 4‐2).

The number of anal droplets released, averaged over all treatments, was not
significantly different before or after treatments (both instars; TABLE S4‐2). The
number of swings averaged over all treatments was lower after treatments than
before treatments (bordering significance for first‐instar larvae, significant for
second‐instar larvae; TABLE S4‐2). The number of partial crossings averaged over
all treatments was significantly higher after treatments than before treatments
(both instars; TABLE S4‐2).

For the timing of release of the first anal droplets or abdominal swings, no
significant effect of treatment was detected (see Appendix FIGURE S4‐A and S4‐
B). First‐instar larvae partially crossed earlier when exposed to natural
pheromone of large companion larvae than when exposed to that of small
companion larvae (χ2 = 4.2, d.f. = 1, P<0.05) (FIGURE 4‐6). Thus, partial crossings did
not only occur more frequently, but also earlier.

Effect of amount and ratio of pheromone components on thrips behavior
For both small and large larvae, the change in anal droplet release did not signif‐
icantly depend on the amount of pheromone offered or on the ratio of the two
components (FIGURE 4‐7; GLM: small larvae – amount: deviance = 0.01, d.f. = 2,
P>0.99; ratio: deviance = 0.35, d.f. = 1, P = 0.55. Large larvae – amount: deviance
<0.001, d.f. = 2, P = 1; ratio: deviance <0.001, d.f. = 1, P = 1). Moreover, the number
of abdominal swings did not significantly depend on the amount of the
pheromone offered or on the ratio of the two components in the pheromone
offered (FIGURE 4‐8; small larvae – amount: F2,125 = 0.78, P = 0.45; ratio: F1,125 = 0.33,
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TABLE 4‐2 Results from Kruskal‐Wallis tests comparing the number of partial crossings of
a focal larva in the vicinity of a first‐instar vs. second‐instar companion thrips larva.

Focal larva Treatment KW (d.f. = 1) P
Before treatment First instar All treatments pooled 0.35 0.55

Second instar All treatments pooled 0.05 0.83
After treatment First instar Natural pheromone 7.70 <0.01

Synthetic pheromone 1.15 0.28
Cyclohexane 0.88 0.35

Second instar Natural pheromone 0.75 0.39
Synthetic pheromone 1.61 0.20
Cyclohexane 0.57 0.45
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FIGURE 4‐6 Timing of first partial crossing, in response to natural pheromone or control
treatment. Shown is the increase of the number of individuals that has partially crossed
the edge of the experimental disc over time (s) before treatment (pooled for all treat‐
ments, N = 75) and after treatment (release of natural pheromone, synthetic pheromone
or cyclohexane, N = 25 each). Note that the y‐axes are scaled to the maximum number
of individuals that could have partially crossed (75 before treatments and 25 after treat‐
ments). Focal larvae were either first‐instar (left column of graphs) or second‐instar
(right column of graphs). Companion larvae were either first‐instar (black circles) or sec‐
ond‐instar (white circles). * indicates P<0.05.
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P = 0.57. Large larvae – amount: F2,124 = 0.29, P = 0.75; ratio: F1,124 = 0.81, P = 0.37).
The amount of synthetic alarm pheromone had a significant effect on the partial
crossings of small larvae (FIGURE 4‐9; F2,120 = 3.4, P = 0.04). The ratio of the two
components in the alarm pheromones did not significantly affect this behavior of
small larvae (F1,119 = 1.8, P = 0.19), but there was a trend towards more partial
crossings in response to mixtures where the ratio mimicked that of a large larva
(FIGURE 4‐9). For partial crossings of large larvae, we found no significant effect
of amount or ratio (FIGURE 4‐9; amount: F2,119 = 0.14, P = 0.87; ratio: F3,119 = 0.12, P
= 0.73).

The number of anal droplets released, averaged over all treatments, was not
significantly different before or after treatments (both instars; TABLE S4‐3). The
number of swings averaged over all treatments was significantly lower after
treatments than before treatments (both instars; TABLE S4‐3). The number of par‐
tial crossings averaged over all treatments was significantly higher after treat‐
ments than before treatments (both instars; TABLE S4‐3). With respect to first
occurrence of droplets, abdominal swings and partial crossings, no significant
effects of concentration or ratio of components were detected (see Appendix
FIGURE S4‐C, S4‐D and S4‐E).
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FIGURE 4‐7 Change in release of anal droplets in response to different blends of synthetic
pheromone. Shown are the means (± SE) of the difference in number of anal droplets
produced after exposure to the pheromone minus before exposure per individual larva.
Treatments consisted of various blends of synthetic pheromone or cyclohexane (‘Cyclo’)
as the solvent control. Synthetic pheromone blends were prepared to mimic known
amount and/or ratio of alarm pheromone components produced by first‐ or second‐
instar larvae (coded on the horizontal axis with ‘First’ and ‘Second’, respectively). Note
that these blends include the mimics of first‐ and second‐instar alarm pheromone. N = 25
for all bars. Focal larvae were either first‐instar (panel A) or second‐instar (panel B). 
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Discussion
We investigated alarm communication in Western flower thrips by addressing
the following three questions: First, do both small and large larvae respond to
alarm pheromones excreted by small and large larvae? Second, do thrips show
differential behavioral responses to alarm pheromone produced by a small or a
large companion larva? Third, does the amount of pheromone or the ratio of the
two compounds affect anti‐predator behavior? Below we discuss these three
questions, compare our results with what is known about thrips and their
defense behavior, and address the scope for context‐dependent alarm signaling
in thrips.

Evidence for the perception of natural alarm pheromone
Thrips larvae responded to an anal droplet excreted by a small or a large larva
(FIGURE 4‐2). We found a similar behavioral effect, called ‘priming’, in an earlier
study using large larvae only and showed that this priming was caused by the
alarm pheromone in the anal droplet (de Bruijn et al. 2006). For large larvae, the
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FIGURE 4‐8 Number of abdominal swings in response to different blends of synthetic
pheromone. Shown are box plots of numbers of swings before treatment (‘Before’;
pooled for all treatments, N = 125) and after treatment (various blends of synthetic
pheromone or cyclohexane, ‘Cyclo’, N = 25 each). Synthetic pheromone blends were sys‐
tematically varied to mimic known amounts and/or ratios of the alarm pheromone com‐
ponents produced by first‐ or second‐instar larvae (coded on the horizontal axis with
‘First’ and ‘Second’, respectively). Note that these blends include the mimics of first‐ and
second‐instar alarm pheromone. Focal larvae were either first‐instar (panel A) or second‐
instar (panel B). Boxes indicate the second and the third quartile, horizontal lines sepa‐
rating the boxes indicate the medians, whiskers above the box indicate the 90th per‐
centiles, dots indicate outliers.
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priming effect of anal droplets excreted by large larvae is similar in the previous
and the present paper. The priming effect on large larvae and small larvae is also
similar. Hence, the priming by droplets of small larvae suggests that large and
small larvae can perceive alarm pheromone of small larvae.

Evidence for differential responses to alarm pheromone of small and large

larvae
Small larvae show stronger responses when exposed to alarm pheromone from
large larvae than to that from small larvae (FIGURE 4‐5, TABLE 4‐2). Large larvae do
not show differential responses to alarm pheromone from small or large larvae
(FIGURE 4‐5, TABLE 4‐2). Neither small nor large larvae seem to show increased par‐
tial crossings to natural alarm pheromone of a small companion larva (FIGURE 4‐
5). These results are in contrast with our expectation that small larvae would
always respond to pheromone of small and large larvae, whereas large larvae
would always respond to pheromone of large larvae, but only sometimes to that
of small larvae. What could explain this stronger response of small larvae to an
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FIGURE 4‐9 Number of partial crossings in response to different blends of synthetic
pheromone. Shown are box plots of numbers of partial crossings before treatment
(‘Before’; pooled for all treatments, N = 125) and after treatment (various blends of syn‐
thetic pheromone or cyclohexane, ‘Cyclo’, N = 25 each). Synthetic pheromone blends
were systematically varied to mimic known amounts and/or ratios of alarm pheromone
components produced by first‐ or second‐instar larvae (coded on the horizontal axis
with ‘First’ and ‘Second’, respectively). Note that these blends include the mimics of
first‐ and second‐instar alarm pheromone. Focal larvae were either first‐instar (panel A)
or second‐instar (panel B). Boxes indicate the second and the third quartile, horizontal
lines separating the boxes indicate the medians, whiskers above and below the box indi‐
cate the 90th and 10th percentiles, dots indicate outliers; * P<0.05, ** P<0.01.

Paulien-chap4_Nicola-chap3.qxd  11/05/2015  01:25  Page 59



alarm pheromone of an instar other than their own? To the best of our knowl‐
edge, predators that form a threat to large larvae always form a threat to small
larvae as well (but not always vice versa) and those predators are more voracious
to small larvae than predators that attack only small larvae. Hence, small larvae
should always respond to alarm pheromone of large larvae. Why large larvae do
not differentiate between alarm pheromone from small and large larvae,
remains unclear. The lack of response of small and large larvae to alarm
pheromone excreted by small larvae recorded here suggests either that our set‐
up did not provide thrips larvae a chance to display the anti‐predator behavior
they would normally display when perceiving alarm pheromone, or that thrips
larvae do not change their behavior when perceiving an alarm signal of a small
larva under attack. In the latter case, a behavioral response may require addition‐
al cues of predation, such as cues elicited by the predator (as shown for thrips by
Venzon et al. 2000) or cues from wounded conspecifics (this latter type of cue is
commonly found in aquatic predator‐prey systems; see, e.g., Chivers and Smith
1998).

We found no differential response to alarm pheromone in other aspects of
anti‐predator behavior (FIGUREs 4‐3 and 4‐4, TABLE 4‐1). Focal larvae also did not
perform more partial crossings in the presence of a large companion larva than
in the presence of a small companion larva before treatments, or after exposure
to synthetic alarm pheromone of fixed composition (FIGURE 4‐5, TABLE 4‐2).
Hence, the cue they responded to after treatments was the pheromone, and not
any other cue related to the companion larva. To test if the presence of a com‐
panion larva has any effect on a focal larva, focal larvae should be presented with
synthetic alarm pheromone in the presence or absence of a companion larva. We
did not perform these tests, because we focused on the hypothesis that thrips
larvae perceive a difference between natural alarm pheromone produced by
small or large larvae.

Does response depend on ratio or amount of pheromonal components?
Given that small thrips larvae display more anti‐predator behavior in response to
alarm pheromone of large larvae than to that of small larvae, we also investigat‐
ed whether this effect can be attributed to the difference in amount of
pheromone or the difference in the ratio of the two components. We found that
the total amount of the two components had a significant effect on the number
of partial crossings small larvae make, but their ratio of the two compounds in
the mixture did not. However, the strong response to the solvent cyclohexane
may have masked subtle effects of the ratio of the components. Indeed, there is
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a trend for small larvae to respond more strongly to mixtures with the ratio mim‐
icking alarm pheromone of large larvae compared to mixtures with the ratio
mimicking alarm pheromone of small larvae (as seen in FIGURE 4‐9). Therefore, we
suggest that the ratio of pheromone components does matter to the response
of small thrips larvae.

Do responses to natural and synthetic pheromone correspond?
Throughout this article we assumed that the alarm pheromone consists of two
components. However, we cannot exclude the presence of other components in
the pheromone in concentrations below the detection threshold of analytical
equipment, but which might cause a behavioral response of thrips larvae. To
exclude that such components have a large effect on thrips behavior, we tested
if the synthetic pheromone elicits a response mimicking that of natural
pheromone. Small larvae made significantly more partial crossings when
exposed to synthetic blends aimed to mimic alarm pheromone of large larvae
than that of small larvae (one‐way ANOVA: F1,48 = 7.21, P<0.01; FIGURE 4‐9), which
corresponds to our results using natural pheromone of these thrips larvae
(FIGURE 4‐4A). Large larvae did not make more partial crossings when exposed to
synthetic blends mimicking alarm pheromone of large larvae than that of small
larvae (one‐way ANOVA: F1,48 = 0.37, P = 0.55; FIGURE 4‐9), which again corre‐
sponds to our results found using natural pheromone (FIGURE 4‐5B). Hence, the
natural pheromone and its synthetic analog seem to have a similar effect on the
response of thrips larvae.

Comparing results with known anti-predator behavior
Our results are in agreement with what is known of thrips anti‐predator behav‐
ior. In an attempt to defend themselves, thrips larvae release anal droplets and
swing their abdomen when contacted by a predator (Bakker and Sabelis 1989;
Teerling et al. 1993). In the absence of contact with a predator, such anti‐preda‐
tor behavior is expected to occur at a lower frequency. Indeed, when thrips lar‐
vae were subjected to natural pheromone, we did not observe an increase in
release of anal droplets (TABLE 4‐1, FIGURE 4‐3, TABLE S4‐3), and a decrease in the
number of abdominal swings (FIGURE 4‐4, TABLE S4‐3). However, we did observe
an increase in the frequency of partial crossings (FIGURE 4‐5, TABLE S4‐3). We inter‐
pret the latter behavior as an increased tendency to avoid contact with a preda‐
tor by leaving the area where alarm was raised.
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Scope for context-dependent signals
Context‐dependent alarm signals allow receivers to respond adaptively to preda‐
tion risk (Blum 1996). In this article, we show that small thrips larvae respond dif‐
ferentially to alarm pheromone excreted by small larvae or large larvae and that
this differential response could be explained by differences in amount of
pheromone, and possibly its composition. If the amount of pheromone per‐
ceived by the receiver thrips would decrease with increasing distance from the
sender, we would expect differential responses with increasing distance
between sender and receiver. For a thrips larva, however, to be able to distin‐
guish between two signals without knowing the distance between itself and a
sender, the signals should not only differ in amount, but also in other aspects,
such as the ratio of the two components. We did find a trend for first‐instar lar‐
vae to respond more strongly to mixtures where the components had the ratio
of second‐instar alarm pheromone. Thrips larvae in this experiment responded
not only to the synthetic pheromones, but also to the solvent used (FIGURE 4‐9),
which could have masked significant effects of the ratio of the components.

Context‐dependent responses to alarm signals are known for vocal alarm
calls (e.g., Sherman 1977; Seyfarth et al. 1980; Furrer and Manser 2009). Chemical
alarm signals (alarm pheromones), however, have hardly been studied with
respect to the extent to which conspecifics respond to intra‐individual variation
in pheromones. In invertebrates, we are aware of only one other example (of
paper wasps) where the composition of alarm pheromone and the response to
it varies (Bruschini et al. 2008). Our results add a second example of adjusted
response to changes in alarm pheromone of an individual insect: the composition
of alarm pheromone changes with the age of a thrips larva (MacDonald et al.
2003) and here we found that the response of small larvae changes with the
composition of alarm pheromone. Moreover, sending thrips larvae are able to
vary the ratio of decyl acetate and dodecyl acetate as well as the amount of
pheromone with the level of danger they perceive (de Bruijn et al. 2014). Hence,
together with these earlier findings, our results suggest that sender and receiv‐
er thrips change their behavior with the level of danger, and thereby display con‐
text‐dependent alarm communication.
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Appendix

TABLE S4‐1 Length, width and height of thrips larvae in mm (mean ± SE).
First‐instar thrips larvae Second‐instar thrips larvae
Freshly hatched Before molting After molting Before pupation

Length 0.50 ± 0.004 0.92 ± 0.027 0.92 ± 0.03 1.16 ± 0.02
Width 0.11 ± 0.005 0.20 ± 0.009 0.21 ± 0.01 0.25 ± 0.01
Height 0.10 ± 0.003 0.13 ± 0.004 0.15 ± 0.01 0.22 ± 0.01
The size of thrips larvae was measured using a binocular microscope with an ocular gratic‐
ule. We measured length, width and height of 10 small first‐instar larvae (freshly hatched
from eggs), 10 large first‐instar larvae (about to molt into second‐instar larvae), 10 small
second‐instar larvae (just molted from first instar) and 10 large second‐instar larvae (about
to molt into prepupae) Thrips larvae were measured on a cucumber leaf in a Petri dish (as
described above for the thrips culture); length and width were measured with the Petri
dish in a horizontal position, height was measured with the Petri dish in a vertical position.

TABLE S4‐2 Statistical results from Wilcoxon signed rank tests comparing before and
after data collected for the number of anal droplets releases, swings of the abdomen
and partial crossings of a focal larva treatments in the ‘Responses to natural alarm
pheromone and effect of companion larva’ experiment.
Behavior Before After Wilcoxon 

n treatment treatment signed rank test
First‐instar larvae

Excretion of anal droplet 150 0.45 ± 0.04 0.48 ± 0.04 V = 1039, P = 0.63
Swinging abdomen 150 1.06 ± 0.12 0.79 ± 0.10 V = 2658, P = 0.06
Partially crossing the edge of the arena 150 0.55 ± 0.08 1.94 ± 0.16 V = 521, P<0.001

Second‐instar larvae
Excretion of anal droplet 150 0.24 ± 0.04 0.27 ± 0.04 V = 539, P = 0.57
Swinging abdomen 150 1.51 ± 0.19 0.90 ± 0.12 V = 2952, P<0.001
Partially crossing the edge of the arena 150 0.73 ± 0.09 2.22 ± 0.21 V = 1081, P<0.001

TABLE S4‐3 Statistical results from Wilcoxon signed rank tests comparing before and
after data collected for the number of anal droplets releases, swings of the abdomen
and partial crossings of a focal larva treatments in the ‘Effect of amount and ratio of
pheromone components on thrips behavior’ experiment.
Behavior Before After Wilcoxon 

n treatment treatment signed rank test
First‐instar larvae

Excretion of anal droplet 123 0.34 ± 0.04 0.51 ± 0.12 V = 656, P = 0.95
Swinging abdomen 126 0.30 ± 0.06 0.71 ± 0.01 V = 424, P<0.001
Partially crossing the edge of the arena 123 0.32 ± 0.09 4.94 ± 0.29 V = 102.5, P<0.001

Second‐instar larvae
Excretion of anal droplet 123 0.2 ± 0.04 0.43 ± 0.11 V = 441, P = 0.16
Swinging abdomen 121 0.48 ± 0.07 0.97 ± 0.15 V = 559, P<0.01
Partially crossing the edge of the arena 125 0.42 ± 0.08 8.40 ± 0.74 V = 47.5, P<0.001

65

Anti‐predator responses to alarm pheromone in groups of thrips larvae

Paulien-chap4_Nicola-chap3.qxd  11/05/2015  01:25  Page 65



TABLE S4‐4 Shown are all data. Outliers (values differ more than 3× the deviation from
the mean) are marked red.

Responses to natural pheromone
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Effect of amount and ratio
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FIGURE S4‐A Timing of release of first anal droplet in response to natural pheromone or
control. Shown are the times (s) until first droplet was released before treatments
(pooled for all treatments, N = 75) and after treatments (release of natural pheromone,
synthetic pheromone or cyclohexane, N = 25 each). Focal larvae are either first‐instar
(upper graphs) or second‐instar (lower graphs). Companion larvae were either first‐instar
(black circles) or second‐instar (white circles). No significant differences were found.
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FIGURE S4‐B Timing of first abdominal swing in response to natural pheromone or con‐
trol. Shown are the times (s) until first swing before treatments (pooled for all treat‐
ments, N = 75) and after treatments (release of natural pheromone, synthetic
pheromone or cyclohexane, N = 25 each). Focal larvae were either first‐instar (upper
graphs) or second‐instar (lower graphs). Companion larvae were either first‐instar (black
circles) or second‐instar (white circles). No significant differences were found.
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FIGURE S4‐C Timing of release of first droplet. Shown are the time (s) until first droplet
before treatment (pooled for all treatments, N = 125) and after treatment [blend of syn‐
thetic pheromone with amount and ratio of second‐instar larvae (gray circles), amount
of second‐instar larvae and ratio of first‐instar larvae (gray triangles), amount of first‐
instar larvae and ratio of second‐instar larvae (white squares), amount and ratio of first‐
instar larvae (black stars) or cyclohexane as the solvent control (gray hexagons), N = 25
each]. Focal larvae are either first instar (upper graphs) or second instar (lower graphs).
No significant differences were found.
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FIGURE S4‐D Timing of first swing. Shown are the times (s) until first swings before treat‐
ment (pooled for all treatments, N = 125) and after treatment [blend of synthetic
pheromone with amount and ratio of second‐instar larvae (gray circles), amount of sec‐
ond‐instar larvae and ratio of first‐instar larvae (gray triangles), amount of first‐instar lar‐
vae and ratio of second‐instar larvae (white squares), amount and ratio of first‐instar lar‐
vae (black stars) or cyclohexane as the solvent control (gray hexagons), N = 25 each].
Focal larvae are either first instar (upper graphs) or second instar (lower graphs). No sig‐
nificant differences were found.
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FIGURE S4‐E Timing of first partial crossing. Shown are the times (s) until first partial
crossings before treatment (pooled for all treatments, N = 125) and after treatment
[blend of synthetic pheromone with amount and ratio of second‐instar larvae (gray cir‐
cles), amount of second‐instar larvae and ratio of first instar larvae (gray triangles),
amount of first‐instar larvae and ratio of second‐instar larvae (white squares), amount
and ratio of first‐instar larvae (black stars) or cyclohexane as the solvent control (gray
hexagons), N = 25 each]. Focal larvae are either first instar (upper graphs) or second
instar (lower graphs). No significant differences were found.
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