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Abstract

Insects live in a dangerous world and may fall prey to a wide variety of predators, encompassing multiple taxa. As a result,
selection may favour defences that are effective against multiple predator types, or target-specific defences that can reduce
predation risk from particular groups of predators. Given the variation in sensory systems and hunting tactics, in particular
between vertebrate and invertebrate predators, it is not always clear whether defences, such as chemical defences, that are
effective against one group will be so against another. Despite this, the majority of research to date has focused on the role
of a single predator species when considering the evolution of defended prey. Here we test the effectiveness of the chemical
defences of the wood tiger moth, a species previously shown to have defensive chemicals targeted towards ants, against a
common invertebrate predator: spiders. We presented both live moths and artificial prey containing their defensive fluids
to female Trichonephila senegalensis and recorded their reactions. We found that neither of the moth’s two defensive fluids
were able to repel the spiders, and confirmed that methoxypyrazines, a major component of the defences of both the wood
tiger moth and many insect species, are ineffective against web-building spiders. Our results highlight the variability between
predator taxa in their susceptibility to chemical defences, which can in part explain the vast variation in these chemicals seen
in insects, and the existence of multiple defences in a single species.
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Introduction (Speed et al. 2012). While there has been a trend in the
past decades to use a greater variety of predators to test the
Almost all organisms are at risk of predation during some  effectiveness of chemical defences, ants and birds still pre-
stage of their life. This strong selective pressure to avoid  dominate in such studies. Although both groups are likely
injury or death at the hands of a hungry predator has resulted ~ to be important predators in many environments, the huge
in a diverse array of anti-predator strategies. Of these, chem-  variability in both sensory systems, and thus susceptibility to
ical defence is one of the most taxonomically widespread  chemical defences, shown by predatory species means that
over-reliance on a few taxa may produce misleading results
(Zvereva and Kozlov 2016). In addition, individual prey spe-
Communicated by Giinther Raspotnig. cies are likely to fall prey to multiple predator species, thus it
is important to test a variety of ecologically relevant preda-
tors to fully understand the strength of a species’ chemical
defences (Endler and Mappes 2004).
The wood tiger moth (Arctia plantaginis, Lepidoptera,
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to the head of the moth, deter bird predators, such as blue
tits, but are ineffective against ants, while the abdominal
fluids, produced from the anus when the moth is startled
or disturbed, are aversive to wood ants but not birds (Rojas
et al. 2017). The main chemical compounds used by the
moths appear to be methoxypyrazines. In particular, 2-sec-
butyl-3-methoxypyrazine (SBMP) and 2-isobutyl-3-meth-
oxypyrazine (IBMP) have been found in the neck fluids of
the moths (Burdfield-Steel et al. 2018a) and elicit similar
levels of aversion in wild birds (Rojas et al. 2017 and Burd-
field-Steel et al. unpublished data). In addition, 2-isopropyl-
3-methoxypyrazine (IPMP) has been detected in the abdomi-
nal fluids of some moths, and may therefore play a role in
defence against invertebrates (A. Winters, pers. com.). Pyra-
zines, and methoxypyrazines in particular, are used as part
of chemical defences and displays by many insects and other
invertebrates (Guilford et al. 1987; Moore et al. 1990; Kogel
et al. 2012) including tiger moths (Rothschild et al. 1984).
Their widespread use has led to the suggestion that they may
act as alerting or warning signals, much like bright coloura-
tion, indicating the presence of stronger chemical defences
to more chemical or odour-oriented predators (Moore et al.
1990). This is supported by the finding that pyrazines can
facilitate predator learning (Rowe and Guilford 1996) and
induce aversions to visually conspicuous prey (Lindstrom
et al. 2001) in birds. While the strong methoxypyrazine-
produced odour of the neck fluids does appear to interact
with the visual warning signal in the wood tiger moth (Rojas
et al. 2019), these pyrazines also appear to function as the
defence itself, as they are distasteful to wild-caught birds
(Rojas et al. 2017) even in the absence of any other cues or
chemicals. However the role of IPMP, if any, in the abdomi-
nal fluids remains unknown.

The presence of multiple forms of chemical defence high-
lights the dual predation pressure, from both vertebrate and
invertebrate predators, shaping the antipredator adaptations
in this species. However, their effectiveness against one of
the most numerous types of invertebrate predators, spiders,
remains untested. Web-building spiders are an important
class of predators in terrestrial environments (Nyffeler and
Birkhofer 2017). They have previously been shown to reject
insect prey defended by different chemicals including the
moths Empyreuma pugione (Petschenka et al. 2011) and
Utetheisa ornatrix (Eisner 1982) (both Arctiidae). Obser-
vations of moths caught in spider webs during enclosure
experiments (Gordon et al. 2015) suggest that spiders pose
a real threat to this species (S. Gordon, pers. coms). Orb-
weaving spiders of the genus Nephila (recently renamed
to Trichonephila, Kuntner et al. 2018), are commonly used
as predators in experiments testing Lepidoptera defences
(Vasconcellos-Neto and Lewinsohn 1984), in particular the
ithomiine butterflies (Brown 1984; Trigo et al. 1996; Orr
et al. 1996). Trichonephila senegalensis is a particularly
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useful species given its willingness to attack and feed on
“artificial prey” in the form of gelatin capsules. This allows
for precise manipulation of the chemical contents of the
prey, without any changes to external cues.

Here we test if the wood tiger moth is palatable to a
model spider predator, Trichonephila senegalensis (Araneae,
Araneidae). We predict that, as a result of their chemical
defences, wood tiger moths will show higher survival than
undefended flies when presented to spiders. Furthermore,
we use an artificial prey assay to determine if the moths’
two defensive fluids, and the methoxypyrazines they contain,
are effective in deterring spiders. In keeping with previous
findings using ants, we predict that the neck fluids will not
deter spiders, but that the abdominal defensive fluids will.

Methods

We used adult female Trichonephila senegalensis bred and
raised at Universitdt Hamburg from a source population
stemming from spiders collected in Ndumo South Africa
in 2015 for Exp. 1 and 2, and in 2017 for Exp. 3 (permit
7,902,215,171,083 from Ezemvelo KZN Wildlife). Spiders
were raised from eggs under standardised conditions with
temperatures between 24 and 26 °C (although higher tem-
peratures can occur if the cooling system fails) and a humid-
ity between 50 and 60%. After hatching from the egg-sacs,
juveniles were transferred individually to translucent cups
of sizes between 250 ml and 1 1 depending on spider size.
Cups were scratched inside to facilitate web attachment and
fitted with cotton wool stuffed in a hole of the cup bottom.
Spiders were fed with Drosophila and flies (Calliphora
vicina) twice a week and their webs were misted with water
5 days per week. Each spider was naive to prey that contain
defensive chemicals. Adult female spiders were placed in
acrylic frames (60 X 60 cm) and allowed to build a web. Each
spider was food deprived for a minimum of 2 days prior to
the trials.

Wood tiger moths were obtained from a laboratory stock
established in 2011, from wild moths collected from cen-
tral and southern Finland, and reared at the University of
Jyviskyld (Finland) under natural light conditions and tem-
perature ca. 23 °C. After eclosion adult moths were kept
at 7 °C and provided with water. As wood tiger moths are
capital breeders, adults do not eat. Their chemical defences
take the form of “neck fluids”, secreted from the protho-
racic (cervical) glands, and “abdominal fluids”, released
from the abdominal tract. Fluids for experiment 2 were col-
lected in 2016 from approximately 36 individuals between
0 and 3 days post-eclosion. Prior to sampling all moths
were removed from the climate chamber in which they were
stored and sprayed with water. They were then given one
hour at room temperature to drink and become active. Neck
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fluids were sampled by pinching the moth just below the
prothoracic glands with a pair of tweezers. This stimulated
the release of the fluid, which was then collected with 10 ul
glass capillaries. The abdominal fluid was sampled by gently
squeezing the moth’s abdomen with tweezers and collected
in the same manner. The fluids were then pooled into groups
of three moths and kept at — 20 °C prior to injection into the
artificial prey.

Experiment 1

Each spider was offered a moth and a fly (Calliphora vicina)
in a randomised order and their behaviour recorded. Prey
were chilled to temporarily reduce activity and placed in the
web of the spider. All prey were weighed prior to the start
of the trial and, where possible, the weights were matched
such that spiders that received larger moths also received
larger flies. Prey were placed in the web approximately 5 cm
from the hub. We then recorded the time taken for the spider
to attack the prey, the amount of time spent on activities
such as wrapping and feeding, and the final weight of the
prey once dropped from the web. Spiders were given 2 h to
attack prey in the web. Prey not attacked after this time were
considered to have “survived”. If they did attack the prey,
spiders were observed for 2 h, or until the prey had been
dropped from the web.

Experiment 2

Artificial prey were made using gelatine capsules
(1.43 cmx0.52 cm) filled with meat broth (1% meat extract,
5% starch) (see Fig. 1). Capsules were first coated with lard
(heated to 50 °C then cooled to 23 °C) using a fine paint
brush. They were then assembled and allowed to cool for
2 h before being injected and filled with meat broth. Control

capsules were injected with 190 pl of broth, treatment cap-
sules were injected with a mixture of the broth and defensive
fluids from three adult moths. This ratio of broth to defensive
fluid was chosen given that the capsules were, on average,
slightly less than three times the weight of the moths. Three
capsules (control, neck and abdominal) were offered to the
spiders sequentially in a randomised order. As the capsules
were larger than the insect prey used in experiment one, spi-
ders were given 24 h between capsules to ensure they were
motivated to attack. Capsules were introduced to the web
using tweezers and then vibrated using a modified electric
toothbrush until the spider attacked. For this reason time to
attack was not recorded in these trials. Spiders were given
2 h to feed after which the capsule was removed from the
web and re-weighed. Previous studies suggest that weight
lost through evaporation during these trials is negligible
(Petschenka et al. 2011), however the ambient temperature
of the laboratory was particularly high during this experi-
ment (25-31 °C) therefore the temperature of the room dur-
ing each trial was recorded.

Experiment 3

Following a similar protocol as experiment 2, spiders
were presented with four capsules containing either con-
trol (as before), 2-sec-butyl-3-methoxypyrazine (SBMP),
2-isobutyl-3-methoxypyrazine (IBMP) or 2-isopropyl-
3-methoxypyrazine (IPMP). All pyrazines were bought
from Sigma-Aldrich. Presentation was done over a period
of 4 days, with the spiders receiving one capsule each day in
a randomised order. Spiders initially received concentrations
of 1 pl of pyrazine in 1 ml meat broth, as this is the upper
range found naturally in the neck fluids of the moths. The
experiment was then repeated, using different spiders, one
and 2 weeks later with concentrations of 5 ul/ml (week 2)

Fig. 1 Left a female Trichonephila senegalensis feeding on a wood tiger moth. Right a female N. senegalensis feeding on an artificial prey cap-
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and 10 ul/ml (week 3). The weight of the capsule before and
after the trials was recorded. In this experiment spiders were
allowed to feed on the artificial prey until they chose to stop,
therefore feeding duration was also recorded.

Statistical analysis

As all three experiments involved repeated measures of indi-
vidual spiders presented with different prey types, all data,
except the likelihood to feed in experiment 3, were analysed
using generalised estimating equations (GEEs) using the
package ‘geepack’ (Hgjsgaard et al. 2005) with prey type
and sequence order as explanatory variables. GEEs are
useful for analysing non-normally distributed data such as
ours and make fewer assumptions than mixed-effect models
(Pekar and Brabec 2018). In experiment 1, the proportion
of weight lost from each of the prey, along with behavioural
measures such as time taken to attack, time spent wrapping
the prey and time spent feeding, were analysed. In experi-
ment two the proportion of weight lost from the capsules
was analysed. In experiment 3 the percentage of weight lost
from each of the artificial prey, and the feeding duration
were analysed. The likelihood that a spider would feed on
a capsule was analysed using a generalized linear mixed-
effects model with a binomial distribution with feeding (yes
or no) as the dependent variable and treatment type as the
explanatory variable. Each concentration of each pyrazine
was considered as a separate treatment. All analyses were
done in R 3.4.4. (R Development Core Team 2008).

Results
Experiment 1

17 T. senegalensis were tested with live insect prey. Of the
17 moths presented to the spiders only two survived. One
female moth was attacked then cut from the web and one
male moth was never attacked. All the flies presented were
eaten. The spiders took longer to attack, wrap, and eat moth
prey (GEE: Attack: W=28.08, p=0.005, Wrap: W=12.84,
p=0.0003 and Feed: W=4.48, p=0.034) and they ate a
smaller proportion of moths compared to flies (W=13.00,
p=0.0003, Fig. 2).

Experiment 2

12 T. senegalensis were tested with the three artificial prey.
Only two capsules were cut from the web during the course
of the experiment, one control capsule and one capsule con-
taining neck fluid. There was no significant effect of cap-
sule type (GEE: W=3.54, p=0.06 and W=0.11, p=0.75
for neck and abdominal fluid treatments respectively, Fig. 3)
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or presentation order (W=0.74, p=0.39) on the weight lost
from the capsules during spider feeding.

Experiment 3

A total of 44 T. senegalensis were tested with the pure
pyrazines across 45 trials, 15 with concentrations of 1 pl/
ml, 15 with 5 pl/ml and 15 with 10 ul/ml. One spider was
included in two concentration treatments: 1 pl/ml and 10 pl/
ml. The spiders fed on the capsules in the majority (85%) of
the trials. The likelihood that a spider would feed was not
affected by any of the treatments (p > 0.05 for all treatments,
Table 1) although it did reduce with subsequent presenta-
tions (GLMM: z=-2.37, p=0.0176). Of the 180 capsules
presented to spiders only eight were cut from the web prior
to feeding, four from the 1 pl/ml and four from the 5 pl/
ml concentrations. The order in which the capsules were
presented to the spiders did significantly affect the amount
of weight lost, with those presented later losing less weight
(W=17.96, p=0.0048) but not the amount of time spent feed-
ing (W=3.45, p=0.0633). When compared to the controls,
none of the treatments affected the amount of weight lost
from the capsules (W=1.18, p=0.278 for SBMP, W=0.03,
p=0.8616 for IBMP and W=1.08, p=0.299 for IPMP,
Fig. 4) or the time spent feeding (W=2.18, p=0.1400,
W=1.16, p=0.2808 and W=0.54, p=0.4627 for SBMP,
IBMP and IPMP respectively, Fig. 5). The concentration of
pyrazine in the capsules did not affect the amount of weight
lost (W=0.47, p=0.4911), but it did significantly affect time
spent feeding (W=28.74, p=0.0031) as higher concentra-
tions were fed on by the spiders for longer (Fig. 5).

Discussion

While the defensive fluids of the wood tiger moth have been
shown to deter both ant and bird predators (Rojas et al.
2017), they were ineffective against model spider predators.
Almost all live moths offered to the spiders were consumed,
and artificial prey treated with both neck and abdominal flu-
ids were eaten at the same rate as control prey. Furthermore,
methoxypyrazines, a key component of the moth’s chemical
defences (Burdfield-Steel et al. 2018b), failed to deter spi-
ders even at very high concentrations.

T. senegalensis have previously been shown to reject
other moth species, such as Empyreuma pugione, and even
flies, when those species contain chemicals the spiders find
unpalatable, such as cardenolides (Petschenka et al. 2011).
However, we found no evidence that wood tiger moths were
unpalatable to T. senegalensis. While the spiders did take
longer to attack wood tiger moths in comparison to their
usual fly prey, this may have been because the moths moved
less in the web than the flies. Alternatively, it may be that
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Fig.2 Comparisons of spider behaviour with fly and moth prey. Top
left—the proportion of prey weight lost during spider feeding. Top
right—the time, in seconds, spiders spent feeding on the two prey
types. Bottom left—the time, in seconds, taken by spiders to attack

the spiders were more cautious when attacking unfamiliar
prey (but see Bramer et al. 2018). In addition, the spiders
spent more time wrapping the moths, and ate a smaller pro-
portion of their body weight compared to the flies, although
this was probably a result of the larger wings of the moths.
When the defensive fluids of the moths were presented to
the spiders in artificial prey they had no impact on spider
feeding behaviour.

Capsule assays with three pure methoxypyrazines con-
firmed their ineffectiveness as defences against spiders, even
at very high doses. For comparison, the two methoxypyra-
zines found in the neck fluids of the wood tiger moth, IBMP
and SBMP, show clear deterrent effects on birds at concen-
trations of less than 1 ul/ml (Rojas et al. 2017, Burdfield-
Steel et al. unpublished data), which is also towards the high
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the different prey types. Bottom right—the time, in seconds, spiders
spent wrapping different prey types. Thick lines indicate medians and
boxes show upper and lower quartiles. Whiskers indicate 1.5 times
the interquartile range

end of the range found in the defensive fluids of the moths
(Burdfield-Steel et al. ; 2018b). In fact, far from acting as
deterrents, 1 ul/ml concentrations of SBMP and IPBP actu-
ally appeared to increase spider feeding time (Fig. 5). This is
in keeping with previous work, which found methoxypyra-
zines, in particular IPMP, to be ineffective at repelling the
smaller European bridge spider Larinioides sclopetarius
(Priebusch 2012) and that Harmonia axyridis ladybirds,
which have been shown to contain both IPMP and SBMP
(Kogel et al. 2012), are palatable to European orb-web spi-
ders (Sloggett 2010). The finding that methoxypyrazines do
not confer protection from spiders supports the conclusions
of previous work using ants, which suggested that these
pyrazines do not provide protection against invertebrate
predators (Rojas et al. 2017, but see Brown and Moore, 1979
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Table 1 Results of a binomial linear mixed effects model on propor-
tion of attacks of prey in experiment 3

Value Std. error  z-value p-value
IBMP 1 pl/ml -1.036 0.800 —1.296  0.1951
IBMP 5 pl/ml —0.494 0.851 —-0.580  0.5621
IBMP 10 pl/ml —0.638 0.855 —-0.745  0.4560
IPMP 1 pl/ml —0.747 0.855 -0.874  0.3823
IPMP 5 ul/ml 0.591 1.234  0.479 0.6322
IPMP 10 ul/ml —0.647 0.863 —0.751 0.4529
SBMP 1 ul/ml 16.204 2778.736  0.006 0.9953
SBMP 5 ul/ml -0.176 0962  —0.183  0.8547
SBMP 10 ul/ml -0.134 0960  —0.140  0.8887
Presentation order —-0.534 0.225 —-2.374 0.0176*

Spider ID was included as a random factor. Control capsules were set
as the reference level

for more on the role of pyrazines in intra-specific commu-
nication in ants). The biologically active components of the
abdominal fluids are still unknown, although preliminary
analysis suggests they are not toxic (Rojas et al. 2017).
This lack of protection from web-building spiders is
in keeping with observations from the field and outdoor
enclosure experiments where moths were observed caught
in spider webs (Gordon, pers. com.). This could be due
to the constraints of de novo production (Burdfield-Steel
et al. 2018b), making it costly to produce compounds aver-
sive to spiders, or may be because there is limited survival
benefit gained from protection from this type of predator.
While jumping spiders do occur in the range of the wood
tiger moth, in Finland the species present are too small to
be considered a risk to the wood tiger moth. Thus, potential
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arachnid predators are web-building spiders. While some
web-building spiders will cut defended prey from their webs
alive, it may be that the energy expended in escaping the
spiders’ silk may already significantly decrease the future
fitness of these short-lived, capital breeding moths to effec-
tively zero. The results of a limited number of trials with the
smaller European species L. sclopetarius suggest the moths
are palatable even to smaller spiders, but that the size of the
moths, and difficulties handling them, may be enough to
provide some protection, as two individuals were released by
bridge spiders (see Supplementary materials). In addition,
while actively hunting spiders have been shown to learn to
avoid aposematic prey (Mclver and Lattin 1990) it is far less
clear if web-building spiders can do the same (Bramer et al.
2018), particularly as they are unlikely to use visual cues,
such as colour. Without avoidance learning these spiders can
only taste-reject prey, which may also reduce the benefit of
chemical defences against them. However, this explanation
seems less likely given that some of the best evidence for
the anti-predatory effect of compounds such as pyrrolizidine
alkaloids and cardiac glycosides have come from web-build-
ing spiders (e.g. Brown 1984; Petschenka et al 2011).

An alternative explanation for this lack of protection
is the source of these chemicals, which in the wood tiger
moth are produced de novo (also known as autogenously)
(Burdfield-Steel et al. 2018b). A recent meta-analysis found
that chemical compounds synthesised de novo did not differ
in the magnitude of their effects compared to those derived
from the herbivore’s food plants (Zvereva and Kozlov 2016).
However, it could be that de novo defences are more tar-
geted. Many of the best-known plant-derived defensive
chemicals confer broad protection (for example cardiac gly-
cosides, which have been shown to confer defence against
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Fig.4 The proportion of weight
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lines indicate medians and
boxes show upper and lower
quartiles. Whiskers indicate 1.5
times the interquartile range
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vertebrates (Brower and Glazier 1975), insects (Berenbaum
and Miliczky 1984), spiders (Petschenka et al. 2011) and
even parasites (Tan et al. 2018)). It is also notable that the
related species U. ornatrix, whose chemical defences (pyr-
rolizidine alkaloids) are effective at deterring spiders, does
sequester these from its diet (Eisner 1982). Given the ten-
dency to focus testing of putative chemical defences on a
small group of predators it is hard to say if the level of tar-
geting differs between sequestered versus de novo defences,
although this may be an interesting topic for further inves-
tigation as more data on the effects of different chemical
defences on a variety of predators becomes available.

IBMP_1

IBMP_10  SBMP_1  SBMP_10  IPMP_1 IPMP_10

Treatment

In conclusion, the chemical defences of the wood tiger
moth did not confer any protection from web-building spi-
ders. This is in contrast to the hypothesis put forward by
Moore et al (1990) that the odour of methoxypyrazines is
a universal warning signal. Instead it seems that the effect
of these chemicals is highly taxa-specific, even among
chemically-oriented predators and that, for many chemically
defended species, there is still someone who can eat you.
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