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Abstract
Chemical signals are important to all living organisms, especially to plants which don’t have vision or
mobility. Plant volatiles participate in the competition between plants, herbivores and predators;
meanwhile, the tritrophic interactions promote the evolution of plant volatiles. To our knowledge, spiders
are common predators in the interactions, but only few studies have begun to investigate what �oral
volatiles do to spiders. Here, we used Ebrechtella tricuspidata and their common host �owers (tulips)
found in our previous �eld survey to determine the volatile scent preference of spiders for host �owers.
Eight main �oral volatile scent compounds of tulips were picked out and tested in dual choice
behavioural assays. E. tricuspidata showed a signi�cant avoidance of α-pinene and no preference for
limonene, β-ocimene, linalool, benzaldehyde, benzyl-alcohol, methyl-salicylate, or 2-phenylethanol. The
results illustrate that facultative �ower visitor E. tricuspidata is not popular among some kinds of tulip.
This probably represents a typical response: facultative �ower visitors cannot tolerate all defensive �oral
volatile scents. Compared with previous studies, we detect that the same �oral volatile scent compound
has different effects on different spiders, indicating that �oral volatile scent compounds attract and reject
spiders with speci�city and they evolved for different functions and targets. However, this is a preliminary
study on the effects of chemical signals on plant-spider interactions, both chemical and physical signals
should be considered in future research.

Introduction
Chemical signals might be the main means of communication in the biosphere, as they participate in life
activities of all living organisms (Brunetti et al. 2018). The chemical signals play an important role in both
intraspeci�c and interspeci�c interactions, such as individual recognition (Cely Ortiz and Tibbetts 2021;
Zhang et al. 2021), courtship(Thomas 2011; Xu and Teale 2021), predation and defense (Bairos-Novak et
al. 2019; Hettyey et al. 2019; Poulin et al. 2018), especially for the plants, which don’t have vision or
mobility. Chemical signals are the invisible players in the plant-insect arms race (Binyameen et al. 2021;
Zu et al. 2020). Many plants release volatile scents to attract mutualists (pollinators) (Kumar et al. 2020)
or reject antagonists (herbivores) (Bittner et al. 2019; Helms et al. 2013) directly. Plants can also defend
against herbivores indirectly using chemical signals to attract predators (Bronstein et al. 2006; Knauer et
al. 2018) and parasitoids (Bernasconi Ockroy et al. 2001; Da Silva et al. 2022; Turlings and Erb 2018) of
herbivores and change the interactions between predators and herbivores to limit the population growth
of herbivores (Kersch-Becker et al. 2017). Meanwhile, some herbivorous insects can overcome the plant
chemical defenses and even take advantage of that against predators (Holtz et al. 2019). Previous
studies show that plants and animals can interact with each other through animals from the third trophic
level, and plant volatiles are involved in various plant-mediated tritrophic interactions within the
ecosystem (Binyameen et al. 2021).

Although a plethora of papers on plant-herbivore-carnivore tritrophic interactions is available, there are
still many unanswered questions (Hervé et al. 2018). For example, most carnivores of concern were
predatory insects, like ants (Heil 2008; Heil and McKey 2003; Kost and Heil 2005), parasitic wasps
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(Bernasconi Ockroy et al. 2001; De Moraes et al. 1998), and ladybugs (Diehl-Fleig and Diehl 2018), but the
mechanism of carnivores other than Insecta, like spiders, is not well explained in the tritrophic
interactions, even though spiders are important predators in nature. Most spiders are euryphagous and
generalist (Pekár et al. 2018) except for a few species (Liu et al. 2016; Meehan et al. 2009). They appear
in various habitats, and there is increasing evidence that spiders are a neglected class of �ower-visiting
invertebrates (Su et al. 2020b). Studies on nectar feeding behavior and effects of spiders on plants are
emerging (Chen et al. 2010; Higginson et al. 2010; Robertson and Maguire 2005; Sanders 2013), but only
few studies have begun to investigate what �oral volatile scents do to spiders (Junker et al. 2011; Knauer
et al. 2018).

Floral volatile scents are complex and diverse (Heil 2008; Knudsen et al. 2006). Knudsen reviewed 1719
�oral scent compounds emitted from 991 plant species and found that the compounds belong to 7 major
compound classes, the most common single �oral compounds are six monoterpenes (limonene, β-
ocimene, myrcene, linalool, α-pinene, β-pinene) and four benzenoids (benzaldehyde, methyl-salicylate,
benzyl-alcohol, 2-phenylethanol) (Knudsen et al. 2006). Oyama-Okubo and Tsuji analysed the �oral scent
compounds of 51 tulip cultivars, and the results showed that the main �oral scents were �ve
monoterpenoids, four sesquiterpenoids, six benzenoids, and �ve fatty acid derivatives(Oyama-Okubo and
Tsuji 2013).

In our previous �eld survey, many spiders often appeared on �owers, especially Ebrechtella tricuspidata
(Fabricius, 1775) (Thomisidae), and most of them were on tulip �owers (Su et al. 2020b). Two scenarios
of how E. tricuspidata locate tulip �owers are possible. On one hand, crab spiders are considered visual
hunters (Foelix 2011; Morris and Reader 2016), so E. tricuspidata may choose a site using visual cues,
while tulip �owers look like natural shelters and can provide more potential prey (Su et al. 2020a; Su et al.
2020b). On the other hand, crab spiders can detect chemical stimuli (Knauer et al. 2018), so E.
tricuspidata may make use of tulips’ �oral volatile scents to determine the location of �owers. In the
current paper, we picked out eight main �oral volatile scent compounds (four monoterpenes: limonene, β-
ocimene, linalool, and α-pinene; four benzenoids: benzaldehyde, benzyl-alcohol, methyl-salicylate, and 2-
phenylethanol) of tulips, according to literature (Knudsen et al. 2006; Oyama-Okubo and Tsuji 2013), and
conducted dual choice behavioral assays to ascertain whether and which �oral volatile scent compounds
advance E. tricuspidata to tulip �owers, which is helpful in understanding the interaction of plants and
spiders and revealing why spiders visit �owers.

Methods And Materials
Study Species. E. tricuspidata is one of the most common �ower-visiting spiders and is widely distributed.
We conducted our study by E. tricuspidata collected from Shahu Park in Wuhan City (30° 35′ N, 114° 20′
E), which is close to Hubei University. After collection, we transferred the spiders into individual glass
tubes (diameter 2 cm, length 6 cm). The spiders were maintained in a light incubator laboratory under
controlled environmental conditions (temperature: 25 ± 1℃; relative humidity: 50%‒70%; light regime: 14
h: 10 h, with lights coming on at 08:00). Every spider was fed with 10 fruit �ies (Drosophila melanogaster)
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or 2 house�ies (Musca domestica) in turn every 3 days and watered daily. All of the spiders used in the
experiments were adult females.

Volatile Scent Compounds. To determine whether and which volatile scent compounds attract E.
tricuspidata to tulip �owers, we selected eight main �oral volatile scent compounds of tulips based on
literature (Knudsen et al. 2006; Oyama-Okubo and Tsuji 2013): four monoterpenes (limonene (5989-54-8),
β-ocimene (13877-91-3), linalool (78-70-6), and α-pinene (80-56-8)) and four benzenoids (benzaldehyde
(100-52-7), benzyl-alcohol (100-51-6), methyl-salicylate (119-36-8), and 2-phenylethanol (60-12-8)), and
conducted dual choice behavioral assays for the eight compounds separately. All compounds were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. The CAS numbers of compounds
are presented in the brackets.

Volatile Scent Compounds Preference Experiment. Dual choice behavioral assays were conducted using a
Y-tube olfactometer (Fig. 1). In the olfactometer device, there is a Y-tube (length 10 cm, diameter 1 cm,
angle 45°) as the odor arm, control arm, and test arm, two glass tubes (length 10 cm, diameter 2 cm) as
the odor chamber and control chamber, two �owmeters (Lzb-3wb, Changzhou Shuanghuan Thermal
Instrument Co., Ltd, China) for controlling the air�ow rate, and an air pump (Sensen Air Pump, CT-202,
China).

Each of the eight scent compounds was tested against an odorless control by the Y-tube olfactometer (n 
= 30 for each compound). Scent compounds were emitted from �lter paper or cotton balls, which were
soaked in 7 µL/mL synthetic scent compound solution and subsequently dried for 10 min to reach
constant compound emission rates (Knauer et al. 2018), meanwhile, the control �lter paper or cotton balls
were also soaked in solvent and dried for 10 min. For water-insoluble scent compounds, anhydrous
ethanol was used as the solvent.

The dual choice behavioral assays were carried out at 22 ± 2 ℃. The sample and the control �lter paper
or cotton balls were put in the odor and control chambers, respectively. A spider was randomly selected
and put into the end of the test arm then we turned on the air pump at 150 mL/min for 10 min. After that,
we started the trial by removing the breathable metal screen for the spider to make the choice to move to
the odor arm or the control arm freely. The time the spider spent getting into the odor or control arm
(hereafter ‘choosing time’) was recorded. If the spider stayed in the odor or control arm for at least 60
second after arriving, we regarded the spider made a choice. We ended the trial if the spider did not get
into either arm within 5 min; pervious experiments showed that spiders would not move to any arm if they
did not make a choice within 5 min. During the experiment, spiders should not be disturbed, otherwise
they would show nervous immobility and escape behavior. We replaced it with another individual
randomly if the spider was disturbed.

Every spider was used once at most. After each choice by a spider, the Y-tube olfactometer was
disassembled and cleaned with 80% ethanol and water, and the positions were exchanged in the next
trail.
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Statistical Analyses. SPSS 20 was used for all data analyses. We analyzed the preference choice results
using chi-square goodness of �t test. The expected value was 1:1. As for the choosing time, we used the
Shapiro-Wilk test to analyze the normality for each compound and control. Student's t-test was used to
analyze the data with normal distribution, and the Mann-Whitney U test was used to analyze the data that
were not normally distributed. Statistical analyses charts were made using the software GraphPad Prism
7.

Results
In the dual choice behavioral assays, eight main �oral volatile scent compounds of tulips were used to
study the preference of E. tricuspidata. The results showed that E. tricuspidata had no preference for
three monoterpenes compounds, limonene (chi-square test, x2 = 0.429, df = 1, P = 0.513), β-ocimene (chi-
square test, x2 = 0.250, df = 1, P = 0.617), and linalool (chi-square test, x2 = 0, df = 1, P = 1), but avoided α-
pinene signi�cantly (chi-square test, x2 = 8.333, df = 1, P = 0.004) (Fig. 2, Table 1). At the same time, E.
tricuspidata had no preference for all four benzenoids compounds, benzaldehyde (chi-square test, x2 = 
2.333, df = 1, P = 0.127), methyl-salicylate (chi-square test, x2 = 3.267, df = 1, P = 0.071), benzyl-alcohol
(chi-square test, x2 = 2.000, df = 1, P = 0.157), and 2-phenylethanol (chi-square test, x2 = 0.222, df = 1, P = 
0.637) (Fig. 3, Table 1).

 
Table 1

P values (χ² value) of spider preference choice for different �oral
volatile scent compounds (chi-square test)

Compound Degree of freedom χ² value P value

limonene 1 0.429 0.513

β-ocimene 1 0.250 0.617

linalool 1 0 1

α-pinene 1 8.333 0.004

benzaldehyde 1 2.333 0.127

methyl-salicylate 1 3.267 0.071

benzyl-alcohol 1 2.0 0.157

2-phenylethanol 1 0.222 0.637

Numbers in bold refer to signi�cant P value

On the other hand, the choosing time was normal except that of α-pinene because only one spider chose
α-pinene, so it was not applicable for normal distribution. In the dual choice behavioral assays, there was
no signi�cant difference in the choosing time between each compound and control (Table 2).
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Table 2

Choosing time of spider on different �oral volatile scent compounds and control
Compound Trail Mean ± SE (s) Normality test P value

limonene limonene 159.0 ± 26.4 0.832 0.411

control 130.5 ± 21.7 0.481

β-ocimene β-ocimene 145.9 ± 23.2 0.599 0.480

control 117.3 ± 33.3 0.454

linalool linalool 159.6 ± 19.9 0.519 0.641

control 176.7 ± 30.1 0.383

α-pinene α-pinene 237 — 0.228

control 172.1 ± 14.6 0.296

benzaldehyde benzaldehyde 191.3 ± 26.6 0.985 0.637

control 175.4 ± 19.2 0.565

methyl-salicylate methyl-salicylate 97.8 ± 24.9 0.880 0.949

control 106.4 ± 24.6 0.039

benzyl-alcohol benzyl-alcohol 158.2 ± 19.8 0.368 0.618

control 177.5 ± 37.0 0.810

2-phenylethanol 2-phenylethanol 184.8 ± 33.6 0.257 0.766

control 171.9 ± 26.9 0.899

Discussion
Spiders are an important kind of predator in the terrestrial ecosystem. They can distinguish the favorable
hunting sites using some information, such as the availability of prey, predation risk, and competition.
Chemical signals are considered to be very important for spiders to obtain information, which may be the
�rst communication measure in spiders (Foelix 2011). Crab spiders can sense chemical signals from
�owers to identify the quality of �owers (Heiling et al. 2004) and �nd a hunting site with more potential
prey (Knauer et al. 2018).

In the current paper, we explored the attraction of eight main �oral volatile scent compounds of tulip to E.
tricuspidata. Except abominating α-pinene, E. tricuspidata has no signi�cant preference or aversion to
limonene, β-Ocimene, linalool, benzaldehyde, methyl-salicylate, benzyl-alcohol, or 2-phenylethanol. This
result is not consistent with the previous studies (Heiling et al. 2004; Knauer et al. 2018) or our previous
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conjecture that �oral volatile scents may play an important role in the process of E. tricuspidata visiting
�owers. However, �oral volatile scents don’t always attract spiders. For example, Pisaura mirabilis
(Pisauridae) preferred leaf extracts to �oral extracts and avoided substrates with �oral scents while
Misumena vatia (Thomisidae) had no preference for any of them (Junker et al. 2011). The repellent
behavior of E. tricuspidata to α-pinene in our experiments indicates that some �oral volatile scent
compounds have certain deterrent effect on spiders. There are 5 tulip species with a high content of α-
pinene (Oyama-Okubo and Tsuji 2013), and we did �nd that some varieties of tulip didn’t have the
presence of E. tricuspidata during the �eld observation (Su et al. 2020b). Our experiments and the
literature show that the �oral volatile scents attract and reject spiders with speci�city. Plants need to
weigh the net bene�t in the presence or absence of spiders because spiders can prey not only on the
mutualists (pollinators), but also the antagonists (herbivores) of plants (Knauer et al. 2018). Floral
volatile scents can repel or stop some arthropods (Junker and Blüthgen 2010; Willmer et al. 2009);
sometimes �oral volatile scents can prevent carnivores and herbivores from visiting �owers and attract
pollinators at the same time, which can maximize the �tness of plants (Brown 2002; Irwin et al. 2004).

Obligate �ower visitors who rely on plant resources can tolerate defensive �oral compounds and even use
these compounds as cues to �nd host �owers, while facultative �ower visitors can’t (Junker and Blüthgen
2010). As a facultative �ower visitor, E. tricuspidata can’t adapt to all host plants, the reason may be that
they cannot tolerate some defensive �oral volatile scent compounds. Therefore, the repellent behavior of
E. tricuspidata to α-pinene probably represents a typical response: facultative �ower visitors cannot
tolerate all defensive �oral scent compounds. There is evidence that facultative �ower visitors prefer
benzenoids compounds and have a strong avoidance behavior towards monoterpenes compounds
(Junker and Blüthgen 2010), however, in our dual choice behavioral assays, E. tricuspidata did not totally
behave like that. This probably indicates that the compounds of �owers evolved for different functions
and targets. Moreover, plant volatile scent compounds are quite complex (Heil 2008; Knauer et al. 2018),
and different tissues and organs release different compounds (Pichersky and Gershenzon 2002).
Therefore, we can’t rule out that E. tricuspidata has a preference for the volatile scent compound of tulips,
which we didn’t test in the experiments.

Although little is known about the effects of �oral volatile scent compounds on spiders and the odor
receptors of spiders is inconclusive (Foelix 2011), we are con�dent that �oral volatile scent compounds
are essential to spiders, especially to the hunting species. In addition, spiders also use physical signals,
such as vision (Nagata et al. 2012) and vibration (Sivalinghem and Mason 2021), along with chemical
signals. Despite chemical and physical signals affecting spiders simultaneously in most cases, their
effects on spiders used to be studied separately, which may result in our biased understanding of spider
behaviors. In the future, both chemical and physical signals should be taken into account when studying
spider behaviors, not only in the interaction with plants, but also in predation, defense and courtship.
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Figure 1

Y-tube olfactometer (not drawn to scale). OC: odor chamber;  CC: control chamber; OA: odor arm; CA:
control arm; TA: test arm; MS: metal screen (blocks spider’s entry into test arm before the test begins); B:
opaque barrier (prevent spider from seeing the odor source); O: air outlet; arrows indicate direction of
air�ow.
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Figure 2

Preference choice of spiders for different monoterpenes compounds (n = 30 for each compound). ‘ns’
means no signi�cant difference, ‘***’ means P < 0.001, ‘None’ means no choice.
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Figure 3

Preference choice of spiders for different benzenoids compounds (n = 30 for each compound). ‘ns’
means no signi�cant difference, ‘None’ means no choice.


