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Preface to ”Spider Ecology and Behaviour”

Spiders are the only large arthropod group that uses silk throughout their life; therefore, much

effort has been focused on the interactions between ecology, silk, and foraging behaviour. However,

it is also becoming clear that spiders can more generally act as model organisms for studies on sexual

selection, invertebrate cognition, and animal communication and signalling, as well as their potential

role in biological control. Similarly, new promising research directions are being developed that

explore plant–spider and spider–microbe interactions.

This Special Issue broadly addresses studies on Spider Ecology and Behaviour across all relevant

disciplines, including applied areas, and includes reviews, research articles, and brief reports.

Thomas Hesselberg and Dumas Gálvez

Editors
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1. Introduction

Spiders are versatile and ubiquitous generalist predators that can be found in all
terrestrial ecosystems except for Antarctica. Therefore, it is, perhaps, unsurprising that they
have been studied fairly extensively within many of the subdisciplines that make up ecology
and animal behaviour. In ecology, they are prominently featured in studies, particularly on
dispersal and biogeography [1,2], due to their unique ability for long-distance dispersal
via ballooning [3], and in studies on niche separation [4,5]. In behavioural studies, they
are model organisms for studies in animal communication and signalling [6], foraging
behaviour [7], mating behaviour and animal contests [8,9], and cognition [10,11], while
web-building spiders, in particular, are also used extensively in studies on construction
behaviour and behavioural flexibility [12,13]. More recently, it has also become evident
that spiders, in addition to their intrinsic interest as fascinating and, illogically, feared
animals, likely due to press misinformation [14], may be of direct benefit to society, a
field we can call applied arachnology similar to, or a subset of, the more established field
of applied entomology. Areas of particular interest to behaviour and ecology include
their role as enemies of natural pests [15,16], their webs as indicators of pollution [17,18],
and their significant potential in biomimetics, which is the inspiration, abstraction, and
application of evolved processes or traits in biological organisms to our technology [19].
The biomimetics potential of spider behaviour includes biologically inspired locomotion
and robotics [20,21], and using the spider web for inspiration for sensors [22] and light
weight composite structures [23].

This Special Issue reflects the diverse range of topics within ecology and behaviour
that can be fruitfully studied using spiders as model organisms. Below, we give a brief
overview of the papers featured in the Special Issue in the context of applied and basic
research and highlighting two papers that evaluate and develop new methods for studying
their behaviour.

2. Applied Arachnology

One of the most well-studied areas of applied arachnology is undoubtedly arachnids’
potential role as natural enemies of agricultural pests. Traditionally, the most focus has been
on mites, which can act both as pests [24] and as natural pest controllers [25]. However,
the role of spiders as important regulators of pest species in agroecosystems, in combina-
tion with parasitic wasps and other insect predators, is becoming more established [16].
In the present Special Issue, Thomas Roberts-McEwen and colleagues [26] show that a
group-living araneid, the tropical tent-web spider, Cyrtophora citricola, might have hitherto
overlooked potential in controlling the tomato leafminer (Tuta absoluta), a major pest on
tomato plants worldwide. Choice experiments demonstrated that the tent-web spider
had nearly similar capture efficiency between tomato leafminers and mutant flight-less
Drosophila, and had a far higher capture success rate than against the larger black soldier
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flies. This, combined with observational data from Southern Spain on web sizes in different
seasons, suggests that the tent-web spider could potentially be a successful biological
control agent of the tomato leafminer in the tomato planting and growing season assuming
that high parasitic wasp infection of spider eggs can be controlled [26].

3. Basic Research on Spider Ecology and Behaviour

Spider foraging strategies, and thus, to some extent, most aspects of their ecology and
behaviour, can be split into either active roaming spiders that do not build a web (cursorial
spiders) or sit-and-wait web-building spiders. The Special Issue includes two papers that
focus on cursorial spiders, and five papers with a main focus on web-building spiders.

3.1. Cursorial Spiders

Maria Trabalon [27] looked at spider breeding welfare and compared the body mass
and locomotory and exploratory behaviour of the wolf spider, Pardosa saltans, between
spiders, immediately after they were caught, wild-caught spiders after being kept 15 days
in the laboratory and laboratory-reared spiders. The results showed that while laboratory
rearing increased body mass, it reduced behavioural activities, although this reduction
could be mitigated by providing litter to the rearing chambers. Marzena Stańska and
Tomasz Stański [28] compared assemblages, including both cursorial and web-building
spiders inhabiting the optimal, terminal/decay, and regeneration phases of a primeval
forest in Poland. Interestingly, the study suggests that the highest species diversity is
found in the terminal/decay phase, possibly due to more niches in that phase, while the
regeneration phase had the lowest.

3.2. Web-Building Spiders

We start this section on web-building spiders with a very interesting group of araneid
spiders that have lost the ability to build full orb webs—the bolas spiders, which, instead
of a web construct, they use a single thread as a lasso to catch moths attracted by the
pheromones emitted by the spider [29]. Candido Dias, Jr and colleagues looked closely at
the biomechanics behind this fascinating prey capture behaviour. In the first paper [30],
Candido Dias, Jr and John Roff showed, using high-speed cameras, that the South African
grassland bolas spider, Cladomelea akermani, actively spins, not only the bolas, but also its
body. They were able to show with computational fluid dynamics models that this spinning
likely has the function of further spreading the emitted pheromones in open habitats. In the
second paper [31], Candido Dias, Jr. and John Long, Jr. analysed the prey capture behaviour
of the American bolas spider, Mastophora hutchinsoni, by calculating the kinematics of both
spider and moth based on high-speed recordings to model the physical properties of the
bolas during prey capture. Their model showed that the material properties of the glue in
the bolas of M. hutchinsoni are different to that of previously studied bolas spiders.

The Special Issue also features two brief reports on spiders and invasive species. In
the first [32], Arty Schronce and Andrew Davies studied an interesting interaction in the
US between the invasive Joro spider, Trichonephila clavate, and the native northern cardinal,
where the bird perches on top of the very strong orb web and steals prey items directly
from the web. In the second [33], El Ellsworth and colleagues looked at how invasive
plants and other management strategies impact spider communities (predominantly web-
building spiders) in five parks in the greater Memphis area in the US. The study showed
that invasive plants can serve as a useful habitat for native spiders as exemplified by the
native humpbacked orb-weaver, Eustala anastera, being found exclusively on the invasive
Chinese privet.

Lastly, in a review, Thomas Hesselberg and colleagues [34] looked more broadly at
the associations between web-building spiders and specific host plant species, including a
brief overview of cursorial spider-plant associations. The study confirms that associations
between spiders and plants are rare, but also found two promising candidates for further
studies. The Australian linyphiid Laetesia raveni is exclusively reported from two thorny
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plant species, and two species of Central American araneids in the genus Eustala are tightly
associated with ant-protected acacia trees.

4. New Methodologies for Studying Spider Ecology and Behaviour

Novel methodologies or approaches to conducting research is often a major driver
for important research breakthrough, and the field of spider ecology and behaviour is
no exception. The field is particularly diverse in its methodology ranging from low-tech,
cheap, and simple experimental approaches [35] to high-tech computational or experimen-
tal approaches [36]. The Special Issue includes two papers from each of these extremes.
In the latter category, Nathan Justus and colleagues [37] developed a clever high-tech
integrated system of combining stereo vision and video vibrometry to automatically gather
3D vibrational information to study signal propagation in spider webs, which they success-
fully validated using laser vibrometry in webs of black widows (Latrodectus hesperus). In
the former category, Mollie Davies and Thomas Hesselberg [38] reviewed and updated a
cheap and easy, old technique of studying behaviour of orb web-building spiders in the
field using a tuning fork. They showed that while high-frequency tuning forks (440 Hz)
mostly elicited prey capture behaviour in the tetragnathid spider Metellina segmentata, a
lower-frequency tuning fork (256 Hz) tended to elicit escape behaviour.

5. Conclusions

Hopefully, it will be clear from the overview given above that the Special Issue covers
a wide range of topical areas of spider research within the fields of ecology and behaviour.
We hope that the ten papers included in the issue will contribute to further stimulate
research in ecology and behaviour using spiders as model organisms.

Author Contributions: Conceptualization, T.H. and D.G.; writing—original draft preparation, T.H.;
writing—review and editing, D.G. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors gratefully acknowledge funding from the Panamanian government (SENACYT
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Group-Living Spider Cyrtophora citricola as a Potential Novel
Biological Control Agent of the Tomato Pest Tuta absoluta
Thomas A. Roberts-McEwen 1,*, Ella K. Deutsch 2, Monica A. Mowery 3 and Lena Grinsted 1

1 School of Biological Sciences, University of Portsmouth, King Henry Building, King Henry 1 Street,
Portsmouth PO1 2DY, UK

2 School of Life Sciences, University of Nottingham, University Park, Nottingham NG7 2RD, UK
3 Jacob Blaustein Institutes for Desert Research, Mitrani Department of Desert Ecology,

Ben-Gurion University of the Negev, Midreshet Ben-Gurion 8499000, Israel
* Correspondence: thomas.roberts-mcewen@myport.ac.uk or t.robertsmcewen@gmail.com

Simple Summary: The tomato leafminer, Tuta absoluta, is a devastating pest moth of commercially
important crops like tomato and potato. This moth has developed resistance to insecticides; therefore,
novel approaches, like using natural predators, are needed to combat infestations. We explored the
use of tropical tent web spiders, Cyrtophora citricola, as biological control agents, as these spiders live
in groups and are not cannibalistic, and thus, create large, predator-dense webs. Furthermore, their
global range overlaps with regions of moth infestations. In lab settings, we introduced different prey
types to small colonies of spiders of varying body sizes and found that spiders were equally efficient
at capturing pest moths and easily-caught fruit flies (Drosophila hydei). Larger spiders built larger
webs and were better at catching prey. Spiders from southern Spain were large enough to capture
pest moths during the tomato growing season, but >50% of spider egg sacs were attacked by egg
predatory wasps (Philolema palanichamyi). Cyrtophora citricola spiders, therefore, have the potential to
be an effective biological control agent of flying insect pests, at least after growing to medium-sized
juveniles, and if wasp infections are controlled, forming part of integrated pest management to
defend against pest infestations in the future.

Abstract: Group-living spiders may be uniquely suited for controlling flying insect pests, as their
high tolerance for conspecifics and low levels of cannibalism result in large, predator dense capture
webs. In laboratory settings, we tested the ability of the facultatively communal spider, Cyrtophora
citricola, to control the tomato leafminer, Tuta absoluta; a major pest of tomato crops worldwide. We
tested whether prey capture success was affected by spider body size, and whether prey capture
differed among T. absoluta, flightless fruit flies (Drosophila hydei), and larger black soldier flies (Hermetia
illucens). We found that larger spiders generally caught more prey, and that prey capture success
was similar for T. absoluta and easily caught fruit flies, while black soldier flies were rarely caught.
We further investigated the seasonal variations in web sizes in southern Spain, and found that pest
control would be most effective in the tomato planting and growing season. Finally, we show that
C. citricola in Spain have >50% infection rates of an egg predatory wasp, Philolema palanichamyi, which
may need controlling to maintain pest control efficacy. These results suggest that using C. citricola
as a biological control agent in an integrated pest management system could potentially facilitate a
reduction of pesticide reliance in the future.

Keywords: sociality; communal; colonial spiders; predator-prey; food security; pesticide resistance;
sustainable agriculture

1. Introduction

Climate change due to human overpopulation and fossil fuel dependence is facilitating
the spread of invasive pest species of agricultural crops by expanding their habitable

Insects 2023, 14, 34. https://doi.org/10.3390/insects14010034 https://www.mdpi.com/journal/insects5
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environment ranges [1]. Increasing interconnectedness of the global food chain also allows
for the anthropogenic introduction of potentially devastating agricultural pests, increasing
pesticide reliance worldwide [1]. The tomato leafminer, Tuta absoluta (Meyrick, 1917)
(Lepidoptera: Gelechiidae), is a species that has undergone rapid range expansion, reaching
near-global ubiquity [2–4]. Tuta absoluta is a species of neotropical, oligophagous moths
of solanaceous crops, with a preference for tomato [5]. The species also associates with a
number of other host plants, many of which are agricultural crops, such as potatoes, bell
and chilli peppers, and aubergine [5]. Crop damage is caused by larval feeding, which
affects all epigeal plant parts, most notably the leaves [5,6]. Larvae burrow to consume
the mesophyll layer, reducing photosynthetic surface area and resulting in diminished
plant growth and fruit yield (Figure 1a) [6]. Larvae can also directly attack the tomato fruit,
causing aesthetic damage and rendering the crop unmarketable [4]. Larvae live within the
leaf until they pupate, making them difficult to control during juvenile life stages, due to
predators lacking the capability to effectively target them within the leaf [6,7]. Here, we
explore the potential for the use of the group-living tropical tent web spider, Cyrtophora
citricola (Forskål, 1775) (Araneae: Araneidae) as a biological control agent of the adult,
flying moth. The geographical distributions of C. citricola and T. absoluta overlap in large
parts of the world, making this web-building spider a suitable candidate for biological
pest control.

Tuta absoluta has infested 60% of global tomato-cultivated land [2], and can cause
80–100% yield reduction in both open-field and protected cultivations if left untreated [5].
As tomato is among the most cultivated and consumed vegetable crops worldwide [5], find-
ing suitable control strategies to reduce the ubiquity and feeding voracity of T. absoluta is of
increasing importance [3,8]. Tuta absoluta infestations are causing yield loss and, therefore,
economic detriment that disproportionately affects low- and lower-middle-income coun-
tries (LMICs) [9,10]. Chemical insecticides have historically been favoured as mitigators
of localised damage caused by numerous phytophagous insect species [11]. However
T. absoluta has developed resistance to many commonly used synthetic insecticides, ulti-
mately resulting in difficulty controlling infestations [2,4,12,13]. Furthermore, pesticide
dependency in LMICs has resulted in a wide range of detrimental outcomes for both
human and environmental health [10]. As the workforce in LMICs moves away from farm-
ing and toward industrialised society, domestic food is increasingly produced by fewer,
often educationally disadvantaged individuals, and LMICs with long growing seasons
resort to increasing non-traditional crop export to temperate zones to earn valuable foreign
currency [10,14]. These socio-economic and agricultural shifts are not currently possible
without increased crop yield, facilitated by the use of chemical pesticides, many of which
are illicit, homemade mixes that are sold more affordably than those that are regulated [14].
Furthermore, these pesticides are often used by farmers with little means of procuring
appropriate personal protective equipment (PPE), or little power or willingness to ensure
its use within the workforce [14], resulting in frequent incidences of poisoning [15,16].

Currently, chemical insecticides remain the most widely used method of controlling
T. absoluta, despite their inefficiency and danger to humans and the environment [13]. It
is, therefore, important to explore whether natural predators of agricultural pest species
can be used to negate the detrimental effects of herbivore infestation, with the aim of
reducing the reliance on mass distribution of toxic chemical pesticides [15,16]. Research
into finding appropriate biological control agents against T. absoluta is ongoing. Due to
the ubiquity of the pest, it is likely that multiple biological control species will be required
to meet the needs of the diverse ecological systems and climates it has invaded. Various
approaches to T. absoluta population management have been tested, including the use
of predators, parasitoids, and entomopathogens [17]. It is likely that a combination of
these methods will prove most effective as components of an integrated pest-management
system [18]; however, the search for a highly effective combination of natural predators
is ongoing [4]. Furthermore, most current biological control methods for T. absoluta in-
festation rely on controlling the pest at its larval stage [19]. Methods currently used for
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targeting exclusively larval T. absoluta instars include, but are not limited to: the use of bac-
terial toxins produced by Bacillus thuringiensis (Berliner, 1915) (Bacillales: Bacillaceae) [20];
granulovirus isolates from Phthorimaea operculella (Zeller, 1873) (Lepidoptera: Gelechiidae)
that delays T. absoluta larval growth and reduces pupation [21]; larval parasitoids such as
Dolichogenidea (=Apanteles) gelechiidivoris (Marsh, 1975) (Hymenoptera: Braconidae) [22];
entomopathogenic fungi, such as Beauveria bassiana (Bals.-Criv., Vuill., 1912) (Hypocre-
ales: Cordycipitaceae) and Metarhizium anisopliae (Metschn., Sorokı̄n, 1883) (Ascomycota:
Hypocreales) [23]; and entomopathogenic nematodes, such as Heterorhabditis bacteriophora
(Poinar, 1976) (Nematoda: Heterorhabditidae) and Steinernema carpocapsae (Weiser, 1955)
(Rhabditida: Steinernematidae) [24]. Due to the short life cycle of T. absoluta, as well as their
overlapping generations [2], simultaneous removal of individuals at all instars must be
achieved to produce an integrated pest-management approach effective enough to prevent
T. absoluta reinfestation.

Figure 1. (a) Tuta absoluta larva (circled in red) feeding on the mesophyll layer of a tomato leaf. Picture
taken in laboratory conditions; (b) an adult C. citricola individual in natural field settings in southern
Spain, with four egg sacs; (c) C. citricola colony with visible individual horizontal web sheets on
Opuntia sp. cactus in natural field settings in southern Spain; (d) spiderlings and egg sac in a 40 mL
falcon tube; (e) colony of spiders on wire netting in a large sized mesh enclosure; (f) small, medium,
and large sized mesh enclosures containing wire web supports for C. citricola colonies. Similar mesh
enclosures were also used to rear T. absoluta moths on tomato plants. (a,d–f) were photographed in
the laboratory in Portsmouth, UK. Photos: (c) LG; (a,b,d–f) TARM.

Web-building spiders are key predators of flying insects [18]. One particularly promis-
ing yet unexplored potential biological control agent of the adult instar of T. absoluta is
C. citricola, a species of facultatively group-living orb-weaving spider (Figure 1b) [25,26].
Cyrtophora citricola occurs in Mediterranean Europe, Africa, Asia, and the Middle East [25,27],
all of which are regions that contain LMICs suffering from T. absoluta invasion [10,19,28],

7



Insects 2023, 14, 34

highlighting the geographical suitability of C. citricola as a biological control agent of
T. absoluta. Furthermore, the group-living tendencies of C. citricola, with their high levels of
conspecific tolerance and low levels of cannibalism, can result in high densities of preda-
tors [26,29,30]. Cyrtophora citricola produce non-adhesive, horizontal sheet webs, which
are defended territorially from conspecifics despite high tolerance of colony members
occupying adjacent webs (Figure 1c,e) [25,31,32]. Spiders commonly attach their individual
webs together to form large colonies, and the connecting threads in C. citricola colonies are
used communally (Figure 1c,e) [33,34]. Colony geometry facilitates the exploitation of the
‘ricochet effect’, wherein prey items that escape the web of one individual may fall into the
web of an adjacent conspecific in the colony [35]. The importance of the unique construction
of the three-dimensional capture web structure for enhanced prey capture capability is
further described in Su and Buehler (2020), who suggest that connecting threads also play
a role in filtering out prey of low impact velocity, and protecting the individual residing at
the centre of the web [36]. Two major components that contribute to the robustness and fast
repairability of C. citricola webs are: (a) that web silk displays non-linear behaviour, wherein
it may soften or stiffen at a molecular level as a response to strain, and (b), that tension in
the main load-bearing strand can be released to multiple other strands in the event of it
breaking, preventing web collapse [36]. Therefore, in the event of damage being done to
C. citricola web structures, biological control capability can be effectively maintained. Their
potential for effective use as biological control agents is therefore greater than that of more
aggressive, solitary spiders that are prone to cannibalism [37–39]. Past studies on the use of
spiders for pest control predominantly focus on non-web-building, solitary species, due to
their propensity to capture prey from the crop surface, as well as their ability to consume
less motile prey arthropod instars [7,40,41]. However, spiders that can form groups of hun-
dreds, or even thousands, of interconnected webs can provide large surface areas of capture
webs capable of intercepting high frequencies of airborne arthropods [37,42]. Cyrtophora
citricola colonies also provide a substrate for other spider species, such as kleptoparasitic
Argyrodes spp. (Araneae: Theridiidae), and Holocnemus pluchei (Araneae: Pholcidae) [33],
further increasing predator density and, therefore, potentially increasing pest insect capture
capability within colonies.

In this study, we ask whether C. citricola has the potential to act as a biological control
agent of T. absoluta. We use southern Spain as a case study, where C. citricola has a strong
association with prickly pear cactus (Opuntia spp.) that has historically been used as
fences and field borders around agricultural fields [42,43]. Therefore, spider colonies are
commonly found in association with field-grown crops in this region, with a potential for
providing biological pest control [44]. First, we record the capture rate of T. absoluta by small
spider colonies in lab settings, and test the effect of spider body size (and therefore spider
web size) on capture success. We compare the capture rates of T. absoluta with that of easily
caught flightless fruit flies (Drosophila hydei) as a control. Next, we investigate the seasonal
variations in spider web sizes in southern Spain and relate that, and the potential for
T. absoluta control, to the tomato-growing season. Finally, we consider possible inhibitors of
C. citricola prey capture efficiency, with a focus on the egg predator Philolema palanichamyi
(Narendran, 1984) (Hymenoptera: Eurytomidae).

This paper aims to: (a) compare the ability of C. citricola to capture three different prey
items: the tomato leafminer, T. absoluta; the easily-caught and similarly sized flightless
fruit flies, D. hydei; and the much larger black soldier flies, Hermetia illucens; and whether
a prey type preference was exhibited; (b) test the effect of C. citricola body size on prey
capture capability and prey size preference; (c) assess whether seasonal changes in web size
may affect prey capture efficacy and, therefore, biological control potential of C. citricola in
southern Spain; and (d) estimate the potential for egg predatory wasps, P. palanichamyi, to
negatively affect C. citricola pest control capability. Spiders used in the laboratory-based
experiments were reared from eggs in the laboratory, whereas seasonal web size and wasp
infection data were collected from wild populations.
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2. Materials and Methods

2.1. Collecting and Rearing C. citricola Spiderlings Prior to Experimental Setup

Egg sacs of C. citricola (N = 87) were collected in May 2021 from four sites in south-
ern Spain, near Cádiz, coded PA (36◦40′20.39′′ N, 6◦23′25.91′′ W), CM (36◦39′25.07′′ N,
6◦22′19.23′′ W), MA (36◦39′49.41′′ N, 6◦ 5′54.14′′ W), and AQ (36◦37′25.00′′ N, 6◦11′42.96′′ W).
Cyrtophora citricola construct a string of multiple egg sacs (Figure 1b) [45]. Only the most
recently constructed egg sacs (the bottom egg sacs on each string) were collected, to prevent
spiderlings emerging in transit to the UK (Figure 1b). Egg sacs were reared at 22 ◦C in
the laboratory at the University of Portsmouth in 40 mL plastic collection tubes with foam
bungs (Figure 1d). Tubes were sprayed with a very fine mist of water three times per week.

After emerging and creating capture webs within the 40 mL falcon tubes, each clutch
of spiderlings was fed with five to eight D. hydei once per week. As spiderlings grew, they
were transferred to either: (a) one litre (1 L) plastic tubs (diameter: 12 cm, H: 15 cm) with
mesh fabric lids and web supports made from 10 cm tall rectangular wire (H:10 × L:30 cm)
that was rolled up along its length to provide a structure for webs of varying sizes; or
(b) large 90 cm tall (W:60 × D:60 × H:90 cm) mesh enclosures with rolled up 70 cm tall
(H:70 × L:100 cm) rectangular wire as web supports (Figure 1f). Food supply was increased
to ten to fifteen D. hydei per clutch per week as spiderlings grew. All spiderlings were kept
at room temperature (~22 ◦C) during development. No spiders reached their final moult
(sexual maturity) during this time, and therefore, due to time constraints, all spiders used
in the study were juveniles in varying stages of pre-adult development. Prey capture assays
were conducted from September to November 2021.

2.2. Rearing T. absoluta Moths and Flies

Tomato leaves infested with T. absoluta larvae were first provided by a local UK
tomato grower (Nlarvae~50). Later, as our experiment continued past the UK tomato
growing season, additional T. absoluta pupae (Npupae~100) were provided by the Centre
for Agriculture and Bioscience International (CABI), Ghana. Moths from both the UK
and Ghana were randomly allocated amongst experimental spider colonies, ensuring no
correlation between spider body sizes and moth origin. Tuta absoluta larvae require fresh
tomato leaves for completion of their life cycle, thus, galleries containing the larvae were
carefully cut from the infected leaves and placed on lab-grown tomato plants. Most larvae
successfully burrowed into the mesophyll layer of the living tomato plants (Figure 1a).
The larvae and tomato plants were contained in mesh enclosures of varying sizes (small:
W:30.5 × D:30.5 × H:30.5 cm; medium: W:40 × D:40 × H:60 cm; large: W:60 × D:60 × H:90 cm
(Figure 1f)) depending on the size of the tomato plants, with mesh holes roughly 0.5 mm in
diameter. Double-sided adhesive tape was applied to the table surface surrounding each
enclosure to ensure that any potential escaping larvae would be caught by sticking onto
the tape.

The larvae were left in the enclosures with tomato plants to pupate until emerging
as adults, when they were removed and transferred to the spider enclosures for the prey
capture assays (see below). Moths were carefully caught in 40 mL tubes within the enclosure
to prevent escape. The larvae and tomato plants were sprayed with water three times
per week, and the tomato plants were watered once per week. After moth rearing was
complete, all enclosures and plants were frozen at −6 ◦C for four weeks to prevent any
remaining T. absoluta larvae, pupae, or adults from surviving.

Black soldier flies (H. illucens) and fruit flies (D. hydei) were purchased from an on-
line pet food supplier (Livefood UK Ltd., Axbridge, UK). The H. illucens were received as
larvae, and were transferred to small square mesh enclosures (W:30.5 × D:30.5 × H:30.5 cm)
(Figure 1f) until they eclosed. The D. hydei were also received as larvae, and were kept in
their original cultures to eclose. All flies were kept at around 22 ◦C in the laboratory. If too
many flies were eclosing at once, and would die before being used as prey for the spiders,
the culture was refrigerated at 4–5 ◦C to slow development.
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2.3. Experimental Setup of Prey Capture Assays

We created twenty experimental spider colonies, each with a colony size of five spiders.
Experimental colonies were created using spiders from 13 egg sacs from the PA site only,
as this site yielded the most spiderlings. The spiderlings had grown at different rates in
the lab, and we selected a total of 100 juvenile spiders of as broad a range of body sizes as
possible, weighing each of them to the nearest 0.1 mg using a Sartorius B120S scale. We
then temporarily placed them individually in 40 mL tubes (Figure 1d) and ranked them
according to body mass (spiders ranged from 0.1 mg to 52.6 mg with a mean of 5.3 mg).
Next, we placed them all into twenty colonies named A to T, each colony containing five
similar-sized spiders. Due to random variations in growth rates amongst juveniles, spiders
had reached different juvenile instars. The smallest five individuals comprised colony A,
and the largest five individuals comprised colony T. Only female spiders were used because
females are the large and communal sex in this species [37,42]. Females were identified by
their lighter colouration and smaller pedipalps in comparison to male counterparts. Any
juveniles that could not be sexed were excluded.

Colonies A–J were established in small mesh enclosures (W:30.5 × D:30.5 × H:30.5 cm),
while Colonies K–T were established in medium mesh enclosures (W:40 × D:40 × H:60 cm)
to minimise the risk of cannibalism due to crowding (Figure 1f). Rolled-up wire netting
provided structural support for web building (netting in small enclosures: H:20 × L:50 cm;
medium enclosures: H:40 × L:70 cm) (Figure 1e,f). The enclosures were stored adjacent
to laboratory windows to receive natural light, and additional electrical room lighting
was provided for 8 h per day. Any spider that died during the study was replaced by
another individual in the same weight bracket from the pool of spiders from the PA site
and replacements were limited to one spider per colony to minimise disturbance to group
composition. In total, sixteen replacements were made.

The prey capture assays were conducted from 30 September 2021 to 22 November 2021.
At the end of the 6.5-week study, 84 out of 100 spiders remained. Throughout the experi-
mental period, spiders were sprayed with water and fed three times per week.

After the end of the experiment on 26 November 2021, spider body mass, body length,
and capture web diameter were measured to assess the correlations between spider size,
capture web size, and prey capture success. First, each colony was sprayed with a fine mist
of water to improve web visibility. Capture web sheet diameter was then measured to the
nearest 1 cm with a 30 cm ruler. Next, spiders were removed from their colony and weighed
individually to nearest 0.1 mg. We measured body length from the tip of the prosoma to the
bottom of the abdomen to the nearest 0.01 mm using an electronic calliper [46]. To record
body length, each spider was transferred to a tray and left undisturbed until becoming
still, wherein the measurement was taken with little handling to mitigate stress to the
animals. All spiders were then transferred into mixed colonies and kept in the laboratory
under similar conditions as described above. It was not possible to follow individual spider
growth from pre- to post- experiment, so we calculated average body masses, body lengths,
and web sizes per experimental colony.

2.4. Prey Capture Assays

Four prey capture treatments were implemented: (1) a control treatment introducing five
flightless fruit flies per colony to represent easy-to-catch prey that was of a similar size to
T. absoluta (Ntrials per colony = 5); (2) a single T. absoluta per colony (Ntrials per colony = 3); (3) one
flightless fruit fly together with one T. absoluta per colony to test for prey type preference
(Ntrials per colony = 3); and (4) one black soldier fly per colony to represent a relatively
large prey item (Ntrials per colony = 3). The choice of fly species was made partly due to
their accessibility from live food retailers. Average body mass for each insect was as
follows (based on weighing five live specimens per species to nearest 0.1 mg): T. absoluta:
1.16 mg (st.dev = 0.27 mg); D. hydei: 2.28 mg (st.dev = 0.19 mg); H. illucens: 34.24 mg
(st.dev = 5.47 mg). The order of capture treatment was random with respect to colony ID,
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and opportunistically implemented according to when prey types became available. Flies
were refrigerated for five minutes to slow their movement prior to transfer to spider enclosures.

A trial consisted of placing a single insect, or several insects, according to treatment,
at the bottom of a spider enclosure, to allow prey to move about and land in spider webs of
their own accord, between 10 am and 12 noon. To allow enough time for insects to intercept
the spider webs, colonies were left undisturbed for the following 72 h (+/−2 h). At the
end of this period, the number of insects trapped in webs was counted for each colony. All
insects (both live and dead) were then removed from each enclosure and replaced with
fresh ones, except in the case of T. absoluta, where uncaptured individuals were re-used in
other trials due to short supply.

2.5. Seasonal Web Size Measurement and Effects of Egg Predators

Six sites around Rota, southern Spain, coded CM, PA, NN (36◦39′50.38′′ N, 6◦22′8.56′′ W); EO
(36◦40′35.35′′ N, 6◦24′6.73′′ W); WP (36◦40′8.13′′ N, 6◦23′21.48′′ W); and SN (36◦38′58.15′′ N,
6◦22′32.79” W) were visited roughly every 6 weeks over ten months from March 2019
to January 2020 (dates: 29/03, 06/05, 09/06, 19/08, 06/10, 29/11, 24/01). At each site,
between 9 and 39 m of prickly pear cactus (Opuntia spp.), located along field edges, were
selected for seasonal observations of spider colonies. During each trip, the horizontal web
sheet diameter of all individual C. citricola spider webs (except from very small and hard to spot
hatchling webs of just a few cm) along the stretches of cactus (Ntotal web diameters = 1238) were
measured to the nearest cm using a measuring tape.

Additionally, during each trip, up to three egg sac strings were collected from each
of the same field sites to assess egg predator infection rates (Ntotal #egg sacs = 121). After
collection, each egg sac was separated from the string, weighed, and stored in a temperature
controlled room at 25 ◦C in falcon tubes with foam bungs. Egg sacs were misted twice
weekly and monitored until spiderlings and/or P. palanichamyi emerged. Wasps were
counted as they emerged, while photographs of spiderlings were taken for later counting
due to high numbers emerging. We counted the spiderlings using the freely available
software Dot Dot Goose (version 1.5.3) [47].

A further 96 egg sacs were collected from CM, AQ and SN in southern Spain in May 2022,
and brought back to the lab. Here, they were kept at room temperature (~22 ◦C) and misted,
as described above, and presence versus absence of emerging spiderlings and wasps was
recorded over the following six weeks.

2.6. Statistics

All statistical analyses were conducted using R (version 4.1.1) [48]. The raw data is
available in Table S1, SM1 Raw Data.

2.6.1. Spider Sizes

For each experimental colony, we calculated an average body mass, both pre- and post-
experiments, as well as a colony-average body length and web size post-experiment. The
distributions of all four variables were heavily left-skewed, so we used the non-parametric
Spearman’s rank correlation to test the correlations between the per-colony average values
of pre- and post-weights, post-weight and post-web size, post-weight and post-body length,
and post-body length and post-web size, all with N = 20. We used these correlations to
justify interchangeably using body mass and web size as proxies for spider body size.

We further asked whether spiders had grown over the course of the experiment by
testing the difference in average body mass pre- versus post-experiment with a Wilcoxon’s
test for matched pairs (N = 20). Due to the resulting significant growth of spiders over
the experiment, which may have influenced their capture-abilities over time, we used the
average between the pre- and post- average body masses as a response variable in the prey
capture data analyses described below.
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2.6.2. Control Prey Capture

In the control treatment where five fruit flies were introduced per colony five times,
we asked whether larger spiders generally have higher prey capture success. We did this
by testing the correlation between average spider body mass and the total number of flies
caught per colony (up to a max. of 25 over the five feeding trials) using a Spearman’s rank
correlation test (N = 20).

2.6.3. Prey Capture Treatments

We investigated the effect of prey type and spider body size on prey capture success
using a Generalised Linear Model (GLM) fitted with a binomial error structure and logit
link function. We created a proportional response variable in the form of binding together
two vectors, one that included the number of a prey type caught per colony over three
trials (and so ranging from 0 to 3) and the second that included the number of prey items
not caught (=3−the number caught).

As predictor variables, we included the per-colony average spider body mass, the
treatment prey type, and their interaction term. The treatment prey type had four levels, as
follows: soldier flies introduced singly, T. absoluta introduced singly, T. absoluta introduced
singly together with a single fruit fly, and fruit flies introduced singly together with a single
T. absoluta (N per treatment prey type = 20; total N in the model = 80).

We checked the distribution of prey caught to ensure a lack of zero inflation, and
further tested to ensure a lack of overdispersion before proceeding to significance testing.
Finally, we tested to ensure the full model was significant before proceeding to test the
significance of the predictor variables. Significance of the interaction term and predictor
variables were tested by comparing full models with reduced models.

We further ran the full model on a subset of the dataset that excluded the black soldier
fly treatment. We did this as a post-hoc test to test for any differences in prey capture
success between T. absoluta and easily caught fruit flies.

3. Results

3.1. Spider Sizes

All non-parametric correlations between proxies for spider body size were highly sig-
nificant and positive: pre- and post-experiment average body mass (rho = 0.95,
p < 0.001) post-experiment body mass and web size (rho = 0.93, p < 0.001), post-experiment
body mass and body length (rho = 0.98, p < 0.001), and body length and web size
(rho = 0.86, p < 0.001). These strong, positive correlations justify the interchangeable
use of body mass, body length, and web size as equally valid proxies for spider size.
Spiders were significantly heavier after the end of the experiment (Wilcoxon’s test V = 2,
p < 0.001); therefore, we used the average between the pre- and post-average body masses
per colonies in the prey capture analyses, as described below.

3.2. Control Prey Capture

Larger spiders were able to capture significantly more prey in our control experiment,
where multiple easily caught prey items (five wingless fruit flies) were introduced at a time
(S = 58.1, p < 0.001, rho = 0.96, Figure 2a).
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Figure 2. Prey capture results. (a) The total number of wingless fruit flies, D. hydei, caught after
introducing five flies together, in each of five trials, in relation to the average spider body mass
per colony (averaged over pre- and post-treatments weights); (b,c) The total number of prey items
captured over three trials where prey was introduced singly: a black soldier fly alone (H. illucens)
illustrated in purple; T. absoluta alone in blue; T. absoluta introduced together with a fruit fly in green;
and a wingless fruit fly (D. hydei) introduced together with a T. absoluta in yellow.

3.3. Prey Capture Treatments

We found a significant interaction between spider size and prey type treatment
(binomial GLM, p = 0.0032). This means that the general increase in prey capture suc-
cess for larger spiders differed according to prey type (Figure 2b,c). Prey capture of
T. absoluta was 100% for colonies of an average body mass of ~9 mg, body length of ~5 mm
and web size of ~14 cm, and above, while spiders of a range of body sizes captured 100%
of fruit flies, and spiders of most body sizes tended to be unsuccessful in capturing black
soldier flies (Figure 2b,c).

In a posthoc test, where black soldier flies were excluded, the interaction between
spider size and prey type treatment was not significant (binomial GLM, p = 0.25). Instead,
spider size was a highly significant predictor of prey capture success (p < 0.001), whereas
treatment was not significant (p = 0.058). Hence, whilst the capture success of T. absoluta
was slightly lower than that of flightless fruit flies, this difference was not statistically
significant, suggesting that spiders had no preference for either prey type.

3.4. Seasonality

Naturally occurring C. citricola webs in southern Spain fluctuated over the year ac-
cording to the breeding season: as females grew and sexually matured in spring, webs
grew larger and peaked in May and June, with most webs being 20–30 cm (Figure 3). After
reproducing, most adult females died and the small webs of their offspring (≤10 cm) slowly
started to dominate over the summer, although a few adult, breeding females were present
year round. Offspring body sizes and, hence, web sizes began to increase over autumn and
winter until the next main breeding season in spring.
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Figure 3. Web size seasonality and tomato growing in southern Spain. Violin plots overlaying
box-and-whisker plots show the seasonal fluctuations in C. citricola web sizes in natural, field settings.
The tomato planting and growing season is indicated in yellow (March–June) while the harvest
season is indicated in green (July–Oct). A purple, horizontal band indicates the range of web sizes for
which we found 100% T. absoluta prey capture success in our prey capture experiment in controlled
lab settings.

In southern Spain, the tomato planting and growing season (March-June) coincides
with the C. citricola main breeding season, when webs are at their large size, while
webs found during the tomato harvest season, July–October, are at their smallest size
(Figure 3) [49].

3.5. Wasp Infection

Out of 121 collected egg sacs in 2019, 12 had to be discarded because of labelling
error. Out of the remaining 109 egg sacs, 73 produced live animals with an overall infection
rate of 54.8%. Of the 73 egg sacs, 33 (45.2%) produced spiderlings only, with a median of
191 hatchlings (max. = 396, average = 181.4, st.dev = 87.5). Another 37 egg sacs (50.7%)
were infected with wasps and produced zero spiderlings. From these egg sacs, a median of
18 wasps emerged (max. = 79, average = 26.5, st.dev. = 21.8). In only 3 egg sacs (4.1%), did
some spiderlings survive a wasp infection, and these produced both spiderlings (between
46 and 104) and wasps (between 6 and 22).

From the 96 collected egg sacs in 2022, 73 egg sacs produced live animals, with an
overall infection rate of 69.9%. Out of these, the proportion of egg sacs from which some
spiderlings survived an infection was 42.5% (both spiderlings and wasps emerged from
31 egg sacs), while 22 egg sacs (30.1%) produced spiderlings only and 20 (27.4%) produced
wasps only.

4. Discussion

This study set out to test the ability of the communal spider, C. citricola, to capture the
tomato pest, T. absoluta, by providing laboratory-reared C. citricola colonies with different
prey types. Small, experimental colonies of juvenile spiders were able to capture both
the leafminers and flightless fruit flies, considered to be easily caught prey, with near-
equal efficiency, and spiders showed no significant preference for either species. Larger
black soldier flies, however, were rarely caught in these settings. This suggests that the
spiders are as likely to capture and prey on leafminers as other small, easily caught insects,
and, therefore, show promise as a potentially effective biological control agent of the
moth. However, spider body size, which positively correlated with web size, was a strong
predictor of prey capture success of all prey types tested. The capture success of the
leafminer only reached 100% when juvenile spiders were about 5 mm in body length
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and had webs of roughly 14 cm in diameter and above, suggesting that hatchlings and
very small spiderlings would be ineffective predators of adult, flying leafminers. Our
experiments were conducted in the laboratory, and the spiders were exposed to prey items
for three full days, which may also not fully represent prey capture dynamics in the field.
Therefore, future studies should test prey capture efficacy in field settings, where prey may
have a higher chance of avoiding capture webs.

Spiders in wild colonies of C. citricola in southern Spain produced the largest webs in
May and June, which indicates that these months are the most opportune for the use of
C. citricola as a biological control agent. This period neatly correlates with the beginning of
the tomato growing season in Andalusia, southern Spain [49], where control of T. absoluta
is crucial for commercial tomato farms. We found that web size is a function of both
spider body mass and body length in C. citricola, meaning that prey capture potential of a
spider colony could potentially be predicted by estimating average web sizes. Measuring
individual spider web sizes in field settings is quick and easy [42], and would be an
undisruptive method of gauging colony-level capture rate efficacy. This could be especially
useful for predicting the pest-control capability of a developing colony of biological control
spiders after introduction to an agricultural system. Nevertheless, it is important to note that
the spiders used in this study were juveniles, and it is, therefore, unknown whether much
larger, adult individuals would expend the effort to consume small T. absoluta individuals,
especially when larger prey is likely to be accessible to them a natural setting [42]. While
further research is needed to confirm that larger spiders (subadult and adult females) will
also prey on T. absoluta, we know from previous studies that larger spiders often catch
relatively small prey, and thus, are likely to prey on the relatively small moths. In Grinsted
et al. (2019), larger spiders, including adults, with webs between 20 and 37 cm in diameter
preyed mainly on insects smaller than the average T. absoluta body length of 6 mm [50].
Indeed, median prey length for these larger females in natural field settings was 3 mm
(prey body length ranged from 1–17 mm, with 75% of prey <6 mm), calculated from the
raw data deposited by Grinsted et al. (2019) [42]. These results also suggest that spiders
in Spain are unlikely to be effective as pest control agents during the harvest season in
southern Spain [49], as spider webs are mostly too small during July–October. This further
suggests that seasonal fluctuations in web sizes in a given geographical region must be
taken into consideration prior to C. citricola application [44]. Despite the spiders’ efficacy at
catching the tomato pest, it is important to consider that they are generalist predators, and
are, therefore, capable of removing beneficial pollinators [7,18,44], which are crucial to the
fertilisation of the tomato crop. It is, therefore, integral that the effects of biological control
colonies of spiders on pollinator populations are considered in future studies.

When assessing the efficacy of a novel biological control agent, it is imperative that
community ecology is considered, as interactions with other species in the community
may hamper pest control abilities [29,33,38]. One possible disruptor of the effectiveness
of C. citricola as a biological control agent is egg predation by the wasp, P. palanichamyi,
a species that oviposits into the egg sacs of C. citricola, and emerging larvae consume
the developing spider eggs [25]. We found an infection rate of >50% of egg sacs at our
field sites near Cádiz, while Chuang et al. (2019) [25] found that about 42% of egg sac
strings were infected over a larger area of southern Spain, from Cádiz to Valencia. We
found large variations in spiderling survival after wasp infections, but overall, ~30–50%
of sampled egg sacs produced wasps only, with zero surviving spiderlings. Hence, wasp
infections may cause severe predation pressure and possibly shape extinction patterns
in C. citricola, at least in Spain, as suggested by Chuang et al. (2019) [25]. Furthermore,
by introducing high numbers of C. citricola to an area as a biological control agent, more
egg sacs will subsequently be provided as prey for P. palanichamyi, resulting in population
increase of the wasp, and possible local community ecology alteration [51,52]. Additionally,
the implementation of additional C. citricola colonies into ecosystems is also likely to
facilitate population expansion of both the colony-associate H. pluchei and kleptoparasitic
Argyrodes spp., which could also potentially detrimentally affect C. citricola populations.
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It is, therefore, important to address how community ecology may impact C. citricola
population dynamics and the resulting pest control efficacy [52]. Thus, we propose that
species communities within spider colonies, particularly focussing on H. pluchei and A.
argyrodes, as well as wasp infection rates in nearby rural populations, should be closely
monitored during implementation of the biological control agent. Furthermore, in the event
of wasp populations expanding and causing potential harm to both natural and biological
control spider populations [52], a plan to control wasp infections must be devised. A
possible future avenue for research is therefore testing the rate of increase in P. palanichamyi
populations over multiple generations, in the presence of increasing egg sac numbers.

The proposed efficacy of C. citricola as a biological control agent is based on two
useful facets of the species. Firstly, the evolution of group living and high conspecific
tolerance confers reduced aggression toward neighbouring spiders, and therefore, fewer
incidences of intraspecific attack and cannibalism as compared to solitary spiders [32,37,42].
This is likely to result in high predator density when used as a biological control agent
and the ability to intercept large numbers of pest arthropods with their interconnected
capture webs [37,42]. Furthermore, few studies have tested the efficacy of group-living
spiders as biological control agents, many focussing on comparing web-building and non-
web-building spiders, despite the aforementioned advantages of the use of communal
species [44,52,53]. Secondly, the global ubiquity of C. citricola may result in its potential
use in multiple locations worldwide, including LMICs such as those in Mediterranean
Europe, Africa, Asia, and the Middle East, whose environmental health and economic
stability could greatly benefit from this sustainable agricultural approach [25,27]. However,
incidences of the spider becoming an agricultural pest have occurred in countries including
the Dominican Republic and Columbia, where it was introduced in the last 25 years [54].
Here, colonies can comprise a great number of individuals, and excessive colony expansion
results in increased capture web construction, which has been reported to asphyxiate crop
plants, resulting in reduced crop yield and potentially causing economic deficit [25,54,55].
It is, therefore, important to ensure that appropriate substrate is provided for spiders to
build their colonies on, and that spiders are discouraged from building webs directly on the
crops, before commercial use can commence [7]. Such substrates could be natural supports,
such as the Opuntia spp. cactus, which is both a favoured host of wild C. citricola colonies,
and a commonly grown border plant around agricultural fields in southern Spain [43].
Inorganic frames could also be used; however, these may be less effective than preferred
host plants, such as Opuntia cacti, as modified cactus stems provide wind protection that
increases prey vibration sensitivity [43] and are, therefore, likely to benefit prey capture
rate in a way that wire supports could not. In cases where introduction of Opuntia field
borders is not possible, suitable inorganic substrates must be developed to ensure that
C. citricola pest control colonies can reach their highest potential prey capture efficiency.

In this study, we noted multiple instances of T. absoluta sitting uncaptured in C. citricola
webs in all colonies during interim checks during the three-day capture period, either
suggesting that the moth is not always detectable by the spiders, or that the moths can
avoid becoming caught in capture webs. It may be possible that the low body mass of
T. absoluta results in the production of few vibratory signals, causing inconsistency in prey
capture capability. In addition, moth scales, which are likely to be lost as they brush against
the non-adhesive silk strands of C. citricola webbing, may allow them to avoid becoming
trapped [56]. Further research is needed to ascertain whether this phenomenon could affect
the biological control capability of the spider.

One limitation of these spiders as potential biological control agents is that their
capture webs are specialised to capture arthropods that fly, jump, or fall into them, and
are, therefore, unable to control pests at larval instars. The inclusion of the spider into
an Integrated Pest Management (IPM) system, such as pairing it with entomopathogenic
nematodes, which are already marketed as biological control agents of phytophagous
larvae [17,24,57], could improve its efficacy as a biological control agent. It has been
suggested that Steinernema feltiae nematodes may have the propensity to facilitate up to
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68% mortality in larval T. absoluta [57]. This combination could potentially control the
leafminer at both larval and adult instars, negating the shortcomings of both constituents of
the management system. This approach may also reduce pesticide reliance in agricultural
tomato crops, resulting in reduced pollutants in soils, waterways, and food chains [15].

5. Conclusions

In this study, we found that facultatively group-living C. citricola spiders caught
leafminers and flightless fruit flies at the same rate in lab-based trials, and that larger cap-
ture web production coincides with the tomato planting and growing season in southern
Spain, suggesting that this communal spider could be a potentially successful candidate
for use as a biological control agent of T. absoluta. These findings open doors for the use of
group-living arachnids to control agricultural pests, reducing commercial pesticide depen-
dence, and having significant beneficial outcomes for environmental and economic stability,
particularly in LMICs [14]. Furthermore, many LMICs exist within the overlapping geo-
graphic ranges of both C. citricola and T. absoluta [10,19,28], meaning that the introduction
of pest control spiders in these regions will be unlikely to significantly damage native
biodiversity. Although these results are promising, downsides to the use of spiders as pest
control agents still remain; the two main issues raised being: (a) that spiders are generalist
predators and are likely to catch integral tomato-pollinating arthropods [7,18,44]; and
(b) that increasing spider populations will also alter community ecology, and may result in
increasing predator and kleptoparasite densities [25,29,33,38]. Therefore, it is crucial that
community ecology is monitored after the introduction of biological control spiders in order
to preserve the health of the ecosystem and to ensure that maximum biological control
efficacy is maintained. Future studies are now needed to test the efficacy of C. citricola for
pest control in field setting, and to test the potential of other promising group-living spider
species to provide pest control [44,58,59].
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Simple Summary: Since the 1960s, abuses of domestic and of wild animals that have been tamed or
are held in captivity have been legally prohibited and laws ensure their well-being. Many scientific
investigations carried out in this context recommend ways to adapt farming and thus to avoid
physical and/or psychological suffering. Evaluations of animals’ welfare in captivity entail the need
to understand in detail the fundamental behaviours of the focus species and to know the degree of
their variation to be able to establish objective bases that can ensure breeding conditions that respect
the animals’ welfare. Current laws do not apply to invertebrate animals (such as insects or spiders)
and consideration of the welfare of these animals in captivity is neglected. Here, I compared the
behaviour of wild adult spiders just after collection and that of adult spiders hatched and bred in the
laboratory. My results show that captivity induced rapid changes of wild spiders’ behaviour once in
captivity. Therefore, it is important to establish the best breeding conditions for the needs of both
invertebrate and vertebrate animals in order to promote their well-being.

Abstract: Here I detail the effects of the abiotic/captive environment of an adult wandering spider,
Pardosa saltans (Lycosidae) on its behaviour. These studies focused on spiders collected as adults
in their natural environment and spiders developed in the laboratory under controlled conditions.
Wild-caught spiders were tested either immediately after capture or after being housed for 15 days
post-collection. Laboratory reared spiders were kept in different environments: small or large space
combined with the presence or absence of litter. Two tests evaluated by sex show the influence of
these rearing conditions: an open-field test and a radial-arm maze test. The results show that wild
caught spiders of both sexes tested immediately after capture weighed significantly less and were
significantly more active than spiders housed in the laboratory for 15 days and spiders reared in
the laboratory. Laboratory conditions induced a positive impact on body mass and negative impact
on behaviour activities. The locomotor and exploratory activities of spiders of both sexes kept in
container without substrate showed lower. My results suggest that the physical enrichment of the
environment can reduce these negative effects for females, but not for males that seem to be more
affected by being reared under controlled conditions.
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1. Introduction

For a few decades now, consideration of animal welfare has been growing in scientific
circles, the food industry, legislation, and even at private and individual levels. In this
context have emerged many studies focusing on the impact of captivity and breeding
conditions on the well-being and, more generally, on the behavioural characteristics of
many vertebrates [1,2]. Thus, it has been general knowledge for some time now that the
enrichment of an individual’s environment is an important factor that must be taken into
consideration to ensure that an individual’s coping skills and physical health are good and
that it develops a rich behavioural repertoire [3,4]. These reports show that the well-being
of domestic animals as well as that of animals in captivity can be improved by enriching
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and complexifying their captive environment and by providing sufficient space. Levels of
locomotor and exploratory activities are good indicators of an animal’s well-being. Thus, a
way to estimate the level of well-being of animals in captivity is to compare their levels
of locomotor and exploratory activities to those of animals in their natural environment.
Studies of this type but focusing on invertebrates are rare. However, we know that, as for
vertebrates, environmental constraints experienced during ontogeny can have important
effects on the morphological and physiological development of an invertebrate, as well
as on the establishment of its behavioural repertoire, as for example its locomotor and
exploratory behaviours.

Locomotor and exploratory activities reveal the tendency of all animals to move about
and inspect their environment, even when neither hunger, nor thirst, nor sexual appetite
compels them to do so. These behaviours allow an individual to gather a certain amount
of information concerning their environment and are adapted to its living environment.
In the event of a change in its environment during its lifetime an individual has to adapt
its behaviour to the novel characteristics of its environment, an acclimatization that may
involve a change in its behaviour. According to the literature, locomotor and exploratory
activities are subject to environmental constraints (abiotic and biotic), genetic constraints
(sexual dimorphism) and maturation constraints of an organism (physiological state). For
example, a decrease in ambient temperature results in a decrease of the locomotor activities
of most arthropods [5] and the presence of conspecifics in the environment induces an
increase in their exploratory behaviour [6,7].

Sexual maturity causes a modification of the exploratory and locomotor activities of
the majority of arthropod species and exploratory behaviours can then differ between adult
males and females (spiders: [8]; myriapods and ground beetles: [9,10]; woodlouse: [11]).
Generally, adult male arthropods move about more and this tendency can be explained by
the fact that males, in addition to foraging, are looking for a sexual partner [12]. Conversely,
females move about less, remaining almost in the same place to allow males to find them
more easily [13].

Over the past years, a few authors have been interested in the impact of the rear-
ing environment on different species of spiders [14]. Thus, some studies compare the
locomotor and exploratory activities of individuals captured in their natural environment
to that of individuals reared in an artificial environment. For example, Phidippus audax
(Salticidae) spiders captured in the wild approach artificial prey faster and from a more
distant position and are less static than individuals that had hatched and been reared in
the laboratory [15–17]. Folz [18] showed that Hogna helluo (Lycosidae) spiders reared in
smaller terraria were faster to search for and capture prey. Other observations showed that
individuals that had developed in a physical environment enriched were more active than
individuals maintained in a non-enriched environment [6,15,19,20].

My study aims to highlight differences between wandering spiders that developed in
the laboratory and spiders that had developed in their natural environment. I hypothesised
that the locomotor and exploratory behaviours of spiders reared in the laboratory would
differ from those of spiders that had developed in their natural environment because of
restricted living conditions in the laboratory. In addition, I evaluated the effects of different
types of rearing conditions on the behaviour of female and male adults to evidence factors
that could improve their living conditions. In this context, I questioned whether the
size of their terraria would modify the spiders’ behaviour in relation to the volume in
which they had developed. I assumed that spiders reared in large terraria would be more
active than those reared in small terraria. Second, I questioned whether the presence of
litter in a terrarium would induce any behavioural changes. I assumed that a complex
environment such as undergrowth litter would induce individuals to move about and
explore their environment more. Third, I evaluated how long in captivity after being
collected the behaviour of wild caught adult spiders would be modified. The subjects of
most laboratory studies on reproduction behaviours (sexual and maternal) are individuals
that have been kept in the laboratory for a long time or under maintenance conditions that
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affect individuals’ behaviour. I assumed that 15 days of captivity would not lead to any
behavioural modification. My model spider species is the free-moving wolf spider, Pardosa
saltans (Lycosidae).

2. Materials and Methods

2.1. Ethics Statement

By using an invertebrate species and caring for it while using the accepted ethical
standards in the laboratory, my research conforms to the legal requirements and guidelines
established for the treatment of animals in research. The species used for these experiments
is neither endangered nor protected.

2.2. Spider Collection and Rearing

Members of the species Pardosa saltans can be found in forests, woodlands and thickets,
and sometimes near grasslands and hedges. Their distribution appears to be largely
restricted to old and ancient woodland sites, where they can become numerous, running
over the ground in open clearings as well as amongst litter in the shade of a wood. The
breeding season of P. saltans extends from March to September in France [21]. During the
day, P. saltans spiders move ceaselessly over the substrate in search of food, a sexual partner
or a sunny area to warm up. These spiders hide under the litter at the end of the day and
until the morning to protect themselves from high temperature variations and predators. It
is for these various reasons that Pardosa saltans is an ideal model to study locomotor and
exploratory behaviour.

Two experimental groups were used: spiders that had emerged and developed in their
natural environment (natural spider group) and spiders that had emerged and been reared
in the laboratory (laboratory spider group).

Natural spider group: The subjects were female and male adults captured in a private
forest near Guichen (France; 47◦58′03” N, 1◦47′43” W) in April-May 2021. Spiders were
randomly assigned to two experimental groups (Figure 1). Adults of first group were
weighed (Sartorius electronic balance, ±0.01 g; Palaiseau, France) then tested between
2 and 3 h after collection and returned to their natural environment at the end of the
behavioural tests (NE group). Adults of second group were weighed just after collection
and then kept individually during 15 days in circular terrarium (15 cm in diameter, 5 cm
high) with water and without soil, under the same temperature as outdoors during these
days (22 ± 2 ◦C during day and 16 ± 3 ◦C during night; and hygrometry (37 ± 5% relative
humidity) and natural photoperiodic cycle (NE-15 group). These NE-15 spiders were fed
every five days ad libitum with juvenile crickets (Acheta domestica) alternating with adult
flies (Delia radicum). After 15 days in captivity, spiders were weighed, behavioural tested
and then returned to their natural environment.

Laboratory spiders groups: Juveniles spiders (n = 120) emerged from six cocoons in the
laboratory during September 2020 and were reared in the laboratory until they were adult
(April–May 2021). The juvenile spiders (7–8 days after emergence), after they had caught
their first prey, where kept individually either in large (L × l: 17 × 9 cm, 8 cm in high)
or small transparent terraria (L × l: 9 × 6 cm, 5 cm in high). Both large (L) and small (S)
terraria were divided into two subgroups: either with 1 cm litter (mixture of earth and
leaves from their native forest) on the base, or without any matter on the base (Figure 1).
These spiders were kept for seven months under natural temperature (20 ± 4 ◦C during
day and 10 ± 3 ◦C during night), hygrometry (37 ± 5% relative humidity) and natural
photoperiodic cycle. They were fed every six days ad libitum, with juvenile crickets (Acheta
domestica and Nemobius sylvestris) alternating with adult flies (Delia radicum). After seven
months of development, all spiders were checked every day to record their adult moult
and tested between 2 and 3 weeks after their adult moult.

23



Insects 2022, 13, 135

Figure 1. Rearing conditions of adult spiders: developed in natural environment (NE group); wild
caught spiders housed in the laboratory for 15 days (NE-15 group); juveniles spiders developed in
the laboratory in large terraria without matter on the base until adult (L group); developed in large
terraria with matter on the base until adult (LM group); developed in small terraria without matter
on the base until adult (S group); developed in small terraria with matter on the base until adult
(SM group).

2.3. Locomotor and Behaviour Activities of the Natural Spider Group in the Laboratory

The activities of the natural spiders (n = 25/sex) were video recorded in their terrarium
the day they were collected just after they had been placed in their terrarium (day 0 in
captivity) then 7 (7 days in captivity) and 14 days after collection (14 days in captivity),
by a camera (video tracking). All observations were recorded between 14.00 and 17.00 h
in natural light with the SMART-MA software program (Smart Panlab, Bioseb, France).
The software program calculated directly locomotor activity (time of mobility, trajectories)
expressed in surface explored (cm/min) (Table 1). Movements without changing place
were recorded directly by the experimenter using a keyboard event recorder integrated
in SMART-Ma system (key were designated as behaviour events). Six spontaneous be-
havioural events without moving were observed and recorded (Table 1). The program
allows recording duration of events versus frequency of events. Timing of events is accurate
to 0.1 s. During captivity in a terrarium, “abdominal” vibrations were manifested only by
females and “drumming” only by males.

Table 1. Parameters measured for evaluation of locomotor, exploratory and spontaneous activities of
a spider in its terrarium and during behavioural tests in a novel environment (open-field arena and
radial-arm maze).

Behavioural Events Parameters Measured

Locomotor activity
(Surface explored in cm/min)

Time of mobility
Trajectory

Spontaneous activity without displacement
(Frequency of behaviour)

“Inactivity” (total immobility)
“Abdominal” (abdominal vibrations)
“Grooming” (passing a leg or a pedipalp between their chelicereae)
“Leg-waving” (raising and lowering a leg of their first pair)
“Standing” (standing on hind legs vertically to a wall)
“Drumming” (drumming the ground with their first pair of legs)

Exploratory activity
Distance covered (cm/min)

Time of mobility
Number of arms visited
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2.4. Locomotor and Exploratory Activity in a Novel Environment

Six experimental groups (n = 25 males and 25 females in each experimental group;
Figure 1) were observed in two novel environments and each spider was only tested once:
-NE group: female and male adults that had developed in their natural environment tested
between 2 and 3 h after capture; -NE-15 group: female and male adults that had developed
in their natural environment tested after 15 days in captivity; -L group: female and male
adults that had developed in the laboratory in large terraria without any matter on the
base; -LM group: female and male adults that had developed in the laboratory in large
terraria with matter on the base; -S group: female and male adults that had developed in
the laboratory into small terraria without any matter on the base; -SM group: female and
male adults that had developed in the laboratory in small terraria with matter on the base.
All subjects were observed at the same time of day (between 14.00 and 17.00 h), at 20 ± 1 ◦C
with 40 ± 2% relative humidity in natural light (90 lx in each glass arena, measured by a
Spengler Luxmeter before each behavioural test, Securimed, Cappelle-La-Grande, France).

Each spider was observed successively in an open-field glass arena (15 cm in diameter,
5 cm high covered with a glass plate) and in a radial-arm maze (Figure 2). The maze was
an array of eight arms in opaque white PVC (L × l: 10 × 2.5 cm and 3 cm high) radiating
from a central starting area (6 cm in diameter) and covered with a transparent glass plate
(L × l: 22 × 24 cm). Two arenas and two mazes were used simultaneously during a test
so we could pair subjects in relation to sex and experimental environment, combining all
possibilities (L/LM, L/S, L/SM, L/NE, L/NE-15, LM/S, LM/SM, LM/NE, LM/NE-15,
S/SM, S/NE, S/NE-15, SM/NE, SM//NE-15, NE/NE-15). This methodological precau-
tion was taken to counteract effects of possible changes in temperature and humidity on
spiders’ behaviour. To eliminate biases due to the positions of the arenas, I alternated the
experimental groups between sides and between trials. The arenas were washed with
acetone-water (5%) then ethanol (70%) between trials to eliminate any possible intraspecific
cues (odour and dragline cues left by the previous spider) that could influence a spider’s
activity. They were reused 1 h after evaporation of washing solvents.

 

Figure 2. The open-field glass arena (A) and the eight radial-arm maze (B) used successively during
behavioural tests for wild caught spiders immediately after capture (NE) or after 15 days in captivity
(NE-15) and for laboratory reared spiders (L, LM, S and SM groups).

Spiders were observed individually in the arena and their behaviour and locomotor
activities were recorded and analysed applying the method followed by Ruhland et al. [21].
The coordinates of spiders in the novel environment (arena and maze) were recorded every
12 frames using a Canon HD (HG20) camera and an automated video-based, digital-data
collection system (Swiss-Track software 4.0.0 with the nearest neighbour tracking method).

After being weighed, a spider was placed in the centre of the arena under a bell (1.5 cm
in diameters) 1 min prior to the test. The bell was removed, and the subject was allowed at
least 2 min to acclimate to the arena prior to data collection. After the acclimation period,
the spider’s activity (locomotors activity and spontaneous activity without changing place;
Table 1) was monitored for 10 min. The software program calculated a spider’s locomotor
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activity directly (expressed in surface explored, cm/min). Other movements in the arena
were recorded directly by the experimenter as indicated above (Table 1).

At the end of arena test, the spider was rapidly transferred into a vial and immediately
placed in the central box of the radial arm maze under a bell (1.5 cm diameters) for
evaluation of the exploratory activity. The bell was removed, and the spider was allowed
at least 2 min to acclimate to the arena prior to data collection. After the acclimation period,
the spider’s exploratory activity in the maze was monitored during 10 min (Table 1). The
software program calculated exploratory activity (time of mobility, number of arms visited)
expressed in distance covered (cm/min) of each spider directly. When a distance covered
was less than 3 mm/second it was not taken into account.

2.5. Statistical Analyses

Statistical analyses were performed using STATISTICA 6.0 for WINDOWS (Statsoft
Inc., Tulsa, OK, USA). A generalised linear mixed test (GLMM, negative binomial distribu-
tion) was conducted with data of body mass, the surface explored and distance covered
after transformation of data in log to normalize the data. Frequencies of spontaneous
behaviours were divided by 100 and then converted to

√
arcsine proportions to normalize

the data before a generalised linear mixed test was conducted. When differences among
means were significant at the p < 0.05 levels, an a posteriori Wald test was used to establish
inter-group comparisons. Means are given ±95% confidence intervals (CI).

3. Results

3.1. Body Mass

Body mass (Figure 3) differed significantly between spider groups and between sexes
(environment effect: 4.095, df = 5, p < 0.001; sex effect: 20.886, df = 1, p < 0.001; environ-
ment*sex: 0.349, df = 5, p = 0.083). Body mass of NE females was significantly less than that
of NE-15 females and laboratory reared females (Figure 3A). Body mass of LM females was
significantly greater than that of all the other females. All males were significantly lighter
than females and body mass of NE males was significantly less than that of NE-15 males
and of males of all the laboratory-reared groups (Figure 3B).

3.2. Behaviour and Locomotor Activity of NE Spiders

Pardosa saltans moved about actively in their terrarium (Figure 4) and locomotor
activity of the natural spider group varied significantly with time and between sexes (day
effect: χ = 128.105, df = 2, p < 0.001; sex effect: χ = 4.289, df = 1, p = 0.038; day*sex: χ = 12.558,
df = 2, p = 0.002). Females and males after capture (0 day in captivity) mover significantly
more than did the other. After 7 then 14 days in captivity, the locomotor activity of all the
natural spiders decreased significantly and the locomotor activity levels of females and
males became similar after 14 days in captivity.

The frequency of different behaviours (Figure 5) varied significantly between sexes
and with time (sex effect: χ = 6.61 to 7.47, df = 1, p = 0.010 to 0.006; day effect: χ = 8.82 to
1057.42, df = 2, p = 0.012 to < 0.001; day*sex: χ = 17.97 to 273.42, df = 2, p < 0.001). Males were
significantly more active than females. Females and males significantly increased “groom-
ing” and decreased “standing” after 14 days in captivity. As time since collection increased
males became more inactive and increased “grooming” and “leg-waving” activities.

3.3. Behaviour in a Novel Environment (Open-Field Arena and Arm-Maze)

Levels of behavioural activities in a novel environment (open-field arena) varied
significantly between spider groups (Figure 6) and between sexes (environment effect:
χ = 46.21 to 1924.87, df = 5, p < 0.001; sex effect: χ = 20.50 to 162.82, df = 1, p < 0.001;
environment*sex: χ = 14.25 to 1075.06, df = 5, p = 0.010 to < 0.001). Only the natural spider
group manifested “leg-waving” and only natural males manifested “drumming” activity.
The natural females presented significantly more “standing” and less “grooming” than
did the females of all the laboratory groups. The natural males manifested significantly
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less “grooming” and “inactivity”, and more “standing” than the other males. Levels of
spontaneous behavioural activity without changing position did not vary significantly
between the laboratory female and male groups.

Figure 3. Body mass ±95% confidence intervals (in mg) of adult female (A) and male (B) Pardosa
saltans in relation to the environment where they developed: in their natural environment and tested
between 2 and 3 h after capture (NE); in their natural environment and tested after 15 days in captivity
(NE-15); in the laboratory in large terraria without matter on the base (L); in the laboratory in large
terraria with matter on the base (LM); in the laboratory in small terraria without matter on the base
(S); in the laboratory in small terraria with matter on the base (SM). Data were compared using
generalised linear mixed mod (GLMM, negative binomial distribution). Different letters indicate a
significant difference at p < 0.050, post hoc Wald test.
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Figure 4. Locomotor activity ±95% confidence intervals (expressed in surface explored, cm/min) of
adult female and male Pardosa saltans in terraria after capture in their natural environment (0 day
in captivity), seven days after capture (7 days in captivity) and 14 days after capture (14 days in
captivity). Data were compared using generalised linear mixed mod (GLMM, negative binomial
distribution). Different letters indicate a significant difference (p < 0.050, post hoc Wald test).

Figure 5. Spontaneous behavioural activities without changing position of adult female and male
Pardosa saltans (in frequencies) in terraria after capture in their natural environment (0 day in captivity),
seven days after capture (7 days in captivity) and 14 days after capture (14 days in captivity).
Frequencies of behavioural events were compared using generalised linear mixed mod (GLMM,
negative binomial distribution). Different letters indicate a significant difference (p < 0.050, post hoc
Wald test).
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Figure 6. Spontaneous behavioural activities without changing position of adult female (A) and male
(B) Pardosa saltans (in frequencies) in the open-field arena in relation to the environment where they
developed: (NE) in their natural environment and tested 2–3 h after capture; (NE-15) in their natural
environment and tested after 15 days in captivity; (L) in the laboratory in large terraria without matter
on the base; (LM) in the laboratory in large terraria with matter on the base; (S) in the laboratory
in small terraria without matter on the base; (SM) in the laboratory in small terraria with matter on
the base. Frequencies of behaviours were compared using generalised linear mixed mod (GLMM,
negative binomial distribution). Different letters indicate a significant difference (p < 0.050, post hoc
Wald test).

3.4. Locomotor and Exploratory Activities in a Novel Environment

All spiders walked preferentially close to the periphery of the open-field arena and
radial arm maze. Surfaces and distances explored during locomotor activity in the open-
field arena and the radial arm maze (Figures 7 and 8) varied significantly between the
experimental spiders groups (environment effect: χ = 13.473, df = 5, p < 0.001; sex effect:
χ = 2.046, df = 1, p = 0.155; environment*sex: χ = 0.264, df = 5, p = 0.932 for surfaces
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explored; environment effect: χ = 13.325, df = 5, p < 0.001; sex effect: χ = 8.386 df = 1,
p = 0.004; environment*sex: χ = 3.399, df = 5, p = 0.006 for distance covered). Thus, NE
females and males moved about more: they explored larger surfaces and covered greater
distances. After 15 days in captivity the surfaces explored by females and males did not
differ significantly from the surfaces explored by LM and SM females. The surface explored
and distances covered by the L and S spiders were significantly lower.

Figure 7. Locomotor activity ±95% confidence intervals (expressed in surfaces explored, cm/min)
of adult female (A) and male (B) Pardosa saltans in a open-field arena in relation to the environment
where they developed: (NE) in their natural environment and tested 2–3 h after capture; (NE-15) in
their natural environment and tested after 15 days in captivity; (L) in the laboratory in large terraria
without matter on the base; (LM) in the laboratory in large terraria with matter on the base; (S) in
the laboratory in small terraria without matter on the base; (SM) in the laboratory in small terraria
with matter on the base. Data were compared using generalised linear mixed mod (GLMM, negative
binomial distribution). Different letters indicate a significant difference (p < 0.050, post hoc Wald test).
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Figure 8. Exploratory activity ±95% confidence intervals (expressed in distances covered, cm/min)
of adult female (A) and male (B) Pardosa saltans in a radial arm maze in relation to the environment
where they developed: (NE) in their natural environment and tested 2–3 h after capture; (NE-15) in
their natural environment and tested after 15 days in captivity; (L) in the laboratory in large terraria
without matter on the base; (LM) in the laboratory in large terraria with matter on the base; (S) in
the laboratory in small terraria without matter on the base; (SM) in the laboratory in small terraria
with matter on the base. Data were compared using generalised linear mixed mod (GLMM, negative
binomial distribution). Different letters indicate a significant difference (p < 0.050, post hoc Wald test).

4. Discussion

In this study, I used a combination of behavioural assays to examine the effects of
rearing conditions on the locomotor, exploratory, and spontaneous behavioural activity
of the wolf spiders, P. saltans. My objective was to answer mainly three questions: does
captivity, after only 15 days, affect the locomotor and exploratory behaviour of adult
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spiders developed in their natural environment? Does captivity affect female and male
adults differently? Should wandering spiders be raised and maintained in large or small
terraria, with or without litter? My results show that activity levels varied based on sex
and treatment.

When introduced into a novel environment immediately after capture, my results
show that adult P. saltans spiders developed in the wild exhibit high levels of locomotor
and exploratory activity. Males are twice as active as females as previously observed in
other studies with other invertebrate species [8–11,22]. Thus, males explore larger surfaces
but contrary to our predictions they do not cover significantly longer distance than the
females. During phases of immobility, spiders exhibit six spontaneous behaviours: “inac-
tivity”, “abdominal vibration”, “grooming”, “leg-waving”, “standing” and “drumming”.
“Grooming” of the legs and pedipalps are the most frequent activities observed. These
activities can be explained by the fact that adult spiders possess many chemoreceptors
(receptors for chemical signals) and mechanoreceptors (receptors for vibratory signals)
on the tarsi of their legs and their pedipalps [23,24]. These sensory receptors are highly
stressed when travelling in heterogeneous environments and individuals must regularly
remove, by “grooming”, any artefacts that could impair the perception of communication
signals. “Grooming” activities increase the reception of communication signals when an
individual is foraging or sexually active, especially in a novel environment. In addition,
males mainly manifest “leg-waving” and “drumming” activities, characteristically emit-
ted by adult male spiders during sexual activities when searching for a sexual partner in
their natural environment [8,16]. Females placed in a novel environment mainly perform
“standing” against the walls of the experimental enclosures.

Captivity results in rapid behavioural acclimatization of spiders that had developed
in their natural environment. Thus after 7 days of captivity, the locomotor and exploratory
activities of both female and males spiders decreased significantly. After 15 days in captivity,
these spiders moved significantly less in their terraria and the levels of locomotor activity
of females and males during behavioural assays were comparable to those of individuals
reared in the laboratory in small terraria without substrate. These results corroborate
observations of a salticid spider Phidippus autax maintained under artificial conditions for
4 months [15]. This decrease was not correlated with a change in ambient temperature
and/or humidity at the time of testing, unlike for other animals [25–27]. This decrease was
also not correlated with a lack of energy as these female and male spiders had put on weight.
Consequently, the decrease in activity shown by spiders from the natural environment is
clearly linked to an effect of captivity.

Captivity also results in a change in the spontaneous behavioural activities exhib-
ited by the spiders developed in their natural environment as observed for other animal
species [2,19]. It is the males who are the most affected by captivity. Thus after only
7 days of captivity, the locomotor activity of males is comparable to that of females. This
gradual decline is accompanied by a decrease of “standing” and “drumming” activities
and, conversely, by an increase in “grooming” and “inactivity”. This change in behavioural
activities of females is less visible, although they, like males, show a significant decrease
in their locomotor activity after 14 days in captivity. Thus, a change of environment in
adulthood leads P. saltans to gradually, significantly but quickly modify its locomotor and
exploratory activities. This effect is perhaps linked to the sudden modification of their
environment, which induces greater deprivation for individuals accustomed to moving
freely over large surfaces and in a complex physical environment. Thus, my study shows
that being kept in a terrarium induces a progressive and negative modification of the
behavioural activities of P. saltans spiders, as observed for three species of tarantulas [28]. In
their natural environment, P. saltans moves in different environments such as undergrowth
and meadows. These spiders are therefore able to adapt quickly to a novel environment,
which explains the rapid change in their behaviour the days following their collection.

With regard to effects of breeding on spiders, my results show that the size of the
terraria did not appear to affect the spontaneous behaviour or the locomotor activity of
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adult spiders: female and male spiders reared in either small or large terraria exhibit
the same spontaneous behaviours and the same levels of surface explored contrary to
observations by other researchers on Salticid spiders [15,18,19]. However, the size of the
terraria affects their exploratory activity: spiders, and more particularly males, reared
in small terraria cover shorter distances when exploring a novel environment. These
differences in activity are once again not linked to abiotic factors (temperature, humidity)
or to the weight of the spiders. Indeed, the spiders bred in the laboratory and according to
sex have comparable masses.

Conversely, the presence of litter in terraria promotes the levels of P. saltans spiders’
locomotor and exploration activities as for Marpissa muscosa spiders [6]. Thus, females and
males reared in terraria with litter are more active, cover greater areas and distances than
spiders reared in terraria without litter. These results show that the presence of substrate
stimulates favourably the locomotor and exploratory activities of wandering spiders during
their development as for vertebrates [29,30]. However, spiders that have developed in
their natural environment are generally more active, move and explore more than those
that have been reared in the laboratory even in the presence of litter. In addition, males
reared in the laboratory, even in the presence of litter in their terrarium, show low levels
of locomotor and exploratory activities comparable to those of females. My maintenance
conditions in an artificial environment are too restrictive for the simple fact of adding a
substrate or using a larger terrarium to be sufficient to compensate deprivations related to
these breeding methods, in particular for males.

Furthermore, the spontaneous activities exhibited by the spiders reared in the labora-
tory during the behavioural tests show homogeneity between the different experimental
groups. Neither the size nor the presence of litter influences the behavioural activity of the
spiders that had developed in captivity for seven months. These female and male spiders
exhibit “grooming” and “abdominal” vibrations when exploring a novel environment. The
spiders reared in the laboratory show no “drumming” or “leg-waving” activities. These
activities are used by adult spiders during the search for a sexual partner. These results
suggest that these behavioural activities may emerge only as a consequence of being reared
in a social environment, as observed for Brachypelma smithi tarantulas [19]. In addition, in
their natural environment, spiders regularly encounter conspecifics. These encounters elicit
the manifestation of behavioural characteristics of both their species and sex such as “leg-
waving” and “drumming”. The spiders in the laboratory group had been reared in social
isolation during the seven months their development lasts, that is, they had never been
in contact with any conspecifics. This would explain why female and male spiders reared
in the laboratory are less active and do not “leg-waving” or “drumming”. The absence of
these behaviours indicates that these activities are linked to social learning that takes place
during development, and that social isolation induces a reduction in behavioural complex-
ity as observed for vertebrates [2,31–34]. Additionally, this socially deprived environment
probably affects learning abilities and the central nervous system of P. saltans as observed
for the jumping spider, Marpissa muscosa [35,36].

On the other hand, it is interesting to note that the body mass of Pardosa saltans differs
according to sex and environment. Males weighed less than females, confirming previous
studies of these spiders [37], and the spiders collected in the wild were lighter than those
that have been raised for seven months in the laboratory in a controlled environment. After
15 days in captivity, rearing conditions affected positively their weight gain. Furthermore,
males reared in the laboratory weighed less than laboratory reared females. However, under
laboratory conditions, the males were fed ad libitum and maintained under relatively stable
abiotic conditions during development (e.g., no rain, no frost). Under these conditions,
one might think that these males would probably spend less energy to fight heat loss
and to explore their environment in search of food compared to other males subjected
to environmental constraints, and therefore they would be able to store more energetic
stock in their organism. My results showed that this is not the case, so I hypothesised that
inter-individual mass variations are influenced more by genetic factors than by biotic or
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abiotic environmental factors. The fact that my results concerning females differ from those
for males suggests that regulation of weight gain differs in relation to sex. Indeed, the body
weights of females varied according to their living environment. Females from the natural
environment weighed less than females reared in the laboratory in a controlled environment
and fed ad libitum. In addition, females reared in large terraria weighed more than females
living in small terraria. Pardosa saltans females therefore exhibit morphological plasticity
allowing individuals to adapt to the spatial characteristics of their captive environment
when their diet is optimal. This result can be linked to observations of other animal species
kept in controlled environments (e.g., fish in aquariums: [38]; lobsters: [39]). An abiotic
factor such as the volume of the rearing environment and the presence of a litter therefore
plays a role in the development of the body of female spiders.

5. Conclusions

My results show that, as for other animal species, abiotic and biotic living conditions
influence the locomotor and exploratory behaviours activities of the wandering spider
P. saltans. The rearing conditions I used influenced positively their foraging behaviour
(weight gain) but may have influenced profoundly and negatively the behaviour of adults.
My study also highlights the fact that their environment impacts males and females differ-
ently. Thus, the modifications of female spiders’ behaviour can be attenuated by physical
enrichment of their environment. In contrast, males were more impacted by my laboratory
conditions, and simply adding substrate was not sufficient to reduce this impact. These
negative changes of P. saltans’ behaviour occurred rapidly (in less than 15 days). These
results underscore the importance of taking into account the length of time individuals have
been kept in the laboratory before drawing conclusions behavioural studies concerning
animal well-being.
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Simple Summary: At present, the only place in Europe where the full development cycle of forests
takes place on a large scale is the Białowieża Forest, because in most other forests dead or dying trees
are eliminated, so the terminal (decay) phase does not occur there. Studies of animal assemblages
inhabiting different forest phases are scarce as well as studies of spiders inhabiting tree trunks and
branches. In this study, we compare spider assemblages inhabiting the tree trunks and branches in
the optimal, terminal and regeneration phases of a primeval oak–lime–hornbeam stand in terms of
their abundance, species diversity and species richness. We did not find differences in the total spider
species richness between the analysed phases. However, we found that species diversity of both
foliage-dwelling and trunk-dwelling spider assemblages was higher in the terminal phase compared
to the other phases, which may indicate that this phase offers the most diverse niches for spiders
as a result of the significant disturbance in the forest stand structure. Our research contributes to
the understanding of the functioning of natural ecosystems, which can be useful for responsible
forest management.

Abstract: The study was conducted in the Białowieża Forest, which is the only place in Europe where
the full development cycle of forests takes place on a large scale. The objective of this study was
to compare spider assemblages inhabiting tree trunks and tree branches in the optimal, terminal
and regeneration phases of a primeval oak–lime–hornbeam stand, in terms of their abundance,
species diversity and species richness. Spiders of tree branches were sampled using a sweep net
into which branches were shaken, while spiders inhabiting tree trunks were collected using traps
made of corrugated cardboard placed around the trunks. The three analysed phases did not differ
in terms of total species richness. We found that the species diversity of both foliage-dwelling and
trunk-dwelling spider assemblages was higher in the terminal phase compared to other phases,
which may indicate that the former phase offered the most diverse niches for spiders as a result of
the significant disturbance in the stand structure. In addition, we found fewer spider individuals
and species in individual samples collected on tree branches from a plot in the regeneration phase
compared to the other phases, which may be a consequence of the structure of the stand in this phase
(low canopy cover, lush herbaceous vegetation).

Keywords: arboreal spiders; the Białowieża Forest; primeval forest

1. Introduction

Trees, because of their large size and complex structure, provide many unique and
important microhabitats (e.g., trunks, foliage, branches, cavities) for many groups of
invertebrates, including spiders [1–4]. Despite this fact, the spider fauna of trees is a rare
subject of research. Blick [5] estimated the knowledge of spiders inhabiting tree trunks in
forests of Central Europe at 5% compared to that of spiders inhabiting the ground. There
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are also few studies on spiders inhabiting tree branches [6]. Furthermore, in many of these
studies, material was collected from different parts of trees or their strata and analysed
together because of the use of nonselective methods such as insecticide fogging [7,8].
This may lead to incorrect conclusions, as individual microhabitats on trees vary greatly
in structure and microclimatic conditions, and thus the spider assemblages inhabiting
them are likely to be different. In contrast to such studies, here we separately analysed
two microhabitats on trees, tree trunks and tree branches, in relation to the forest stand
development phase.

The present study was conducted in the Białowieża National Park, where valuable
natural European lowland forests are preserved. These forests are characterised as a
multispecies community of trees, with a multi-layered and unevenly aged stand structure,
considerable tree heights and a large amount of dead wood [9,10]. Unlike most forests
in Europe, a complete cycle of forest stand development takes place here [11,12]. Several
developmental phases can be distinguished in that cycle; however, their number is a matter
of dispute. For example, Miścicki [13] defined eight phases (initial, juvenile, even-aged pole,
premature, optimal, terminal, decay, regeneration), whereas Bobiec et al. [11] distinguished
six phases (regeneration, young, pole, late pole, optimal and terminal). In our study,
we included three of these phases, optimal, terminal/decay and regeneration, which are
relatively easy to distinguish because of the significant differences in their stand structure.
It is worth emphasising, however, that the decay (terminal) phase does not occur in most
European forests as a result of logging and the elimination of dying trees.

Changes in invertebrate assemblages during the development cycle of temperate
forests have rarely been studied, and when they have, the studies involved monocultures
or forest plantations [14–16]. In the Białowieża Forest, such studies were conducted by
Trojan et al. [17] in pine stands and included 27 taxa of animals (including spiders). More-
over, Stańska and Stański [18] studied plant-dwelling spider assemblages in different
developmental phases of a primeval oak–lime–hornbeam stand. This study contained only
spiders inhabiting herbaceous vegetation, which is a completely different habitat than trees.
To our knowledge, there are no other studies discussing this problem in primeval forests.

Spiders are an excellent model group with which to study the effects of changes in the
structure of a forest on the animal assemblages that inhabit it. Their abundance, species
richness and diversity are affected by such factors as tree species diversity, the type of
forest, its structure and canopy openness [19–24].

The objectives of this study were: (1) to determine the species composition of spider
assemblages on tree branches and tree trunks in optimal, terminal and regeneration phases
of primeval oak–lime–hornbeam forest; (2) to compare spider assemblages between these
phases of stand development in terms of spider abundance (adults and juveniles separately),
species richness and species diversity; and (3) to assess how the number of individuals and
the number of species have changed over time (particular sampling months).

Many studies have shown that structurally diverse habitats support high species
diversity, species richness and an abundance of spiders because they provide a large
number of niches and diverse microhabitats [25–28]. Therefore, we hypothesised that
spider species richness, diversity and abundance would be the highest on a plot with
the terminal phase where, on the one hand, significant habitat disturbance has occurred
(broken branches, emerging canopy gaps) and, on the other hand, mature, standing trees
are still present.

2. Materials and Methods

2.1. Study Site

The Białowieża Forest, located on the Polish–Belarusian border, is a remnant of forests
that covered much of temperate Europe centuries ago. Most of the area in the Polish
part is under forest management, but the most valuable forest stands are protected as
the Białowieża National Park (hereafter BNP). Human activity here is limited to scientific
research and guided tourist walks. Forest stands in the BNP may be considered primeval
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forests, as evidenced by their multi-layered and uneven-aged structure, multispecies tree
community, significant tree heights and a large amount of dead wood [9,10]. In addition,
forest stands in the BNP have a heterogeneous structure, which is manifested in the fact that
different developmental stages or forest types occupy small areas next to each other [11].

Our study was conducted in an oak–lime–hornbeam stand, which is the most common
forest type in the BNP. In each of the three developmental phases of the forest, optimal,
terminal and regeneration, one study plot (20 × 40 m rectangle) was selected. Trees
growing on the optimal phase plot (52◦43′50′′ N; 23◦ 51′40′′ E) were characterised by good
vitality and a large diameter at breast height, and their crowns formed a dense canopy
(above 90% cover). The most common tree species in this developmental phase were
European hornbeam Carpinus betulus, pedunculate oak Quercus robur, Norway spruce Picea
abies, small-leaved lime Tilia cordata and Norway maple Acer platanoides. Trees on the plot
(52◦43′30′′ N; 23◦51′50′′ E) with the forest stand in the terminal phase of development
had a large diameter at breast height, but were usually in poor condition, as indicated by
the presence of numerous dead branches and large fragments of decayed wood. Gaps in
the canopy of the forest stand resulted from many large branches breaking off from the
trunks (canopy cover of about 80%). The dominant tree species on this plot were European
hornbeam, pedunculate oak and Norway spruce. The forest stand in the regeneration
phase (52◦43′10′′ N; 23◦51′00′′ E) was characterised by the presence of patches without
trees or with single trees as a result of strong winds that had felled most of the old trees
20 years before our research. Therefore, the canopy cover was very thin (about 20%), and
lying deadwood was very abundant. In addition, there were a large number of young trees.
The forest stand on this plot consisted mainly of European hornbeam, small-leaved lime,
Norway spruce and pedunculate oak.

2.2. Data Collection

Spiders were collected from tree branches from April to November 2000. A total of
ten samples were collected from each study plot: one sample in April, two samples in
May, two samples in June, two samples in July, two samples in October and one sample
in November. Spiders were collected from the branches of different trees, each time being
selected randomly. The spiders belonged to different species, but the European hornbeam
was sampled most frequently because this species had the easiest access to these branches
(they were at the right height). On each sampling date, material was collected on each plot
from ten branches of a similar size (1 × 0.5 m), located at a height of 1–2 m. The sampled
branches were placed in the sweep net and then shaken vigorously, after which they were
carefully inspected to collect spiders that had not fallen into the net. Because of the low
abundance of spiders, the material from ten branches collected from each plot on each
sampling date was combined into one sample.

Spiders on tree trunks were collected from June 1998 to October 2000 every month
except November, December, January and February. Spiders were sampled using traps
made of corrugated cardboard (25 cm wide), which were placed around trunks with their
corrugated surface facing inwards. On each plot, five traps were placed on live trees (the
same procedure was used throughout the study period) of a similar diameter (two on
hornbeam, two on lime, one on spruce) at a height of 1.5 m above the ground. During
sampling, the traps were removed from the trunks and the spiders sitting on them were
collected. In addition, spiders that remained on the bark at a trap site were also collected.
The material from five traps collected from each plot on each sampling date was pooled
as one sample due to the low abundance of spiders. In total, the material was collected
18 times in the optimal and regeneration phase and 19 times in the terminal phase (during
one control in the optimal phase and one control in the regeneration phase, some destroyed
traps were found; thus, two samples were excluded from the analysis).

The collected spiders were preserved in 75% alcohol and then identified in the lab-
oratory to the species level or, if this was not possible, as in the case of many juvenile
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specimens, to the higher taxon. The material was deposited at the Institute of Biological
Sciences, Siedlce University of Natural Sciences and Humanities, Poland.

2.3. Statistical Analysis

To estimate sampling sufficiency on the study plots, richness estimators (Chao1, Chao2,
Jackknife1, Jackknife2 and Michaelis–Menten) were calculated using 100 randomisations in
EstimateS software version 9.1.0 [29]. To check whether the plots in different developmental
phases differed in terms of species richness (i.e., the number of species recorded throughout
the study period), rarefaction curves were calculated for the observed species richness
with 95% confidence limits, based on the bootstrap method with 100 replications [30]. The
species richness computed for each phase was considered significantly different when the
confidence limits did not overlap [31,32].

The formula for the Shannon index (H′) was used to calculate the species diversity:

H′ = − Σ pi ln (pi)

where pi is the proportion of individuals of species i [33].
The Hutcheson test was used to compare Shannon diversity indices calculated for

plots in different developmental phases using formulas prepared in Excel [34].
Generalised linear models (GLMs) were used to assess the association of the number of

collected spider individuals and spider species with the developmental phase of the forest
stand and the sampling period. In the models where the response variable was the number
of collected spider species and the number of adult individuals, Gaussian error distribution
and the identity link function were used. In the model where the response variable was
the number of collected juvenile spider individuals, the Gaussian error distribution and
the log-link function were used. The “developmental phase” and “sampling month” were
treated as fixed categorical explanatory variables. If a given variable showed a significant
effect in a model, paired contrasts were calculated to find significant differences between
its levels. These calculations were performed in SPSS 21.0 for Windows.

3. Results

3.1. Spiders of Tree Branches

A total of 725 spider individuals from eight families were collected on tree branches
during the study period (320 individuals in the optimal phase, 236 individuals in the
terminal phase and 169 individuals in the regeneration phase). Juvenile spiders dominated
in the collected material in each developmental phase (655 individuals in total, ca. 90%).
A total of 591 individuals were identified to the species level: 266 from the optimal phase
plot, 188 from the terminal phase plot and 137 from the regeneration phase plot. A total
24 species were identified (17 in the optimal phase, 16 in the terminal phase and 11 in
the regeneration phase), of which 8 were common to all plots. A total of 13 species were
represented by only 1 individual captured on a given plot (Table 1). However, the calculated
estimators indicated much higher species richness, especially for the optimal phase plot
and the terminal phase plot (Table 2).

Trematocephalus cristatus was the most abundant species both in the optimal phase
(where it accounted for 41.7% of the individuals identified to the species level) and the
regeneration phase (37.2%), while Neriene peltata was most abundant in the terminal phase
(25.5%), although the proportion of the former species was only slightly lower in this case
(Table 1). The analysis of rarefaction curves revealed that the three studied developmental
phases did not differ from each other in terms of the total species richness found on tree
branches (Figure 1).
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Table 1. Spiders collected on tree branches in three developmental phases of oak–lime–hornbeam
stands in the Białowieża National Park (spider families, genus and species in alphabetical order). The
percentages presented in parentheses, next to the number of individuals, show the proportion of each
species. All individuals identified to the species level were included in the percentage composition,
but values are only shown for species that reached at least 5%. Abbreviations: Ad./Juv.— number of
adult/juvenile spider individuals, un.—individuals identified only to the family level. Roman letters
indicate the months in which a given species was recorded.

Family/Genus/Species Optimal Phase Terminal Phase Regeneration Phase

Ad./Juv. Months Ad./Juv. Months Ad./Juv. Months

Anyphaenidae
Anyphaena
accentuata

(12%) -/32 IV–VII, X, XI (20%) 1/37 IV–VII, X, XI (36%) 1/49 IV–VII, X, XI

Araneidae
Araneus diadematus -/1 VII
Araniella sp. -/1 -/5
Cyclosa conica 4/5 IV, V, VII, X 1/7 IV, V, X, XI 2/- IV
Clubionidae
Clubiona sp. -/2 -/2
Linyphidae
Diplocephalus picinus 1/- VI
Entelecara acuminata 1/- VII 1/- VII
Helophora insignis -/5 VII -/2 VII
Linyphia triangularis 1/- VII
Linyphiidae un. -/6 -/12 -/3
Neriene clathrata -/1 VII
Neriene emphana (6%) 2/15 IV, VI, VII 2/7 IV–VII, XI -/1 V
Neriene montana -/1 X -/4 VII, X 1/- V
Neriene peltata (6%) 9/7 IV, V, XI (26%) 6/42 IV–VI, X, XI (8%) -/11 X
Neriene sp. -/20 -/3 -/1
Pityohyphantes
phrygianus -/1 X
Porrhomma
pygmaeum 5/- IV 3/- V
Tapinocyba insecta 1/- IV
Tapinocyba pallens 1/- IV
Trematocephalus
cristatus (42%) -/111 V, X, XI (22%) -/42 X, XI (37%) 1/50 IV, V, X, XI
Philodromidae
Philodromus dispar 1/- V
Philodromus sp. -/7 -/6 -/1
Tetragnathidae
Metellina sp. -/2 -/4 -/5
Metellina mengei 2/- X 1/- X
Tetragnatha montana 1/- V
Tetragnatha sp. -/8 -/9 -/7
Theridiidae
Enoplognatha ovata (9%) 6/19 V, VI (9%) 7/10 V–VII (8%) 3/8 V–VII
Robertus scoticus 1/- IV
Theridiidae un. -/1
Theridion sp. -/7 -/12 -/7
Theridion varians 1/- VII
Thomisidae
Diaea dorsata (14%) 1/36 IV–VII, X (7%) 1/12 IV–VII, XI (4%) -/5 IV–VII
Ozyptila sp. -/1
Xysticus lanio 1/- V
Xysticus sp. -/1 -/1

Total no. of
individuals 34/286 23/213 13/156

Table 2. Observed species richness and species richness estimates for spider assemblages from tree
branches in three developmental phases of oak–lime–hornbeam stand. Sampling completeness was
calculated using Chao1 estimator.

Optimal Phase Terminal Phase Regeneration Phase

Observed richness 17 16 11
Estimates
Chao1 ± SD 41 ± 31 40 ± 31 19 ± 12
Chao2 ± SD 53 ± 44 45 ± 36 27 ± 21
Jackknife1 ± SD 25 ± 3 23 ± 2 16 ± 2
Jackknife2 32 29 20
Michaelis–Menten 22 20 15
Sampling completeness 41% 40% 58%
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Figure 1. Individual-based rarefaction (solid) curves with 95% confidence limits (dashed curves) compar-
ing species richness of branch-dwelling spider assemblages in three developmental phases of primeval
oak–lime–hornbeam forest: the optimal phase (black), terminal phase (red) and regeneration phase (blue).

The highest species diversity of spider assemblages from tree branches was found in the
terminal phase (H′ = 2.01), followed by the optimal phase (H′ = 1.91) and the regeneration
phase of the forest stand development (H′ = 1.55). The Hutcheson test revealed differences
between the optimal phase and the regeneration phase (t296 = 3.19; p = 0.002), as well as
between the terminal phase and the regeneration phase (t281 = 4.10; p < 0.001), while no
differences were found between the optimal phase and the terminal phase (t438 = 1.08;
p = 0.283).

GLMs showed that the number of both adult and juvenile spider individuals, as well
as the number of species (found in a given sample), was associated with the developmental
phase of the forest stand and the sampling period (Table 3). Significantly more adult and
juvenile spider individuals were found on the plot with the optimal phase compared to
the regeneration phase (Figure 2). The number of adult individuals captured on branches
decreased during the study period, i.e., from April to November (Figure 3a), in contrast to
the number of juveniles, which increased significantly in the last two sampling months,
i.e., October and November (Figure 3b). The number of spider species (found in a given
sample) was significantly lower on the plot in the regeneration phase compared to the other
plots (Figure 4a). The number of species was significantly higher at the beginning of the
study period (April) compared to the other months (Figure 4b).

Figure 2. The number of adult (a) and juvenile (b) spider individuals (mean with 95% confidence limits)
recorded on tree branches in a single sample in three developmental phases of primeval oak–lime–
hornbeam forest. Different letters indicate significant differences between developmental phases.
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Table 3. Results of generalised linear models assessing the effect of the developmental phase of the
tree stand and sampling month on the abundance and the species richness of spider assemblages of
tree branches.

Effect Wald χ2 df p

Abundance of adult individuals
Intercept 53.95 1 <0.001
Developmental phase 7.21 2 0.027
Sampling month 31.66 5 <0.001
Abundance of juvenile individuals
Intercept 235.53 1 <0.001
Developmental phase 7.91 2 0.019
Sampling month 29.18 5 <0.001
Species richness
Intercept 375.06 1 <0.001
Developmental phase 17.36 2 <0.001
Sampling month 16.01 5 0.007

Figure 3. The number of adult (a) and juvenile (b) spider individuals (mean with 95% confidence
limits) recorded on tree branches in particular sampling months. Different letters indicate significant
differences between sampling months.

Figure 4. The number of spider species (mean with 95% confidence limits) recorded on tree branches
in a single sample in three developmental phases of primeval oak–lime–hornbeam forest (a) and in
particular sampling months (b). Different letters indicate significant differences between particular
developmental phases (a) and particular sampling months (b).

3.2. Spiders of Tree Trunks

A total 2146 spider individuals belonging to 17 families were sampled on tree trunks
during the study period (829 individuals in the optimal phase, 695 individuals in the
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terminal phase and 622 individuals in the regeneration phase). Juvenile spiders dominated
in the collected material in each developmental phase (1845 individuals in total, ca. 86%).
A total of 1610 individuals were identified to the species level: 621 from the optimal phase
plot, 536 from the terminal phase plot and 453 from the regeneration phase plot. A total
of 33 species were found (24 in the optimal phase, 23 in the terminal phase and 19 in
the regeneration phase), of which 14 were common to all plots. A total of 13 species
were represented by only 1 individual captured on a given plot (Table 4). The calculated
estimators indicated higher species richness, especially for the terminal phase plot, where
the sampling completeness was the lowest (Table 5). The most abundant spider species
was Anyphaena accentuata, followed by Amaurobius fenestralis, in each phase of the stand
development (Table 4).

Table 4. Spiders collected on tree trunks in three developmental phases of oak–lime–hornbeam
stands in the Białowieża National Park (spider families, genus and species in alphabetical order). The
percentages presented in parentheses, next to the number of individuals, show the proportion of each
species. All individuals identified to the species level were included in the percentage composition,
but values are only shown for species that reached at least 5%. Abbreviations: Ad./Juv.—number of
adult/juvenile spider individuals, un.—individuals identified only to the family level. Roman letters
indicate the months in which a given species was recorded.

Family/Genus/Species
Optimal Phase Terminal Phase Regeneration Phase

Ad./Juv. Months Ad./Juv. Months Ad./Juv. Months

Agelenidae
Agelenidae un. -/1
Coelotes atropos 5/- VIII, IX 5/6 IV, VI–IX 2/- VII, IX
Amaurobiidae
Amaurobius fenestralis (32%) 52/146 III–X (31%) 62/106 III–X (25%) 38/74 III–X
Anyphaenidae
Anyphaena accentuata (49%) 4/299 III–V, VII–X (38%) 6/197 III–V, VII–X (52%) 7/227 III–VI, VIII–X
Araneidae
Araneidae un. -/1
Cyclosa conica -/2 IV
Nuctenea umbratica 2/- VIII, IX
Clubionidae
Clubiona caerulescens 1/- V
Clubiona lutescens 3/- VII, IX 2/- VII, VIII 4/- VII, IX
Clubiona sp. -/110 -/33 -/4
Clubiona subsultans 1/- X 3/- X
Dictynidae
Dictyna sp. -/1
Gnaphosidae
Haplodrassus cognatus 1/- III 1/- VI 1/- V
Haplodrassus sp. -/24 -/48 -/44
Linyphiidae
Agyneta ramosa 1/- VI
Drapetisca socialis 18/7 VI–X 11/13 VI–X 13/3 V–IX
Helophora insignis 1/- VIII 1/- VIII
Labulla thoracica 1/5 VI–VIII -/3 VII, VIII 1/- IX
Lepthyphantes minutus 2/- VIII, IX 7/1 VII–IX
Lepthyphantes sp. -/7
Linyphiidae un. -/15 -/22 -/39
Lophomma punctatum 1/- III
Neriene clathrata 1/- VI
Neriene montana -/4 III, IV, VIII, X -/15 IV, VIII–X 2/8 III, V, VI, VIII, X
Neriene sp. -/2
Savignia frontata 1/- X
Trematocephalus cristatus -/11 III, IV, X -/4 III
Lycosidae
Piratula hygrophila 1/- IX
Mimetidae
Ero furcata 1/- V
Philodromidae
Philodromus sp. -/11 -/19 -/13
Pisauridae
Dolomedes fimbriatus -/1 X

44



Insects 2022, 13, 1115

Table 4. Cont.

Family/Genus/Species
Optimal Phase Terminal Phase Regeneration Phase

Ad./Juv. Months Ad./Juv. Months Ad./Juv. Months

Salticidae
Neon reticulatus 3/- V, VII
Neon sp. -/1
Salticidae un. -/1 -/1
Segestriidae
Segestria senoculata 1/10 V, VIII–X (9%) 5/43 V–X (6%) 3/24 V–X
Tetragnathidae
Metellina merianae 1/- VII
Tetragnatha sp. -/2 -/1 -/2
Theridiidae
Dipoena nigroreticulata 1/- VI 1/1 III, X
Enoplognatha ovata 2/1 VI 3/3 V–VIII 1/4 VI, IX
Steatoda bipunctata 1/2 VI, IX 2/11 V–IX 3/15 III, VII–X
Theridion mystaceum 1/- V 3/- V, VI 3/- V–VII
Theridion sp. -/28 -/34 -/58
Platnickina tincta 1/2 VII, X -/1 IV 2/1 VI, IX
Theridion varians -/2 III
Thomisidae
Diaea dorsata (5%) -/32 III, IV, X -/18 III, IV, X -/7 III, IV, X
Ozyptila praticola 1/- VIII
Ozyptila sp. -/5 -/3
Xysticus sp. -/3 -/3

Total no. of individuals 97/732 119/576 85/537

Table 5. Observed species richness and species richness estimates for spider assemblages of tree
trunks in three developmental phases of oak–lime–hornbeam stand. Sampling completeness was
calculated using Chao1 estimator.

Optimal Phase Terminal Phase Regeneration Phase

Observed richness 24 23 19
Estimates
Chao1 ± SD 35 ± 10 55 ± 40 22 ± 3
Chao2 ± SD 43 ± 16 42 ± 19 21 ± 2
Jackknife1 ± SD 34 ± 4 32 ± 3 24 ± 2
Jackknife2 42 38 23
Michaelis–Menten 33 27 23
Sampling completeness 69% 42% 86%

The highest species diversity of spider assemblages from tree trunks was found in the
terminal phase (H′ = 1.81), followed by the regeneration phase (H′ = 1.58) and the optimal
phase of the forest stand development (H′ = 1.50). The Hutcheson test revealed differences
between the optimal phase and the terminal phase (t1148 = 4.08; p < 0.001), as well as
between the terminal phase and the regeneration phase (t947 = 2.85; p = 0.004), while no
differences were found between the optimal phase and the regeneration phase (t985 = 0.94;
p = 0.348). The analysis of rarefaction curves revealed that the three developmental phases
did not differ from each other in terms of the total species richness of spider assemblages
inhabiting tree trunks (Figure 5).
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Figure 5. Individual-based rarefaction (solid) curves with 95% confidence limits (dashed curves)
comparing species richness of trunk-dwelling spider assemblages in three developmental phases of
primeval oak–lime–hornbeam forest: the optimal phase (black), terminal phase (red) and regeneration
phase (blue).

The number of adult spider individuals and the number of species (found in each
sample) were not associated with the developmental phase of the forest stand, while
the number of juveniles was (Table 6). More juveniles were found in the optimal phase
compared to the other two phases (Figure 6). Moreover, both the number of adults and
juveniles were associated with the month of sampling, while number of species was not
(Table 6). More adult individuals were captured in May and September (Figure 7a), while
juveniles were significantly more numerous in March, April and October compared to the
other months (Figure 7b).

Table 6. Results of generalised linear models assessing the effect of the developmental phase of the
tree stand and sampling month on the abundance and the species richness of spider assemblages of
tree trunks.

Effect Wald χ2 df p

Abundance of adult individuals
Intercept 183.62 1 <0.001
Developmental phase 3.84 2 0.146
Sampling month 138.80 7 <0.001
Abundance of juvenile individuals
Intercept 583.29 1 <0.001
Developmental phase 6.81 2 0.033
Sampling month 51.06 7 <0.001
Species richness
Intercept 362.97 1 <0.001
Developmental phase 2.14 2 0.342
Sampling month 4.11 7 0.767
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Figure 6. The number of juvenile spider individuals (mean with 95% confidence limits) recorded on
tree trunks in a single sample in three developmental phases of primeval oak–lime–hornbeam forest.
Different letters indicate significant differences between developmental phases.

Figure 7. The number of adult (a) and juvenile (b) spider individuals (mean with 95% confidence
limits) recorded on tree trunks in particular sampling months. Different letters indicate significant
differences between sampling months.

4. Discussion

The hypothesis that the terminal phase, compared to the optimal and regeneration
phases of stand development, would be characterised by higher spider abundance, species
richness and species diversity was only confirmed for the last variable. We found the
Shannon index was higher in the terminal phase compared to the other phases for both
foliage-dwelling and trunk-dwelling spider assemblages. This fact may support our as-
sumption that the most diverse niches for spiders exist in the terminal phase forest, as a
result of significant disturbance in the stand structure. This disturbance was caused by the
continuing process of old trees dying. As a result, some of the branches have broken off,
and thus the crowns of the trees have become less dense. The structure of such a forest
becomes very varied, with dead wood lying on the ground and lush herbaceous vegetation
growing in places where gaps in the crowns have been created, and, at the same time,
numerous trees of a large size provide varied niches for many groups of invertebrates. The
phenomenon where significant variation in habitat structure translates into greater species
diversity has been widely reported in the literature [25,35,36].

The present study showed that differences between the stand development phases do
exist, but mainly indicated a lower number of spider individuals and number of species
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collected in individual samples on the plot in the regeneration phase compared to, above
all, the plot in the optimal phase, where these variables reached the highest values. In our
opinion, these differences may be explained, among other factors, by canopy cover, which
was highest on the plot in the optimal phase and lower on the plot in the regeneration
phase. The significant effect of canopy cover on spider assemblages in forests has been
demonstrated by some authors. For example, Košulič et al. [20], studying epigeic spiders,
showed that species richness was highest in places with medium canopy openness, while
an open canopy supported the abundance of rare and threatened species. In addition,
Oxbrough et al. [37] found that an open canopy favoured spider species typically absent in
forest, and on a large scale, increased the abundance and species richness. In our study, we
did not observe the occurrence of species associated with open habitats in the regeneration
phase, but this may be due to the structure of the oak–lime–hornbeam forest in the BNP
manifested by the fact that different developmental phases occupy relatively small areas
located close to each other [11]. On the other hand, the canopy openness translated into
the degree of herbaceous vegetation development in our study [18], and this may explain
the differences between particular phases in abundance and species richness, at least for
foliage-living spiders.

A higher number of juvenile and adult spiders in individual samples was collected on
tree branches in the optimal phase compared to the regeneration phase, which may have
resulted from poor herbaceous vegetation cover in the former phase [18]. The foliage can
provide a kind of substitute for herbaceous vegetation, especially in the case of low-lying
branches, and therefore, where herbaceous vegetation is less developed, spiders may be
more likely to inhabit tree leaves. On the other hand, Stenchly et al. [38] found that the
abundance and species richness of spiders from different strata, including those collected
in tree crowns, were positively affected by herbaceous cover.

The sampled branches were located at a similar height from the ground as many
herbaceous plants and to some extent resembled them in structure. This allowed us to
assume that the fauna of spiders living on branches, at least those located not too high off
the ground, should largely consist of plant-dwelling species. Our study largely confirmed
this assumption. For example, Trematocephalus cristatus, the most abundant species on
plots in the optimal and regeneration phases, was also abundant on herbaceous vegeta-
tion [18]. Other species, such as Cyclosa conica, Enoplognatha ovata and Diaea dorsata, were
also collected both from tree branches and herbaceous vegetation in the study plots [18].
On the other hand, species such as Linyphia triangularis or Bathyphantes nigrinus, which were
collected in large numbers on herbaceous vegetation, were not found on tree branches or
only in small numbers. In addition, the fauna of foliage spiders should also include species
living on tree trunks, as they can reach the leaves relatively easily. We found that Anyphaena
accentuata, the most abundant spider on tree trunks, was also abundant on foliage, and
was additionally collected on herbaceous vegetation [18]. However, the fact that more than
half of the species found on branches were represented by only one individual on a given
plot suggests that many species may have ended up there by chance and this is not their
preferred habitat.

Only three species from the spider assemblages on tree trunks contributed 5% or more
in each plot. Two of them, i.e., Anyphaena accentuata and Amaurobius fenestralis, clearly
dominated, together accounting for 70–80% (dependent on plot) of all individuals identified
to the species level. In addition, these species were collected in every (Amaurobius fenestralis)
or almost every month (Anyphaena accentuata) of the trapping period. This showed that tree
trunks are a common habitat for them, even though they may also live in others [5,18,39,40].
Furthermore, among the captured species, we can also include Segestria senoculata [40]
and Neriene montana as typical inhabitants of tree trunks [23,41,42]. Other species were
captured on tree trunks only in single months or in small numbers (more than 1/3 of the
species were only represented on a given plot by a single captured individual). This shows
that tree trunks serve as an incidental or temporary habitat for them, providing shelter or
prey [43]. In addition, the fact that some species were recorded only in March, when winter
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still prevails in the Białowieża Forest, and/or in October when winter is approaching,
may suggest that tree trunks are a wintering site for them. For example, Diaea dorsata was
collected on tree trunks only in March, April and October, while it was found mainly on
leaves from April to July. This may indicate that tree trunks are a substitute habitat for
this species in the period when leaves have not yet appeared on trees and herbaceous
vegetation has not fully developed, or that this is its overwintering site.

Spiders of tree crowns in the Białowieża Forest, outside primeval stands, were studied
by Otto and Floren [7], who applied insecticidal knockdown fogging. They found the most
abundant species were Diaea dorsata (21.8%), Anyphaena accentuata (16.1%), Enoplognatha
ovata (13.5%) and Paidiscura pallens (9.9%). Of these species, we also found the first three
in significant numbers on branches, although their proportions were different, while only
Anyphaena accentuata was abundant on tree trunks. On the other hand, Otto and Floren [7]
did not find Amaurobius fenestralis at all, which we found in large numbers on tree trunks.
This may suggest that the fauna of spiders in tree crowns differs from that in tree trunks,
whereas the fauna of spiders collected on branches is similar regardless of the height of the
branches above the ground.

We found that the number of individuals, both adults and juveniles, and spider species
(only in the case of foliage-living spiders) varied between the months evaluated in our study.
This is certainly due to the phenology of individual spider species and changes in some
habitat parameters (e.g., humidity, temperature) during the sampling period, although
these were unfortunately not measured throughout the study period.

5. Conclusions

The analysed developmental phases of the oak–lime–hornbeam stand did not differ
in terms of the total spider species richness. However, we found that species diversity of
both foliage-dwelling and trunk-dwelling spider assemblages was higher in the terminal
phase compared to other phases, which may indicate that this phase offers the most diverse
niches for spiders due to the significant disturbance in the forest stand structure. The
fauna of spiders inhabiting tree branches consisted largely of plant-dwelling species. We
found that the fauna of tree trunks on each plot was dominated by two species—Anyphaena
accentuata and Amaurobius fenestralis. For most spider species, tree trunks and branches are
only temporary habitats or places where they can hide or overwinter.
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Simple Summary: Spiders are an order of organisms with highly diverse predatory techniques. All
species produce silk and utilize varying degrees of adhesion to ensnare and trap prey long enough
to envenomate them. Many spider families can be distinguished by their prey capture strategies,
the silk structures they create, and the mechanical properties of the silk they spin. Understanding
the diversity and function of these glues has much to teach us about natural bioadhesives and
has application to our own synthetic adhesives. The most derived orb-webs are spun by bolas
spiders, consisting of only a single capture thread, lined with a few glue droplets—often only one
at the end. This web reduction must be accompanied by a strong glue. Additionally, the species
Cladomelea akermani consistently spins its bolas and bounces. We use high-speed video to observe
the prey-capture technique of C. akermani. The spider’s willingness to spin allowed us to record and
measure the kinematics of their unique bouncing, bolas spinning behavior, and overall prey capture
technique. We then tested the additional hypothesis that this bouncing behavior serves an additional
purpose in pheromone distribution by creating a computational fluid dynamics model. Spinning in
an open environment creates turbulent air, spreading pheromones further and creating a pocket of
pheromones. Conversely, spinning within a tree does little to affect the natural airflow.

Abstract: Spiders use various combinations of silks, adhesives, and behaviors to ensnare prey. One
common but difficult-to-catch prey is moths. They easily escape typical orb-webs because their bodies
are covered in tiny sacrificial scales that flake off when in contact with the web’s adhesives. This
defense is defeated by spiders of the sub-family of Cyrtarachninae—moth-catching specialists who
combine changes in orb-web structure, predatory behavior, and chemistry of the aggregate glue
placed in those webs. The most extreme changes in web structure are shown by the bolas spiders
which create only one or two glue droplets at the end of a single thread. They prey on male moths
by releasing pheromones to draw them close. Here, we confirm the hypothesis that the spinning
behavior of the spider is directly used to spin its glue droplets using a high-speed video camera to
observe the captured behavior of the bolas spider Cladomelea akermani as it actively spins its body and
bolas. We use the kinematics of the spider and bolas to begin to quantify and model the physical and
mechanical properties of the bolas during prey capture. We then examine why this species chooses
to spin its body, an energetically costly behavior, during prey capture. We test the hypothesis that
spinning helps to spread pheromones by creating a computational fluid dynamics model of airflow
within an open field and comparing it to that of airflow within a tree, a common environment for
bolas spiders that do not spin. Spinning in an open environment creates turbulent air, spreading
pheromones further and creating a pocket of pheromones. Conversely, spinning within a tree does
little to affect the natural airflow.

Keywords: Cyrtarachninae; kinematics; arachnology; behavior; spin; environments
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1. Introduction

Spiders are an order of organisms with highly diverse predatory techniques [1,2]. All
species produce silk and utilize varying degrees of adhesion to ensnare and trap prey long
enough to envenomate them [1]. Many spider families can be distinguished by their prey
capture strategies, the silk structures they create, and the mechanical properties of the
silk they spin [1,2]. Orb-weavers are largely a generalist group, known for their wagon
wheel-shaped webs, which primarily focus on the capture of prey mid-flight [1,2]. The
most derived spiders can produce upwards of seven different silks with unique mechanical
properties; five of which are used in the construction of their webs [1,2].

As generalists, orb-weaving spiders typically eat any insect that is stuck in their web.
One common but difficult-to-catch prey are moths. While plentiful in most ecosystems,
the powder which covers their bodies consists of sacrificial scales which flake off when
in contact with a spider’s web [3,4]. As the moth thrashes, it releases them from the web,
escaping. This niche has led to the evolution of a subfamily of spiders that have all evolved
to specialize in moths only. The subfamily, Cyrtarachninae, consists of spiders that create
various web structures sometimes limited to specific microenvironments [4–8]. Each of
these species has adjusted their webs, behavior, and glue to overcome the superhydrophobic
nature of a moth’s body while reducing the overall structure and reliance on capture thread
production [7–11]. Such examples consist of the genera Cyrtarachne and Paraplectana whose
webs are horizontal with long dangling threads and Pasilobus whose webs are small,
triangular, and only consist of three to four strands [6,7,9,11].

The most derived orb-webs are spun by bolas spiders, consisting of a single capture
thread, lined with a few glue droplets—often only one at the end [12–16]. Bolas spiders
consist of several genera all belonging to Cyrtarachninae [14,17]. They prey on male moths
by releasing pheromones to draw them close, mimicking a female; they can even change
the species of moth they are hunting throughout the evening [12,13,15,16]. From here, prey
capture techniques seem to vary even between spiders using the same “weapons”, such as
the bolas wielders [18–21]. For instance, when a moth approaches the American species,
Mastophora hutchinsoni, which holds a bolas consisting of one glue droplet very close to itself,
it flicks the droplet at prey snagging it in a single strike [13,16,18,19]. These short-range
bolas spiders respond only to the sound of their prey’s wingbeats [22]. Other species are
more active and less discerning. Species of the Genus’ Ordgarius and Exechocentrus construct
longer bolas of up to four droplets. Their attack behavior is easier to elicit, responding
to the sound of human singing or a passing car, twirling their bolas in a circle [17,23–25].
The most active species, and the topic of this paper, belong to the genus Cladomelea. The
South African grassland bolas spider species Cladomelea akermani constructs a bolas of up to
three droplets and rotates its glue droplets and body during prey capture by spinning in a
circular fashion. This behavior starts at sundown with or without prey [20,21,26,27]. While
the unique behavior of many bolas spider prey capture systems has been observed in an
ecological context, the exact kinematics of most bolas prey capture techniques have yet to
be fully elucidated [13,15,16].

We are interested in the variation of the kinematics involved in prey capture, and
how the behavior and mechanical properties of the glues utilized by moth-specialist spider
species vary alongside it. In specific, we are interested in how prey capture techniques vary
within bolas spiders species that construct varying bolas structures. Here, we use high-
speed video to observe the kinematics of the prey-capture technique of C. akermani. Though
we were unable to record a successful prey capture event, the spider’s willingness to spin
allowed us to record and measure the kinematics of their unique self-spinning/bouncing,
bolas spinning behavior, and overall prey capture technique. We aim to understand the
physical and mechanical differences in prey capture between this species and M. hutchinsoni,
their non-spinning bolas-wielding American cousins. Firstly, we aim to verify the assump-
tion that the spinning of the spider is directly related to the spinning of its bolas by
measuring the speed, period, and rotational phases of the two. We then examine why
C. akermani chooses to bounce during prey capture, an energetically costly behavior. Our
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hypothesis is that while the bouncing behavior may help to spin the glue droplet, it is
also helpful to spread pheromones, widening its effective hunting area. We test this by
creating a computational fluid dynamics model of airflow with and without a spinning
spider within an open field and compared it to that of airflow in a tree environment, like
that of M. hutchinsoni [15,16,18,19].

2. Materials and Methods

2.1. Field Observations and Kinematics of Prey Capture

Two adult female specimens of C. akermani were observed over three nights at Cumber-
land Nature Reserve (−29.513428, 30.505196, permit OP 2233/2022). Observations began at
sundown as they transitioned from resting, to actively questing (waving their front legs
in the air, Supplementary Video S1), to creating a bolas and spinning it. Once the spider
had begun to make a bolas, a single Baslar acA1300–60gmNIR ACE camera was set up
perpendicular to the horizontal plane of the spider; distances between the camera and the
spider varied depending on the position of the spider relative to surrounding vegetation.
Prey capture events were filmed at 83.6 frames per second (fps), the highest speed for
the resolution of our camera, using a Fujinon 12.5 mm 2/3” lens. Since most insects and
arachnids do not rely on the red light for vision, subjects were illuminated using an ABI
LED 54W near-infrared light (880 nm) to provide adequate lighting without impacting the
behavior of the spider or moths [1].

C. akermani performs its capture technique without the direct presence of prey [21,27].
This allowed us to observe the creation and spinning of many bolas (N = 7) over only a
few nights. From the videos, the movements of the spider and glue droplet were manually
tracked using the open-source kinematics software Kinovea [28] (Figure 1). Up to four
positions were tracked: (SA) the tip of the leg the spider uses to spin itself, (AA) the
anchoring leg the spider holds the bolas with, and up to two glue droplets (D1, D2) located
on the bolas. Each position was tracked during the entirety of each video which varied
between 4 and 20 rotations in length. The position was tracked as a radial vector from
a coordinate system located below the spider, perpendicular to the center of the spider.
Rotational velocities were calculated using the finite difference in position and the known
time interval between frames, measured as peak displacement using the measured diameter
of rotation for that particular revolution. For videos in which the bolas were made of two
droplets, we also measured the angle formed by the middle droplet, the end of the bolas,
and the spider’s anchoring leg using the law of cosines (Figure 1). For all values, averages
and standard errors were calculated. A mixed ANOVA was run to determine if the four
tracked locations varied statistically in their rotational period, velocity, and diameter. Radial
distances were plotted and used to find the phase difference between the spider’s legs and
glue droplet maximum displacement.

 

Figure 1. Tracking of Prey Capture Technique. Videos were tracked using Kinovea. Up to four
locations were manually digitized for the position which was used to calculate the rotational velocity
(V), period, and rotational diameter. The angle formed by the glue droplets was calculated over the
course of the video using the law of cosines and the measured distances. The coordinate system is
located below the spider perpendicular to the anchoring leg of the spider.
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2.2. Pheromone Airflow—Computational Fluid Dynamics Model

When sundown begins, C. akermani sets up its bolas and begins to spin, continuing to
do so with or without the apparent presence of prey. This raised a question of whether or
not this bouncing behavior serves a purpose other than to spin their bolas, as this is a timely
and energetically costly behavior that is not shared with every other bolas species [16,17,27].

We made simple models of the environments of C. akermani and M. hutchinsoni, an
open grassland, and a large arboreal structure respectively, using Autodesk Fusion 360
(Figure 2A) [29]. These models were then imported as .step files into Autodesk CFD 2023
where four varying flow condition tests were performed: (1) a small breeze at 3 m/s,
(2) slow diffusion at 0.05 m/s, (3) the magnus effect of a spinning spider at 3 m/s, and
(4) the combination of a spinning spider and a breeze (details listed below) [30].

 

Figure 2. Environment models and flow conditions used in computational fluid dynamics modeling.
(A) Open field tests involved a rectangular environment open on all sides except the bottom. Orange
arrows show the direction of the wind, behind the spider, at 3 m/s. The tree model was made of
five rings, and two spiders were placed due to being a larger structure, one at the top and one at
boom. (B) The spider and pheromone cloud were modeled as a perfect cube, with sides of length
1 cm. The diffusion condition applied a small velocity, 0.05 m/s, exiting all faces of the cube. The
spinning condition applied a larger velocity, 3 m/s, exiting the four front and back faces of the spider.

In each model, the spider was represented as a cube-shaped volume of pheromones,
using the default material properties of ‘Air’ material (Figure 2B). The field model consisted
of a large open rectangular area with only boundary conditions on the floor. Within the field,
results were shown as the airflow velocity along three planes parallel to the wind: one in the
plane of the spider, one slight above, and one slightly below. Our tree model is composed
of four increasingly smaller plates, forming a cone shape, to mimic the open space of the
leaves where the spider hangs. For the tree conditions, two spiders were placed within
the confines of the tree with one at the bottom and one at the top (Figure 2A). The flow is
shown by four planes (1) bisecting the tree, parallel to the tree trunk, (2) perpendicular to
the wind flow, just before the wind contacts the tree, (3) a plane parallel to the flow of wind
and located directly below the opening of the canopy, and (4) a plane parallel to the wind
bisecting the tree halfway up.
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Condition 1. Wind—We model air flow within the field as laminar air flow through a wind
tunnel open on all sides, originating behind the spider (within the field) and/or tree, 3 m/s
(Figure 2A).

Condition 2. Diffusion—We model the diffusion as a very low distribution over time in
all directions, 0.05 m/s (Figure 2B). Within our models, this diffusion was modeled as
originating out of the spider in all directions, as 6 sides of a cube. For this behavior, we
expect the flow to be extremely low and slow. Diffusion can be described by Fick’s first
law which relates the diffusive flux to the gradient of the concentration, in that a solute
will move from a region of high concentration to a region of low concentration across a
concentration gradient [31]. These low forces cause diffusion to be a relatively slow method
of distributing pheromones. Equation (1) shows the general form of diffusion flux, J, the
amount of substance per unit area per unit time. D is the diffusion coefficient, ϕ is the
concentration, and x is the position.

J = −D
dϕ

dx
(1)

Condition 3. Bouncing—As C. akermani bounces its large legs, it creates areas of low
pressure which forces the pheromones around to move away from the spider. This effect,
similar to a rotating baseball, except that now occurs in both directions as the spider
alternates, is known as the Magnus effect [32]. The air flow speed is shown by Equation (2)
where s is the rotation rate (revolutions per second), ω is the angular velocity of spin
(radians/second) and r is the radius of the cylinder (meters). This means the resulting
magnus effect is proportional to the spinning speed and the airflow behind them.

G = (2πr)2 ∗ s = 2πr2ω (2)

This equation shows that the airflow created by the spider should be outwards from its
motion, like that coming off a hand fan. To model this cyclical bouncing, we used air flow
velocity pointing outward and parallel to the ground. We model this as vectors flowing
outward of the four faces in the plane of airflow. This excludes the faces pointing to y-axis.
As the spider moves, it creates a wafting force in all directions, half within the direction of
the wind and half against it. Because it is bouncing and not spinning the force alternates
left and right, fanning the pheromones, instead of consistently pushing it in one direction,
3 m/s (Figure 2B).

Condition 4. Bouncing and Wind—This condition is the most equivalent to that of the
C. akermani and utilizes both wind and bouncing conditions listed above at the same time.

3. Results

3.1. Observations on Bolas Building Behavior and Kinematics of Prey Capture

Cladomelea akermani sits on a grass stalk or leaf until sundown when it begins to
be active, waving its long legs into the air before moving from its resting spot. It starts
creating a bolas by first moving up and along the top of its leaf or grass stalk and creating
a simple beam. It then reinforces the beam, moving across it, as all other spiders do
during web preparation [1]. As it does this, it waves its long legs in the air, wafting
them about (Supplementary Video S1). This could be for multiple reasons, which are
untested, including sensing for moth activity on the breeze, testing the wind speed, and/or
distribution of pheromones. After the beam is reinforced C. akermani moves towards one
side of the beam, releasing silk. At a distance of ~5–6 cm, the spider lowers itself, extruding
another thread. There it dangles its silk, now connected to two threads, creating a V-shape.
Dropping a bit further the spider begins to attach a bolas to the strand it is not dangling
from. Pulling out large amounts of flagelliform and aggregate glue, the spider pushes it
together into a large ball, letting the bolas slowly fall away as it gets larger, ultimately
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swinging away (Figure 3A, Supplementary Video S2). When the spider decides to make a
bolas with multiple glue droplets, it then moves back up to the top anchoring an additional
thread and making another v-formation (Figure 3B, Supplementary Video S3). It lowers
itself again but not as far as previously. It repeats its glue droplet-making process and the
droplet is allowed to swing into the previously constructed strand, forming a single overall
structure (Figure 3C).

 

Figure 3. Breakdown of Multi-Bolas Creation and Prey Capture Behavior. The spider shown has a
carapace width of 12 mm. Red arrows in each image are glue droplets and yellow arrows show the
bolas capture thread. C. akermani sits on its grass or leaf until sundown. Like other spiders it first
moves up and along the top of its leaf or grass stalk, creating a simple beam. It then waves its long
legs in the air, wafting them about. (A) the spider creates two support threads (blue arrows), sliding
down one and attaching a bolas to one strand. It lets the droplet slowly fall away as it gets larger.
(B,C) then moves back up to the top anchoring another thread to the support beam. It drops back
down again, but not as far as previous, and creates another glue droplet, which is allowed to swing
into the other strand, making a single overall structure. (D) Once finished, the spider orients itself
parallel to the support bar, grabs the bolas with its lower second leg, and holds its especially long
and hairy front legs out. (E) It spins the bolas in a circle with its anchoring second leg. (F) after it has
a consistent and circular motion started with the droplets, the spider begins to swing its front legs
back and forth, spinning/bouncing.

Once finished, the spider orients itself parallel to the support bar, grabs the bolas with
its lower second leg, and holds its especially long and hairy front legs out (Figure 3D).
It spins the bolas in a circle with its anchoring leg, second leg (Figure 3E). After it has a
consistent and circular motion started with the droplets, the spider begins to swing its
front legs back and forth, bouncing on the line, twisting but never fully rotating (Figure 3F,
Supplementary Videos S4 and S5).

We were not able to record a moth actively being caught with our camera during
this trip, but we did observe moths’ approach. They arrived rapidly from several me-
ters downwind of the spider and flew in an indirect almost spiral fashion, towards the
spider. Though close the spinning bolas failed to strike the moth, which then flew away.
Throughout the evenings, very few moths closely approached the spider, though there
was observable moth activity in the area immediately surrounding the spider all night.
Moths were observed doing numerous things, such as sitting in the grass directly below the
spider and surrounding it. Some moths climbed the grass stalks the spider was anchored
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on, moving up and down them, while fluttering their wings. However, those moths never
approached the spider or flew near it.

Throughout our seven recorded videos, all measured values (period T, velocity v, and
radius r) were highly variable for both the spider and bolas glue droplets (Figure 4). Post
hoc Tukey analysis showed the anchoring leg (AA) was always statistically lower in all
values than that of the swing leg (SA) of the spider and the glue droplets. Within each
video, the maximum rotation of D2 was always greater than D1, 1.28 ± 0.13 times. The
velocity similarly was always 1.37 ± 0.11 times higher, while the period was the same
at 1 ± 0.21 s. D2 had the overall largest values with a maximum rotational diameter of
11.52 cm, and spinning upwards of 150.09 cm/s. The angle formed by D1, D2, and AA
showed a variation between the 180◦ of a straight line and 39.9◦.

 

Figure 4. Average Kinematics of Spider Legs and Bolas Glue Droplets During Spinning. Post hoc
Tukey analysis showed that the spinning of the anchor leg is the most statistically different for all
measured values (period T in s, velocity v in cm/s, and radius r in cm). The anchor leg barely
moves and completes only half a rotation for each one of the glue droplets that the swing leg
completes. Though the large variation in spinning speed led to no overall difference within tests, the
D2 was always spinning faster and further out than D1. The angle between D1 and D2 can be seen
changing while spinning leading to variation in the angle between them (Supplementary Data File S1,
Excel Datasheet).

The swing leg bounces only after a firm rotation of the glue droplets has been achieved
by slowly spinning the anchor leg. Then the spider begins to throw its body, increasing
glue droplet rotational diameter and speed, confirming the swing leg is aiding but not
necessary to rotate. Once the glue droplets are in motion and the spider begins to swing
its body. This syncs the rotational period for the droplets and swing leg (Figure 5). This
means the spider is thrusting its body forward and then bouncing back in the time it takes
for a single rotation of the glue droplets. Calculating the phase lag between maximum
displacements showed the highest displacement of the swing leg always occurred one or
two frames before the maximum of each glue droplet. The period of the anchor leg was
twice of others, meaning it is not fully in sync and not the driving force behind of rotation
during swinging (Figure 5).
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Figure 5. Leg and Glue Droplet Rotational Phase Alignment. Because all distances were measured
as vectors radiating from a common origin, rotational periods are shown as two maxima, as the
maximum displacement occurs twice. The second rotation or the second half of the circle is always
shorter and slower, meaning that the energy the spider is putting into the thread is falling off almost
instantly. Thus, two peaks show the period, and the rotational diameter is the maximum displacement
of both peaks combined. Calculating the frames between distances, we found that the displacement
of droplet two (D2) was always higher than droplet one (D1) but D1, D2, and the swing leg (SA) were
nearly perfectly in sync. The maximum displacement of the SA always occurred two frames or 0.04 s
before the droplets, meaning it was using its body to accelerate the glue droplets. The SA does not
have two peaks because the spider is not completing a full rotation, but instead is thrusting forward
and bouncing back. The period of the anchor leg (AA) was always twice as long as the other periods.

3.2. Pheromone Airflow—Computational Fluid Dynamics Model

Diffusion creates minimal velocity around the spider, most easily visualized in open
field conditions (Figure 6). The spider’s bouncing and spinning creates a larger velocity
in front, and a lower velocity behind it, creating turbulence. This forces pheromones to
distribute further above, below, and in front of the spider. The largest airflow was created
by the wind in both test environments. In the field, the wind will slow down slightly as
it passes through the nearly stagnant pheromone cloud, but the streams remain laminar
and independent (Figure 6). When spinning is added to the wind, the velocity in front
of the spider is increased from 300 cm/s to 350 cm/s. The normally straight pheromone
trail becomes turbulent, as air downwind becomes mixed both above and below the plane
of the spider. These trails are further carried downwind, now in multiple directions. The
spinning additionally forces pheromones behind the spider to collide with the oncoming
wind. This forces air upward behind the spider at 400 cm/s. This would further distribute
the pheromones over the open landscape. The various barriers and openings within the
tree innately create pockets of higher, 500 cm/s, and lower-density air as the wind blows
past it (Figure 6). The wind is pulled through the tree, swirling around, before being pulled
out the opposite side. The highest flow velocities are surrounding the tree and exiting the
tree downwind. The velocities within the tree fall when the spider bounces, slowing down
the air flow in the tree to 250 cm/s.
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Figure 6. Pheromone Airflow—velocity field results of open field and tree conditions. Each image
shows the Autodesk CFD velocity vector results. Air velocities are coded by a color gradient where
blue is slower, and red is faster (colors are relative within each test). White arrows show the location
of the spider in each test, one in the field and two in the tree. The tree tests are shown with the full tree
structure and with only an outline of the tree to view airflow within the tree more easily. Open field
conditions—The open field shows how diffusion creates minimal velocity around the spider. The
spinning creates a larger velocity but mostly creates turbulence around the spider which continues
further downstream. The wind has the largest effect on airflow. It slows down slightly as it passes
through the nearly stagnant pheromone cloud, but the stream remains laminar and independent.
When spinning is added to the wind, the velocity in front of the spider is increased. The normally
straight trail of pheromones is instead mixed up and down being carried by the wind in now multiple
directions, further distributing the pheromones over the open landscape. Tree conditions—The
various barriers and openings within the tree innately create pockets of higher and lower-density
air as the wind blows past it. The wind is pulled through the tree, swirling around, before being
pulled out the opposite side. The highest flow velocities are surrounding the tree and exiting the tree
downwind. The structure of a tree allows pheromones to be distributed throughout a tree more easily
and naturally. Pheromones fill the tree and then leak from it, creating a beacon. The velocities within
the tree fall when the spider bounces, slowing down the air flow in the tree.

4. Discussion

To our knowledge, we perform here the first kinematic descriptions of the spinning
behavior of the bolas spider Cladomelea akermani. We used a high-speed video camera to
observe their prey capture technique and track the spider’s legs as it actively bounced its
body and spun its bolas. Through this, we confirmed the previously stated hypothesis that
the bouncing behavior of the spider helps to increase the spinning speed and rotational
diameter of the bolas; observed as the largest displacement of the swing legs always
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occurring before the droplet’s highest velocity and displacement. We then tested the
additional hypothesis that this spinning behavior, an energetically costly one, serves an
additional purpose in pheromone distribution; we tested this by creating a computational
fluid dynamics model of airflow within an open field and compared it to that of airflow
within a tree, a common environment for bolas spiders that do not spin.

Our question was, what is advantageous about the spinning behavior of C. akermani
and how does it correlate with their hunting environment? Why is this additional energy
expenditure worth it? To answer this, we looked at the flow of pheromones in their
respective environments. We believe differences in behavior correlated with two things
(1) environment and (2) its resulting effect on the approach behavior of moth prey. At base,
the structure of the environment influences a species’ exposure to ambient conditions, such
as temperature and airflow, and influences the distribution of species, both predator and
prey. Relying on pheromones, bolas spiders are especially susceptible to changes in prey
distribution and wind. The habitat and use of a bolas by the previously studied species
Mastophora hutchinsoni both serve as a great minimalist comparison to C. akermani. For both
species, the key first step in prey capture is attracting the moth to themselves.

A tree seems to be a simpler hunting environment for bolas spiders than an open field.
This statement is based on two factors (1) natural airflow and (2) pheromone interaction
with other bolas spiders. When M. hutchinsoni sits within a tree, its pheromones are
contained within the canopy of the tree, except for the air which billows out from under the
tree leaves (Figure 6). Our models predict that spinning within a tree does little to affect the
natural airflow, as the tree structure directs airflow, making spider movement redundant.
The presence of multiple spiders seems advantageous in this way, turning the tree into
a pheromone beacon to the communal hunting ground. Once the moths are within the
tree, they can follow the natural pheromone gradients to find the closest spider. They then
hover close to the spider, sometimes even touching it [18,33,34]. Thus, it makes sense this
species creates significantly shorter bolas, and with only a single glue droplet [5,15,16].
Only when the moth is near it, does the spider flick its bolas. This simplicity in hunting is a
consequence of the moths’ ease at finding the spider.

For C. akermani, its hunting habitat is much more complicated as it sits in an open
field, especially susceptible to wind. Persistent and strong winds, blow its small and slowly
diffusing pheromone cloud in multiple directions, thinning it out and complicating the
following of its gradient. Changes in airflow direction and intensity can lead to varying
and cluttered gradients, limiting the ability of the moth to locate the spider. This confusion
could be especially apparent when multiple spiders are positioned close to one another.
Wind can mix the pheromone trails of spiders too close to one another, perhaps sending prey
in the wrong direction or towards another spider increasing the potential of intraspecies
competition. From our models, the spinning of the spider fights these issues with the
wind. As the spider spins, it creates flow in all directions surrounding itself. When in the
direction of the wind, it helps spread pheromones forward but when fighting against the
direct flow of wind pheromones are sent upward and downward while slowing down
airflow in the immediate area (Figure 6). Resistance to flow from the spinning may keep
pheromones from simply blowing away and making it easier to target for the moth. In
this environment the spinning is doing double duty, spinning the bolas and controlling
pheromone distribution.

The bolas created by C. akermani are three to five times longer than that created by
M. hutchinsoni which may be a response to this inability of the moths to directly locate
the spider. These bolas are generally made with two glue droplets but can sometimes
be made of one or three [20,21,27]. The small distance of 2 cm between the droplets
creates a larger effective zone of adhesion. Any contact with the space between the glue
droplet will lead to the collapsing of the bolas around the prey, ensnaring it in both glue
droplets. The spinning of the bolas takes these two linear cms of glue and rotates it
about an axis. The spider spins the glue droplets twice a second and creates a larger
apparent cone of adhesion. Bouncing allows the adhesive zone to spin faster and overall
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wider area. Thus, unfortunately, there is little observational evidence, aside from our
own, to determine if captured moths are typically hovering near the spider, such as those
caught by Mastophora, or are more aggressively flying—necessitating a rapidly moving
bolas. A second advantageous consequence in the structure of the multi-droplet bolas,
but potentially accidental, is the wobble and bending around the D1 glue droplet. The
glue droplets are constructed of viscoelastic glue and extra silk thread, filling a liquid
droplet [35–37]. The construction of the bolas using two separate threads, creates a system
of two tensions, adhered by a liquid droplet acting as a joint. The bending of the droplets
leads to wobbling and when spun quickly can help to further increase the effective area of
the adhesive strike zone.

Here, we attempt to correlate differences in bolas construction and prey capture be-
havior between C. akermani and M. hutchinsoni with differences in the hunting environment.
We believe that alterations such as elongation of the bolas, adding additional droplets,
and spinning are advantageous when living in a large open grassland where wind can
readily but randomly disperse pheromones. Such adaptations are not necessary for species
such as M. hutchinsoni which live more enclosed environments where moths may already
gather, such as a tree. The alterations to the bolas of C. akermani are closely tied to the
behavior of its prey and future studies should aim to record the behavior of a moth being
captured, as this will inform our understanding of why bolases are spun. As of now, we
cannot rule out several alternative hypotheses for adaptive advantages of spinning, such
as the spinning behavior being tied to a unique size or physical property of its target
prey species. It also will let us confirm our hypothesis that the rotation allows the glue
droplets to roll around their prey when struck, wrapping them. Observing these species
with multiple cameras would also allow us to calculate the forces placed on the silk and
calculate the associated material properties. We would also like to collect and test these
bolas for biomechanical and chemical analysis to compare the structure and diversity of the
glues within the moth-specialist subfamily Cyrtarachninae. The material diversity within
the family is shown by the glue droplets of C. akermani which are capable of remaining as
distinct droplets on a single strand without flowing with gravity into one another. Similar
to M. hutchinsoni these glues appear thicker than others such as Cyrtarachne akirai’s low
viscosity glue which readily flows [4,18,38]. Understanding the diversity and function of
these glues has much to teach us about natural bioadhesives and has application to our
own synthetic adhesives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects13121118/s1. Video S1: leg waving; Video S2: creating a
single bolas; Video S3: creating a double bolas; Video S4: swinging a single bolas; Video S5: swinging
a double bolas. Supplementary Data File S1: The excel data sheet used to create Figure 3 can be
downloaded as Supplementary Material. Supplementary Data File S2: Fusion CFD files can be
downloaded for the swing + bounce condition for the field and tree.
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Simple Summary: The bolas spider Mastophora hutchinsoni creates a small glue droplet attached
to a web, called a bolas, which it flicks at a moth flying nearby. When it makes contact with the
moth, the glue droplet soaks into the moth’s scales and adheres the moth to the bolas and the spider
holding it. Here, we use high-speed video to record the successful capture of moths so that we can
understand the physics involved in this system and how the bolas works. In our videos, we found
that the moth hovers next to the spider before being caught, minimizing the kinetic energy of the
bolas upon impact. This makes the glue droplet’s job much easier, giving it time to spread into the
moth’s scales. We noticed during capture that the glue droplet stretched like a spring as it was flicked
and when it missed, it sprung back into the shape of a sphere. The glue droplets are incredibly elastic
with the ability to stick to dirty surfaces. Studying their diversity, understanding their composition,
and measuring their material properties are beneficial for understanding the evolution and creation
of bioadhesives.

Abstract: Spiders use various combinations of silks, adhesives, and behaviors to ensnare and trap
prey. A common but difficult to catch prey in most spider habitats are moths. They easily escape
typical orb-webs because their bodies are covered in sacrificial scales that flake off when in contact
with the web’s adhesives. This defense is defeated by spiders of the sub-family of Cyrtarachninae,
moth-catching specialists who combine changes in orb-web structure, predatory behavior, and
chemistry of the aggregate glue placed in those webs. The most extreme changes in web structure
are shown by bolas spiders, who create a solitary capture strand containing only one or two glue
droplets at the end of a single thread. They prey on male moths by releasing pheromones to draw
them within range of their bolas, which they flick to ensnare the moth. We used a high-speed
video camera to capture the behavior of the bolas spider Mastophora hutchinsoni. We calculated the
kinematics of spiders and moths in the wild to model the physical and mechanical properties of the
bolas during prey capture, the behavior of the moth, and how these factors lead to successful prey
capture. We created a numerical model to explain the mechanical behavior of the bolas silk during
prey capture. Our kinematic analysis shows that the material properties of the aggregate glue bolas
of M. hutchinsoni are distinct from that of the other previously analyzed moth-specialist, Cyrtarachne
akirai. The spring-like behavior of the M. hutchinsoni bolas suggests it spins a thicker liquid.

Keywords: biomechanics; spider silk; aggregate glue; Cyrtarachninae; kinematics

1. Introduction

Many, but not all, species of spider use silk and varying degrees of adhesion to ensnare
and trap prey long enough to envenomate them [1]. Orb-weaving spiders, known for their
“wagon-wheel” shaped webs, are generalists in terms of prey, capturing a variety of aerial
insects [1]. Many spider families can be distinguished by their prey capture strategies and
the silk structures they create [1,2]. The most derived spiders can produce upwards of
seven different silks with unique mechanical properties [1,2].
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A common prey type that is difficult for most spiders to catch is the moth, since
their bodies are covered in sacrificial scales that allow them to easily escape the adhesives
of orb-webs [1,3,4]. Their tiny scales are weakly attached to the underlying integument,
and they peel off when in contact with the adhesives of most webs [4]. This defensive
mechanism works because the adhesives of orb-weaving ecribellate spiders fail to penetrate
the superhydrophobic surface of scales presented by the moths [4,5]. However, these
defenses have been overcome by one subfamily of spiders, Cyrtarachninae, which have
evolved the ability to capture moths [3,4,6,7].

Cyrtarachninae spiders are able to catch moths because of evolutionary changes in
the structure of their orb-webs and in the chemistry of their aggregate glue that is placed
on those webs [3,4,8–11]. For example, species of the genus Cyrtarachne take the classical
orb-web shape and turn it horizontal, replacing short, tight capture threads with long
dangling threads [3,4,7,8]. The liquid silk, called aggregate glue, coats the capture threads
and has an extremely low viscosity that allows the glue to permeate the surface of scales
and spread within the matrix of channels created by the overlapping scales [4,11]. This
glue penetrates not only the top layer of scales but also glues them to the cuticle below [4].
As it spreads, this glue hardens and dries, a behavior not seen in the glues of traditional
orb-weaving species [4,8,9,11,12]. For this genus and a few others, the ability to catch moths
comes with a trade-off in that web spinning is limited to environmental conditions with
relative humidity (RH) at or above 80% [8,9,13].

The most extreme changes in the web structure of the Cyrtarachninae moth catchers
are shown by the bolas spiders, who create only a single glue droplet at the end of a thread,
the bolas [3,14–17]. This bolas is extremely large, several millimeters in diameter, and
contains excess thread coiled within it known as a ‘windlass’ [14,15]. Female bolas spiders
prey on male moths by releasing pheromones to draw them close; remarkably, the spiders
are able alter the species of moth they are hunting throughout an evening [14,16,17]. When
a moth approaches, the spider flicks its bolas, which it dangles from one of its legs, at the
prey. While the unique behavior of this prey capture system has been observed in the field,
the exact kinematics of the prey capture technique of bolas spiders has not been analyzed
biomechanically [15–17].

Here, we use a high-speed video camera in the field to observe the kinematics of the
capture behavior of Mastophora hutchinsoni [18]. By doing this, we hope to understand
the physical and mechanical properties of the bolas during prey capture, the behavior of
the moth, and how both factors lead to successful prey capture. We also use these videos
to create a numerical model to explain the unique viscoelastic behavior of the bolas silk
during the capture event. We observed several populations of bolas spiders throughout
evenings over a week and attempted to determine if these spiders also have a humidity
dependence or limitation for bolas creation.

2. Methods

2.1. Field Measurements

From 11 to 17 September 2021, the behavior of bolas spiders, Mastophora hutchinsoni,
was observed and measured at three sites every night on the Maine Farm, University of
Kentucky, Lexington, Kentucky. Each location consisted of an isolated tree either within
the farmland (38.121163◦ N, −84.487288◦ W) or near the fence line directly outside of the
farm (38.118291◦ N, −84.484114◦ W), (38.123160◦ N, −84.485876◦ W). Observations were
made between 7 p.m. and 10:30 p.m., when spider activity ended. The order in which
sites were visited varied each day. At each tree, which we identified as hackberry, Celtis
sp., direct visual observations of bolas spiders’ building behavior were recorded for a
period from 10–15 min; the number of bolas spiders actively hunting (questing for prey
with their front legs or creating a bolas) and the number of bolases created were tallied.
During bolas creation, recordings were made of relative humidity and temperature using a
hydro-thermometer (Extech model SDL500-NIST SD Logger, Extech, Nashua, NH, USA).
In several instances of bolas creation, temperature and humidity were inadvertently not
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measured and in those cases, hourly local humidity and temperature readings were used
(readings from our instrument were found to fall within ±4 %RH of these) [19]. In addition
to the time spent censusing behavior, time was spent videotaping active spiders in an
attempt to video the prey capture event. We also provide a Supplementary Video (SV1)
we recorded from the same location in September 2022 for a different study. It shows
M. hutchinsoni’s rare trapline prey capture technique.

2.2. Kinematics of Prey Capture

Bolas spiders were observed beginning at sundown and as they transitioned from
resting, to actively questing (waving their front legs in the air), to creating a bolas. Once
the spider had begun to make a bolas, they were videotaped at night with a single Baslar
acA1300-60 gmNIR ACE camera (Baslar AG, Ahrensburg, Germany) which was set up
perpendicular to the horizontal plane of the spider. Distances between the camera and the
spider varied depending on the position of the spider relative to surrounding vegetation.
Prey capture events were filmed at 116 fps, the highest speed for the resolution of our
camera, using a Fujinon 12.5 mm 2/3” lens (Fujifilm, Tokyo, Japan). N = 5); this sample size
includes four different spiders and five capture attempts. Since most insects and arachnids
do not rely on red light for vision, subjects were illuminated using an ABI LED 54 W
near-infrared light (880 nm) to provide adequate lighting without impacting the behavior
of the spider or moths [1].

It is important to note that we were capturing three-dimensional movements with a
single camera; thus, movements out of the two-dimensional plane perpendicular from the
camera resulted in measurements that underestimated the magnitudes of displacements
and the velocities and accelerations they were used to derive. At the same time, at night in
the field we were able to reliably capture images that resolved the droplet (Figure 1A) and
the interactions of the spider and the moth (Figure 1B). From the videos, the movements
of the spider, moth, and glue droplet were tracked using a combination of manual and
automatic digitizing processes provided by the open-source kinematics program Kinovea
(0.8.15) [20] (Figure 1). The position of the spider and moth were tracked beginning just
before the moth was caught and until the spider was able to touch the moth with its
front legs (N = 5). The software accurately tracked the spider due to its high contrast, but
locations were manually verified. The moth was manually tracked, using the head as the
focus point, because its fluttering limited the auto-tracking software.

 
Figure 1. Nighttime, near-infrared image capture of spiders, their bolases, and the moths with which
they interact. All images collected in the field. (A) Mastophora hutchinsoni dangling its bolas, with the
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large glue droplet, nearly 2 mm in diameter, clearly resolved in this still image. (B) The moth
approaches the bolas spider slowly in a path (blue) that zigzags, presenting the spider (path in
purple) with a target that is close and stable. This example is typical for five of the six of the capture
events recorded. It is important to note that the displacements, velocities, and accelerations that we
calculated from a single high-speed camera would have underestimated the magnitudes of those
properties when the motions moved out of the visual plane that was perpendicular to the camera.

From video images, the diameter of the glue droplet was measured when the droplet
was still (Figure 1), and the lengths of the stretched glue droplet and radial capture stretch
were measured during flicking (N = 4). A limitation of our videos is that we were only
able to see the glue droplet stretch in scattered frames and only from a two-dimensional
perspective, as mentioned above. We measured displacements within a two-dimensional
plane and used averages over the course of the swing to estimate the forces and velocities.
As a first approximation, we assumed that the motion is linear; however, there is an angular
momentum to the swing of the bolas, which is likely important to the physics of the overall
system but remains unaccounted for here.

The digitized displacements of the spider, bolas, and moth were used to calculate
velocities and accelerations of each. Velocities were calculated using finite differences in
position and the known time interval between frames. Accelerations were calculated using
finite differences in the calculated velocities over the same time intervals. For all values,
averages and standard deviations were calculated. Prey falling speed was calculated by
measuring the slope of the prey’s position over time, between being hit with the bolas and
its freefall being stopped. Using these estimates of velocities and accelerations, impact and
kinetic energies of the prey were calculated using the average fresh weight of the moth,
65 mg [16] and our estimate of the mass of the glue droplet from its spherical dimensions
and of its density, 1.1 g cm−3.

2.3. Material Properties of the Droplet

Using the measured stretching of the glue droplet during capture, and the estimated
acceleration and mass of the droplet (see previous section), we estimated the glue droplet’s
spring constant, k (in N m−1), and its damping ratio, ζ, the ratio of c, the damping coefficient,
to critical damping, cc, using a simple first-approximation physics model. We calculated k as
the ratio of the maximal inertial force and the change in length of the droplet under maximal
acceleration. The maximal inertial force of the droplet was estimated from F = mamax, where
m is the mass of the droplet (in kg) and amax is the maximal acceleration of the droplet
(ms−2) along the path of the swinging thread, as measured from the video. We measured
the maximal change in the diameter of the drop, Δd, as it distorted under acceleration; we
recognized that as soon as the drop distorted this metric was not strictly a diameter but,
rather, the longest linear dimension of the drop.

The Δd, in turn, was used to calculate a spring constant, k, for the droplet:

k =
mamax

Δd
(1)

where m is the mass of the droplet. We estimated the mass of the glue droplet as the product
of the average resting diameter, d, 2 mm (average across all videos) and an estimate of the
density, 1.1 g/cm3, taken as an intermediate value between the density of water, 1.0, and
the density of spider silk threads, 1.3 g/cm3 [21].

With an estimate of k, we estimated a droplet’s damping ratio, using a dynamic
simulation of a linear, one-dimensional mass-spring-damper:

F = kd + c
.
d + m

..
d (2)

where d is the sinusoidally-varying diameter of the droplet with the droplet’s velocity,
d-dot, acceleration, and d-double-dot, as d’s first- and second-order derivatives in a second-
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order ordinary differential equation. The damping coefficient, c, is the unknown parameter
(Equation (2)). To estimate the dynamic behavior of the droplet as it is modulated by c, we
modeled changes in c in the dynamic simulation of this mass-spring-damper in the Simulink
environment in MATLAB (R2021b) according to established guidelines [22,23]. We varied c
(μNm−1) over three orders of magnitude, 0.1, 1.33, and 10, in order to examine its effect on
the deformation of the droplet in three distinct dynamic states: (1) underdamped ζ << 1,
(2) critically damped ζ = 1, and (3) overdamped ζ >> 1 (for customized MATLAB code,
see Supplementary Dataset S1). The denominator in ζ, cc, is the product of 2 and the square
root of the ratio of k to m; cc was held constant by holding k and m constant at their average
values (Table 1). In each of the three dynamic simulations, we measured the maximum
length of the droplet as it stretched; those simulated lengths were compared to measured
lengths of the droplet in order to estimate both the dynamic state of actual droplets and the
droplets’ value of c within an order of magnitude. Strain of the thread and droplet were
measured as engineering strain.

Table 1. Kinematics of spider, moth, and bolas during prey capture.

Average ± Standard Deviation (N = 5)

Maximum moth speed (ms−1) 3.75 ± 3.09

Maximum spider speed (ms−1) 1.44 ± 0.98

Moth Kinematics

Impact velocity (ms−1) 0.22 ± 0.17

Impact kinetic energy (μJ) 2.23 ± 2.65

Maximum kinetic energy (μJ) 710.15 ± 1165.4

Capture Kinematics

Reeling rate (ms−1) 0.017 ± 0.007

Falling speed (ms−1) 0.266 ± 0.111

Duration of reeling (s) 2.25 ± 0.34

Distance from spider when dropping (cm) 1.21 ± 0.64

Silk Kinematics

Droplet strain (ε) 5.95 ± 1.59

Radial silk strain (ε) 0.32 ± 0.15

Droplet spring constant (μNm−1) 10.61 ± 4.6 (N = 4)

3. Results

In seven days, from 11 to 17 September 2021, we observed a total of ten spiders at the
field site building their bolases. The following behaviors and microhabitat environmental
measures were annotated from direct observations. Of those ten, four individuals were
recorded capturing moths with high-speed video for a total of five events. Observations,
kinematics, and modeling are reported. A single event captured as part of a different
study at the same location in September 2022 is reported because it was a different type of
bolas-mediated capture.

3.1. Observations on Bolas Building Behavior

During sunset, spiders began to move from their hiding spots, which were either on
the underside of a leaf or on the top of a leaf with the spider camouflaged with silk splatter.
As they emerged from their resting position, spiders would move along branches towards a
tip, where they would build their bridge thread between two or more leaf tips or branches.
Within the canopy of the tree, spiders chose positions at the crown (outer, near sun leaves)
or internally (inner, near shade leaves). Because we had located spiders in their hiding
spots during the day, we could determine that most spiders emerged each night; however,
some remained in their resting position, sometimes with a single leg held stationary in the
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air. Spiders were observed from sunset until 10:30 p.m. Some spiders were observed after
these times but, with little to no moth activity, those remaining spiders did not create any
new bolases.

Active spiders engaged in four types of behaviors: (1) questing without a bolas,
(2) creating a bolas and questing with it, (3) capturing a moth with a bolas, and (4) eating
a moth. Spiders were most often found questing without a bolas, actively hanging from
a thread with their front legs extended. There was no correlation between the relative
humidity level near the tree and the number of active spiders (Figure 2A). However, as
relative humidity increased, so too did the number of bolases that were created (Figure 2B).
Please note that because individuals were sampled repeatedly, the data points are not
independent statistically. Any active individual might not make a bolas, might make only
one bolas, or might make multiple bolases in one evening.

Figure 2. Humidity influenced the making of bolases but not the proportion of spiders who were
active. (A) Relative humidity did not predict the proportion of spiders that were active. Each point
represents observations of multiple spiders on a single tree during a single observation session.
(B) Relative humidity correlates positively with the number of bolases created. Each point represents
all observations on a given day.

In all of the successful moth-capturing events that we observed, the spider used a
bolas to capture a bristly cutworm moth, Lacinipolia renigera. This does not mean that
questing for a moth without a bolas is not a successful strategy, but, rather, that in our
limited set of observations we did not see another method. Thus, for five of the six capture
events that we observed (the sixth, a different type of bolas-mediated capture, is described
in the next paragraph), a successful bolas-flicking moth-capture event can be broken down
into five phases (Figure 3), which include (1) creating a bolas, (2) waiting for the moth
and flicking the bolas when the moth is close, (3) resisting the escape attempted by the
moth, (4) reeling in the bolas with the moth attached, and (5) subduing the moth. Drawn
by pheromones produced by the spider, the male moth hovers nearby. The presence of the
moth causes the spider to rapidly construct a bolas and then it waits for the next moth to
approach before flicking the bolas at it. After being hit by the glue droplet at the end of the
bolas, the moth executes an escape maneuver by dropping in free fall. The spider resists
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the attempted escape by holding onto the radial thread to which the bolas is attached while
also holding onto its overhead line; it quickly reels in the attached moth, grasps it, and then
subdues it by injecting venom. Reeling in the bolas is the most variable phase, as the moth
may attempt to fly while the spider is reeling it in. By measuring the distance between the
spider and the moth over time (Figure 3), we were able to calculate a number of kinematic
parameters (Table 1).

Figure 3. Bolas spider capturing a moth by flicking its bolas. In four of five successful capturing
events, the spider and moth interacted in five phases, four of which are shown here (top). The
distance between the spider and the moth, denoted as range (bottom), quantifies the dynamics of the
struggle, with the colors of the lines corresponding to the phases above.

A dramatically different type of bolas-mediated capture event was observed and
recorded once on video (Supplementary Video S1) as part of a different study on spiders
at the same location but in 2022; however, it was not further analyzed. After making a
single bolas in the usual manner, described above, one spider recycled the unused bolas
by eating it and then moved to a new location. There, it created a nearly horizontal
trapline approximately 30 cm long, from which it hung three bolases, equally spaced; the
spider then moved to the end of the trapline at the higher leaf and waited. This trapline
arrangement has been described by [17], but no one, to our knowledge, has observed how
the architecture works during moth capture and how the spider behaves when it snares
prey. On our video, a moth flew toward the spider and, on a slightly upward trajectory,
was ensnared by the middle bolas. The tethered moth began to flap vigorously, spinning
around the horizontal thread, causing the horizontal thread to vibrate violently as the
spider moved along it toward the origin of the middle bolas. Once it reached the bolas, the
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spider reeled in the moth. When the moth was in the spider’s grasp, it continued to flap
vigorously, spinning the spider around the horizontal thread until it was fully subdued and
was still. This trapline behavior differs from that described as the usual method above by
substituting the first two stages—(1) creating a bolas and (2) flicking the bolas at the next
moth that approaches—with (1) building a trap line, (2) moving to the end of the horizontal
thread, and (3) waiting until the moth is ensnared. We also note that the acrobatic walking
of the spider along the gyrating horizontal thread is a new behavioral element that is
parallel in time with the moth attempting to escape.

Each bolas is composed of a radial thread and a glue droplet. The finished bolases,
hanging free, have an anchoring thread that remains wrinkled/coiled, not straight, under
the weight of the glue droplet. In preparation for flicking the bolas, the spider hangs by
one leg from the anchoring thread and places a leg oriented below its body on the bolas
near the droplet. The spider will then cock its arm, allowing the bolas to dangle down
(Figure 3, ‘Flick’). This is the characteristic posture that we saw in all spiders after they
created a bolas and as they awaited the approach of a moth. To flick the bolas towards
a nearby moth, the spider rapidly flexed the leg holding the bolas. When the flick was
unsuccessful, the droplet would stretch and then recoil. When the flick was successful,
attaching the droplet to the moth, the droplet stretched and remained elongated until the
moth was subdued (Figure 4A–C). The maximal extent to which glue droplets stretched
was, on average, 5.9 times their initial diameter (Figure 4A–C). In addition, the silk thread
was also elongated, straining maximally on average 31%, which is within the range of
major ampullate thread shown to stretch up to 60% [24].

 

Figure 4. Behavior of the bolas during capture. The spider flicks its bolas towards the moth (off screen
to the right). In the original image (A), a still from the high-speed video, the bolas can be seen as it
stretches. Enhancement of the image (B), by increasing the exposure and contrast, more clearly shows
the structure of the droplet as it stretches; the liquid phase of the droplet (white) remains associated with
the thread of the windlass as it unfurls. The droplet continues to be tethered to the spider by the radial
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thread, which also stretches (C). The spider reels in the moth (D,E). In the original image (D) the
spider is hauling in the radial thread as the moth dangles from the stretched droplet. In the enhanced
image (E), the scales attached to the droplet can be seen as a large clump (elliptical white structure)
and smaller clumps (smaller white regions) on the windlass. The stretched droplet forms an elongated
adhesive region (F), with a large clump (large arrow) and small clumps (small arrows) that were
created during the initial deposition of the glue droplet onto the moth.

3.2. Kinematics of Prey Capture

Five of six prey capture events, when the spider flicked the bolas (see previous section),
were filmed with the bristly cutworm moth, Lacinipolia renigera, captured in every case. In
discussing the kinematics, it is important to note that we were capturing three-dimensional
movements with a single camera; thus, movements out of the two-dimensional plane per-
pendicular from the camera resulted in measurements that underestimated the magnitudes
of displacements and the velocities and accelerations they were used to derive.

The impact velocities and energies of the moths were low because the moths were
hovering prior to being struck with a bolas (Table 1). Moths flew extremely close to the
spider, within 2 cm, before the spider flicked the bolas. Maximum prey kinetic energy was
found during thrashing and not during free fall or impact. The spiders reeled in the moths
within three seconds. The maximum impact and falling energies of the moth were low
(Table 1) and are observed to be well within the range of energy absorbed by spider capture
threads and aggregate glue [2,25,26].

The velocities of the spider and moth varied greatly over time, with the moth having
2.6 times the maximum speed of the spider. The accelerations were highly variable as
the moth thrashed and fell, with the highest magnitudes being during the moth’s escape
attempt while tethered. The highest velocities were also not during free fall but during
escape-related thrashing (Figure 3). The velocity and acceleration of the spider are signifi-
cantly lower than that of the moth, even though the two are tethered together. This can be
attributed to the energy absorption of the bolas thread and the momentum fluctuations
dampened by the silk line and leaf the spider is attached to.

3.3. Model of Bolas as Viscoelastic Spring during Prey Capture

The droplet of the bolas contains within it a coil of silk (the “windlass”) at the center.
Videos show that when the spider flicks the bolas at the moth, the mass of the glue droplet
creates, by its translational and angular acceleration, a tension force on the thread, which
begins to elongate (Figure 4A–C). After the thread has elongated maximally, the droplet
begins to deform and reaches its maximum deformation. As the droplet deforms, the
windlass inside unravels (Figure 4A–C). In videos where the spider misses its target, the
deformation of the droplet is transitionary, and, after peak acceleration, it shortens in a
manner that appears to be elastic. This elastic recoil is likely caused by the filamentous
windlass. In contrast, the glue droplet does not recoil when the droplet impacts the moth,
and the windlass continues to unwind, permitting the droplet to elongate, as the spider
reels in the moth (Figure 4D–F). At the interface of the droplet and the moth, the tensile
forces dislodge the moth scales and, perhaps because of their superhydrophobicity, they
float to the top of the glue droplet and away from the base cuticle (Figures 4D–F and 5).
Tethered to the thread, the moth, in thrashing and attempting to fly away, moves itself in
a circular path. The circular path of the moth tilts the thread relative to the integument,
creating an angular moment at the attachment site that may help to press the glue into the
matrix of the scale. This spinning was seen in all capture events recorded on video, and it
continued until the spider subdued the moth.
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Figure 5. Speculative model of a bolas interacting with the scaled surface of the moth. The bolas has
a viscous glue droplet containing a windlass of coiled silk. The flicking force of the spider stretches
the glue droplet, with the internal silk of the windlass allowing it to stretch, spring-like, and to
retain the liquid phase. If the droplet fails to hit the moth, the glue droplet returns elastically to its
original spherical form. If the droplet hits the moth, the collision with the substrate initially dislodges
scales. The tension on the thread, caused by the escaping moth, begins to unravel the windlass as it is
pulled through the glue, causing the glue to spread within the matrix of the scales. The hydrophobic
nature of the scales causes them to be pulled to the surface and pulled upward, cleaning the area and
allowing the remaining glue to connect with the underlying cuticle. As the tethered moth struggles
to escape, angular momentum is generated, leading to further contact between the glue droplet and
moth substrate. The interactions of the bolas, both liquid phase and windlass, with the scales of
the moth, are speculative, based on previous work of glue spreading in the previously analyzed
moth-specialist, C. akirai.

Based on the observed dynamics of the glue droplet, we modeled its stretching during
the flick as a mass-spring-damper system (Figure 6). Maximum acceleration, amax, and
spring constant, k, estimated from displacements measured by high-speed video and
Equation (1), varied in different video observations by a factor of 4 and 3, respectively
(Table 2). It is important to note that amax and the k that they are used to estimate are likely
underestimates, given the limitations of our two-dimensional view of a three-dimensional
set of motions (see Methods). Thus, these values of amax and k should be treated as rough,
preliminary, order-of-magnitude estimates.

Figure 6. The dynamic behavior of the bolas during flicking, modeled as a simple mass-spring-
damper system. The glue droplet is held steady with the leg in a horizontal orientation (top-most
position). As the spider swings its leg, the inertia of the flicked glue droplet carries it forward until it
reaches the end of its arc. At this moment, the kinetic energy is transduced into elastic energy in the
radial thread and the droplet, stretching both (see Figure 4A–C). The system has two springs: (1) the
radial thread and (2) the glue droplet, forming the mass-spring-damper system as in the diagram in
the inset. The springs are represented by zig-zagged lines, the damper is a piston, and the center of
mass is shown by the blue square, m. This model is a first-approximation and, thus, is likely to be
highly simplified compared to the actual behavior of the system, which has yet to be determined.
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Table 2. Bolas droplet acceleration and spring constants during a flick.

Video Maximum Acceleration amax (ms−2) Spring Constant k (μNm−1)

1 0.103 0.6

2 0.387 1.67

3 0.449 1.72

4 0.257 1.32

Using the average k of 1.33 μNm−1 and average droplet mass of 4.6 mg, we modeled
dynamic behavior under three different damping coefficients that were chosen to exhibit
vibrations that were underdamped (damping ratio, ζ << 1), critically damped (ζ = 1),
and overdamped (ζ >> 1) (Figure 7). The resulting simulations were used to qualitatively
judge the droplet’s actual behavior, determining which model best matched the observed
motion. We aimed to determine which vibratory behavior most closely matched the droplet
kinematics captured on video. With droplets stretching ~1 cm and rebounding immediately
after being thrown, the closest model was the critically damped spring (Figure 7).

 
Figure 7. Mass-spring-damper estimates of bolas stretch and velocity. Underdamped
ζ << 1; critically damped ζ = 1; overdamped ζ >> 1. Three models for the damping coeffi-
cient resulting in the three types of behavior. Two lines share the common y-axis with varying units;
yellow lines depict estimated droplet velocity (cm s−1) and blue lines the droplet’s stretch from its
initial position (cm). The x-axis shows time in seconds. The critically damped model yields the
behavior that most closely matches actual behavior of the glue droplet. The underdamped one
oscillates too much, and the glue droplet stretches too far. The overdamped does not stretch nearly as
far as measured.

4. Discussion

To our knowledge, this is the first study to quantify the moth-capturing behavior of
the bolas spider, Mastophora hutchinsoni. Using a high-speed video camera in the field, we
captured the kinematics of the spider’s leg and its bolas—a thread and a glue droplet—as
it flicked the bolas and captured a moth. When attached to the struggling moth, the glue
droplet undergoes remarkable reconfigurations, stretching to lengths nearly six times that
of the droplet’s original diameter. This stretching indicates that the droplet behaves as
a viscoelastic spring, as indicated by our first-approximation model of the system as a
critically damped mass-spring-damper. This complex mechanical behavior of the droplet is
reflected in its complex composition, with a viscous liquid surrounding a coiled thread—
which unspools during capture—that is continuous with the dangling thread held by
the spider.

Measuring displacements over time to estimate acceleration (Table 2), and knowing
the mass of the droplets, we estimated that forces involved in prey capture are relatively
low, with kinetic energies of the order of 1.3 μJ. Forces are low because the moths are
hovering near the droplet when they are caught; thus, the relative speed of impact of the
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moth and the droplet are low (Figure 1). This low impact force from hovering moths stands
in contrast to the high impact speeds of fast-flying aerial prey caught in orb webs [27]. With
the bolas spiders, moths generate the greatest forces after the moth drops to attempt escape
and begins to thrash. When their gravity-assisted drop is arrested by the attached bolas
and they are tethered, most moths respond by flying, stretching the glue droplet (Figure 4),
while the spider works to quickly reel in the moth (Figure 3).

4.1. Inquisitive Prey

Male moths approach the bolas because they are attracted to pheromones produced
by the spider that mimic those produced by conspecific female moths [3,16,17]. Male
moths must first detect the pheromone plume and, then, to find the female, navigate
up the plume’s concentration gradient, a behavior that involves a zig-zag flight pattern
upwind [28]. This type of chemotaxis, while common in insects, is fickle, requiring wind
of low velocity, with little turbulence constant pheromone emission in order for moths to
quickly locate the target [29].

However, chemotaxis for the moth is more complicated in most natural conditions,
where even low-velocity winds may vary and pheromones may be released in pulses,
creating odor gaps in the plume that force the moth to cast, that is, to turn perpendicular
to the wind and attempt to recontact the plume [29]. The resulting flight path is slow
and tortuous. Thus, as a moth approaches the bolas, it does so slowly, hovering and
maneuvering as it searches for the pheromone target (Figure 1). This slow flight presents
the spider with a steady target in close proximity. The flick of the bolas, when it comes,
meets the moth with a low impact speed dictated more by the length of the bolas and
the spider’s leg than the relative speed of the moth and the spider (Figure 3). Thus, the
critical first contact between glue and moth is of long duration, allowing the droplet time
to permeate the scales and anchor the thread (Figure 5), which are processes that glue the
moth’s scales to its underlying integument.

4.2. Environmentally Constrained Predators

While specific environmental conditions are required to allow the moth to navigate by
chemotaxis, the conditions must also allow the spider to make a glue droplet that stays on
the tip of the thread and does not evaporate. Judging from both the activity of the spiders
and the number of bolases they create (Figure 2), relative humidities above 75% appear to
provide the appropriate hygroscopic balance between evaporation and absorption to allow
a large droplet to be created, held in the ready for up to 30 min, and then stay attached
to the web as it is flicked towards the moth. In addition, the droplets must also quickly
permeate the scales of the moth, glue the scales to the moth’s underlying integument, and
then withstand the repeated attempts by the moth to pull free.

The apparent humidity-dependent behavior in M. hutchinsoni (Figure 2) may be for
different reasons than the environmental constraints that affect droplet formation and
mechanical properties in other species of Cyrtarachninae [11,13]. While most orb-weaver
spiders make their webs and leave them for the evening, M. hutchinsoni glue droplets
are relatively short-lived (~30 min) and are recycled by ingestion [15]. In addition, we
observed that spiders did not create bolases continuously during a humid evening, nor did
they make more bolases after they had successfully captured a moth. More importantly,
spiders only made bolases in response to the presence of moths. Thus, moths, which are
more active in high humidity [30], may directly trigger the bolas-building behavior of M.
hutchinsoni. This, then, is an alternative hypothesis to the idea that moth-catching spiders
are dependent on high relative humidity for the proper formation and function of their
glue droplets [11,13]. These hypotheses may not be mutually exclusive.

In addition to considerations of relative humidity or the presence of moths, the physical
structure of the local microhabitat may be important. The activity of spiders varied in ways
that may indicate that their location on vegetation has an impact on behavior. Some spiders
were inactive or, if active, never made a bolas. The individuals that were found farther
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away from the branch tips, more towards the trunk of the hackberry trees, responded first
to the presence of moths, creating the largest number of bolases. Individuals located on the
tips of branches showed less activity. These observations are consistent with the hypothesis
that bolas spiders are responsive to variations in the amount of wind in a given tree [16];
while we did not measure wind speed, we conjecture that, in light winds, outer positions
may offer the highest probability of attracting and capturing moths, while on evenings of
higher winds, the inner positions may shelter or funnel wind in such a way as to allow
pheromone plume formation to be coherent enough for chemotaxis by the male moths.

4.3. Predator–Prey Interactions via a Viscoelastic Bolas

Once the moth is attached to the bolas, it struggles to escape, putting dynamic loads
on the bolas, stretching the droplet to lengths up to five times its original length without
breaking (Table 1, Figures 2 and 4). This mechanical behavior of the droplet is remarkable
for several reasons. First, the flicked droplet elongates and, if the target is missed, it will
recoil; mechanical behavior that is at least partially elastic. Second, during elongation and
recoil, the liquid portion of the droplet remains associated with the capture thread, which
is a property of material coherence most likely related to the droplet’s internal windlass, a
wrapping of thread, continuous with the web from which the droplet dangles, providing
attachment surface for the surrounding fluid of the droplet (Figure 5). Third, the dynamics
of the droplet’s deformation is consistent with the behavior of a mass-spring-damper
system (Figure 6) that is critically damped (Figure 7), suggesting a matching of elastic
and dissipative properties in the droplet. Finally, by undergoing extreme elongations as a
critically damped elastic system, the droplet attached to the moth has, as a system, dynamic
behavior that absorbs and dissipates the energy of the struggling moth. So-called “soft”
springs work this way, with their low elastic modulus requiring high strain to generate
a high force, slowing the rate of change in the force. What may also be important is that
the droplet, by dissipating energy, prevents the moth from generating a high-magnitude
jerk, where jerk is the rate of change in acceleration. The viscous dashpot of a shock
absorber works this way. Both soft stiffness and high viscosity are accounted for in the
mass-spring-damper viscoelastic model (Figure 6).

To help guide future studies, we offer the following prediction that should be tested
for its wide phylogenetic claim. We predict that the mechanical behavior of the glue droplet
during moth capture—as modeled by a simple mass-spring-damper model—developed
here for M. hutchinsoni will also apply to the other 50 species of the genus Mastophora, the
monophyletic taxon of bolas spiders. This prediction is based on the following assumptions:
(1) all Mastophora species have females that capture moths by flicking a bolas, generating
inertial forces in so doing that must be resisted by the droplet in order for it to stay on the
web; (2) all Mastophora species have a windlass in their glue droplet that provides cohesive
forces to retain the glue droplet as it is accelerated; and (3) all Mastophora species have
a higher viscosity glue droplet than that found in sister taxa within the moth-catching
sub-family Cyrtarachninae. These assumptions rest on incomplete data, since only a few
species of Mastophora have been studied. A more general way to state the prediction is
that any spider that flicks a bolas needs that bolas to have elastic and viscous properties
that allow the droplet to (1) stay attached to the web, (2) allow the droplet to permeate the
hydrophobic scales of the moth, (3) rapidly glue the scales to the underlying integument,
and (4) resist the repeated dynamic forces generated by the struggling moth. In whichever
form this prediction is stated, it represents the physical requirements for the behavior.
Moreover, the first form of the prediction places these physical requirements into the
phylogenetic context of the moth-catching specialists in the Cyrtarachninae, a taxon that
has evolved a diversity of ways to catch moths, all of which involve correlated changes in
web architecture, silk material properties, and behavior [12].
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4.4. Adaptations for the Capture of Moths

While spiders of the Cyrtarachninae share the evolutionary innovation of catching
moths, the different methods for doing so suggest that some key adaptations, shared by
the common ancestor of the taxon, has permitted this rapid diversification. Making a lot of
glue and having it be able to spread and harden quickly have been proposed as adaptations
in the common ancestor [12]. Given the importance of being able to first permeate the
super-hydrophobic scales of moths, we suspect that the glue’s viscosity was an important
physical property that was altered initially in the taxon’s common ancestor and continued to
evolve in concert with the different moth-catching behaviors seen in the extant descendent
taxa. Low-viscosity glue is exemplified by that found in Cyrtarachne akirai, a species that
catches moths with large glue droplets attached to a stationary horizontal web. Upon
touching the scales of a moth, the glue droplets quickly permeate the surface of the scales
and is spread by capillary forces in the micromesh created by the overlapping scales [4,11].
While in Mastophora viscosity has not been measured and spreading studies have not been
conducted, the physical requirements mentioned above for flicking a bolas lead us to expect
that they may have droplets with higher viscosity than those of C. akirai.

M. hutchinsoni may use the force of the bolas impacting the moth to spread the glue and
force it under the scales, where capillary action can then spread it further—a trait possibly
shared by other bolas spiders [31,32]. While each genus of bolas spider varies the structure
and behavior of their bolas swing, all rely on the momentum generated by the spider
to create impact with their prey. For example, species of the genus Ordgarius construct
bolas of longer length than M. hutchinsoni that almost always contains two droplets in
series. When prey is close, they spin their bolas in a circle, creating a cone-shaped space
with which to strike their prey [33,34]. This genus appears less discerning to stimuli than
M. hutchinsoni though, as they respond to human voice in addition to the wingbeats of
prey, as seen in M. hutchinsoni [34–36]. Cladomelea akermani takes this indiscernibility even
further and begins its prey capture technique without the stimuli of prey at all. They begin
construction of a bolas of variable length, between one and four droplets, immediately at
sundown. They then spin their bolas, rocking their body forward to generate and maintain
momentum, for intervals of up to 15 min [37]. Thus, is seems clear that momentum of
the droplet is crucial for attachment to the moth. Recent studies have shown that within
superhydrophobic channels, similar to those likely to be found in the micromesh of the
moth scales, fluids with higher viscosity are drawn more quickly through capillary systems
than those with low viscosity [32]. The impact force pushes glue below the top of the scale
line to the base cuticle creating a counter-intuitive benefit of high viscosity. This appears to
be caused by air pockets between the surface roughness and the high viscosity liquid that
lowers the frictional drag of the fluid as the cohesive forces of the fluid pull the bulk mass
forward [32]. We look forward to future studies in Cyrtarachninae species that address the
evolution of diverse biomechanical solutions for catching moths.

4.5. Caveats and Conclusions

Given our biomechanical predictions and evolutionary hypotheses, we want to ac-
knowledge that the limited kinematic and mechanical results of this paper should be
treated with caution. The kinematics are based on the 2D view of one camera; thus, any
movements that are not in a plane parallel with that of the camera’s optical sensor will be
underestimated in terms of the magnitude, but not frequency, of displacement, velocity,
and acceleration. Furthermore, the sample size is limited to ten individuals, only four of
which were recorded capturing moths; one individual was recorded twice, which yielded a
total of five capture events. In addition, this work was conducted in one location over an
eight-day period. A small sample size and a single location may have yielded a sample
of behaviors that does not represent the population-level variance of this species well. In
terms of modeling the glue droplet as a viscoelastic spring, this is a first approximation
based on what are likely order-of-magnitude estimates of stiffness and damping.
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However, in spite of the limitations of our quantitative results, we can be certain that
our recorded behavioral observations offer new insights into the hunting of M. hutchinsoni.
The bolas spider and its target moths have, as part of their repertoire, a six-stage capture
interaction that we saw repeated in five of our six recorded events (Figures 1, 3 and 4)—
(1) detecting a moth, (2) creating a bolas, (3) flicking the bolas at the next moth that
approaches, (4) resisting the escape attempted by moth, (5) reeling in the bolas with the
moth attached, and (6) subduing the moth. The other capture event showed the spider
successfully using a trapline of dangling bolases to capture a moth. Thus, this species
has at least two ways of catching moths with bolases, which are (1) active flicking and
(2) passive snagging. It is also worth keeping in mind that only adult females use bolases;
males and early juveniles grab moths directly from the air [16]. Thus, within M. hutchinsoni
as a whole—females, males, and juveniles—we see a variation in behaviors that is likely
tied to the on-going co-evolution with the moths that they attempt to capture.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects13121166/s1, Video S1: Trapline Hunting technique,
Mastophora hutchinsoni, Video S2: Moth caught on Bolas—Standard, Video S3: Moth caught on
Bolas—Not Giving Up.
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Brief Report

Novel Observation: Northern Cardinal (Cardinalis cardinalis)
Perches on an Invasive Jorō Spider (Trichonephila clavata) Web
and Steals Food
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Simple Summary: A spider native to east Asia (jorō spider) is spreading in the United States, and a
pressing question is how it will affect native fauna. This brief report details an observation of a bird
that foraged for food from a jorō web, all while perching on it. This demonstrates one small (positive)
impact of the spider, and also emphasizes just how strong its webs are. Additional experimental data
on web strength confirms that the webs are capable of supporting a similarly-sized songbird.

Abstract: An invasive spider (Trichonephila clavata [L. Koch 1878], or jorō spider) is rapidly expanding
throughout the southeast of the United States, engendering many questions about how native fauna
will be affected. Here, we describe an observation of a northern cardinal (Cardinalis cardinalis, L.)
consuming prey items from a jorō web, which serves as an example of a native species deriving
a (small) benefit from this new invader. Moreover, the manner of the kleptoparasitism is also
noteworthy; the cardinal perched directly on the web, which supported its weight (which is 42–48 g
in this species). This appears to be the first documented case of a spider web supporting a perching
bird. We also include measurements of other jorō webs, where web strength had been assessed using
a force gauge, which revealed that typical webs can support masses up to 70 g before collapsing.
Collectively, this information adds to the small but growing body of knowledge about the biology of
this non-native spider.

Keywords: Trichonephila clavata; jorō spider; invasive; northern cardinal; web strength

1. Background

Spiders make webs to procure food for themselves, although these same webs, and
their trapped prey, are sometimes exploited by other species. For example, species of
Argyrodes spiders reside on or near webs of other orb-weavers and consume trapped insects
(a behavior known as kleptoparasitism) [1,2]. Certain species of predatory fireflies have
been observed stealing trapped fireflies from spider webs, to sequester their chemical
defenses [3]. There are species of hover wasps that consume trapped prey in orb webs [4].
Further, avian kleptoparasitism of insects from spider webs has also been documented;
Waide and Hailman [5] described multiple reports of birds that were observed hovering
next to spider webs while gleaning the trapped insects (or insect carcasses). These reports
included a bunting, a vireo, a warbler, a wren and a hummingbird. Parrish [6] also described
instances of hummingbirds stealing food from spider webs in Utah. In addition to this
published literature, there are a variety of anecdotal observations and videos on the internet
of various songbirds stealing prey items from spider webs. We note that throughout all of
these published and anecdotal cases, the birds in question were observed hovering near
the webs or perched on branches nearby. The following report describes an observation
of a bird native to North America procuring food from a non-native spider web in a very
unusual way, by perching directly on the web.

Insects 2022, 13, 1049. https://doi.org/10.3390/insects13111049 https://www.mdpi.com/journal/insects83
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Jorō spiders, Trichnophila clavata L. Koch 1878 (Figure 1A), are an orb-weaving species
native to Japan and eastern Asia but have recently been introduced to the southeast United
States, being fist observed in 2013 in a few locations in northern Georgia [7] and are now
expanding their range. They are expected to continue spreading beyond the southeast,
since their physiology appears suited for surviving the colder climates of the north of
the United States [8]. This spider species is large (with outstretched legs, up to 10 cm),
and they have a striking color pattern of black, yellow and red (Figure 1A). Importantly,
their webs are very conspicuous; they are typically up to 1 m in diameter, with a three-
dimensional structure (Figure 1B). In the new United States region, these webs are often
found in human-dominated landscapes, such as urban areas, and can be built on a wide
range of human structures or close vegetation (Davis, pers. obs.). Additionally, of note, is
that the individual web fibers are exceptionally strong; spiders in this genus are known for
producing silk with high tensile strength [9–11]. The following observation also speaks to
this exceptional fiber strength.

 

Figure 1. (A) A female jorō spider, Trichnephila clavata, in its web. Note the complex (not two-
dimensional) web pattern. Photo taken by A. Davis in Watkinsville, GA on 18 October 2020. (B) Pho-
tograph of the jorō spider web in Atlanta where the observation occurred. The web was strung
between stalks of wintersweet and a neighboring structure and was approximately 1.25 m × 1.25 m
in size.

2. Observation

The observation in question took place at the residential home of the first author, in
Atlanta, GA, which is an area where jorō spiders have successfully expanded into. There, a
jorō spider had built a web next to the side of the house facing the neighboring house, and
it had used stalks of wintersweet as support on one side, and the neighboring house on
the other (Figure 1B). Based on measurements by the author, this web was approximately
1.25 m × 1.25 m in size, and it was approximately 2 m off the ground. From anecdotal
observations of other jorō webs, this web size, structure, and placement appears to be
typical of the species in its new range (Davis, pers. obs.). Importantly, jorō spider webs are
not completely circular, but tend to have a flattened or level section on the top edge, as is
visible in Figure 1B. Presumably, these threads provide structural support.
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On 13 September 2022, the first author observed a female cardinal (Cardinalis cardinalis,
L.) perched on the top support strands of the web (the web was visible from a screen door).
The author did not witness at what point it alighted, but presumably it was not long before
the observation. At first, the author believed the bird had been trapped, but this turned out
not to be the case. The bird was in fact perched on the web itself (not a branch or support
structure), and near the middle of the web, which appeared capable of supporting the bird.
The author made sure this was the case by watching closely, and also by examining the
web afterward. The author was able to take photos of the perched bird through a screen
door (Figure 2). The author observed the cardinal lunge toward the spider (while perched),
though the spider moved away from the bird. It is unclear if this was an attempt to capture
the spider or to warn it off.

 

Figure 2. Kleptoparasitism behavior by a northern cardinal (Cardinalis cardinalis), observed on 13
September 2022 in Atlanta, GA (Fulton Co.). The cardinal perched on the top of the jorō spider web
(which did not break) and proceeded to pick off trapped insects from the web. The spider (arrow)
moved to the edge of the web during the encounter. The bird flew off after ~2 min, seemingly without
effort or entanglement. The web remained intact and was present the following day. Photo taken by
A. Schronce (through a screen door).

Next, the cardinal proceeded to “glean” from the web, by pecking at (and eating)
discarded insect carcasses and/or trapped prey items, all while still perched on the top
strands. This behavior lasted for approximately 2 min. Then, the cardinal flew off the web,
seemingly without effort or entanglement. After closer inspection, the web itself was not
apparently damaged from this event, and the spider was observed in the (undamaged)
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web the next day. As of the time of this writing (14 October 2022), the spider and web were
still present.

3. Additional Data in Support of the Observation

To help substantiate the observation above (of a jorō web supporting the weight
of a northern cardinal), one of the authors (Davis) drew upon a previously conducted,
unpublished set of measurements of actual jorō web strength. In the fall of 2021, the author
and an assistant had measured some of the many jorō webs surrounding and/or near
his own home in Oconee County, GA, as part of another project. A total of 10 webs of
similar size as the Atlanta web had been selected (approximately 1 m × 1 m). For each
measurement, a fine thread was looped over a given web (near the midpoint) so that it
encircled the web, then the bottom end of the thread loop was attached to an electronic
force gauge (Pasco Passport Force Sensor, Pasco.com; Figure 3). The gauge was pulled
downward until the web broke; the point at which it broke was recorded, in Newtons,
on a laptop computer. Note that this measurement was not an index of individual fiber
tensile strength, but rather a metric of the downward force that a bird would apply on
the collective web, if perched in the middle (as the cardinal did). From measurements of
10 webs, the average force required to collapse the web was 0.68 N (sd = 0.42, range: 0.2 to
1.5 N), which is equivalent to a downward weight of 69 g.

Figure 3. Schematic diagram showing how jorō web strength was measured, on 10 webs in Oconee
Co., Georgia. One of the authors (Davis) looped a light thread around the middle of a given web, then
tied the lower end of the loop to a handheld, digital force gauge. The gauge was pulled downward
until the web collapsed, and the peak force (in Newtons) at which the web broke was recorded on a
laptop. Raw force data from one web test is shown for illustration.

4. Discussion

There are two interesting elements of this observation, which should each add to the
small but growing body of knowledge of the biology of the newly invasive jorō spider in
the United States. First, the fact that a full-sized northern cardinal (which typically weighs
42–48 g, [12]) could perch on this spider’s web without it breaking appears to be a scientific
first; to our knowledge, this represents the first documented case of a spider web (of any
species) supporting a perching bird, and it underscores just how strong the webs of this
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particular species are. In fact, the additional data provided on jorō web strength does
confirm that an average web should be capable of supporting a bird of that size.

Spiders in the genus Trichonephila have long been studied for the biomechanical prop-
erties of their silk, which is exceptionally strong [9–11,13–16]. Throughout this body of
literature, we note that the means of measuring silk strength has usually involved testing
tensile strength of individual silk fibers using lab-based machinery (e.g., [15–17]), which
is no doubt necessary for accuracy and repeatability. However, these individual fiber
measurements are not easily extrapolated to provide estimates of whole-web strength, since
webs of different species (and individuals) can vary in complexity, size, and number of sup-
port strands. It is possible to evaluate whole-web mechanical strength using mathematical
models [18], which is beyond the scope of this paper, but such a task would be daunting
with T. clavata, given the complexity of their webs. Moreover, in some species there is even
variation in fiber strength and elasticity across the different parts of web, from the fibers
that make up the outer frame, to the inner catchment spiral [19]. We further note that the
complex, 3-dimensional structure of jorō webs, in particular (with many supporting and
anchoring threads), may actually enhance their web strength even further than their fiber
strength provides. Note that the web in question (Figures 1B and 2) has a complex design
with a variety of support strands.

The other noteworthy aspect of this observation is that it demonstrates at least one
way in which a native species could receive a small, but positive benefit from this newly
invasive spider; in this one instance, the cardinal apparently utilized the jorō web as a
one-time food resource. Cardinals have not previously been reported to eat from spider
webs [5]; perhaps in the presence of the sheer numbers of these new webs, along with their
large size and abundance of trapped prey, birds, such as cardinals, may learn to exploit
this resource. Interestingly, one of the authors (Davis) has also observed native dewdrop
spiders (genus Argyrodes) in jorō spider webs around his home; these spiders are known
kleptoparasites, and even of jorō spiders in their native range [1]. The extent to which
the jorō spider webs in North America become hosts to dewdrop spiders deserves further
study, as does the use of their webs by native birds.

The jorō spider is rapidly expanding its range in the southeast of the United States,
and will likely continue throughout a large portion of the United States, based on its
physiology [8]. Therefore, understanding how it will impact the native fauna (positively
or negatively) is a priority for research. Such studies are currently underway but are
only in their infancy. The information presented in this report should help to further
this overarching goal of understanding how this non-native spider will impact the native
ecosystem of North America.
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Simple Summary: Spiders are among the most common predators in terrestrial ecosystems and play
a crucial role in ecosystems. However, with changing environments, spiders are under pressure
from pollution and habitat destruction. In this study, we collected spiders from five parks with
different management histories in the greater Memphis, Tennessee area to explore the extent to which
human oversight and management of natural areas, especially invasive plant management, influence
spider occurrence. Our results showed that invasive plants might provide a valuable habitat for the
humpbacked orb-weaver, which was predominantly found on invasive plant species. These findings
may have implications for the management of invasive plants in parks and other protected areas.

Abstract: Land management of parks and vegetation complexity can affect arthropod diversity and
subsequently alter trophic interactions between predators and their prey. In this study, we examined
spiders in five parks with varying management histories and intensities to determine whether certain
spider species were associated with particular plants. We also determined whether web architecture
influenced spider occurrence. Our results showed that humpbacked orb-weavers (Eustala anastera)
were associated with an invasive plant, Chinese privet (Ligustrum sinense). This study revealed how
invasive plants can potentially influence certain spider communities, as evidenced by this native
spider species only occurring on invasive plants. Knowing more about spider populations—including
species makeup and plants they populate—will give insights into how spider populations are dealing
with various ecosystem changes. While we did not assess the effect of invasive plants on the behavior
of spiders, it is possible that invasive species may not always be harmful to ecosystems; in the case of
spiders, invasive plants may serve as a useful environment to live in. More studies are needed to
ascertain whether invasive plants can have adverse effects on spider ecology in the long term.

Keywords: invasive; tennessee; architecture; management; plants; IndVal

1. Introduction

The role of biological invasions has been emphasized by many conservationists, with
many of the findings showing that biological invasions can have striking ecological and
socio-economic consequences [1–3]. Invasive alien plants are known to be one of the major
drivers of global biodiversity declines [4,5]. In addition to potentially causing biodiversity
declines, invasive plant eradication can be a costly endeavor for land managers [6].

At the epicenter of biological invasions are anthropogenic-related stressors. For in-
stance, anthropogenic activities such as urbanization and globalization have contributed
to the influx of invasive species in ecosystems globally, particularly after the Industrial
Revolution and in the modern era [7]. Globally, 37% of all first records of invasive species
were reported between 1970–2014 [7]; Europe alone had more invasive plant, mammal,
and invertebrate introductions in 1975–2000 compared to any other time after the 16th
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century [8]. Such invasive species tend to displace endemic species through competition
and can create noticeable changes in environments and ecosystem dynamics, particularly
deleterious ones, which has greatly concerned scientists [9]. For instance, invasive species
in Australia caused huge declines in native species populations [10]. Consequently, these
invasions are of foremost importance and concern, as they disrupt the ecosystem balance
maintained by native species. Plants in particular are of significant importance in ecosys-
tems, as they provide many ecosystem services including food resources, hiding spots, and
micro-habitats. As a result, when foreign plants are introduced, they may cause cascad-
ing effects that affect different levels of an ecosystem, including animal habitats, species
distributions, and ecological roles. For example, native plants in Rwanda are important
in preserving ideal physicochemical soil properties for soil-litter arthropods, supporting
greater arthropod abundance compared to exotic plants [11].

Several researchers have studied the ways to mitigate the negative impacts of inva-
sive plants through invasive species management (ISM), which costs billions of dollars
annually [12]. However, it is worth noting that biological invasions are not straightforward
issues. Invasive species management interacts with social, economic, and environmental
factors, and if carried out improperly, it can cause unintended consequences [13]. One such
effort was in a Hawaiian lowland wet forest where managers removed invasive plants over
a decade to promote native biodiversity and return the forest to its pre-invaded state [14].
Subsequently, the removal of invasive plants unintentionally recruited even more invasive
species [14]. Situations are further complicated in areas with well-established invasive
species. For example, some research suggests that interdependency has emerged between
local avian frugivore species and the invasive Lonicera species in Central Pennsylvania,
USA, and direct removal may cause undesirable decrease in frugivore abundance [15].
Certain species have successfully adapted to environmental changes caused by invasive
plants. For example, while invasive plants can have negative impacts on herbivores due to
unpalatability, they provide greater structural complexity for various invertebrates [16–18].
Inherent biases might cause people, including scientists, to categorize invasive species and
their impact on native ecosystems as singularly bad, despite demonstrations that natural
invasions rarely caused notable ecological damage or reduced species richness [19–21].
As such, many scholars have suggested looking at introductions of invasive species as
accidental experiments and quantifying their subsequent impacts in an unbiased way as to
fully explore how ecosystem dynamics change when invasives establish themselves [22].
The aforementioned studies reveal the complex interactions between invasive plants and
terrestrial organisms. To fully understand the extent of invasive species on environments,
further research is needed on how invasives impact specific wildlife species in specific
areas [23].

Invertebrates, specifically spiders, may serve as good biological indicators of overall
ecosystem health for several reasons. First, with an annual prey kill of 400-800 million
tons (compared to around 400 million tons of annual human meat and fish consumption),
spider communities play important roles in the terrestrial ecosystem and ecosystem dy-
namics worldwide [24]. Second, because many spiders are habitat specialists that react to
environmental changes and stress [25,26], they may be good model organisms to study
habitat perturbations. Lastly, spider diversity is usually not related to plant species num-
bers [25,27,28] but rather to the structure (e.g., number of contact points) and microclimate
of the habitat [29,30], which makes vegetation structure a good predictor of spider commu-
nity occurrence. Because web-building spiders (e.g., the families Araneidae, Nephilidae,
Tetragnathidae, Therididae, Uloboridae, Linyphiidae) often use plants as a substrate to
spin their webs, their fitness and role in ecosystems can rely on plants [31,32]. This makes
spiders a good model system to explore some of the impacts that invasive plants may have
on terrestrial ecosystems.

To gain insights into the effects of human management of invasive plant species on
local ecosystem, we examined how spiders, one of the most ubiquitous predators, interact
with environments of varying plant distributions and ISM histories. To this end, we
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addressed the following guiding questions: (1) How do web characteristics and prey types
relate to spider species occurrence? (2) Which parks and trees are predominantly associated
with select species of spiders? (3) How is spider ecology potentially impacted by differing
invasive plant species distributions?

2. Materials and Methods

2.1. Study Area and Site Descriptions

Specimens were collected from five parks within the greater Memphis, Tennessee
area (Figure 1). We selected these five parks because of the heterogeneity in their man-
agement histories (Table 1). It was assumed that different management practices would
translate into differences in plant structure and communities. The tree species at these
parks (Figure 1) have been adequately characterized based on the dominant vegetation
(Laport, unpublished notes), making the endeavor in our study feasible. In addition, we
selected sites within parks with previously characterized vegetation communities (Laport,
unpublished notes). Climate, rainfall, and seasons are described elsewhere [33,34].

Figure 1. Map of Memphis showing five parks sampled during this study. Samples were collected in
Memphis, Tennessee, USA. Maps and drawings were drawn using the ‘ggmap’ package in R [35].
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Table 1. Site descriptions for samples collected in Memphis, TN, Summer 2022. Shelby Farms
and Overton have more overall current funding, and consequently more management and human
oversight, than Nesbit, Meem.an-Shelby, and T.O. Fuller [36–38].

Site Description Dominant Plants Invasive

Shelby Farms Park

4500-acre public park that was
opened for public recreation by
the Shelby County government
in the 1970s; is heavily
managed, including forest trail
upkeep.

Winged Elm
Slippery Elm
Privet

No
No
Yes

Overton Park Conservatory

184-acre public park opened in
2011 with heavy maintenance,
including invasive species
removals and trail upkeep.

Hornwort
Pawpaw
Box Elder
Sweetgum

No
No
No
No

Nesbit Park

333.75-acre park owned by
cycling club company Stanking
Creek Cycling open for free
public use. No explicit plant
management other than trail
upkeep.

Jumpseed
Pawpaw
Winged Elm
Sweetgum

No
No
No
No

Meeman-Shelby State Park

13,469-acre state park initially
built in the 1930s by the
National Park Service; had
land clearing and replanting
efforts when built but currently
has less spending management
than Shelby Farms or Overton
Parks.

Hophornbeam
Beech
Hophornbeam
Sugar Maple

No
No
No
No

T.O. Fuller State Park

1138-acre state park opened in
1938; has public recreation
options but significantly lower
revenues and spending than
Shelby Farms and Overton
Parks in recent years.

Pawpaw
Privet
Winged Elm
Slippery Elm

No
Yes
No
No

2.2. Sample Collections and Laboratory Processing

Spider collections were restricted to spiders found within webs in the field. In theory,
this was an effort to predominantly collect specimens from web-building spider families
(e.g., Araneidae, Tetragnathidae, Theridiidae and Linyphiidae) which utilize plants as a
web anchor. Because a number of spiders rarely crawl on the ground and are restricted to
their webs and the tree branches, active samplings via aerial hand collections were the most
appropriate and conservative sampling method [39]. Active sampling is considerably less
destructive to invertebrate microhabitats relative to methods such as beating and fogging
that disturb or kill non-target invertebrates [40,41]. This was important to minimize our
footprint on the environment during our study and preserve invertebrate biodiversity.
Spiders were therefore collected using the hand-to-jar technique [42]. Samplings were
conducted on a catch-per-unit-area basis to gain information on different habitats. Time
and effort were standardized in each transect twice (beginning of the summer and end of
the summer of 2022), and the same transects were used in subsequent sampling trips. In
each season, at each site, intensive searches for web-building spiders were performed by
two collectors within each transect. All collections took place between 06h00 and 12h00.
Due to the difficulty in collecting spiders in out-of-reach heights, searches were restricted to
a maximum vertical height of 2 m. Collections were conducted on climatically stable days
(i.e., clear days without heat advisories or rainfall). A commercial hand-operated water
sprayer (for ornamental plants) was used to increase the visibility of spider webs. After a
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spider was encountered, we measured the angle of the web in relation to the ground using
a digital angle ruler. We measured web angles because web angles are known to affect
rates of prey capture [43]. Similarly, web angles are correlated to wind conditions [44,45].
Moreover, webs are related to habitat with horizontal webs occurring in forest edges and
riverine microhabitats [46,47]. We also recorded the number of contact points between
web and plants (a proxy of vegetation structure/complexity) [48,49], a rough sketch of
the web, plant species the web was constructed on, number of prey items within the
web (proxy for successful predation), and GPS coordinates. Spiders were collected into
80 mL plastic vials, one per tube to prevent post-capture predation or cannibalism. After
initial collection, specimens were labeled and frozen at −40 ◦C (to preserve coloration
for ease of identification) until further analysis. Once frozen, specimens were sorted and
identified by placing them on Petri dishes and then examining them under a dissecting
microscope (AmScope, Irvine, CA, USA). Spiders were identified following Ubick et al. [50]
and Bradley [51]. In instances where we could not adequately link spiders to species, we
identified them by genera. Once specimens were identified and confirmed by a second
researcher, ethanol was added to the vials for long-term preservation [51].

2.3. Data Analyses

The effects of vegetation (contact points), prey availability, and web orientation were
investigated using a Canonical correspondence analysis (CCA) with abundance data. This
technique was particularly appropriate to our data because it addresses the double-zero
problem which characterizes community compositional data [52] and does not try to
display all variation in the data but only the part that can be explained by the constraints
considered [53]. Permutation tests (999 permutations) were run to assess model significance.
The sum of the canonical eigenvalues was used as a measure of the variability in the
response variables explained by predictors. Analyses were conducted in R using the
“vegan” package [54].

We used indicator species analysis IndVal [55] to: (1) identify spider species associated
with different parks and (2) identify spider species associated with particular tree species.
We chose to use an IndVal analysis because this method identifies indicator species based
on specificity (proportion of relative abundances of a taxon found in one park versus other
parks) and fidelity (frequency of particular spiders in a particular park). Both parameters
range from 0 to 1; specificity is 1 if a taxon is exclusively present in the target treatment,
and fidelity is 1 when a taxon is present in all samples of the target treatment. IndVal
for each taxon is the product of specificity and fidelity [56]. We performed the analysis
at the genus level, used 999 random permutations, and considered spider taxa to be
associated with particular parks or tree species if they were significant according to the
IndVal permutation tests.

We performed all statistical analyses and graphical representations in R (version 4.1.3,
Vienna, Austria) [57]

3. Results

3.1. Species Occurrence and Predictors of Their Occurrence (Question 1)

From the five parks sampled, we recorded 26 species from over 200 individual adults
present on webs during the daytime. The most ubiquitous species was the orchard spider
(Leucauge venusta) followed by basilica orb-weavers (Mecynogea lemniscata).

CCA ordination of pooled samples (Figure 2) indicated that variation in spider occurrences
was significantly related to prey (correlation = 0.51) and angle of webs (correlation = 0.73).
Specifically, high abundances of Tetragnatha sp., Micrathena gracilis, and Leucauge venusta were
positively related to prey availability. Web angle was positively correlated to Mangora maculata
and negatively correlated to Araneus cavaticus, Agelenopsis sp., and Argiope aurantia. Sites with
high abundances of spiders such as Eustala anastera, Verrucosa arenata, Gea heptagon, Atypus
affinis, and Acanthepeira stellata were not related to any of the three variables measured (Figure 2).
Contact points were not significantly related to spider occurrences.
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Figure 2. Canonical correspondence analysis (CCA) biplot showing the relationship between spiders
and environmental variables (number of contact points (branches), prey abundance enumerated from
webs and angle of webs). Samples were collected from parks in Memphis, TN in the summer months
of 2022. Blue triangles denote species abundances.

3.2. Habitat Association and Indicator Species (Question 2)

IndVal analysis by habitat and tree species samples revealed the different species that
are associated with certain habitats. For instance, Eustala anastera showed an association
with Shelby Farms. It is worth noting that the greenlegged orb-weaver (Mangora maculata)
was only found from samplings in Nesbit Park (Table 2). Considering the association
between spiders and tree species (Table 3) revealed that deadwood was associated with non-
web-building spiders (e.g., Rabidosa rabida), and web-building spiders (e.g., Leucauge venusta)
were associated with deadwood in all parks, suggesting the importance of deadwood as a
suitable habitat for spiders. Interestingly, Cicurina arcuata was only associated with tulip
poplar trees. The invasive species Chinese privet (Ligustrum sinense) was associated with
Eustala anastera across all sampled sites.

Table 2. IndVal analysis of species that are associated with specific parks based on the specimens we
collected in the summer of 2022. Only significant (p < 0.05) habitat associations are presented. The
significance of IndVal indices was assessed using 10,000 Monte Carlo permutations.

Park Species IndVal p Freq

Shelby Farms Eustala anastera 1.00 0.013 3
Shelby Farms Parasteatoda tabulata 1.00 0.01 3
Shelby Farms Gasteracantha cancriformes 1.00 0.014 3
Shelby Farms Rabidosa rabida 1.00 0.009 3
Shelby Farms Mecynogea lemniscata 0.58 0.012 9
Shelby Farms Agelenopsis sp. 0.53 0.012 12
Overton Park Cicurina arcuata 1.00 0.012 3
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Table 2. Cont.

Park Species IndVal p Freq

Overton Park Araneid sp. 1.00 0.013 3
Overton Park Neospintharus trigonum 1.00 0.016 3
Overton Park Leucauge venusta 0.36 0.014 15
Meeman-Shelby Florinda coccinea 1.00 0.013 3
Meeman-Shelby Araneus marmoreus 1.00 0.009 3
Meeman-Shelby Melpomene sp. 1.00 0.011 3
Meeman-Shelby Metepiera labyrinthea 1.00 0.022 3
Meeman-Shelby Frontinella pyramitela 0.75 0.013 6
T.O Fuller Atypus affinis 1.00 0.01 3
T.O Fuller Acantherpiera stellata 1.00 0.009 3
T.O Fuller Gea heptagon 1.00 0.015 3
T.O Fuller Verrucosa arenata 0.74 0.017 12
Nesbit Mangora maculata 0.50 0.015 15

Table 3. IndVal analysis of species that were associated with specific tree species. Specimens were
collected in the summer of 2022. Only significant (p < 0.05) habitat associations are presented. The
significance of IndVal indices was assessed using 10,000 Monte Carlo permutations.

Tree Species Species IndVal p Freq

Beech Araneus marmoreus 0.83 0.001 5
Beech Florinda coccinea 0.43 0.002 9
Black walnut Frontinella pyramitela 0.33 0.001 36
Black walnut Argiope aurantia 0.27 0.001 61
Black walnut Mangora maculata 0.08 0.001 122
Black walnut Mecynogea lemniscata 0.07 0.001 151
Boxelder Micrathena gracilis 0.11 0.001 120
Boxelder Verrucosa arenata 0.09 0.001 121
Deadwood Parasteatoda tabulata 0.74 0.001 17
Deadwood Rabidosa rabida 0.74 0.001 17
Deadwood Agelenopsis pennsylvanica 0.17 0.016 45
Deadwood Leucauge venusta 0.06 0.001 172
Green ash Metepeira labyrinthea 1.00 0.001 3
Japanese honeysuckle Agelenopsis aperta 0.51 0.001 35
Jumpseed and hornwort Leucage sp. 0.14 0.001 91
Pawpaw Gea heptagon 1.00 0.001 17
Pawpaw Araneus cavaticus 0.71 0.001 23
Pawpaw Micrathena sagittata 0.34 0.001 32
Chinese privet Eustala anastera 0.97 0.001 31
Slippery elm Acantherpeira stellata 1.00 0.001 12
Slippery elm Gasteracantha cancriformis 1.00 0.001 12
Slippery elm Tetragnatha sp. 0.53 0.001 20
Tulip poplar Cicurina arcuata 1.00 0.001 5
Virginia creeper Melpomene sp. 1.00 0.001 5
White oak Araneus sp. 0.60 0.001 9
White oak Atypus affinis 0.40 0.009 6

4. Discussion

We investigated the association of spiders and trees found in parks within a temperate
deciduous forest biome. Our results revealed that species such as Leucauge venusta and
Mecynogea lemniscata were the most abundant species recorded across all five parks. One
key finding of this work is that the local invasive species Chinese privet is associated with
Eustala anastera. These findings may have implications for the web-building spider Eustala
anastera considering that many of these parks have goals to clear all invasives in their parks
(Overton Park Conservancy, personal communication). Interestingly, other Eustala spider
species are noted to have associations with particular plants. For instance, researchers in
Panama found that Eustala oblonga and Eustala illicita spiders showed obligate preferences
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for acacia plants across all studied habitats [58]. Considering this preference for one plant
type in many Eustala species [58,59], it is tenable that Eustala anastera spiders (such as
the ones we sampled) may similarly form associations with privet in their environment.
Our future work will incorporate greenhouse experiments with different plants to observe
potential specificity of Eustala anastera.

Our results indicated that differences in plant distribution and spider micro-habitats
across different parks (Table 2) are the likely causes of differences in web-building spider
communities across these areas. These results confirm a previous study demonstrating that
location and habitat characteristics, such as within-field location and landscape features,
influence spider presence [60]. For example, spider site preference (tenure), an example of
location and landscape features influencing spider presence, has been observed in some
long-jawed spiders (Tetragnatha elongata), whereby many of member of this species will
build webs very close to rivers and only at particular locations [61].

We found that many spider species were associated with particular plants (Table 3)
in accordance with other researchers [31,62–64] The association between certain spiders
with certain plants across different sites in our study indicates that invasive plant species
might interact with specific local spider species in a complex way. Many studies focus
on how invasive plants negatively impact herbivorous or native plants [65], and studies
on the dynamics between invertebrates and invasive plants offer a more holistic view.
Though invasive plants might outcompete native plant species, other native species within
ecosystems, such as native invertebrates, can show abilities to adapt to new flora and even
benefit from it. For example, researchers have noted the positive benefits that invasive
plants can have on spider ecology [16,17]. At the same time, spiders are not the only
invertebrates who benefit from the increase in vegetation cover: crickets, slugs, millipedes,
and beetle populations are shown to have a positive relationship with vegetation cover
too [66].

Our finding further supports the need for case-by-case analysis when resolving the
question of invasive species control. In some situations, invasive species eradication has
had great success in protecting endangered species [67], and in other situations invasive
species can provide wildlife habitat and food resources for local individuals. In the case of
Chinese privet, it was introduced to the US in the 1800s, allowing the species to fully expand
geographically and co-evolve alongside native species through environmental changes. For
invasions at such a large scale, it is time-consuming and economically costly to eradicate
the species, and full removal might not return the ecosystem to what it was before the
invasion [68]. This is not to say that there should be no control of invasive species or no
preservation or protection of native species. In fact, there are certainly native species that
do not benefit from invasive plants. For example, many native species in South Africa have
been harmed due to the introduction of the invasive Australian Acacia causing significant
declines in native species richness [69]. However, even with our best efforts, we cannot
erase the contribution of globalization and humanity to speeding up the rate of invasive
introductions. Scientists should be hesitant to outright list invasive species as automatically
bad, and fully examine the impacts invasives have on ecosystems on a case-by-case, species-
by-species basis, especially because certain native species have benefitted from invasive
species. There is no guarantee that sudden removal of invasives would provide the best
benefit to an ecosystem. Due to the benefits invasive plants provide invertebrates through
additional surface-area coverage, other studies have suggested seeing whether its beneficial
to partially manage invasives, just enough to preserve the benefits that invasives offer
certain native species [17], an aspect encapsulated in functional eradication [70]. Thus,
further research on how spiders and other invertebrates that inhabit certain invasive plants
adjust to their removals is of interest.

Future directions include expanding on this study and consideration of other variables.
For example, our study was limited to a specific geographical and temporal range, and as
a result, we might not have found certain spider species in certain parks simply because
we did not conduct long-term monitoring. Similarly, many spiders build webs at night,
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but our sampling took place during the daytime, so we might not have found certain
spider species because our research had a diurnal spider bias. Having larger sample sizes,
conducting more long-term research, conducting research during both night and day, or
looking into species-specific analyses on how invasive species impact native species, for
example, might give a more holistic and broader view on how invasives impact ecosystem
dynamics and give more precise insights into populations in specific areas. Furthermore,
expanding research to invertebrates and other relatively understudied species in compar-
ison to mammals offers greater overall insight into how changing plant landscapes are
impacting native ecosystems. In terms of spider ecology, future directions might include
looking into how spiders in different regions utilize invasive plant species. Our study was
limited to five local parks in Southwestern Tennessee; thus, making inferences for other
parks in other regions must be conducted with caution. Further studies should investigate
how plantation distribution affects prey abundance in answering the association between
certain spider species with plant species.

5. Conclusions

In summary, we found that Chinese privet (Ligustrum sinense) is associated with the
humpbacked orb-weaver (Eustala anastera). These findings may have implications for
this spider species considering many of these parks have goals to clear all invasives in
their parks. Our study makes an effort to contribute to spider research and conservation
initiatives in that it provides baseline regional data that can be used to assess the effects of
invasive plants in local protected areas. Future studies should consider sampling across
larger spatial scales to determine whether the patterns documented here would be true for
other ecosystems.
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Simple Summary: Many invertebrates interact and are associated with plants in nature. However,
despite their abundance and ecological importance, our knowledge of spiders and their associations
with plants is limited. Here, we review what we currently know about spider–plant interactions and
associations, with a focus on web-building spiders. This includes an overview of the most prominent
interactions non-web-building and web-building spiders have with plants, followed by examples of
the specific web-building spider–plant associations we know of, where especially the Acacia–Eustala
association observed in Panama is interesting. We also review the plausible mechanisms for host
plant location and finally present some ideas for future research.

Abstract: Spiders are ubiquitous generalist predators playing an important role in regulating insect
populations in many ecosystems. Traditionally they have not been thought to have strong influences
on, or interactions with plants. However, this is slowly changing as several species of cursorial spiders
have been reported engaging in either herbivory or inhabiting only one, or a handful of related plant
species. In this review paper, we focus on web-building spiders on which very little information
is available. We only find well-documented evidence from studies of host plant specificity in orb
spiders in the genus Eustala, which are associated with specific species of swollen thorn acacias. We
review what little is known of this group in the context of spider–plant interactions generally, and
focus on how these interactions are established and maintained while providing suggestions on how
spiders may locate and identify specific species of plants. Finally, we suggest ideas for future fruitful
research aimed at understanding how web-building spiders find and utilise specific plant hosts.

Keywords: spider–plant interactions; swollen thorn acacias; carnivorous plants; orb-web spiders;
host recognition; plant volatiles

1. Introduction

Plants are a vital resource for many animals that use them for food, shelter or protection.
The best known plant–animal interactions involve insects and include negative interactions,
such as herbivory, and positive interactions, such as pollination, and other mutualistic
interactions. In many of these interactions, the insect shows specificity in that it only
interacts with one, or a couple of plant species. These examples can be tightly co-evolved
and include the food-for-protection mutualism between ants and swollen thorn acacias,
where a specific species of ant is paired with a specific species of acacia [1], the extreme
specificity of fig wasp pollinators to particular fig species hosts [2], and the specialisation
of small groups of orchids to one species of bee pollinator, such as the South African guild
of orchids (Coryciinae) exclusively relying on the oil-collecting bee (Rediviva peringueyi) for
pollination [3].
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Insects, as outlined above, and other arthropods, such as herbivorous and mutualistic
mites [4], are well known for developing close associations with plants. Spiders, however,
are usually thought of as generalist predators that only use vegetation indiscriminately for
shelter or as a substrate for their webs. A study on a temperate grassland spider community,
for example, showed that while some individual spider species showed a weak preference
for a narrow range of host plants, the overwhelming preference was for tall and stable
vegetation structures and not individual plant species [5]. Recently, the long-held notion
that spiders have limited interactions with the vegetation in their surroundings have been
challenged, especially by the surprising discovery that some species of spiders, and the
first instars of web-building spiders in particular, rely on nectar, pollen and Beltian bodies
as a significant component of their diets [6–8]. This prompted a review of spider–plant
interactions in general, which revealed associations with plants across a much larger range
of spider families than previously thought [9].

Very limited research is available on spiders that construct aerial webs, which pre-
dominantly consist of sheet-webs by members of the family Linyphiidae, tangle webs by
members of the family Theriididae, and orb webs by members of the families Araneidae
and Tetragnathidae. As the function of the webs to some degree depends on the substrate
to which they are attached, it could be argued that they are more dependent on the correct
choice of plant, and therefore, potentially should be more discerning than cursorial spiders.
A relatively newly described species of linyphiid, Laetesia raveni, from Australia appears
to exclusively build its webs on two thorny plant species, Calamus muelleri and Solanum
inaequilaterum [10]. Similarly, one genus of araneid spiders, Eustala, seems a promising can-
didate for more in-depth research as several studies show close associations to individual
species of acacias in the genus Vachellia [11,12]. These acacia species are in a mutualistic
relationship with protective Pseudomyrmex ants, and the Eustala spiders probably associate
closely with the acacias to exploit the ant–acacia mutualism for enemy-free space [13].

Another largely unresolved question is how spiders locate and identify their host
plants. Insects generally locate their host plants using chemical cues from wind-dispersed
plant volatiles [14,15]. In ant–plant associations, ants identify their mutualistic partner
by chemical cues emitted from the plant [16]. However, the distance to which they rely
on plant volatiles, or random searches for the location of host plants remains unclear. On
the one hand, Pheidole minutula used plant volatiles to correctly locate their host plant
Maieta guianensis during choice tests over distances of 15 cm in Y-maze experiments in the
laboratory [17], while on the other hand, Crematogaster ants recognise their host Macaranga
species only by direct contact with chemical compounds on the stem surface of saplings [18].
Spiders are also known to use chemical cues during mating behaviour [19], such as males
using cues from silk to locate and evaluate females [20], and they use them to detect
potential prey [21]. In addition, there are a few examples of spiders using chemical cues
from plants, including two species of crab spiders in the genus Thomisus that were attracted
to the clove oil flower fragrance [22] and the nectivorous spider Hibana futilis, which uses
plant volatiles to recognise and potentially locate nectar sources [6].

The main aim of this review paper is to review the limited data we have on host
plant specificity in web-building spiders and to contrast it with what is known from
cursorial spiders. Secondarily, we review the limited literature on how web-building
spiders identify and find web-building locations, including suitable plants, using the above-
mentioned Eustala orb spiders as a model system. We hope to stimulate further research
by identifying significant gaps and outlining promising experimental approaches to plug
some of these gaps.

2. Spider–Plant Associations

In this section, we provide a brief overview of some of the best described examples of
close spider–plant associations for both cursorial (i.e., non-web-building) and web-building
spiders. This has been recently reviewed by Vasconcellos-Neto et al. [9], but here we update
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with newer references focussing predominantly on web-building spiders and link the topic
to host plant locations in general and the Eustala–acacia–ant system in particular.

2.1. Cursorial Spiders

Bromeliads and other rosette-structured plants have a complex, three-dimensional
architecture that presents a valuable microhabitat for a number of species [23], particularly
members of Salticidae [24–26]. The best studied cursorial spider–plant association, and one
of the few species-specific examples, is that of the bromeliad specialist Psecas chapoda and
Bromelia balansae. Through a series of studies by Romero and Vasconcellos-Neto [27–29],
P. chapoda was found exclusively on B. balansae across a large geographic range [26] (Table 1).
Whilst B. balansae provides P. chapoda with a favourable microhabitat and microclimate,
P. chapoda has been reported to contribute to the nutrition of B. balansae through the ab-
sorption of nitrogen from spider faeces deposited on the leaves of the bromeliad [30].
Romero et al. [31,32] evidenced that this interaction was indeed mutualistic as the leaves of
B. balansae grew larger in the presence of P. chapoda.

Some Thomisidae crab spiders, which have been documented as obligate Nepenthes
pitcher-plant dwellers (Table 1), have likewise been reported to assist their host plant
with nitrogen acquisition. The specialised leaves of pitcher-plants, which are used to
attract, trap, and digest prey [33,34], also provide suitable microhabitats for the crab spiders
Misumenops nepenthicola and Thomisus nepenthephilus [34,35]. These spiders feed on visiting
insects drawn to the pitcher-plants [34,36], and in some circumstances, the spiders increase
pitcher-plant prey consumption by dropping consumed prey remains into the pitchers.
Interestingly, two studies by Lim et al. [34], and Lam and Tan [37] concluded that the type of
association between crab spiders and pitcher-plants is environmentally context-dependent.
Lam and Tan [37] demonstrated that T. nepenthephilus increased the prey capture rates
of Nepenthes gracilis, offsetting the nitrogen loss from consumption by T. nepenthephilus,
resulting in an overall net gain. However, this benefit only occurs under conditions where
prey availability is low and is ultimately lost when prey availability increases, switching
from a positively facilitative to a parasitic interaction [37].

Furthermore, a number of spider species have been reported to have unusually close
associations with trichome-bearing plants [9,38–41]. One genus from the Oxyopidae family,
Peucetia, dominates such interactions and many species are considered to have strict, and
perhaps obligatory, associations with glandular trichome-bearing plants [39,40,42]. Glan-
dular trichomes are hair-like structures believed to have evolved as a direct biotic defence
against herbivorous insects [43,44]. The insects and carrion (i.e., dead insects) trapped
by the glandular hairs represent an energetically cost-free, accessible food source [45],
which attracts arthropod predators, such as spiders, for added protection against her-
bivory [40,45,46]. In three complementary studies, Morais-Filho and Romero [39,40,47]
observed Peucetia flava exclusively in association with Rhyncanthera dichotoma. During the
latter study, Morais-Filho and Romero [40] physically removed the glandular trichomes
from R. dichotoma and documented fewer Peucetia spiders occupying those plants compared
to R. dichotoma with intact trichomes, further demonstrating the strong and potentially
obligatory association Peucetia spiders have with glandular trichome-bearing plants [42].
Morais-Filho and Romero [40] reported that P. flava reduced herbivory in the buds and
flowers of R. dichotoma and although this interaction did not increase fruit production,
it also did not incur any significant costs to R. dichotoma fitness (i.e., through predation
of pollinators), signifying a potential protective mutualism. Moreover, a recent study by
Sousa-Lopes et al. [45] found that the presence of P. flava on the trichome-bearing Mimosa
setosa var. paludosa positively correlated with an increase in trapped prey and carrion.

Spider–plant associations that arise from an exploitable source of food are not uncom-
mon. While some spiders may associate with plants that attract and/or trap insect prey,
such as glandular trichome-bearing plants and pitcher-plants, other spiders species seek
nutrition from the plant itself. The salticid, Bagheera kiplingi, for example, is exclusively
associated with many myrmecophytic acacias [7,48]. These acacias produce Beltian bodies
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to attract ants that protect the plant, and in return, the ants gain nutritional rewards and
refuge [1,7]. The spider exploits this ant–acacia mutualism and consumes the Beltian bodies
as its primary food source, which in some cases constitute 90% of its diet [48]. Therefore, it
is conceivable that access to a convenient source of prey is another primary driver of spider–
plant associations, and perhaps the obligatory associations observed between Peucetia and
glandular trichome-bearing plants and Thomisidae and Nepenthes pitcher-plants.

Another potential driver of host plant selectivity in spiders could be crypsis (i.e.,
camouflage), whereby a spider may exhibit a preferential affinity for a substrate (e.g.,
flower, bark, and moss) that matches their body colouration/morphology, rendering them
undetectable to potential predators or unsuspecting prey. Cryptic colouration is particu-
larly well studied in Thomisidae crab spiders, which, in sit-and-wait predators, increases
foraging success [49–51]. Certain species will preferentially select flowers, upon which they
forage, that match their body colouration (i.e., background-matching) to avoid detection by
pollinators and other visiting insects [41,49,52]. Moreover, there are some spider species
that are also capable of changing their body colouration to match their chosen background,
or in this instance, host plant. Such examples include the crab spiders Misumena vatia and
Thomisus onustus that typically alternate between white and yellow [50,53]. It is evident that
cryptic species will select specific substrates to ensure successful camouflage. However,
there is a paucity of information to discern whether cryptic colouration is a resultant factor
in specific spider–plant associations. Most crab spiders appear to be generalists, selecting a
number of plant species that suit their needs.

From the examples provided above, it is particularly apparent that Psecas chapoda
facultatively relies on the microhabitat created by B. balansae for foraging, mating, and
oviposition, as observed by Romero and Vasconcellos-Neto [28,29], and as a refuge and
nursery site that can offer protection from predators and desiccation [28,29,54,55]. Omena
and Romero [56] inferred that this extreme fidelity was related to microhabitat structure,
and observations by Romero and Vasconcellos-Neto [28,55] affirmed this after finding that
P. chapoda seldom colonised bromeliads in forest habitats as leaves would often obstruct
the rosette, hindering any use of the microhabitat. Likewise, some studies have reported
that Peucetia spiders preferentially select larger plants as they offer more sites to forage and
refuge, and attract and trap more insect prey [45,57]. Prey, and other sources of nutrients,
are also key determinants, especially in terms of exploitable sources of food, which we
see examples of in all three spider families discussed. In summary, we can infer that it is
the availability of certain exploitable resources, together with a microhabitat structure and
plant morphology that complements the ecological requirements, foraging the strategies
and behavioural preferences of a spider [9,23,56,58–61], which are the primary factors that
drive specific spider–plant associations.

Table 1. The most prominent cursorial spider–plant associations. With information on the spider
and host plant family and species, information on the association, and the location(s) where said
interaction was documented.

Spider Family Spider Species Plant Family Plant Species Association Region Source

Oxyopidae Peucetia flava

Asteraceae Trichogoniopsis
adenantha

Facultative mutualism;
reduced herbivores.

Southeast
Brazil

Romero et al.
[46]

Melastomataceae Rhyncanthera
dichotoma

Commensalism/facultative
mutualism; protection and
significantly reduced
herbivory after rainy season.

Southeast
Brazil

Morais-Filho
and Romero

[39,40,47]

Solanaceae Solanum
thomasiifolium

Facultative mutualism; likely
protection.

Southeast
Brazil

Jacobucci
et al. [57]

Fabaceae Mimosa setosa var.
paludosa

Facultative mutualism;
reduced exophytic herbivory,
but not endophytic herbivory.

Southeast
Brazil

Sousa-Lopes
et al. [45]
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Table 1. Cont.

Spider Family Spider Species Plant Family Plant Species Association Region Source

Peucetia
rubrolineata Asteraceae Trichogoniopsis

adenantha
Facultative mutualism;
suppressed herbivory.

Southeast
Brazil

Romero et al.
[46]

Peucetia viridans Euphorbia-ceae

Cnidoscolus
aconitifolius Preference/Unknown Southeast

Mexico
Arango et al.

[62]

Croton
ciliatoglandulifer Preference/Unknown West Mexico Corcuera

et al. [63]

Salticidae

Bagheera kiplingi Fabaceae Vachellia spp.
(myrmecophytes) Exploitative/Commensalism

Southeast
Mexico,

Northwest
Costa Rica

Meehan et al.
[7]

Evarcha
culicivora

Euphorbia-ceae

Ricinus
communis Unknown/Commensalism West Kenya Cross [64]

Lantana camara Unknown/Commensalism West Kenya Cross [64]

Pelegrina
tillandsiae Bromeliaceae Tillandsia

usneoides

Obligate commensalism; strict
association, but no reported
costs or benefits.

Southeast
USA

Young and
Lockley [24]

Psecas chapoda Bromeliaceae Bromelia
balansae

Facultative mutualism; the
spider aids in nitrogen
acquisition.

Northeast
Bolivia,

Northeast
Paraguay,

South Brazil,
Central-West

Brazil

Romero [26];
Romero and
Vasconcellos-

Neto [29];
Romero et al.
[31]; Omena
and Romero

[56]

Sparrasidae Delena
melanochelis

Myrtaceae

Eucalyptus nitens Unknown/Commensalism Australia
Agnarsson
and Rayor

[65]

E.
regnans Unknown/Commensalism Australia

Agnarsson
and Rayor

[65]

Thomisidae

Misumenops
argenteus

Lamiaceae Hyptis
suaveolens Unknown/Commensalism Southeast

Brazil

Romero and
Vasconcellos-

Neto
[27]

Asteraceae Trichogoniopsis
adenantha

Facultative mutualism;
reduced herbivory

Southeast
Brazil

Romero and
Vasconcellos-

Neto
[27,55]

Misumenops
pallidus

Orchideaceae Chloraea alpina Commensalism East
Argentina

Quintero et al.
[66]

Ranunculaceae Anemone
multifida Commensalism East

Argentina
Gavini et al.

[41]

Misumenops
nepenthicola Nepentha-ceae

Nepenthes
gracilis Unknown/Commensalism North

Borneo
Karl and

Bauer [67]

N.
rafflesiana Unknown/Commensalism North

Borneo
Karl and

Bauer [67]

Synaema
marlothi Roridulaceae Roridula dentata Obligate kleptoparasitism

Southern
South
Africa

Anderson
and Midgley

[38];
Anderson

[68]

Synaema
obscuripes Nepentha-ceae Nepenthes

madagascariensis Unknown Southeast
Madagascar

Rembold et al.
[36]

Thomisus
nepenthephilus Nepentha-ceae Nepenthes

gracilis
Obligate, conditional
facilitative mutualism

North
Singapore

Lim et al.
[34]; Lam and

Tan [37]
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2.2. Web-Building Spiders

Research on web-building spider–plant associations is far less numerous than on
their non-web-building counterparts. Currently, there are only a few examples of ex-
clusive spider–plant associations, represented by Eustala (Araneidae) and Laetesia raveni
(Linyphiidae), which are discussed in more detail in Section 3 below. The research on
cursorial spider–plant associations indicates that the suitability of a plant as a microhabitat
to find shelter or food resources (i.e., prey, carrion or nectar) are the main determinants
of host plant selection and subsequent spider–plant associations. This also applies to
web-building species, where it is vital to select a web-building site that maximises foraging
success [58]. For these sit-and-wait predators this is ultimately dependent on the density
of prey [69,70], which as mentioned is a key driver in host plant selection. However, the
key driver of foraging success for a web-building spider is the optimal construction of
its web; hence, the majority of available research on web-building spiders documents
preferential, facultative associations with plants that provide suitable structural features for
web construction [48,71–74].

Two neotropical spider species, the theridiid Latrodectus geometricus and the araneid
Alpaida quadrilorata, are both found in association with Paepalanthus bromelioides [73]. This
rosette-structured plant provides the spiders with the structural necessities for web con-
struction and may also offer refuge and protection from predators [23,75]. More importantly,
P. bromelioides is considered to be a protocarnivorous plant that obtains nutrients from in-
sects with the aid of digestive mutualists, namely L. geometricus and A. quadrilorata [73].
This plant apparently possesses features that attract insect prey, such as leaves that reflect
ultraviolet light and a phytotelma (i.e., a water-filled cavity) with specialised fluid that
also digests captured prey [73,76]. Similar to the pitcher-plant dwelling Thomisidae crab
spiders that forage at the mouth of the pitcher, L. geometricus and A. quadrilorata build
their webs above the phytotelma [76], providing easy access to incoming prey. Both spider
species capture prey, while discarding carcasses and faeces into the rosette of P. bromelioides
effectively, and thereby channelling a more bioavailable form of nitrogen directly to the
plant [31]. Nishi et al. [73] observed A. quadrilorata strictly on P. bromelioides within the study
area in Morro da Pedreira, Brazil. However, no other research is available to determine
how exclusive this association is, and since L. geometricus has been documented on other
plant species (e.g., [68]), both should be considered facultative digestive mutualists.

As previously discussed, carnivorous plants present spiders with a suitable micro-
habitat [34,37]. However, aside from Nishi et al. [73], there are no reports of unequivocal
web-building spider associations with carnivorous plants. Cresswell [77] observed an
unidentified species of linyphiid occupying the pitcher-plant Sarracenia purpurea as an
apparent kleptoparasite. Milne and Waller [78] similarly observed linyphiids interacting
with S. purpurea, using the pitchers as substrates to build their horizontal sheet webs.
However, Milne and Waller [78] noted that many of the linyphiids constructed their webs
at a height similar to the pitchers, implying that this a spatial coincidence rather than an
association. The theridiid Theridion decaryi has also been observed inhabiting a different
pitcher-plant species, Nepenthes madagascariensis, according to Fage [79]. The available
research on these interactions is evidently scarce and ambiguous. However, considering
that several other spider species have been found in association with pitcher-plants and
other carnivorous plants (Table 1), the possibility that there are species of web-building
spiders closely associated with pitcher-plants cannot be ruled out.

In addition, web-building spiders in the genus Stegodyphus (Eresidae) have strong
affinities for thorny plants [54,72,80]. A recent study by Rose et al. [54] determined that
Stegodyphus dumicola nests occurred more frequently on tall thorny plants and were ob-
served on several different genera. Lubin et al. [80] also found that S. lineatus preferred
to inhabit tall, thorny, and even poisonous plants. Thorny plants offer protection against
predators (e.g., birds) and reduce the risk of disturbances from large herbivorous animals
(e.g., cattle and other browsing/grazing mammals) that can damage or destroy spider
webs [54,72,75,80]. Ruch et al. [72] demonstrated that S. tentoriicola, which inhabits both
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thorny and thornless plants, constructed larger webs when inhabiting thorny plants, and
were less likely to relocate, compared to spiders in thornless vegetation. As larger webs are
more costly to build, it is evident that thorny plants provide S. tentoriicola, and likely other
spider occupants, with favourable microhabitats that enable spiders to invest more energy
into building larger webs, increasing their foraging success, whilst receiving refuge and
protection from animal-related disturbances [54,72].

Extreme specificity and fidelity toward host plants is evidently not as common among
web-building spiders. Many web-building spiders often interact with and inhabit multiple
plant species from different families and orders, as described, for example, by Rose et al. [54]
and Whitney [71]. A recent study conducted by Cuff et al. [81] in England evaluated the leaf
and habitat preferences for oviposition in the candy-striped spiders Enoplognatha ovata and
E. latimana in the family Theridiidae. These spiders create a retreat, or nest, for oviposition
by rolling a leaf with silk [81]. Enoplognatha appeared to preferentially select the leaves
of bramble (Rubus fruticosus), nettle (Urtica dioica), hogweed (Heracleum sphondylium), and
have also been found using fireweed (Chamaenerion angustifolium) for their leaf-roll nests.
Plant preferences were not taxon-related, nor was the size and structure of leaves important;
however, certain traits, such as the length–width ratio, were thought to influence leaf
selection [81]. Cuff et al. [81] even suggested that the spiders could possibly provide a
degree of protection from herbivorous insects in a mutualistic association.

3. Host Plant Specificity in Web-Building Spiders: The Unique Cases of Eustala
and Laetesia

Very few one-to-one obligatory associations between spiders and specific plants have
been described and, as mentioned above, most of these involve cursorial spiders. Here, we
discuss the two examples we found: one in the orb-web genus Eustala (family Araneidae)
and one in the sheet-weaver Laetesia raveni (family Linyphiidae).

3.1. The Araneid Orb-Web Spiders in the Genus Eustala

Species in the orb-web family Araneidae commonly inhabit plants on which they
construct their webs. Although none of the genera in this large family are characterised as
being closely associated with particular plant groups or plant species, recent work indicates
that several species in the genus Eustala exhibit varying degrees of host plant specificity.
The genus Eustala is large with around 90 species distributed throughout North and South
America, the majority of which are found at tropical latitudes [82–84]. Early studies of the
natural histories of the Eustala species noted that they do not typically build a retreat but
rather rest on branches or are tucked into dead vegetation that they resemble in colour and
pattern near their webs (e.g., [85,86]).

Eustala perfida, for example, exhibits a colour polymorphism that closely resembles
the mosses and lichens on the tree trunks on which it builds its webs in semi-deciduous
rainforests in south eastern Brazil. A detailed study of spatial distribution and substrate
selection showed that this spider apparently prefers specific microhabitats characterised
by large-diameter rough-barked trees with mosses, lichens, and concavities, but that it
does not uniquely inhabit the bark of any one particular tree species [87]. Two other
Eustala species in south eastern Brazil, E. sagana and E. taquara, however, show a closer
association with particular plant species. Both spider species preferentially rest on dead
vegetation, against which they are strongly camouflaged, versus live vegetation (see images
in Souza et al. [88]). A comparison of the relative frequencies of plant species in the
spiders’ preferred edge habitats with the relative frequencies of plant species used for
web construction provides evidence for some level of host plant specificity. Eustala taquara
occupied the fleabane Conyza bonariensis significantly more frequently than other plant
species, whereas E. sagana significantly more frequently occupied a different weedy plant
species, Hyptis suaveolens [88]. Preferential use of these plant species for web construction
and retreats may reduce conflict between the two spider species in an area of range overlap
along an elevation gradient [88].
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The evidence for even stronger associations between Eustala spiders and specific plant
species comes from research in central Panama. Eustala oblonga and E. illicita are found
in abundance on the ant acacias Vachellia melanoceras and V. collinsii on the Atlantic and
Pacific sides of the Continental Divide, respectively [11,12,89]. Remarkably, on plants on
which patrolling acacia ant mutualists tolerate few other animal interlopers, these two
spider species construct webs at night and rest by day on the acacia leaves, branches,
and thorns, where they are mostly ignored (or undetected) by the ants; they also breed
and construct egg sacs on the acacias (Figure 1). Neither E. oblonga nor E. illicita prey on
patrolling ants, but they do capture dispersing acacia ant alates in their webs in addition
to many other flying insects [89]. Surveys of 50 V. melanoceras acacias, 50 neighbouring
non-acacias (J.D. Styrsky and J.N Styrsky, unpublished data), 18 V. collinsii acacias, and
18 neighbouring non-acacias [11] showed that both E. oblonga and E. illicita, respectively,
are found almost exclusively on ant acacias (Figure 2). Although neither spider is typically
encountered elsewhere in the forest understory, a few individuals of both species were
observed resting on dead, weedy, roadside vegetation in Parque Nacional Soberania and
Parque Natural Metropolitano, respectively (T. Hesselberg and J. Styrsky, unpublished
observations), raising the possibility that their association with ant acacias may not be
entirely obligatory.

Figure 1. (A) A female (left) and (B) male (right) Eustala oblonga on the foliage of Vachellia melanoceras
in Parque Nacional Soberania, Panama. (A) An adult female E. illicita and her egg sac on V. collinsii
near Madden Dam, Panama. Note the patrolling acacia ants on the leaflets and the thorns.

Despite whether or not E. oblonga and E. illicita are truly host-plant-specific, they are
seemingly adapted to inhabiting ant-defended acacias. Patrolling acacia ants regularly
encounter the spiders as they rest on the plant surface, often stopping to antennate them
before moving on, unperturbed. The spiders typically refrain from reacting to the ants even
if the ants walk directly over them. An experiment comparing the reaction of Pseudomyrmex
satanicus ants on V. melanoceras to active versus immobilised E. oblonga spiders showed
that immobilised spiders did not elicit an aggressive response in the ants. Moving spiders,
however, immediately incited ants to become agitated and attack [12]. In response to ant
aggression, the spiders either retreated to web strands or, more frequently, ran a short
distance and then stopped and crouched against the plant surface, thereby preventing
detection by the ants. In contrast, another araneid orb-web species from the surrounding
understory used in this experiment, Argiope argentata, reacted quite differently. If they were
confronted by patrolling ants, instead of running a short distance and then sitting still, they
continued to run, further stimulating ant aggression until they were killed or forced off the
plant [12]. What do these spiders gain by inhabiting plants patrolled by dangerous ants? In
a field experiment in which entire acacia ant colonies were removed from V. melanoceras
acacias, the abundance of E. oblonga spiders decreased significantly over time compared to
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control acacias. Concomitantly, the abundance of natural enemies of spiders increased on
the acacias from which ants were removed, perhaps because they were no longer deterred
by patrolling ants. These results suggest E. oblonga spiders may be adapted to exploit their
hosts’ ant–acacia mutualism for enemy-free space [13].

Figure 2. (A). Eustala oblonga abundance on Vachellia melanoceras acacias and randomly selected
neighbouring non-acacias in Parque Nacional Soberania, Panama (ltwo sample t-test: t98 = 10.97,
p < 0.0001). (B). Eustala illicita abundance on V. collinsii acacias and randomly selected neighbouring
non-acacias in Parque Natural Metropolitano, Panama (Mann–Whitney U test: U18 = 5.6, p < 0.0001
from Hesselberg and Triana [11]). Error bars in both panels represent the standard error.

Besides employing behavioural mechanisms to avoid ant aggression, E. oblonga and
E. illicita may also mask their presence on the acacias chemically, either by synthesising
or absorbing odours into their cuticles of the Pseudomyrmex ant mutualists or their host
acacias. Chemical mimicry of host ants has been documented in spider myrmecophiles in a
few families that are either predators of ant larvae or kleptoparasites of ant prey (reviewed
in Cushing [90]), but such an interaction has not been documented for any araneid spider.
Bolas spiders, which are web-less spiders in the family Araneidae, demonstrate that araneid
spiders can use chemical mimicry as they emit volatiles that mimic the pheromones of
female moths to lure the males close so that they can catch them with their bolas [91].

A preliminary investigation of the chemical mimicry hypothesis provides conflicting
evidence for this. In a translocation experiment (K. Marvin and J.D. Styrsky, unpublished
data), freshly killed E. oblonga and E. illicita spiders were moved to either a different indi-
vidual of their own host acacia species or to non-host acacia species across the Panamanian
isthmus, and the time until the spiders were attacked and dragged off the foliage was
recorded. The spiders were frozen immediately before being placed on acacias to isolate
any effect of chemical camouflage from spider movement that might stimulate ant aggres-
sion. Failure-time analyses showed that E. oblonga spiders were attacked by patrolling
ants significantly more rapidly on non-host acacias (V. collinsii) than on their own host
acacias (V. melanoceras) (Figure 3A). Further, patrolling ants were significantly more likely
to lunge at (a confrontational encounter but not an actual attack) E. oblonga spiders on
non-host acacias than on their host acacias. These results could suggest that E. oblonga
spiders were ‘chemically familiar’ to the ants on the spiders’ host acacias, but that the ants
on the non-host acacias perceived E. oblonga spiders as foreign. Contradictory to these
results, however, E. illicita spiders were no more likely to be lunged at, and were attacked no
more frequently on non-host acacias (V. melanoceras) than on their host acacias (V. collinsii)
(Figure 3B). These results are difficult to interpret. At this point, the cuticular chemistry
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of neither the spiders nor the ants has been analysed to further investigate the chemical
mimicry hypothesis.

Figure 3. Results of Cox proportional hazards failure-time analyses comparing the percentage of
survival over time. (A). E. oblonga spiders transferred from their home host plant (V. melanoceras) to
either another host acacia or a non-host acacia (V. collinsii) (X1

2 = 15.41, p < 0.0001). (B). Eustala illicita
spiders transferred from their home host plant (V. collinsii) to either another host acacia or a non-host
acacia (V. melanoceras) (X1

2 = 0.21, p = 0.65). These experiments were conducted in Parque Nacional
Soberania and Parque Natural Metropolitano, Panama in 2008. Error bars in both panels represent
the standard error.

The cues Eustala oblonga and E. illicita use to find and discern their respective host
acacias from the surrounding understory vegetation are also currently unknown. Vachel-
lia melanoceras is sparsely distributed within its range on the Atlantic side of central
Panama [89], potentially making it difficult to target. Despite this low density, mature
V. melanoceras acacias (10–15 m in height) can host hundreds of adult E. oblonga spiders (J.D.
Styrsky, unpublished data). Vachellia collinsii can occur in greater densities in the Pacific
side of Panama, but it depends on the particular site [89]. Previous work shows that spiders
that are associated with plants use visual, olfactory, and tactile cues to locate specific plant
species (reviewed in Vasconcellos-Neto et al. [9]). Given that some spiders are sensitive to
plant volatiles, as discussed above, it is possible that E. oblonga and E. illicita use volatiles
produced by the acacias or their acacia ant mutualists to locate host acacias. In a simple
choice experiment (D. Clement and J.D. Styrsky, unpublished data), adult E. oblonga spiders
were offered freshly collected foliage of V. melanoceras in one 15.5 cm diameter tube chamber
and freshly collected foliage from another understory woody plant haphazardly selected
from the immediate vicinity of the acacia in a second chamber. The same experiment was
set up to test E. illicita spiders using the foliage of its host plant, V. collinsii. Individual
spiders were placed in a shorter and narrower tube in between the two plant chambers and
left for twelve hours. In 13 out of 16 trials, E. oblonga spiders were found occupying the
acacia foliage (i.e., not just in the chamber with the foliage). Similarly, in 14 out of 16 trials,
E. illicita were found occupying the acacia foliage. In both experiments, acacia ants had
been removed from the acacia foliage before placing the foliage in the chambers, but their
cuticular hydrocarbons might still have been detectable.

3.2. The Linyphiid Laetesia Raveni

Examples of close spider–plant associations among linyphiids and other web-building
families, such as Theridiidae, are rare, and often those described as such do not hold
up to closer scrutiny. For example, aside from the previously mentioned Latrodectus
geometricus (see Nishi [92]; Nishi et al. [73]), Dipoena banksii is the only other theridiid
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reported to have a close plant association. This species is commonly found on Piper plants
indirectly through its preferred ant prey, which exclusively inhabits Piper species [93].
Research is especially limited with regard to linyphiids, and most available accounts of
linyphiid–plant interactions are inexplicit, such as the observations by Cresswell [77] and
Milne and Waller [78], and a study by Bomfim et al. [75], which recorded an association
of two Erigoninae linyphiids with the thorny rosette-structured plant Eryngium horridum.
Thorny plants can provide important microhabitats for some web-building spider species,
as demonstrated by Ruch et al. [72] and Rose et al. [54]. The thorns create a complex
architecture that provides sufficient web attachment sites whilst simultaneously protecting
the spiders from disturbances or threats [54,58,72,74]. Interestingly, a new species of
Linyphiidae, Laetesia raveni (Figure 4), recently described by Hormiga and Scharff [10],
has been observed exclusively on two thorny plant species, Calamus muelleri and Solanum
inaequilaterum in Queensland, Australia. The unique case of L. raveni is currently the only
recorded instance of a linyphiid exhibiting host plant specificity. This linyphiid constructs
a dome-shaped web on its chosen host plant, and according to Hormiga and Scharff [10],
the spiders were typically situated upside-down on the web, directly under a leaf that
was positioned at the centre of the web. Often, L. raveni was observed flattening its body
against the leaf when provoked. The authors suggest that this behaviour, combined with
the spider’s unique green colouration, is a form of crypsis (Figure 4). Laetesia raveni was
more common on C. muelleri, a climbing palm with stems densely covered with thorns,
and with the leaflets, stalks, and midribs of the fronds also bearing small spines. Similarly,
S. inaequilaterum has thorns or spines covering the stem and leaves; however, the thorns
are much denser along the stem. There have been two recorded instances where L. raveni
was found on other undocumented plant species, but these plants were seemingly in
physical contact with either C. muelleri or S. inaequilaterum [10]. The ecology of L. raveni
and its unusual association with C. muelleri and S. inaequilaterum requires considerably
more research, especially to: (1) Determine if this is a host-specific association (unpublished
observations from the rainforest reserve in Lismore, New South Wales suggest that it
can be found on other plant species (N. Fisher, personal communication October 2022,
Figure 4)); (2) Further understand whether L. raveni inhabits the host plants for protection
from natural enemies, as seen in Stegodyphus species (see Ruch et al. [72]; Rose et al. [54]);
and (3) Determine if the green colouration and body-flattening behaviour are forms of
passive predator defence (i.e., crypsis).

Figure 4. Photographs of Laetesia raveni (Linyphiidae) showing its close association with vegetation.
(A). Frontal view. Photo taken by Samuel Frankel from iNaturalist. (B). Dorsal view demonstrating
flattening against the leaf of Mallotus philippinensis in a possible camouflage attempt. Photo courtesy
of Nick Fisher from Flickr (dustaway).
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4. How Might Spiders Identify and Locate Their Host Plant?

4.1. Website Choices and Web Building

Web-building behaviour is relatively well studied, especially in tangle-(Theridiidae)
and orb-web spiders (Araneidae and Tetragnathidae), where it follows a generally rigid
pattern of stereotypic behaviours, although with some flexibility [94,95]. On the other
hand, however, we still know very little about the process of habitat exploration and site
selection that precedes web construction [96,97]. Orb-web spiders engage in extensive
site exploration [98], and generally match the shape of their webs to both the available
space [99] and the available silk supplies [100]. Most web-building spiders are not picky
when it comes to attaching their webs to their surroundings and will choose any suitable
structure—usually a rigid or semi-rigid structure in order to avoid web damage from wind
movements [5,101,102]—although some spiders also attach their webs to moving structures,
such as leaves and grass, without it negatively affecting their web-building efficiency or
resultant webs [103]. Linyphiid spiders in grassland, for example, do not show any prefer-
ence for specific plant species, but consistently select tall and stable vegetation to attach
their webs to [5]. Similarly, the desert-inhabiting social eresid spiders, Stegodyphus dumicola,
construct their colonial webs on taller rigid plants with thorns [54]. Individual spiders
seem to select optimal host plants based on the structural properties of the plant, including
their fractal dimension [104], while some web-building spiders select web-attachment sites
on substrate depending on its hydrophobicity [105].

We know virtually nothing about how the few web-building spiders with specific host
plants choose them, but interestingly even these associations can be flexible. For example, as
discussed above, the acacia orb-web spider Eustala illicita is almost exclusively found on the
acacia Vachellia collinsii with only four juveniles out of a total of 117 observed spiders found
in neighbouring vegetation. It nonetheless readily builds webs in sterile plastic frames in
the laboratory [11]. All age classes, from early juveniles to adult females, build webs in
captivity at high web-building frequencies with the webs being, at least superficially, very
similar to the ones built in the wild [11,106]. Spiders in the lab also show a high degree
of flexibility in adapting their web shape to differently shaped plastic frames [99]. No
learning seemed to be involved as the second and third webs constructed in the frames
are no different than the first web [107], which suggests that this flexibility is regularly
needed in their natural habitats. This fits well with the observation that acacia spiders can
be found in high densities on their acacia host plants [13], which presumably gives rise to
competition over suitable web-building spaces forcing some spiders to build at less optimal
sites within the tree, where adaptations to the standard orb web shape and structure are
required. In the case of the web-building spiders that are not closely associated with specific
species of plants, and possibly also for those few that are, suitably structured vegetation for
building webs is probably found by random searching and mechanical contact stimulation,
as web-building spiders typically have very poor vision [108].

Many spiders engage in random dispersal through ballooning either as adults (if
small spiders) or in the early juvenile stages. This involves releasing silk threads into
the wind, where a combination of electric and aerodynamic forces lift the spider into the
air and potentially disperse it over long distances [109,110]. Ballooning is common in
web-building spiders (e.g., [111–114]). Ballooning propensity is highest in spiders living in
open ecosystems, although one study found that some spiders from temperate woodlands
can have high ballooning propensity similar to those of grassland [115]. To our knowledge,
however, no data are available on ballooning propensity in web-building spiders in tropical
rainforests, so it remains currently unknown if spiders associating with specific tropical
forest trees, such as the acacia orb-web spiders in the genus Eustala, discussed in this paper,
use short distance ballooning as a host plant location strategy.

Spiders are known to use short-distance random or systematic search strategies for
locating lost egg sacs and caught prey with examples of the former from cursorial spi-
ders [116] and the latter from web-building spiders [117,118]. On the other hand, while
some spiders are known to be able to find their burrows over long distances, likely using
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compass and path integration [119,120], no information, at least not to our knowledge, is
available on the extent to which spiders rely on random-search patterns to find suitable
web-building sites over longer distances. However, the hypothesis that many spiders en-
gage in random searching and potential trial-and-error web-building behaviour on chosen
sites is strengthened by the observations that some orb-web spiders, despite extensive site
exploration prior to web-building [97], build a smaller explorative web when building at a
new location [98], and readily move their webs when encountering low prey capture, or
when suffering web damage [70,121,122].

4.2. The Use of Chemical Cues and Communication in Spiders

The alternative to the random or systematic search strategies for finding suitable plant
hosts discussed above is a more targeted strategy using chemical cues. Spiders are known to
use chemical cues in sexual communication, especially in relation to males locating females
through silk-borne [123] or cuticular cues [124]. We refer readers to the recent excellent
review by Fischer [19] on chemical communication in spiders focusing on a methodological
overview on how to study their pheromones. Spiders can also detect predators such as
ants through semiochemicals [125], and they are sensitive to the chemical cues of potential
predators [126,127]. The wolf spider Pardos milvina, for example, alters where it forages
when it chemically detects one of its predators, the larger wolf spider Trigrosa helluo [126].

Many spiders associated with ants use chemical cues from the ants to prey upon
them. The mimicry of cuticular hydrocarbons (CHCs) is recognized as one of the most
common mechanisms that myrmecophiles and termitophiles use to deceive their host [128]
but evidence from spiders is scarce. The jumping spider Cosmophasis bitaeniata uses the
CHC mimicry of its ant host Oecophylla smaragdina to prey on larvae [129]. Interestingly,
the spider does not acquire the chemical mimicry by physical contact with the adult ants,
but it acquires it from eating the larvae, and the variation in CHCs profiles across spiders
is colony-specific [130]. Another foraging strategy is chemical eavesdropping, as in the
myrmecophagous jumping spider Habrocestum pulex, which initiates predatory behaviours
when presented with airborne and soilborne chemical cues from the ants [21]. Chemical
eavesdropping can show phenotypic plasticity, as seen in the jumping spider Cyrba algerina,
which varies its responsiveness towards spider prey odours depending on whether the
prey species cohabits with the spider or not [131]. Eavesdropping can also be used by
ant-mimicking spiders to find their mimetic model ant species (Batesian mimicry) without
preying on the ants [132]. In other instances, spiders seem to choose a habitat that increases
their chances of foraging success. For example, the western black widow Latrodectus
hesperus prefers to build its webs in microhabitats where it detects the residual chemical
cues of house crickets [133].

As discussed in the ‘spider–plant associations’ section above, spider–plant interactions
are now widely described and plants with rosette-shaped clusters of leaves or tri-chomes
are the most common plant architectures to have associations with spiders [9]. The evi-
dence that some spiders select plants with similar architectural features by using visual
cues is strong (reviewed in Vasconcellos-Neto et al. [9]), but few studies have explored
whether chemical signals are involved in host plant recognition. However, the examples
are known to include the nursery web spider [134], crab spiders [22,135], and jumping
spiders [136]. For instance, pitfall traps baited with eugenol—which is a flower component
fragrance—caught more individuals of two Thomisus species (Thomisidae), as compared
to controls [22]. Similarly, Thomisus spectabilis chose the same flower more often than a
honeybee, when there was a flower odour signal present [135]. Interestingly, chemical
recognition of the host plant is species-specific in some cases, with some plant chemicals
inducing responses in some spiders but not in others [134,137]. Thus, it remains a possibility
that the Eustala spiders use plant volatiles to locate their hosts.
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5. Conclusions and Future Directions

We found, despite extensive literature searches, only two examples of web-building
spiders showing host specificity, and even in these two examples, some individuals were
observed on non-host plants. Our study, therefore, suggests that web-building spiders in
general are less likely to form one-to-one associations with specific species of plants than
cursorial spiders (see also Vasconcellos-Neto et al. [9]). One reason for this could be due to
a lack of research focusing on looking for these relationships in web-building spiders, but
it is likely that they are in fact rare since web-building spiders create their own modified
microhabitat with the web acting like an extended phenotype [138]. If the surrounding
vegetation is reduced to just providing support or shelter for the web [97,139], it stands to
reason that web-building spiders have a far less intimate relationship with the vegetation
than the cursorial spiders that spend most of their life in direct contact with one or a few
species of plants.

More studies on host plant and web-site preferences are needed in web-building
spiders, especially of smaller spiders, such as many linyphiids and some theridiids, which
construct small webs fully within a single plant. Undoubtedly, more examples of host
specificity in web-building spiders await discovery, especially from tropical regions where
the diversity of these spiders is highest. We also need more detailed studies on the known
interactions as many unanswered questions remain, including whether spiders that use
several host plant species [57,61] rely on the physical attributes of the plants or if instead
these plants share similar chemical profiles or particular molecules that facilitate recognition.
Spiders that specialise in certain plant families as host plants [61] are good candidates to
address these questions. Furthermore, ontogenetic variation should be integrated into the
study of spider chemical ecology. For instance, plant specialisation in the Japanese foliage
spider, Cheiracanthium japonicum, seems to develop with age, with juveniles and adults
using different plant species in some cases [140].

In the present study, we found one very interesting and well-evidenced example
coming from the acacia orb-spiders in the araneid genus Eustala, which seem to use the
acacia and their ant protectors for enemy-free space [13] without causing any significant
harm to either the plants or the ants [89]. The particularly interesting aspect of this example
is that we currently know of two species of Eustala that are associated with two different
species of Vachellia with their own specific species of Pseudomyrmex ants [11,12]. While a
few individuals have been found in nearby vegetation, particularly in dead vegetation
as is common in other species of Eustala [86,88], this indicates a high degree of host
specificity, probably aided by a combination of behavioural and chemical mimicry to avoid
attacks from the resident ants [12]. These findings and the preliminary data we discuss in
Section 3.1 above suggest that both Eustala species may use chemical cues to discern host
acacias. However, to confirm this hypothesis, larger and more detailed studies on both
short-distance (centimetre scale) chemical attraction in laboratory behavioural assays with
Y- or T-mazes, and longer distance (meter scale) navigation in the laboratory and in the
field are needed to determine the potential role of plant volatiles and/or ant pheromones
for host location identification. Similarly, we need a combination of behavioural and
cuticular chemistry studies (such as comparing surface chemistry profiles in spiders, ants,
and acacias with GG-MS) to determine the degree to which E. illicita and E. oblonga rely
exclusively on measured behavioural responses [12] to avoid getting attacked by the
aggressive Pseudomyrmex ants.

The scattered distribution of acacias within the rainforest could also suggest that they
can be viewed as habitat islands from the perspective of the spiders and insects that utilise
the ant–acacia system [141]. Thus, studies on the mechanisms behind targeted navigation
and host-finding mechanisms could be combined with studies on gene flow between spider
populations on individual trees or groups of trees in different parts of the same forest.
DNA sequence differences, usually from mitochondrial genes, can be used to determine
pairwise FST differences among samples collected at different geographic scales [142]. This
method has been successfully used with orb-web spiders several times, including Lee
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and co-workers’ [143] study revealing a high level of gene flow between Nephila pilipes
populations across a mountain range in Taiwan. The surprisingly high interconnectedness
between these spatially isolated populations is almost certainly caused by long distance
dispersal via ballooning, which many spiders engage in [144]. It is currently not known if,
or to what degree, Eustala orb spiders engage in ballooning, but studies on the propensity
of ballooning, which can easily be quantified in the laboratory [112], could be fruitfully
combined with studies on gene structure to further cast light on the intimate relationships
between these spiders and their host plants.

The wide range of questions that can be asked and answered in the spider–ant–acacia
system indicate that this system makes for an ideal model system for evolutionary and
ecological studies, especially as comparative studies can be conducted on different closely
related species and because strategies can be contrasted with other arthropods that utilise
the swollen thorn acacias for enemy-free space, or engage in parasitic interactions with
either the ants or the acacias [145,146].
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Simple Summary: Spiders often use their webs as sensory mechanisms, obtaining from them such
information as the location of prey, the presence of rival spiders, and the characteristics of potential
mates. Examining how this information is transmitted through the web and received by spiders is a
promising biological area of research that could provide insight into a spider’s world and lead to
new technologies that leverage these discoveries. In this paper, we develop a novel noncontact tech-
nique using two video cameras that is capable of analyzing vibrational signals transmitted through
spiderwebs and validate this technique against the current standard of laser Doppler vibrometry.
By combining the principles of stereo vision and video vibrometry, we can automatically extract
three-dimensional vibrational information at any point in the spiderweb across time, and study how
these signals propagate through the web. We show that this technique produces results comparable
to those of standard laser vibrometry.

Abstract: From courtship rituals, to prey identification, to displays of rivalry, a spider’s web vibrates
with a symphony of information. Examining the modality of information being transmitted and how
spiders interact with this information could lead to new understanding how spiders perceive the
world around them through their webs, and new biological and engineering techniques that leverage
this understanding. Spiders interact with their webs through a variety of body motions, including
abdominal tremors, bounces, and limb jerks along threads of the web. These signals often create
a large enough visual signature that the web vibrations can be analyzed using video vibrometry
on high-speed video of the communication exchange. Using video vibrometry to examine these
signals has numerous benefits over the conventional method of laser vibrometry, such as the ability
to analyze three-dimensional vibrations and the ability to take measurements from anywhere in the
web, including directly from the body of the spider itself. In this study, we developed a method of
three-dimensional vibration analysis that combines video vibrometry with stereo vision, and verified
this method against laser vibrometry on a black widow spiderweb that was experiencing rivalry
signals from two female spiders.

Keywords: spiderweb vibrometry; video vibrometry; black widow

1. Introduction

A spider’s web communicates a vast amount of information to its owner, in the form
of vibrations that thrum through the structure. Although we are familiar with the ability
of spiders to use web vibrations to identify and sense the positions of prey, intruders, and
potential mates, the exact mechanisms behind how this information is transmitted remain
a mystery, even for the simplest case of the planar orb web [1–5]. For more complex three-
dimensional webs, such as those built by the western black widow (Latrodectus hesperus,
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Chamberlin and Ivie 1935), understanding how a spider might perceive these signals is an
even more daunting task. To advance this quest of understanding spiderweb vibrations,
we must first develop a reliable and flexible method for experimentally determining the
vibrations present in a web that might be sensed by the spider. Recent advances in the
field of image processing and computer vision allow for the recovery of motion signals
through the analysis of high-speed video, which is the technique we used in this paper to
examine and validate visual signatures of rivalry signals in the webs of our model species,
L. hesperus [6–8].

The current state-of-the-art method for the vibration analysis of spider-related signals
is laser Doppler vibrometry, which has commonly been used to examine the webs of
L. hesperus [9–13] and both three-dimensional webs and planar orb webs built by other
species [2–5,14,15]. A typical experiment utilizing a laser vibrometer involves recording
vibrational data using one or more laser vibrometers aligned against the web structure
or against the body of a stationary spider while the web is undergoing excitation from
some signal, typically a shaker that can oscillate the web at a chosen range of frequencies.
The insights gained by this spiderweb vibrometry are diverse. Previous studies have
examined such things as the signal attenuation in webs for the different vibrational modes
to hypothesize which propagation modalities in the web might carry the most consistently
valuable information for a spider [2–4,10], the speed of sound and tension in webs to
hypothesize how a spider might perform prey localization [4,14] or tune its web to create
the most beneficial acoustic characteristics [15,16], and the vibratory characteristics of prey
and mate signals that correlate to whether the owner of the web illicits a predatory or a
courtship response [9,10].

Using laser vibrometry to analyze spiderwebs has a number of significant challenges:
Although it is possible to align a laser vibrometer’s beam against a single strand or junction
of the web, vibrations often cause the strand to leave the narrow focus of the laser, making
this method of data collection unstable [4]. Additionally, L. hesperus are often fairly mobile
during communication events, eliminating the possibility of aligning the laser against the
spider itself, as has been done in former studies where the spider remained stationary in
the center [2–4]. Previous studies using laser vibrometers have attempted to counteract this
problem by aligning the laser against foreign objects such as squares of reflective tape or fly
wings suspended in the web, although this has the potential to change the structure of the
collected signals and can be a painstaking process [4,10,12,13]. Another limitation of laser
vibrometry is the single-point nature and one-dimensionality of its data. Web vibrations
can occur in transverse, longitudinal, and lateral modalities, and the type and quantity
of information transmitted by each modality are still unclear [2,4,5,10]. Previous studies
have responded to the one-dimensionality of laser vibrometry data by either limiting
their investigation to only one of these modalities [12,13], or by performing multiple laser
vibrometer recordings at different angles and relying on the planar structure of the web
to inform the modality of vibrational data being recorded [2,4,5,10]. Although multiple
laser vibrometers can be deployed to increase the information gained per experiment,
the capability to compare vibrations across the entirety of the web and for each of the
vibrational modes for the same experiment requires a new method of vibrometry.
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Figure 1. (a) Western black widow—Latrodectus hesperus. (b) Phase shifts from complex transforms:
by the Fourier shift theorem, a spatial time-shift of a signal corresponds to a phase-shift in the complex
domain. (c) Similarly, texture shifts in images correspond to phase-shifts in the complex domain in
video vibrometry. Even if a feature moves less than a pixel, this motion registers as changes in pixel
brightness values that can be used to automatically estimate motion velocity. (d) Pinhole camera
model with augmented object position from video vibrometry in red [17]. An image is projected onto
a focal plane in the camera’s coordinate frame using internal parameters, such as pixel resolution and
focal distance, and then the focal plane can be placed in the world frame using external parameters,
such as the camera’s position and orientation. A line is drawn from the camera focal point to the
object in the focal plane. This line passes through the object in 3D space. If pixel movement values
are known, this line can be shifted to get an augmented 3D position.

A high-speed video taken of the web as a whole can be used to analyze vibrations
visually present in the web or spider without the need for careful alignment of the mea-
surement instrument. Using phase-based video vibrometry on cropped subsections of this
video allows for vibrometry to be performed in specific locations without the need for pixel-
tracking of specific features, so long as there is sufficient degree of pixel value variation, or
"texture" in the chosen analysis region. As this technique extracts information from changes
in pixel brightness as texture gradually shifts from one pixel to the next, video vibrometry
can give displacement resolutions as small as tiny fractions of a single pixel. The method is
sensitive enough that it has been shown capable of reproducing intelligible human speech
through analysis of high-framerate video of objects near a person speaking [7]. Although
this noncontact technology has been previously used to examine biological phenomena
such as microsaccades in the human eye [18,19] and human pulse rates through minute
changes in skin color [20], it has yet to reach widespread use in the field of biology. In
addition to the convenience of being able to analyze information across the entirety of a
spiderweb without regard to specific sample location, video vibrometry provides vibration
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measurements in both the vertical and horizontal axes of the video, compared to the single
depth axis of information collected using a laser [6]. This property makes it possible to
apply the principles of stereo vision to video vibrometry, and combine information from
two simultaneous videos of the spiderweb to analyze vibrations happening in all three
spatial dimensions and at multiple points across time. This is of particular importance to
black widow webs, which are highly three-dimensional mesh structures and have multiple
vibrational modes in each dimension.

In this study, we developed a novel technique of three-dimensional vibration analysis
by combining stereo vision and phase-based video vibrometry, and then applied this tech-
nique to extract three-dimensional vibration information from a black widow spiderweb
during female–female displays of rivalry. We first describe the technique in detail, and
then verify this method by comparing results from stereo vibrometry with information
extracted with a laser vibrometer from a paper cube suspended in the web. We then discuss
information that we can gain from stereo vibrometry that would be difficult to collect with
a laser.

2. Background

This work combines two areas of research: video vibrometry and stereo vision.

2.1. Video Vibrometry

Video vibrometry extracts approximations of pixel velocity values from shifts in
pixel brightness values between two adjacent video frames in regions of large pixel value
variation without the need for the selection and tracking of specific features. Repeating
this process for sets of adjacent frames in the video gives estimates of local motion in the
horizontal and vertical coordinates of the video over the length of the examined time. The
principles of phase-based video vibrometry lie in the application of the complex-valued
pyramid transform, which is constructed by repeatedly applying a complex filter across
multiple orientations and spatial scales [6]. This transform moves information from the
real-real time domain to the real-imaginary complex domain, which has been shown to be a
more reliable format for signal analysis [6,21,22]. Just as a spatially translated signal results
in a change in phase in the complex domain through the Fourier shift theorem, spatial
translation of pixel intensity values in subsequent frames of a video result in changes
in phase through the complex-valued pyramid transform. This concept is illustrated in
Figure 1b,c. Complex filters have been used for many computer vision tasks, including
image orientation analysis and edge detection [22]. These pyramids are constructed for
consecutive frames, and phase differences in these pyramids correspond to spatial shifts
in texture.

2.2. Stereo Vision

Two images from different cameras can be combined by leveraging the pinhole camera
model, shown in Figure 1d [23]. First, the image is projected from the image plane onto
a focal plane in the camera coordinate frame at a fixed distance in front of the origin.
This transformation of the image is performed using the camera’s intrinsic properties: the
resolution of the image, the location of the center pixel, and the focal length of the camera,
which determines the millimeters per pixel in the focal plane. The focal plane projection is
then moved to the world frame using the camera’s extrinsic properties: how the camera is
positioned in the world frame and the pan/tilt rotation of the camera. The line connecting
the camera’s focal point to the representation of an object in the transformed image in the
camera’s focal plane will pass through that object in 3D space. This process is repeated for
the second camera, and the intersection of these two lines is the approximate position of
that object in 3D space.
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3. Materials and Methods

To conduct our experiment, we first positioned a transparent box containing a female
L. hesperus specimen and web on a vibration isolation table, along with two cameras and
a laser vibrometer. A second female was placed inside the box on the web, and data
from the ensuing confrontation were captured from the three instruments. Calibration of
the cameras was conducted using approximate measurements taken of their respective
positions relative to the spiderweb, and then refined using known measurements from
the videos. The data from the communication exchange of web-jerk events from the web
owner captured with the cameras were then processed using video vibrometry.

3.1. Experimental Setup

For the experiment, two Chronos 1.4 high-speed monochrome cameras (Kron Tech-
nologies Inc., Burnaby, BC, Canada) were rigidly attached to a vibration isolation table
such that the only possible allowed movement of the cameras relative to the table were pan
and tilt rotations. These cameras were both connected to the same trigger, which signalled
capture of the synchronized videos. The cameras were set to record 16 s of video filmed at
a framerate of 1000 fps and a resolution of 600 by 800 pixels.

In the center of the vibration isolation table was placed a 30 cm transparent cube in
which a female L. hesperus had constructed a web. On the front of the cage we placed a
2.54 cm square grid for use in camera calibration. The web was lit from above to provide
good contrast of spiderweb features against the dark cage background. Measurements
were taken with a tape measure to determine the horizontal position of each camera with
respect to the front face of the cage. The maximum angle of the cameras with respect to
each other was constrained by visibility into the cage, which was opaque on the sides.

A PDV-100 laser vibrometer (Polytec Inc., Irvine, CA, USA) was positioned between
the cameras, and measurements were taken to determine its position relative to them. Days
before the experiment, small paper cubes were sprinkled into the spider’s web, and the
spider was given time to cut down some of the cubes. The laser vibrometer was aligned
against one of the remaining cubes.

An “intruder” L. hesperus was placed on the web while the spider who built the
web was in the retreat. The laser vibrometer was set to record the entire interaction,
and the cameras captured 16-second bursts of actions whenever the experiment operator
determined a communication exchange was occurring. Video pairs with large amounts of
activity were saved and later used for calibration and analysis.

3.2. Camera Calibration

Camera calibration can be performed using any software that minimizes error in pre-
dictions for camera pose, camera focal length, and camera pixel size using given calibration
points in each video. The specific methodology employed for camera calibration in this
work is described in this section.

The world coordinate frame axis directions were defined relative to the front face of
the spider cage. Positive X pointed to the right on the front face, positive Y pointed up, and
positive Z pointed towards the cameras away from the cage. The positions of the cameras
in the XZ plane were assumed known from the measurements taken during experimental
setup, and the resolution of the video and location of the center pixels used for the intrinsic
transformation were known from the camera settings. The remaining unknown parameters
were the pan and tilt angles of each camera, the Y translation of the cameras relative to the
spider cage, and the focal distances of the cameras.

To eliminate the need for knowledge of camera Y displacement relative to the vibration
isolation table, the origin was chosen as the point halfway between the walls of the cage
lying on the horizontal epipolar line of the video. The horizontal epipolar line was found
by locating the intersection of the eight lines in each video that are parallel to the XZ plane
(the top and bottom of each cork triplet, and top and bottom of each horizontal slit in the
walls of the cage, seen in Figure 2). As the only allowed rotations of each camera are pan
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and tilt, the horizontal epipolar line represents the XZ plane that contains the focal points
for both cameras, and Y translation can be considered zero.

To calculate the remaining unknowns of pan angle, tilt angle, and focal distance,
calibration points were selected that were known to lie on the XY plane. As the dimensions
of the cage were known, the points on the horizontal epipolar line that intersect with the
cage walls have known positions. For each 2.54 cm square grid taped to the front of the
cage, the four corners have known distances relative to each other.

An initial guess for the pan angle, tilt angle, and the focal distance were taken, and
the discretized parameter-space around this point was exhaustively searched for the con-
figuration that minimized the summed squared error of the origin, the cage wall points,
and the distances between the points on the calibration squares for each transformation.
Resulting errors between the known locations of the calibration points and the estimated
positions of calibration points projected onto the front of the cage using the minimum-error
configuration were all less than half of a millimeter. This minimum-error prediction of
the pan/tilt angles and the focal distance along with the known camera translation and
resolution comprised the final transforms used to analyze stereo data of the spiderwebs.

Figure 2. A frame from the right camera video used in the calibration process: The green point
represents the chosen origin along with coordinate axes, and blue points represent coordinates with
known distances to the origin or between each other. Regions highlighted in red were cropped in
order to obtain local motion signals for that area of the web. A strength of the video vibrometry
technique is that although the spiders are barely visible in this frame, local variations in pixel intensity
over the course of the video are sufficient to predict vibrational motion for the spiders without the
need for pixel tracking of specific spider features.

3.3. Stereo Analysis

In order to extract the stereo vibration information from the videos, each video was
first cropped down to the region to be analyzed. This was done for both the resident and
intruder spider and for the paper cube that the laser was aligned against.
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Complex-steerable pyramids were constructed for each cropped video using the
complex filter taps outlined in [22], which have been used previously for similar work [6,21].
For each frame of the video, the layers of the pyramid are constructed by downsampling the
base image of the previous layer by a factor of two, then applying a complex filter pair to the
downsampled base image for both the horizontal and vertical direction in the video. “Phase
changes”, which correspond to shifts in pixel intensity between two frames as objects move
relative to the camera, were extracted from the pyramids for each pixel across both videos
and the phase signals were denoised: first spatially using an amplitude-weighted blur to
squash noise in textureless regions of the video, and then temporally using butterworth
mid-pass filters built to pass signals from 5 to 100 Hz. The denoised phase velocity signals
were integrated to get displacement estimates for each pixel, and the displacement signals
were averaged over the entirety of the cropped region to give local motion estimates in
camera frame X and Y in units of pixels for each region of interest. These video vibrometry
operations were performed with the aid of a Matlab GUI written for this purpose, available
on github https://github.com/NathanJustus/VideoVibrometry_MatlabApp (accessed on
15 March 2022).

Stereo data composition was achieved by first finding initial pixel coordinates repre-
senting the spider or cube being analyzed in the first frame of each video. This task was
performed by hand for each camera. These points were then projected onto that camera’s
focal plane in the world coordinate frame using the intrinsic and extrinsic transformation
parameters found during camera calibration, and constructing the line connecting that cam-
era’s focal point to the point to be examined in the focal plane. The point that minimized
the distance to the corresponding line from each camera served as our guess for the object’s
initial position in space.

The initial pixel position of the object in each video was then augmented using the
pixel displacement estimates calculated using video vibrometry, and the transformation
process was repeated to obtain the new predicted position. Carried out for both videos,
this produced a 3D local motion estimate across time for the region being examined.

Finally, for comparison with the laser vibrometer, the 3D displacement data were
projected onto the line connecting the predicted coordinates of the paper cube the laser was
aligned against to the measured position of the laser vibrometer relative to the cameras.
Stereo data were aligned to the laser data manually by examining the time signatures of
major signalling events.

4. Results

To examine the results of this experiment, we first validate measurements of the signals
created by the L. hesperus and captured with stereo vibrometry against the measurements
of the signals captured with laser vibrometry. Once our confidence in the method is
confirmed, we examine data collected with stereo vibrometry for insights that cannot be
attained through similar measurements taken with laser vibrometry.

4.1. Signal Pattern Analysis of Paper Box

From the laser vibrometry web displacement estimates illustrated in the top portion of
Figure 3a, it is clear that the signals were composed of two sets of three individual events.
The first three events (from 0 to 5 s) are visible only in the laser vibrometry signal and are
much smaller. These events lie within the noise of the stereo data from the paper box. For
the laser, the noise in regions with no recognizable signal is around 1 mm, and the noise of
the stereo method in the same region is approximately 2 mm. Most of the noise present
in the stereo vibrometry data is likely due to stereo calibration error and to the fact that
the vibrations were projected onto the axis of laser vibrometer measurements, which is
one of the hardest axes to measure. As motion in this axis tends to move objects towards
and away from each camera rather than side to side or up and down, this motion is fairly
difficult to detect using stereo vision. The raw video vibrometry displacement data have
an ambient noise of approximately one hundredth of a pixel, making it much less noisy
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to measure signals in other axes. This noise could likely be improved by mounting the
cameras further apart from each other or by using better software specifically designed for
the general problem of camera calibration for stereo vision.

The latter three signals (from 6 to 16 s) were more intense and were picked up fairly
equally by both stereo and laser vibrometry. Both methods estimate peak displacement
amplitudes of 20 to 30 mm, but the stereo vibrometry signal prediction decays slightly
faster than the laser vibrometry prediction. These are rather large-amplitude vibrations.
In general, stereo vibrometry will be most useful when analyzing motions that are large
enough to cause significant changes in pixel brightness (likely on the order of a mm or so in
the case of spiderwebs depending on camera choice and experimental setup) but are also
small enough that they do not cause relevant objects to leave the frame of the video.

It is also worthy of note that the laser vibrometer was oriented approximately with the
Z axis. The cameras each have a rotation angle of approximately 15 degrees with respect to
the Z axis, giving them individually very little information about vibrations in this axis.
However, by combining their information using this stereo technique, vibrations in this
most difficult axis to measure can produce results comparable to those of a laser vibrometer.
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Figure 3. (a) Stereo vibrometry comparison with laser vibrometry: The stereo vibrometry data of
a paper cube suspended in the web projected to the laser vibrometry axis correctly identify three
large web jerk events but miss small signals detected by the laser vibrometer. (b) Windowed power
estimates of spiderweb signals: Time-domain power can be used to detect large signals for both
laser vibrometry and stereo vibrometry. (c) Intruder spider displacement from stereo vibrometry:
Using stereo vibrometry on a spider itself rather than a paper cube generates much cleaner signals.
(d) Calculation of the wave speed of the web signal: Video subregions are analyzed using stereo
vibrometry, and the time delay between signal peaks is used to calculate the wave travel time. Wave
speed is calculated using wave travel time and 3D position estimates from stereo vision.
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4.2. Signal Power Analysis of Paper Box

Both the laser vibrometry data and stereo vibrometry data were further analyzed
by applying a filter that estimates time-domain signal power. For stereo vibrometry, this
analysis was performed on the total 3D displacement magnitude predicted of the paper
cube. The results are illustrated in Figure 3b.

The time-domain power estimate comparison with laser vibrometry shows that the 3D
displacement magnitude from stereo vision correctly estimates times of peak power. This
verifies our confidence that stereo vibrometry supplies accurate measurements of signals in
the web. This time domain analysis of stereo vibrometry data is also a technique that could
be useful for future work analyzing the L. hesperus rivalry displays, as it would be feasible
to use this result to automate the extraction of large black widow rivalry signal patterns.

4.3. Stereo Vibrometry Analysis of Intruder Spider

Having verified the stereo vibrometry technique against laser vibrometry, we can use
this process to take measurements not possible with the laser vibrometer. When analyzing
spider rivalry signals, it will likely be most important to measure the signal felt by the
spiders themselves. This measurement cannot be taken with the laser, as the spider shifts
around in the web during the rivalry displays, and the laser must be aligned against a
stationary point. Video vibrometry, however, allows these signals to be measured during
times in the video where the spider remains stationary, even if it has shifted after camera
setup. The y-axis stereo vibration signal for the intruder spider is shown in Figure 3c.

In the displacement signal from the intruder spider, the smaller signals that were
hidden in the paper cube stereo data are now clearly visible. It is also possible to see a
fourth small vibration event between two larger signals at 13 s. This event was hidden
by noise in both the laser vibrometry and stereo vibrometry data from the paper cube in
Figure 3a. This hidden signal found with stereo vibrometry shows that using vibration
signals taken directly from the black widow spiders with stereo vibrometry as opposed
to vibration signals from paper cubes sprinkled in the web can reveal important rivalry
signalling patterns that would otherwise be missed using conventional techniques. This
measurement is only possible using video vibrometry.

As the high mass of the intruder spider relative to the paper cube causes it to vibrate
at a lower frequency with a cleaner signal, the vibration of the spider is much easier to read
with stereo vibrometry than the signal from the paper cube. Additionally, the texture in the
cropped region is dominated by the intruder spider itself rather than individual strands of
the web, so the resulting signal has much less noise.

As noted earlier, because the cameras are positioned at an orientation of approximately
15 degrees with respect to the Z axis, reconstructing vibrations aligned with the axis of
the laser vibrometer produces fairly noisy results. However, by choosing to analyze the
intruder spider vibrations in the Y direction, to which both cameras can capture the full
range of motion, the two camera vibration signals act as multiple sensors reading the
same motion, producing lower levels of noise in the combined result. This aligns with
our understanding of binocular vision in general: it is more difficult to perceive motion
coming towards or away from the viewer than it is to perceive motion going side-to-side or
up-and-down.

4.4. Web Signal Wave Speed Estimation

Rather than analyzing individual points in space, we can also use stereo vibrometry to
characterize the behavior of the web as a whole. For instance, we can use this technique
to estimate the wave speed of the signal as it travels through the web. By examining
the time difference between the first peak displacements of the three large signal events
at the origin of the signal and at the laser-aligned paper cube, we can approximate the
time it takes for the signal to travel across the web. By combining this information with
our knowledge of the three-dimensional positions of these points in space from stereo
vision, we can calculate the wave speed of the signal as it travels through the web. An
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illustration of this process can be seen in Figure 3d. For the three large signals in the video,
the calculated wave speeds were 24.2 m/s, 17.7 m/s, and 16.6 m/s, for an average predicted
wave speed of 19.5 m/s. This estimate is fairly low compared to previous attempts to
measure low-frequency transverse wave speeds using multiple sensors on the web, which
have given results of 67.6 m/s [4] and 109 m/s [14]. Both of these measurements were
performed on planar orb webs, so it is unclear how the speed of sound would be affected
by a web with a three-dimensional mesh structure. Such measurements have been used in
the past to make predictions about how a spider might perform prey localization [4,14],
gather information using signal lines while away from the center of the web [15,16], and
alter the structure of the web to create better acoustic properties [5,16].

5. Discussion and Future Applications

There are a few considerations that must be kept in mind when deciding to use stereo
vibrometry to examine vibrations in spiderwebs or other three-dimensional structures.
The first is that the frequency bandwidth of this method depends on the framerate of the
camera being used to record the vibrations. The Nyquist frequency (one half of the camera
framerate) determines the absolute maximum possible vibration frequency that can be
recorded. However, this upper bound can prove quite noisy, and it is more typical to
limit analysis to a quarter of the sampling frequency: a 1000 frames-per second recording
would typically only be used for frequency analysis up to around 250 Hz, whereas laser
vibrometry has a very high sample rate and is typically rated to measure signals up to
2 MHz [24].

Another consideration that must be thought through before employing this technique
is that of vibrational signal noise, which will depend on experimental design and the vibra-
tional axis chosen to examine. Although the resolution of phase-based video vibrometry has
been shown to be accurate down to a few thousandths of a pixel [6], it is still of much lower
resolution than a laser vibrometer, which is rated on the order of nanometers [24]. Perform-
ing stereo vision also increases the measurement noise over that of two-dimensional video
vibrometry because of camera calibration error and binocular vision effects. A camera can
only effectively measure motion that moves features horizontally or vertically in the image
plane, and so vibrational information from stereo vibrometry will have noise dependent
on the desired measurement axis. In Figure 3a, the stereo vibrations were projected onto
the axis of the laser vibrometer, one of the noisiest possible axes, giving a noise of around
2 mm. However, in Figure 3c a better axis is chosen, giving a noise of around 1/3 of a mm.

In general, laser vibrometry will be more specialized at reading vibrations in a single
dimension at an individual focus point, giving better frequency ranges and sensitivity,
whereas stereo vibrometry allows for more general sample collection throughout the
entirety of the web and in all dimensions at the cost of being limited by the frame-rate of
the camera and the minimum resolution of a pixel allowed by camera focus and placement
of the camera relative to the subject material. When considering experimental design, a
camera with maximum feasible resolution should be placed as close as possible to the
spiderweb in order to maximize pixel density throughout the web, while simultaneously
ensuring that the camera is far enough away that proper focus can be achieved and that the
image is sharp. When considering noise in each vibrational axis, the orientation of the two
cameras with respect to each other plays an important role. Ideally, the two cameras should
be orthogonal. However, this is often not possible because of spider cage design, so it
should be acknowledged that when the cameras are closely aligned, it will be more difficult
to detect motion data in the direction going towards or away from the camera lenses.

Despite the considerations that must be employed for this technique, the benefits are
immense. This technique does not rely on pixel tracking of features but rather autonomous
detection of pixel intensity variations between camera frames, allowing for resolutions
much lower than a single pixel [7]. As stereo vibrometry gives 3D displacement data, the
technique allows for the simultaneous analysis of all of the longitudinal, transverse, and
lateral vibration modes along the spiderweb, presuming that these axes of vibration can
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be intelligently chosen. Another convenience is that video vibrometry can be performed
on any subsection of the video that has adequate focus [6–8]. This means that stereo vi-
brometry allows for simultaneous sampling across the entirety of the spiderweb, allowing
for simple investigations into spiderweb characteristics such as signal propagation speed
and attenuation rates for each of the different vibrational modalities. Although this study
focused specifically on validating stereo vibrometry against laser vibrometry and perform-
ing vibrometry on the spider bodies themselves, potential future work could perform
vibrometry on nodes in the web mesh itself, giving insights into how spider signals change
as they propagate through the web.

For our particular model species of L. hesperus, we hope that this technique can provide
insights into female–female rivalry signals, which we hypothesize could lead to novel
chemical-free signal mimicry techniques in arachnid dispersion that minimize the chances
of black widows being collected with table grape clusters during harvest. Similar research
into vibrational mating signals of another grapevine pest, the glassy-winged sharpshooter
Homalodisca vitripennis [25], has shown that these signals can be exploited and mimicked to
cause disruptions in mating behavior without the application of chemical pesticides [26].
Due to export concerns, pesticides are currently deployed to minimize accidental widow
collection during grape harvest, and non-chemical forms of arachnid dispersion could
alleviate undesirable environmental impacts of pesticides that are deployed to kill otherwise
beneficial inhabitants of the grapevine ecosystem [27]. Other uses of this technique for
spiderwebs include examinations of courtship signals and discovering how spiders might
locate their prey.

Although this paper specifically investigates spiderweb signals, we suspect that this
technique is also applicable to other fields of biology that are typically inaccessible to study
through laser vibrometry, such as the communication of bees and wasps, wing beat patterns
of hummingbirds, and even vibrations in thin plant membranes. Any source of vibration
that can be captured with a high-speed camera may become subject to biological analysis.

6. Conclusions

In this paper, we described an efficient method for measuring 3D motion for vibration
analysis by combining the concepts of stereo vision and video vibrometry. We extracted
the local phases from two videos using video vibrometry, used this phase to estimate
local motion over time in the camera frame, and then used these motion estimates in a
stereo vision model to augment estimates of the 3D position of objects of interest. We
then implemented this method to analyze vibrations in female–female Latrodectus hesperus
displays of rivalry and demonstrated that stereo vibrometry produces results comparable
to those of a laser vibrometer. We also discussed measurements that can be taken from
the spiderweb using stereo vibrometry that are difficult to achieve using laser vibrometry,
such as analyzing vibrations felt by the L. hesperus themselves and estimating the wave
speed of rivalry signals through the web. We think that this technique can make spiderweb
vibrometry more convenient by reducing the experimental burden of laser vibrometry, and
that it opens the door to new studies into how signals propagate through the structure of
a spiderweb.
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Simple Summary: Spiders are common predators found in almost every type of environment, and
are used as model organisms in studies ranging from communication and signalling to biochemical
studies on their silk. Orb spiders are particularly interesting, as their web provides a cost-effective
way to obtain information on their foraging behaviour. However, studies on short-term behaviours
including prey capture and escape behaviours are rare and usually take place in artificial settings,
such as laboratories. In this study, we tested a simple methodology using tuning forks that can be
used consistently and reliably in the field. The two tuning forks are capable of producing attack
(440 Hz) and escape (256 Hz) responses from the spiders. We also used a metal wire as a mechanical
stimulus for comparison, which as predicted, was less reliable. We demonstrate the usefulness of
the methodology by quantitatively investigating how the size of the spider and the size of its web
affect predatory and escape response rates in the autumn spider, although no significant effects of
either were found. However, our results confirm the ease by which this simple method can be used
to conduct behavioural studies of orb spiders in the wild.

Abstract: Spiders and their webs are often used as model organisms to study a wide range of
behaviours. However, these behavioural studies are often carried out in the laboratory, and the few
field studies usually result in large amounts of video footage and subsequent labour-intensive data
analysis. Thus, we aimed to devise a cost- and time-effective method for studying the behaviour of
spiders in the field, using the now almost forgotten method of stimulating webs with tuning forks.
Our study looked at the viability of using 256 Hz and 440 Hz tuning forks to stimulate, anti-predatory
and predatory responses in the orb web spider Metellina segmentata, respectively. To assess the
consistency of the behaviours produced, we compared these to direct mechanical stimulation with a
metal wire. The results suggest that the tuning forks produce relatively consistent behaviours within
and between two years in contrast to the metal wire. We furthermore found no significant effects
of spider length or web area on spider reaction times. However, we found significant differences
in reaction times between escape and prey capture behaviours, and between tuning forks and the
wire. Thus, we demonstrated the potential of tuning forks to rapidly generate quantitative data in a
field setting.

Keywords: prey capture behaviour; anti-predatory behaviour; tetragnatha; ethogram; vibration

1. Introduction

Spiders are the most well-known, most diverse, and arguably the most interesting of
the Arachnida. This has led to their use as model organisms in a wide variety of studies,
ranging from animal signalling and communication [1] and invertebrate cognition [2] to
biomechanical studies on silk [3]. Those that build webs are particularly interesting as, by
using their webs as extended phenotypes, they are capable of detecting and responding to
a wide variety of stimuli [4,5]. Orb spiders are the best-studied web-building spiders for
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a number of reasons; (i) they are abundant and widespread in most ecosystems, (ii) their
highly structured two-dimensional webs are easy to quantify in both the laboratory and in
the field [6,7], and (iii) their webs show impressive plasticity in their geometrical structure
in response to a wide range of physiological and environmental factors [8,9].

Further, the use of spiders in behavioural studies is supported by sufficient documen-
tation of their anti-predatory and predatory behaviours, from families to specific species.
The anti-predatory responses of spiders are best summarised by Cloudsley-Thompson [10].
Their predators fall into two main categories, similar-sized arthropods, and vertebrates
that are much larger. They employ a range of primary and secondary defences against
each predator type [10]. Primary defences reduce the chances of a predator encounter and
include living in crevices, beneath bark or within holes (anachoresis), crypsis/protective
colouration, and phenological adaptations [10]. Secondary defences are more active, and
in orb web spiders, they commonly include flight, thanatosis and rebuff. Flight involves
the spider dropping from the web, which becomes more successful when followed by
thanatosis and/or crypsis. The behaviour of rebuff was first described by Tolbert [11],
during an experiment conducted on Argiope aurantia (Lucas, 1833) and Argiope trifasciata
(Forsskål, 1775), and involves the spiders actively pushing away the stimulus using their
front legs. When acting as a predator, spiders rely on tactile and vibratory cues, detected
through the surface of a leaf or web silk [12]. The predatory tactics of spiders include active
pursuit, sit-and-wait, prey attraction and cautious stalking. However, their dependence
on vibratory cues to reveal prey means sit-and-wait predatory approaches are the most
common [12]. Orb spiders’ prey-capture strategy consists of an initial reaction of turning
towards prey caught in the web followed by gathering information on the location and
possible size of the prey based on vibrations generated by the struggling prey, which is
occasionally supplemented by plucking the threads with its first pair of legs [13,14]. The
spider then approaches the prey before attacking it by either biting and/or wrapping it
with silk [14]. However, these behaviours are almost exclusively studied under unnatural
conditions in the laboratory (examples include [15–17]). Field studies on these naturally
rare events remain scarce, and when they do occur, the methods usually involve large quan-
tities of video footage, and subsequently, time-consuming analysis [18,19] (but see [20]).
Thus, to obtain an integrated view of spider behaviour in the wild, there is a need to
develop an easier and more reliable method. Here, we suggest that one such cost-effective
method could be the now almost forgotten practice of stimulating behavioural responses
with tuning forks contacting the web thread.

This method takes advantage of the highly geometrical structure of the standard orb
web with radii radiating outwards from the hub towards the peripheral frame threads,
which enclose the web with sticky spiral threads overlain on the radii [21]. The stronger and
stiffer radii and frame threads transmit vibratory information from struggling prey to the
spider waiting in the hub of the web, and are therefore the ideal threads to stimulate with
tuning forks [22,23]. The use of tuning forks to study spiders has a long history, with Boys’
study from 1880 [24] being one of the earliest documented examples. Boys approached orb
web garden spiders (species not given, but likely Araneus diadematus (Clerck, 1757) in the
family Araneidae) with a 440 Hz tuning fork and observed the spiders facing and approach-
ing the tuning fork—a clear demonstration of predatory behaviour [24]. In a more elaborate
experiment, Barrows [25] studied the effect of three tuning forks (100 Hz, 487 Hz and an
adjustable fork) and an electric vibrator on the orb weaving spider Larinioides sclopetarius
(Clerck, 1757) in the family Araneidae. It was concluded that the spider orientated itself and
moved toward the stimulus when it was vibrating at an appropriate rate and amplitude [25].
It was also determined that the sensory organs used in detecting the vibrating stimulus
are likely to be mechanosensitive trichobothria found on the tarsus and metatarsus of the
legs [25,26]. Bays [27] conditioned the orb web spider Araneus diadematus (Clerck, 1757)
in the family Araneidae to respond to different prey options, which were associated with
two frequencies, 256 Hz and 523.3 Hz. His experiment revealed that orb web spiders are
able to distinguish between different vibrational frequencies, and that they adapt their

136



Insects 2022, 13, 370

behaviour based on previous experience [27]. More recently, Justice et al. [28] studied the
orb web spider Argiope florida (Chamberlin and Ivie, 1944) in the family Araneidae and
elicited predatory behaviours using a frequency of 100 Hz. Whilst in an experiment con-
ducted by Nakata and Mori [29], a 440 Hz frequency was used to produce anti-predatory
web-building behaviours (webs were more symmetrical in the presence of predator cues)
in Cyclosa argenteoalba (Bösenberg and Strand, 1906) and Eriophora sagana (Bösenberg and
Strand, 1906), both in the family Araneidae.

This historic use of tuning forks demonstrates that they are useful for studying the
predatory and anti-predatory behaviours of orb web spiders. However, the majority of
the studies mentioned above were conducted in a laboratory setting, and only medium-
to-large-sized araneid orb spiders were used. This, combined with the variability in the
behavioural responses generated by different species and different tuning forks, suggests
there is a need for more rigorous and quantitative studies on a wide range of species.
Therefore, in this study, we investigated whether two different tuning forks (256 Hz and
440 Hz) could be used to produce anti-predatory and prey-capture behavioural responses
in the orb web spider Metellina segmentata (Clerck, 1757) from the family Tetragnathidae,
in the field. Additionally, we compared the consistency of the behavioural responses to
tuning forks to those from a mechanical stimulation of the spider with a wire. The practical
use of the tuning forks was also demonstrated to generate quantitative data by comparing
the spider’s behavioural response against both the size of the spider and the web.

2. Materials and Methods

2.1. Study Sites

The following localities situated in Southeast Wales were visited for data collection:
Allt-yr-yn (51◦35′37” N, 003◦00′48” W. 74 m above sea level), Bargoed Country Park
(51◦41′00.1” N 3◦13′30.4” W, 164 m a.s.l.), Cwmcarn Forest (51◦38′13.1” N 3◦05′53.3” W,
193 m a.s.l.), Magor Marsh Reserve (51◦34′31.2” N 2◦49′41.7” W, 5 m a.s.l.) and Wentwood
(51◦38′31.2” N 2◦48′38.4” W, 203 m a.s.l.). These sites were chosen based on their acces-
sibility and historic records which indicated the presence of M. segmentata. The climatic
variables at our studies sites during our survey days (August–September in both years)
ranged from a minimum average temperature of 16.9 ◦C (Allt-yr-yn) to a maximum of
25.9 ◦C (Magor Marsh) in 2020 and from a minimum average temperature of 17.9 ◦C
(Allt-yr-yn) to a maximum of 21.8 ◦C (Magor Marsh) in 2021, while the average relative
humidity ranged from a minimum of 73.6% (Bargoed Country Park) to a maximum of
80.6% (Allt-yr-yn) in 2020 and a minimum of 71.0% (Cwmcarn Forest) to a maximum of
78.5% (Allt-yr-yn) in 2021.

2.2. Study Species

Metellina segmentata is a small-to-medium-sized orb web spider (adult females are
4–9 mm long) in the Tetragnathidae family [30], which, similarly to its sister species
Metellina mengei (Blackwall, 1870), construct horizontally inclined orb webs, and is often
found waiting for prey in the centre of its hub during the day [31]. M. segmentata and
M. mengei are difficult to differentiate in the field, but as the latter is only active in the
spring, we assumed all the adult females tested in this study were M. segmentata. A few
individuals from each location were also taken to back to the laboratory and confirmed as
M. segmentata.

2.3. Data Collection

We used two tuning forks (256 Hz and 440 Hz) and an 8 cm length of wire to study the
behavioural responses of M. segmentata. The frequencies of the tuning forks were chosen
to be within the range of previously studied tuning forks, with the expected responses
based on observations that smaller prey insects, such as mosquitoes, have higher wingbeat
frequencies (500–650 Hz) [32], while larger, and potentially more dangerous insects, such as
bees and wasps, have lower wing beat frequencies (100–250 Hz) [33]. We included the wire
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as we expected the direct physical stimulation to act as a simulation of larger vertebrate
predators, and hence potentially to produce a stronger and more consistent anti-predator
response. Therefore, our expectations were that 440 Hz would tend to generate predatory
responses, while 256 Hz and the wire would generate anti-predatory behaviours.

Data were obtained over two years (2020 and 2021) using slightly different methods.
In 2020, data collection took place between the 8th of August and the 6th of September
and consisted of using the stimuli in the same order every time; first the 256 Hz tuning
fork, followed by the 440 Hz tuning fork, and finally the wire. In 2021, data were collected
between the 1st of August and the 17th of August and here we randomized the order in
which the stimuli were presented to each spider by using a random number generator prior
to going out into the field.

The processes of both methods were the same, with the order in which stimuli were
presented to the individual spider being the only difference. After locating the spider in
the hub of its web, the tuning forks would be hit on an object (i.e., a plastic spray water
bottle) to generate vibrations, and the fork would then be brought slowly towards the web
to touch its frame. The wire would touch the spiders directly on the back of its abdomen.
Between each stimulus, a minimum waiting period of 5 min and a maximum wait time of
20 min was allowed for the spiders to return to the hub if they had responded by escaping
or attacking. Most spiders returned within this time frame. Our methodology was similar
to that of Boys [24], Bays [27] and Justice et al. [28].

To quantify the behavioural responses, the entire response of the spider was written
down in the field, and used to create an ethogram (Table 1). This ethogram consisted of
three broad categories of behaviour, (i) attack, (ii) escape and (iii) no response—these terms
will subsequently be used throughout this report.

The spiders were filmed using a Canon EOS 1300D camera (Canon Inc., Ōta, Tokyo
Metropolis, Japan) and a Canon EF-S 18–55 mm Macro Lens (Canon Inc., Ōta, Tokyo
Metropolis, Japan) —0.25 m/0.8 ft—with a frame rate of 25 fps. Videos S1–S4 recordings
allowed us to clarify behavioural responses and enabled us to measure the spiders’ reaction
to the stimulation. The reaction time was measured from when the stimulus came into
contact with the web or spider, to the initiation of the spider’s behavioural response. For
example, if the spider turned then moved towards the direction of the tuning fork, the
reaction time was measured from when the tuning fork came into contact with the web, to
when the spider first turned. If the spider dropped from the web before the tuning fork
made contact, this resulted in a negative reaction time.

As well as behavioural responses and reaction times, the length of the spider (mm),
height (cm) and length (cm) of the capture spiral were measured using a standard 30 cm
ruler. The capture spiral area was calculated using the ellipse-hub equation (vertical
diameter/2 × horizontal diameter/2 × π—(hub diameter/2)2) [34]. The temperature
(◦C) and humidity (%rH) were measured using an ETI 810-190 Pocket-Sized Thermo
Hygrometer (Electronical Temperature Instruments Ltd., Worthing, U.K.)).
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Table 1. Ethogram of anti-predatory and predatory behaviours in Metellina segmentata. The ethogram
is split into three categories, attack, escape, and no response.

Behavioural Response
Stimulus No. of Responses

Attack

Turning towards the
tuning fork

The spider, whilst staying on the central hub,
turned to face the direction of the tuning fork,

but did not move from the hub.
256 Hz and 440 Hz 2 (2020)

6 (2021)

Moving towards the
tuning fork

The spider moved towards the location of the
tuning fork, then stopped on the capture spiral,

or returned to the central hub.
256 Hz and 440 Hz 23 (2020)

8 (2021)

Touching the tuning fork The spider moved towards the tuning fork, and
then touched it, but remained on the web. 440 Hz 1 (2020)

15 (2021)

Moving towards the tuning
fork, then dropping from

the web

The spider moved towards the tuning fork, but
before touching it/getting close, the spider

dropped from the web.
256 Hz and 440 Hz 17 (2020)

15 (2021)

Touching the tuning fork,
then dropping from the web

The spider moved towards the tuning fork, after
coming into contact with it, the spider dropped

from the web.
440 Hz 6 (2020)

2 (2021)

Attacking The spider moved its legs, to either grab or fight
the wire, and remained on the web. Wire 11 (2020)

12 (2021)

Grabbing The spider held onto the wire, coming off
the web. Wire 5 (2020)

5 (2021)

Escape

Dropping from the web The spider dropped off the web; either to the
floor, vegetation below, or in the air. 256 Hz, 440 Hz and wire 22 (2020)

27 (2021)

Moving/running away
The spider ran away, usually in the opposite

direction to the tuning fork, moving off the web
onto adjacent vegetation

256 Hz and wire 8 (2020)
8 (2021)

Jumping away The spider jumped away after being touched by
the wire, but remained on the web. Wire 9 (2020)

10 (2021)

No response

Flinching The spider’s body moved slightly. It recoiled,
but remained on the web. Wire 6 (2020)

2 (2021)

No response The spider did not respond to the stimuli in
any way. 256 Hz, 440 Hz, wire 4 (2020)

7 (2021)

2.4. Data Analysis

For the 2020 method, a total of 50 spiders were observed during the initial data
collection, and 38 were subsequently used in the data analysis. For the 2021 method, 46
spiders were observed during the initial data collection, and 40 were used in the subsequent
data analysis. Spiders were removed due to insufficient data, primarily caused by not
returning between stimuli. A Fisher’s Exact test for contingency tables [35] was used to
compare frequency distribution across the different stimuli and across the years, as well
as between the order in which the stimuli were presented, as a Chi-square contingency
test could not be used due to many expected values being below 5. We developed linear
mixed models (using the lmer() function from the lme4 package) in R [36] to test whether
the type of behavioural response (using only the data where the spider responded either by
attacking or escaping) varied with spider size and capture spiral area, where the latter were
response variables and behavioural response a fixed variable. Site and year were included
as random variables.
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For all models, we log-transformed the response variables to achieve normality of the
residuals and p values were estimated from the Type II Wald F tests with Kenward–Roger
degrees of freedom. We used R [37] for all statistical tests with a significance level of 0.05.

3. Results

3.1. Behavioural Responses

The produced ethogram shows that our spiders displayed a wide range of responses
to the different stimuli, which we could categorise into either attack, escape, or no response
behaviours (Table 1). The attack behaviours were the most complex of the three categories
and generally involved moving towards the stimuli and in some instances physically
interacting with the tuning fork or wire. Interestingly, unlike for escape or no response
behaviours, the spiders reacted to the wire with different attack behaviours than they did
to the tuning forks. The most common reaction to the tuning fork was an initial aggressive
movement towards the tuning fork, but either pausing or dropping from the web before it
came into contact with it. The most frequent escape response was to rapidly drop off the
web (Table 1). The small proportion of spiders that did not respond mainly showed no
visible reaction, although a few flinched slightly (Table 1).

In order to better quantify spiders’ reactions, we analysed the behaviours in the larger
categories, attack, escape, or no response. We found a significant difference in the responses
to the three stimuli for both 2020 (Fisher’s Exact Test, p < 0.0001) and 2021 (Fisher’s Exact
Test, p < 0.0001), with spiders predominantly escaping in response to the 256 Hz tuning
fork, almost exclusively attacking in response to the 440 Hz and either attacking or escaping
in response to the wire (Figure 1). The number of spiders not responding remained low for
all stimuli, with the highest proportion of 16% found for the wire in 2020 (Table 1).

 

Figure 1. Behavioural responses of Metellina segmentata, showing the number of attack, escape, and
no response behaviours seen for each stimulus. Split into 2020 method (A–C) and 2021 method (D–F).

The behavioural responses from the 2020 method and 2021 method were consistent
with each other (Figure 1). There were no significant differences in the frequency distribu-
tions of responses between 2020 and 2021 for the 256 Hz tuning fork (Fisher’s Exact Test,

140



Insects 2022, 13, 370

p = 0.81), the 440 Hz tuning fork (Fisher’s Exact Test, p = 0.51) or the wire (Fisher’s Exact
Test, p = 0.49).

3.2. Order of Stimuli

We found no clear influence of the order of stimuli (which was consistent in 2020 and
randomised in 2021), as behavioural responses were similar independently of the order in
which they were presented to the spider for both the 256 Hz (Figure 2A–C; Fisher’s Exact
Test, p = 0.584) and the 440 Hz tuning fork (Figure 2D–F; Fisher’s Exact Test, p = 0.333).
However, the behavioural responses to the wire showed less consistency (Figure 2G–I;
Fisher’s Exact Test, p = 0.033). When the wire used as the first stimulus, the primary
response was to attack (Figure 2G), whilst when it was the second stimulus, the primary
response was to escape (Figure 2H). These results are further confounded by almost equal
attack and escape behavioural responses when it was the third stimulus (Figure 2I).

 

Figure 2. The influence of the order of the stimuli on the behavioural responses of Metellina segmentata.
(A–C) 256 Hz tuning fork; (D–F) 440 Hz tuning fork; (G–I) length of wire.

3.3. Effect of Size and Web Area

In order to showcase some of the quantitative questions that can be answered us-
ing these methods, we compared behavioural responses (attack or escape only) between
spiders of different sizes and with different sized webs for the full data-set, disregarding
year and order of stimuli as they had no large impact on the behavioural response as
demonstrated above. We found that statistically, the length of the spider did not differ
between behavioural responses to 256 Hz (F = 2.41, df = 1, 67.5, p = 0.13), 440 Hz (F = 1.20,
df = 1, 68.5, p = 0.28), or the wire (LMM: F = 0.003, df = 1, 63.8, p = 0.96). Similar results
were obtained with web area, where we also found no differences in behavioural response
to 256 Hz (F = 1.22, df = 1, 67.8, p = 0.27), 440 Hz (F = 0.47, df = 1, 69.1, p = 0.49) or the wire
(F = 2.57, df = 1, 63.4, p = 0.11). Nonetheless, the average length of spiders and the average
capture spiral area tended both to be larger in spiders that attacked (Figure 3). Whilst
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for the wire, the size of the spider had no impact on the behavioural response observed,
although spiders that escaped tended to have a larger capture spiral (Figure 3).

 

Figure 3. Comparison of the length of the spider (mm) and the area of the capture spiral (cm2) against
the behavioural responses observed in Metellina segmentata. (A,D) 256 Hz tuning fork; (B,E) 440 Hz
tuning fork; (C,F) length of wire.

3.4. Reaction Times

The stimulus type (tuning forks or wire) and the behavioural response (attack or
escape) both had a significant impact on the reaction time of the spider (Behaviour:
F = 22.8, df = 1, 202.0, p < 0.0001; Stimulus: F = 4.09, df = 2, 200.3, p = 0.018) and the
interaction between them was also significant (F = 9.47, df = 2, 201.5, p = 0.0001). Inter-
estingly, whilst spiders had faster reactions when escaping the 256 Hz tuning fork, they
reacted faster when they attacked the 440 Hz tuning (Figure 4). In response to the wire, the
difference was minimal, although there was a slight tendency for them to react faster when
escaping (Figure 4).
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Figure 4. Reaction times (ms) of the attack and escape behavioural responses of Metellina segmentata
for the three stimuli. (A) 256 Hz tuning fork; (B) 440 Hz tuning fork; (C) Metal wire.

4. Discussion

Our results confirmed that tuning forks can be utilised to study the behavioural
responses of orb web spiders. The behaviours demonstrated by M. segmentata are in accor-
dance with the secondary defences described by Cloudsley-Thompson [10] and Tolbert [11]
in that we observed both rebuff (attacking the stimuli) and flight (running away from the
stimuli). The most common escape behaviour in our study was dropping from the web,
which was also shown sometimes following attack behaviour. Dropping from the web on
a safety thread to enable an easy return to the web after the danger has passed has been
described as common in both araneid and tetragnathid spiders [10,38]. In the ethogram
developed based on our study, we broadly categorised the behaviours as attack, escape,
and no response, with the first group showing the largest number of distinct behaviours.
Behaviours in this group also showed a combination of attacking and escaping, with some
spiders moving towards the location of the tuning fork, and then escaping by dropping
from the web. It should be stated that the spiders observed within this experiment never ex-
hibited the common anti-predatory response of web shaking. Defined by Willey et al. [39]
as “violent, large amplitude, movements of the web surface”, this behaviour has been
observed in Cyrtophora [40] and Mecynogea [39]. Tolbert [11] called it web flexing, and
observed the “Spider and web [swinging] back and forth parallel to the ground . . . ” in
Argiope and Araneus spp. This behaviour has been observed in the tetragnathid Azilia
vachoni (Caporiacco, 1954) [38], but it is possible that the Meteine group of tetragnathids do
not show this anti-predator behaviour.

The replication of results from three different methods, over two years, demonstrates
the feasibility of obtaining reliable behavioural data using tuning forks, and the ease at
which they can be used in the field confirm their suitability. The repetition in behavioural
responses for the two tuning forks, regardless of the order the stimulus was presented,
further demonstrates the reliability and effectiveness of the method. Directly stimulating
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spiders mechanically with a wire was, while still generating a clearly defined escape or
attack behaviour, less reliable. Additionally, the behavioural responses to this stimulus
appeared to be dependent on the order of its use; the change from attack to escape when
it is the second and third stimuli could be due to the spider becoming sensitised to the
prior stimuli. For M. segmentata, the 440 Hz tuning fork is the ideal frequency to simulate
predators, as the behavioural responses to this frequency are principally attacking (90%
of responses for both years combined). The 256 Hz tuning fork largely produces escape
behaviours (58% of responses across the two years), although there was more variation with
this tuning fork (36% showed attack behaviours). This could mean that a lower frequency
is required to produce the ideal simulation of a predator as larger, and hence potentially
more dangerous, insects tend to vibrate their wings between 100 Hz and 250 Hz [33].
Alternatively, this inter-individual variation could be attributed to behavioural syndromes,
defined by Sih et al. [41] as “a suite of correlated behaviors reflecting between individual
consistency in behavior across multiple (two or more) situations”. Behavioural syndromes
can explain the tendency of some spiders to always attack or always escape from certain
stimuli. For example, there are aggression syndromes, where across a range of situations,
some individuals are more aggressive, whilst others are less aggressive [41]. The ease
of using the tuning fork method in the field mean it could potentially be used to study
behavioural syndromes in spiders in the wild.

The size of the spider (here measured as total length) in our study did not significantly
affect whether they responded to the stimulation with attack or escape behaviours, although
there was a weak trend across the two tuning forks for the attacking spiders being slightly
larger than those that escaped. Similarly, the size of the web (here measured as capture
spiral area) did not differ between those spiders that attacked or escaped. However, again
there was a weak trend for spiders showing attack behaviour in response to the tuning
forks to have larger webs, although an opposite trend was found in response to the wire.
Our findings are supported by a previous study relating female aggressiveness towards
males and prey in the araneid spider Larinioides sclopetarius (Clerck, 1757), which found
that aggressiveness was largely independent of female size [42].

Our findings further demonstrate how tuning forks can be used to collect quantitative
data such as the spider’s reaction time to the presented stimuli. Reaction time has been a
widely used measure for quantifying foraging behaviour [13,14], and it has also been used
to estimate motivation or preparedness of the spider to repair webs under different wind
loadings [16]. In our study, spiders showed the fastest reaction time to the wire, and the
slowest responses to the 256 Hz tuning fork. However, interestingly the 256 Hz tuning
fork elicited a number of spiders to react with escape behaviours before the tuning fork
came into contact with the web, thereby producing a negative reaction time. This occurred
across the 2020 and 2021 methodologies. This suggests that Metellina spiders are able to
detect air-borne movements of predator species similar to reactions of airborne vibrations
from prey demonstrated in araneid orb spiders [43]. This phenomenon can be explained by
trichobothria, which are cuticular filiform hairs that respond to air movements and can be
found on the legs and pedipalps of spiders [44,45].

The effectiveness of using tuning forks still needs to be investigated in more detail
using more orb spider species and a wider range of frequencies in order to confirm our
findings that show that orb web spiders tend to respond to high frequencies with prey
capture behaviour, and to low frequencies with anti-predatory behaviours. Given that
Nakata and Mori [29] found that both the small-to-medium-sized araneid Cyclosa argen-
teoalba (Bösenberg and Strand, 1906) (similar in size to M. segmentata) and the larger araneid
Eriophora sagana (Tanikawa, 2000) show anti-predator responses to a 440 Hz tuning fork,
it is clear that there are family-, environmental- or species-specific factors at play. How-
ever, even if the application of the methods in this study should turn out to be limited to
Tetragnathid spiders in the Meteine group, the use of tuning forks could still be of potential
use in studying the behaviour of Meteine cave spiders [46]. Studying the behaviour of
cave animals in general is difficult due to the impediments caused by high sensitivity to
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disturbances, low population densities and the practical difficulties of observers spending
a long time in caves [47]. So, developing easy and quick methods, such as using tuning
forks, as demonstrated in this study, is essential. Anti-predatory behaviours are especially
interesting to study in caves, as their low nutrient availability results in few species, and
hence few predators, which again should reduce any anti-predatory responses [48]. Thus,
comparing responses to the 256 Hz tuning fork at different distances into the cave and
between spiders with different degrees of behavioural adaptations to the subterranean
habitat, such as Meta menardi (Latreille, 1804), which modifies its orb web geometry [49],
and Metellina merianae (Scopoli, 1763), which does not [50], would shed light on the inter-
play between evolution and phenotypic plasticity (flexibility in web-building behaviour in
response to environmental factors) in shaping the behaviours of cave animals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects13040370/s1, Video S1: Metellina segmentata showing
attack behaviour in response to a 256 Hz tuning fork. Video S2: Metellina segmentata showing
escape behaviour in response to a 256 Hz tuning fork. Video S3: Metellina segmentata showing
attack behaviour in response to a 440 Hz tuning fork. Video S4: Metellina segmentata showing attack
behaviour in response to direct stimulation by a metal wire.
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