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Abstract

Mate search is challenging for solitary species. Trails represent a particularly potent, target-oriented means for finding
mates, as trail-following increases encounter rates between individuals compared to random search. Embedding direction-
ality information into the trail allows individuals to follow trails correctly to the source. Yet, directionality remains poorly
understood. Spiders deposit trails during locomotion consisting of silk lines and substrate-borne chemicals. We conducted
multiple experiments to test whether female silk trails convey directionality information, whether directionality is chemi-
cally or structurally encoded and depends on female phenotype. We also examined whether males interact with silk in a way
that suggests information gathering. We exposed males of the cursorial spider Pisaura mirabilis to female trails deposited
unidirectionally and scored their trail-following direction (i.e., same as or opposite to the females’). Tests were repeated after
washing trails with a solvent to remove putative chemicals and by sourcing silk from females of different feeding regimes.
While we found little evidence for male directional trail-following, we did find that unwashed trails were more likely to
be followed than washed trails. Similarly, trails of relatively larger females were more likely to be followed correctly than
those of smaller females. Males extensively probed and pulled on silk lines with their appendages, suggesting the gathering
of chemical and tactile information. Taken together, results suggest that directional trail-following is selected only under
specific contexts in this species. Chemical attributes of trails may convey information on female quality, with directional
trail-following reflecting male mate choice in a system characterized by costly male nuptial gifts.

Significance statement

In the context of male mate search, following conspecific trails increases the chances of encountering a mating partner,
especially if trails provide information about the direction the conspecific went. Yet, trail directionality remains poorly
understood. Female spiders deposit silk trails as they walk. We overall show that males follow trails directionally only under
a specific context. Males were more likely to follow correctly when trails were unmanipulated (compared to being washed
with solvents to remove chemicals) and when they were deposited by relatively larger females (compared to smaller ones).
Chemical attributes of trails may potentially indicate directionality, while decoding movement direction from trails of larger
females may reflect male preferences for females of higher reproductive value.
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Introduction

Finding a mating partner is essential for animal reproduction
and potentially challenging for solitary species with widely
Communicated by N. Wedell dispersed individuals in the population (Bell 1990). Animals
rely on multiple cues (i.e., incidental sources of information)
and signals (i.e., information evolved to be communicated
and to change the behavior of the receiver) during mate
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Long distances between senders and receivers are often cov-
ered through auditory signals, as bird songs (Hinde 1971;
Todt and Naguib 2000) and cricket calls (Forrest 1982), or
by producing long-range airborne chemicals, as odor plumes
of female moths (Butt and Hathaway 1966; Weatherston and
Percy 1977). Vibrational (Rovner and Barth 1981; Virant-
Doberlet and Cokl 2004) and visual signals (Rutowski et al.
2001) are instead generally used for mid- to close-range
mate localization. Animals can also use trails for mate search
that are deposited on the substrate and accessible to con-
specifics. Such trails can consist of chemical information,
such as pheromones, which are chemicals emitted to alter a
conspecific’s behavior (Karlson and Liischer 1959). Trails
can also be created through physical alterations of the envi-
ronment, for example, by cutting trails into the vegetation for
eased locomotion as done by leaf-cutter ants (e.g., Howard
2001). Trails represent perhaps the most potent and target-
oriented means for finding mates and food sources across
taxa (e.g., social insects Wilson 1962; Jeanne 1981; Nieh
et al. 2004; Jarau 2009; Bordereau and Pasteels 2010; Czac-
zkes et al. 2015), reptiles (Gehlbach et al. 1971; Cooper and
Vitt 1986), mollusks (Cook and Cook 1975; Ng et al. 2013;
Vong et al. 2019), and mammals (Jamon 1994; Harmsen
et al. 2010)). By adding specific information to a trail (e.g.,
pheromones), the trail producer can inform the following
conspecific about its sex, mating status, or body condition,
allowing both advertisement of the producer and assessment
by the trail follower (e.g., Gehlbach et al. 1971; Edwards and
Davies 2002; O’Donnell et al. 2004; Baruffaldi et al. 2010).
Apart from extrapolating information on the phenotypic
characteristics of its producer, when encountering a trail,
an individual has to choose a direction in which to proceed.
While a correct choice results in a high probability of find-
ing a mate, a wrong choice takes the animal further away
from its goal. Thus, any aid to the individual in determining
the direction to follow, such as polarized trails embedded
with directionality information, provides benefits (Cook and
Cook 1975; Tietjen 1977; Rosengren and Fortelius 1987;
Nieh et al. 2004). Embedded trail directionality appears to
be rare as it has been described in only a few species (e.g.,
Gehlbach et al. 1971; Tietjen and Rovner 1980; Jackson
et al. 2004; Nieh et al. 2004; Ng et al. 2013), and its respec-
tive encryption in the trail is understood in even fewer cases
(Ford and Low 1984; Jackson et al. 2004). For example,
snakes can encrypt trail polarity by sequentially touching
a specific surface of ambient objects (e.g., anterolateral)
with pheromone-secreting glands during movements (Ford
and Low 1984). Ants instead create non-random bifurca-
tion angles in their trail networks, allowing the polarity of
a trail to be read at every bifurcation (Jackson et al. 2004).
The occurrence of directionality information in trails may
reflect variations in species communication modalities, spa-
tial distributions, population densities, and life history. Trail
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directionality is, for example, not expected when the costs of
trail deposition including embedding of directionality infor-
mation, in terms of energetic costs (i.e., production and/or
secretion of substances) or ecological costs (i.e., increased
visibility to predators), override the benefits of finding the
trail producer. The limited evidence for trail directionality
may, however, also result from a small number of empirical
studies focusing on few taxonomical groups (e.g., molluscan
mucous trails and pheromone trails of ants) (Rosengren and
Fortelius 1987; Jackson et al. 2004; Ng et al. 2013; Czaczkes
et al. 2015), leading to bias in the literature. Hence, overall
trail directionality remains poorly understood.

Spider silk lines, consisting of proteinaceous silk fibers
and other substances (i.e., pheromones) (Foelix 2010), are
a medium for mate localization. Females of many web-
building spiders add airborne pheromones to their webs to
attract mating partners from a distance (Witt 1975; Ross
and Smith 1979; Jackson 1987; Chinta et al. 2010; Fis-
cher et al. 2021). Direct contact with the female’s web
often induces explorative behavior and/or positive chemo-
taxis in the male, further aiding mate search (Suter and
Renkes 1982; Watson 1986; Suter et al. 1987). During
movements, web-less cursorial spiders release long silk
lines (i.e., draglines) with a stabilizing function (van der
Kraan and Richter 1970). Chemical and tactile properties
of draglines are known to stimulate male sexual behav-
iors (Jackson 1987; Barth 1993; Chinta et al. 2010; Beyer
et al. 2018; Eberhard et al. 2021) and to induce random
mate search (Hegdekar and Dondale 1969; Yoshida and
Suzuki 1981; Taylor 1998). Draglines represent trails,
as males that follow these silk lines can greatly increase
their chances of finding a mate compared to random search
(Tietjen 1977; Anderson and Morse 2001; Bell and Rob-
erts 2016; Scott et al. 2019). Yet, trail directionality has
been investigated in a handful of spiders (Dijkstra 1976;
Tietjen 1977; Anderson and Morse 2001; Bell and Roberts
2016) and has only been found in two species of wolf spi-
ders, Lycosa rabida and L. punctulata (Tietjen 1977). The
encryption of directional information in spider trails has
yet to be decoded. While trail-following is hypothesized to
be induced chemically, trail directionality itself is thought
to be encoded structurally in spider silk, possibly with the
help of so-called attachment discs, silken structures that
anchor the silk line to the substrate (Apstein 1899; Dijk-
stra 1976). Spiders might be able to assess differences in
silk tension in the area surrounding the discs (Wolff and
Herberstein 2017; Wolff et al. 2021) by using their legs
or pedipalps (i.e., a modified pair of appendages), which
additionally possess specialized chemo-sensing structures
(Foelix 2010; Miiller et al. 2020). Indeed, trail-following
is described as being accompanied by extensive probing
of silk threads through the male’s pedipalps (Tietjen 1977,
Tietjen and Rovner 1980).
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With their solitary lifestyle and the almost omnipresent
use of silk lines for reciprocal communication between the
sexes (Beyer et al. 2018; Eberhard et al. 2021), cursorial
spiders, such as the nursery-web spider Pisaura mirabilis,
represent an extremely promising system for investigating
directionality in silk trails. This species is well known for the
male’s food donations to the female (i.e., nuptial gifts) that
are crucial for mate acceptance and mating (Nitzsche 1988;
Stalhandske 2001; Albo et al. 2011; Ghislandi et al. 2017).
Draglines of females are embedded with tactile chemicals
(Beyer et al. 2018) that induce male courtship behavior
(Eberhard et al. 2021) and silk-wrapping of nuptial gifts
(Bilde et al. 2007; Albo et al. 2011; Ghislandi et al. 2017,
Magris and Tuni 2019). These also communicate the female
developmental state (Eberhard et al. 2021) and body condi-
tion (Beyer et al. 2023b) to the male. During the mating sea-
son, males and females actively move around the vegetation
(Ghislandi et al. 2018) and would benefit from depositing
silk trails with directionality information to increase their
encounter rates. Due to the costs of gift construction associ-
ated with lost foraging opportunities, silk production, and
carrying costs (Lang 1996; Albo et al. 2011; Prokop and
Okrouhlik 2021), males are particularly expected to exploit
information left in the environment by female trails to orien-
tate and locate females during mate search. From the female
perspective, being found by a male not only ensures multiple
matings but also leads to foraging benefits due to the nutri-
tional value of nuptial gifts (Tuni et al. 2013; Toft and Albo
2015). Embedding directional information in trails may also
likely depend on the female’s phenotype, as in spiders, silk
lines structural properties such as density and size (Vollrath
1999) as well as chemical signaling bound to silk (Weiss
and Schneider 2022a, b), may depend on the releasers’ body
mass. Although a formal test for directionality is lacking,
when given a choice, P. mirabilis males preferentially follow
silk trails deposited by females in high body condition, com-
pared to those of low-condition females (Beyer et al. 2023b).
These findings may suggest chemical and/or structural dif-
ferences in silk trails that trigger a differential response in
mate-searching males. Male trail-following may ultimately
reflect mate choice decisions, with female body mass, size,
and condition (i.e., a trait reflecting both body mass and size)
indicating higher fecundity in arthropods (Bonduriansky
2001; Leather 2018) including spiders (Danielson-Francois
et al. 2002; Johnson et al. 2014), and hence females of higher
reproductive value. Not least, trail-following may also be
affected by the male’s own individual phenotypic charac-
teristics (body condition, mass, or size), known to affect the
strength of choice (Pollo et al. 2022), or on those of both
interacting sexes.

Here, we hypothesize that (i) female silk trails provide
directional information to males and that such information
is either chemically or structurally mediated; (ii) silk trails

provide information on female phenotypic characteristics
(body mass, size, and condition) that affect directional trail-
following in males; and (iii) males assess silk line proper-
ties (e.g., chemicals and/or silk tension) using their append-
ages. Hence, we conducted three experiments. In the first
experiment, we placed males in the middle of a silk trail
unidirectionally deposited by a female and scored whether
males moved in the same or opposite direction to female
movements during trail deposition. In this experiment, we
also included a treatment, where putative chemicals of trails
were removed by washing with a solvent. If trails provide
directional information, males are expected to move in the
same direction the silk was deposited by females. If this
information is solely chemically transmitted, directional
information should be lost when trails are washed, whereas
if it is mediated by silk structure, males should move in
the direction of the female regardless of trail washing. In
a second experiment, we manipulated female body condi-
tion through differential feeding regimes and tested whether
male movements in the same or opposite direction to female
movements during trail deposition depend on female body
mass, condition, and size. If trail deposition reflects female
phenotypic characteristics, males should be more likely to
move in the direction of females with high-trait values, rep-
resenting more fecund mating partners. Finally, in a third
experiment, we analyzed high-speed video recordings of
males in contact with female trails surrounding the area of
silken attachment discs. If males perform leg and pedipalp
movements on silk lines, these might indicate male sensory
assessment of trails, such as silk tension assessment by pull-
ing and chemical assessment by probing silk.

Experiment 1. Do female silk trails convey
directional information to males, and is this
chemically or structurally mediated?

Methods - experiment 1
Animal collection and rearing

Juvenile and subadult Pisaura mirabilis of both sexes (n=19
females, n=31 males) were collected in Planegg-Martin-
sried near Munich (Germany) during spring 2021. They
were brought to the lab of the Ludwig-Maximilians-Uni-
versity of Munich, where they were individually placed into
transparent plastic vials (9 cm height, 5 cm diameter) that
were covered with foam lids. Animals were reared at room
temperature (approx. 23 °C) and under a natural photoperiod
(15 h light: 9 h dark). To maintain high humidity, vials con-
tained moss that was sprayed with water on feeding days.
Spiders were fed three times a week, depending on their
age, using either 15 fruit flies (Drosophila melanogaster)
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for juveniles, or two cricket nymphs (Gryllus bimaculatus)
or two house flies (Musca domestica) for (sub-)adults. Prey
type for (sub-)adult animals varied due to logistic reasons.
To minimize diet-dependent variation in the chemical com-
position of silk (Craig et al. 2000; Tso et al. 2005) and silk-
borne chemicals (Henneken et al. 2015, 2017), each spider
was tested on a single day (reduction of within-individual
variation) and, on a feeding day, in which all (sub-)adult
spiders received the same prey type (reduction of between-
individual variation). Vials were inspected daily for molted
exoskeletons to control for spider maturation to adulthood.
Individuals were tested approximately 2 weeks after their
molt to adulthood and were of similar age to minimize puta-
tive age-dependent variation in sexual signaling known in
other spider species (e.g., Baruffaldi and Costa 2010; Cory
and Schneider 2016). All animals remained unmated through
the course of the experiments.

Experimental setup

To test for directional trail-following, we used a testing cor-
ridor (60 cm length X 12 cm height X 7 cm width) (Fig. 1)
made of polystyrene foam, with all internal surfaces covered
with brown parcel tape (Tesapack 64014) to ease cleaning.
Two holes (5 cm diameter) were cut in both side walls of the
device for the female to enter and exit, and one in the middle
of one long side (center hole) of the device through which
the focal male could enter. Each hole could be closed with
a fitting foam lid to prevent spiders from exiting the device
prematurely.

Female trails were obtained by allowing sexually mature
females to enter the testing device on one side and move
freely to the opposite end without changing direction, hence
reliably depositing a unidirectional single trail consisting of
silk and possibly female body odor (experiment 1a). In cases
where the female changed direction or stopped moving, the
female was removed, the device cleaned with ethanol (EtOH;
extra pure, Carl Roth, Germany) and dried using a cotton

cloth before repeating the trial. Once the female left the
device through the exit hole on the opposite side to where
it had entered, it was returned to its housing vial. Female
silk lines were visible to the observer. The direction of the
female’s movement (left to right or vice versa) was rand-
omized before each trial to account for directional biases.
A male, not carrying a nuptial gift, was introduced through
the center hole of the device immediately after female
removal, and his movements (left to right or vice versa) were
observed. A trial was considered completed when the male
reached one of the holes for exiting the device.

We included a washed treatment (experiment 1b), where,
after the female had walked through the device, the inside
of the device was sprayed with 96% EtOH to remove puta-
tive chemicals on the silk and on the device’s substrate (left
from the female’s body). Ethanol was chosen as it is able to
dissolve both polar and (weakly) non-polar substances due
to its polar (hydroxyl (OH)) and non-polar (ethyl (C,Hs))
groups. While it might not be able to remove all silk-borne
chemicals, especially complex lipids such as long-chained
glyceryl ethers that are found in/on silk (Chinta et al. 2010;
Schulz 2013; Gerbaulet et al. 2022), we would still expect
to dissolve a variety of (organic) compounds known to func-
tion as spider pheromones such as some alkanes found in
Araneus diadematus (Schulz 2013; Fischer 2019). After
spraying the ethanol, the device was left to dry completely
(approx. 5—10 min) before the male was introduced into it.
We also carried out an additional control treatment (experi-
ment 1c) that consisted of allowing males to enter empty
cleaned devices to investigate whether male directional deci-
sions are subject to directional biases, with males preferably
choosing a specific direction in which to proceed. This con-
trol treatment was repeated three times for each male. To test
for potential effects of washing treatments on silk structure,
we inspected draglines washed with polar (water) or non-
polar (pentane) solvents using scanning electron microscopy
(experiment 1d), and, as reported in the Online resource,
results suggest no visible structural differences between

12cm

&

//Ecm

A

60 cm

Fig. 1 Schematic representation of the testing corridor with the male
spider encountering the single unidirectionally deposited female silk
trail (dashed line) via the center hole in the long side of the device
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and moving either in the same direction as the female (indicated by
the arrow at the end of the silk line) or the opposite toward one of the
exit holes
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washed and unwashed draglines, confirming results of a
previous study (Shao and Vollrath 1999) (Supplementary
Figs. S1 and S2 and Table S1).

Each male (n=31) was tested five times using an
unwashed trail (experiment la), a washed trail (experi-
ment 1b), and three times no-trail controls (experiment
1c) in a randomized order and on a single day. Each male
was exposed to silk sourced from the same female during
unwashed and washed-trail treatments. Due to a low avail-
able number of females (n=19) of similar age range (i.e.,
13-16 days from final molt), some females were used with
multiple males. Each trial was video recorded using a web-
cam (Logitech HD Pro Webcam C920) fixed at a distance
of 40 cm over the testing device and connected to a laptop.
After each trial, males were returned to their housing vials,
and the device was cleaned using EtOH and dried before re-
use. Body mass of males and females was measured to the
nearest 0.01 g using a digital scale (Kern PKT, Kern & Sohn
GmbH, Germany) before testing (hence, if present, nuptial
gifts were gently removed from males using forceps), and
prosoma width was measured as a proxy for spider body size
to the nearest 0.01 mm using electronic calipers (Aerospace,
China) once experiments were completed.

Scoring of male trail-following

Behavioral parameters were scored from the videos using the
event-logging software BORIS (v7.10.5) (Friard and Gamba
2016). We scored which end of the device was reached by
the male (same as or opposite to female movements) and
measured the total amount of time the male spent in the
device, from entering the device to touching one of the
exit holes on the sides, as an indicator of the duration of
male assessment of cues in the environment. We addition-
ally noted the occurrence of directional turns, defined as a
180° turn of the animal (yes/no) before the male touched
one of the exit holes of the device to explore their function
as potential indicators of accessibility of directional infor-
mation. To minimize observer bias, blinded methods were
used when all behavioral data were analyzed by keeping the
observer naive to the identities and treatments of the spiders
observed in the videos.

Statistical analyses

To test the hypothesis that female silk trails provide direc-
tional information to males (experiment 1a), we conducted
a binomial test, testing the proportion of male choices in
the correct direction (i.e., same direction as the silk was
deposited by the female).

To test whether directional information is chemically
mediated and to account for the data structure involving
multiple uses of animals, we fitted a binomial generalized

linear mixed-effects model (GLMM), including male move-
ment in the correct direction as response variable, treatment
(unwashed and washed trails from experiment la and b) and
testing order (to account for increasing male experience with
the testing device) as fixed effects. To account for multiple
use of spiders (i.e., to avoid pseudo-replication), spider iden-
tities of each sex were added as random effects. Finally, we
conducted binomial tests to test for male biases in moving
consistently in one specific direction (experiment 1c) both
over the course of the experiment and on specific days (see
Online resource).

In addition to our main questions described above, we
conducted four additional explorative models to test whether
(i) males that spent more time assessing the environment and/
or performing directional turns are more likely to follow trails
correctly (i.e., in the direction deposited by the female), (ii)
female phenotypic characteristics (body mass, condition, and
size) influence male directional trail-following, with males
following correctly high-trait females and effects being
lower in the washed treatment due to removal of chemically
encoded information on female phenotype, (iii) male pheno-
typic characteristics (body mass, condition, and size), and
(iv) relative differences between female and male phenotypic
characteristics influence male directional trail-following,
with males following correctly females with relatively higher
relative trait differences. Body condition was calculated using
a residual body condition index, defined as the residuals of a
linear regression of body mass on size (i.e., prosoma width)
(Jakob et al. 1996). Detailed description of statistical models
is reported in the Online resource.

All numeric variables were grand-mean-centered by
subtracting each value from the variable’s overall mean to
ease biological interpretation and standardized using the
standard deviation of the variable. Statistical analyses were
performed using R (version 4.1.1, R Core Team 2021). Bino-
mial generalized linear mixed-effect models (GLMMs) were
applied using the “stan_glmer” function, which included the
simulation of posterior distributions based on 4000 itera-
tions (package “rstanarm”) (Goodrich et al. 2020). Model
fit was visually assessed based on the model’s fitted values
(goodness of fit graph) and the distribution of residuals. The
statistical significance of fixed effects was inferred from the
Bayesian 95% credible intervals (CI) associated with the
mean parameter estimate (f) with effects being considered
significant in the frequentist’s sense when the 95% Cls did
not overlap zero (Nakagawa and Cuthill 2007).

Results - experiment 1
Within each treatment, males did not display a signifi-

cant preference for choosing the same direction as the
female (binomial test: unwashed treatment: p=0.28, 61%,
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95% — CI: 42-78%, 19 out of 31; washed treatment p =0.15,
35%, 95% CI, 19-55%, 11 out of 31) (Fig. 2). Males chose
the same direction as the female that deposited the trail sig-
nificantly more often when the trail was unwashed in com-
parison to when it was washed with EtOH (Table 1). Testing
order did not influence the response significantly (Table 1).
Males in repeated control (no-trail) treatments did not
show directional bias over the course of the experiment:
Individual males did not preferentially choose the same
direction as opposed to varying directions during their three
no-trail trials (within-individual bias; binomial test: p=0.28,
39%, 95% — CI: 22-58%, 12 out of 31), and all males did
not choose a specific direction (right or left) in the testing
device when exposed to female trails (between individual
bias; binomial test: p=0.47, 46%, 95% — CI: 35-56%, 42 out
of 92). Model results were retained after excluding a single
biased day from the data (see Supplementary Table S2).
When exploring other factors, such as male behaviors
during the trial (time spent in the device, occurrence of
turns) and male and female phenotypic traits (body mass,
condition, and size) that may affect male directional deci-
sions, we found the following: (i) the total time spent in the
device and 180° directional turns did not explain variation
in directional male trail-following (Supplementary Figs. S3
and S4 and Table S3); (ii) males were more likely to follow
trails in the same direction as the female laid them when the
female had high body mass and condition (Supplementary
Table S4 and Fig. S5) but not large size (Supplementary
Table S4). The significant effect of the washing treatment

0.75

0.50 r---

0.25

n=11/31

prop. of males following female direction

0.00
washed

unwashed
female trail

Fig.2 Likelihood of males following the trail in the same direction
as deposited by the female when trails are unwashed (experiment 1a)
and washed with solvents (experiment 1b). The dashed line indicates
random choice. Error bars represent 95% credible intervals of the
binomial test. Numbers within bars=number of males following in
female direction out of all males within treatment. Directional trail-
following was significantly higher in unwashed trails
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Table 1 Estimated effect sizes and 95% credible intervals (CIs) of the
GLMM (binomial) testing for predictors of male likelihood of follow-
ing trails in the same direction moved by females during trail depo-
sition, including treatment (washed and unwashed trails) and testing
order (test number) (n=62)

Directional trail-following

Fixed effects p (95% CI)

0.55 (—0.28, 1.44)
-1.23 (-2.37,-0.12)
0.10 (- 0.50, 0.71)

& (95% CI)

0.44 (0.00, 2.28)

0.28 (0.00, 1.66)

Intercept™
Treatment (washed)®
Test number”
Random effects
Male ID

Female ID

Significance is shown in bold

*Reference category; estimate for treatment (unwashed) and mean
values of remaining fixed effects

#Difference between reference category and treatment (washed)

®Mean centered and standardized using the standard deviation within
all trials

was retained, yet the effect of female body mass was signifi-
cantly smaller in the washed than in the unwashed treatment;
(iii) male body mass, condition, and size did not affect the
directional trail-following (Supplementary Table S5), (iv)
nor did the relative difference in mass or size between the
sexes (Supplementary Tables S6 and S7).

Experiment 2. Do silk trails provide
information on female phenotypic
characteristics (body mass, size,

and condition) that affect directional
trail-following in males?

Methods- experiment 2
Animal collection and rearing

Juvenile and subadult P. mirabilis of both sexes (n=153)
were collected during spring and autumn 2022 in the same
locality as described for experiment 1. For animals caught
in spring, room temperature and natural photoperiod were,
on average, 25 °C and 15 h light: 9 h dark. To ensure a
comparable room temperature for animals reared in autumn/
winter, vials were placed on heating mats (approx. 23 °C).
The natural photoperiod for these animals was 10 h light:
14 h dark. The seasonal differences between the two cohorts
of spiders were statistically addressed (see below).

To obtain females varying in body mass, we applied a
differential feeding treatment to which a randomly chosen
subset of females was assigned to as soon as they reached
adulthood for a total of 2 weeks. The low-fed regime was
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implemented by providing spiders once a week with one
housefly (n =48 females), and the well-fed feeding regime by
providing 1 fly three times a week (n=53 females). Well-fed
females had a significantly higher body mass (two-sample
t-test: t=—8.20, d.f.=112.76, p<0.001; mean mass + s.e.
in mg: well-fed: 116.00+2.56, n=58; low-fed: 85.79+2.65,
n=57) and body condition than low-fed females (two-
sample t-test: r=—7.18, d.f.=111.48, p<0.001; mean
body condition residual index + s.e.: well-fed: 12.46 +2.47,
n=>58; low-fed: — 11.17+2.17, n=57). In autumn, well-fed
females were also significantly larger in size than low-fed
females, leading to overall larger well-fed females (two-sam-
ple t-test: t= —2.42, d.f.=106.90, p=0.02; mean size +s.e.
in mm: well-fed: 3.59 +0.04, n=58; low-fed: 3.48 +0.03,
n=>57).

Experimental setup

To test for male directional trail-following of trails from
high-fed (experiment 2a) and low-fed females (experiment
2b), we used the testing corridor and experimental approach
previously described (Fig. 1). As the time spent in the
device for trail deposition varied greatly between females,
we measured and standardized the time spent in the device
in a subset of females (n=35) to control for possible vari-
ation in trail deposition (e.g., quantity of deposited silk or
putative chemicals): If a female did not exit the device after
60 s, a paintbrush was tapped against the top of a side wall
behind the female’s position to induce forward movement.
We additionally carried out a single-run control treatment
in an empty device (experiment 2c), testing males without
female silk trails as described for experiment 1.

Each male (n=52) was tested three times using the trail
of a well-fed female (experiment 2a), of a low-fed female
(experiment 2b), and a no-trail control (experiment 2c) in a
randomized order and on a single day. Due to a low available
number of females of a similar age range of 13—16 days from
final molt, some females (n=13) were used with multiple
males. Each trial was video recorded using a webcam (Log-
itech HD Pro Webcam C920 or Logitech BRIO 4 K) fixed
at a distance of 40 cm over the testing device and connected
to a laptop. After each trial, males were returned to their
housing vials, and the device was cleaned using 96% EtOH
and dried before re-use. Body mass and size of males and
females were measured as described in experiment 1.

Scoring of male trail-following

We scored which end of the device was reached by the male
(same as or opposite to female) either from the videos using
the event-logging software BORIS (v7.10.5) (in spring) or
by direct observations (in autumn). As for experiment 1,

observer bias was minimized using blinded methods when
all behavioral data were analyzed.

Statistical analyses

As done in experiment 1, we first used the data to test the
hypothesis that female silk trails provide directional infor-
mation to males by conducting a binomial test within each
treatment (experiments 2a and 2b).

To test the hypothesis that male trail-following is influ-
enced by female phenotypic traits (body mass, size, and
condition) (experiments 2a and 2b), with males being more
likely to move in the direction the trail was deposited in
the case of females with high-trait values representing more
fecund partners, we fitted three distinct models with each of
the female traits (either body mass, body size, or residual
body condition index) and testing order as fixed effects. Spi-
der identities of each sex were added as random effects to
account for repeated measurements. As the season of experi-
ment conduction (spring vs. autumn) did not explain varia-
tion in the data (see Supplementary Table S8), we removed
it from the model simulations.

To test whether male phenotypic traits (male body mass,
condition, and size) affect male movements on trails of high-
fed and low-fed females, we expanded the models described
above by fitting three distinct models, each with one of the
male traits (either body mass, body size, or residual body
condition index). To account for the phenotypic effects of
both sexes, we repeated these models including the relative
trait difference, calculated as the relative difference between
male and female body mass and size (female value divided
by male value). Values of the variable’s body mass, size,
condition, and trial number were grand-mean-centered by
subtracting each value from the variable’s overall mean and
standardized using the standard deviation of the variable to
ease biological interpretation of the model output.

Finally, we investigated male directional bias over the course
of the experiment and on specific days (experiment 3c) by using
a binomial test to compare the number of males choosing each
direction during individual experimental days. As a single
experimental day showed male directional bias (binomial test:
p=0.07, 88%, 95% — CI: 47-100%, 7 out of 8), analyses were
repeated with a dataset excluding this biased day.

Statistical analyses were performed using R (version
4.1.1) and as described for experiment 1.

Results - experiment 2
Within each feeding treatment, males did not display a sig-

nificant preference for choosing the same direction as the
females (binomial test: well-fed: p=0.36, 43%, 95% — CI.
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30-57%, 25 out of 58 trials; low-fed: p=1.00, 51%,
95% — CI: 37-64%, 29 out of 57 trials). Testing order did
not significantly affect the response (Table 2). Males did
not significantly differ in the likelihood of following trails
in the same direction deposited by a high-mass (i.e., well-
fed) compared to a low-mass (i.e., low-fed) female (Table 2
model a), nor by larger females or females in higher body
condition (Table 2 models b and c).

Male likelihood to follow in female direction was not
significantly influenced by either male body mass, size, or
condition (Supplementary Table S9). While male likeli-
hood to follow in the female direction was also not signifi-
cantly influenced by the relative mass differences between

Table 2 Estimated effect sizes and 95% credible intervals (CIs) of the
GLMMs (binomial) testing for predictors of male likelihood of fol-
lowing trails in the same direction moved by females during trail dep-

the sexes, males were significantly more likely to follow in
the female direction if the female was of relatively larger
size than the male (Fig. 3, Table 3). This significant effect
was also found for data collected in spring, but not in
autumn (Supplementary Table S11).

The control (no-trail) treatment (experiment 2c¢) showed no
directional male bias over the course of the experiment: Indi-
vidual males did not preferentially choose a specific direction
(right or left) in the testing device when exposed to female
trails (binomial test: p=0.16, 60%, 95% CI: 46-72%, 36 out
of 60 for the left direction in the device). When excluding
the biased day from the data and repeating the model simula-
tions, results were retained (see Supplementary Table S12).

osition in experiment 2, including female body mass (model a), size
(model b), and residual body condition index (model c), accounting
for testing order (test number) (n=115)

Directional trail-following — female phenotype

Model a) mass

Model b) size Model c¢) condition

Fixed effects B (95% CI)
—0.13 (= 0.62, 0.33)
0.43 (= 0.03, 1.07)
—0.07 (= 0.58, 0.39)
6% (95% CI)

0.16 (0.00, 0.91)

1.11 (0.00, 7.12)

Intercept*®

Test number®
Female trait®
Random effects
Male ID
Female ID

B (95% CI)

—0.14 (- 0.62, 0.32)
0.42 (- 0.03, 1.03)
0.29 (- 0.18, 0.84)
&° (95% CI)

0.17 (0.00, 0.96)
1.07 (0.00, 6.74)

B (95% CI)

—0.13 (=0.62, 0.32)
0.40 (—0.07, 0.99)
0.40 (—0.64, 0.31)

0.16 (0.00, 0.93)
0.96 (0.00, 0.93)

Significance is shown in bold

*Reference category; estimate for mean values of fixed effects

*Mean centered and standardized using the standard deviation within all trials

1.0

0.8

0.6

0.4 e

0.2 =

00 7 B-oxe

prop. of males following female direction

T T T
0.8 0.9 1.0

T T T T
11 1.2 1.3 1.4

relative size difference between sexes F/IM

Fig.3 The effect of the relative difference in body size between
males and females on the male’s probability to follow trails in the
same direction laid by females in experiment 2 (n=115), with val-
ues> | indicating relatively larger females and values <1 indicating
relatively smaller females compared to male size. Males are signifi-
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cantly more likely to follow females that are relatively larger than
they are. The dashed line represents the regression line, gray areas are
the 95% credible intervals, and circles are the relative body size dif-
ference of the individual male and female pairings in the trials
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Table 3 Estimated effect sizes and 95% credible intervals (CIs) of the
GLMM (binomial) testing for predictors of the male likelihood of fol-
lowing trails in the same direction moved by females during trail dep-
osition, including testing order (test number) and relative difference
in female and male body mass (model a) and size (model b) as fixed
effects and spider identity as random effect (n=115)

Directional trail-following — relative trait differ-
ence between sexes

Model (a) mass Model (b) size

Fixed effects p (95% CI)
—0.47 (—2.26, 1.36)
0.44 (-=0.01, 1.01)

0.28 (= 1.18, 1.72)

B (95% CI)
—6.10(=1231,—1.15)
0.40 (= 0.06, 1.04)
5.56 (0.94, 11.33)

Intercept*®
Test number®

Relative trait
difference®

&° (95% CI)
0.15 (0.00, 0.84)
0.91 (0.00, 5.41)

&> (95% CI)
0.14 (0.00, 0.83)
0.81 (0.00, 6.64)

Random effects
Male ID
Female ID

Significance is shown in bold
*Reference category; estimate for mean values of fixed effects

*Mean centered and standardized using the standard deviation within
all trials

®Value calculated by dividing female by male trait value

Experiment 3. Do male spiders interact
with silk in a way that suggests information
gathering?

Methods- experiment 3
Animal collection and rearing

In spring 2021, juvenile and subadult Pisaura mirabilis of both
sexes were collected in Greifswald (Mecklenburg-Vorpommern,
Germany). They were brought to the lab of Greifswald Univer-
sity, where they were individually placed into transparent plas-
tic vials (9 cm height, 5 cm diameter), covered with foam lids.
Animals were reared at room temperature (approx. 23 °C) and
under artificial light (three UV lamps, Exo Terra Repti Glo 10.0,
10% UV-B, 33% UV-A, 20 Watts) set to natural photoperiod.
To maintain high humidity, vials had their bottom removed and
were placed upside down in water-filled trays. Spiders were fed
twice a week using either a common green bottle fly (Lucilia
sericata) or 2 small crickets (Acheta domesticus, Gryllus assi-
milis), with spiders receiving the same prey type on a respective
feeding day. To accelerate development, animals were placed
inside a climate chamber for seven days (25 °C, 67% humidity).

Experimental setup

To study male movements on silk trails, we used a walking
corridor (30 cm length X 5 cm width X 7 cm height) made of

transparent acetate sheets. Female trails were obtained by
letting a female walk unidirectionally through the walking
corridor. To ensure the deposition of attachment discs, the
corridor was tilted by 40°, resulting in the female slightly
slipping while walking, inducing disc deposition to secure
itself. After the female reached the end of the corridor, it
was returned to its housing vial and the male was introduced
to the starting point of the trail. A total of 11 males were
tested multiple times (up to 5) using silk lines sourced from
9 females (total trial number n=22).

Trials were video recorded using a manually post-trig-
gered high-speed camera (MIRO LC 320S), connected to a
laptop, with 100 mm Macro (Canon) fixed at a distance of
25 cm below the transparent runway, and the field of view of
the camera was set to the area surrounding attachment discs
(n=20). In two additional trials, the camera was fixed above
the runway, with the field of view set to the beginning of the
silk thread. The video resolution was 250 frames per second.
To ensure continuous illumination during the recording, two
direct current flashlights (Heider CFX Super Power) were
fixed at 10 cm distance below and next to the device at 120°
and 40°, respectively. Spiders did not appear to be disturbed
by these lights, and no noticeable behavioral changes were
observed.

Scoring of male movement

Every video (n=22) contained 2 real-time seconds worth
of high-speed material, resulting in recordings of approxi-
mately 90 s duration. One video was excluded from further
analyses due to the male not moving (total number of videos
n=21). These were scored manually by one observer (MB).
Silk lines and attachment discs were visible in the videos.
Movements of male appendages (legs and pedipalps) with
respect to silk lines and attachment discs were observed to
determine if and how males make physical contact with the
silk.

This data was used to thoroughly describe the probing
behavior of males when coming in contact with female dra-
gline silk; no statistical analyses followed.

Results - experiment 3

We were able to detect three distinct male behaviors (i) in
91% of the trials (19 out of 21) males tapped the substra-
tum with the tips of their pedipalps; (ii) from those trials
in which males came into direct contact with a silk line
(n=19), in 42% of the trials (8 out of 19) males pulled on
the silk line, guiding it either toward their body (Fig. 4a)
or their pedipalps (Fig. 4b), using the tarsal claws of one
of the 1st, 2nd, or 3rd pair of legs; (iii) silk lines were also
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commonly probed by males (16 out of 19 trials; 84%) by
sliding along parts of it using the tips of one of the Ist pair
of legs (7 out of 16 trials; 44%), or by placing the silk line
on the ventral side of one of the pedipalps (pedipalpal cym-
bium) and guiding the silk line along it (15 out of 16; 94%).
This was observed both from ventral and dorsal views of the
animals (Fig. 4c.d). In none of the video recordings, males
made direct physical contact with the attachment discs.

Videos of the above-mentioned behaviors can be viewed
on Figshare (Beyer et al. 2023a).

Discussion

In this study, we investigated whether trails, consisting of
silk lines and/or body odor, of females of the hunting spider
Pisaura mirabilis carry directionality information that aids
male mate search. We further examined whether direction-
ality is chemically or structurally encoded and depends on
female phenotypic characteristics (body mass, condition, and
size). We found that, overall, males did not directionally
follow female trails. However, these results varied in dif-
ferent experiments. Males were more likely to follow trails
correctly when they were unwashed compared to when they
were washed with a solvent to remove putative chemicals.
Similarly, males were more likely to correctly follow trails
when they were deposited by females that were relatively
larger in size. We also examined whether males interact
with silk in a way that suggests information gathering and,
indeed, describe extensive probing and pulling on silk lines
with their appendages. Taken together, while our findings on
male trail-following behavior provide no overwhelming evi-
dence for directional trail-following, our results that males
are more likely to follow non-washed trails correctly and
follow trails of relatively larger females lead us to conclude

Fig.4 Video stills showing a
male P. mirabilis filmed either
from below (a—c) or above the
transparent runway (d): (a)
pulling on a silk thread with its
first front leg (light gray arrow),
(b) pulling on a silk thread

with its front leg and a pedipalp
(light gray arrows) while gliding
along the line with the remain-
ing pedipalp (dark gray arrow),
(c) probing of a silk thread with
a pedipalp in ventral view (light
gray arrow), and (d) dorsal view
of probing of a silk thread with
a pedipalp (light gray arrow)

@ Springer

that directional trail-following might be present in this spe-
cies, but facultative and fragile.

Contrasting to our expectations, Pisaura mirabilis males
did not generally follow trails in the direction they were
deposited by females. One possible explanation is that poten-
tial costs of encoding directionality information in a silk
trail, such as production/secretion of directionality-inducing
chemicals or structural components, or increased predation
or parasitism risk (van Baarlen et al. 1996; Wignall and
Taylor 2009; Fei et al. 2023), may outweigh the benefits of
eased mate finding. Alternatively, directionality information
in female trails is not necessary in this species. Despite not
being territorial, spiders occur in relatively patchy clusters
during the mating season (personal observation), which
may drastically increase encounter rates between prospec-
tive mates, even when following trails in a random direction.
Although field studies report males actively roaming the
environment in the process of mate finding (Ghislandi et al.
2018), we lack studies on the mechanisms and cues used.
While our males did not follow female trails directionally,
we cannot fully exclude that our findings are driven by the
artificial test environment. It is also possible that directional
information is present in female silk trails, but males choose
specific scenarios in which to follow a trail, for example,
when sensing the trail was deposited by a female of high
reproductive value, or males are unable to decode present
directional information.

Nevertheless, given the higher proportions of males cor-
rectly following the trail when these remained unwashed,
chemical attributes of trails may provide a potential means
for conveying directionality information. Despite little being
known about the chemical sensing and communication of P.
mirabilis, for spiders in general, it is suggested to occur via
contact-chemoreception through cuticular structures (i.e.,
sensilla) that are abundant on spider appendages, including
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pedipalps (Foelix 2010; Keil 2012). Hence, the observed
probing both via legs and pedipalps in our high-speed video
recordings may allow males detection of putative phero-
mones present in the silk or on the substrate (Bristowe and
Locket 1926; Kaston 1936; Jackson 1983; Humbel et al.
2021). Gathering of information for initiating and possibly
furthering directional trail-following was also suggested to
play a role in two species of wolf spiders (Tietjen 1977),
shown to repeatedly pull and probe the silk lines with their
front legs and pedipalps. The exact mechanism for direction-
ality in these species remains unknown. The author excluded
the presence of a chemical gradient as the chemicals in these
two species were stable over several weeks, reducing the
detection of fine-tuned differences in concentration — that
would be necessary for reliable directional information — due
to evaporation (Tietjen 1977). Directionality in pheromone
trails has only been described in very few cases, such as in
ants, where it is known to be embedded by using trail geom-
etry based on trail-bifurcations (Jackson et al. 2004). In con-
trast, spiders cannot use the same types of mechanisms since
they lack bifurcating trails and an end-goal, such as the nest
and food sources in ants. Alternatively, spiders may make
use of a gradient of contact pheromones which inactivates
rapidly after release (Baruffaldi et al. 2010). Yet, despite the
importance of contact silk cues being acknowledged in this
species (Beyer et al. 2018), the persistence of active chemi-
cals in Pisaura mirabilis silk remains unknown.

The observed pulling of silk in the present work may also
allow detecting variable tension around the silk attachment
discs, which is necessary for inducing male directional trail-
following (Tietjen 1977; Wolff et al. 2021). Position, angle,
and morphology of a disc could result in differences in silk
tension in the area surrounding the discs (Wolff et al. 2021)
as, for example, the different mechanical robustness of the
disc with respect to its upstream (direction toward silk layer)
or downstream (direction toward the start of silk line) end
could potentially be sensed by a trail-following individual
(Wolff and Herberstein 2017). In order to assess differences
in silk line tension, a male would be required to assess the
tension around an immobilized portion of it by using its
appendages. Explanations relying on chemical and structural
(i.e., silk tension) assessment are not mutually exclusive;
chemical signals may be coupled with mechanical orienta-
tion signals that are used in concert to find potential mates.
While there is a potential that washing of the silk lines with
ethanol could have also affected the structural and mechani-
cal properties of the dragline that potentially play a role in
trail directionality cues, we believe this to be unlikely. Any
impact on the silk material would be global, i.e., any exist-
ing relative differences in upstream versus downstream dra-
glines would have been maintained. Some spider silk types
are known to transition into a rubbery state upon contact
with water, thereby shrinking and increasing its diameter

— a process called supercontraction (Liu et al. 2005; Sten-
gel et al. 2020), and silk structure may also change after
treatment with solvents (Beyer et al. 2021). However, our
ultrastructural inspection of silk draglines (namely, major
ampullate silk type) washed with solvents did not reveal vis-
ible structural changes in comparison to unwashed silk, such
as an increase in silk diameter (see Online resource). The
observed effect of trail washing on the prevalence of direc-
tional trail-following behavior is thus most likely explained
by the removal of chemical cues only. Further research and
especially chemo-analytical tests (e.g., chromatography) are
needed to verify the removal of chemical information by
washing with solvents.

Our study also revealed an effect of female phenotype
on the correct trail-following of males, as males followed
trails in the direction of females that were relatively larger
in size — and avoided the direction of females that were
relatively smaller — than themselves. Interestingly, in our
first experiment, when exploring a potential role of female
phenotypic traits, we found that the likelihood of male P.
mirabilis to directionally follow females was conditional on
female body mass, with 90% of the males following heavi-
est females (i.e., females of the quantile with highest abso-
lute body mass) (Online resource). In our second experi-
ment, when formally testing for the effects of variation in
female phenotypic traits (body condition, mass, and size)
obtained through experimental feeding manipulations on
male directional trail-following, we failed to confirm these
results. We believe results regarding the effect of female
mass from experiment 1 warrant cautious interpretation, as,
given the homogenous feeding conditions that females were
given during rearing, natural variation in female body mass
was overall low, leading to few high-mass females driving
such a significant effect. On the contrary, the experimental
procedure adopted in experiment 2, where female body mass
and condition were experimentally manipulated through dif-
ferential feeding regimes, coupled with a high sample size,
is likely to be much more reliable.

The finding that male directional trail-following did not
depend on female body mass, condition, or size remains,
however, puzzling. We have hypothesized mass- and /or
condition-related information to males stemming from vary-
ing amounts or composition of chemicals embedded in, or
added to, the silk (Baruffaldi et al. 2010; Henneken et al.
2015, 2017; Weiss and Schneider 2022a), or from thicker
silk threads (Vollrath 1999). Given the costs associated with
nuptial gifts, we have also hypothesized selection favoring
male discriminatory abilities of female cues. If information
carried by female trails correlates with the female’s repro-
ductive value, males should move toward females of higher
body mass, condition, and size to safeguard their heavy
investment in mating (Bonduriansky 2001). Pisaura mira-
bilis females of larger size and mass are known to be more
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fecund (Austad and Thornhill 1986; Stalhandske 2001; Pan-
dulli-Alonso et al. 2022). In arthropods, male mate choice
is often based on female fecundity (Bonduriansky 2001;
Edward and Chapman 2011), a trait that is generally posi-
tively correlated with female body mass (or size) (Leather
2018), with mass itself being able to reflect recent food
intake and subsequently the likelihood and timing of repro-
duction (e.g., egg laying) (Stoltz et al. 2010). In addition, in
spiders, information on female mass is also used by males
as a proxy for female satiation to assess the risk of canni-
balism, with females of low mass (and thus low satiation)
posing a greater risk than those of higher mass (Baruffaldi
and Andrade 2015). Pisaura mirabilis females are likelier
to cannibalize males when starved (Toft and Albo 2016).
In one of our recent studies, we show that Pisaura mirabi-
lis males discriminate between the silk of females varying
in their body condition, with males exerting preference for
the silk of females in higher compared to lower conditions
(Beyer et al. 2023b). While the said study was conducted
in a binary choice set up, with males simultaneously being
exposed to the trails of a high- and low-condition female
and did not include tests of directionality, it does show that
there is variation in female silk and that males can and do in
fact assess female phenotype exclusively from their trails.
Males were more likely to follow correctly relatively
larger females, suggesting that — to some degree — males
perceive relative differences in female phenotypes via their
trails, and these are indicative of female movements. It is
possible that male P. mirabilis can only probe the diameter
of the silk line to infer female characteristics, and that
larger (but not heavier) females produce larger silk threads.
This would explain the effect of relative size, but not rela-
tive mass, on trail-following, despite evidence from orb-
weavers indicating no effect of body size (but an effect of
mass) on the diameter of radial silk threads (Vollrath and
Kohler 1996). The perception of relative phenotypic dif-
ferences would require individuals to self-assess their own
size in relation to the size of another, an ability widespread
in intra- and especially inter-sexual encounters (i.e., male-
male conflicts) in arthropods (e.g., Taylor and Elwood
2003; Briffa 2008), including spiders (e.g., Wells 1988;
Schaefer and Uhl 2003; Taylor and Jackson 2003). Such
relative size-dependent self-assessment is already hypoth-
esized in female P. mirabilis that allows longer copula-
tions to relatively smaller males (Prokop 2006). Relatively
smaller males also gain relatively higher paternity shares
(Matzke et al. 2022). Their advantage may be explained by
higher agility (Blanckenhorn 2000) and potentially higher
mechanical compatibility in entering the mating position
(Dufour 1844; Masly 2012; Xia et al. 2023). If male P.
mirabilis use a putative self-assessment ability in rela-
tion to the female’s size, larger females may be preferred
and followed. Perception of potential incompatibility
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may drive male avoidance of trails deposited by smaller
females whose genitalia (e.g., epigynal opening) are either
difficult to reach or enter with a comparatively large males’
pedipalps due to females being comparatively too small,
likely consequently resulting in the reduced success of
copulation and/or insemination (Schick 1965). In contrast,
the perception of compatibility might increase the male
likelihood to follow trails of females that are relatively
larger, e.g., due to eased access to the female’s genita-
lia. We can only speculate whether mechanisms involve
the interaction between relatively smaller male sensory
appendages in smaller males and enhanced chemical and/
or structural trail properties of larger females signaling
directionality. We note that despite having a large sample
size, the body sizes in this study represent natural varia-
tion, with a median (and mean) relative size difference of
male—female testing pairs of approximately 1, as males and
females in this species are of similar size. Further research
might be necessary in which body size in male and female
testing pairs is manipulated, especially since strength of
male choice regarding female quality (e.g., large size) is
known to be higher for medium- and high-quality males
(Pollo et al. 2022).

To conclude, our tests on male trail-following provide
no overwhelming evidence of general directionality in male
movements during trail-following. Male spiders use silk
trails as guides for movements, and the gathered chemical
and tactile cues might encode information on female quality.
Directionality appears to be present only under certain con-
ditions, with chemical attributes of trails having a potentially
key role in providing males with size-dependent information
on female movements. The natural history of this species
(relatively clustered populations with high densities) may
weaken mechanisms for embedding trails with directional-
ity in females or detecting them in males, as these would
require costly sensory machinery in the face of increased
predation and parasitism risks. These results contribute to
the lack of empirical studies on directionality and are key
for advancing our understanding of mechanisms involved
in animal communication and mate searching in free-living
and solitary species of arthropods. Decoding of directional
information remains an exciting venue for research. Finally,
we emphasize the importance of accounting both for male
and female interacting phenotypes to understand their influ-
ence on reproductive behaviors. Our findings that male trail-
following is further influenced by indicators of relative size
differences between the sexes point to a scenario of relative
assessment potentially driven by male mate choice in a sys-
tem characterized by high costs of mating via male nuptial
gifts.
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