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Chapter 1

A nocturnal predator attracts prey with visual lure



(Neoscona punctigera)



Abstract

In this study the importance of the visual interactions between nocturnal
predators and their prey was assessed by investigating whether body color of
nocturna orb weaving spiders were attractive to their prey. Neoscona spiders hunt
during the night and most parts of their body are inconspicuously brown, which is
similar to the color of their diurna perching sites. However, the ventrum of various
species of Neoscona exhibits bright color spots in ventrum and deep red femurs, both
are distinct from the brown body. | manipulated the color signals of bright ventrum
spots and red femurs to see if such treatments would affect their prey interception
rates. Inthefirst part of the study, | used the night shoot mode of video camerato
record the prey interception rates of webs with or without N. punctigera. Then |
measured the reflectance spectra of various body parts of those spiders and their
typical perching sites to assess how these colors were viewed by diurnal and nocturnal
insects. Webs with N. punctigera intercepted significantly more insects than those
without spiders, indicating that the spiders constituted an attractive signal to nocturnal
insect. A comparison of color signals of the spiders and their background using
diurnal visual models showed that hymenopteraninsects could not distinguish the
brown body color of N. punctigera from that of bark. However, the bright ventrum
gpotsof N. punctigrea were highly visible to insects when viewed against the
vegetation background. Results of analyzing color signals in the nocturnal context
show that spider’ ventrum spots exhibited high color contrasts and were similar to
those flowers blossoming during night time. Furthermore, when the color signal of
the bright spots was altered by paint, spider’ s prey interception rates decreased
significantly. Such results demonstrated that bright spots of N. punctigera function

asvisual lures mimicking the color signals of flowers to attract nocturnal prey.



I ntroduction

Animals use various ways to communicate and the signals they used include

olfactory, visual, auditory, touching, and even electrics (Krebs & Davies 1997).

Among these modalities, visual signals are transmitted more directly and quickly than

others and they canbe delivered to the receiver without medium (Krebs & Davies

1997). However, the visual communications of animals are not always useful and

safe. Many signalers (both conspecifics or heterospecifics) produce fake signals to

the receiver to increase their own fitness at the expenses of those of receivers (Hasson

1994). For example, the crab spiders inhabiting the flowers of Chrysanthemum

frutescens attract pollinator prey visually by their high contrast body color (Heiling et

a. 2003).

While discussing the visual interactions between animals, most focus are placed

on diurnal species than nocturnal species. Several reasons are responsible for such

bias. Firg, there are significant differencesin light environment between day and

night. The light intensity in the day is higher than the night and therefore it is much

easier for researches to identify and analyze visual interactiors. Secondly, the dim

light environment in the night has lower signal-to-noise ratio (Warrant 2004).

Whether or how visually-orientated nocturnal animals cope with these two problems

is still poorly understood. It is until very recently do researchers redlize that
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nocturnal vision does exist in a number of organisms (Kelber & Roth 2006). Results

of recent studies show that body colorations of diurnal spiders have many functions.

For instance, certain crab spiders can change their body coloration to match that of the

flowerson which they are perching (Thery & Casas 2002). Some crab spiders, on

the other hand, exhibit a high contrast body coloration which is attractive to insect

pollinators (Heiling et al. 2003). Many spiders resemble the appearance of ants and

such mimicking may reduce their predation risk for ants are generally avoided by

numerous predators (Oxford 1998).

The body colorations of several genera of diurnal orb weaving spiders are very

colorful. To date, there are several hypotheses about why diurnal orb weaving

spiders have conspicuous body coloration The prey attraction hypothesis proposes

that bright body coloration is attractive to insects and it functions to increase prey

interception rate of spiders. The camouflaging hypothesis suggests that color signals

of bright body are similar to those of vegetation background thus body coloration

functions to conceal the spiders from prey or predators (Merilaita & Lind 2005,

Vaclav & Prokop 2006). |n addition to these two hypotheses, others such as warning

predators, attracting mate, intraspecific recognition had been proposed but those

hypotheses lack direct evidence (Hauber 2002). Among these hypotheses, prey

attraction hypothesis has received relatively more support. For example, the



Australianspiny orb weaving spider has conspicuous yellow and black stripes.

Hauber (2002) applied black paint on spiny spiders bright yellow dorsal strips and

such treatment significantly reduced spiders’ prey interception rates. The bright

body coloration of the Asian giant wood spider Nephila pilipes has also been

demonstrated to function as prey attractant (Tso et a. 2002, 2004). In the field, N.

pilipesexhibiting typical black-and-yellow body coloration caught significantly more

prey than their melanic conspecifiecs (Tso et a. 2002). Tso et a. (2004) assessed

how N. pilipes was viewed by insects by calculating the color contrasts of various

body parts of spiders. They found that only the bright body parts were visible to

insects and they proposed that the coloration pattern made the spider looked like some

form of resources rather than predators (Tso et a. 2004). Nevertheless, the

brightly-colored orchid spider Lecauge magnifica had been shown to attract prey with

body coloration. Tso et a. (2006) found that webs with orchid spiders intercepted

more prey that webs without spiders. When the color signal of conspicuous body

parts were atered, the prey interceptionand consumption rates were reduced

significantly. While there is empirical evidence supporting prey attraction

hypothesis, support for camouflaging hypothesis is few. Vaclav and Prokop (2006)

fixed the diurnal Argiope bruennichi and nocturnal Larinioides cornutus on artificial

webs.  Although traps fixed with dulled-colored nocturnal L. cornutus intercepted



less prey than those fixed with brightly-colored A. bruennichi, the interceptionrate of

the later was similar to that of traps without spiders. Vaclav and Prokop (2006) thus

concluded that bright body coloration of spiders might help reduce detectability of

gpiders to insect, thus increase their hunting success. Concluding from the above

review, athough these two hypotheses were each supported by empirical evidence

and therefore the functions of those diurnal orb weaving spiders are still under debate,

prey attraction hypothesis receives more support. So far, al studies examining

visual interactions between spiders and their prey focus on diurnal species. No one

has assessed the function of body coloration of nocturnal spiders. Whether visual

interactions also exist between nocturnal spider and their prey is poorly understood.

Most nocturnal spiders, no matter wanderer or weaver, have inconspicuous coloration.

The nocturnal orb weavers hunt by building an orb during night time and hide on bark

or leaf in the daytime. Most parts of their body are inconspicuously brown and are

similar to the color of their diurnal perching sites. However, the ventrum of various

species of Neoscona and Araneus exhibits bright spots, and the femurs of their legs

are dark red. In genera, there will be two or four ventrum spots, although the form

and number vary among species (Fig.1). Only during nighttime will the spiders

expose the bright ventrum spots and deep red femurs, during daytime these colorful

structures will be fully concealed (Chuang, personal observations).



During the past few decades severa behavioral studies had been conducted on

nocturnal orb weavers but none of them examined the functions of these spiders’ body

colorations. Severa studies had been conducted to examine the prey composition of

nocturnal orb weaving spiders (Pascoe 1980) and some species were found to exhibit

prey specialization (Ceballo et a. 2005; Yamanoi & Miyashita 2005). Some studies

focused on web site preference of nocturnal orb weaver. The food quality could

affect Araneustrifolium to select suitable web site (Olive 1982). Nakamura and

Y amashita (1997) found that the nocturnal A. ventricosus had positive phototaxes.

Heiling (1999) further demonstrated that Larinioides sclopetariuswould actively

choose habitats with more light because preys in such environments tend to be more

abundant. Finally, some researchers focused on the relationship between web

structures of nocturnal spiders and prey catching efficiency. Herberstein and Helling

(1999) demonstrated that nocturnal spiders not only change the web structure by wind

and light direction, but also choose suitable site according to these stimuli.

Concluding from the above review, so far al studies on foraging behaviors of

nocturnal orb weaving spiders focus on prey specialization foraging site preference or

catching efficiency of trap. No one has examined whether body coloration of

nocturnal spiders plays any role in predator-prey visua interactions. While relevant

studies had been conducted on diurnal spiders more than a decade ago, the lack of



studies on visual interaction in the nocturnal system might reflect the general belief

that visua signal does not play important role in the nocturnal system.

Recent sudies show that visual signals are significantly involved in the

interactions between nocturna organisms. For example, many nocturnal vertebrate

predators such as owls, geckos, and toads had been demonstrated to use vision to

detect prey (Warrant 1999). In the terrestrial ecosystem, the major invertebrate

predators are insects and spiders (Gullan & Cranston 2004). However, most

predacious insects are diurnal (Gullan & Cranston 2004), and spiders comprise the

major invertebrate nocturnal predator (Wise 1993). According to whether they build

webs or not, nocturnal spiders could be categorized into two groups, wandering

gpiders and weavers. While wandering spiders can actively switch foraging sites,

weavers must stay on their webs waiting for prey. So how to increase prey catching

rate is very important for nocturnal orb weaving spiders (Hauber 2002). To date, no

study had investigated how nocturnal orb weaving spiders increase prey catching rate,

the mechanisms they use, and the type of prey they specialize on. Recently, more

and more scientists found that nocturnal insects could use color vision to detect food

resource at night. Nocturnal insects usually possess superposition compound eyes,

which combine the light signal of hundreds of ommatidium to increase the photon

numbers (Kelber et a. 2003). Kelber et a. (2002) found that hawkmoth Deilephila
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elpenor could use color vision to discriminate color stimuli at night. Rafuso &

Willis (2005) further found Menduca sexta to use both vision and olfaction to detect

food resource at night. They demonstrated that either visual or olfactory cues alone

could attract moths to fly toward the nectar resource. However, only when both

visual and scent signals appear will moths perform foraging behavior. Results of

those studies show that some nocturnal insects could use vision to search for food

resources at night. Isit possible that nocturnal orb weaving spiders could use color

signal to lure these insects, as those colorful diurnal spiders do to their prey? Inthis

study, we test the hypothesis that nocturnal spider predator (Neoscona and Araneus)

attract prey with visual lures mimicking the visual signal of food resource and attract

prey by testing the followings: (1) Does the dull body coloration of N. punctigera

function to camouflage the spider in the daytime? (2) Does the presence of

nocturnal orb spider on webs affect prey interception rates at night? (3) Do those

conspicuous spots of nocturnal orb weaving spiders function to attract prey at night?

(4) How are the conspicuous ventrum spots of these spider viewed by their nocturnal

prey?
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Materials and Methods

Color contrast calculation using diurnal visual model:

We simulated how various body parts of N. punctigera were viewed by their
insect prey or predator by calculating the color contrasts. Six female N. punctigera
were collected from Taiwan Endemic Species Research Institute, Chi-Chi, in Nantou
County, Taiwan S2000 spectrometer (Ocean Optics, Inc., Dunedin. Florida, U.S.A.)
was used to measure the reflectance spectra of five different body parts of N.
punctigera (Fig. 1). The reading probe was vertically placed 5mm above the regions
to be measured. Since wasp is the mgjor diurnal predator of orb weaving spiders
(Blackledge et al. 2005), so we used the visual model developed from Hymenoptera
to calculate the color contrast. Since during the day N. punctigera usually perched
on twig or bark nearby their web sites, we measured the reflectance spectrum of bark
and used it as the background light signal. To determine whether the color signal of
an object could be identified against certain background, first the quantity of light
stimuli received by each photoreceptor must be estimated by the following equation
(Stavengaet al. 1993; equation 1):

p= Réo; 151 )S(1 )D( )l (1)
Where P is quantum catches that is absorbed by each photoreceptor, function Isis

gpectral reflectance of stimulus, function Sis spectral sensitivity of honeybee



photoreceptor, function D is the spectral reflectance of illumination Function Ris
the sensitivity factor and can be calculated by the following equation:

R=1/ é’;’ 1,(1)S()D(@ )dl )
Where function Ig is the spectral reflection of background.

Although the quantum catches are received by the photoreceptor, they will not be
directly accepted by the insect brain. Therefore the quantum catches P must be
transformed to effective signal that could be accepted by the brain by the following
equation(Naka & Rushton 1966; equation 3):

E=P/(1+P) ©)
Where E is excitation maximum value, P is quantum catches of each photoreceptor.
Then the planar coordinate was used to express signals. Each stimulus could
generate three E values: Ey, Ey and E, respectively. Where Eg is the excitation value
of green photoreceptor of honeybee, Ey, is that of blue photoreceptor and E,, that of
ultraviolet photoreceptor.  To integrate these three excitation values, we used the
following color hexagon model of Chittka (1996; equation 4):

X = /31 2(Es- Ew) 4)

Y = Eb- 0.5(Ew + Eg)
The Euclidean distances (?St) of X and Y, whichis the color contrast, can be

calculated by the following equation (equation 5):
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DS =4/ (DX)2 +(DY)? (5)
For honeybees, color contrast discriminationthreshold is estimated to be 0.05 (Thery
& Casas 2002). We used one tail t-tests to examine whether the color contrasts of

five body parts were significantly higher than the discriminationthreshold value.

Calculating color contrast using nocturnal visual mode!:

The video recordings showed that moth was the major prey of N. punctigera.
Therefore, we used nocturnal visual model developed for moth to assess how N.
punctigera was viewed by their prey.  The reflectance spectra of spiders and
vegetation background were those used previoudy. In addition, in order to realize
what kind of resources the bright spot of N. punctigera were mimicking, we measured
the reflectance spectra of the following flowers. Hedychium coronarium Koenig
(butterfly ginger), Bidens alba Sherff (big bidens) and Sambucus formosanum Nakai
(Formosan elderberry).  During the study these flowers were quite abundant in the
study site.  The visual model used by Johnsen et al. (2006) was followed to calculate
the achromatic contrasts of different body parts of N. punctigera. The following
equation was used to calculate the gquantum catches of one ommatidium of moth

(Warrant & Nilsson 1998).

N =1.13@/4)nDP?D*Dtg) kt (L- € )L(l )dl 5)
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Where n is the effective facets in the superposition ?P is the photoreceptor
acceptance angle, D is the diameter of afacet lens, ?t is the integration time of a
photoreceptor, ? is the quantum efficiency of transduction t isthe fractional
transmission of the eye media, k is the absorption coefficient of the rhabdom, | is the
rhabdom length doubled by tapetal reflection R (?) are the absorbance spectra of each
photoreceptor, L(?) is the reflectance spectra of object multiplied by the reflectance
gpectra of light environment and then divide by p (Johnsen 2006). The difference of
object of interest and the background, the achromatic contrast, can be estimated by the

following equation:

- NX - Ngreen
N, + N ©)

green

Where N, is quantum catches of object, and Ngreen iS quantum catches of
green vegetation background (Johnsen et al. 2006). Currently, the
discrimination threshold value of nocturnal color contrast is still not available.
Therefore, we compared the contrast values of various body parts of N.
punctigera and flowers using t-tests to determine whether the ventrum spots
were more conspicuous than other body parts, and whether they mimicked
the color signal of flowers.
In addition to achromatic contrast, | also calculated chromatic color contrast of

various body parts of N. punctigera when viewed by moth during nighttime. First,
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the quantum catches of one ommatidium (N) was calculated, and the N values of each
photoreceptors were estimated to generate Nyy, Np and Ng.  Then quy, gp and qg, the
relative quantum catches of each type of photoreceptor, were calculated by the

following equations (Johnsen et al. 2006):

Nuv
C]uv - Nuv + Nb + Ng (7)
— Nb
ey ®
gy =8 ©
’ I\Iuv + Nb + Ng

Then values of each gimulus were used to calculate relative distances in the color

triangle by the following equations (Johnsen et al. 2006):

(qg dp) (10)

ﬂl

qg+qb

(quv —) (12)

sl

X1 and X were the distances on the X axisand Y axis, which represented the relative

intensity of three types of photoreceptors in the 2D color space. The distance of two

16



color stimuli on the color space was the color contrast (Johnsen et al. 2006). So far,
no one had devel oped theoretical discrimination threshold value for the nocturnal
chromatic visual model. Therefore, | used ANOVA tests to compare the chromatic
color contrasts of different body parts of N. pilipes and the dark paint when viewed by

moths against the green vegetation background.

Manipulating the color signal of spidersinthefidd:

In this part of study, we manipulated the color signal of N. punctigera to see
whether such treatment would reduce insect catching rates. The field experiments
were conducted in June 2005 in Taiwan Endemic Species Research Ingtitute, Chi-Chi,
Nantou County, Taiwan In this research institute, the major woody plant is
Cinnamommum camphora Nees and common forb like Hedychium coronarium
Koenig (butterfly ginger), Bidens alba Sherff (big bidens) and Sambucus formosanum
Naka (Formosan elderberry). Female N. punctiera with carapace width larger than
0.5 cmwereused. Inthe first experiment, | manipulated the presence of N.
punctigera to see whether spider itself was attractive to prey. Each day after sunset
when N. punctrgera had emerged and completed web building, | randomly chose
gpiders and divided them into two groups.  In the first group the spiders were

carefully removed from their webs without damaging the orb. In the second group

17



the spiders were left on their webs.  Since web area was known to influence prey

catching rate of webs (Herberstein & Tso 2000), we also estimated the area of orb

built by N. puntigera a covariable. 1n addition to determining whether presence of

spiders would affect prey interception rate of webs built by N. punctigera, we then

assessed whether the ventrum spots were responsible for the attractiveness. Each

night before the recording N. punctigera were randomly assigned into two groups.

In the first group, the experimental group, we used brown paint to alter the color

signal of vertrum spots. Before the brown paint was applied on spiders, we

measured its reflectance spectrum by S2000. The reflectance spectrum of brown

paint was similar to that of brown body colorationof N. punctigera (Fig. 3F) and they

did not differ in color cortrast (achromatic, t = 0.277, p = 0.79; chromatic, t = 2.66, p

= 0.024). In the second group, the control group, same amount of paint was applied

on the brown ventrum near the spots. Before the application of paint the spiders

were carefully removed fromthe web without damaging the orb and were

anesthetized by CO, for 5 minutes. After the spiders recovered they were gently

released back to their original web. The measurement of web parameters and the

recording of interception events were similar to those mentioned previoudly. In

addition to ventrum spots, | also manipulated the color signal of the red femur to see

whether that wound also affect attractiveness of N. punctigera. Female N.

18



punctigera were randomly assigned into two groups, one received brown paint on red
femurs while another on the brown part of legs. All the rest of operations were
similar to those described previously. The prey interception rates of webs with and
without N. punctigera were measured using the night shot function of Sony HR118
Hi-8 video cameras. The video cameras were placed 1~2 m away from the web,
depending on the vegetation nearby. The prey interception rates of webs were
monitored for 8 hours (from 2000 to 0400 hours) each night for a total of 9 nights.
After the experiment was completed the video tapes were brought back to the
laboratory for subsequent analysis. The number of insects intercepted by webs was
recorded and the taxonomic order of prey was aso determined. During the field
study each day before video recording we measured web radius, hub radius, length of
hub, spiral number, radii number from four cardina directions. These web
parameters were used to calcul ate effective web area following the equations of
Herberstein and Tso (2000).

Analysis of covariance (ANCOVA) was used to assess the effect of treatment on
prey interception rates using orb area as covariance, if the data was normally
distributed. If the data followed a Poisson distribution, then a Poisson regression
would be used. When the data was not congruent with either normal or Poisson

distribution, then nonparametric tests were used. Finally, the 7 test of homogeneity
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was used to test the prey composition between different treatment groups.



Result
Color contrast calculation using diurna visual model:

The reflectance spectrum measurements covered the range from 350 nm to 700
nm. Most body parts of N. punctigera had alow reflectance across the wavelengths
measured. However, the bright spots on ventrum exhibited a high reflection a the
area of 500~700 nm (Fig. 3E). Beside the bright spots, the other body parts had
similar reflectance spectrum pattern (Fig. 3A~D). Both achromatic and chromatic
contrasts of bright spot calculated by the diurnal visual model when viewed against
bark by hymenopteran insects were significantly higher than the discrimination

threshold value of 0.05 (Table 1, Fig. 4).

Color contrast calculation using nocturnal visual mode!:

Color contrasts of various body parts of N. punctigera calculated by noctur nal
visual model followed the pattern of those derived from diurnal model. The
achromatic contrast of bright spots was significantly higher than the other body parts
(Fig. 5). Color contrasts of the other four body parts did not differ significantly
among each other (Fig. 5). The achromatic contrasts of three species of flowers
differed significantly (Fig. 6). The contrast of ventrum spot was significantly higher

than that of S. formosanum, similar to that of H. coronarium and lower than that of B.
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albe (Fig. 6). Such resultsindicate that the ventrum spots of N. punctigera and the
flowers examined in this study were quite distinctive to moth when viewed against
vegetation during the night. The chromatic color contrasts of various body parts of
spiders and flowers also showed similar a pattern. The chromatic color contrast of
bright spots was significantly higher than others body parts (Fig. 5). The other body
parts did not differ significantly in nocturnal chromatic contrasts. The chromatic
color contrasts of bright spots and H. coronarium were significantly lower than that of

B. alba, but significantly higher than that of S. formosanum (Fig. 6).

Manipulating the color signal of spidersin the field:

When N. punctigera were present, the number of prey intercepted by the web
was significantly higher than that of webs without spiders (Table 2). The mean prey
interception rate of webs with spiders was 2.5 times that of webs without. This
result indicated that N. punctigera itself could serve as an attractant to prey. The
results of manipulating spider color signals demonstrated that the ventrum spots were
responsible for such attractiveness. The prey interception rate of the experimental
group (brown paint on ventrum spots) was significantly lower than that of the control
group (brown paint on brown ventrum) (Table 3). When the color signal of ventrum

spots was atered, the prey interception rate of N. punctigera reduced to one third that



of the control group (Fig. 8). In addition to prey interception rate, alteration of
ventrum spot color signal also significantly changed the composition of prey (X 2
=11.5, P<0.05, Fig. 9). The major taxonomic order of intercepted insects in the
control group was Lepidoptera (63%). However, in the experimental group the
dominance of Lepidoptera in the diet reduced dramatically (Fig. 9). Although the
color of femur of N. punctigera was quite different from that of brown body part, it
did not seem to serve as a visual attractant. Compared with the prey interception rate
of the experimental group (brown paint on femur), that of the control group (brown
paint on brown part of legs) was not significantly higher (Table 4, Fig. 10). Findly,
during 784 hours of video monitoring, we did not observe any attack event on N.

punctigera.

23



Discussion

Most members of the genera Neoscona and Araneus have bright spots on the

ventrum and our results showed that such feature serves as a visual lure to nocturnal

prey. Here we propose that the bright spots of numerous nocturnal web spiders

(such as Neoscona and Araneus) probably also functionto attract nocturnal insect and

to increase spider’s prey encounter rate. Results of this study also show that wile

Neoscona spiders deliberately display their visual lure during the night; they minimize

the visibility to predator morphologically and behaviorally during daytime. During

daytime these spiders tear down their web and sit on the twig or bark nearby with all

legs drawn close to the body, greatly ater the contour of the spiders. Moreover, the

color contrast of spider’s dorsum when viewed against the bark does not exceed the

discrimination threshold of the hymenoptran insects. Therefore, it should be very

difficult for wasps to visually detect Neoscona hiding on bark during daytime. The

use of visua lureto attract nocturnal prey and inconspicuous body color to

camouflage oneself during daytime might be Neoscona and Araneus spiders

adaptations to high predation pressures of parasitoid hymenopteran and dipterans.

The great mgjority of these parasitoid insects are diurnal and many of them are

visually orientated (Gullan & Cranstan 2004). For nocturnal orb weaving spiders,

totally switching the foraging to nocturnal might lose the opportunity of catching
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diurna prey. However, the benefit of avoiding diurna predator might have

outweighted the cost of losing diurnal prey intake. Congruent with such hypothesis

isthat during 748 hours of video recording, we did not find any event of attack on

spiders.

Results of this study showed that the nocturnal color contrast of ventrum spots of

N. punctigera was high but those of the rest of body parts were low. Such results

indicate that when N. punctigera are viewed by moths against the vegetation

background, the ventrum spots will be quite distinctive while the rest of body will be

relatively indistinguishable from the vegetation background. Therefore, from the

eyes of moths the color signals of N. punctigera are perceived as something other than

predators. Results of this study also demonstrated that the ventrum spots might be

mimicking the color signal of moths' food resources. Both the flowers examined

and ventrum spots of N. punctigera have high color contrasts and the values between

gpots and H. coronarium were quite similar. Results of previous studies show that

the body colorations of diurnal orb weaving spiders might mimic the color signal of

prey’s food resources such as nectar or new leaves thus are attractive to insects

(Heiling et al. 2003, Tso et a. 2004). Results of this study further demonstrate that

such luring also occurs in the nocturnal context. By exhibiting body coloration

resembling the color signal of flowers open at night, nocturnal orb weaving spiders
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visually attract prey to fly toward them to increase foraging success.

Results of this study show that bright spot function as a visual lure to attract

nocturnal insect, and it could increase foraging success of N. punctigera.

Theoretically, the size of such visua lure should be large to maximize the

attractiveness. However, the ventrum spots of Araneus and Neoscona were not large

and they only occupy a small part of the ventrum (Fig. 1). Why Neoscona and

Araneus spiders exhibit small rather than large visual lures? Two reasons might be

responsible for such small visua lures. First, the size of ventrum spots might be

constrained by strong predation pressure. During daytime when the parasitoid

insects are most abundant Neoscona or Araneus spiders usually sit on bark with bright

ventrum spots well concealed. However, if the size of ventral spots expands too

much it will make spider difficult to conceal them and thus increase the detectability

of the spiders. Secondly, the small size of bright spot might have evolved to cheat

prey. When nocturnal prey such as moths detected spiders’ ventrum spots, they

might mistakenly regard the signal of potential food resources as being far away and

consequently accelerate toward them. Asthe fast flying prey approached the spider

and suddenly detected the predator, it might be difficult for them to perform

appropriate avoidance maneuvering and they eventually collided into the webs.

From the video recording, moths were frequently observed to pass through the web or
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pass by the margin of web then fly directly toward the spider (Fig. 11). Therefore,

the small sized ventrum spots of nocturnal orb weaving spider might be generated by

selection to achieve a better luring of prey.

In the field experiments, webs with spiders intercepted more prey and those with

spiders ventrum painted caught much fewer insects. The attractiveness of the

spidersis considered as generated by the visual signals of the highly distinctive

ventrum spots.  When the color signals of ventrum spots were altered by paint, their

luring effect was severely reduced. However, in addition to night color vision,

moths also exhibit excellent olfactory senses (Hansson 2002). Was it possible that

the ventrum spots were actually emitting some sort of prey-attracting olfactory signal,

and the application of paint blocked the release of such substances? The possibility

that N. punctigera’s ventrum spots actually serve as olfactory luresis low. Because,

when those ventrum spots were carefully examined under the microscope there were

no openings on them. The brightly pigmented area was covered by a continuous

sheet of cuticle that covered the whole ventrum (Chuang, personal observation). On

the other hand, it was also unlikely that the observed results were generated by

nocturnal insects being attracted by the paint used to alter color signals. In this study

we applied the same amount of brown paint on spiders of the control and

experimental treatments. | the brown paint could attract moth, the prey interception
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rates of control and experimental treatments should be similar. Therefore, the

attractiveness of ventrum spots should be resulting from visual signal they generated.

Alteration of such signals by paint will severely reduced their effectiveness as visual

lures. Although the color of femurs of N. punctigera was different from the rest of

body, they do not exhibit visual attractivenessto insects. We propose that the color

difference between femurs and the other body parts may be related to N. punctigera’s

camouflaging posture. During theday N. punctigera will sit on the twig or bark with

all legs drawn near it body. Whilethe body of N. punctigerais covered by brown

spines or hairs, the surfaces of femurs have no hairs and thus are quite smooth. The

lack of spines/hairs on femurs enables spiders to draw them tightly under the body to

effectively change the contour of the spider. We had compared the red femur and the

other parts of leg under the microscope and found that the redness of femurs simply

reflects the origina coloration of the spider. The brownish appearance of N.

punctigera is generated by numerous brown hairs and spines rather than the cuticle of

the spider. In addition to Neoscona and Araneus, other nocturnal orb weavers such

as Poltys also exhibit red femurs (Chuang, personal observations). More study is

needed to realize whether red femurs of these nocturnal orb weavers smply function

to draw legs tightly together, or there are other functions.

In this study, the night shoot function of Hi-8 video cameras was used to record
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the prey catching events of spiders. To make recording in the darkness, infrared

beam was emitted from the video camera and the light reflected from the objects was

used to generated images. Because most insect do not have infrared photoreceptor

(except for some ants) (Briscoe & Chittka 2001), the infrared light of video camera

should be invisible to prey of spiders (Depickere et al. 2004). Therefore, it should be

the natural light signal reflected from ventrum spot of N. punctigera that attracted

nocturnal insects, instead of the infrared light emitted from the video camera. On the

other hand, one may argue that the infrared light reflected from the ventral spots

might generate heat thus made the control spiders attractive to insects. In thisstudy

we did not measure the amount of heat generated from N. punctigera in the

spot-painted and control groups. Therefore, it was not clear whether spidersin two

treatment groups differed in the quantity of head reflected. However, although most

insects have thermoreceptors in the antenna, most insect could not detect the heat

source (Gullan & Cranston 2004). There are afew studies demonstrating with direct

evidence that insects such as cockroach, large moth, and beetles can detect heat.

Some insects, such as beetles, could only detect heat which intensity is aslarge as

forest fire (Gullan & Cranston 2004). The field experiments of this present study

were conducted in a subtropical study site during summers, and the ambient

temperatures usually exceeded 30°C. Therefore, it is unlikely the heat generated



from infrared reflection attracts nocturnal insects and thus affected the results of field

experiments.

So far very few studies had investigated the predator-prey visual interactions in

the nocturnal context. Our lack of understanding on nocturnal color vision makes

most people consider that visual signals do not play significant role during night time.

Recently, more and more studies found that nocturnal insect had excellent color vision

(Kelber 2002, Warrant 1999). Results of this study demonstrated that a nocturnal

terrestrial predator could use visua lures to attract prey. Therefore, predator-prey

visual interactions also occur in the nocturnal light environment. This study is the

first to simulate how the body color signal of a nocturnal predator is viewed by their

prey. The nocturnal vison model | used was proposed by Warrnat (1999), and was

initially used to simulate how the color signals of nocturnal flowers were viewed by

nocturnal pollinators. We used this nocturnal vision model to demonstrate our

hypothesis.  Although several previous studies used diurnal vision model to

investigate how diurnal predators were viewed by their prey (Tso et a. 2004, Thery &

Casas 2002), no study has used the color contrast approach to study predator-prey

visua interactions in the nocturna system.

Both moth and most nocturnal insect had superposition compound eyes. In

order to aggregate the weak light signal and assemble it to only one ommatidium, the



superposition eye had possessed specific structures (Warrant 1999). Besides,

superposition eyes have longer rhabdom than apposition eyes. The longer rhabdom

helped to improve the problem of low signal-to-noise ratio characteristic of nocturnal

light environment (Kelber & Roth 2005). One implication of this study is that

perhaps in addition to moths many insects may also have nocturnal vision. To date,

although only a few nocturnal insects are demonstrated to possess nocturnal color

vision, nocturnal insects exhibit excellent nocturnal color vision might be quite

abundant than we currently know. We believe that visual signal should play a very

significant role in the nocturnal system in aspects such as foraging communication,

mating, or intraspecific recognition. In the past, because of the limitation on

research equipment and methodologies, the visual interactions of nocturnal animals

are generaly ignored. In the future, we should place much emphasisin the role

color visions played in the nocturna system.
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Table 1. The result of t-tests comparing the achromatic and chromatic color contrasts

of various body parts of N. punctigera with the discrimination threshold of

0.05 estimated for honeybee (Apis mellifera).

Color Bright Abdomen Black Leg Femur  Brown
contrast spot area paint
Achromatic

t 17.615 0.491 -0.896 -2.908 0.081 -0.909
P <0.001 0.644 0411 0.033 0.938 0.530
Chromatic

t 17.615 0.491 -0.896 -2.908 0.081 0.081
P <0.001 0.644 0411 0.033 0.938 0.938




Table 2. The results of Poisson regression comparing the prey-interception rates of N.

punctigera in the with spider and without spider groups.

Parameter DF Edimateof R SE 7 p

Intercept 1 -4.949 0.596 68.84 <.001
Webarea 0-100 1 -0.514 0.575 0.800 0.371
Webarea  100-200 1 -0.394 0.569 0.480 0.488
Webarea  200-300 1 0.068 0.579 0.010 0.906
Treatment  With-spider 1 0.851 0.325 6.840 0.008
Treatment  Without-spider 0O 0 0 - -




Table 3. The result of Poisson regression comparing the prey interception rates of N.
punctigera in the experimental (ventrum spot painted) and control (body

ventrum painted) groups.

Parameter DF Estimateof @ SE Ye p

Intercept 1 -6.637 0.773 73610 <.001
Webarea  0-100 1 0.759 0.758 1.000 0.316
Webarea  100-200 1 0.726 0.731 0.990 0.320
Webarea  200-300 1 0571 0.759 0.570 0.452
Webarea  300-400 1 0.853 0.768 1.230 0.267
Treatment  Control 1 1364 0.313 18.900 <.001
Treatment Experiment 0 O 0 - -




Table 4. The result of Poisson regression comparing the prey interception rates of N.
punctigera in experimental (red femur painted) and control (brown leg

painted) groups.

Parameter DF Estimateof 3 SE ta p
Intercept 1 -5230 0581 81040 <.001
Webarea 1 1 0003 0630 0.000 0.99
Webarea 144 509 1 -0215 0659 0110  0.743
Webarea ) 1 -0255 0363 0490 0482
Web area Experimental 0 0 0 - -

a4



Figure 1. Different forms of vertrum bright spots in nocturnal orb weaving spiders. A

and B: Neoscona punctigera; C: N. nautical; D: Araneus lugubris E: N.

Sylla; F: A. rufofemoratus.
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Abdomen

Figure 2. Dorsa (a) and ventral (b) views of Neoscona puntigera. Body parts from

which reflectance spectra were measured were specified.
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Figure 4. Mean (+ SE) color contrasts of different body parts of Neoscona punctigera
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Figurell. Consecutive images from video recording showing a moth initially passed
by the margin of web (a~d) but changed direction and oriented toward the
spider (e~i ).
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Chapter 2

Diurnal and nocturnal hunting of a

conspicuously-colored sit-and-wait predator



(Nepila pilipes)
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Abstract

In this study, | investigated whether the body coloration of Nephila pilipes

functions to attract prey or to camouflage the spider. Besides, previous studies show

that some animals could change their temporal activity patterns in response to the

environmental changes or pressures from predators or competitors It is not common

that animals will forage both in the daytime and at night, but N. pilipes isjust one

such organism. Therefore, in this study | also investigated whether the diurnal and

nocturnal huntings of N. pilipes differed in prey catching success and composition.

Field manipulations were conducted both during daytime and nighttime to test the

effectiveness of N. pilipes's body colorationsin different light environmerts. | first

manipulated the presence of N. pilipes to see whether the spider itself served as prey

attractant both in the daytime and at nighttime. Then | altered the color signals of

spiders by paint to evaluate whether the conspicuous body coloration was responsible

for N. pilipes's attractiveness both in the daytime and at nighttime. Presence of

spiders significantly increased diurnal as well as nocturnal prey interceptions, but

these rates were significantly reduced when the conspicuous color signals of N.

pilipes were dtered. These results demonstrated that the conspicuous body

coloration of N. pilipesfunctioned as visual lures to attract insects both in the daytime

and nighttime. Furthermore, N. pilipes were also found to catch and consume
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significantly more prey during their nocturnal hunting. Such results indicate that

while the conspicuously-colored N. pilipes are usually regarded as diurnal predators,

nocturnal hunting might be their major source of prey intake. Therefore, the

intended recipient of conspicuously colored spiders might not be diurnal insects but

nocturnal prey.



I ntroduction

The interaction patterns of predator and prey are very diverse and complicated.

While the resources or environmental conditions deteriorate, the organisms must

change their habitat, food resource or temporal activity pattern to cope whit the

problems (Schoener 1974). For example, the temporal activity of the rodent degu

(Octodon degus) in Chile was affected by environmental conditions, such as high

temperatures (Bozinovic et a. 2004). Besides, predation pressure could also affect

the foraging success of the individuals (Werner & Anholt 1993). Resource limitation

and predation pressure would force organisms to change their niches. |n the past,

relevant studies about changes in niche type generally examine how organisms use

different habitats, different food resources, and exhibit different activity patterns.

However, few studies have discussed temporal activity partitioning (Noga & Dayan

2003). Because the composition of food resource or presence of predators vary

throughout the day, foraging in different time periods could avoid interspecific

competition or predation pressure (Gullan & Cranston 2004). The temporal

partitioning of resource use could also be regarded as a kind of niche (Noga & Dayan

2003).

False or cheating messages are usually involved in the communication between

organisms (Hasson 1994). Especially in predator-prey interactions, numerous



predators use cheating signalsto lure prey. Theanglerfish (Melanocetus johnsoni) in

the deep sea exhibits escal photophores that serve as avisual lure to attract prey

(Munk 1999). The use of light signals to visually lure prey is very common in deep

sea, because in the very dim environment the bioilluminance can achieve avery

effective luring. The use of lures to attract prey also occurs in the terrestrial system.

For example, bolas spider (Mastophora longipes) is a nocturnal predator which uses

olfactory lure mimicking the sex pheromone of particular species of moth to attract

prey (Yeargan 1994). In addition to olfactory cue, terrestrial predators also use the

body coloration as visua lure to attract prey. Recent studies show that the

conspicuous body colorations of numerous orb-weaving spiders are attractive to their

prey. Since orb-weaving spiders are sit-and-wait predators so they can not actively

move from place to place to search for prey, there might be strong selection pressure

for them to evolve means to make prey move toward them. For example, the spiny

spider Gasteracantha fornicate in Australia has yellow-and-black striped conspicuous

coloration. Hauber (2002) applied dark paint on the conspicuous yellow stripes and

such treatment generated a significant reduction in spider’s foraging success. While

Hauber (2002) found that the reduction of conspicuousness would reduce spiny

spider’s foraging success, Tso et a. (2006) demonstrated that exhibiting the

appropriate color signal was aso important. Tso et a. (2006) applied conspicuous



paint on the brightly-colored stripes of the orchid spider, Leucauge magnifica, to

evaluate the effects on spiders foraging success. Although the application of paint

did not change the conspicuousness of the spider but simply alter the color signals, the

foraging success of L. magnigica was significantly reduced. Furthermore, they

simulated how the spiders were viewed by diurnal insects and they found that the

conspicuous part of spider body coloration was very bright and distinctive (Tso et al.

2006).

Recently, Tso et a. (2002) reported that in addition to the typical

black-and-yellow colored giant wood spider N. pilipes, sympatric with them were

some melanic individuals which were totaly dark. Tso et a. (2002, 2004) compared

the foraging success of these two morphs of giant wood spiders and found that typical

N. pilipes caught significantly more preys that the melanics. They also quantified

how the spiders were viewed by hymenopteran insects and found that only the

conspicuous yellow stripes but not the black body part of N. pilipes could be

distinguished from the vegetation background (Tso et al. 2004). Tso et al. (2004)

proposed that the coloration pattern of N. pilipes made the spiders similar to some

form of food resources ard thus were attractive to insects. However, Tso et a. (2004)

did not provide direct evidence to demonstrate that the higher foraging success of

typical N. pilipes was generated by their conspicuous body coloration. Itisaso



possible that the body color of typical N. pilipes serves as cryptic coloration. The

body coloration of N. pilipes might break the contour of spiders, decrease the

visibility of spiders to insects thus increase the probabilities that prey might

accidentally bump into the web (Vaclav & Prokop 2006). Cryptic coloration means

that body color of organism matches that of the environment thus makes others

difficult to visually detect it (Endler 1998). Cryptic coloration can be achieved by

either background matching or disruptive coloration (Merilita & Lind 2005). For

example, the marine isopods, |dotea baltica, have various colorations on their body.

The function of such body coloration pattern were suggested to decrease this

organism’'s detecability to predators by disruptive coloration (Merilaita 1998). The

cuttlefish Sepia officinalisis well known to camouflage itself by disruptive

colorations.  This cuttlefish could change its coloration pattern according to different

substrate of background (Chiao et al. 2005). The reef fish(Pygoplites diacanthus)

camouflages by exploiting light spots in the coral reef. The body coloration of this

fish mimics the light spots shining on the coral reef and thus could camouflage itself

(Marshall 2000).

Concluding from the above, while typical morphof N. pilipes exhibits higher

foraging success than the melanic, it is still not clear whether such difference is

generated by typical morph being more attractive, or more invisible than the melanics.
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In this study, field manipulative studies were conducted to simultaneously evaluate

the prey attraction and cryptic coloration hypothese.  If the body coloration of typical

N. pilipes functions to increase prey interception rates, then the presence of spider on

the web would attract more prey to the web. On the other hand, if the body

coloration of N. pilipesfunctions to decrease the visibility of spiders, there will be no

difference in prey interception rates between webs with and without spiders.

In general, researches tend to consider that ecological interactions involving

conspicuous body coloration should occur in the diurnal context. Because, during

the night the light environment is dim and signal-to-noise ratio is low (Warrant 2004).

Therefore, researchers tend to regard conspicuous body coloration as unlikely to play

significant ecological roles during night time. Nephila pilipesis alarge colorful

orb-weaving spider and in generally regarded as a diurnal predator. However, a

round-the-clock survey showed that N. pilipes were actively foraging both in the

daytime and nighttime. N. pilipes usually started making a web at about 0200 hours.

It usually took them about an hour to weave a complete orb web. They would then

stay on the hub hunting for prey until 2000 hours. N. pilipes actively hunts for prey

in the day and night, and the light environments of these two time periods are quite

different (Warrant 2004). Results of this study demonstrated that the bright body

coloration of N. pilipesaso functions well during nighttime, and the intended



recipient of body color signals of N. pilipes might be nocturnal rather than diurnal

prey.
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Material and M ethod

The study site and spiders:

The field manipulative studies were conducted in Auguest, 2005 in Sanyi,
Miaoli County, in central Taiwan The study Site was located in a secondary forest
and giant wood spiders Nephila pilipes were commonly seen building webs along the
trails. The secondary forest was dominated by tung oil tree (Alueritesfordii) and
Taiwarese Acacia (Acacia confuse), which are common tree speciesin lowland areas
of Tawan. Mature female N. pilipes usually built orbs in the forest understory and
the diameter usually exceeds one meter. They prefer to choose the edge of forest to

build their webs.

Testing the attractiveness of spidersto prey:

In this part of study | evaluated the effectiveness of N. pilipesper se as prey
attractant by comparing the prey interception rates of webs with and without spiders.
This manipulative study was conducted both in the daytime (0600 to 1400 hours) and
in the nighttime (0200 to 0530 hours) to realize N. pilipes attractiveness in luring
prey in different light environments. Individual spiders along the trails were
randomly chosen and the distance between the individuals was at |east five meters.

Spiders chosen were randomly divided into two groups. In the first group the



spiders were carefully removed from the webs (without damaging the web) and in the
second group the spiders were l€eft intact on web. The sample size of spider removal
group in daytime and nighttime was both 17. Those of the with spider group were

20 in the daytime and 19 in the nighttime.

Testing the attractiveness of spider coloration:

In this part of study | evaluated whether the conspicuous body coloration of N.
pilipes was responsible for the spiders’ attractiveness to insects. To test this
hypothesis, the conspicuous color signals of N. pilipes were altered by dark paint with
reflectance properties similar to those of spiders black body part.  This manipulative
study was also conducted both in the daytime (0600 to 1400 hours) and in the night
time (0200 to 0530 hours). To realize whether the dark paint used exhibited
chromatic properties similar to those of N. pilipes's black body coloration, | brought
eight spiders back to the lab, applied dark paint on them and measured the reflectance
gpectra with a S2000 spectrometer. The reflectance spectra were used to calculate
color contrasts to see whether the paint can be chromatically distinguished from
spiders black body parts. The chosen spiders were randomly assigned into two
groups, the experimental and control. 1n the experimental group (N = 23 in daytime

and 21 in nighttime experiments), dark paint was applied on the conspicuous carapace,
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dorsal stripes and leg spots. In the control group (N = 16 in daytime and 16 in

nighttime), same amount of dark paint was applied on the dark body parts to control

for the effects of treatments. Before the applicationof paint, the chosen spiders were

carefully removed from their webs (without causing any damage on orb) and were

anesthetized by CO, (for about 5 min) to perform body color manipulations. Before

recording prey interception events, for al the spiders and webs in four treatment

groups the following variables were measured: spider body length, radius from four

cardinal directions, number of radii and number of spirals from four cardinal

directions. These variables were used to calculate capture area of the web following

the formulae of Herberstein and Tso (2000). Sony Hi-8 video cameras were used to

record the foraging success of N. pilipes in different treatment groups. The

night-shot function of the video cameras was used while the recording was made

during the night. The video cameras were placed at least 1 m in front of the webs

monitored. The video tapes were brought back to the laboratory for further analysis.

While viewing the video tapes | recorded the number of prey intercepted by each web.

Prey interception rate was generated by dividing the number of prey intercepted by

the web of each spider with number of recording hours that day. In addition, | also

used body length of N. pilipes recorded during the field study to estimate the body

length of intercepted prey. The body size of prey was used to calculate biomass
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following the length-dry weight formulae provided by Schoener (1980). Prey
biomass was used to estimate prey consumption rate of N. pilipesin different
treatment groups. While analyzing the data, | first evaluated whether the prey
interception and consumption rates were congruent with normal or Poisson
distributions. Then either Analysis of Covariance or Poisson regression would be
used, using capture area of the webs as the covariance. However, if the datadid not
fit both distributions, | would divide the prey interception and consumption rates with
capture area to generate unit area prey interception/consumptionrate, then analyzed

by nonparametric U-tests.

Color contrast calculation using diurnal visual model:

We simulated how various body parts of N. pilipeswere viewed by their insect
prey or predator by calculating their color contrasts. Six female N. pilipes were
collected from Sanyi, Miaoli County, in central Taiwan. The S2000 spectrometer
(Ocean Optics, Inc., Dunedin. Florida, U.S.A.) was used to measure the reflectance
spectra of black paint applying on spider body. The reading probe was vertically
placed 5mm above the regions to be measured. | used the visual model developed
from Hymenoptera to calculate the color contrast. | measured the reflectance

spectrum of green leaf and used it as the background light signal. To determine



whether the color signal of an object could be identified against certain background,
first the amount of light signals received by each photoreceptor must be estimated by
the following equation (Stavenga et al. 1993; equation 1):
P=Rg. Is(l )S(1)D( )dI (1)
Qo
Where P is quantum catches that is absorbed by each photoreceptor, function Isis
spectral reflectance of stimulus, function Sis spectral sensitivity of honeybee
photoreceptor, function D is the spectral reflectance of illumination Function Ris
the sensitivity factor and can be calculated by the following equation:
J0o
R=1 Q, ls(1)S(1)D(I )dl 2
Where function Ig is the spectral reflection of background.

Although the quantum catches are received by the photoreceptor, they will not be
directly accepted by the insect brain. Therefore the quantum catches P must be
transformed to effective signal that could be accepted by the brain by the following
equation(Naka & Rushton 1966; equation 3):

E=P/(1+P) (3)
Where E is excitation maximum value, P is quantum catches of each photoreceptor.
Then the planar coordinate was used to express signals. Each stimulus could
generate three E values, Ey, Eu and E, respectively. Where Eg isthe excitation value

of green photoreceptor of honeybee, Ey, is that of blue photoreceptor and E,, that of



ultraviolet photoreceptor.  To integrate these three excitation values, we used the

following color hexagon model of Chittka (1996; equation 4):

X = (\E/Z)(Eg - Ew)

(4)
Y = Eb- 0.5( Ew + Eqg)
The Euclidean distances (? ) of X and Y, whichis the color contrast, can be
calculated by the following equation (equation 5):
DS =4/ (DX)2 +(DY)? (5)

For honeybees, the estimated color contrast discriminationthreshold is 0.05 (Thery &
Casas 2002). We used one tail t-tests to examine whether the color contrasts of

various body parts of N. pilipes were significantly higher than the discrimination

threshold vaue.

Color contrast calculating using nocturna visual mode!:

The video recordings showed that moth was the major nocturnal prey of N.
pilipes Therefore, | used nocturnal visual model devel oped for moth to assess how
N. pilipes was viewed by their prey.  The reflectance spectra of spiders and

vegetation background were those used previously. The visua model used by



Johnsen et a. (2006) was followed to calculate the achromatic contrasts of different
body partsof N. pilipes. The following equation was used to calculate the quantum
catches of one ommatidium of moth (Warrant & Nilsson 1998).

N =1.13(0/4)nDP2D? Dt(‘iz)okt @- O L(1)d (5)
Where n is the effective facets in the superposition ?P is the photoreceptor
acceptance angle, D is the diameter of afacet lens, ?t is the integration time of a
photoreceptor, ? isthe quantum efficiency of transduction t is the fractiona
transmission of the eye media, k is the absorption coefficient of the rhabdom | is the
rhabdom length doubled by tapetal reflection R (?) are the absorbance spectra of each
photoreceptor, L(?) is the reflectance spectra of object multiplied by the reflectance
spectra of light environment and then divide by p (Johnsen et al. 2006). The
difference of object of interest and the background, the achromatic contrasts, can be

estimated by the following equation:
_ NX - Ngreen
€= N, +N (6)

green

Where Ny is quantum catches of object, and Ngreen iS quantum catches of

green vegetation background (Johnsen et al. 2006). Currently, the
discrimination threshold value of nocturnal color contrast is still not available.
Therefore, we compared the contrast values of various body parts of N.

pilipesand black paint using t-tests to determine whether the colorful body



parts were more conspicuous than other black parts.

In addition to achromatic contrast, | also calculated chromatic color contrast of
various body parts of N. pilipes when viewed by moth during nighttime. Firgt, the
guantum catches of one ommatidium (N) was calculated, and the N values of each
photoreceptors were estimated to generate Nyy, Np and Ng.  Then quy, b and qg, the
relative quantum catches of each type of photoreceptor, were calculated by the

following equations (Johnsen et al. 2006):

Nuv
quv - Nuv + Nb + Ng (7)
— Nb
ey ®
gy =8 ©
’ I\Iuv + Nb + Ng

Then values of each stimulus were used to calculate relative distances in the color

triangle by the following equations (Johnsen et al. 2006):

— 10
5 (qg ds) (10)
_ V qg + qb
X _T(quv 2 ) (11)
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X1 and X, were the distances on the X axisand Y axis, which represented the relative

intensity of three types of photoreceptors in the 2D color space. The distance of two

color stimuli on the color space was the color contrast (Johnsen et al. 2006). So far,

no one had devel oped theoretical discrimination threshold value for the nocturnal

chromatic visual model. Therefore, | used ANOVA tests to compare the chromatic

color contrasts of different body parts of N. pilipes and the dark paint when viewed by

moths against the green vegetation background.



Results
Testing the attractiveness of spidersto prey:

N. pilipes spiders in the study site were monitored for a total of 1000 hours.
However, | did not find any predation event on N. pilipes  The reasonmight be that
during the time the field studies were conducted (August of the year) N. pilipes
populations were composed of large adult spiders. Parasitoid predators such as
wasps might avoid attacking those giant wood spider as big as a human hand. In this
study, 670 hours of video recording were made on diurna hunting of N. pilipes, and
330 hours of recording were made on nocturnal recording. Presence of N. pilipeson
webs significantly increased the interception rate of prey, no matter in diurnal or
nocturnal hunting.  The prey interception data of this part of study fitted well with
Poisson distribution (Pearson ?* = 3.168, p = 0.5049), so Poisson regressions were
used to compare the difference on prey catching rate between treatment groups while
considering orb area. The diurnal prey interception rate of webs with spiders was
seven times that of webs without spiders (Fig. 3, Tablela). The difference on
nocturnal prey interception rate between two treatment groups was even more
dramatic. The nocturnal prey interception rate of webs with N. pilipes was 20 times

that of webs without the spider (Fig. 3, Tablelb).
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Testing the attractiveness of spider body coloration to prey:

In this part of the study | tested whether the conspicuous body coloration of N.
pilipes was responsible for its attractiveness to prey. The color signal of the dark
paint used was similar to that of spiders’ black body parts (Fig. 2). The chromatic
and achromatic contrasts of dark paint when viewed against the black body part of N.
pilipes by diurnal Hymenopteran insects were significantly smaller than the
discrimination threshold value (one tailed t-test, t = 0.476, p= 0.644 for chromatic
contrast, t = 1.631, P = 0.129 for achromatic contrast ) (Fig.1). The achromatic
contrasts of dark paint when view by nocturnal Lepidopteran insects was similar to
that of the spiders black body part (Table 2a, Fig. 2). However, dark paint’s
nocturnal chromatic color contrast was significantly smaller than that of the black
body part (Table 2b, Fig. 2). Therefore, the dark paint | used should be able to
effectively reduce the conspicuousness of the yellow body parts of N. pilipes.

The applicationof paint on conspicuous body partsof N. pilipes significantly
reduced their foraging success. The prey interception rate of diurnal prey fitted well
with a Poisson distribution (Pearson ?* =3.1687, p = 0.5843), s0 | used a Poisson
regression to compare the prey interception rates between the experimental
(conspicuous body part painted) and control (black body painted) groups while

considering the orb area. The diurnal prey interception rate of the experimental
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group was significantly lower than the control group (Table 3). Compared with that
of N. pilipeswhose conspicuous body color signal was altered, the prey interception
rate of the control group was twice as high (Fig. 4). The effect of reducing
conspicuousness by paint was even more dramatic in N. pilipes nocturnal hunting.
The nocturnal prey interception data did not fit either normal or Poisson distributions.
Therefore, | divided prey interception rate with web area to generate unit area prey
interception rates then compared with a norparametric U-test.  The prey interception
rate of control treatment was significantly higher than that of the experimental
treatment (U-test = 226.500, p = 0.002). The prey interception rate of the

experimental groups was only one-third that of the control group (Fig. 4).

Relative importance of diurna and nocturnal hunting:

To assess the relative importance of diurnal and nocturnal hunting in N. pilipes, |
used the data from the with spider and control treatment groups. Because, the
conspicuous body coloration of spiders in these two groups was not atered. 1nthe
with spider group, N. pilipes intercepted significantly more prey at nighttime than in
the daytime (Table 3a). In the control group, the nocturnal prey interception rate was
also significantly higher than that of diurnal prey (Table 3b). A similar trend was

also found in prey consumption rates. Prey consumptionrate data did not fit normal
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or Poisson distributions, so | divided the consumption rate web orb area then analyzed

with nonparametric U-tests.  I1n with spider group, the biomass of nocturnal prey

caught and consumed by N. pilipes was 8 times that of the diurnal prey (U-test = 75.5,

p = 0.01, Fig. 5). Similarly, spidersin the control group also consumed significantly

higher biomass of nocturnal prey than diurnal prey (U-test = 78.5, p= 0.023, Fig. 5).

Therefore, insect from nocturnal hunting seems to be the major source of prey intake

in N. pilipes.

Nocturnal chromatic and achromatic contrast:

The nocturnal achromatic contrasts of conspicuous yellow body parts of N.

pilipeswhen viewed against vegetation background by |epidoteran insects were

significantly higher than those of black body parts and black paint (ANOVA test, F =

12.062, p > 0.001, Fig. 2). Theyedlow stripes on dorsum of abdomen had the

highest achromatic contrast among al body parts. The achromatic contrasts of

yellow carapace and yellow spots on legs did not differ significantly. No significant

difference in achromatic contrast values was found among various black body parts or

the paint used to alter body color signals. The nocturnal chromatic color contrast of

various body parts of N. pilipes followed a trend similar to that of achromatic

contrasts.  Various conspicuous yellow body parts exhibited contrast values
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significantly higher than those of body parts (ANOVA test, F = 36.93, p < 0.001, Fig.
2). Again, the yellow stripes on dorsum exhibited the highest color contrast values,
followed by yellow carapace and yellow leg spots.  Although the nocturnal
chromatic color contrasts of black body parts were considerably lower than those of

yellow body parts, they were significantly higher than the value of dark paint.
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Discussion

Results of this study demonstrated that the conspicuous body coloration of giant

wood spider N. pilipes functionas visua lure to attract both diurnal and nocturnal

prey. While most orb weaving spiders confine their hunting to either diurnal or

nocturnal part of the day, N. pilipes hunt for in both light and dark hours of the day.

Results of this study strongly indicate that the bright body coloration of orb weaving

gpider functions as prey attractant rather than to camouflage the spider. Following

camouflaging hypothesis, if the coloration pattern makes spiders blending well with

background vegetation, then webs with spiders will catch similar amount of prey than

those without. Contrary to the predictions of camouflaging hypothesis, webs with N.

pilipes present intercepted significantly more prey, indicating that spiders themselves

serve as conspicuous visua lures to attract prey. This study also provides direct

evidence that the conspicuous body coloration of N. pilipes is responsible for the

spiders attractiveness. While Tso et al. (2004) found the conspicuous typical N.

pilipesto catch more prey than the melanic conspecifics, such result was congruent

with the predictions of either prey attraction or camouflaging hypotheses.  In this

study, when the conspicuousness of N. pilipes was reduced by using dark paint

exhibiting acolor signal similar to that of black body parts, the attractiveness of

spiders to prey was significantly reduced. While conspicuous body parts of N.
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pilipes were attractive to diurnal insects, results of this study showed that they were

also attractive to nocturnal insects. Moreover, nocturnal insects might be the major

target of this conspicuously colored sit-and-wait predator. The amount of prey

biomass consumed by N. pilipes from their nocturnal hunting was severa times

higher than that from diurnal hunting. Therefore, while the brightly-colored orb

weaving spider are traditionally regarded as diurnal predators, results of this study

demonstrate that at least in some species nocturnal hunting might be their major way

of prey intake. Although the light intensity and signal-to-noise ratio of diurnal and

nocturnal light environments differ significantly (Warrant 2004), my results indicated

that the body color of N. pilipes serves as effective visua lure in both light conditions.

This study not only is the first to investigate the nocturnal hunting of a

brightly-colored terrestrial predator, thisis also the first study to assess how the body

signals of spiders are viewed by nocturnal Iepidopteran insects. The color contrasts

of brightly-colored orb weaving spiders when viewed by diurnal hymenopteran

spiders had been reported previously. Results of these studies showed that the dark

or green part of spider body was indistinguishable from the vegetation background but

the conspicuous parts were highly visible to insects (Tso et a. 2004, 2006). Such

phenomenon also occurs when these spiders are viewed by nocturnal insects during

the night.  Through nocturnal achromatic vision, the black body parts of N. pilipes
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was significantly smaller than various yellow body parts, suggesting that when N.

pilipes are viewed by moths in the dim light environment from a long distance, the

conspicuous body parts are be more visible than dark parts. As moths fly toward the

spider and use chromatic vision, the conspicuous body parts are more visible than the

dark parts. The combinationof low and high contrast body colorations might make

the appearance of spiders unlike that of a predator but some form of resource, as is

suggested in other orb weaving spiders (Tso et a. 2004, 2006). The use of visua

lure in nocturnal hunting might be more effective than in diurnal hunting. Although

these spiders will be regarded as some form of resources by diurnal insects, when

prey fly near the spider they will eventually detect the web then adopt escape

manuvors. However, in the nocturna condition when prey are attracted by the

gpiders and fly toward them, under such dim light environment if will be very difficult

for them to detect the presence of the web. The difference in web visibility in two

light environments might be one of the major reasons why N. pilipes intercepted

higher number of prey from their nocturnal hunting.

Tso et al. (2006) also used paint to alter body color signal of spidersthen

investigated the consequences on prey attractiveness. The approach used in this

study in atering spider body color signals is quite different from theirs. InTsoet al.

(2006), they used a conspicuous paint to apply on the conspicuous body colorations of
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orchid spiders L. magnifica. After such treatment the visibility of orchid spidersto

their diurnal prey was not changed but the chromatic properties of the color signals

were altered. In this study, | used a paint exhibiting a chromatic property that was

similar to that of inconspicuous black body parts. Applicationof such paint on N.

pilipeseffectively reduced the conspicuousness of the yellow body parts. Both the

treatments of this study and Tso et a. (2006) worked well in reducing the

attractiveness of spider body coloration to their prey. Results of these two studies

indicate that both the conspicuousness (the visibility) and the chromatic properties

(such as reflectance properties) of the body coloration are important components of an

effective visual lure. So far, we only realize that reducing the conspicuousness of

body coloration would reduce the nocturnal hunting performance of N. pilipes. Itis

still not clear whether altering the chromatic properties but maintaining the visibility

of the body colorationwould affect spiders’ attractiveness to nocturnal prey.

While most spiders hunt either during daytime or nighttime, N. pilipes conduct

both diurnal and nocturnal hunting and the relative importance of the latter seems to

be larger. In this study, N. pilipes's hunting performances in daytime and nighttime

were compared in two ways. The diurnal and nocturnal prey interception and

consumption rates of spiders in the with spider treatment and control groups wee

compared respectively. For the spiders in both treatment groups, the foraging



success of nocturnal hunting was always much higher than that of diurnal hunting.

On average, about 85 % of prey biomassintake of N. pilipes was from their nocturnal

hunting.  Since results of this study show that the body coloration of N. pilipes

functioned better at night and most prey intake come from nocturnal hunting, why this

spider spend so much time hunt during the day? One of the reasons might be that N.

pilipes were maximizing their prey intake. Compared with other web spiders, the

body size of N. pilipes is much larger. To be able to obtain sufficient energy to meet

the needs of growth and reproduction, large spiders such as N. pilipesrequire much

more prey than other web spiders. Therefore, athough the effectiveness of diurnal

hunting is not that high, they still forage during the day to maximize their energetic

need. However, while N. pilipes actively hunt throughout day, they will breakdown

the web and rest for about 6~7 hours during the night (from about 2000 to 0200

hours).  Since nocturnal hunting is much more efficient than diurnal hunting, why N.

pilipesdid not rest during the day, as numerous Araneus and Neoscona spiders do?

One major reason might be that during the day the threat from visually oriented

predators is much more severe than during the night.  Although N. pilipesis quite

big and few predators are able to successfully attack them, staying on the web can

help the spider detect and escape potential predators (Foelix 1996). Since for N.

pilipes predation pressure is smaller during the night, the risk of lacking early warning
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and protection from webs might be much smaller. In thefield, juvenile N. pilipes

seem to spend more time hunting than adult spider. There seemed to be a negative

relationship between size of N. pilipes and foraging effort in terms of time spend

hunting (Chuang, unpublished data). This result suggests that smaller spiders would

try to maximize their prey intake to reach adult stage as soon as possible. Juvenile N.

pilipes are probably severely impacted by predation pressures. Therefore, they will

try to shorten their growth time to grow into certain size as soonas possible to relieve

themselves from predation pressures (Orizaola & Brana 2005).

Recently, more and more orb weaving spiders have been demonstrated to attract

nocturnal prey with visua lures. For example, the obligate nocturnal orb weavers of

the gerera Neoscona and Araneus are inconspicuously brown but exhibit bright spots

on the ventrum of abdomen. These brightly-colored ventrum spots were

demonstrated to serve as visua lures to nocturnal insects (Chuang, unpublished data).

In addition, the bright body coloration of orchid spider L. magnifica was also shown

to be attractive to nocturnal prey (Tso et al. acceptance pending revision). Therefore,

it seems that even in the dim light condition of nocturnal system visual signals are

significantly involved in the predator-prey interactions. Especially in less mobile

gt-and-wait predators such as orb weaving spiders, they exhibit a diverse array of

visual lures to attract prey. Results of the aforementioned studies demonstrate that
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no matter the lures are composed of small ventrum spots or large dorsum stripes; they

are al effective in attracting nocturnal insects. Recently, more and more nocturnal

insects such as hawkmoths, nocturnal bees and dune beetles are shown to have

nocturnal color visons (Warrant 1999). Limited by equipments and methodologies,

it isuntil very recently do we begin to realize that in the dim light environment during

the night color vision are actually quite common in numerous organisms (Kelber &

Roth 2006). Since in the night there are so many insects using color signalsto

forage and to interact with each other, it is likely that predators such as orb weaving

spiders might have evolved sensory exploitation and lure nocturnal prey with false

signals (Hasson 1994). | expect that as further efforts are invested, more interesting

visual interactions between nocturnal predator and prey will be discovered.

Oneimplication of this study isthat in future behavioral studies investigating

interspecific signal transmission, especially those in the visual context, researchers

should serious consider what organisms are the intended recipient of the signalers.

In the past, in the terrestrial ecosystem color signals are generally considered to be

used only by diurnal organisms. However, more and more studies demonstrated that

various nocturnal organisms utilize color signals to locate food resources and mates

(Kelber & Roth 2006). Inthe case of N. pilipes, their conspicuous body coloration

actually attracts much more nocturnal than diurna prey. Therefore, it might be the



selection pressures of effectively exploitating the color signal sensing of nocturnal

prey that drives the evolution of orb weaving spider’s body coloration. Another

implication of this study is that while studying animal communications we should

serioudly consider under what conditions does the signal transmission really takes

place. Traditionally, we usually think that conspicuous body coloration only

functionsin the diurnal context. However, results of this study strongly demonstrate

that bright body coloration of N. pilipes visually lure both diurnal and nocturna prey.

Moreover, such visua lures function more effectively in spiders’ nocturna hunting.

Finally, while studying the visual interactions between organisms, one should conduct

around-the-clock survey to readlize the temporal activities of them. So far, dmost al

empirical studies on foraging behaviors of so-called “diurnal” web spiders only

investigated spiders diurnal hunting. N umerous studies monitored the diurnal

hunting of spiders for few hours then made conclusions accordingly (such as Tso 1996,

1998a, 1998b, 2002, 2004). In this study, it was until N. pilipes were monitored on a

24 hour basis and their temporal activity patternfully realized then | realized that they

also hunt during the night. If the color signals of one organism are most

significantly involved in one light condition but researches are conducted in another,

the conclusions subsequently made will not be able to reflect the redlities.
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Table 1. Results of the Poisson regressions comparing diurnal (&) and nocturnal (b)

prey interception rates of webs with Nephila pilipes and without.

(@) Diurnal hunting

Parameter DF  Esimateof 3 SE ? P
Intercept 1 -6.472 0.468 190.87 <.001
Webarea 0-200 1 -0.681 0.425 2.570 0.109
Webarea  200-400 1 -0.223 0.334 0.450 0.504
Treatment  With 1 1.656 0.441 14.08 0.001
Treatment  Without 0 0 0 - -
(b) Nocturnal hunting

Parameter DF  Esimateof 3 SE ? P
Intercept 1 -6.300 0.624 101.69 <.001
Webarea 0-200 1 -0.758 0.366 4.280 0.038
Webarea  200-400 1 -0.045 0.282 0.030 0.873
Treatment  With 1 3.046 0.609 24.97 <.001
Treatment  Without 0 0 0 - -
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Table2. Results of the Poisson regression comparing prey interception rates of webs
built by Nephila pilipes in the experimental (conspicuous body part painted)

and control (black body part painted) groups.

Parameter DF Esimaeof @ SE = ?° P

Intercept 1 -6.385 0.651 96.230 <.001
Webarea 0-200 1 0.534 0.695 0.590 0.442
Webarea  200-400 1 0.056 0.605 0.010 0.925
Treatment  400-600 1 0.278 0.961 0.080 0.771
Treatment  Control 1 1.211 0.402 9.060 0.002
Treatment  Experimental 0 0 0 - -




Table 4. Results of Poisson regressions comparing diurnal and nocturnal prey

interception rates of Nephila pilipes in the with spider group (a) and control

group (b) respectively.

(&) With spider group
Parameter DF Edimateof B3 SE 7 P
I ntercept 1 -3.240 0.137 556.26 <.001
Webaea 0-200 1 -0.981 0.322 9.240 0.002
Webaea  200-400 1 0.000 0.213 0.000 0.999
Treatment Diurnal prey 1 -1.601 0.188 72.06 <.001
Treatment Nocturnal prey 0 0 0 - -

(b) Control group
Parameter DF  Esimateof B SE ? P
I ntercept 1 -4.353 0411 112.09 <.001
Webaea 0-200 1 0.703 0519 1830 0.175
Webaea 200-400 1 0.770 0432 3180 0.074
Treatment Diurnal prey 1 -1.401 0.235 3542 <.001
Treatment Nocturnal prey 0 0 0 - -
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Figure 1. Mean (x SE) color contrasts of dark paint used to alter color signal of

Nephila pilipes and the black body part of the spiders when viewed by

diurnal hymenopterars insects. Dotted line represents the discrimination

threshold of 0.05 estimated for hymenopterans.
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Figure 2. Mean (x SE) nocturnal achromatic and chromatic contrasts of various body
parts of Nephila pilipes viewed against vegetation background by
lepidopteran insects. YC: yellow carapace, YB: yellow stripes on dorsum,
YL: yellow spots on legs, BB: black body, BL: black legs, BP: black paint.

Capital |etters represent results of ANOVA test LSD mean comparisons.
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Figure 3. Mean (x SE) diurnal and nocturnal prey interception rates of webs built by

Nephila pilipes with and without spiders.
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Figure 4. Mean (x SE) diurnal and nocturnal prey interception rates of webs built by
Nephila pilipes in the experimental (dark paint on conspicuous body parts)

and control (dark paint on black body parts) groups.
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Figure 5. Mean (x SE) diurna and nocturnal prey consumption rates of Nephila

pilipes in the with spider and control treatment groups.



