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Abstract. Circadian rhythms play an essential role in the adaptation of organisms to the environment and may show species-spe-
cific or sex-specific differences even within a closely related taxonomic group. Although spiders (Araneae) are sexually dimorphic
in several morphological and behavioural features, there are very few studies on the sex-specific differences in their biological
rhythms. This study evaluated the circadian rhythm in the locomotor activity of two agrobiont hunting species of spider, Carrho-
tus xanthogramma (Latreille, 1819) (Salticidae) and Philodromus cespitum (Walckenaer, 1802) (Philodromidae), under natural
photoperiod conditions. Particular attention was paid to possible differences between the sexes in both species. We found that
C. xanthogramma is a strictly diurnal species with a mean activity peak in the morning in both sexes and the females are more
active than males. The locomotor activity rhythm of males was richer in ultradian (shorter than a day but longer than an hour)
components, although the relative power of these components was negligible compared to the main, 24-h period component. In
accordance with these results, the diel pattern of locomotor activity of C. xanthogramma can be described by a unimodal cosine
curve. In contrast to C. xanthogramma, both sexes of Ph. cespitum showed cathemeral activity (i.e., activity occur within both
the light and dark portions of the daily cycle) and females and males follow quite different activity schedules: females were most
active at night, shortly before nautical dawn, whereas males were most active early in the morning. Unlike C. xanthogramma,
Ph. cespitum has more ultradian components, with higher relative power especially in females, where besides the 24-h circadian
component there is a particularly strong 12-h ultradian period. Based on these factors, females of Ph. cespitum show a bimodal
and males a unimodal pattern.

INTRODUCTION Micaria sociabilis Kulczynski, 1897 (Gnaphosidae), like

There are temporal periodicities in several physiological
processes and behaviours of animals that are called circa-
dian rhythms if the period is approximately 24 h. These
rhythms are often regulated by both endogenous and exog-
enous cues. One of the most important exogenous cues is
the natural light-dark cycle. A well synchronized circadian
rhythm is an essential feature of the adaptation of organ-
isms to their environment, as the entrained rhythm may
allow the organism to act proactively to a periodic envi-
ronmental stimulus (Refinetti, 2016). Furthermore, adapta-
tion to different temporal niches (e.g., diurnal or nocturnal)
affect resource availability, the risk of predation and rate
of encounter with competitors (Kronfeld-Schor & Dayan,
2003). For example, the Batesian myrmecomorphic spider
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the species it mimics, is diurnal, whereas its close relatives
are nocturnal. Although this spider does not feed on ants,
co-occurrence with its models seems to provide it with a
defensive advantage (e.g., protection from model-averse
predators) (Pekar & Jarab, 2011). In addition, the nature of
a spider’s diel activity pattern may influence the composi-
tion of its prey and, through this, the pest suppression abil-
ity of agrobiont spiders (Herberstein & Elgar, 1994; Marc
et al., 1999; Tietjen & Cady, 2007).

Many studies report diel activity and biological rhythms
in spiders (e.g., Cloudsley-Thompson, 1981; Ortega et al.,
1992; Kovoor et al., 1995, 1999; Yamashita & Nakamura,
1999; Ortega-Escobar, 2002a; Nergaard et al., 2006; Jones
et al., 2011, 2018; Moore et al., 2016). The diel rhythm in
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locomotor activity in spiders can be circadian (Cloudsley-
Thompson, 1987, 2000), higher-frequency (ultradian) en-
dogenous rhythms can control their motor activity (Suter,
1993), they may not be purely nocturnal or diurnal (Suter
& Benson, 2014) and even the locomotor activity of cave-
dwelling species may be controlled by free-running circa-
dian rhythms (Soriano-Morales et al., 2013). However, less
attention has been given to sexual differences among spi-
ders in either their rhythmic processes or diel activity (e.g.,
Schmitt et al., 1990; Krumpalova & Tuf, 2013).

Sex-specific selection pressures can result in sexual di-
morphism in the physiology, morphology, or behaviour of
animals (Slatkin, 1984). In the case of spiders, males are
usually more active/mobile than females, partly because
besides foraging they also must find females for mating
(Sullivan & Morse, 2004; Framenau, 2005; Foelix, 2011).
Pitfall traps tend to catch more males than females of spi-
ders (e.g., lycosids, thomisids and salticids) (Topping &
Sunderland, 1992; Proszynski & Lubin, 1993; Fujii, 1997;
Bogya & Markd, 1999), while on trees, males of the noc-
turnal spiders Cupiennius spp. (Ctenidae) are more active
than females (Schmitt et al., 1990). Furthermore, there
might be differences between the sexes in when they are
active (Krumpalova & Tuf, 2013), or other features such as
body size (Head, 1995), certain morphological traits (Albin
et al., 2018), metabolic rate (Kotiaho, 1998), or even im-
mune response (Radai et al., 2018), due to sex-specific se-
lection pressures that may result in sex-specific differences
in such features (Turk et al., 2018).

For this study, we chose two canopy dwelling hunting
species of spiders, Carrhotus xanthogramma (Salticidae)
and Philodromus cespitum (Philodromidae), which are
very abundant and thus may play a role as natural enemies
of certain invertebrate pests in Hungarian pome fruit or-
chards (Mezo6fi et al., 2018).

Like other salticids (Jackson & Pollard, 1996), the jump-
ing spider C. xanthogramma is a diurnal hunter with excel-
lent eyesight that belongs to the guild of stalkers (Uetz et
al., 1999). C. xanthogramma is distributed from Europe to
Japan (WSC, 2018), and is one of the most common spe-
cies of spider in the canopy of pome fruit orchards in Hun-
gary (Bogya et al., 1999a, b, 2000; Marké & Keresztes,
2014). Mature individuals occur mostly in April and May.
C. xanthogramma can dominate the arboreal spider assem-
blage in apple orchards, and presumably, it is a significant
intraguild predator of other spiders (Marké & Keresztes,
2014). While a handful of earlier studies have dealt spe-
cifically with this species (e.g., Yoshida & Suzuki, 1981;
Mackawa & lkeda, 1992; Fang et al., 2016), none have ex-
amined its diel rhythm.

Philodromus cespitum is considered a diurnal hunter
(Pekar, 1999a; Korenko et al., 2010), and, as with other
philodromids, it belongs to the guild of ambush hunters
(Uetz et al., 1999). Ph. cespitum is widely distributed in
the Holarctic region (WSC, 2018) and while it can be the
dominant species in canopy-dwelling spider assemblages
in apple orchards in Europe (Bogya et al., 1999b; Pekar,
1999b; Pekar & Kocourek, 2004), it can also be abundant
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in North American orchards (Miliczky et al., 2008; Sack-
ett et al., 2008). Adult Ph. cespitum are most common in
June and July (Miliczky et al., 2008), and this species is a
potential biological control agent (Wisniewska & Prokopy,
1997; Ghavami, 2008; Michalko & Pekar, 2015; Pekér et
al., 2015; Lefebvre et al., 2017; Michalko et al., 2017),
although pesticide applications could reduce its ability to
suppress pests (Reza¢ et al., 2010; Michalko & Koguli¢,
2016).

The aim of this study was to describe the diel pattern
of locomotor activity and certain features of the rhythms,
with special attention to sexual differences, in C. xantho-
gramma and Ph. cespitum, two hunting species of spider
very abundant in fruit orchards in Hungary. We hypoth-
esized that (1) both species are diurnal, i.e., activity is not
uniformly distributed throughout the day, (2) their rhythms
are circadian, and (3) the patterns contain ultradian com-
ponents. Furthermore, we hypothesized that there is sexual
dimorphism in certain features of the species’ rhythms, i.e.,
(4) that males have higher locomotor activity compared to
conspecific females, and, in connection with this, (5) lo-
comotor activity rhythms of males contain more high-fre-
quency components than those of females.

MATERIAL AND METHODS

Test animals

Spiders used in the experiments were collected by beating
the canopies of apple trees in various orchards in Hungary. The
collected individuals were transported to the Department of En-
tomology at Szent Istvan University, where the study was car-
ried out. We collected 10 adult males and 11 adult females of
C. xanthogramma (later one female had to be excluded from the
analysis) in Ujfehért, on 16 April 2016. We also collected 312
Philodromus spp. individuals (mostly juveniles) for another study
from various orchards between 9 and 26 May 2016. Ph. cespitum
belongs to the Ph. aureolus species group, in which the species
can be distinguished from one another only by the details of the
copulatory organs (Kubcova, 2004), and thus juvenile specimens
cannot be determined to species. The spiders were, therefore,
raised to the adult stage (on Drosophila hydei Sturtevant, 1921)
in the laboratory, and, when the vast majority of spiders had
matured, we randomly selected 11 females and 11 males of Ph.
cespitum (later two males had to be excluded from the analysis).
Data on collected specimens and information on collecting sites
are listed in Supplement S1.

The collected spiders (both C. xanthogramma and Ph. cespi-
tum) were housed individually in plastic Petri dishes (height: 16
mm, outer diameter: 61 mm) and placed in random order on plas-
tic trays. The sides of the Petri dishes were covered with white
tape to reduce disturbance from neighbouring spiders. At the end
of the study the body mass of C. xanthogramma and Ph. cespi-
tum (see Supplement S1) were measured using an analytic scale
(OHAUSE Adventurer Pro AV 114 C) and the previous identi-
fication of the specimens confirmed using the keys of Kubcova
(2004) and Nentwig et al. (2018).

Animal housing

All spiders were kept and our tests carried out in a behavioural
laboratory at the Department of Entomology (Budapest, Hungary,
47°28°50"N, 19°02'25"E, 125 m a.s.l.). The plastic trays holding
the Petri dishes with spiders were surrounded with a cardboard
panel, and to minimize human disturbance, we only went into
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the room to check the experiment. Because the examination of
circadian behaviour under more natural conditions allows a more
accurate interpretation of certain rhythmic processes (Vanin et al.,
2012; Menegazzi et al., 2013), the spiders’ circadian activity was
examined under natural light and photoperiod. The spiders were
not exposed to direct sunlight, and the temperature and relative
humidity in the room were approximately similar to outside con-
ditions.

Recording locomotor activity

To monitor the spiders’ locomotor activity, the activity of all
individuals were simultaneously recorded with a video camera
(Panasonic HC-X920 HD) for 72 h (as per Schmitt et al., 1990).
During the scotophase, a red LED corn bulb (unbranded, 2.5 W,
200 Lm, emission peak at 632 nm wavelength) illuminated the
recording area between 19:00 p.m. (before twilight) and 8:00
a.m. Because red light is on the verge of perception by spiders
(Yamashita, 2002), exposure to red light did not influence their
activity (Ortega-Escobar, 2002b). Activity was recorded from 26
to 29 April in the case of C. xanthogramma and 6-9 July in the
case of Ph. cespitum. During these periods, the room temperature
and the relative humidity were also recorded. Environmental con-
ditions for the experiments are shown in Table 1. The exact time
of sunrise, sunset, nautical and civil twilights (sun between 12°—
6° and 6°—0° below the horizon) were calculated using the data-
base available at the United States Naval Observatory (USNO,
2018), and the times were expressed as Central European Sum-
mer Time (CEST) (Table 1). To calculate the approximate photo-
periods, civil twilight was used as a reference for the beginning
and end of the day, because the start of civil twilight at dawn and
the end of civil twilight at dusk are often considered the times
of “lights on” and “lights off” for biological systems (Hut et al.,
2013). Spiders were placed in the final layout three days before
the tests and from this time to the end of the study food and water
were not provided.

Video recordings were analysed with a 10-min resolution. For
this, the recordings were manually stopped at 10-min intervals
using Solomon Coder software (Péter, 2011) and the same ob-
server examined whether there was a movement within the given
10-min period. The level of activity was scored on a scale of 0-2
in each interval (0 — zero locomotion; 1 — minimal change in body
position or the locomotion was shorter than the body length of
the individual; and 2 — the locomotion was longer than the length
of the individual). Applying this scoring procedure, we obtained
a time series of 432 activity records (72-h long time series) for
each individual.

Data analysis
(1) Quantifying the relative amount of activity

To quantify the relative amount of activity during the photo-
phase and during twilight periods, we calculated diurnality and
crepuscularity indices according to Ensing et al. (2014). For the
diurnality index, the light phase of the day was defined as the time
between the start of civil dawn and the end of civil dusk, and the

Table 1. Environmental conditions recorded during the experiment.
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remainder of the day was considered “night”. For the crepuscu-
larity index, “twilight” was defined as the time from the start of
nautical dawn until sunrise and from sunset until the end of nauti-
cal dusk (Ensing et al., 2014). The following equations were used
to calculate the indices:

Idiurnality = w
act day+ act night
and
_ act twilight act non— twilight
crepuscularity act twilight +act non—twilight

where act, is the average activity level in the light phase of
the day, acinlght is the average activity level at night, act is

twilight
the average activity level during twilight, and act is the

average activity level during the remainder of themzi;;&z’Ensing
et al., 2014). Student’s t-test was used to compare the means of
the index values between sexes, and R software version 3.5.1 (R
Core Team, 2018) was used for further analyses (but see Fourier

analyses below).

(2) Circular statistical analysis of the activity pattern

Circular statistics were used to examine the temporal distribu-
tion of locomotor activity in different spider groups (females or
males within a species) and to compare the diel activities of the
sexes. For circular statistics, the activity dataset was transformed
as follows: first, for each group, the average activity levels were
computed at 10-min intervals; second, the computed activity val-
ues were rounded to one decimal place and multiplied by ten to
get an integer. These integers were then treated as the activity
level in a given 10-min interval for a particular group. Thereafter,
as in Fonttrbel et al. (2014), Rao’s spacing test of uniformity was
conducted to determine if the records were non-randomly distrib-
uted over the day. After this, the circular mean (the direction of
the resultant vector or mean activity peak), the mean resultant
length (R, a measure of data concentration or angular dispersion)
and the bootstrap confidence intervals (95% CI) of mean direc-
tion were estimated. R values range from 0 to 1, where values
close to 1 indicate an activity peak at a given moment and values
close to 0 indicate a cathemeral activity pattern (i.e., activity at
any time during the daily cycle) (Tattersall, 1987; Ranganathan et
al., 2010). To compare activity patterns of the sexes, a nonpara-
metric Watson’s two-sample test of homogeneity (or Watson’s U?
test) was used. The square-roots of the activity levels throughout
the day were plotted (at 30-min intervals) on a circular histogram
(rose diagram). For the circular statistics, the “circular” package
in R environment was used.

(3) Comparing activity in different temporal windows

The observation days were divided into six temporal periods:
nautical dawn (dawn, ), civil dawn (dawn,), the period between
sunrise and sunset (daytime), civil dusk (dusk ), nautical dusk
(dusk ) and the period between the end of nautical dusk and the

Species Activity Approx.  Nautical Civil Sunrise® Sunset® Civil Nautical Avg. T Avg. Rel. Hum.
P monitoring Civil LD (h)> Dawn® Dawn® Dusk® Dusk® (°C+SE) (% t SE)

C. xanthogramma 2016.04.26. 8:00- 15.5/8.5 4:16—4:58 4:58-5:32 5:32 19:50 19:50-20:24 20:24-21:07 18.5(0.06) 39.6 (0.16)
’ 2016.04.29. 8:00 e ' ' ’ ’ ’ ' ' ’ ' ’ A T

Ph. cespitum 2016.07.06. 8:00- 17/7  3:23-4:16 4:16-4:56 4:56 20:42 20:42-21:22 21:22-22:15 28.1(0.03) 25.7 (0.20)

2016.07.09. 8:00

a approximate Light/Dark (LD) cycle where photophase was defined as time between the start of civil dawn and the end of civil dusk; ® obtained
from the online database of the United States Naval Observatory (USNO, 2018), three days average expressed as CEST, ¢ measured during the

experiment.
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beginning of nautical dawn (night-time) (see details in Table 1).
As the length of these temporal windows differed, the mean activ-
ity level (mean activity score per hour) was calculated for each
individual and period in order to make the data comparable.

The relationships between activity levels and the temporal win-
dows was analysed using a Linear Mixed-Effect Model (LMM)
with the following statistical model structure applied to the
“lme4” package in the R environment. We entered the standard-
ized activity level as a response variable with temporal window
as focal predictor. The variable containing the identification num-
bers of the focals were entered as a random factor. We ran the
same statistical model structure for females and males of both
species, but separately. For testing the post-hoc differences in
the mean activity level between the different temporal windows
within sexes, we applied Student’s t-test with the adjustment of
the P-values using “Holm” correction due to the planned multiple
comparisons.

(4) Analysis of the periodicities in activity patterns using
discrete Fourier transformation

To examine the periodicities in the activity patterns (see Sup-
plement S2), a discrete Fourier transform (DFT) analysis was
applied, using self-made Matlab (The MathWorks Inc., 2015)
routines. For this, the noisiness of the original 72-h-long time
series was suppressed by compiling the moving averages with
six-element (1 h) sliding-windows. This results in the spectral el-
ements of the signal belonging to frequencies bigger than 1/h (24
cycles/day) were filtered out. On the other hand, the smallest limit
of the investigated range of the spectra was set to 1/day, since the
daily activity rhythm is already clearly exemplified by the three
day long records of the spider’s movements. For both species, the
biggest part of the power of the activity signals is contained by
spectral components belonging to cycles below 20/day. It doesn’t
necessarily demonstrate the absence of more frequent (frequen-
cies bigger than 24/day) spider activities, but we suspect that the
measurement procedure is simply not able to resolve finer details
in the ultradian rhythms of the individuals. The statistical signifi-
cance of the spectral peaks has been evaluated according to the
method introduced by Forrest & Suter (1994). Briefly, this meth-
od identifies a spectral peak as significant if the appearance of its
power in the spectrum of a random process is less probable than a
certain a threshold. In our analysis, we apply a = 0.01 probability
threshold that corresponds to a power limit L of 9.210/N (N being
the number of signal elements), that is, any spectral peak exceed-
ing L were considered significant. In the following steps, we used
the relative powers of the spectral components, computed as the
ratio between the computed powers and the power limit, P/L. This
choice enables the quantitative comparison of the statistical sig-
nificance of spectral elements deriving from the analyses of dif-
ferent length time-series.

To investigate species-level behaviours, we constructed two
types of bar graphs attributing the relevance of daily and ultradian
periodicities for each species based on the spectral parameters of
the individuals (see Supplement S3). The first bar plot (Fig. 4 left
side) concerns the probability that a given cycle appears in the
ultradian periodicities of a species. The bar heights in the plot
represent the ratios of the number of spiders exhibiting periodi-
cal behaviour in a given cycle and the total number of spiders of
a given sex analysed. The second bar graph (Fig. 4 right side)
shows the mean values of the relative powers of the statistically
significant peaks observed for any individuals of a given species
or sex in terms of the number of ultradian cycles. The means are
normalized relative to the largest mean value, i.e. the highest bar
corresponds to a value of unity.
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(5) Cosinor-based analysing of the activity rhythm

Fourier analysis indicated that a 24-h activity rhythm is promi-
nent for the locomotor behaviour of both species; therefore we
used cosinor-based rhythmometry to quantify and compare the
circadian rhythms of activity in males and females (Cornelissen,
2014). First, we described the individual-based differences in the
activity level by fitting Nonlinear Mixed-Effects Models (R pack-
age: “nlme”) characterized by a cosine function. We applied the
following formula with a fixed 24-h period:

y =pl +p2 x cos[2n/24 (x — p4)],

where y was the estimated activity level, x was the time in hours,
pl was the midline estimating statistic of thythm (mesor), p2 was
the distance above the mesor (amplitude) and p4 was the phase
delay of the first peak.

The response variable of the statistical model was the diel ac-
tivity rhythm (24 h-long, average of the three-day-long time se-
ries). The statistical model also included a variable containing the
identification numbers of the observed individuals as a random
factor. We ran these statistical models separately for each species.
After the successful fitting of the cosine function, we also tested
the significance of the model parameters of the nonlinear statisti-
cal model.

Second, based on the final model, we extracted the model
parameters of the fitted model for characterizing the circadian
rhythm of each individual. We calculated the following features:
the activity level at the acrophase (time of maximum in the fitted
curve, “Max”), the activity level at the bathyphase (time of mini-
mum in the fitted curve, “Min”) and the average activity level
(midline estimating statistic of rthythm — mesor, “Mean”). After
this, we tested the potential differences of the function parameters
between sexes within each species. We used LMM in which the
calculated activity level was the response variable, while the sex,
the type of the function parameter (“Max”, “Mean” and “Min”)
and their interactions were entered as predictor variables in the
model. The variable containing the ID numbers was present in
the model as a random factor. We applied the Student’s t-test for
testing the post-hoc differences in the function parameters within
and between sexes adjusting the P-values by “Holm” correction
due to the planned multiple comparisons.

Finally, as a strong second frequency component with a 12-h
period was found in the activity pattern of Ph. cespitum females, a
bimodal cosine function was applied. The formula of the bimodal
cosine function was:

y =pl +p2{cos[2n/24 (x — p4)])} + p5 {cos[4n/24 (x — p4)]},

where all parameters are already defined above in the formula of
the unimodal cosine function except p5, which indicates the same
parameter as p2 in the secondary cosine function.

RESULTS
Activity indices

According to the calculated indices, C. xanthogramma
was strictly diurnal and not crepuscular. Females and males
did not differ significantly from each other in their relative
amounts of diurnal or twilight activity (Fig. 1). Ph. cespi-
tum was active during the whole 24 h period, and thus can-
not be considered either strictly diurnal or nocturnal and
cannot be characterized as crepuscular, although it was rel-
atively more active during twilight than C. xanthogramma.
According to the Student’s t-test Ph. cespitum males were

161



Mezéfi et al., Eur: J. Entomol. 116: 158-172, 2019

Carrhotus xanthogramma

= <
- . T 1 t=1.20
] = df=17.93
1 . i 0] P=0.245
x O 3 TO
Q) =
- £
£ z
29 5o
e° 3" z
=) > H
231 t=-116 &3 ; :
df=17.75
o | P=0262 o S
- -
Female Male Female Male
Philodromus cespitum
Q Q
L L
n S0
5 = * -§d 1 *k
© = [
g | -
zg{ [ 5o —
T 3°
———y =
auw gun
Q@1 t=-233 S t=313
df =11.61 df =16.77
o| P=0.039 o | P=0.006
L L
Female Male Female Male
Fig. 1. Diurnality and crepuscularity indices of Carrhotus xantho-

gramma (above) and Philodromus cespitum (below). The value 0.0
indicates similar activity in each of the periods of a day investi-
gated. The significant differences are indicated by asterisks (* = P
<0.05, ** = P<0.01).

more active during daytime than the females, which were
significantly more crepuscular than the males (Fig. 1).
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of the temporal windows differed, see Table 1).
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Fig. 4. Results of the Fourier analysis of the time series (72 h long) recorded for Carrhotus xanthogramma (above) and Philodromus
cespitum (below). On the left, we show the probabilities of the appearance of significant peaks in a given number of cycles per day. The
probabilities are computed as the ratio between the number of individuals exhibiting a spectral peak (detected at a < 0.01 level) in a given
cycle and the total number of females and males studied. On the right, we show the individual means of the relative powers (i.e. the power
of the peak divided by the limit of significance, see text) of the significant spectral peaks for the female and male spiders, in terms of the
number of daily cycles. The plotted values are normalized relative to the largest mean value. Significant spectral components were not
found beyond 18 cycles/day. (Note that the temporal resolution and high-pass filtering of the activity signals made it possible to clarify the

spectral components in the frequency range of 0-24 cycles/day).

Diel distribution of activity

Circular analysis revealed that the pattern in the locomo-
tor activity of C. xanthogramma (Fig. 2) was not uniformly
distributed throughout the day, either in females (Rao’s
spacing test; U = 325.532, P < 0.001) or males (Rao’s
spacing test; U = 313.879, P < 0.001). The mean peak of
locomotor activity of females occurred at 10:51 (95% CI
=10:33 to 11:10; R = 0.437) and of males at 10:53 (95%
CI = 10:32 to 11:14; R = 0.450). Activity patterns of the
sexes did not differ (Watson’s two-sample test; U? = 0.056,
P > 0.1). As for Ph. cespitum, the activity of the females
(Rao’s spacing test; U = 324.396, P < 0.001) and males
(Rao’s spacing test; U =329.506, P < 0.001) was also non-
randomly distributed throughout the day. The mean activ-
ity peak of the females occurred at 03:09 (95% CI=01:19
to 04:58; R =0.079) while that of males was at 07:07 (95%
CI=06:12 to 08:04; R = 0.138). The activity patterns (Fig.
2) of females and males of Ph. cespitum differed signifi-
cantly (Watson’s two-sample test; U? = 0.672, P < 0.001).
For the activity patterns (activity matrices) based on un-

transformed time-series of the individual spiders of both
species, see Supplement S2.

Analysing the average activity levels at different times
in the day, we obtained the following results: the average
activity levels of females and males of C. xanthogramma
differed significantly throughout the day (females: F_
= 21.697, P < 0.001; males: F,, = 22.703, P < 0.001).
Females were significantly more active during civil dawn
and especially during daytime, while males were signifi-
cantly more active in daytime than at other times of the day
(Fig. 3). Comparing the mean activity level of females and
males in the same temporal windows using Student’s t-test,
revealed that females were significantly more active than
males during civil dawn and daytime (dawn: t = -2.45,
df = 18.00, P = 0.025; daytime: t =-3.29, df =17.98, P =
0.004; Fig. 3).

Ph. cespitum also differed in the activity levels recorded
at different times of the day for both sexes (females: F'
=6.411, P <0.001; males: F, , = 11.553, P < 0.001). Fe-
males were least active during daytime and males most ac-
tive during nautical- and civil dawn (Fig. 3). Comparison
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Fig. 5. Daily or 12 h (see text) locomotor activity rhythms recorded
for Carrhotus xanthogramma (above) and Philodromus cespitum
(below). Cosine-fitted curve based on the model parameters ob-
tained using a fixed 24-h period). Each dot is the hourly average
activity level (jittered) of one individual. Dashed lines indicate the
95% confidence intervals of the sex-specific fitted curves.

of the activity recorded at particular times of the day using
Student’s t-test revealed that the males were more active
during civil dawn and daytime, and significantly less active
during civil dusk than females (dawn : t=3.33, df = 16.42,
P =0.004; daytime: t = 2.80, df = 14.32, P = 0.014; dusk :
t=-2.60, df = 14.82, P =0.021; Fig. 3).

Circa- and ultradian rhythmicity

Fourier analysis revealed that the locomotor activity
rhythms of C. xanthogramma and Ph. cespitum are circa-
dian, as both species exhibited a single cycle per day as the
main frequency component (Fig. 4). Furthermore, for both
species, higher-frequency (ultradian), statistically signifi-
cant components of activity were detected (o <0.01). In C.
xanthogramma, ultradian rhythmic components were gen-
erally more frequent in males than females, although their
relative powers were negligible compared to the relative
power of the main 24-h period (Fig. 4). Ultradian compo-
nents present in the activity pattern of at least 50% of C.
xanthogramma had a periodicity of 8 h (3 cycles/day) in
females and 12 h (2 cycles/day), 6 h (4 cycles/day) and 4.8
h (5 cycles/day) in males (Fig. 4).

Philodromus cespitum showed more high-frequency os-
cillations than C. xanthogramma, and in contrast to C. xan-
thogramma, the high-frequency components were more
common in Ph. cespitum females than males (Fig. 4). The
most common (exhibited by at least 50% of the individu-
als) ultradian components in the locomotor activity of fe-
males and males had periods of 12 h (2 cycles/day), 6 h (4
cycles/day) and 4 h (8 cycles/day). The females displayed
four additional high-frequency components, with periods
of 8 h (3 cycles/day), 4.8 h (5 cycles/day), 3.4 h (7 cycles/
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Fig. 6. Sex-related differences in the activity levels at different
phases of cosine curve calculated for Carrhotus xanthogramma
(above) and Philodromus cespitum (below). The activity levels at
the maximum (Max — i.e. the activity levels at acrophase) and at
the minimum (Min — i.e. the activity levels at bathyphase) of the
fitted cosine curve and the mean levels of activity (Mean —i.e. the
mesor of the fitted curves). Different letters indicate significant dif-
ferences (P < 0.05) within males and females of a species while
the asterisks indicate significant differences (* = P < 0.05, ** = P <
0.01) between the sexes.

day) and 2.4 h (10 cycles/day). Interestingly, all the cycles
recorded for males were also recorded for females, but not
vice versa. In addition, the means of the relative power of
ultradian components recorded for females of Ph. cespi-
tum was relatively higher than that recorded for conspecific
males or C. xanthogramma. Nine of eleven Ph. cespitum
females had particularly strong secondary components of
activity, of two cycles per day (12 h), while in two of the
11 females, the 24-h period component was not detectable
(at a < 0.01 significance level) (Fig. 4). For the spectra
and relative powers of the significant spectral peaks of the
individual spiders in the case of both species, see Supple-
ment S3.

As the 24-h period had a major role in determining the
pattern in motor activity, a simple cosine curve or double
cosine curve (in Ph. cespitum females, due to the presence
of a strong 12-h period component) with a 24-h fixed main
period was fitted to the diel pattern of locomotor activity
rhythm of both sexes for both species (Fig. 5). The simple
cosine curve provided a good fit to the activity rhythms of
C. xanthogramma females (R* = 0.857, P < 0.001), males
(R*=0.807, P<0.001) and Ph. cespitum males (R*=0.622,
P <0.001). The double cosine curve also provided a good
fit to activity data of Ph. cespitum females (R* = 0.226, P
=0.019). Comparison of the different parameters obtained
from the fitted curves revealed that the factor “phase of
activity” had a significant influence on the activity level
of both species (C. xanthogramma: F,, = 1696.41, P <
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0.001; Ph. cespitum: F,,,=100.777, P < 0.001). C. xan-
thogramma females were significantly more active at the
maximum of the fitted curve and females also showed a
significantly higher mean activity than males, while Ph.
cespitum males were more active at the maximum of the
curve than conspecific females (Fig. 6).

DISCUSSION

As we hypothesized, the activity of the species studied
was not uniformly distributed throughout the day/night
cycle, the rhythm was circadian and contained ultradian
periodicities, although not both species proved to be di-
urnal. Nevertheless, as expected, a marked sexual dimor-
phism was also recorded in the features of the locomotor
activity studied (e.g., in activity level, diel distribution, or
spectral composition of the rhythm) of C. xanthogram-
ma and Ph. cespitum; females and males of both species
showed characteristic differences in the circadian rhythm
of their locomotor activity.

Carrhotus xanthogramma

C. xanthogramma like other salticids has a strictly di-
urnal activity pattern (Foelix, 2011). Females and males
have similar activity schedules (Figs 1, 3) with their mean
peak activities occurring in the morning, at similar times
(Fig. 2). Their locomotor activity increases with increase
in light intensity at dawn, although it seems that males
react less strongly to the increase in light intensity than
females (Figs 2, 3). Nevertheless, contrary to what we pre-
dicted, the mean activity level was significantly higher in
C. xanthogramma females than males (Figs 3, 6). Although
in most spiders the locomotor activity of males is greater
than that of females (Schmitt et al., 1990; Foelix, 2011)
and the same is true for many jumping spiders (Proszynski
& Lubin, 1993), our results indicate the opposite pattern
also occurs. A recent study (Tork, 2018) also reports higher
activity in females of the jumping spider Portia fimbriata
(Salticidae), suggesting that, in some species of jumping
spiders, females are more active than males. One explana-
tion for this might be that jumping spider females forage
more intensively than males because they are larger and
need more energy for egg production. In contrast, the most
important objective for males is to find a mate (Givens,
1978). On the one hand, C. xanthogramma has a relatively
narrow breeding window (April-May) (Marké & Keresz-
tes, 2014), so that males need to find a mate as soon as pos-
sible in order to breed successfully, which would result in
higher activity. On the other hand, although males are time
minimisers in foraging (Givens, 1978) it does not neces-
sarily mean that they spend most of their time searching
for a mate. C. xanthogramma males might be exposed to
greater risk of predation than females (Marko & Keresztes,
2014), and thus they may adopt a more careful and safer
mate searching strategy requiring less movement in order
to avoid predators and potentially dangerous conspecifics
and so maximize their breeding success. Further studies
are needed to clarify the mechanisms involved in this dy-
namic. Given that the sexes may differ in their metabolic
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rate (Kotiaho, 1998; Schmitz, 2004) and their activity lev-
els may be correlated with metabolic rate (Walker & Irwin,
20006), it is important to have a better understanding of this
aspect of their biology in order to interpret the sex-related
differences recorded in activity levels of C. xanthogramma.

The locomotor activity of C. xanthogramma was circa-
dian and the one cycle per day was the strongest pattern re-
corded for both sexes (Figs 4, 5), while the other ultradian
periodicities were less obvious, even though statistically
they were significant. It should be noted that the ultradian
periodicities were only recorded for some individuals. The
presence of ultradian spectral components are reported in
other spiders (Suter, 1993; Suter & Benson, 2014); howev-
er, their role is still not entirely clear. We hypothesized that
the significant spectral components of the activities will be
more numerous in males than in females and the males did
indeed exhibit more ultradian periodicities than females,
but not because they were more active. For rats, the appear-
ance of various ultradian rhythmic components in the daily
pattern of locomotor activity is also sex-specific and genet-
ically fixed and might result from the different hormonal
environments in the sexes (Wollnik, 1985). However, in
spiders, further studies are needed to determine the exact
ecological functions of these rhythms and the mentioned
sexual differences.

Philodromus cespitum

As the activity index values (Fig. 1) and the mean result-
ant lengths (R, which is close to zero, Fig. 2) indicate that
Ph. cespitum is not a diurnal hunter as previously thought
(Pekar, 1999a; Korenko et al., 2010) but has a cathem-
eral activity pattern, which means this spider can be ac-
tive both in the day and at night (Tattersall, 1987). Fur-
thermore, Ph. cespitum females and males follow different
activity schedules (Figs 1-3): females were significantly
more active at night and twilight than males (Fig. 1) and
they differed in mean time of their activity peaks. Females
had a mean peak activity at night and that of males in the
early morning, almost four hours later (Fig. 2). It is known
that the females and males of small linyphiid spiders may
have different activity patterns (Krumpalova & Tuf, 2013),
which may be a kind of resource partitioning or it may be
safer for the males to search for females when they are less
active. Furthermore, Ph. cespitum females increase their
activity immediately after the light intensity decreases, at
civil dusk, whereas males increased their activity when
light intensity increased at nautical dawn (Fig. 3). How-
ever, a moderate increase in activity also occurred at dawn
in females and at dusk in males (Fig. 2). Somewhat similar
bimodal activity rhythms (with two local peaks near dawn
and dusk) are reported in other animal taxa (Aschoff, 1966;
Pittendrigh, 1981), but in our case, females and males pri-
marily react to two different stimuli (darkening, lighten-
ing), which is uncommon.

Our hypothesis that males of Ph. cespitum would be
more active than the females was not confirmed (Figs 3, 5,
6), as the mean activity levels of the sexes did not differ, al-
though the mean activity of males was numerically greater
and they were more active at the maximum of the fitted
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curve than the females. Furthermore, in contrast to our last
hypothesis, the presence of ultradian components in the
spectral activity pattern of females of Ph. cespitum were
more frequent than in males (Fig. 4). Although daily loco-
motor activity of Ph. cespitum was found to be dominantly
circadian, two females did not exhibit a daily activity cycle.
Suter & Benson (2014) also report that some individuals
of Dolomedes triton (Walckenaer, 1837) (Pisauridae) do
not have a one cycle per day oscillation in their activity,
whereas others do. Furthermore, unlike C. xanthogram-
ma, the relative power of ultradian rhythmic components
in Ph. cespitum was stronger, especially in females (Fig.
4). In females, the two cycle per day oscillation seems to
be typical because it was recorded for the majority of the
individuals and is of relatively high power (Fig. 4). The
results of the Fourier analysis indicated a further important
difference between the sexes: males had unimodal while
females had bimodal activity patterns (Figs 4, 5). As Ph.
cespitum has closely related sibling species [e.g., Ph. au-
reolus (Clerck, 1757), Ph. buchari Kubcova, 2004 or Ph.
longipalpis Simon, 1870] in Europe (Kubcova, 2004), it
would be worth studying the activity of these sibling spe-
cies in order to learn more about the unusual activity pat-
tern of philodromids and, potentially, about mechanisms
for their reproductive isolation (Schmitt et al., 1990).

The temporal shift in the diel activity of certain species
or populations could be driven by predators that are ac-
tive in the same time window or by the absence of prey
(Kronfeld-Schor & Dayan, 2003). The observed sexual di-
morphism in the activity of Ph. cespitum might, therefore,
be explained by the different nutritional needs of the sexes,
leading to activity (and foraging) peaks at different times
of the day.

CONCLUSION

Summarizing the results we found the followings: (1) fe-
males of C. xanthogramma are more active than males, (2)
whereas in Ph. cespitum the sexes have different patterns
of activity, (3) based on the data for the two species studied
the presence of ultradian components possibly does not de-
pend on the total amount of activity, (4) sexes differ in their
set of ultradian rhythmic components, (5) strictly diurnal
species (C. xanthogramma) have fewer high-frequency os-
cillations in their locomotor activity rhythm with weaker
relative power than in the cathemeral species (Ph. cespi-
tum) and (6) for Ph. cespitum, in addition to one cycle per
day (24-h) oscillation two cycles per day (12-h) oscillation
can also play an important role in the temporal pattern in
its locomotor activity.
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Supplement S1. Spiders used in the experiment and information about the collecting sites.

Table S1-1. Spiders used in the experiment and information about the collecting sites.

ID Mass (mg) Sex Date collected Collecting sites? Coordinates Treatment
Carrhotus xanthogramma

Cxal 13.10 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxa?2 26.30 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxad 24.20 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x ad 22.00 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxab 21.10 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x a6 23.10 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxalv 29.20 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxal@ 27.90 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxal9 27.10 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 10 25.10 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Cxa 30.80 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39°58"E organic
C x_a 12 21.30 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 13 28.20 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x a 14 30.70 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 15 21.60 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 16 18.80 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 17 26.80 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 18 22.60 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x_a 19 22.40 male 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
C x a 20 23.60 female 2016.04.16 Ujfehértd 47°49°13"N, 21°39°58"E organic
C_x_a 21* 13.90 female 2016.04.16 Ujfehérto 47°49°13"N, 21°39'58"E organic
Philodromus cespitum

NAGY_03 5.70 male 2016.05.09 Nagykallé 47°53°17°N, 21°48'56"E organic
SZIG_13 8.50 female 2016.05.26 Szigetszentmiklos 47°21°53"N, 19°00"19°E abandoned
SZIG_12 7.20 male 2016.05.26 Szigetszentmiklos 47°21°53"N, 19°00"19E abandoned
SZIG_11 6.80 female 2016.05.26 Szigetszentmiklos 47°21°53"N, 19°00'19"E ~ abandoned
KOCS_02 7.50 male 2016.05.10 Kocsord 47°56°26"N, 22°24"13"E IPM
SZIG_15 9.30 female 2016.05.26 Szigetszentmiklos 47°21°53"N, 19°00"19E abandoned
UJF_12 6.40 male 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
OKOR_09 11.50 female 2016.05.10 Okoritofiilpds 47°5521°N, 22°27°51"E organic
OKOR_16* 6.10 male 2016.05.10 Okoéritofillpds 47°5521"N, 22°27°51"E organic
UJF_11 9.50 female 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
KOCS_16 10.20 male 2016.05.10 Kocsord 47°56°26"N, 22°24"13"E IPM
UJF_04 12.60 female 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
UJF_19* 4.80 male 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
UJF_20 8.90 female 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
FULP_26 8.80 male 2016.05.10 Fllpdsdaréc 47°56°18"N, 22°29"17"E organic
FULP_24 10.10 female 2016.05.10 Fllpdsdaroc 47°56°18"N, 22°29"17"E organic
ROH_19 7.30 male 2016.05.09 Rohod 48°00°58"N, 22°08°10"E IPM
NAGY_20 7.40 male 2016.05.09 Nagykallé 47°53°'17°N, 21°48'56"E organic
SUK_29 10.10 female 2016.05.17 Sikosd 46°17°60"N, 19°00°21"E organic
UJF_30 7.20 male 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
UJF_24 9.80 female 2016.05.10 Ujfehérto 47°49°13"N, 21°39'58"E organic
MON_16 8.40 female 2016.05.18 Monorierdd 47°19°11"N, 19°31"13"E organic

* specimens excluded from the analysis because of their early death; @ apple orchards.
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Supplement S2. Activity matrix for each species
and sex based on individual activity scores

We used the three-values (0, 1, 2) of the activity scores
to quantify the activity of the spiders both at the individual-
and species-levels. We provide a coloured activity matrix
(based on the untransformed time-series) for each species
and sex in which the numerical activity scores are in blue,
green and yellow, which indicate whether the spiders were

A

Carrhotus xanthogramma females
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04.26T18:00
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04.27712:00
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Time
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04.29706:00
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motionless, slightly active or active, respectively. The
vertical dimension of the matrix exemplifies the tempo-
ral aspect of the spider’s activity, while horizontally the
coloured time-series for each individual belonging to the
same species and sex are plotted, side by side. The colour
textures of the matrices clearly represent the spider’s activ-
ity thythms, as well as the common behavioural patterns
of the species.

B

Carrhotus xanthogramma males

04.27T06:00
04.27712:00

04.27718:00

Time

Activity score (0, 1, 2)

04.28718:00
04.29T00:00
04.29706:00

Fig. S2-1. The coloured activity matrices of individual female (A) and male (B) Carrhotus xanthogramma. The blue, green and yellow col-
ours correspond to motionless, slightly active and active states, respectively. The variation in the activity scores is indicated by the colours
in terms of time (vertical dimension, at a 10-min resolution) and individuals (horizontal dimension).
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Fig. S2-2. Same as Fig. S2-1 for Philodromus cespitum.
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Supplement S3. Spectral parameters and relative
powers of the significant spectral peaks of
individual spiders

The recorded power spectra are shown in Figs S3-1A, B
and S3-2A, B, where the frequency axes are scaled in terms
of multiples of 1/day. The biggest frequency in the spectra
is 24 in 1/day units, corresponding to the cut-off frequency
of our low-pass filtering (1/h).

In the spectra (Figs S3-1A, B and S3-2A, B), the power
limits are demarcated by the red horizontal lines while the
statistically significant peaks in the spider’s spectra are
represented by red stars. In order to discriminate the sig-
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nificant periodicities in the spectra at an individual-level,
as well as to check the relevance of the different spectral
peaks, we present their relative powers (for the definition,
see the main text) by different colours in filled discrete
contour plots (Figs S3-3A, B and S3-4A, B) where the
horizontal and vertical dimensions belong, respectively,
to different individuals and the » numbers of daily activ-
ity cycles. Since the frequency resolution of the spectra is
better than the selected scale of the vertical dimension, the
peak frequencies were binned with resolution of 1/day and
the sum of the relative powers of bin elements were repre-
sented in the contour plots.

B

Carrhotus xanthogramma males

0.6
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Fig. 83-1. Power spectra of the low-pass filtered (see text) time series of individual female (A) and male (B) Carrhotus xanthogramma. The
horizontal red line represents the power limit beyond which the spectral peaks are considered to be significant. The significant periodicities

are indicated by red stars.
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Fig. S3-2. Same as Fig. S3-1 for Philodromus cespitum.

Philodromus cespitum males

0.35

UJF 30.
NAGY 20.
ROH 19.
FULP 26.
— KOCS 16.
— UJF 12.
KOCS 02.
SZIG 12.
NAGY 03.

0.3 '

0.25

0 5 10 15 20
Frequency [1/day]

171



Mezéfi et al., Eur. J. Entomol. 116: 158-172, 2019 doi: 10.14411/eje.2019.017

A B

Carrhotus xanthogramma females Carrhotus xanthogramma males

16

=
Power / limit
cycle / day
o
Power / limit

o

cycle / day
& © ® © N
(=] (=}

N

Fig. $3-3. Colour-scale representation of the relative powers of the significant spectral peaks of individual female (A) and male (B) Car-
rhotus xanthogramma (individuals indicated along the X axis), in terms of frequency given in cycles/day.
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Fig. S3-4. Same as Fig. S3-3 for Philodromus cespitum.
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