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Abstract Research on male courtship behavior of moths
has focused on documenting stereotyped sequences for
successful copulation. We characterized successful male
courtship behavior among 126 virgin mating pairs of
Ostrinia nubilalis. Using Markov analysis, stereotypy
indices, and a novel application of ecological network
analysis, we found high variability in these sequences.
Fifteen courtship behaviors were described and 96 behav-
ioral transitions were observed, 39 of which occurred only
once. The number of courtship bouts ranged from one to
ten, the number of behavioral transitions ranged from four
to 41, and the number of copulation attempts ranged from
one to 29. Only 23% of males used a common, simple
behavioral sequence. Females exhibited acceptance or
rejection behaviors in 40% of the sequences, but these did
not explain the high variability in male courtship sequen-
ces. About half of the transitions occurred non-randomly,
and stereotypy was low. Network analysis revealed that the
courtship sequences started and ended with stereotyped
behaviors and the high variability occurred in the middle of
the sequences. Whole system analysis showed that the
courtship sequences were more variable than for optimal
transfer of information. Overall, these results suggest that
the sequence of behaviors may be less important than the
occurrence of certain behavioral elements for successful
mating.
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Introduction

Characterizing the details of insect courtship behavior is
important both for developing effective pest monitoring
and control applications and for understanding the mech-
anisms of sexual selection. Depending on the species,
moths communicate before mating through a variety of
visual, acoustic, olfactory and/or tactile cues. Studies have
aimed to examine the array of sensory signals communi-
cated between mating pairs, with many focusing on the role
of ultrasound or pheromone release during courtship
(Conner 1999; Johansson and Jones 2007), and with fewer
addressing the entire repertoire of behaviors and behavioral
sequences exhibited between males and females.

Of the studies that focused on the entire repertoire of
moth courtship behavior, the majority were principally
concerned with finding a stereotyped sequence of behaviors
that males perform to successfully copulate. Stereotyped
behavior is believed to provide females with signals that
she can use to recognize mates, discriminate mate quality
and obtain other information. The implication of such
studies is that moth courtship behavior is fairly simplistic
and ritualized. In fact, several studies concluded that
courtship behavior follows stereotyped, simple, or fixed
sequences (Baker and Carde 1979; Castrovillo and Carde
1980; Conner et al. 1981). Yet, during this same time
period, some research, particularly on a few noctuid spe-
cies, alluded to variation in male courtship behavior
sequences. For example, Birch et al. (1989) described
“considerable plasticity” in the courtship behavior

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10164-017-0513-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10164-017-0513-0&amp;domain=pdf

222

J Ethol (2017) 35:221-236

exhibited by male cabbage moths (Mamestra brassicae),
and Burns and Teal (1989) interpreted male potato stem
borer (Hydraecia micacea) mating behaviors to be “highly
variable.” Similarly, Teal et al. (1981) described male
Heliothis virescens courtship behavior as a “highly vari-
able series of interactions.” Despite these observations,
these studies still attempted to identify a primary sequence
or common progression of behaviors. More recent research,
however, has begun to focus on the behavioral variability
prior to mating.

For example, an older study on the mating behavior of
navel orangeworm, Amyelois transitella, concluded that
males of this species were “engaged in only the simplest of
behaviors” (Phelan and Baker 1990). However, in a later
study, Girling and Carde (2006) found instead that males of
this species displayed “great variability” in successful
courtship sequences. When analyzing the behavioral
sequences, Girling and Carde (2006) divided them into
categories based on the number of breaks in contact
between males and females, the time to mating after con-
tact, and the duration of male/female chases. Prolonged
courtship was defined as lasting longer than 10 s, having
many breaks in contact, and long periods of chasing. They
discovered that sequences that involved a female flying
away (i.e., a female choice to reject the male) or a male
chasing a female were “extremely varied” and “not
stereotyped.” Other studies that have described variation in
male moth courtship behavior include Haynes and Birch
(1984) (Platyptilia carduidactyla), Charlton and Carde
(1990) (Lymantria dispar), and Sanders and Lucuik (1992)
(Choristoneura fumiferana). While Haynes and Birch
(1984) and Sanders and Lucuik (1992) describe consider-
able variation, Charlton and Carde (1990) reported that, for
the most part, male behaviors “proceeded unidirectionally”
from start to finish.

The amount of variability in male courtship behavior has
significant implications for sexual selection. If male
courtship behavior were in fact stereotyped, as the litera-
ture would have us believe, then the courtship sequence
would convey no information about differential male
quality, and there would be no basis for evolution of
courtship sequences. Conversely, if male courtship
behavior were highly variable, the ratio of the signal of
differential male quality to the noise of meaningless vari-
ability would be low, and again females would have little
basis for using the courtship sequence to differentiate
mates, and again there would be little basis for evolution.
Hence, there is likely to be an optimal amount of variation
in courtship sequences that maximizes information content
while providing sufficient variation for females to differ-
entiate among males. Ulanowicz (2009) used information
theory to derive such an optimum for any complex infor-
mation system, and we examine variation in male courtship
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sequences in relation to this theoretical optimum. Here we
are not assuming that variation in courtship behavior cor-
relates with variation in male quality, but are inquiring if
the variation is too high or too low to enable females to
assess male quality. We recognize that the evolutionary
processes that could bring this about are complex.

Several methods exist to describe and characterize
variation in courtship sequences. The simplest has been to
calculate frequencies of the behaviors (Ellis and Brima-
combe 1980), and these observed frequencies can be tested
against a hypothesis of random occurrence (Teal et al.
1981). This method simply shows the diversity of the
behavioral repertoire and, while a prerequisite, does not
characterize variation in the sequences. Conditional tran-
sition probabilities (Baker and Carde 1979) and first-order
Markov contingency tables (Haynes and Birch 1984) have
been used to describe the variation in transitions from one
behavior to another, and therefore indicate the way that
pairwise behavioral sequences vary. Because of the Mar-
kov assumption, however, variation in longer sequences is
not characterized. Stereotypy indices (SIs) (Haynes and
Birch 1984) have also been used, and these provide a
normalized measure of variation in the Markov transition
probabilities associated with a single behavior. This is an
alternative measure of the variation in the pairwise Markov
behavioral sequences that allows aggregation across
behaviors. Here we introduce the use of several ecological
methods used to describe variation in energy flows through
ecosystems. As behavioral states can be likened to the
species, behavioral sequences likened to the energy flows,
and the more common behavioral sequences likened to
greater energy flows, these methods can be adapted to
describe the variation in behavioral sequences, and can be
used to move beyond simple pairwise comparisons.

We applied these ideas to an analysis of the courtship
behavior of European corn borer, Ostrinia nubilalis
(Hiibner) (Lepidoptera: Crambidae). This species is an
extremely destructive agricultural pest, particularly to
maize. It is a multivoltine stem-boring herbivore, highly
polyphagous, and well established throughout temperate
North America and Europe (Mason et al. 1996). Females
emit a pheromone blend to attract males from a distance
(Klun et al. 1973; Glover et al. 1987), and males emit a
pheromone (Lassance and Lofstedt 2009) continuously
during courtship behaviors (Royer and McNeil 1992).
Males also emit ultrasound during vertical wing fanning
during courtship to improve their mating chance (Takana-
shi et al. 2010). O. nubilalis courtship behavior was pre-
viously described as a simple sequence (Schlaepfer and
McNeil 2000; Milonas et al. 2011); we have added our
coding of the behaviors, as described in detail below: a
male approaches a calling female (MA) and walks toward
her while wing fanning (FA; wings fluttering vertically
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above the abdomen). In one account, the male then makes
contact with the female with his antennae on her wings (CT
ATWG) (Milonas et al. 2011), while in the other account,
this behavior is not reported (Schlaepfer and McNeil 2000).
Both reports indicate that a male then extrudes his claspers
(CG) and attempts to copulate by bending his abdomen in
the direction of the female (ACxX). Although it has been
demonstrated that O. nubilalis females exhibit female
choice and other complex mating strategies (Schlaepfer
and McNeil 2000; Milonas and Andow 2010; Milonas et al.
2011), based on these published descriptions, O. nubilalis
appears to exhibit a simple and/or rapid courtship pattern as
described by Phelan and Baker (1990) and Girling and
Carde (2006) with only four or five behavioral modules.

Methods

Using a recently established laboratory colony, we studied
the male O. nubilalis courtship behavioral repertoire and
assessed the variability of male behavior by measuring the

interaction between males and females and the occurrence
of 15 behavioral states (Table 1). These states were
determined during our preliminary work prior to the
observations described below. To identify these states we
first looked for the behaviors described in the published
literature, especially for O. nubilalis and its congener
Ostrinia furnacalis (Schlaepfer and McNeil 2000; Nakano
et al. 2006; Milonas et al. 2011), and then clarified the
definitions of these states and described any additional
states we observed (Table 1). As the previous literature did
not clearly define the behavioral states, we interpreted their
descriptions as consistent with ours. We found that some
behavioral states were actually complex combinations of
behaviors. For example, attempted copulation, which pre-
vious studies described as bending the abdomen toward the
female abdomen, could be done with or without open
claspers, wing fanning and/or male—female contact with
other body parts. Thus the behavioral states were not
associated with simple behaviors, but were sometimes
complex combinations of simple behaviors. As can be seen
from the definitions in Table 1, these states were different

Table 1 Behaviors performed by virgin males and females during courtship

Behavior Description

Male behaviors
ACxX

Attempts copulation, curling abdomen to either left or right n times. Male is positioned close enough to female that contact is

possible. May include simultaneous contact behaviors, vertical wing fanning, and/or extrusion of claspers®

ACxX NNF Attempts copulation, curling abdomen to either left or right n times. Male is not close enough to female for any contact to be
possible. May include simultaneous vertical wing fanning and/or extrusion of claspers

CG Extends claspers while stationary (no curling of the abdomen)*
CT XXXX  Contact with female, male body part to female body part (no wing fanning, clasper extension or copulation attempt)®
AT Antennae
AB Abdomen
LG Legs, non-specified
WG Wing
FA Wing fanning with wings raised vertically above abdomen. May include simultaneous walking or contact with female®
M Mating, tail to tail
MA Male approaches female by directly flying toward her®
R Rest period, >5 min with no movement
WA Walking without wing fanning or contact
WB Wing fanning while wings are splayed to sides of abdomen (horizontally) while remaining stationary, typically >30 s
WF Wing fanning while wings are splayed to sides of abdomen (horizontally). May occur while stationary or while walking, but

restricted to <5 s
Female behaviors

FMC Female walks closer to nearby male

Fw Female walks away from nearby male

FEAB Female points abdomen upward between her wings
FRAB

Female points abdomen downward or moves abdomen into a level position

? Consistent with a behavior described by Schlaepfer and McNeil (2000) and Milonas et al. (2011)
® CT ATWG is consistent with a behavior described by Milonas et al. (2011)

@ Springer



224

J Ethol (2017) 35:221-236

and readily distinguished from each other. For example,
attempted copulation with wing fanning was classified as
ACxX, while wing fanning without attempted copulation
was classified as FA. Initially we differentiated all of these
complex states into their mutually exclusive parts, such as
distinguishing attempted copulation with wing fanning as a
separate behavioral state from attempted copulation with-
out wing fanning. However, these distinctions led to even
greater variation in mating sequences than we have
reported here. We used a combination of analysis tools to
describe the variability, including the traditional methods
of simple frequencies, first-order Markov analysis, and SIs,
and developed a new application of ecological network
analysis, specifically input—output (IO) analysis and whole
system analysis.

Insects

All observations used a Z-strain O. nubilalis (Klun 1975;
Kochansky et al. 1975) from a laboratory colony that
originated from wild larvae and pupae collected in Rose-
mount, Minnesota corn fields. The colony was maintained
under a 16-h:8-h light:dark photoperiod at 27:18 °C
and ~80 relative humidity (Andow and Stodola 2003).
Pupae were sexed prior to eclosion (Gelman and Hayes
1982) and placed in separate cages (55 x 25 x 27 cm) to
ensure adult males and females were isolated and unmated
prior to our experiments. Adults had access to adult diet
and water (Leahy and Andow 1994). Experiments used
adults from several laboratory generations, of which none
exceeded the 14th generation of the colony, and most were
from the 9th and 10th generations.

Mating observations

Mating observations were made during two periods:
October up to and including November 2008 and March up
to and including June 2009. Courtship behavior was
observed between males and females in a plastic/wire/net
cage mounted in an aluminum frame (30 x 12 x 15 cm).
Randomly chosen newly emerged females were placed into
the mating cages at the onset of the scotophase. When the
female was exhibiting calling behavior (i.e., tip of abdo-
men extended upward between wings revealing pheromone
gland, which is characteristic of pheromone release), a
single virgin male between 1 and 2 days old was placed
with her in the cage. Each mating pair was pro-
vided ~0.5 cm® of adult diet (Leahy and Andow 1994;
Andow and Stodola 2003) and a ~2 x 2-cm piece of
water-saturated paper towel. The entire sequence of
behaviors performed by virgin males and virgin females
was recorded until the pair coupled or it was determined
that they were not going to mate (defined by approximately
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30 min without mating-related activity). Non-mating pairs
were discarded, and all individuals were used only once.
Females kept their abdomens pointed upward throughout
the courtship sequence unless otherwise noted (Table 1).
All observations were made during the scotophase. A
flashlight covered with a red filter (gelatin 29; Eastman
Kodak, Rochester, NY) was used to observe the insects.
Based on extensive preliminary observations, we found
that behavioral transitions occurred at a slow enough rate
that they could be accurately recorded as they occurred.
Following a successful copulation, females were removed
from the mating cage and killed by freezing. Females were
then dissected within 12 h of mating in physiological saline
(Dulbecco’s phosphate-buffered saline, 1x with calcium
and magnesium) to confirm the presence of a sper-
matophore inside the bursa copulatrix. This step was nec-
essary to confirm that males had completed the mating
process, as during our observations, several males were
observed to become unattached from the female following
successful coupling and had to begin courtship behavior
again—sometimes without success. Spermatophores were
found in all females following an uninterrupted (=suc-
cessful) copulation. The courtship behavior of 126 suc-
cessful mating pairs was recorded.

Statistical analysis

Our goal was to determine the level of variability in the
courtship behavior among all successful mating pairs, so
we performed several analyses. First, the length of each
courtship sequence was calculated along with the number
of copulation attempts (the “X” in ACxX) and courtship
bouts required before a male successfully mated with a
female. The number of copulation attempts was defined by
how many times (X) a male swung his abdomen laterally
left or right to try to clasp the female’s genitalia (ACxX
state). The end of a courtship bout was determined by
observing an ACxX state that either resulted in a successful
coupling (M) or a male transitioning to a new behavioral
state. If the first ACxX state resulted in a male being
successfully coupled to a female in the tail-to-tail position,
the number of bouts would be equal to 1. Correlations
among bout number, copulation attempts, and the number
of transitions were examined using Pearson’s correlation
coefficient.

Simple frequencies

Frequencies of the observed behavioral transitions for both
males and females were tallied and entered into a matrix
showing preceding and subsequent behaviors. Self-transi-
tions (repetition of a single behavior) by males were not
included except when they were preceded by a female
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response. Therefore, if a male attempted copulation and a
female walked away, and the male attempted copulation
again, that transition was recorded as ACxX — ACxX.
Self-transitions by females were not observed.

To measure the amount of influence that females had on
male behavioral variability and to identify where females
may be exhibiting female choice, we identified where in
male behavioral sequences females showed either accep-
tance or rejection behaviors. Rejection behaviors were
where a female walked away (FW) from a male or pointed
her abdomen down away from the male (FRAB) when he
was nearby, whereas acceptance behaviors were those
where a female either moved closer (FMC) to a male or
pointed her abdomen up between her wings (FEAB).
Acceptance and rejection behaviors were tallied and the
proportion of female behaviors to male behaviors during
particular transitions was calculated.

First-order Markov analysis

The table of total frequencies of male behaviors was used
to calculate a first-order Markov transition matrix (Fagen
and Young 1978). A first-order Markov process assumes
that behaviors are influenced only by the immediately
preceding behavior and not by earlier behaviors. This
assumption can be difficult to verify, but Markov processes
can generate a large diversity of behavioral sequences
when the transition probabilities are not close to 0 or 1. The
transition probabilities can be tested against the null
hypothesis of random transitions using a contingency
table test of independence (Fagen and Young 1978). We
used a log-linear model so that the statistical significance of
the transition probabilities could be interpreted for each
behavior individually. Fagen and Young (1978) indicated
that minimum data requirements depend on the total
number of observed behaviors, R, and that sample sizes of
5R* are considered “borderline” but sufficient. In our
study, R is equal to 15, and we observed a total of 1153
behavioral acts, so our sample size is sufficient.

Stereotypy index

We also calculated the stereotypy index (SI), as indicated
by Haynes and Birch (1984), for the common male
behaviors and the entire courtship sequence as follows:

5o~ (S73) /i
1—1/r '

SI; =

P;; is the probability of transitions from initial behavior, i,
to subsequent behavior, j; r is a measure of the number of
possible transitions from the preceding behavior, i. The SI
calculates the variation within a row in the Markov matrix

and is a measure of how stereotyped or rigid is the
behavioral transition, and when averaged over all behav-
iors, the entire sequence of behavioral transitions. Values
close to 1 are highly stereotyped and rigid, while values
close to 0 are not at all stereotyped or rigid.

10 analysis

In addition to these traditional analyses, we introduced
ecological network analysis to describe higher order vari-
ation in male behavioral sequences. One kind of network
analysis, IO analysis, which originated with Leontief
(1951), was introduced into ecology by Hannon (1973),
and was then developed by Szyrmer and Ulanowicz (1987).
In behavioral terms, the purpose of 10 analysis is to answer
questions such as: what fraction of behavior j passes
through behavior i along the way to j (both directly and
indirectly)? What fraction of behavior i directly or indi-
rectly goes to behavior j? The answers to these questions
use estimates of both Markov and higher order transitions.
In addition, IO analysis asks if there are behavioral loops,
and how significant these are. We calculated the total
intermediate input coefficients, A", the total intermediate
output coefficients, B, and the ratio of total output to total
input, 7. A" and B® provide the fraction of behavior j that
comes from a preceding behavior i, and the fraction of
behavior i that reaches a subsequent behavior j, respec-
tively. A® is called an input analysis because it describes the
source behaviors of a behavior j. For example, if there were
50 behavioral sequences leading from behavior 1 to
behavior j, and 20 sequences from behavior 2 to j, and no
other sequences leading to j, the intermediate input coef-
ficients would be a; = 50/70 and aj = 20/70. Analo-
gously, B is an output analysis because it describes where
behavioral sequences originating from behavior i go. For
example, if there were 40 sequences going from behavior
i to behavior 3, and 90 sequences from i to behavior 4, and
no other sequences originating from i, then the intermedi-
ate output coefficients would be b;; = 40/130 and
bs; = 90/130. In this behavioral context, T was used to
describe the level of directionality between two behaviors
in the observed sequences and to identify common
behavioral loops. Formulae for these matrices are given by
Szyrmer and Ulanowicz (1987).

Whole system analysis

Finally, we use whole system analysis, which is based on
information theory and the concepts of order and entropy
(Ulanowicz 2011), to describe the total behavioral variation
in a system, C, which is scaled to the total behavioral
activity as follows:
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where T} ; is the number of observations of a transition from
behavior i to behavior j, and T.. is the sum of all of the
observed behavioral transitions. C can be decomposed into
two components, ascendency (A), which is a measure of the
average mutual information inherent in the behavioral
sequence, and system overhead (@), which is a measure of
conditional entropy (or residual variation). These are
defined as:

T\ . (T.T

A=T. 3 () (L
’ ,z]:<7> H(Ti.T.j>

2

T . T=.
&=-T. 5 () In|
Z}(T) "7

C=A+9,

where T;. is the sum of all observed transitions starting with
behavior i, and T; is the sum of all transitions that end with
behavior j. A can be thought of as the behavior organized
toward particular ends (in this case, mating), while @ is
dissipative variable behavior. Systems with high A (relative
to @) appear rigidly linked and almost mechanical, and
convey little information related to differences in mating
behavior. Systems with low A have little organization and
convey little information at all. Behavioral systems that
convey information should therefore have some interme-
diate level of organization. Ulanowicz (2009) argued,
based on information theory, that the optimal organization
is A = Cle, where e is base for natural logarithms. This
suggests that when A is lower (higher) than this optimum,
the behavioral system should evolve increased (decreased)
order.

Results
Frequencies of male courtship behavior

We observed 126 successful courtship sequences and
identified 15 male behavioral states and four female
behavioral states (Table 1). There was great variability in
both the behaviors themselves and the patterns of behav-
iors. A total of 96 behavioral transitions (designated e.g.,
MA — FA) were identified, which was only 42.7% of all
theoretically possible transitions. Many of the behavioral
transitions were observed only once in all 126 sequences
combined (39 transitions, or 40.6% of all observed transi-
tions). These singular transitions occurred in the behavioral
sequences of 21 males (16.7% of total males). Figure 1
illustrates these singular behavioral transitions, and Fig. 2
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Fig. 1 Flow chart of behavioral sequences that were exhibited once
overall. The behavior illustrated without any arrows (M) was not
exhibited by any males and is presented here to highlight the
difference with Fig. 2. For description of behaviors, see Table 1
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Fig. 2 Flow chart of behavioral sequences that were exhibited by
multiple males (i.e., from two to 126 males). Behaviors illustrated
without arrows (CT LGWG and CT LGAB) were not exhibited by any
males and are presented here to highlight the difference with Fig. 1.
For description of behaviors, see Table 1
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illustrates the 57 behavioral transitions that were performed
by more than one male.

The number of transitions per successful sequence
was also highly variable, ranging from a minimum of
four transitions to a maximum of 41. The average
sequence length was ten transitions, while the median
sequence length was seven transitions. Table 2 illustrates
the frequencies of behavioral transitions. Although Gir-
ling and Carde (2006) expressed concern that including
self-transitions in the total frequencies can lead to
overestimation of a behavior’s importance to the overall
sequence, we did not see a substantial number of repe-
titions of the same behavior (Table 2) or oscillation
between two behaviors. Further, our sample size was
much larger (126 pairs) when compared to studies that
had removed self-transitions [e.g., Girling and Carde
(2006) had a sample size of 56; Baker and Carde (1979)
had a sample size of 49; and Haynes and Birch (1984)
had a sample size of 55].

Certain behavioral transitions were more common than
others, with five being performed by a majority of males
(~67%):

1. The male fans his wings in a horizontal position and
approaches the female (WF — MA).

2. The male approaches the female and then contacts the
female’s wings with his antennae (MA — CT ATWG).

3. The male contacts the female’s wings with his

antennae and then begins fanning his wings in a
vertical position (CT ATWG — FA).

4. The male fans his wings in a vertical position and then

attempts copulation by curling his abdomen to the right
or left (FA —» ACxX).

5. The male attempts copulation and then successfully

mates by joining his abdomen to the female’s and turns
into the final mating position of tail to tail
(ACxX — M).

However, only the 5th transition occurred in every
courtship sequence; by necessity, ACxX — M had to occur
for a sequence to be declared successful. No other male
behavioral transition was necessary for successful
copulation.

For the five most common behavioral transitions, the
number of males that actually exhibited a sequence of these
five transitions was small. All males (126) began with the
horizontal wing fanning behavior (WF) and from there they
deviated in their repertoire. Only 58.7% proceeded next to
the male approach behavior (MA), and only 42.9% of those
next contacted the female’s wings with their antennae (CT
ATWG). From this behavior, most of the remaining males
(52 males; 41.3%) moved to the vertical wing fanning
position (FA). After this, 38.9% attempted copulation
(ACxX) but only 23% succeeded. No male actually per-
formed the previously published, simple behavioral

Table 2 Total frequencies of male behavioral transitions; for description of behaviors, see Table 1

Preceding  Subsequent behavior
behavior
ACxX ACxX CG CT CT CT CT CT CT FA° MA R WA WB WF M Total
NNF ATAB ATAT ATWG LGAB LGWG WGWG
ACxX 30 2 1 1 0 2 1 0 0 14 24 7 10 2 32 126 252
ACxX 0 0 0 0 0 0 0 5 1 3 5 12 - 31
NNF
CG 1 0 0 0 0 0 0 0 6 23 3 0 3 22 - 58
CT ATAB 2 0 0 0 0 0 1 0 0 0 0 O 1 1 - 6
CT ATAT 0 0 0 0 0 0 0 0 0 10 1 1 0 0 1 - 13
CT ATWG 25 0 1 0 0 0 1 2 0 103 1 1 0 0 0 - 134
CT LGAB 1 0 0 0 0 0 0 0 0 1 1 1 0 0 1 - 5
CT LGWG 0 0 0 0 0 0 2 0 0 0 0 3 0 0 0 - 5
CT 2 0 0 0 0 0 0 1 0 10 2 1 0 0 3 - 19
WGWG
FA 162 20 3 1 2 2 0 0 0 0 22 1 1 1 12 - 227
MA 22 0 0 4 10 129 0 2 14 43 0 0 O 0 2 - 226
R 0 0 2 0 0 0 0 0 0 6 0 O 0 19 - 31
WA 9 1 0 0 0 0 0 0 0 0 0 0 0 - 14
WB 0 0 1 0 0 1 0 0 0 2 3 0 0 7 - 19
WF 3 3 50 0 1 0 0 0 5 22 139 9 0 7 0 - 239
M — - - - - - _ - - - - - - - - —
Total 256 27 58 6 13 134 5 5 19 227 226 31 14 19 113 126
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Table 3 Number of courtship bouts, copulation attempts (lateral
abdomen swings) and behavioral transitions required to successfully
copulate

No. % Average no. Average no.
bouts Males copulation attempts transitions
1 51.6 4.1 10.8

2 17.5 59 8.7

3 11.1 3.6 10.3

4 12.7 4.1 9.5

5 2.4 3.0 11.0

6 0.0 - -

7 1.6 2.5 6.5

8 0.8 17.0 8.0

9 0.8 8.0 14.0

10 1.6 4.0 9.0

sequence described in the introduction (Schlaepfer and
McNeil 2000; Milonas et al. 2011). Of the 77% that did not
use the five transitions in sequence, 36 males used the first
four steps and seven males used the first three steps of this
sequence at some point during their courtship behavior.
Eight males used the first four steps twice. Thus, although a
simple behavioral sequence was not uncommon, it was not
essential for successful mating.

The percent of males that successfully mated on their
first courtship bout was 51.6% (65 males). The average
number of bouts was 2.23 with a maximum of ten bouts.
Only 43 males (34.13%) successfully mated on their first
attempted copulation (swing of their abdomen; X = 1 in
ACxX). The average number of attempts needed was 4.45,
with a median of 2.5 and a maximum of 29. Table 3
compares the number of bouts with the number of copu-
lation attempts required for a successful mating. There
were no significant correlations among bout number,
number of copulation attempts or number of transitions,
indicating that males that attempted to mate more fre-
quently did not exhibit more complex mating sequences.

Associated female behaviors

Females exhibited four acceptance or rejection behaviors.
Rejection behaviors were when a female walked away from a
nearby male (FW) or pointed her abdomen down away from
the male (FRAB). Acceptance behaviors were when a female
moved closer to a nearby male (FMC) or pointed her abdo-
men up between her wings (FEAB). A summary of the
occurrence of these behaviors and where they appeared in
association to male behaviors is in Table 4. Rejection
behaviors were far more common than acceptance behaviors.
Females walked away from males a total of 120 times in 51
courtship sequences (40.5% of total sequences). Females
moved closer to males two times in two separate sequences.

@ Springer

Female abdomen movement, pointing it either up or down,
occurred only once each, in the same courtship sequence.
Most of these female behaviors occurred following an ACxX
attempt by the male (84.2% of female behaviors) and nearly
all were walking away from the male (98%). This happened
in 40% of the mating sequences. There were other male
behaviors that prompted a high proportion of females to react
as well, but all of these behaviors were uncommon. When a
male contacted a female’s abdomen with his leg (CT LGAB),
females walked away 40% of the time. When a male con-
tacted a female’s abdomen with his antennae (CT ATAB),
females walked away 33.3% of the time. When a male
contacted a female’s wing with his wing (CT WGWG),
females walked away 21.1% of the time. Both the CT LGAB
and CT ATAB behaviors were rare, occurring only six and
five times, respectively. The CT WGWG behavior was
uncommon, occurring 19 times. Other rare male behaviors
[such as CT LGWG (five instances), CT ATAT (13 instan-
ces), WA (14 instances) and WB (19 instances)] rarely
induced a female response (2% female response overall to
these behaviors), so the rarity of the behavior was not the
cause of the female rejection.

Female response may have had some effect on subse-
quent male behavior. When a female walked away after
ACxX, no mating ensued immediately after (n = 99), but
when a female did not walk away, mating followed 82.4%
of the time (n = 153). The effect of the female behaviors
can also be discerned by examining the subsequent male
behavior. Under the null hypothesis of no effect, 9.4% of
any male behavior should follow a female response. After a
rejection behavior, a male transitioned to contacting a
female’s wings with his leg (CT LGWG) in 40% of cases,
to contacting a female’s abdomen with his legs (CT
LGAB) in 20% of cases, and to walking (WA) in 21.4% of
cases. Following any type of female response (either a
female’s rejection or acceptance behavior), males pro-
ceeded to wing fanning behavior (WF) in 26.5% of cases,
to a copulation attempt (ACxX) in 12.9% of cases, and to
male resting behavior (R) in 16.1% of cases.

First-order Markov analysis

The results of the first-order Markov analysis are reported
in Table 5 along with the expected y* results, illustrating
29 behavioral transitions of the 59 non-singular transitions
that occurred more and less than expected. Five of the
behavioral transitions that occurred more often than
expected were exhibited by between 10 and 18% of the
males. The behaviors were: ACxX — WF (18.3% of
males), CG — MA (17.5% of males), CG - WF (15.1%
of males), MA - CT WGWG (10.3% of males), and
R — WF (11.9% of males). Four transitions were per-
formed more than expected and by a high proportion of the
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Table 6 Stereotypy indices for male behavioral transitions in suc-
cessful courtships; for description of behaviors, see Table 1

Behavior Stereotypy Frequency Average
index frequency/male

ACxX 0.498 252 2.000
ACxX NNF 0.429 31 0.246
CG 0.515 58 0.460
CT ATAB 0.403 6 0.048
CT ATAT 0.761 13 0.103
CT ATWG 0.773 134 1.063
CT LGAB 0.372 5 0.040
CT LGWG 0.695 5 0.040
CT WGWG 0.527 19 0.151
FA 0.702 227 1.802
MA 0.574 226 1.794

R 0.625 31 0.246
WA 0.655 14 0.111
WB 0.434 19 0.151
WF 0.589 239 1.897
Overall 0.570 - -

males: WF - MA (81% of males), MA — CT ATWG
(79.4% of males), CT ATWG — FA (67.5% of males),
and FA — ACxX (88.1% of males). These behaviors were
all part of the simple sequence identified above. Overall,
the behavioral transitions that occurred more often than
expected were diverse and were not necessarily associated
with a successful or unsuccessful copulation bout nor were
they consistently associated with female rejection
behaviors.

Stereotypy indices

SIs were calculated to evaluate the variability of the
behavioral patterns through each of the pairwise transitions
(Table 6). Overall, the index for the entire behavioral
sequence was equal to 0.570. Some behavioral transitions
were more stereotyped than others, ranging from a low of
0.372 for transitions from CT LGAB to a high of 0.773 for
transitions from CT ATWG. Only one other behavior had a
value exceeding 0.75: CT ATAT (male touches a female’s
antennae with his antennae, with an SI value of 0.761).
None of the behavioral transitions approached the highly
stereotypic value of 1.0. In addition, there was no rela-
tionship between the frequency of the behavior (Table 6)
and the SI value (7 = 0.206, p = 0.461).

IO analysis

The elements of A® (Table 7), the fraction of a succeeding
behavior that came from a preceding behavior directly and

indirectly through intervening behaviors, would equal
0.066 if behaviors were randomly assembled into sequen-
ces. Nearly exclusive dependency between the preceding
and subsequent behavior would be indicated by values
approaching 1.0. The observed values ranged from 0.006 to
0.297 demonstrating the absence of exclusive dependency
and the presence of non-random behavioral sequences.

If a behavior preceded all other behaviors and did not
follow any other behavior, the row values would be large
and constant. WF row values were the largest in each of the
columns, indicating that WF occurred earliest in the
behavioral sequences, and this was strongest for sequences
going to CG (extend claspers) and least for sequences
going to WA (walking). MA row values were the second
highest values in each column except for ACxX NNF and
WA. This indicated that MA generally occurred next in the
behavioral sequence after WF except for sequences to
ACxX NNF and WA. WF and MA are the first two
behaviors in the stereotyped mating sequence, but the third
behavior in this sequence, CT ATWG, had the third highest
values in only 3/15 cases (columns of Table 7), indicating
that the “stereotyped” sequence broke down almost com-
pletely before the CT ATWG behavior.

The fraction of a preceding behavior that reached a
succeeding behavior, B® (Table 8), ranged from 0.005 to
0.283, demonstrating again the absence of exclusive
dependency and the presence of non-random behavioral
sequences. The ACxX column had the highest values in all
of the rows, which was consistent with the fact that ACxX
was the final behavior before mating, and FA had the
second highest values in 13/15 rows, indicating that FA
was often the penultimate behavior in the mating sequence.
CT ATWG had the third highest value in only one row
(MA), implying that the stereotyped behavior sequence
broke down almost completely just prior to the FA
behavior.

The ratio of total (direct and indirect) output to input (OI
ratio) is a measure of net flow of behavioral sequences
(Table 9). This matrix is x : 1/x symmetric around the
main diagonal. Values >1.0 below the diagonal indicate a
net flow of behavioral sequences from the preceding
behavior to the subsequent behavior, and such values above
the diagonal indicate a net flow of sequences in the
opposite direction. For example, there were 3.625 more
mating sequences that went from WF — ACxX than from
ACxX — WF (Table 9). However, even though WF initi-
ated and ACxX was the final behavior before mating in
nearly all mating sequences, in 22% of the mating
sequences [= 1/(3.625 4 1)], the reverse sequence also
occurred. As most of the OI ratios were <3.625 (Table 9),
this implies that most behavioral transitions were not
strongly unidirectional. Indeed, several transitions have OI
ratios close to 1.0, indicating little difference in the number
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Table 7 Intermediate input coefficients for subsequent male behaviors, AT matrix (Szyrmer and Ulanowicz 1987)

Preceding  Subsequent behavior

behavi

VIOTACxX ACXX CG  CT  CT  CT CT CT CT FA MA R WA WB WF
NNE ATAB ATAT ATWG LGAB LGWG WGWG

ACXX 0.095 0091 0092 0.04 0087 009 0095 0081 0089 0088 0.00 0.105 0.146 0.094 0.110

ACXX 0038 0038 0044 0038 0040 0040 0032 0036 004 0041 0045 0045 0064 0084 0.054

NNF

cG 0066 0071 0074 0073 0076 0078 0061 0071 0078 0073 0089 0080 0061 0091 0.091

CT ATAB 0.009 0.007 0.008 0.007 0.007 0.007 0.041 0.006 0.007 0.008 0.008 0.009 0.008 0.018 0.010
CT ATAT 0.018 0.019 0015 0.016 0016 0015 0.013 0013 0015 0.022 0.017 0.021 0017 0.015 0.018

CT 0.127 0.120  0.089 0.098 0.091 0.084  0.120 0.129  0.083 0.140 0.094 0.100 0.114 0.095 0.099
ATWG

CT LGAB 0.007 0.007 0.007 0.007 0.007 0.007 0.006 0.006 0.007 0.007 0.008 0.013 0.006 0.006 0.009

CT 0.007 0.007  0.009 0.007 0.008 0.008 0.075 0.007  0.008 0.008 0.009 0.029 0.007 0.007 0.011
LGWG

CT 0.026 0.025 0023 0.023 0023 0.022 0032 0.05 0.022 0.029 0.025 0.031 0.024 0.022 0.028
WGWG

FA 0.165 0.175 0.116 0.133 0.125 0.113  0.106  0.101 0.110 0.108 0.125 0.119 0.153 0.132 0.131

MA 0.170 0.158 0.122 0.203 0.212 0.226 0.171 0.203  0.206 0.183 0.129 0.142 0.152 0.132 0.138

R 0.038 0.039 0.056 0.041 0.044 0.044 0.035 0.040 0.046 0.042 0.050 0.039 0.035 0.040 0.062

WA 0.019 0.020 0013 0.013 0012 0012 0011 0.011 0.012 0.014 0.013 0.013 0017 0.014 0.015

WB 0.025 0.026 0034 0.026 0027 0028 0022 0.025 0.027 0.029 0.030 0.042 0.023 0.025 0.036

WF 0.190 0.197 0.297 0.210 0.227 0.227 0.179 0.211  0.249 0.208 0.259 0.212 0.174 0.222 0.188

Columns sum to 1.0. Random sequences would have values of 0.066 for all cells. Values in italic are <0.03, values in bold are >0.14. Underlined
behaviors were uncommon. For description of behaviors, see Table 1

Table 8 Intermediate output coefficients for preceding male behaviors, BT matrix (Szyrmer and Ulanowicz 1987)

Preceding  Subsequent behavior

behavior
YT ACXX ACXX G CT  CT  CT  CT  CT  CT FA MA R WA WB WF
NNF ATAB ATAT ATWG LGAB LGWG WGWG
ACXX 0216 0035 0045 0.0/0 0016 0113 0009 0006 0021 0160 0149 0043 0036 0024 0.118
ACXX 0189 0032 0048 0008 0016 0111 0007 0006 0021 0163 0148 0040 0035 0047 0.128
NNF
G 0.189 0034 0046 0.009 00i7 0124 0007 0007 0023 0166 0167 0041 0019 0.029 0.124

CT ATAB 0.220 0.031 0.045 0.007 0.014 0.099 0.042 0006 0.019 0.158 0.131 0.042 0.020 0.052 0.116
CT ATAT 0.225 0.040 0.040 0.008 0.015 0.100 0.006 0.006 0.018 0.218 0.133 0.045 0.022 0.020 0.102

CT 0.254 0.040 0.039 0.008 0.014 0.093 0.010 0.009 0.017 0.222 0.122 0.035 0.024 0.020 0.092
ATWG

CT LGAB 0.210 0.032  0.045 0.008 0.016 0.113 0.007 0.006  0.021 0.167 0.151 0.066 0.020 0.020 0.118

CT 0.166 0.027 0.047 0.007 0.014 0.100 0.070 0.006 0.019 0.141 0.134 0.121 0.016 0.018 0.115
LGWG

CT 0.219 0.036  0.042 0.008 0015 0.104 0.011 0017 0019 0.193 0.138 0.047 0.021 0.020 0.109
WGWG

FA 0.278 0.050 0.042 0.009 0.017 0.104 0.007 0.006 0.019 0.142 0.137 0.035 0.027 0.024 0.103

MA 0.225 0.035 0.035 0.011 0022 0165 0.009 0.009 0.028 0.191 0.111 0.033 0.021 0.019 0.085

R 0.186 0.032  0.060 0.008 0.017 0.119 0.007 0.007  0.023 0.164 0.160 0.033 0.0/18 0.021 0.144

WA 0.283 0.049 0.040 0.008 0.014 0.09  0.007 0.005 0.0I8 0.163 0.127 0.034 0.027 0.023 0.106

WB 0.191 0.033 0.056 0.008 0.0i6 0.116 0.007 0.006 0.021 0.172 0.148 0.057 0.019 0.021 0.130

WF 0.193 0.034 0.066 0.009 0.018 0.128  0.007 0.007  0.026 0.167 0.173 0.038 0.019 0.025 0.090

Rows sum to 1.0. Random sequences would have values of 0.066 for all cells. Values in ifalic are <0.03. Values in bold are >0.14. Underlined
behaviors were uncommon. For description of behaviors, see Table 1

@ Springer



J Ethol (2017) 35:221-236

233

Table 9 Output to input ratio of total (direct and indirect) flow from behavior i to j to the total flow from behavior j to i for male behavioral

transitions, 7j; (Szyrmer and Ulanowicz 1987

Subsequent Behavior

F’B':;:\‘jl'grg ACXX  ACXNNF  CG CTATAB CTATAT CTATWG CTLGAB CTLGWG . C_C]—\L ‘ FA  MA R WA WB WF
ACXX 0.986 0401 0298 0483 0370 038 0520 0371 0345 0417 0377 0482 0819 0400 0.269
ACXX NNF 2.484 1.012 | 0809 1299  0.986 1.106 1.183 1.045 0993 1117 1118 1234 2122 2169 0.780
G 3.244 1235 | 0985 | 1660 1799  2.186 1.544 1.167 1569  2.253 255 1.143 2314 1330 0.656
CT ATAB 2.024 0771 0588 | 0990 | 0.840 0973 | 5800  0.704 0769 1131 0618 0961 1500 1929 0527
CT ATAT 2614 1010 053 1155 | 0.980 1113 0932 0719 0809 1759 0.634 1.044 1.882 0776 0.451
CTATWG 25533 0909 0444 1007 0867 | 0.985 1.233 1.000 0677 1758 0483 0718 1851 0659 0.364
CTLGAB 1.883 0847 0632 0170 1042 0799 | 0991 | 0.071 0555 1339 0752 1611 1501 0763 0.560
CTLGWG 2611 0953 0834 1384 1340 0980 | 13.907 | 0.985 0411 1761 0837 3784 1904 0912 0.690
CTWGWG 2.808 1.004 0617 1266  1.188 1.426 1.765 2383 0982 | 1992 0761 1.167 2031 0838 0.499
FA 2352 0905 0431 0869  0.555 0558 0734 0552 0488 | 0.985 | 0.550 0.620 1476 0615 0371
MA 2599 0901 0453 1598 1540  2.037 1314 1177 1289  1.760 | 0.989 | 0.758 1.880 0.724 0.380
R 2015 0810 0854 1018  0.930 1359 0611  0.260 0836 1569 1293 | 0.984 | 1.585 0578 0.777
WA 1.185 0471 0407 0641 0501 0516  0.640  0.497 0466 0651 0509 0597 | 0.971 | 0.600 0.375
WB 2.350 0458 0718 0505  1.194 1.419 1.235 1.030 1112 1521 1297 1.639 1512 | 0.953 | 0.682
WF 3.625 1290 1500  1.868 2151  2.681 1.755 1.422 1.958 2,631 2581 1.265 2535 1.399 | 0.986

Self effects are shown in boxes on the main diagonal

Transitions marked in dark grey are the highest value that appears in each row. Values >1.0 below diagonal are dominated by the subsequent

behavior (the flow from i to j is larger than the flow from j to i)

Values >1.0 above the diagonal are dominated by the preceding behavior. Light grey are all values > 1.5 which indicate a dominance of at least

60:40%. Underlined behaviors were uncommon

Table 10 Whole system

parameter for male courtship Parameter Value

behavioral sequences c* 3896.2
A 966.4
P 2929.8
o 0.248
Cle 1433.3
Definitions from Ulanowicz
(2011)

A Ascendency, @ system over-
head (freedom and flexibility),
o = A/C measure of the degree
of system order, e Napier’s
constant

*C=A+ ¢ (system’s devel-
opment capacity)

of behavioral sequences going in each direction. These
transitions create indeterminant heterogeneity in the
courtship sequence.

There were no dominant behavioral loops in these
mating sequences. Behavioral loops can be identified as
follows: in Table 9, starting with the CT ATWG behavior
(row), we find CT LGAB was one of five behaviors (col-

umns) with a value >1.0. This means that there were more
sequences that went from CT ATWG — CT LGAB than
the reverse. Next we look at the CT LGAB row, and find
that R was one of five behaviors with a value >1.0. For the
R row, there were six such behaviors, including MA. And
from MA, there were nine behaviors, including CT ATWG.
Thus, CT ATWG - CT LGAB —» R—->MA - CT
ATWG was one behavioral loop in the data. However,
because two of these transitions had values close to 1.0,
this was not a dominant behavioral loop. As it was the only
loop that could be found in these data, we conclude that
there were no dominant behavioral loops in these mating
sequences.

Whole system analysis

The whole system analysis gave a high value of @ com-
pared to A, and a low « (Table 10). These values imply that
the behavioral sequences are on the whole quite disorderly,
with considerable variation. If the optimal order is C/
e (Ulanowicz (2009), then A = 966 < Cl/e = 1433, which
implies that the observed mating behavior is more variable
than optimal for the transmission of information related to
male quality.
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Discussion
Variability in male courtship behavior

Describing male O. nubilalis courtship behavior as simple
and stereotyped (Royer and McNeil 1992; Schlaepfer and
McNeil 2000; Milonas et al. 2011) did not accurately
represent the actual male behavior. Royer and McNeil
(1992) and Schlaepfer and McNeil (2000) reported a
sequence of MA — FA —» CG — ACxX and Milonas
et al. (2011) reported a sequence of MA — FA — CT
ATWG — CG — ACxX. Neither of these sequences
occurred in any male observed in our study. The most
frequent sequence we observed was WF - MA — CT
ATWG — FA - ACxX — M, but 77% of males suc-
cessfully mated without using this sequence. More impor-
tantly, the common behavioral transitions were not used by
every successful male. WF — MA occurred in 81%,
MA — CT ATWG in 79%, CT ATWG — FA in 67%, and
FA — ACxX in 88% of the courtship sequences. There-
fore, none of these particular behavioral transitions were
necessary to successfully copulate. In fact, we observed a
large number of behaviors and transitions that occurred in
only one male, and saw great variability in the length of a
male’s courtship sequence. In addition, as our observations
were restricted to young virgin males, and male mating
behaviors probably change with age (Lassance and Lofst-
edt 2009; Milonas and Andow 2010), there will be even
greater variability in natural populations. The male O.
nubilalis mating sequence is not stereotyped.

The Markov analysis only describes first-order behav-
ioral transitions (direct transitions), while the IO analysis
includes higher order transitions (all direct and indirect
transitions). The IO analysis demonstrated that O. nubilalis
lacks strong dependency between behaviors and therefore
the sequences are behaviorally variable. More importantly,
it showed that the behavioral sequences generally started
with WF — MA, but almost completely broke from the
stereotyped sequence after this. Then after going through
diverse behavioral transitions, the sequences generally
ended with FA - ACxX — M. The OI ratio results sug-
gested that most behavioral transitions were not strongly
unidirectional, which was another source of the variability
in the mating sequences. Finally, although several indi-
viduals exhibited repetitive sequences of behaviors, taken
as a whole, there were no dominant repetitive behavioral
loops.

The whole system analysis demonstrated that the system
of behavioral sequences is very disorderly with high levels
of variability and less than the optimum based on infor-
mation theory (Ulanowicz 2009). The disadvantage of such
a disorderly system of courtship behavioral sequences is

@ Springer

that transmission of signals, such as mate quality, is
impaired. The biological relevance for sexual selection on
male courtship sequences is that rather than select for high-
quality males, females may select for lower variability in
male courtship behavior, and in this case, evolution might
be expected to eliminate some of the observed behavioral
variation in O. nubilalis. In an overly noisy system of
courtship behaviors, female choices would be randomly
associated with differences in male quality. However, by
chance, multiple females may select males with a particular
courtship sequence, and if these males, also by chance,
were higher quality mates, then evolution would select for
the courtship sequence, reducing the overall variation in
sequences. Alternatively, male courtship behaviors may
not be important cues used by females to select mates, and
male pheromone and ultrasound emission may be the pri-
mary cues. In this case, evolution might allow for accu-
mulation of considerable variation in courtship behaviors.

Female O. nubilalis play an active role in determining
the outcome of courtship (Schlaepfer and McNeil 2000;
Milonas et al. 2011; Milonas, Partsinevelos and Andow,
personal communication). Our observations suggest that
some male courtship behaviors were used by females to
select males. Females exhibited a simple behavioral
repertoire during male courtship, but actively participated
(either by walking away, moving closer or moving their
abdomen) in over 40% of the observed mating sequences.
It might be suspected that the places in the male behavioral
sequence where there was the most variation in male
behaviors were also where females actively interacted with
the males. However, this was not the case. For example, the
behaviors that had the lowest SIs had only moderate female
interaction. Further, females did not interact with males at
every possible behavioral transition. Therefore, the
observed variability in male behavior cannot be attributed
to female responses to the male behaviors. Females
responded in the highest proportion following an attempted
copulation by a male (the ACxX behavior). This would be
the last opportunity for a female to make a mate choice and
it is not surprising to see female interaction at this time.
However, other male behaviors seemed to inspire female
rejection behavior, including a variety of the “contact”
behaviors. Some of the rarer contact behaviors, such as
when a male contacted a female’s abdomen with his leg
(CT LGAB) or when a male contacted a female’s abdomen
with his antennae (CT ATAB), provoked females to walk
away from the male. We also observed a high degree of
male persistence, with some males attempting copulation
numerous times (up to ten bouts in one session) before
finally succeeding.

These behavioral states may be surrogates for the sig-
naling behaviors between males and females. For example,
vertical wing fanning (FA) probably corresponds to
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ultrasound emission, which is an important mating signal
(Takanashi et al. 2010), antennal contact with female wings
(CT ATWG) may provide chemical information about the
identity and position of the female (Xiao et al. 2011, 2012),
and clasper extension (CG) is associated with male pher-
omone release (Royer and McNeil 1992; Lassance and
Lofstedt 2009). Although we cannot be sure that our
observed behaviors always had the associated signal, our
data suggest that ultrasound emission and contact chemical
signals are critical to successful mating, supporting the
conclusions of Takanashi et al. (2010) and Xiao et al.
(2011, 2012). Clasper extension, in contrast, occurred by
itself in less than half of the males, suggesting that male
pheromone is released concurrent with other behaviors,
such as attempted copulation (ACxX). In addition, as these
behaviors may occur in several different temporal
sequences, our data suggest that the temporal sequence of
these signals may be less important than the occurrence of
the signals sometime during mating behavior. In any event,
it would be useful to know how these signals relate to the
behaviors we observed.

Comparative male courtship behavior

Very little has been published on the courtship behavior of
crambids that we can compare with our results. Only brief
descriptions of stereotyped male courtship behavior are
available for Asian corn borer moth, O. furnacalis (Nakano
et al. 2006), tomato fruit borer, Neoleucinodes elegantalis
(Guenée) (Eiras 2000), yellow peach moth, Conogethes
punctiferalis (Guenée) (Konno et al. 1980), rice leaf-folder,
Cnaphalocrocis medinalis (Guenée) (Hou and Chen 1988),
and tropical sod webworm, Herpetogramma phaeopteralis
(Guenée) (Meagher et al. 2007). O. furnacalis males land
near the female (MA), approach the female with wing
fanning (WF), raise and vibrate their wings vertically (FA),
bend their abdomen laterally toward the female genitalia
(ACxX), and then copulate (M) while tail to tail (Nakano
et al. 2006). The other species’ descriptions include
behavioral elements [i.e., wing fanning (WF), vertical wing
fanning (FA), male touching the female with his antennae
(CT ATXX), lateral bend of the abdomen (ACxX), and
tail-to-tail mating (M)] common to O. nubilalis, but the
sequences are not closely aligned with our identified
common sequence.

Male courtship behavior in the sister taxon, Pyralidae,
has been more highly researched (Fatzinger and Asher
1971; Grant 1976; Phelan and Baker 1990; Girling and
Carde 2006). Male pyralids attempt copulation in two
ways: lateral abdominal thrusts from a side-by-side posi-
tion, similar to the crambids, or dorsal thrusts from a head-
to-head position. The head-to-head position has been
thought to be required for pyralids to display a high level of

behavioral variation in courtship (Phelan and Baker 1990),
but O. nubilalis has greater variation in its courtship
behavior than nearly all reported pyralids.

Variation in other moth species has been reported using
average Sls. Reported values are 0.64 for Platyptilia car-
duidactyla (Pterophoridae) (Haynes and Birch 1984), 0.76
for Lymantria dispar (Lymantriidae) (Charlton and Carde
1990), 0.76 for Choristoneura fumiferana (Tortricidae)
(Sanders and Lucuik 1992), and 0.63 for the rapid sequence
and 0.52 for the prolonged sequence of Amyelois transitella
(Pyralidae) (Girling and Carde 2006). Our SI of 0.57
indicates comparatively low stereotypy.

Utilizing several analysis techniques has given a more
comprehensive understanding of the behavioral variation in
male O. nubilalis courtship behavior. While some papers
have shown varying degrees of variation in courtship
behavior in moths, our description is one of the most dis-
ordered and variable pictures of male moth courtship
behaviors to date. The observations and analysis that we
have reported show that O. nubilalis courtship behavior
does not align with any previously described simple and/or
rapid courtship pattern (Phelan and Baker 1990; Girling
and Carde 2006). Although the literature suggests that most
crambid and pyralid male courtship behavioral sequences
are simple, rigid and fixed, closer study will probably
reveal substantial variation.
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