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Abstract

More than 96.7% of male Tetranychus urticae Koch (TSM) and Tetranychus kanzawai Kishida (KSM) copulated with conspecific
or heterospecific females (CF or HF) in 30 min of pairing. The rates of second matings of CF and HF with TSM males were 66.7% and
69.0%, respectively, and 36.7% and 13.3% with KSM males, respectively. The rate of second matings of KSM females with
conspecific males was lower than that of TSM females. With precopulation guarding, KSM males guarded a teleiochrysalis at the
detention position-the first guarding status. KSM males exhibited a higher tendency than TSM males to mate first with a guarded
female upon her emergence, where at the coguarding position the male generally got a second mating chance in sequence with
the female. The first guarding males gave up their guarding status to mate first with intruding females and then immediately
resumed the first guarding status-mate-first strategy. Conesquently, KSM performed better in popula-tion competition than TSM
when both populations existed in the same ecological habitat because of a higher tendency to perform precopulation guarding,
the mate-first strategy and second mating. Under conditions with the presence of females of both species, the males' first and
second copulation rates with CF or HF were not significantly different (x2 = 1.914, df = 1). The copulated females produced a
10.3%-13.6% non-insemin-ation rate which revealed that these two spider mites retain a control mechanism on the sex ratio in
their populations. During heterospecific pairing and female guarding, 80% of KSM males were interrupted and 75% were replaced
by heterospecific rival males, while 81% and 100% of TSM males were interrupted and replaced, respectively. With conspecific
pairing and female guarding, males were interrupted and replaced by a conspecific rivall male 57% and 24% of the time for TSM
and 73% and 18% for KSM, respectively; 13.3% of once-mated females mated again with their coguarding males. TSM and KSM
males did not show any preference of mating choice between CF or HF, and conspecific rival males interrupted conspecific mating
pairs at a low rate (20-23%) and their replacment rate was lower than that of heterospecific mating pairs. Consequently, there must
be intraspecific communication
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Copulation Competition of Male Tetranychus urticae Koch and
Tetranychus kanzawai Kishida (Acarina: Tetranychidae) with
Conspecific and Heterospecific Females and Their Isolation
Mechanism

Chain-Ing T. Shih* and Sheuan-Ping Shiue Department of Entomology, National Chung-Hsing Univ. Taichung, Taiwan 402, R.0.C.

ABSTRACT

More than 96.7% of male Tetranychus urticae Koch (TSM) and Tetranychus
kanzawai Kishida (KSM) copulated with conspecific or heterospecific females
(CF or HF) in 30 min of pairing. The rates of second matings of CF and HF
with TSM males were 66.7% and 69.0%, respectively, and 36.7% and 13.3% with
KSM males, respectively. The rate of second matings of KSM females with
conspecific males was lower than that of TSM females. With precopulation
guarding, KSM males guarded a teleiochrysalis at the detention position-the
first guarding status. KSM males exhibited a higher tendency than TSM males
to mate first with a guarded female upon her emergence, where at the
coguarding position the male generally got a second mating chance in sequence
with the female. The first guarding males gave up their guarding status to mate
first with intruding females and then immediately resumed the first guarding
status— —mate-first strategy. Conesquently, KSM performed better in popula-
tion competition than TSM when both populations existed in the same
ecological habitat because of a higher tendency to perform precopulation
guarding, the mate-first strategy and second mating.

Under conditions with the presence of females of both species, the males’
first and second copulation rates with CF or HF were not significantly different
(*=1.914, df=1). The copulated females produced a 10.3% ~13.6% non-insemin-
ation rate which revealed that these two spider mites retain a control
mechanism on the sex ratio in their populations. During heterospecific pairing
and female guarding, 80% of KSM males were interrupted and 75% were
replaced by heterospecific rival males, while 81% and 100% of TSM males were
interrupted and replaced, respectively. With conspecific pairing and female
guarding, males were interrupted and replaced by a conspecific rival male 57%
and 24% of the time for TSM and 73% and 18% for KSM, respectively; 13.3% of
once-mated females mated again with their coguarding males. TSM and KSM
males did not show any preference of mating choice between CF or HF, and
conspecific rival males interrupted conspecific mating pairs at a low rate
(20~23%) and their replacment rate was lower than that of heterospecific
mating pairs. Consequently, there must be intraspecific communication
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and affinity mechanisms existing in both TSM and KSM, and the evidence of
high interruption and replacment rates in heterospecific pairing by conspecific
males also reveals a behavioral isolation mechanism existing between TSM and
KSM. The KSM males competed with and excluded the TSM population by
wasting mating chances, times and energy of TSM females.

Durations of the first mating between a TSM male and a CF or a HF lasted
199 and 116 sec, while those of a KSM male lasted 156 and 80 sec, respectively.
No males of a conspecific mating pair were replaced by a rival male. Although a
short interuption might have occurred, the males immediately resumed a second
part of copulation which was much shorter than the initial part. Female spider
mites during heterospecific pairing exhibited escaping, idiosoma lowering, body
turning and hitting, and facing the males to prevent the male from entering the
copulation position, while during conspecific pairing females did perform any
one of these behaviors but conformed to the males’ movements and approaches.
Copulation durations between heterospecific TSM and KSM varied from 31~235
sec. The amount of sperm transferred during conspecific copulation was
positively correlated with copulation duration in TSM but not in KSM, where a
30 sec copulation duration was enough for female insemination. Relationships
between male ages and female insemination rates need further study. The
morphological studies of seminal receptacles on con- and heterospecific-copulated
females, showed no heterospecific sperm transfer from male to female.
Consequently, isolation mechanisms between TSM and KSM would probably not
include mating plug, genetic incompatibility between sperm and ovum, rejection
of sperm from seminal receptacle, or antagonistic reactions against the
heterospecific sperm in the receptacle and/ or during the sperm migration in
the haemocoel, but should be due to physical differences or un-suitability
between the aedeague and the receptacle, or due to the omission of one or more
chemical or pheromonal cues which induce the male to transfer sperm.
Key words: Behavior, interruption, replacement, fertility, sperm transference.

Introduction

Tetranychus urticae Koch (TSM) and
Tetranychus kanzawai Kishida (KSM)
are closely related and highly polypha-
gous species which commonly live on
many kinds of host plants (Osakabe,
1967). The females of both of these two
species produce webbing and pheromones
to attract the male to engage in pre-
copulation guarding (Penman and Cone,
1972, 1974). Most tetranychid mite species
produce effective insemination during
their first copulation; however, the effec-
tiveness and authenticity of the second
copulation depend upon the duration and
sufficiency of sperm transfer during the
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first copulation of the male (Helle, 1967;
Overmere, 1973; Potter and Wrensch,
1978, Shih et al., 1994).

Feldmann (1977) and Potter and
Wrensch (1978) reported that the second
copulation of two spotted spider mites
(TSM) produced diploid female offspring,
however, Shih and Pai (1994) and Shiue
et al.(1995) demonstrated that TSM fema-
les received sufficient sperm during their
first mating, and the second and third
copulations were ineffective.

Tetranychid spider mite populations
colonize into new habitats generally with
a single dispersal by an inseminated
female (Mitchell, 1973) and then develop-
ment into several complex strains (De-

)




Boer, 1985). The eggs produced by cross
insemination between strains influences
the sex ratio, fertilization and hatching
rates of offspring (Overmeer, 1973; De-
Boer, 1982a,b,c, 1983; DeBoer and Veer-
man, 1983; Young et al., 1985; Takafuji,
1988). A high frequency of interspecific
copulation among tetranychid mites was
also observed (Collins and Margolies,
1991; Collins et al., 1993). The minute size
of spider mites makes the techniques to
decide the transfer of sperm difficult, so
this was assessed from diploid female
offspring (Keh, 1952; Dillon, 1958; Cagle,
1962; Saba, 1975; Murtaugh and Wrensch,
1978; Zaher et al., 1981; El-Enany et al.,
1983; Hill and O’Donnell, 1991; Shih and
Pai, 1994; Shiue et al., 1995). The
isolation mechanisms among spider mites
are mainly due to features of ethological
function, mechanical incompatibility,
physiological or genetic isolation, and
ecological or phenological asynchroniza-
tion. TSM and KSM seem to remain
isolated from each other. Precopulation
guarding and agonistic or aggressive
behavior, genetic isolation, and gametic
or mechanical incompatibility, besides the
morphohopical identity of the aedeagus
(Grant, 1966; Shih and Pai, 1994, 1995),
seem to play a significant role in species
isolation between TSM and KSM.

The second copulation between con-
specific males and females of TSM does
not result in a high fertilization rate of
offspring (Boudreaux, 1963; Helle, 1967;
Overmeer, 1972; Feldmann, 1977; Potter,
1978; Potter and Wrensch, 1978; Shih and
Pai, 1994, 1995). The duration and frequ-
ency of the second copulation were
shortened and lowered if the first copula-
tion of TSM female lasted longer (Potter
et al., 1976a, b). Shih and Pei (1995) and
Shiue et al. (1995) reported that more
than 90% of TSM females mated two or
more times but increasing the number of
copulations did not result in high female
proportions in the offspring. Mated fema-
les produced a higher number of offspring

than virgin females, while virgin females
produced a greater number of daily
progeny in the early stages of the ovipo-
sition period than mated ones (Wrensch
and Young, 1975). A high incidence of
heterospecific copulation between TSM
and KSM and a high number of second-
ary or multiple conspecific and hetero-
specific copulations between these two
species were reported by Ozawa and
Takafuji (1987) and Shiue et al. (1995).

The influence of the ineffective seco-
nd copulation or heterospecific copula-
tion on reproductivity is therefore studied
here. In other words, does heterospecific
copulation affect the insemination or
fertilization of eggs ? Do preferences of
TSM or KSM females exist in selecting
their first mating partner conspecifically
and why does the male prefer a conspecif-
ic female? Do TSM and KSM males
experience different mating potentials
(number of matings) between conspecific
females and heterospecific ones? The
evidence of transferring spermatophore
from the male to the female during
conspecific or heterospecific copulation is
also morphologically studied to determine
whether eggs are actually fertilized and
to verify the mechanical isolation
mechanisms between heterospecific co-
pulation and ineffective copulations of
the second or multiple matings.

Materials and Methods

Material preparation

Two-year-old laboratory colonies of
TSM and KSM were reared on 6" potted
lima bean plants Phaseolus vurgaris L. at
25+1°C, 70+5% RH, and 12h D. A 9 cm
petri dish contained a 7 cm dia. X 1 cm
cotton pat covered with a 7 cm dia. filter
paper and a 4 cm dia. lima bean leaf disc.
Water was added daily to the petri dish
up to the level of the filter paper to
prevent the mites from escaping and to
maintain the leaf disc freshness. The petri
dish with the cotton pat, filter paper, and
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leaf disc is hereafter called ‘leaf-rearing-
disc, or LRD’ and the leaf surface of the
disc in the LRD is called the ‘arena’.
Twenty-five 3- to 6-day-old female and
male of TSM and KSM from a stock
colony were individually transferred onto
each arena for 24 hours of egg laying by
the females, and then the females and
males were removed. When the eggs
developed into teleiochrysalises they were
individually transferred onto a new LRD
to obtain virgin females which were used
to lay haploid progeny. Whenever a
pairing of a female teleiochrysalis with a
detained male was found in an LRD, both
were transferred onto a new LRD for
copulation and then the male was re-
moved. These inseminated females were
kept on the LRDs to lay eggs which
would develop into teleiochrysalises thus
producing virgin females and unmated
males of known ages. These teleiochrysal-
ises, virgin female and unmated male
adults are hereafter called ‘test batches’.

Specific female-guarding and mate-
first strategy of a male

A total of 25 either TSM or KSM
female deutonymphs from test batches
were individually transferred onto each
LRD. When the deutonymph developed
into a teleiochrysalis, either a conspecific
or a heterospecific male was added to the
arena. Whenever the male was found to
perform female-teleiochrysalid-guarding,
an additional 12-hour-old conspecific vir-
gin female was added to the male. The
male and the female teleiochrysalis were
removed 1 hour after transfer of the
second virgin female. The mating and
copulation between the detained male
with the female teleiochrysalis or with
the intruder rival female were determined
by assessing the female progeny produced
by the intruder about 8 to 10 days later.
Following the same procedures, a virgin
female, instead of a female teleiochrysalis
was added with a conspecific or hetero-
specific male. Then a conspecific virgin
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female was also transferred onto the LRD
with the previous female. Both the trans-
ferred male and female were removed 1
hour after introduction of the second
virgin female. The assessment of mating
and copulation of the second female with
the detained male were determined from
the female progeny produced by the
intruder 8-10 days later.

Mate selection by TSM and KSM

1.The second copulation pre-
ferences of TSM and KSM females A
12-hour-old virgin TSM or KSM female
was transferred onto one of 30 sets of
LRDs with a 2- or 3-day-old conspecific or
heterospecific male for mating and co-
pulation. After the first mating, the male
was removed and another conspecific or
heterospecific male to the removed male
was added onto the arena for 30 min. Any
mating and copulation of the second male
with the once-mated female were recorded
to estimate the second conspecific or
heterospecific mating frequency of the
female.

2.Copulating preferences of a
TSM or KSM male in the presence of
females of both species Using similar
procedures, both TSM and KSM female-
deutonymphs from test batches were
transferred onto an LRD to obtain uni-
quely developing teleiochrysalises. When-
ever both species of female adults were
found in the arena, a young and unmated
TSM or KSM male was then added onto
the arena to test and to record the
duration of first mating pair and the
species of the copulating female. Female
progeny from mated females were re-
corded in the first 3 days of the ovipo-
sition period in order to estimate the sex
ratio.

3.Copulating preferences of and
competition between TSM and KSM
males in the presence of either or
both species of females A 12-hour-old
TSM or KSM virgin female was trans-
ferred onto an LRD arena, and then both




young (<2-day-old) and unmated TSM
and KSM males from test batches were
placed onto the arena. Each male mating
with a conspecific or heterospecific fema-
le within 30 min was individually re-
corded. By the same procedures, both a
TSM and a KSM virgin female were kept
on an LRD with young and unmated
males of both species. The mating and
copulation competition between the rival
males and pairing females were deter-
mined for 30 min after the transfer of
males onto the arena.

Effect of copulation duration on the
sex ratio of progeny

Twenty 12-hour-old TSM and KSM
virgin females were individually trans-
ferred onto an LRD with a conspecific or
a heterospecific 2-day-old unmated male.
The mating and copulation duration of
each pair was observed and recorded
under a 20-power dissection microscope.
By the same procedures, but after remov-
al of the mated male, another once-mated
and conspecific male to the former rival
one was transferred onto the LRD for
observation of secondary mating and
copulation duration of the female. An-
other 16 sets of LRDs were individually
stocked with a 12-hour-old virgin TSM or
KSM females and a conspecific 2-day-old
unmated male. The pairing and copula-
tion of each pair on each LRD were
interrupted at 30, 60, 90 and 120 sec with
a 00 camel brush. The females with
different copulation durations were then
separately transferred onto an LRD for 3
days of egg laying and finally the females
were removed. LRDs with eggs were kept
in a growth chamber and the female sex
ratios of progeny were estimated 10 days
later.

Mating and copulation potential of
TSM and KSM males

Twelve sets of LRDs consisted of 16
one-day-old virgin TSM or KSM females
and a 3-day-old unmated male. After 24

hours, the males were removed while the
females were individually transferred
onto a new -LRD. The females were
removed again, after 3 days of egg laying,
from the LRDs. The numbers of successful
copulations and inseminations of females
by a male in a 12-hour period were
estimated from those females producing
female progeny.

Spermatophore transfer

Conspecific and heterospecific co-
pulation was studied between an unmated
male and a young virgin TSM or KSM
females individually paired on an LRD.
The copulation between the pair was
observed and results assessed under the
microscope (20X) after pairing. The males
and females which had copulated were
individually submerged in for-
malin-alcohol fixation (70% alcohol: for-
malin conc.: glycerol acetic acid=100: 5:
5) for 12-24 hours. The specimens were
then dehydrated with an alcohol series
and were kept in a solution of 1 part
anhydrite alcohol and 1 part paraffin (56-
58°C m.p.) for12-14 hours. The specimens
were finally embedded in pure paraffin in
an oven at 60°C for 12-24 hours. The
paraffin-embedded specimens were micro-
tomed into 4 um slides with a Leica 2035
microtome and the slided sections of the
specimen were kept on 30°C hot-spreader-
plate for 2 hours and the de-waxing
process was performed. After dyeing with
haematoxym and Kosin the specimens
were examined under the microscope for
sperm in the seminal receptacle of the
female.

Results and Discussion

Heterospecific copulations between
TSM and KSM

1. Copulation between an un-
mated male and virgin or mated
female

An unmated 2- to 3-day-old male
successfully copulated 96.7% of the time
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with either conspecific or heterospecific
12-hour-old virgin females in 30 min. The
copulation rates of the second mating of a
female with conspecific unmated 2- to
3-day-old males immediately after her first
mating were 66.7% for TSM and 69.0%
for KSM, while the rates for second
matings of females with heterospecific
unmated males after their first conspecif-
ic mating were 36.7% for TSM and 13.3%
for KSM (Table 1). Therefore the frequ-
encies of TSM females mating again with
second conspecific males were higher
than with heterospecific males. Shih and
Pai (1994) reported that a TSM female
mated and copulated two or more times
during her life. They stated that, besides
the first copulation, the second or multi-
ple copulations were not effective for
female insemination and egg fertilization.
The second and multiple copulations of a
female did not increase the egg fertility
rate or the survival rates of diploid eggs
during embryonic development of progeny
(Boudreaus 1963; Helle 1967; Overmeer
1972; Feldmann 1977; Potter 1978; Potter
and Wrensch 1978; Shih and Pai 1994),
copulation
was not observed and a rapidly increasing
population would not be obtained either.
The second conspecific copulation having
higher frequency than heterospecific co-
pulation with TSM and KSM females
would favor production of diploid progeny
and assure that males’ sperm and energy
would be transferred to and spent on
conspecific females rather than on hetero-
specific ones.

Within 2 hours of pairing, although

KSM females produced almost the same
copulation rates with unmated and free-
walking heterospecific males at the first
(3*=2.023, df=1) and the second mating
(¥*=0.077, df=1) as TSM females did
(Table 1), detained KSM males (72.2%)
exhibited a greater tendency than TSM
males (28.6% ) to release themselves from
the guarded heterospecific female to first
mate with an intruding conspecific female
(shiue et al., 1995). The frequency of
KSM males (66.7% ) releasing themselves
from conspecific guarding to first mate
with a conspecific female was not signifi-
cantly higher than that for TSM males
(47.8%) (4*=2.478, df=1) (Shieu et al.,
1995). Therefore the chances of conspeci-
fic copulation from detained males on
heterospecific and conspecific females of
TSM & x KSM £ and TSM & x TSM £ pair-
ing are not significantly different from
those males with KSM &8 XTSM$£ and
KSM & XKSM £ pairing, if both the spe-
cies and population are ecologically hom-
ologous. The tandem-detention guarded
males showed a first priority to mate with
guarded females. A very low frequency of
secondary copulation of a TSM or KSM
female was found after having a conspec-
ific copulation (Table 1). With hetero-
specific guarding by a male, the intruding
conspecific KSM females experienced a
higher copulation rate to the guarding
KSM males than the rate of TSM males
releasing from guarding to mate with
TSM females (Shieu et al., 1995). Con-
sequently, KSM and TSM females exhibit
better fitness in mating behavioral respo-
nses than their males do, but their males

Table 1. Influences of interspecific and intraspecific mating sequences of 7. urticae (TSM)
and T. kanzawai (KSM) on fertility rate of offspring at a half hour mating duration

Female Male species Male mating rates (%)  Fertility rates (%)
species 1st mating 2nd mating 1st mating 2nd mating 1st mating 2nd mating
TSM TSM KSM 30 100 % 13.3% 100 100
KSM TSM 30 100 % 66.7% - 100
KSM TSM KSM 30 96.7% 69.0% 100 100
KSM TSM 30 100 % 36.7% — 100
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decide the mating preference to conspecif-
ic rather than heterospecific females. It is
logical to infer that the selection favors
the female of a species to avoid extra
consumption of energy in ineffective co-
pulation and favors the male to perform a
higher rate of conspecific second copula-
tions which is induced by the male
instead of the female. The results reason-
ably explain why the KSM population is
usually dominant in the field when KSM
and TSM coexist in the same habitat in
central Taiwan.

2. Preference of an unmated male
to mate with a conspecific or a
heterospecific virgin female

Under conditions of the presence of
both virgin TSM and KSM females, the
rate of first mating of a female with a
conspecific male was 55.2% (32/58) for
unmated TSM males which was not
significantly different from that of KSM
males (57.6%, 34/59) (t=0.51, p=0.25)
(Table 2). There was no significant
difference between unmated males copula-
ting with either conspecific or heterospec-
ific TSM and KSM females (y’=1.914,
df=1). In 24 hours of detention of an
unmated male with a female in an arena,
9.4% (6/(584+6)) of TSM and 11.6%
(8/(59+8) ) of KSM females were not
copulated with nor inseminated by con-
specific males. A high percentage of
non-insemination and / or non-copulation
in TSM and KSM females may result
from limitations of conspecific com-
munication and / or identification or from
the species regulation within populations

to maintain a certain level of haploid
male progeny, all of which indicate some
important questions to be investigated by
further experiments.

3. Copulation competition of an
unmated male to conspecific and het-
erospecific females

The total copulation rates of TSM
and KSM males with conspecific and
heterospecific females were 100% which
indicated that the males of these two
species have a high searching ability.
Since males were found to copulate with
females within 3~5 seconds after their
transfer onto the arena, the actual prac-
tice of transferring males onto the arena
were, in accordance with the female
species, done by alternating conspecific
and heterospecific males to avoid bias due
to the sequence of introduction. Further,
the second male was introduced at the
same distance as that of the first male
from the female. Before introducing the
second rival male onto the arena, any set
up was replaced by a new one if the
female had already mated with the first
transferred male. The conspecific and
heterospecific copulation rates between
TSM females and TSM or KSM males
were both 50% (15/30), however, KSM
females produced a higher rate in con-
specific than heterospecific copulation
(63.3%(19/30) and>36.7%(11/30)) (y
=4.374, p=0.05) (Table 3). During pai-
ring, the frequency of interference and
disturbance from a rival male was high
since (1) the TSM males interrupted 80%
(12/15) of heterospecific detained males

Table 2. Interspecific and intraspecific mating preferences of males of 7. urticae (TSM) and

T. kanzawai (KSM)

First-mated female Sex ratio' No. of
Male N species (2/(2+8) unfertilized

TSM KSM TSM KSM females
TSM 58 32 26 0.64 0 : 6
KSM 59 25 34 0 0.55 8

1. Sex ratio was calculated only from the offspring produced in the first 3-day oviposition

period of the parental female.
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Table 3. Interspecific and intraspecific disturbance or replacement rate of 7. urticae (TSM)
and 7. kanzawai (KSM) males in the presence of only one virgin female

Femfile N Mating partner  Rival male Disturbance Replacement
species rate rate
TSM 30 TSM KSM 11/15 1/1
TSM 30 KSM TSM 12/ 15 9/12
KSM 30 TSM KSM 9/11 9/9
KSM 30 KSM TSM 16 /19 9/16
Mating pair N Conspecific Conspecific Immediate Non-
species rival male rival male  2nd mating rate disturbance rate
(£x28) disturbance rate replacement

rate
TSMXTSM 30 17/ 30 4/ 17 4/30 13/30
KSMXKSM 30 22/ 30 4/ 22 4/ 30 8/30

(KSM) and replaced 75% (9/ 12) of them
before mating with the TSM females; (2)
interruption rates on conspecific pairings
and copulation between TSM males and
females (73.3% (11 / 15)) were not signifi-
cantly lower than those of females with
the heterospecific detained males (KSM)
(80% (12/15)), however only 9.1%
(1/11) of conspecific detention males
(TSM) were replaced, which was much
lower than heterospecific pairing with a
conspecific male to female (75% (9/12))
(*=20.65, df=1); (3) with conspecific
detention between KSM males and fe-
males, 84.2% (16 / 19) of pairs were inter-
fered with and interrupted, and 56.3%
(9/16) of the males among them were
replaced by heterospecific males (TSM);
(4) of the pairing between TSM males
and KSM females, 81.8% (9/11) of pairs
were interfered with and interrupted by
KSM rival males and all of these males
(9/9) were replaced with conspecific
rival males (KSM) (Table 3). Compe-
tition for the first mating position in
order to have a chance to mate first with
the guarded conspecific females involved
conspecific rival males interrupting TSM
pairs at a rate of 56.7% (17/30) with a
23.5% (4/17) replacment rate, while
73.3% (22/ 30) of KSM pairs were inter-
rupted and 18.2% (4/22) of the males
were replaced (Table 3). Subsequently,
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after the first mating, 13.3% (4/30) of
rival males of both species copulated with
mated females within a few seconds
(Table 3).

With the presence of a TSM female
and a KSM female in a test arena, TSM
males showed no preference for a con-
specific or a heterospecific female for
their first mating partner (13/ 31), while
KSM males chose 13 and 12 of their first
mating partner from conspecific and het-
erospecific females, respectively, out of 32
trials (Table 4). The results demonstrated
that TSM and KSM males did not show
preference in choosing to mate with a
conspecific or a heterospecific female. In
the tests of copulation of a TSM male in
the presence of females of both species, 4
and 2 (4/13 and 2/ 13) conspecific and
heterospecific matings, respectively, were
interrupted by the rival heterospecific
male with a total interference rate of 20.0
(5/25) (Table 4). Consequently, in the
presence of both species of females the
male shows a lower rate of interference
than it does in the presence of only one
species of females but with 2 males of the
same or different species (Tables 3, 4).
The replacement by a rival male was only
demonstrated during heterospecific pair-
ing or mating. The replacement rate by a
TSM rival male was 1/13 and 2/ 12 for
KSM males (Table 4), and the replace-




Table 4. Interspecific and intraspecific disturbance or replacement rate of 7. urticae (TSM) and T. kanzawai (KSM) males

in the presence of virgin females of both species

. Rate of disturbance on®
Rival male

No. of

Rate of replacement on® ,
P disturbed and

species N copulation pairs copulation pairs non-copulati
- in
P (No. disturbed / No. tested pairs) (No. replaced / No. tested pairs) mpl atme
ales
TSM! 31 4/13 2/13 - 1/13 5
(TSM & xTSM%) (KSM3 xTSM?) (KSM 38 xTSM£)
KSM! 32 3/12 2/13 2/12 - 7

(TSM & xKSM®) (KSM$ xKSMY) (TSM3 xKSM2)

1. Both 13 con- and heterospecific copulation pairs of TSM females are tested for disturbance and replacement for the

rival male of TSM, while 13 and 12 con-and heterospecific copulation pairs of KSM females, respectively, are tested

for the rival males

2. Rate of disturbance of a rival male on copulation pair is indicated by 'No. of disturbance by rival of TSM 3 or

KSM & / No. of tested copulation pairs’.

3. Rate of replacement of a rival male on copulation pair is indicated by 'No. of replacement by rival of TSM ¢ or

KSM 8 / No. of tested copulation pairs’.

ment rates of detained males were also
lower than those of males in the presence
of only one species of female with another
conspecific or heterospecific male (Table
3).

TSM and KSM males exhibited a
higher conspecific female guarding be-
havior and protected their female mating
partners more aggresively than those in
heterospecific detention. This high level
of specific communication and affinity
between conspecific males and females is
therefore interpreted as species identity
with which the males exhibit a highly
aggressive and defensive guarding be-
havior of mating first to the guarded
conspecific female. In spite of heterospec-
ific mating and copulating, those mating
and copulations were completely inter-
rupted and replaced by conspecific rival
males which revealed that, as to mating
behavior, species isolation mechanisms
exist between these two spider mites, in
addition to genetic isolation during cop-
ulation (no sperm transference during
heterospecific copulation). KSM males
interrupted most heterospecific copula-
ting mates (9/11) and competed success-
fully to mate with a conspecific female
(9/9) (Table 3) which demonstrated that

KSM has an advantage in competition for
population success. Consequently, KSM
impedes TSM population growth by a
strategy of wasting the heterospecific
females’ copulation chances, time and
energy (Shiue et al., 1995).

Conspecific and heterospecific cop-
ulation duration and behavior and
their influence on progeny sex ratio

1. Duration and behavioral vari-
ation of copulation

Among 119 pairs of conspecific and
heterospecific copulations between TSM
and KSM, only one pair of a TSM male
and a KSM female did not mate within 30
minutes in an arena (Table 5). Copula-
tion duration of a TSM female mating
with a conspecific or a heterospecific
unmated male lasted 198.8 or 116.0 sec,
respectively, and after 1-2 hours from the
first copulation, the female mated again
with a conspecific once-mated male and
the second part of copulation duration
lasted 164.8 sec (Table 5). The variations
among the copulation duration between
conspecific and heterospecific females
with once-mated males were significantly
different (Table 5). Copulation duration
of KSM females mating with conspecific
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Table 5. Interspecific and intraspecific copulation duration between 7. urticae (TSM) and T,

kanzawai (KSM)

Female Male N No. Copulation duration (sec)*
species mating (Mean (SD))
TSM Chaste TSM 20 0 198.8 (30.7)a
Chaste KSM 19 1 116.0 (42.8)c
Once-mated TSM 20 0 164.8 (17.9)b
KSM Chaste TSM 20 0 81.7 (35.1)d
Chaste KSM 20 0 155.9 (50.7)b
Once-mated KSM 20 0 106.2 (33.1)c

1. Means followed by different letters within the same column are significantly different
at the 5% level by Duncan’s new multiple range test.

unmated males (155.9 sec) was signifi-
cantly longer than those mated hetero-
specifically (81.7 sec), while copulation
duration of females mated with once-
mated males within 1-2 hours after his
first copulation lasted 106.2 sec which
was shorter than that of the first copula-
tion between conspecific pairs (t=3.60,
p=0.001) but longer than that between
heterospecific pairs (t=2.27, p=0.025)
(Table 5).

Males engaged in conspecific copula-
tion were not replaced by intruding rival
males, no matter whether the intruder
was conspecific or heterospecific, before
the mating male had transferred sper-
matophore. The male mating with a
conspecific female showed a highly ag-
gressive defensive behavior toward its
mate against intruding rival males.
Although there was about 10% temporary
interruption of the mates by the intruder,
the mating male overruled and excluded
the intruding rival males and reassumed
mating immediately. After defending the
female and excluding the rival male, the
male performed a second part of copula-
tion immediately after the interruption.
This second part of copulation duration
was much shorter than the first part, but
was not significant enough to show the
;relationship between the duration of the
first and the second parts of copulation.
During heterospecific pairing and mating
between TSM and KSM females and
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males, the females exhibited some rejec-
tion behaviors against her mates by: (1)
escaping, (2) bending and lowering her
idiosoma to resist the entrance of the
male from the posterior, (3) hitting or
turning her body horizontally to prevent
the male from entering the copulation
position, and (4) facing the male to
prevent him from entering the copulating
position posteriorly. The heterospecific
copulation duration of TSM and KSM
females varied from 31 to 235 sec. No
rejection or very few interruptions were
found during conspecific mating and cop-
ulating and the female did not exhibit
any avoidance behavior, abdominal bend-
ing and resisting, body turning or hitting
the conspecific male mate.

2. Relation between conspecific
copulation duration and sex ratio of
progeny

In the tests of interruption after 30,
60, 90, 120, and 180 sec of copulation
between conspecific mates, the female sex
ratio of progeny of TSM increased with
copulation duration beyond 120 sec
(LSD=0.15, p=0.05) but no such relation-
ship was found for KSM (Fig. 1). Thirty
seconds of copulation was enough time to
produce 100% effective copulation, i.e.,
accepting transferred sperms and produc-
ing female progeny. A TSM female in-
creased her reception of sperm volume
from her mate in terms of enhancing her
female progeny sex ratio with prolonged




copulation beyond 30 sec but KSM fe-
males did not (Fig. 1).

Effectiveness of copulation potential
of an unmated TSM or KSM male

In the presence of 16 females of both
TSM and KSM in an arena, the numbers
of effective copulations of a male mating
with virgin females in 24 hours did not
significantly vary with male age (1 to 8
days old) (LSD=2.01, p=0.05) (Fig. 2).
Shih and Pai (1994) reported that the age

of the unmated male (1, 4, 7 and 10 days
old) affected the insemination rate (daily
number of virgin females inseminated by
an unmated male) and in the presence of
only conspecific females, males produced
12.96, 9.73, 8.5, and 4.56 female-insemin-
ations per male per day, respectively. The
presence of heterospecific females seems
effectively to enhance male sexuality to
produce a higher rate of conspecific
copulation and insemination than its
absence. This strongly implies further
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Fig.1. Effects of different copulating durations on the sex ratio of progeny in the first 3-day of oviposition of Tetra-

nychus uriticae and Tetranychus kanzawai.
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Fig.2. Effects of chaste male age of Tetranychus uriticae and Tetranychus kanzawai on mating effectiveness.

study on the significance of sexuality of
spider mites which vary with the presence
or absence of a conspecific or heterospec-
ific rival male.
Spermatophore transference

Fig. 3a and Fig. 3b show the repro-
ductive organs of virgin females with
well-developed ovaries and seminal re-
ceptacles. The seminal receptacles of
virgin TSM and KSM females are con-
densed and compacted with mono-layer
epithelium cells and enclosed lumen.
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Successful conspecific copulation and the
transference of male spermatophore re-
sulted in thinning of the epithelial layer
and enlargement of the lumen due to a
heavy load of sperm which were shown by
heavily stained nuclei (Figs. 3c and 3d).
The cross-section of the lumen of the
seminal receptacle of a TSM or KSM
female with heterospecific copulation
were annularly or elliptically enlarged
which seems to have been caused by the
physical activity and intrusion of the



Fig.3. Spermatophore transfer between 7. urticae and T. kanzawai. a. seminal receptacle constrictum of 7. urticae
virgin female; b. seminal receptacle constrictum of 7. kanzawai virgin female; c. seminal receptacle
constrictum of 7. urticae after intraspecific copulation and sperm reception; d. seminal receptacle constrictum
of 7. kanzawai after intraspecific copulation and sperm reception; e. seminal receptacle constrictum of 7.
urticae after interspecific copulation; f. seminal receptacle constrictum of 7. kanzawai after interspecific
copulation. Abbreviations: E=egg; EX=excretory organ; OV=ovary; OV', OV''= anterior and posterior
oviduct; SR= seminal receptacle. (700 x)
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aedeagus of the heterospecific male (Figs.
3e and 3f). Consequently, it is evident
that there was no sperm transferred
during heterospecific copulation between
TSM and KSM and there was no mating
plug produced either (Shih and Pai,
1994). The morphological evidence re-
veals that isolation mechanisms of TSM
and KSM are most likely categorized as
mechanical or physiological isolation as
follows: (1) the spermatophores or sperm
can not be transferred into the seminal
receptacle due to the physical differences
or un-suitability between the aedeagus
and receptacle; or (2) there is an omis-
sion of one or more specific chemical or
pheromoral cues which induce the male
to perform physical copulation and pro-
duce and/or transfer sperm into the
female receptacle through the aedeagus.
In conclusion, the isolation mechanisms
between TSM and KSM do not include a
mating plug (produced by male mates),
genetic incompatibility between sperm
and ovum, rejection of sperm by female,
antagonistic reactions against the hetero-
specific sperm in the seminal receptacle,
or the sperm migrating from the re-
ceptacle to the ovum in the ovarioles.
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