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INTRODUCTION

Reproductive success in marine planktonic copepods
requires appropriate mate choice in addition to mate
encounter, suitable food availability and environmental
conditions (e.g. Ianora et al. 2007, Titelman et al. 2007).
One component of choosing an appropriate mating
partner is discriminating heterospecific from conspe-
cific potential mates. Temporal and spatial isolation be-
tween planktonic copepods is often incomplete due to
broad biogeographic ranges and common sympatry
with congenerics (e.g. Mullin 1969, Mullin & Evans

1976, Frost 1989), and adults may encounter closely re-
lated heterospecifics as well as conspecifics as potential
mating partners (Goetze 2008). Selective mate-choice
behavior is therefore expected to be an important
component to individual fitness. Mate choice has been
little studied in marine planktonic copepods, but early
observations of interspecific and intergeneric mating
attempts suggest that ‘mating errors’ do occur and may
be significant in the reproductive ecology of marine
species (Katona 1973, Jacoby & Youngbluth 1983).

For congeneric copepod species with incomplete tem-
poral and spatial isolation, prezygotic mating barriers
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may occur through behavioral isolation during mate de-
tection, pursuit or capture, mechanical isolation during
mating, or post-mating prezygotic mechanisms such as
gametic incompatibility or sperm competition (conspe-
cific sperm precedence). Behavioral mechanisms pro-
vide the first line of defense in preventing heterospe-
cific mating in the absence of temporal and spatial
barriers, and are therefore the focus of the present
study. Mate-finding in planktonic copepods falls into 3
broad strategies: (1) those in which the male detects
and follows a discrete pheromone trail laid by the fe-
male (‘trail-followers’, Doall et al. 1998, Tsuda & Miller
1998, Bagøien & Kiørboe 2005a, Goetze 2008); (2) those
in which the female produces a pheromone cloud or
plume detected and penetrated by the male (‘cloud-
penetrators’, Griffiths & Frost 1976, Kiørboe et al. 2005,
Kiørboe 2007); and (3) those in which both sexes gener-
ate and detect hydromechanical signals for mate loca-
tion (‘hoppers’, Strickler 1998, Bagøien & Kiørboe
2005b, Strickler & Balázsi 2007). In mating modes (1)
and (2), males are the active mate-seeking partner and
use diffusible pheromone signals as the initial cue for
mate detection. Diffusible pheromone signals persist
far longer than hydromechanical signals in low
Reynold’s number environments (Yen et al. 1998), and
can be used by males to detect and locate females at
distances of 10 to >100 body lengths, long after any
hydromechanical signal left in a female’s wake has
dissipated (van Duren et al. 1998, Yen et al. 1998). For
both trail-followers and cloud-penetrators, therefore,
mate-seeking males will initially detect a diffusible
pheromone signal, followed by a hydro-
mechanical signal when the male ap-
proaches within a few mm of the female.
These pre-contact mating cues may be
used either singly or in combination for
mate recognition of conspecifics, and
have been hypothesized to play an im-
portant role in reproductive isolation in
copepods (Jacoby & Youngbluth 1983,
Buskey 1998, Lonsdale et al. 1998, Yen
et al. 1998). Mechanical isolation due to
morphological incompatibilities of sexual
parts is also likely to be important in pre-
zygotic isolation of some copepod groups
(Fleminger 1967, Lee 1972, Blades 1977,
Blades-Eckelbarger 1991), and species
recognition through contact chemorecep-
tion occurs in benthic harpacticoids (e.g.
Frey et al. 1998, Ting & Snell 2003, and
references therein).

Temora stylifera and T. longicornis are
congenerics that dominate epipelagic
coastal and neritic waters of the North
Atlantic and Mediterranean Sea (Fig. 1).

The species have overlapping, but largely separate,
distributions. T. longicornis is a temperate species
common to shelf waters of both northern European and
American continents as well as in the North and Baltic
Seas (e.g. CPR Team 2004, Razouls et al. 2005–2007
available at: http://copepodes.obs-banyuls.fr/en). T.
stylifera occurs in abundance in subtropical and tropi-
cal coastal environments, including the Mediterranean
Sea (e.g. Fleminger & Hulsemann 1973, CPR Team
2004, Lindley & Daykin 2005). A considerable north-
ward shift has recently been observed in the northern
boundary of the T. stylifera distribution along the Euro-
pean coast, and has been related to climate changes in
the late 1980s (Villate et al. 1997, Lindley & Daykin
2005). T. stylifera is now regularly present in moder-
ately high abundance in the Bay of Biscay and coastal
waters north to the British Isles during fall and early
winter, perhaps due to advection from the south in the
Warm Winter Poleward Current and increasing water
temperate and stratification (e.g. Villate et al. 2004,
Lindley & Daykin 2005, Valdés et al. 2007, and refer-
ences therein). This northward shift has increased the
biogeographic overlap of the congeneric species pair,
and may have increased heterospecific mate encoun-
ters between them. A portion of the population of both
species is reproductively active during fall months in
the western Mediterranean and North Seas (e.g. Hals-
band & Hirche 2001, Halsband-Lenk et al. 2001, Di
Capua & Mazzocchi 2004). The reproductive ecology
of these species is unknown in the region of biogeo-
graphic overlap.
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Fig. 1. Biogeographic distributions of Temora stylifera and T. longicornis in the
North Atlantic and Mediterranean Sea, and origins of individuals used in mat-
ing experiments. J: collecting locations for T. longicornis (North Sea) and T.
stylifera (Mediterranean Sea). Distribution records from the Ocean Biogeo-
graphic Information System (accessed 11 May 2007, www.iobis.org), derived

primarily from the Continuous Plankton Recorder Survey
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Temora longicornis uses a ‘trail-following’ mate-find-
ing strategy, with females leaving a discrete phero-
mone trail whose particular shape and dimensions
depend on swimming behavior (Doall et al. 1998,
Weissburg et al. 1998, Yen et al. 1998). Males exhibit
behavioral flexibility during tracking, and use chemi-
cal gradients along and across the pheromone trail to
detect and locate the female. Mate-finding and mating
behaviors in T. stylifera have not been described previ-
ously.

We report simple observations of heterospecific and
conspecific mate-finding behaviors in Temora stylifera
and T. longicornis as part of a broader effort to identify
mating signals involved in species recognition in
planktonic copepods (Goetze 2008). Our primary goal
was to determine whether pre-contact mating cues are
used, either singly or in combination, as behavioral iso-
lating mechanisms for sympatric congeneric copepod
species.

MATERIALS AND METHODS

Collection and culture. Temora longicornis was
established in continuous culture from specimens col-
lected in the North Sea (Dogger Bank) in August 2005
(Fig. 1). Sea surface temperature and salinity during
collection were 15.9°C and 34.6, respectively. Individ-
uals in culture were routinely fed mixed algal diets of
Rhodomonas baltica, Heterocapsa triquetra, Thalas-
siosira weissflogii and Oxyhrris sp., as this diet was
found to be sufficient for maintenance of the species
through multiple generations in the laboratory
(authors’ pers. obs.). Copepods were reared under
excess food conditions, and maintained at a salinity of
33 and temperature of 14 to 15°C. These conditions
that are within the annual range of sea surface temper-
ature and salinity in the North Sea.

Temora stylifera was collected from coastal waters
near Barcelona in the Mediterranean Sea in October
and December 2005 (Fig. 1). Temperatures at 5 m
depth during collection were 21.4 and 16.0°C, and
salinities were 36.1 and 37.7 in October and December,
respectively. Sorted adults, copepodites and nauplii of
T. stylifera were shipped or hand-carried to Denmark
within a day of collection, and maintained at room tem-
perature (~18°C) and a salinity of 36 or 38. Individuals
were fed mixed algal diets including Rhodomonas
baltica, Heterocapsa triquetra, Oxyhrris sp., Prorocen-
trum minimum and Isochrysis galbana. The diet used
for T. longicornis proved insufficient to support meta-
morphosis of T. stylifera nauplii to the first copepodite
stage. We therefore augmented the T. stylifera diet
with P. minimum and I. galbana, which are both high-
quality food for egg production and development of T.

stylifera (Carotenuto et al. 2002, Ceballos & Ianora
2003). When field-collected individuals reached matu-
rity, they were used in mating experiments. T. stylifera
was not successfully established in continuous culture.

Experimental individuals of Temora longicornis
were obtained from the bulk culture by establishing a
separate cohort by filtration of early stage nauplii
through an 80 to 100 µm mesh filter. This cohort was
followed through development, and recently matured
adults were used in mating experiments. The bulk cul-
ture was not synchronous, and the exact culture gener-
ation of experimental individuals was unknown. Given
a development time of 3 to 4 wk at this temperature,
experimental individuals were likely in the 3rd to 6th
culture generation at the time of our experiments.
Experimental individuals of both species were isolated
by sex 1 to 4 d prior to experiments, to ensure that none
had experienced recent matings. Only females not car-
rying spermatophores were included. Temora species
are known to lack seminal receptacles and require fre-
quent remating to produce fertile eggs (e.g. every 3 to
4 d; Ianora et al. 1989, Barthelemy et al. 1998, Corni et
al. 2001). The isolation period was also used to accli-
mate individuals of each species to a common temper-
ature of 18°C (room temperature) and salinity of 36.
Body sizes of the experimental individuals were not
recorded, as they were kept alive in an attempt to
establish a culture population (T. sylifera). Mean adult
female prosome length in T. stylifera collected at the
same time and location as experimental individuals
was 1.11 ± 0.05 (SD) mm (n = 23). Mean prosome length
of adult female T. longicornis from the collection site
was 1.0 ± 0.04 mm (n = 23). Sizes of experimental
females were likely smaller, as body size often declines
in culture populations (T. Kiørboe pers. obs.). Average
male antennule lengths in T. stylifera and T. longicor-
nis were 1.45 mm (±0.124 mm, n = 21) and 1.28 mm
(±0.075 mm, n = 22), respectively. While the pre-histo-
ries of our experimental individuals differed (culture
versus field-collected), we doubt that this was a con-
founding influence. Many T. stylifera individuals used
in mating experiments were collected at sub-adult
stages, and were not sexually active while in the field.

Mating experiments. We conducted both heterospe-
cific and conspecific mating experiments. Heterospe-
cific mating behaviors were observed in no-choice
mating experiments with all specimens of each sex
belonging to one species only. Seven heterospecific
experiments were conducted with Temora stylifera
females and T. longicornis males; 3 reverse cross
experiments were conducted (Table 1). Three T. longi-
cornis and 3 T. stylifera conspecific experiments were
used to verify the sexual activity of each population.
We used individuals of the same generation as those
used in heterospecific experiments. All experimental
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individuals were used only once. Mating experiments
were conducted under saturating food conditions of
Rhodomonas baltica and Prorocentrum minimum to
ensure that appropriately sized food was available for
each species. Heterospecific experiments were con-
ducted at room temperature (~18°C) and a salinity of
36: conspecific T. longicornis experiments were run
under rearing conditions (above). Densities ranged
from 10 000 to 46 000 ind. m–3, within the range
observed in field populations (e.g. Halsband-Lenk et
al. 2004). Individuals were examined for the presence
of spermatophores prior to and following treatments.

The experimental set-up for recording behavior in
heterospecific and Temora longicornis conspecific ex-
periments consisted of 2 synchronized monochrome
CCD cameras with 50 mm lenses that viewed the 1 l
aquarium from orthogonal directions. Behavior was re-
corded continuously over a 4 h period. Individuals
were filmed in the dark with collimated infrared light-
ing from behind (as described in Bagøien & Kiørboe
2005a, Goetze 2008); they appeared as shadows in
the video recordings. Each camera was connected to
a video recorder (Panasonic AG-MD830, 25 frames
s–1) via a time-stamp generator (Panasonic WJ 810,
1/100 s), with a shared monitor for both views. Filming
of a 1 cm ball at the start of each experiment was used
for length calibrations. We tested a red laser as a possi-
ble attractant for these positively phototactic Temora
species (Doall et al. 1998), as a way to minimize con-
tainer wall effects on their behavior. The laser (665 nm,
1 mm wide light column) was mounted to provide a
single, vertical column of light through the center of
the aquarium. Early trials suggested that the laser
acted as a mild attractant, facilitating complete 3D
observations of mating behavior; it was included
whenever possible in experiments (Table 1). Individu-
als were not concentrated directly within the column of
light, but were present in the central portion of the
water column. Conspecific experiments with T. stylif-
era were conducted on site in Barcelona (run by T.
Kiørboe) using a single CCD camera and a mirror
placed in the diagonal of the aquarium to capture 3D
views (as described in Kiørboe 2007) of mating be-
havior. The set-up was similar in all other respects to
the 2-camera system.

Behavioral analysis. Mating behavioral sequences, or
‘mating events’, were categorized as (1) tracking, (2)
contact or (3) capture events. Tracking events are se-
quences where the male detected the pheromone trail
left by the female and initiated tracking behavior, but
lost the trail prior to contact with the female. Contact
events indicate sequences in which the male followed
the pheromone trail to the point of mate contact, but
failed to capture the female (typically the female hopped
away at the capture lunge). Captures are events where

188

E
xp

t 
C

on
/ 

R
ed

 
F

em
al

e 
 

M
al

e 
N

 
N

 
T

ra
ck

C
on

ta
ct

C
ap

-
S

p
er

m
.

O
b

se
rv

er
N

ot
es

n
o.

H
et

er
o

la
se

r?
sp

ec
ie

s
sp

ec
ie

s
fe

m
al

e
m

al
e

tu
re

tr
an

sf
er

16
H

N
st

yl
if

er
a

lo
n

g
ic

or
n

is
9

9
5

11
3

0
E

. G
oe

tz
e

28
H

N
st

yl
if

er
a 

lo
n

g
ic

or
n

is
18

18
0

0
0

0
E

. G
oe

tz
e

F
ai

le
d

; i
n

d
iv

id
u

al
s 

in
 p

oo
r 

co
n

d
it

io
n

 a
ft

er
 is

ol
at

io
n

30
H

N
st

yl
if

er
a 

lo
n

g
ic

or
n

is
21

21
1

4
3

0
E

. G
oe

tz
e

31
H

N
st

yl
if

er
a 

lo
n

g
ic

or
n

is
15

15
0

7
4

0
E

. G
oe

tz
e

32
H

Y
st

yl
if

er
a 

lo
n

g
ic

or
n

is
22

22
0

13
10

0
E

. G
oe

tz
e

H
et

er
os

p
ec

if
ic

 p
ai

r 
ob

se
rv

ed
 i

n
 m

at
in

g
 p

os
it

io
n

 
34

H
Y

st
yl

if
er

a 
lo

n
g

ic
or

n
is

20
20

4
8

9
0

E
. G

oe
tz

e
36

H
N

st
yl

if
er

a 
lo

n
g

ic
or

n
is

23
23

0
0

1
1

E
. G

oe
tz

e
S

p
er

m
at

op
h

or
e 

p
la

ce
d

 c
or

re
ct

ly
17

H
N

lo
n

g
ic

or
n

is
st

yl
if

er
a

5
5

3
0

0
0

E
. G

oe
tz

e
1 

m
at

e 
ca

p
tu

re
 a

t 
b

ot
to

m
, n

ot
 v

is
ib

le
 i

n
 3

D
33

H
N

lo
n

g
ic

or
n

is
st

yl
if

er
a

21
21

0
2

1
0

E
. G

oe
tz

e
A

d
d

it
io

n
al

 m
at

e 
ca

p
tu

re
 a

t 
b

ot
to

m
35

H
N

lo
n

g
ic

or
n

is
st

yl
if

er
a

20
20

0
0

0
0

E
. G

oe
tz

e
In

d
iv

id
u

al
s 

w
el

l-
d

is
tr

ib
u

te
d

, n
o 

in
te

ra
ct

io
n

 
24

C
N

lo
n

g
ic

or
n

is
lo

n
g

ic
or

n
is

20
20

0
20

22
3

E
. G

oe
tz

e
3 

sp
er

m
at

op
h

or
es

 p
la

ce
d

 o
n

 1
 f

em
al

e
25

C
Y

lo
n

g
ic

or
n

is
lo

n
g

ic
or

n
is

15
15

0
21

16
1

E
. G

oe
tz

e
29

C
Y

lo
n

g
ic

or
n

is
lo

n
g

ic
or

n
is

21
21

1
36

10
0

E
. G

oe
tz

e
1 

m
al

e 
ex

tr
u

d
in

g
 s

p
er

m
at

op
h

or
e 

at
 e

n
d

 o
f 

ex
p

er
im

en
t

A
C

N
st

yl
if

er
a

st
yl

if
er

a
–

–
M

an
y

2
2

–
T

. K
iø

rb
oe

ca
. 1

0 
in

d
iv

id
u

al
s 

of
 e

ac
h

 s
ex

B
C

N
st

yl
if

er
a

st
yl

if
er

a
–

–
M

an
y

1
3

–
T

. K
iø

rb
oe

ca
. 1

0 
in

d
iv

id
u

al
s 

of
 e

ac
h

 s
ex

 
C

C
N

st
yl

if
er

a
st

yl
if

er
a

–
–

M
an

y
0

2
–

T
. K

iø
rb

oe
ca

. 1
0 

in
d

iv
id

u
al

s 
of

 e
ac

h
 s

ex
 

T
ab

le
 1

. O
ve

rv
ie

w
 o

f 
T

em
or

a
co

n
sp

ec
if

ic
 a

n
d

 h
et

er
os

p
ec

if
ic

 m
at

in
g

 e
xp

er
im

en
ts

. E
xp

t 
n

o.
 is

 a
n

 a
rb

it
ra

ry
 id

en
ti

fi
er

 o
f 

th
e 

ex
p

er
im

en
t,

 C
/H

 in
d

ic
at

es
 c

on
sp

ec
if

ic
 o

r 
h

et
er

os
p

e-
ci

fi
c,

 R
ed

 la
se

r?
 in

d
ic

at
es

 w
h

et
h

er
 a

 r
ed

 la
se

r 
w

as
 u

se
d

 t
o 

at
tr

ac
t 

in
d

iv
id

u
al

s 
to

 t
h

e 
ce

n
te

r 
of

 t
h

e 
fi

lm
in

g
 a

q
u

ar
iu

m
 (

Y
: y

es
, N

: n
o)

, N
 f

em
al

e 
an

d
 N

 m
al

e 
in

d
ic

at
e 

th
e 

n
u

m
b

er
 o

f
in

d
iv

id
u

al
s 

of
 e

ac
h

 s
ex

. 
T

ra
ck

, 
C

on
ta

ct
 a

n
d

 C
ap

tu
re

 d
en

ot
e 

th
e 

n
u

m
b

er
 o

f 
m

at
e-

fi
n

d
in

g
 b

eh
av

io
rs

 o
f 

ea
ch

 c
at

eg
or

y 
ob

se
rv

ed
 d

u
ri

n
g

 t
h

e 
4 

h
 e

xp
er

im
en

t.
 –

: 
u

n
k

n
ow

n



Goetze & Kiørboe: Heterospecific mating in Temora copepods

the male successfully tracked a potential mate and suc-
ceeded in capturing her. Each mating sequence was in-
cluded in only 1 category (i.e. ‘contacts’ did not precede
‘captures’). Heterospecific mating interactions were
readily distinguished from male–male interactions due
to differences in body size between species.

Behavioral sequences selected for analysis were dig-
itized using NIH ImageJ software (Image Processing
and Analysis in Java available at: http://rsb.info.
nih.gov), and 3D positions of the male and female were
reconstructed using video recordings from both cam-
eras. The time stamp on each video frame and vertical
positions of the male in both views were used for syn-
chronization of the 2 recordings. All heterospecific
mate captures and contacts visible in 3D in their en-
tirety were digitized, giving a total of 13 mating events.
Complete 3D conspecific Temora longicornis mate cap-
tures and contacts were selected in chronological order,
and a total of 24 mating interactions from 3 experiments
were digitized. Six of 9 observed conspecific T. stylifera
mating events were digitized, including all events visi-
ble in their entirety in 3D. All calculations of tracking
behaviors were made on digitized sequences (Tables 2,
3 & 4). In our calculations, the point at which males be-
gan tracking was defined by initiation of ‘spinning’ be-
havior, in which the male’s position oscillated and he
appeared to be rotating around the longitudinal body
axis (Doall et al. 1998). During ‘tracking’, the male was
directly following the pheromone trail. ‘Pursuit’ in-
cluded the entire pre-contact mating sequence, which
may have consisted of both ‘tracking’ and ‘signal-
scanning’ behaviors. Signal-scanning denotes a behav-
ior in which the male accelerated above typical track-
ing speeds and searched a restricted volume to relocate
a lost pheromone trail. Mann-Whitney U, t, and log-
likelihood ratio (G) tests were used with Bonferroni cor-
rections to examine mean and frequency differences in
male tracking behaviors between hetero- and conspe-
cific mating events (Zar 1999).

RESULTS

Conspecific mate-detection and pursuit

In Temora stylifera, mate-finding proceeds through a
‘trail-following’ strategy in which the adult female
leaves a discrete pheromone trail that mate-seeking
males detect and follow until contact or capture of the
female (Fig. 2, Table 2). Males of T. stylifera detected
pheromone trails within 3 mm (~3 body lengths) of the
track-line, and accelerated to 25–30 mm s–1 during the
mate chase (Table 2, Fig. 2). Males initiated tracking in
both the correct and incorrect directions relative to the
position of the female, and lost and recovered the
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pheromone trail during the mate chase in
some cases (Table 2, Fig. 2). Males also
exhibited the ‘spinning’ behavior described
for T. longicornis upon detection of the
pheromone trail, and continued spinning
throughout the mating pursuit (Doall et al.
1998). Fig. 2A,B illustrates a typical T. stylif-
era mating sequence in which the male
detected the female pheromone trail (along-
track distance to the female: 50.1 mm),
accelerated to an average swimming speed
of 27.5 mm s–1 during tracking, and fol-
lowed the pheromone trail to mate capture
(Table 2, Event 4). In this case, the male
shortened the tracking distance by not fol-
lowing the female on one helical swimming
loop. The female crossed within 2.3 mm of
her prior path, and the male detected the
more recent trail. In the mating event
described in Fig. 2C–G, the male initiated
‘signal scanning’ behavior upon loss of the
pheromone trail, and accelerated above typ-
ical tracking speeds (to a mean of 48.5 mm
s–1) while searching for the lost trail. The
male relocated the trail after 7.7 s of search-
ing, and successfully pursued the female to
mate capture. The mate-finding behaviors
described here for T. stylifera are broadly
similar to those reported for T. longicornis
(this study, Doall et al. 1998).

In the digitized Temora stylifera behav-
ioral sequences, males pursued females
over along-track distances up to 90.6 mm
over a maximum of 9.7 s (Table 2). Males
detected and responded to pheromone trails
up to 12.2 s old, and tracked them at aver-
age offset distances of 0.4 to 2.4 mm from
the track-line (Table 2). Female trail length
ranged up to 137.6 mm, and male pursuit
distance (M trail length) covered up to
433.3 mm. Male pursuit distance was typi-
cally less than the female trail length, except
in cases where the pheromone trail was lost
or the male initiated tracking in the incor-
rect direction (e.g. Event 9, Table 2). Aver-
age male tracking velocity ranged from
26.6 to 30.5 mm s–1, somewhat higher than
velocities in T. longicornis (Tables 2 & 3).

Conspecific Temora longicornis mating
events in Table 3 were broadly similar to
mate-finding behaviors observed in this
species in prior studies (Doall et al. 1998,
Weissburg et al. 1998). Males detected and
followed pheromone trails up to 21.4 s old
over total pursuit distances up to 61.6 mm.
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Goetze & Kiørboe: Heterospecific mating in Temora copepods

Males initiated tracking in the incorrect direction 11%
of the time, and lost the trail in 5% of cases (Tables 3 &
5). Average male velocity during tracking ranged from
8.3 to 27.0 mm s–1, and males followed pheromone
trails at average offset distances of 0.7 to 4.5 mm from
the track-line. Female swimming styles included both
‘hovering’ and ‘cruising’, with ‘hovering’ indicating
slow-velocity swimming, typically with the body axis
oriented vertically, and ‘cruising’ indicating higher-
velocity swimming (as described in Doall et al. 1998,
Yen et al. 1998). Tracking behaviors of males pursuing
‘hovering’ and ‘cruising’ females appeared to differ,
and events with low male velocities and high offset
distances were those in which the male was tracking a
‘hovering’ female (e.g. Table 3, Expt 24, Event 4). In
these events, the male was usually tracking below the
original female position. Males decelerated immedi-
ately prior to the capture lunge in 74% of cases for
durations of 0.2 to 1.0 s (Tables 3 & 5). Males lunged
to capture the female at distances of 0.3 to 2.4 mm
(Tables 3 & 5). There were 4 cases of direct capture in
which males lunged and captured females at distances
of 0.3 to 3.8 mm (Table 3). We observed a total of 125
T. longicornis conspecific mating interactions in 3
experiments (Table 1).

Heterospecific mating behavior in Temora stylifera
and T. longicornis

Heterospecific mating attempts between Temora sty-
lifera females and T. longicornis males were largely
indistinguishable from conspecific mating events of
either species (Fig. 3). T. longicornis males detected
and responded to T. stylifera pheromone trails that
were up to 13.3 s old, and pursued heterospecific
females for up to 160 mm total pursuit distance
(Table 4). Males successfully captured females detected
at up to >97.0 mm away along the track-line, some-
times after initiating tracking in the incorrect direction
(25% of cases) or losing and recovering the pheromone
trail (25% of cases, Tables 4 & 5). Males followed the
track-line at average offset distances ranging from 0.9
to 3.2 mm, swimming at velocities of 9.3 to 21.0 mm s–1

(Table 4). Table 4 includes events in which the male
was pursuing either a ‘hovering’ or a ‘cruising’ female,
and the difference was observed primarily in the
velocity of the male during pursuit, which was gener-
ally ≤ 10 mm s–1 when chasing ‘hovering’ females. As
observed in conspecific mating interactions, males also
appeared to decelerate immediately prior to the lunge
at mate capture (Doall et al. 1998). The duration of the
deceleration prior to the mating lunge ranged from 0.1
to 1.4 s (Fig. 3, Table 5), and the distance from which
the male lunged to capture the heterospecific female
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Fig. 2. Temora stylifera. Two examples of conspecific mating encounters. (A) & ( B) describe a typical mate capture (Table 2, Event 4);
(C)–(G) describe a mate capture during which the male initiated tracking in the incorrect direction, reversed direction, lost and
recovered the pheromone trail, and finally captured the female after 15.5 s (Table 2, Event 9). (A) 3D swimming trajectories of
male and female during the event. DM, DF: positions of male and female at pheromone trail detection. (B) Swimming velocities of
male and female before and during the event. (C) 3D swimming trajectories of male and female before and during the event. (D)
Swimming velocities of male and female, with track 1 (Tr1), trail loss, track 2 (Tr2), and capture. Tr1 and Tr2 indicate detection of
the pheromone trail and initiation of tracking behavior. (E–G) 2D swimming trajectories of the male and female before and dur-
ing the event, with (E) initial trail detection and tracking (0 to 7.2 s), (F) accelerated search for the pheromone trail (7.2 to 14.9 s),
and (G) second trail detection, tracking, and mate capture (14.9 to 15.5 s). See ‘Results’ for further details. Units for position are 

mm, but are arbitrary relative to location within the aquarium
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Fig. 3. Three examples of heterospecific mating encounters between a Temora stylifera female and T. longicornis male. (A) & (B)
describe a mate contact in which the male initiated tracking in the incorrect direction (Expt 34, Event 5, Table 1); (C) & (D) de-
scribe a mate contact following loss and recovery of the pheromone trail (Expt 34, Event 6, Table 1); (E) & (F) describe a mate cap-
ture with detection of the pheromone signal and male acceleration prior to tracking behavior (Expt 32, Event 1, Table 1). (A)
Swimming trajectories of a T. longicornis male chasing and contacting a T. stylifera female. Male reverses direction at RM. DM, DF:
locations of male and female when the pheromone trail was detected. (B) Swimming velocities of male and female before and
during the mating event. (C) Swimming trajectories of a T. longicornis male chasing and contacting a T. stylifera female. SS, SE:
start and end of ‘signal-scanning’ behavior. (D) Swimming velocities of male and female before, during and after the mating
event. (E) Swimming trajectories of T. longicornis male chasing and capturing a T. stylifera female. AM: acceleration of the male
prior to locating the pheromone trail. (F) Swimming velocities of male and female before and during the mating event. See 

‘Results’ for further details. Units for position are mm, but are arbitrary relative to location within the aquarium
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ranged from 1.5 to 3.4 mm (Table 5). A total of 83 mat-
ing interactions were observed between this species
pair (10 tracking events, 43 mate contacts, 30 mate
captures; Table 1). One spermatophore was trans-
ferred between species in heterospecific experiments,
and 1 additional hetereospecific pair was observed in
the mating position at termination of the experiment.

We describe a few case examples below to illustrate
how heterospecific mating interactions proceed between
Temora stylifera females and T. longicornis males.

Case 1 (Fig. 3A,B, Table 4, Expt 34, Event 5): In this
event, a Temora longicornis male detected the T. stylif-
era pheromone trail, initiated tracking in the incorrect
direction, reversed, and then followed the helical
track-line for an additional 5.3 s to mate contact. The
male detected the female trail at a distance of 33.4 mm
along the track-line, when the trail was 7.8 s old. Upon
detection of the pheromone trail, the male began spin-
ning and accelerated to an average speed of 21.0 mm
s–1 from a background velocity of 3.8 mm s–1. The aver-
age offset distance to the pheromone trail during track-
ing was 3.2 mm. As the male approached the female,
he decelerated to 12.8 mm s–1 for 1.4 s prior to the cap-
ture lunge (Fig. 3B). The total pursuit distance was
159.7 mm, and duration of the mate chase was 7.6 s.

Case 2 (Fig. 3C,D, Table 4, Expt 34, Event 6): This
event shows that Temora longicornis males may lose
and successfully recover a T. stylifera pheromone trail
during mate tracking. The T. longicornis male detected
the pheromone trail, accelerated to an average speed
of 19.2 mm s–1, and followed the trail for 51.3 mm until
he lost the track-line at a point where the female exe-
cuted a sharp turn. The male searched for the trail at
higher velocity (25.3 mm s–1, signal-scanning) for 0.6 s
before relocating the trail and tracking the female to
mate contact. The male also decelerated for 0.4 s as he
approached the female, immediately prior to the cap-
ture lunge (Fig. 3D), but failed to capture the female.

The mating pursuit took place over 75.2 mm for a dura-
tion of 3.9 s, with an average offset distance to the
track-line of 1.8 mm during tracking.

Case 3 (Fig. 3E,F, Table 4, Expt 32, Event 1): In this
event, a Temora longicornis male sensed the phero-
mone signal of a T. stylifera female and accelerated,
but was unable to locate the trail immediately. The
male searched for 2.4 s before locating the pheromone
trail and tracking the female successfully to mate
capture. Average male velocity during searching
was 15.7 mm s–1, and was higher (18.5 mm s–1) dur-
ing tracking. When tracking began, the female was
32.7 mm away along the track-line, and the trail was
4.0 s old. The male pursued the female over a total
distance of 56.8 mm, and was offset by an average of
1.3 mm from the pheromone trail during tracking. The
male decelerated for 0.6 s immediately prior to the
capture lunge (Fig. 3F).

In the reverse cross, between Temora stylifera males
and T. longicornis females, little interaction was
observed, although individuals were present at close
proximity in high concentrations (10 to 44 ind. l–1) and
with an observed high level of mating activity among
T. stylifera males (male–male interactions indicate a
readiness to mate). Only 6 mating attempts were
observed (3 tracks, 2 contacts, 1 capture), none of
which took place entirely free of the aquarium walls.
No spermatophores were transferred between this
species pair (Table 1).

Male tracking behavior and species recognition 

Temora longicornis males did not have reduced abil-
ity to track heterospecific T. stylifera trails in compari-
son to conspecific mating encounters (Table 5). In this
comparison, we were particularly interested in whether
males in heterospecific mating events had higher rates
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Tracking parameter Heterospecific Conspecific

Lost trail (%) 25 5
Incorrect initial tracking direction (%) 25 11
Male velocity during pursuit (mm s–1) 16.11 (9.31–21.01) 14.66 (8.27–27.04)
Offset distance (mm) 1.25 (0.87–3.17) 1.82 (0.7–4.51)
Duration of chase (s) 2.86 (1.04–7.6) 1 (0.64–2.24)
Trail age at detection (s) 4.44 (2.4–13.28) 5.12 (1.8–21.44)
Length of pursued trail (mm) 45.34 (10.43–159.71) 18.57 (5.62–61.64)
Along-track distance at time of detection (mm) 25.22 (8.19–96.5) 15.22 (4.48–46.01)
Male deceleration at lunge (%) 75 74
Duration of deceleration (s) 0.36 (0.12–1.4) 0.34 (0.16–1.04)
Lunge distance (mm) 2.1 (1.5–3.4) 1.3 (0.3–2.4)

Table 5. Effectiveness of Temora longicornis male tracking behaviors in heterospecific (Temora stylifera female and T. longicornis
male) and conspecific mating events (captures and contacts; Tables 2 & 3). Medians (ranges) listed for tracking parameters.

Bold type: statistically significant (α = 0.05, Mann-Whitney U-test)
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of tracking failure (trail loss, incorrect direction), lower
tracking velocities, higher tracking offset distances,
higher frequencies of deceleration prior to the capture
lunge, or a longer duration of deceleration prior to cap-
ture, which would indicate either that males had
greater difficulty pursuing heterospecific females or
that they were able to detect that the female was het-
erospecific prior to contact. However, no significant
differences were found between male tracking behav-
iors on heterospecific and conspecific pheromone trails
in the frequency of trail loss, frequency of initiating
tracking in the incorrect direction, male velocity dur-
ing pursuit, distance to the pheromone trail during
tracking, trail age at detection, along-track distance to
the female at detection, frequency of male decelera-
tion immediately prior to the capture lunge, or in the
duration of deceleration (log-likelihood ratio, Mann-
Whitney U- and t-tests, p > 0.05 in all cases, Table 5). In
contrast, T. longicornis males pursued heterospecific
females for longer tracking durations (Mann-Whitney
U-test, U = 24.0, p < 0.005) and over longer total track-
ing distances (Mann-Whitney U-test, U = 43.0, p <
0.005) than when they pursued conspecific females
(Table 5). This suggests that (1) T. stylifera females
produced longer pheromone trails than T. longicornis
females, as expected given the difference in body size
between species (Bagøien & Kiørboe 2005a), and (2)
that T. longicornis males were able to successfully pur-
sue heterospecific females over their full pheromone
trail length. T. longicornis males also lunged at mate
capture from a greater distance to the female during
heterospecific than conspecific mating attempts (Mann-
Whitney U-test, U = 21.5, p < 0.005).

DISCUSSION

Observations on heterospecific mating behavior
between Temora longicornis males and T. stylifera
female indicate that diffusible pheromone and hydro-
mechanical pre-contact mating signals are not used,
either singly or in combination, for species recognition
in this cross. T. longicornis males were readily able to
detect and follow pheromone trails left by T. stylifera
females to the point of mate contact and capture.
Males also exhibited tracking behaviors that facilitate
successful trail-following in normal conspecific matings,
including accelerated swimming in a ‘signal-scanning’
mode to recover a lost pheromone trail, detection of
along-track chemical gradients and reversal of track-
ing direction in cases when male tracking began in the
incorrect direction, and accelerated swimming speeds
when in the presence of a pheromone signal but prior
to location of the trail (Fig. 3). These behaviors all indi-
cate that trail detection and tracking in these hetero-

specific mating interactions proceed largely the same
way as observed in conspecific matings in these spe-
cies (Doall et al. 1998, Weissburg et al. 1998, present
study). Furthermore, there was no evidence that males
were able to detect that females were heterospecific
prior to mate contact as heterospecific and conspecific
matings had similar failure rates (as trail loss and incor-
rect tracking direction), male tracking velocities, dis-
tances to the pheromone trail during tracking, trail
ages at detection, along-track distances to the female
at detection, and frequencies and durations of deceler-
ation immediately prior to the mate capture lunge
(Table 5). Results for the deceleration immediately
prior to capture were of particular interest because
males have access to information on both diffusible
pheromone and hydromechanical signals produced by
the female only during this final segment of the mate
chase. Even if the diffusible pheromone signal were
non species-specific and shared, for example, by mul-
tiple species within a genus or family, species recogni-
tion might occur through a combination of both chem-
ical and hydromechanical signals immediately prior to
contact. Distinct swimming behaviors generate unique
hydromechanical disturbances (Yen & Strickler 1996,
van Duren et al. 1998, Yen et al. 1998, Visser 2001), and
the detectable signal may vary between congeneric
species. The fact that T. longicornis males engaged in
heterospecific mating attempts did not prolong the
deceleration step, decelerate in a higher proportion of
mating interactions or abandon mate pursuit at this
step in the mating sequence suggests that they do not
evaluate the hydromechanical signal for species-speci-
ficity prior to lunge and capture. Hydromechanical
signals, therefore, may be used only for orientation
regarding the exact position of the female to ensure a
successful catch (as suggested by Yen et al. 1998).

Preliminary observations on the reverse cross
(Temora stylifera male × T. longicornis female) showed
little sexual activity, and it appears that pre-mating iso-
lation may be asymmetrical between these species.
However, given the absence of data on the frequency
of mating behaviors in carefully controlled experi-
ments, this inference is preliminary and requires cor-
roboration. Lower sexual activity in this mating cross
may result from at least 3 proximate causes: (1)
reduced encounter rates between these mating part-
ners due to the shorter pheromone trails laid by T.
longicornis females (an ‘encounter isolation’ model);
(2) reduced signal size in this mating pair due to body-
size related differences in signal strength and sensor
sensitivity (a ‘signal strength isolation’ model); or (3)
male T. stylifera detect the diffusible pheromone trail
produced by T. longicornis females as heterospecific,
and usually fail to initiate tracking behavior (or initiate
tracking with lower probability: a ‘behavioral isolation’
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model). We can examine whether simple encounter
limitations are likely to place constraints on mating
interactions in this heterospecific pair by calculating
the male mate-search volume rates of T. stylifera and
T. longicornis males searching for heterospecific
potential mates. Kiørboe & Bagøien (2005) described
an encounter model for a cruising male pursuing a dis-
crete pheromone trail (as in Temora species):

(1)

where L is the length of the pheromone trail, u2D is the
2D swimming velocity of the male, Dp is the diffusion co-
efficient of the pheromone (taken here as 10–5 cm2 s–1), v
is the 3D swimming velocity of the female, and S is the
sensory reach of the male (antennule length). Using
swimming velocities for both species reported in Kiørboe
(2008) and maximal pheromone trail lengths from this
study, we find that T. stylifera and T. longicornis males
are able to search 92 and 67 l d–1, respectively, for het-
erospecific females. Therefore, although T. longicornis
females produce shorter pheromone trails, reducing the
spatial extent over which they are detectable by males,
higher male velocities in T. stylifera should apparently
counteract this effect in heterospecific mating crosses. In
sum, males of each species have approximately equiva-
lent probabilities of encounters with heterospecific
pheromone trails, and simple encounter limitations
are unlikely to explain differences in mating activity
between the 2 heterospecific crosses.

Differences in signal strength and detection thresh-
olds between species may also influence heterospecific
mating interactions, resulting in asymmetrical pre-
mating isolation. Pheromone and hydromechanical
signal production varies as a function of body size, with
larger-bodied species able to generate greater hydro-
mechanical disturbances and longer pheromone trails
(e.g. Visser 2001, Bagøien & Kiørboe 2005a). Smaller-
bodied species may also have lower detection thresh-
olds, due to less self-generated noise. Mating inter-
actions involving the larger-bodied female Temora
stylifera and smaller-bodied male, T. longicornis could
therefore result in the perception of larger signal size
than in reverse cross mating interactions. Our observa-
tions are consistent with this signal strength isolation
model. T. longicornis males chased T. stylifera females
over longer total pursuit distances and for longer pur-
suit durations than conspecific females (Table 5), indi-
cating that the larger-bodied females likely produce
longer pheromone trails. Observations on conspecific
mating in T. stylifera also suggest a longer pheromone
trail length. Even with relatively few events analyzed,
we find along-track distances to the female up to
90 mm for T. stylifera (Table 2), twice as long as the
maximum observed along-track distance for T. longi-

cornis in this study (Table 4). The pheromone trail
length of T. stylifera may be underestimated here,
because long tracking events are typically rare
(Bagøien & Kiørboe 2005a). Males and females of
T. stylifera swim faster than T. longicornis (means: 7.2
versus 3.0 mm s–1 male, 3.3 versus 1.4 mm s–1 female,
respectively, Kiørboe 2008), and are expected to gen-
erate greater hydromechanical disturbances. T. longi-
cornis males also executed the lunge at mate capture
from a greater distance to the female in heterospecific
than in conspecific mating attempts (Table 5), which is
consistent with the expectation that T. stylifera females
produce a stronger hydromechanical signal that is
detectable by males from greater distance. Combined,
these observations suggest that the perception of sig-
nal size may be greater in the T. stylifera female × T.
longicornis male cross, resulting in higher heterospe-
cific mating activity in this pair than in the reverse
heterospecific cross (T. longicornis female × T. stylifera
male). Asymmetrical pre-mating isolation may result
from species differences in signal generation and
sensitivity.

A third explanation for asymmetrical pre-mating iso-
lation in these Temora congeners is that T. stylifera
males may have some ability to discriminate hetero-
specific from conspecific females at early stages of
mate-finding, and be choosy in their pursuit of poten-
tial mates (unlike T. longicornis, i.e. a behavioral isola-
tion model). With our current observations, we cannot
distinguish signal strength from behavioral isolation
models. Asymmetrical mating isolation is not uncom-
mon in congeneric insect species (e.g. Kaneshiro &
Giddings 1987, Coyne et al. 1994, Shaw & Lugo 2001).

Diffusible pheromone and hydromechanical pre-
contact mating signals were found to be non-species-
specific in both the Temora longicornis male × T. stylif-
era female cross and a congeneric Centropages
species pair (Goetze 2008). Mate-seeking males are
apparently unaware of the species identity of the
female prior to contact, and heterospecific mating
attempts readily proceed to mate capture. Low rates of
spermatophore placement in heterospecific Cen-
tropages crosses indicate that reproductive isolation is
present, though not complete, and that species recog-
nition occurred at mate capture (Goetze 2008). Sper-
matophore placement rates were uniformly low in the
present study, and do not provide reliable information
on reproductive isolating barriers. Observations of
inter-generic mating attempts between T. longicornis
males and C. typicus females further suggest that the
diffusible pheromone signal is non-specific in many
cases (Goetze 2008). Heterospecific mating attempts
may be a common feature of the reproductive ecology
of sympatric congeneric species, and may affect indi-
vidual fitness.
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