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Interpopulation Differences in Courtship and Spawning
Behavior in the Brook stickleback (Culaea inconstans)

JESSICA L. WARD' axp DEBORAH A. MCLENNAN?

AssTrRACT.—Although behavioral variability has been well documented in the threespine
stickleback Gasterosteus aculeatus, very little is known about the extent of variability in the other
members of the Gasterosteidae. We investigated the courtship and spawning repertoires of
four allopatric populations of brook stickleback Culaea inconstans from Algonquin Park,
central Ontario, Tooley Creek, southern Ontario, Two Mile Creek, New York and Sutherland
Creek, Nebraska. The results indicated that the male courtship repertoire is quite
conservative, with behavioral differences appearing primarily in the frequency and duration
of headdown and broadside threat displays performed during courtship and the frequency
and duration of male quivering bouts once females enter the nest. In addition to
documenting male behavioral variability, data are presented showing that female C.
inconstans spend a substantially longer duration of time in the nest than other gasterosteids,
and that the length of time a female spends in the nest may be influenced by male behavior
performed during egg deposition.

INTRODUCTION

Interpopulation differences in the structure and performance of behavioral displays can
contribute to the development of behavioral syndromes (Sih et al.,, 2004a,b) and to the
existence of differentially adapted populations within the boundary of one species (Utter,
2004). Consequently, documenting behavioral differences across populations has been of
interest to biologists for decades (reviewed in Foster, 1999; Foster and Endler, 1999). Such
variability may be ephemeral, reflecting shifting environmental adaptive regimes (e.g.,
predation, density, food availability, degree of cover: Huntingford, 1982; Lahti et al., 2002
and references therein) or it may be a more stable part of the population’s behavioral
repertoire (e.g., the loss of fin-erection, tail-lifting, s-threat, ramming, biting and circling in
cave mollies: Parzefall et al., 1997). Whatever the explanation for the underlying cause,
variability determines the pathways that are accessible to each population for future
evolutionary change, while at the same time reflecting the influences of selection and
contingency in the past (Ryan et al., 1996).

Within the family Gasterosteidae, researchers working with the three-spined stickleback
Gasterosteus aculeatus have been documenting interpopulation variability for over 60 y. Data
were collected in two stages: first, detailed laboratory investigations of a relatively few
populations were conducted (Wootton, 1976 and references therein), followed by an
increase in the number of populations examined and a combination of both laboratory and
field studies. These efforts have produced a relatively large database documenting
interpopulation differences in: (1) the frequency of the male zigzag dance and dorsal
pricking (Foster, 1994a, 1995; Foster et al., 1998; Ishikawa and Mori, 2000; Scott and Foster,
2007), (2) male diversionary displays in response to nest raiding (Foster, 1988, 1994b;
Ridgeway and McPhail, 1988), (8) the male and female nuptial colour signal (reviewed in
McLennan, 2006), (4) the correlation between boldness, aggression and predation
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(reviewed in Huntingford and Coyle, 2006) and (5) male courtship aggression (Ridgway
and McPhail, 1987). To date however, such widespread investigations have not been
undertaken for any other gasterosteids.

The brook stickleback Culaea inconstans is an intriguing species with which to begin
building such a database because the specific designation ‘“inconstans’” means ‘‘changeable’
in Latin; the term was initially chosen by Kirtland (1840) to reflect morphological variability
in the frequency of dorsal spines (Nelson, 1969; reviewed in Mattern, 2006b). Investigations
of behavioral variability in this species are rare, but so far interpopulation differences in
both agonistic displays (Burks et al., 1985; McLennan and Ward, in press) and the structure/
cycling of the male and female nuptial colour signals (Ward and McLennan, 2006) have
been described.

Recent phylogeographic analysis indicated that Culaea inconstans was subdivided into two
lineages reflecting distinct glacial refugia at least 4.2 mya (Gach, 1996; Mattern, 2006a).
Analysis based on three mitochondrial genes further postulates that the Algonquin Park fish
have been separate from the Tooley Creek and New York populations for a minimum of
1.4 my (Mattern, 2006a). In this study we continue to build the brook stickleback database
by systematically examining the courtship repertoires from four geographically disjunct
populations belonging to the Mississippi lineage (Sutherland Creek, Nebraska) and the
Atlantic lineage (Tooley Creek, Southern Ontario; Algonquin Park, Central Ontario and
Two Mile Creek, New York).

Like all other gasterosteids, male brook sticklebacks defend territories, build nests and
vigorously court passing conspecific females. Culaea inconstans’ courtship repertoire is quite
complex, consisting of at least twelve sexual and aggressive displays (Hall, 1956; Foster,
1973; Winn, 1960; Reisman and Cade, 1967; McKenzie, 1969a,b), so there is ample room for
variability to exist. Sexual displays include pummeling (the male darts forward, striking the
female with his snout), an exaggerated lead to the nest and a highly stereotypic nest show
display in which the male positions himself with his mouth wide open at the top of the nest
entrance and rapidly vibrates his pectoral fins. A receptive female responds to these
courtship overtures by following the male during one of his lead/show bouts and pushing
past him into the nest, where she is quivered by her mate until she deposits her clutch and
flees. In this study, we divide the mating sequence into courtship (characterized by both
sexual and aggressive behaviors) and spawning phases in order to answer two questions:
what is the extent of interpopulation variability in: (1) the male courtship repertoire? and
(2) the male-female dialogue during the act of spawning itself?

METHODS

Adult brook stickleback were collected using minnow traps in early May of 2004 and 2006
from Sutherland Creek, Nebraska (41°08'13"N, 101°07'28"W); in 2004 from Two Mile
Creek, New York (42°05'52"N, 78°26'38"W); in 1993 from Ring-Neck Pond, Algonquin Park,
Ontario (45°34'52"N, 78°23'19"W) and in 1992 and 2006 from Tooley Creek, Ontario
(43°52'11"N, 78°46'53"W). Sutherland Creek runs between farmland and is characterized by
clear water flowing gently over a soft silt and pebble substrate, whereas Two Mile Creek and
Tooley Creek are more marsh-like, with slow-moving turbid water frequently interrupted by
patches of grass. Ring-Neck Pond is large, shallow and heavily vegetated with clear water and
a muddy substrate.

Fish were placed in day packers and transported back to the lab in chilled, continually
aerated water. They were maintained under winter conditions (10-12 C; 12h:12h light-dark)
in 200-1 fiberglass tanks with continual flow-through of dechlorinated water. Reproductive
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behavior was discouraged by the lack of suitable nesting materials, although large sticks and
stones were provided for shelter. Individuals were moved as needed to 581 and 120-]
community tanks, covered on three sides with light green paper, lined with 2.5 cm of fine
gravel, and supplied with nesting material consisting of soft moss, algae, submerged grass
roots and bunches of Hygrophila. These tanks were maintained under a 16h:8h light-dark
regime, a constant temperature of 16 C and low density, all of which promote breeding
(Winn, 1960; Reisman and Cade, 1967). Fish usually became reproductively active within
3d.

Once a male began nest building in a community tank he was moved to a test tank lined
with 2.5 cm of fine gravel and covered on three sides with light green paper and a
photograph of aquatic vegetation. Each tank was supplied with Hygrophila rooted in a peat-
filled 10 cm diam plastic dish and an abundance of soft algae, grasses and twigs collected
from a nearby marsh. All males began nest building in the Hygrophila within 72 h. Males that
failed to build a complete nest within five days were replaced. Trials were conducted
between May and Aug. in 1992, 1993, 2004 and 2006. For all years, the experimental
protocol remained the same with the exception that in 2006, males were observed in 40-1 test
aquaria, whereas in all other years they were viewed in 58-1 tanks. Mann-Whitney U tests,
Bonferroni corrected for multiple comparisons, revealed that there was no difference in the
behavior of males from the same population examined in the two tank sizes, so they were
pooled in subsequent analyses.

COURTSHIP AND SPAWNING

Each male was presented with a nuptially coloured, free-swimming gravid female from his
respective population with whom he was permitted to spawn. If a female lost her nuptial
colour during the interaction, or did not enter the nest within 15 min, she was removed and
the male allowed to rest for three hours before being presented with another female. All
females were used only once. All interactions were videotaped with a Sony Handycam video
camera from behind a green fabric blind. Twenty-one behavioral variables (Table 1) were
scored from the tapes at a later date.

REsuLTs

We observed 51 males successfully court and spawn with a gravid female from their
respective populations (Nebraska n = 22; Tooley Creek n = 14; New York n = 8; Algonquin
n = 7). The nest placement of one Nebraskan male made it impossible to record the
duration of behavioral elements performed while the female was in the nest so only
frequency data for this breeding pair are included in the analysis of spawning activity. Mann-
Whitney U tests, adjusted for multiple comparisons via sequential Bonferroni correction
(Peres-Neto, 1999), indicated that the behavior of Nebraskan fish collected in 2004 and
2006, and the behavior of Tooley Creek fish collected in 1992 and 2006, did not differ
significantly between experimental years so the data were pooled in subsequent analyses.

COURTSHIP BEHAVIOR

Male brook sticklebacks from Nebraska and Tooley Creek performed all courtship and
agonistic displays. Algonquin Park males did not perform headdown threats and New York
males did not perform broadside/tailbeating or acts of nest boring (Table 2; Fig. 1). None
of the 51 males exhibited any novel aggressive or sexual behaviors.

For all of the populations except New York, which did not display broadside/tailbeat, our
observations agreed with McKenzie’s (1969a) ethogram indicating that tailbeating is
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TasLE 1.—Behavioral variables measured during courtship and spawning in 51 male brook
stickleback Culaea inconstans from four allopatric populations. f = frequency; d = bout duration

Behavior

Description

Courtship — Agonistic displays

Headdown Threat (f)

Broadside Threat (f)

Tailbeating (f)

Bite ()

Courtship - Sexual displays

Pummeling (f)

Nest lead (f, d)

Nest showing (f, d)

Boring (f)
Tailflagging (f)

Waggling (f, d)

Total courtship time
Spawning
Male quivering (f, d)

Female shaking (f, d)
Total spawning time
Time to 1** quiver
Time to 1** shake

Male assumes a 45-90° head-down position relative to the substrate
(McKenzie, 1969a)

Male assumes a horizontal, concave posture, displaying laterally to the female.
The dorsal and pelvic spines are often flared and the pectoral fins erected
(McKenzie, 1969a)

Male beats his tail laterally in a slow (approximately 4-10 beats per second),
exaggerated manner (McKenzie, 1969a)

Male snaps his jaws at the female with all spines flared

Hovering slightly above, and approximately 10-15 cm away from the female
(McKenzie, 1969b), the male dashes downward, striking the female on her
head and flanks with his snout (Hall, 1956)

Male turns away from female and swims towards the nest. Leads were divided
into two categories, complete (male arrives at nest) and partial (male
terminates the lead prior to reaching the nest). Duration of nest leading
included both partial and complete leads

Positioned facing into the nest entrance, the male presses his mouth onto the
upper rim of the nest while moving his pectoral fins rapidly back and forth,
with emphasis on the forward stroke. Position is maintained by countering
the forward pectoral stroke with powerful lateral beats of the caudal fin.
Nest showing may assist the female in locating the nest entrance (Wootton,
1976 and references therein)

Male repeatedly thrusts his head into the nest entrance, widening the nest
entrance and cavity

Male raises his caudal fin, such that the caudal peduncle and fin curve upward
(Reisman and Cade, 1967)

Male assumes a distinctive mode of swimming that is characterized by
exaggerated lateral tail movement and an oscillating torso (Hall, 1956).
Although usually observed during a nest leading episode, males may
occasionally waggle during a pre-lead courtship interaction

Time from the male’s first approach to the female’s entry into his nest

Male pushes his snout along the flank of the female from the tip of the caudal
peduncle to approximately the anal spine while vibrating his pectoral fins
and body

Female shudders and struggles slightly forward in the nest

Time from the female’s entry into the nest to her exit

Time from the female’s nest entry to the first male quiver

Time from the female’s nest entry to her first shake

preceded by broadside display the majority of the time (London, Ontario population).
Kruskal- Wallis H tests, followed by Mann-Whitney U tests adjusted for multiple
comparisons, indicated that males from Algonquin Park performed a greater total number
of broadside displays (Z = —3.87, P < 0.004) and more displays per second (Z = —3.89,P =
0.004), than Nebraskan fish and New York males performed more headdown threats than
their counterparts in Tooley Creek (Z = —2.99, P = 0.006). There was no difference
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TasLE 2.—Mean frequencies of behaviors (* sk) recorded during courtship and spawning in male
brook sticklebacks Culaea inconstans from four allopatric populations

Sutherland, nebraska Two mile creek, New  Algonquin park, Tooley creek,
Frequency of behavior (n =22) York (n = 8) Ontario (n = 7) Ontario (n = 14)

Courtship - Aggressive
Headdown threat 2.25 (0.96) 3.13 (2.15) 0.29 (0.16)
Broadside threat 0.05 (0.05) 2.14 (1.03) 1.79 (1.29)
Tailbeat threat 0.05 (0.05) 0.71 (0.42) 0.43 (0.43)
Bite 0.70 (0.49) 0.38 (0.26) 0.71 (0.57) 0.36 (0.20)
Courtship - Sexual
Pummel 6.25 (1.88) 8.75 (3.13) 9.14 (2.43) 4.36 (0.62)
Complete Lead 2.10 (0.33) 2.13 (0.44) 2.00 (0.44) 2.07 (0.32)
Partial Lead 0.40 (0.21) 0.63 (0.26) 1.57 (0.48) 0.29 (0.13)
Nest Showing 2.20 (0.41) 1.75 (0.31) 2.43 (0.69) 2.14 (0.39)
Boring 0.25 (0.20) 0.43 (0.20) 0.29 (0.19)
Tailflag 0.25 (0.16) 0.38 (0.26) 0.29 (0.49) 0.36 (0.17)
Waggling 2.0 (0.33) 3.00 (0.80) 4.00 (0.76) 2.21 (0.89)
Spawning
Male Quiver 120.35 (15.98) 97.13 (30.29) 155.71 (32.89) 99.50 (26.19)
Female Shake 12.15 (1.46) 12.00 (2.18) 11.29 (2.23) 7.86 (1.14)

between any of the populations in the total frequency of threat displays performed
(broadside + headdown + tailbeat: Kruskal-Wallis test: % = 2.50, P = 0.43).

Pummeling was the dominant behavior signaling sexual motivation in all four
populations (Table 2). There was no difference in the total amount of time spent engaged
in courtship (Kruskal-Wallis test: x* = 5.80, P = 0.12) nor in the total frequency of sexual
behaviors performed (pummel + nest leads + nest show + boring + tailflag + waggle dance:
Kruskal-Wallis test: 72 = 5.04, P = 0.17). Nebraskan males performed waggling bouts that
were significantly shorter than the more moderate bouts performed by Tooley Creek males
(Z = =273, P = 0.006) and the long bouts performed by Algonquin Park males (Z =
—3.16, P = 0.001) (Table 3). Algonquin Park males spent more time waggling than males
from either Nebraska (Z = —3.05, P = 0.001) or Tooley Creek (Z = —2.46, P = 0.01), but
did not differ significantly from New York males (Z = —0.926, P = 0.397).

SPAWNING BEHAVIOR

Males from Nebraska and Algonquin Park performed more quivering bouts than males
from New York (Nebraska vs. New York: Z = —2.68, P = 0.006; Algonquin Park: Z = —2.79,
P = 0.004; Fig. 2a) and each bout was significantly shorter (Nebraska vs. New York: 7 =
—4.02, P < 0.001; Algonquin Park: Z = —3.24, P < 0.001; Fig. 2b). The duration of a
quivering bout was also shorter in the Algonquin, versus the Nebraskan, males (Z = —2.60,
P = 0.008). Because Tooley Creek males performed quivering bouts of moderate length and
moderate intensity, they were not significantly different from males of any other population.
New York males lagged behind Algonquin Park fish in the time to the first quivering bout
(34.5 s vs. 3.67 s.; Z = —2.78, P = 0.001). There was no difference amongst females of any
two populations in the amount of time spent depositing eggs in the nest (Kruskal-Wallis test:
x? =126, P = 0.76).

Correlation between male and female behavior and the spawning duration.—Spearman rank
correlations indicated that the total amount of time that the male spent quivering was positively
correlated with the amount of time that the female spent in the nest in fish from Nebraska (R =

The American Midland Naturalist amid-160-01-08.3d 17/4/08 20:00:39 86



\S}
=
S
Co

‘WARD & MCLENNAN: BROOK STICKLEBACK BEHAVIOR 87

. Broadside Display

0.03 Headdown Display

0.02 -

0.01 1

Frequency of Threat Displays (mean bouts per s + SE)

0 ) v
Algonquin Nebraska Tooley New York
Park Creek

Fic. 1.—Interpopulation differences in the relative frequencies of broadside threat displays and
headdown threat displays performed during courtship (# per s: mean = se) by male Culaea inconstans
from Tooley Creek, Ontario (n = 14), Algonquin Park, Ontario (n = 7), Two Mile Creek, New York (n
= 8) and Sutherland Creek, Nebraska (n = 22)

0.88, P < 0.001), New York (R = 0.86, P = 0.007) and Tooley Creek (R = 0.787, P = 0.001),
whereas the frequency of quivering bouts was positively correlated with total spawning time in
the Nebraskan (R = 0.89, P < 0.001) and Tooley Creek (R = 0.87, P < 0.001) populations. The
total amount of time that a female spent engaged in shaking behavior was positively correlated
with the total amount of time spent in the nest in the Nebraskan population (R = 0.623, P =
0.003), as was the total number of shakes a female performs (R = 0.662, P = 0.001). Conversely,
the total number of shakes performed by females from New York was negatively correlated with
the amount of time she spent in the nest (R = —0.74, P = 0.04).

Correlation between male and female behavior during spawning.—The total number of shakes
that a female performed was positively correlated with several aspects of male quivering
behavior in the Nebraskan population, including the total number of quivering bouts (R =
0.790, P < 0.001), the intensity of quivering (R = 0.54, P = 0.01) and the total amount of
time spent quivering (R = 0.75, P < 0.001). The total number of shakes performed by a New
York female was negatively correlated with the mean length of a male quivering bout (R =
—0.790, P = 0.02).

Discussion

We detected several differences in the courtship and spawning repertoires of brook
sticklebacks from four geographically disjunct populations. While we did not observe any
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and spawning in male brook sticklebacks Culaea inconstans from four allopatric populations

Sutherland, Nebraska Two mile creek, New

Algonquin, Ontario  Tooley creek, Ontario

(n = 21) York (n = 8) (n=17) (n = 14)
Bout duration (s)
Nest Showing 5.59 (0.45) 5.26 (0.98) 5.54 (0.84) 6.38 (0.71)
Quivering 1.39 (0.04) 2.14 (0.12) 1.06 (0.01) 1.69 (0.21)
Shaking 1.56 (0.07) 1.40 (0.28) 1.03 (0.16) 1.31 (0.15)
Waggle dance/lead 2.21 (0.19) 3.19 (0.43) 4.45 (0.66) 3.50 (0.37)
Time to 1st Quiver 21.55 (12.75) 34.5 (11.52) 3.67 (1.94) 49.16 (36.33)

Time to 1st Shake
Total time (s)

128.95 (24.36)

954.38 (65.30)

112.64 (12.64)

170.33 (41.19)

Courtship 122.60 (38.92) 131.50 (50.76) 163.77 (46.23) 152.33 (48.14)
Spawning 540.05 (58.45) 609.00 (103.33) 468.75 (48.02) 542.96 (99.40)
Nest Showing 12.48 (2.46) 10.36 (3.63) 12.83 (3.76) 14.14 (3.87)
Quivering 163.78 (21.16) 203.11 (59.25) 144.34 (32.65) 155.97 (37.22)
Shaking 18.11 (2.16) 15.82 (7.15) 10.14 (1.28) 10.59 (1.99)
Waggle dance/lead 4.84 (1.05) 18.36 (4.35) 16.17 (3.02) 8.21 (1.94)

behavior to be unique to a single population (for similar results see the territorial, courtship
and spawning behaviors of Salaria fluviatilis: Neat et al., 2003 and the courtship behaviors of
threespine populations in Japan: Nagata et al., 1988; Ishikawa and Mori, 2000), in several
instances we found inter-group differences manifested as variability in the performance of a
trait (frequency and duration). It is possible that we may have missed some additional
differences in the Algonquin Park and New York populations due to small sample sizes. As
we discuss below, this is particularly relevant to the problem of missing versus rare
characters.

COURTSHIP BEHAVIOR

Aggressive displays, co-opted from male-male communication (Berglund et al., 1996), are
often included in the courtship repertoire of groups with complex pre-mating dialogues
(McInerney, 1969; Mateos and Carranza, 1999; Borgia and Coleman, 2000). In fishes such as
sticklebacks that nest close to one another and/or exhibit extensive paternal care, these
behaviors may deter neighboring males from interfering during courtship (van den Assem,
1967; Sargent and Gebler, 1980; Rowland, 1988; Candolin, 2000) and/or may communicate
information about a male’s ability to defend his clutch to potential mates. Levels of
courtship aggression are often positively correlated with future parental care behaviors such
as egg aeration and/or survival (Cacho et al., 2006; Gozlan et al.,, 2003) and females often
prefer more aggressive males (Rogers and Barlow, 1991; Gozlan et al., 2003; Rosenfield and
Kodric Brown, 2003; Cacho et al., 2006). The direct relationship between courtship
aggression and egg survival has never been investigated in sticklebacks, but a positive
correlation between levels of aggression (frequency of biting) during courtship and both
the parental (Huntingford, 1976) and territorial (Bakker, 1986) phases of the breeding
cycle suggest that a male’s level of aggression in one context is a reliable indicator of his
aggression in another (Huntingford, 1976).

A male who attacks a potential mate, however, risks driving her away (Ward and
FitzGerald, 1987) and in our study, the frequencies of bites directed towards the female were
substantially lower than the levels recorded during male-male interactions during another
experiment (e.g., Algonquin Park males: 0.71 bites towards females, results this study; 16.38
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Fic. 2—Interpopulation differences in (A) the relative frequency of quivering bouts performed
during spawning (# per s: mean * s£) by male Culaea inconstans from Tooley Creek, Ontario (n = 14),
Algonquin Park, Ontario (n = 7), Two Mile Creek, New York (n = 8) and Sutherland Creek, Nebraska
(n = 22) and (B), the mean length of a single quivering bout (s * sE)
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bites towards males; [McLennan and Ward, in press]). Threat displays, on the other hand,
might be capable of transmitting information concerning a given male’s clutch-defensive
abilities without harming the female or driving her away. The type of threat display used
most often differed between the four populations; broadside/tail beat dominated the
agonistic repertoire of Tooley Creek males (88.4%: ¢f., 79.5% in male-male interactions,
McLennan and Ward, in press) and Nebraskan males generally used headdown threats
(73.8%: ¢f., 73.5% in male-male interactions; McLennan and Ward, in press). New York and
Algonquin males displayed only one of the two threat behaviors, headdown and broadside/
tailbeat respectively. Data from previous studies of male-male interactions indicates that
Algonquin males are capable of displaying head down threats, however the frequency with
which they do so is extremely low (mean frequency = 0.1 displays per 5 min: McLennan and
Ward, in press). We have also, on occasion, observed New York males performing broadside
displays in the lab. We therefore suggest that the absence of one threat display in the
courtship repertoire of these two populations reflects a decrease in its frequency, rather
than the actual loss of a behavioral component. Presumably we would have detected these
rare displays if our sample sizes for New York and Algonquin Park had been larger.

Although the composition of the threat repertoire varied across populations, we did not
detect a difference in the total number of threat displays performed by males in different
populations, indicating that a decline in the performance of one threat display is
compensated for by an increase in the other (Fig. 1). Interestingly, this suggests that it is the
message of aggressive motivation transmitted by the displays (Hinde, 1981; Hurd and
Enquist, 2001 and references therein), rather than the structure of the display itself, that a
female might use during mate assessment. Overall, the relative percentage of the courtship
repertoire that is dedicated to biting and threatening did not vary significantly across the
four populations (range of 15.4%-19.7%: Kruskal Wallis test x* = 1.36, P = 0.72), which
implies that there might be an upper limit to aggression during courtship; possibly because
aggressive and sexual motivation are mutually inhibitory in sticklebacks (Sevenster, 1961;
Wilz, 1972; Bakker, 1986).

The composition of the sexual component of the courtship repertoire was less variable
than the aggressive component; all seven displays were present in the four populations with
the exception of nest boring, a rare display missing in the New York fish. Again, small
sample size coupled with the rarity of the behavior may have been responsible for this
omission rather than the actual loss of nest boring itself. Courtship behaviors generally have
a number of different functions, such as stimulating ovulation in females (Degani, 1993;
Perkins and FitzGerald, 1994; Junca and Rodrigues, 2006), synchronizing the mating
dialogue between partners (Fleming et al, 1996; de Gaudemar and Beall, 1998) and
allowing females to recognize and discriminate among potential suitors (e.g., Kotiaho, 2002;
Rantala and Kortet, 2003; Galeotti et al., 2005), so it is possible that a complex hierarchy of
functions requires the presence of all traits. In this hierarchy, one display is not ‘‘the same”’
as another, as we have hypothesized for threat behaviors.

Pummeling was the dominant sexual display in all males and no differences were detected
in its frequency across populations. Traits used for species recognition are expected to vary
little throughout a species’ geographical range (Paterson, 1985; Ferreira and Ferguson,
2002), suggesting that pummeling might convey such information in this system. There was,
however, a substantial difference in the rate of pummeling among males within populations
(Algonquin Park: 2 to 22 pummels/male; Tooley Creek: 2-9 pummels/male; New York:
2-29 pummels/male; Nebraska 2-36 pummels/male). It is possible that pummeling
contributes to the female’s assessment of general male attractiveness by transmitting
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information about both species identification (consistent across populations) and mate
quality (variable within populations). Mate recognition and mate discrimination might thus
emerge from a common perceptual process in this species in which different dimensions of
one signal provide overlapping information (Phelps et al., 2006).

SPAWNING BEHAVIOR

In both sticklebacks and salmon the mechanical stimulation of quivering is required
before a female will release her eggs (Tinbergen, 1951 and references therein; Hall, 1956);
gently stroking the female’s caudal peduncle area with a glass rod achieves the same effect
(ter Pelkwijk and Tinbergen, 1937). The use of vibrational signals is common in fishes for
which synchronized gamete release is essential to successful fertilization (Keenleyside, 1979;
Halliday, 1983). For example, male quivering increases in frequency as spawning
approaches in Oncorhynchus keta, O. mykiss (Tautz and Groot, 1975; Schroder, 1981), O.
kisutch (Berejikian et al, 1997) and O. nerka (Satou et al, 1991, 1994), signaling male
spawning readiness to the female.

Culaea inconstans males from all populations responded immediately to a bout of female
shaking by moving to the side they had not been quivering, then vibrating in either many,
very short, intense bouts (Algonquin Park, Nebraska), or fewer, less intense, longer bouts
(Tooley Creek, New York). In the present case, the total duration of male quivering was
positively correlated with spawning time in all populations but Algonquin Park (although
there was a positive trend: R = 0.71, P < 0.08) and comparing spawning times across
populations reveals a continuum of responses, with Algonquin Park males at one end
(quickest to begin quivering, many short intense bouts, females spend the least amount of
time in the nest [mean = 468 s]) and New York males at the other (slowest to begin, few
long low intensity bouts, longest time in the nest [mean = 609 s]).

The precise function of female shaking in brook sticklebacks is currently unknown,
although a similar display elicits courtship and sperm release from males in Oncorhynchus
nerka (Satou et al., 1991, 1994) and courtship from females in sex-role reversed pipefish
(Fiedler, 1954). In brook sticklebacks, shaking may communicate a female’s spawning
progress to her mate. All females shake as they leave the nest, thus shaking is ultimately a
reliable signal of female departure. Not all shakes, however, end with the female exiting the
nest (mean number of shakes during spawning ranges from 7.86 to 12.15: Table 2). Sneak
fertilizations by neighboring males have been reported in every other member of the
Gasterosteidae (threespine: Goldschmidt ef al., 1992; Jamieson and Colgan, 1992; fourspine:
Willmott and Foster, 1995; fifteenspine: Jones et al., 1998; ninespine: Morris, 1952). Thus,
being able to predict when his mate was about to leave the nest would be advantageous to a
male because he would be in position to pass quickly through the nest after her, fertilizing
her clutch and ensuring greater paternity. From the female’s perspective, shaking behavior
may serve two functions. First, it may aid in her struggle to move forward in the small
constricting nest until she finds the right place for egg deposition. Second, shaking may
prolong a male’s sexual motivation; all males increased their quivering rates after a female
shake (Hall, 1956; pers. obs. this study). This latter point is particularly important because
brook stickleback females spend approximately 9.14 min (mean of 51 spawnings) in the
nest; far longer than any of the other gasterosteids [ Gasterosteus aculeatus: <2 min (Wootton,
1976, and references therein); G. wheatlandi: 1 min (McInerney, 1969); Apeltes quadracus:
1 min (Rowland, 1974); Spinachia spinachia: 45 s—2 min (Leiner, 1934); Pungitius pungitius:
<2 min (Hall, 1956)].

In summary, despite their separation in time and space, most of the differences in
courtship and spawning behaviors that we observed among four populations of Culaea
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inconstans have occurred in terms of performance parameters (frequency and duration),
similar to the extent of diversification in agonistic displays used during male-male
interactions (McLennan and Ward, in press). Whether or not this moderate level of
behavioral variation, coupled with interpopulation differences in the structure of the
nuptial colour signal (Ward and McLennan, 2006), would produce assortative mating is
unknown. Explorations into the interaction between genetic divergence and the intensity of
both pre and postmating isolation between the allopatric brook stickleback lineages are
currently being undertaken in our lab.
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