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Abstract Mating systems in fishes are extremely
diverse, ranging from monogamy to multiple polyga-
mous forms, some of which include alternative male
mating tactics within species. The major reproduc-
tive mode across approximately 33,000 bony fishes is
pelagic-spawning with external fertilization. Despite
the dominance of this mode, it is relatively little stud-
ied in the field because the greater mobility of larger
species typically makes individuals difficult to follow
for extensive periods, or to catch and mark. However,
smaller, more sedentary pelagic spawners provide
excellent opportunities to examine mating system
variability in response to environmental conditions.
The mandarinfish, Synchiropus splendidus, is a small
sedentary pelagic spawner which is accessible to
divers. Its complex body markings are distinctive and
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variable allowing individuals to be identified and fol-
lowed repeatedly without the need for capturing and
marking fish. In over 400 h of underwater surveys, we
recorded movements, inter- and intra-sexual behav-
iors, sex ratios, and the timing and duration of spawn-
ing activity of focal fish in predetermined study areas.
We concluded that the mandarinfish has a polyga-
mous mating system with pair-spawning. Females
are sequentially polyandrous, spawning once nightly
or not at all, while males are polygynous, spawning
up to 8 times a night. Males and females use loosely
defined spawning sites on a daily basis and show flex-
ibility in their tactics through differential movements
according to dispersion of individuals, distances
between spawning sites and temporally limited daily
female receptivity. These results reveal the mandarin-
fish to be an excellent model species for studying
small pelagic spawners in the field.

Keywords Dragonet - Mating - Alternative
reproductive tactics - Marine fish

Introduction

Mating systems are fundamental components of
the lives of plants and animals, shaped by multiple
biotic and abiotic factors (Shuster and Wade 2003).
They result from the behavior of males and females
attempting to maximize their own reproductive suc-
cess in the context of interactions with members of
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both sexes and under the influence of environmental
conditions. Mating systems are determined by many
factors, including spatial and temporal distribution of
sexually receptive individuals, resource availability,
pre- and post-copulatory behaviors, defensibility of
resources (such as females or space), operational sex
ratios, risk of predation, timing and duration of the
reproductive season, and phenotypic and genotypic
factors (Emlen and Oring 1977; Shuster and Wade,
2003; Shuster 2009; Kuijper et al. 2012).

Mating systems are usually defined in terms of
numbers of mates per male or per female (Shuster and
Wade 2003). In monogamy, a single male and single
female have a pair bond and mate exclusively with
one another over extended periods or multiple mat-
ing seasons (Wickler and Seibt, 1983). In polygamous
or polygynandrous species (Shuster and Wade 2003),
males and/or females mate with multiple individuals,
being often classified as polygynous, polyandrous, or
promiscuous according to the number of partners that
one or both sexes have. The mating system may vary
between populations of a species, or among years
within a given population, according to resource
availability, environmental conditions, and individ-
ual abundance. For example, in several bird species
a shift from monogamy to polygamy may occur in
response to changes in food or nesting site availability
(Carranza 2000; Shuster and Wade 2003). Moreover,
mating system definitions do not necessarily account
for the mating behavior adopted by all individuals of
each sex. In some species, where resources crucial
to reproduction are limited or clumped, competi-
tion for mates may lead to the evolution of alterna-
tive reproductive tactics in either sex. This results in
male and/or female phenotypes varying in mating
behavior and often in morphology, physiology, and
life history traits, within the same population or over
time (Oliveira et al. 2008; Taborsky and Brockmann
2010). In species with male alternative reproduc-
tive tactics, males often compete among themselves
to fertilize the same groups of eggs (Birkhead and
Mgller 1998; Taborsky and Brockmann 2010). In
such matings, as in all promiscuous matings, indi-
vidual male mating success does not necessarily cor-
respond to fertilization success (Birkhead and Mgller
1998). Indeed, processes such as sperm competition,
i.e., the contest between sperm of different males to
access females’ eggs, and cryptic female choice, i.e.,
the ability of females to favor the sperm of one male

@ Springer

over another, can influence fertilization outcomes
(Birkhead and Pizzari 2002).

Fishes, which comprise the majority of verte-
brate species, exhibit a particularly diverse array of
mating systems and reproductive modes. Of 33,000
species of bony fishes, the majority spawn pelagi-
cally (Fitzpatrick 2020). Pelagic spawners tend to be
larger, typically exceeding 10-cm total length or so,
and more mobile than demersal spawners or internal
fertilizers (Thresher 1984). This mobility presents
opportunities for different types of male—female inter-
actions and mating tactics. For example, many larger,
otherwise solitary, pelagic spawners form temporary
mating gatherings (spawning aggregations) of small
to large numbers of females and males, by migrating
between residential and mating sites (Domeier and
Colin 1997). Some aggregating species may spawn
in pairs, while others spawn promiscuously in clus-
ters of a single female and multiple males (Sadovy de
Mitcheson and Colin 2012). Extensive movements to
and from familiar residential areas and aggregation
sites, and pelagic egg release, however, both bring
challenges. For example, individuals are vulnerable to
predation during migrations, and both adults and eggs
are particularly exposed during spawning rises to
release eggs high in the water column (Sancho et al.
2000a, b; Graham and Castellanos 2012).

As in many other animal taxa, the mating systems
of pelagic spawners appear to vary within or among
populations and/or can involve alternative reproduc-
tive tactics (e.g., Taborsky et al. 2008). For example,
parrotfishes and wrasses shift from lek-like polygyny
to haremic polygyny in response to changes in popu-
lation density (Donaldson 2015). Alternative male
tactics, depending on opportunities for resource
(female or space) monopolization, can include both
haremic polygyny with either pair- or promiscuous-
spawning (van Rooij et al. 1996; de Girolamo et al.
1999; Wernerus and Tessari 2008). In such cases,
smaller/subdominant males spawn in groups involv-
ing a single female and multiple males, or parasitize
a pair-spawn by a dominant male (Robertson and
Warner 1978; Warner and Robertson 1978; Thresher
1984; Marconato and Shapiro 1996; Taborsky 2008;
Fitzpatrick 2020). However, most studies on the
mating system of pelagic spawners have primarily
focused on male behavior, neglecting the female con-
tribution, and many studies do not consider the influ-
ence of ecological factors.
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The limited information on the mating systems of
pelagic spawners is due, in large part, to practical dif-
ficulties in studying them in the field. For example, it
is challenging to mark, follow and observe individual
fish in their natural environment (Amundsen 2003),
particularly because most pelagic spawners are larger
and/or more mobile compared to demersal species
where male territoriality or nest defense is common
(Thresher 1984). While studies on fishes can be con-
ducted in aquaria, these are unlikely to fully replicate
natural conditions in a way that allows for a compre-
hensive evaluation of the environmental factors shap-
ing their mating systems and is often challenging
with larger species. A few groups of pelagic spawn-
ers, however, contain multiple small and relatively
sedentary species, such as labrids, serranids, chaeto-
dontids, and cirrhitids and are well suited to detailed
field study. Among those, the dragonets (family Cal-
lionymidae) exhibit a marked sexual dimorphism and
may be readily observed in the field. The gemmous
dragonet, Callionymous lyra, was the earliest exam-
ple of sexual selection identified in marine fishes as
expressed in the dramatic extension of the anterior
male dorsal fin (Darwin 1871).

Dragonets have been studied in the field and labo-
ratory for 150 years, yet details of their reproduc-
tive biology are sparse. Studies variously describe
spawning season, diel timing of spawning, mating
behaviors, sexual maturation, female preference, sex
ratio, age and growth, egg number, and spawning
frequency (Holt 1898; Akazaki 1957; Johnson 1972,
1973a, b; Wilson 1978; Gibson and Ezzi 1979; Takita
and Okamoto 1979; Fricke and Zaiser 1982; Takita
et al. 1983; Zhu et al. 1989, 1991; King et al. 1994;
Harrington 1996, 1997; Ikejima and Shimizu 1998;
Gonzales et al. 1996, 1997; Narita et al. 2006; Awata
et al. 2010; Wittenrich and Ho 2013). The form,
relative size, or use of the male anal fin during the
spawning rise, or at the time of gamete release, may
be important in callionymids according to aquarium
studies (Holt 1898; Gonzales et al 1996). Holt (1898),
for example, comments that in Callionymus lyra the
male anal fin points towards the female on spawning,
apparently forming a funnel around the female geni-
tal opening during gamete release, that may aid fer-
tilization. It could limit the opportunity for release of
sperm by other males (sneak spawning). Despite this
long history of research, however, little experimen-
tal work and few comprehensive field studies have

been conducted on their mating systems, and none
consider individual behaviors or interrelationships
among known individuals under natural conditions.
Hence mating systems in this taxon remain poorly
known.

The mandarinfish, Synchiropus splendidus (Herre
1927), is a particularly promising dragonet species for
field studies on mating systems. Experimental work
on female choice in captive fish showed that females
prefer males larger than themselves, and gamete col-
lections in the field showed that the mean number of
gametes produced positively correlates with body size
in both sexes (Rasotto et al. 2010). There is no male
care or other direct benefits to females from mating
with large males, and hence females may select these
for reasons related to fertilization efficiency, such as
sperm number and/or anal fin size. The relatively sed-
entary nature and small size of the mandarinfish, its
ready accessibility, approachability, close substrate
association, and abundance in shallow, quiet waters
are characteristics that collectively provide an excel-
lent opportunity for detailed examination of the mat-
ing system of a small pelagic-spawning fish in the
field.

Despite the popularity of this colorful and attrac-
tive fish with diver-photographers and aquarists and
experimental studies conducted to date, the species
has not been studied in detail under natural condi-
tions. It lives in sheltered, slow-moving waters of the
tropical Indo-Pacific down to 18 m and ranges from
southern Japan to New Caledonia, across Indonesia,
and the Philippines, New Guinea and Australia, and
east to the Caroline Islands in the western Pacific
(Myers 1999). The species can reach 90 mm in total
length, and feeds on tiny crustaceans (Debelius and
Baensch 1994). The species has a short larval dura-
tion among pelagic-spawning species, of about
14 days (Sadovy et al. 2001). The color pattern is
the same in both sexes with males reported to attain
larger maximum sizes than females and exhibiting
sexual dimorphism in their anterior dorsal fin (Myers
1999). It mates, in pairs, at consistently used sites on
the reef following elaborate fin displays by courting
males (Sadovy et al. 2001; Rasotto et al. 2010).

We conducted a field study in Palau, western
Pacific, to determine the mating system of the man-
darinfish. Based on current knowledge of its life
history, we predicted the species to be polygamous,
with both males and females having more than one
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partner, and to move only locally, hence not form-
ing large spawning aggregations. We expected that
the female preference for males larger than them-
selves, as observed in captivity, would also occur
under field conditions, with larger males gaining a
higher mating success than smaller ones. We also
predicted, given that pair-spawning appears typi-
cal of the species and considering indications from
other fish species, including callionymids, that
the anal fin may be active in males during spawn-
ing and could preclude the opportunity for small
males to parasitize the spawnings of larger males.
We expected that an understanding of reproduc-
tive ecology, including activity patterns, mating
behavior, density, sex ratios, location, and timing
and duration of spawning activity at the individual
level, would allow us to define the mating system
of a small pelagic spawner in detail, and to deter-
mine whether the species exhibits alternative mat-
ing tactics.

Fig. 1 a Individually
distinctive markings occur
on operculum, the sides of
the fish, and on the dorsal
fin. Extended fins shown

in large male (upper fish)

as he courts female, lower
fish. (b) Two similarly sized
small males displaying at
each other, the one on the
left chasing the other away.
(c) After spawning fish
move to nearby sleeping
areas, often communally
shared, where they became
motionless and pale, settling
on horizontal coral plates.
(d) Spawning pair with
medium female above and
large male positioned below
in horizontal orientation;
male anal fin is splayed
towards female. (e) Male
(left) and female in vertical
spawning rise showing
extended anal fin of male
that shades the area of gam-
ete release. (f) Following
spawning the small cloud
of egg and sperm (visible to
the mid-lower right of the
photo) remains intact for at
least a few minutes
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Methods

Underwater surveys were conducted in shallow
inshore areas of intact coral habitat off Malakal
Island, Palau, where mandarinfish are common. A
27 x27-m? area of 1-9-m depth was initially selected
to determine diel activity patterns. A smaller, 1-3 m
deep 12x 12 m?, area was demarcated from within the
larger area for more detailed repeated observations
of focal fish. Surveys were conducted on SCUBA.
Mature males and females were distinguishable by
dorsal fin morphology (Rasotto et al. 2010). Focal
fish were individually identifiable using variations in
markings on body sides, operculum and dorsal fins,
and were each seen on 3 or more days (Fig. 1a—f).
The study ran from 1997 to 2001 over five survey
periods, including winter and summer months, all
lunar phases, and involving the same three observ-
ers. The five survey periods covered 24.7.97-19.8.97,
4.8.98-25.8.98, 7.12.98-17.1.99, 4.8.99-3.9.99, and
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10.8.01-16.9.01, for more than 400 h of underwater
observations. Each of the five periods focused on a
different set of focal fish, focal spawning sites, and
study objectives. Hence sample sizes vary according
to each survey period, and numbers of focal spawning
sites and fish observed. Inter- and intra-sexual inter-
actions were noted. Observations determined adult
sex ratio, individual spawning frequencies, mating
associations, patterns of movement, and spawning
site use in time and space. Body sizes (total lengths)
were visually estimated in-water following work by
Rasotto et al. (2010), which determined the relation-
ship between actual measured and estimated lengths
to be correlated (Spearman’s correlation: rg=0.90,
P=0.001, n=9) with no significant deviation from
zero (one sample test, t3=2.09, P=0.070). While
we acknowledge that visual length estimations may
reduce the accuracy of length determination, fish
capture and measuring would have disrupted natural
behavior. To increase estimation accuracy, the body
size of each individual was determined on the basis
of at least 3 visual estimates, performed by differ-
ent observers (all co-authors). Water temperature at
the study site ranged from 26 to 30 °C and was typi-
cally 28-29 °C. Lower temperatures occurred during
periods of heavy rainfall and the highest was during
the El Nifio period in the summer of 1998. Adult fish
surveyed were between 25 and 60.5 mm TL (females
25-39 mm TL; males 32.5-60.5 mm TL).

Temporal patterns: diel activity and timing of
spawning

To determine diel patterns of activity and spawning,
observations were initially conducted throughout day-
light hours, from dawn to dusk. The 27 x27-m? area
was surveyed hourly from 6 am to 7 pm for 30 min
each hour with each hourly slot repeated 5 times.
Three different observers covered the site and all hour
slots. The number and sex of individuals observed in
each 30-min observation period during swims over
the site were noted.

The species is readily detectable when it spawns
as fish rise well above the substrate to release gam-
etes. The initial diel surveys of the 27 x27-m? area
determined that all spawning occurs at dusk; hence,
daily observations of spawning behavior focused on
this latter part of the day. Spawning events were doc-
umented in the smaller 12x 12-m? study area to the

nearest minute, and the identity of spawners, when
known, or their size and sex, were noted. Spawning
times were referenced against the “official” time of
sunset according to a Garmin GPS model 55. A daily
“spawning window” was identified as the time from
the first courtship-related display to the time of the
last spawn at the spawning site.

Spatial patterns: spawning and sleeping sites and use
of space

Substrate surveys were conducted to determine
whether particular substrates were preferred for
spawning, and, if so, whether these substrates in the
study area might be limiting. The 27x27-m? study
area was used to characterize substrate availability
and the habitat associated with spawning sites. Spe-
cific spawning sites where fish regularly gathered in
the late afternoon were identified in pilot studies. We
analyzed 27 randomly selected quadrats (1 m?), and
20 spawning sites, each demarcated with a remov-
able numbered buoy. We quantified, by percentage
occurrence, the 5 predominant substrate types (sand,
rubble, Porites rus, forms of “finger” Porites which
we assigned to P. cylindrica, and an “other” cat-
egory consisting mainly of sponges and soft corals)
using PVC frames sub-divided by lines into 10-cm?
units. We also surveyed the smaller 12 x 12-m? area
in detail to identify the substrate type at identified
spawning sites.

Use of space (i.e., areas of activity, AoAs) by focal
males and females was determined by regularly plot-
ting their positions on a map, printed on underwater
paper, in the latter daylight hours (spawning window),
the time during which we had determined spawning
to occur, i.e., 5 pm until shortly after dark. To plot
and measure the AoAs, a line was drawn to encom-
pass the outer edges of all locations indicated on the
map for each focal individual and the areas calculated
manually on fine graph paper. Open habitat such as
sand patches, regularly avoided by fish moving across
the substrate (presumably due to lack of shelter from
predation), were excluded from calculations of AoAs.
Only focal animals for which 20 or more locations
were marked over multiple days were used to gener-
ate AoAs. Fish were followed to sleeping areas when-
ever possible after spawning had finished. These and
spawning sites were mapped. To examine whether
or how male and female AoAs related to each other,
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these were plotted together as different layers in a
graphics programme and visually inspected to exam-
ine (a) AoAs of males relative to each other, (b) AoAs
of females relative to each other, and (c) areas of
overlap among spawning partners.

Inter- and intra-sexual behaviors, spawning
frequencies, locations, and male mating success

Inter- and intra-sexual behaviors were noted (i.e.,
chases, displays, spawning, unsuccessful spawning
rises, and disrupted spawns). Data were collected for
1-1.5 h prior to sunset until animals retired into the
coral for the night. Data were collected on fish iden-
tity, if known, or on sex and estimated size of fish,
focal site identity, and time(s) of spawning.

Selected fish were followed to collect informa-
tion on spawning frequency and spawning site use.
Selected focal females were followed for at least
7 consecutive days and the presence or absence of
spawning noted daily. For focal males, daily spawn-
ing frequency was determined only for males fol-
lowed for at least three nights. Numbers of sites used
daily by focal females and males were noted. Spawn-
ing frequency was used as a measure of male mating
success and to calculate reproductive success (i.e.,
number of eggs acquired according to size of female
partner times mating success) in relation to body size
and to the number of spawning sites visited (“Statisti-
cal analysis” section).

Adult sex ratios and sizes of spawning partners

To determine adult sex ratios, the numbers of adult
males and females at focal sites were recorded daily.
Since some individuals move among several sites in a
single daily survey period, a fish was considered to be
present at a focal spawning site (and hence counted)
on a particular day if it stopped at some point to inter-
act with other fish at the site. To establish the sizes
of fish participating as spawning partners, focal fish
were followed and the identity or size (for non-focal
fish) of spawning partner(s) noted.

Large male removal experiment
A brief removal experiment was conducted to inves-

tigate the impact of removing selected large domi-
nant males on female mate selection with the aim
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of determining whether females preferred to spawn
with males larger than themselves in the field, as pre-
viously demonstrated under laboratory conditions
(Rasotto et al. 2010). An area for this brief experi-
ment was selected distant from the main 12x 12-m?
study area to avoid any possible impact on the lat-
ter. The experimental area contained four spawning
sites with 10 males (32.5-43 mm TL) and 15 females
(25-37.5 mm TL) before removals were conducted.
After an initial survey period, three of the largest four
males in a study area were removed and maintained
in captivity; they were returned to the same site at
the end of the experiment. The fourth largest male
was left as a control. The identities of partners for all
spawns were noted for 18 days prior to removals and
11 days following removals.

Statistical analysis

Standard statistical tests were applied when possible.
Descriptive assessments were used as relevant; tests
for between-group comparisons (z-test, chi-square
test) were two-tailed with unequal variances. The
relationships between the mean daily male repro-
ductive success, male body size, and total number
of sites visited by each male were analyzed with a
Generalized Linear Model (GLM) assuming a quasi-
Poisson error distribution (log link) to account for
over-dispersion. Male body size and total number
of sites were included as continuous predictors. The
number of spawns was included as the response count
variable, and the total number of nights of observa-
tion (log) was added as an offset to model the num-
ber of spawns per observation unit (total spawns/
total nights). The relationship between the maximum
number of spawns per night (response count variable)
and male body size and total number of sites visited
(continuous predictors) was analyzed with a GLM
assuming Poisson error distribution (log link). A
Poisson regression was also used to test the relation-
ship between the two predictors, i.e., male body size
and number of sites visited.

Average female fecundity in relation to body size,
evaluated from previous work on the gamete collec-
tion of 67 mandarinfish spawning events (Rasotto
et al. 2010), was used to estimate male reproductive
success (i.e., daily mating success X total number of
eggs acquired from females of known size; unpub-
lished fecundity data are provided in Online Resource
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1). The relationships between the mean daily male
reproductive success, male body size, and total num-
ber of sites visited by each male were analyzed with
a GLM assuming a quasi-Poisson error distribution
(log link) to account for over-dispersion.

Generalized linear models were applied with the
Software: R Studio Version 1.1.463 using the “glm”
function of the package “MASS.” The fit of Poisson
regressions was assessed with a deviance goodness
of fit test and over-dispersion was checked with the
“overdisp” function (package “AER”). In the case of
over-dispersed data quasi-Poisson models were used
to account for over-dispersion.

Results

Temporal patterns: diel activity and timing of
spawning

Diel activity: Fish were variously visible during diel
surveys, but infrequently seen towards the middle
of the day unless there was heavy cloud cover, with
more fish typically visible early and late in the day
(Fig. 2). Although light levels were not quantified
all three observers independently noted more fish at
lower light levels. Fish were observed grazing on live
coral surfaces, but spent most time hidden from view
until 1-1.5 h before sunset when fish were increas-
ingly seen in the vicinity of spawning sites, and

Fig. 2 Number of fish

(mean and s.d.) observed 3
per hourly 30-min surveys
(n=65) from 6 am to 30 I
6 pm. Five surveys were -
conducted during each time n 25 I
slot, which was surveyed at ::
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different observers [0}
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>
Z
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inter- and intra-sexual displays became frequent. Dis-
plays were sometimes observed at dawn, but spawn-
ing was only ever seen at dusk.

Timing and duration of spawning: Spawning
was only observed within 20 min of official sunset.
Out of 198 timed spawns, all took place between
16 min before and 18 min after sunset (Fig. 3). While
our studies only covered the months of July, August,
September, December, and January, conversations
with local dive guides who take tourists on evening
dives to observe this species confirmed that spawn-
ing occurs throughout the year and was widely antici-
pated to be daily. The mean daily duration of the
spawning window, taken as the time between the
first courtship display and the last recorded spawn
time, was 28.18 min (s.d.=11.64; n=280). The mean
time of the first daily spawn relative to the end of
the spawning window on the same day was 4.50 min
(s.d.=5.12; n=80).

Spatial patterns: spawning and sleeping sites and use
of space

Spawning site substrate: The 20 spawning sites ana-
lyzed within the 27 x 27-m? study area for 5 predomi-
nant substrates (sand, rubble, Porites cylindrica, P.
rus, other) occupied 8.25 m?, representing 1.13% of
the area surveyed for substrate type. The most com-
mon substrate in the area comprised Porites spp.
(42.18%, s.d.=17, P. cylindrica; 8.78%, s.d.=6.90, P.
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Fig. 3 Time of spawning 18
relative to sunset for 198
timed spawns
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rus). These hard corals were also the most common
substrate associated with spawning sites (64.95%,
s.d.=P. cylindrica; s.d.=40.80, 21.95%; s.d.=37.40,
P. rus). Comparison of the availability of the differ-
ent substrates with their occurrence at spawning sites
showed that P. cyclindrica (chi-square: p<0.01;

R 1l I|||||| h
-5

” H‘Ill 1
0 5 10 15

Minutes relative to sunset (=0)

20

df=4) predominated at spawning sites. Since P.
cylindrica covered more than 300 m? of the surveyed
area, this substrate was probably not a limiting factor
for mandarinfish spawning sites (Fig. 4).

Spawning and sleeping site locations: Fourteen
spawning sites in the 12 x 12-m? study area were the

Fig. 4 Map of 12x 12-m?
study area (each grid square
measures 3 X 3 m.?) show-
ing locations of spawning
sites (n= 18, black dots)
and regularly used sleeping
areas (n=13, black stars).
Observations were made

after 5 pm until after dark.
Substrate types: scalloped
shading is “head” Porites,
dark gray is Porites rus,
light gray is “Finger”
Porites (cylindrica)
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basis for detailed daily focal fish and site studies; a
spawning site was confirmed for this study if it had
hosted at least 3 days of spawning events (Fig. 4). The
mean distance between spawning sites was 4.18 m
(s.d.=1.82; n=14). After spawning, females immedi-
ately moved to a regularly used sleeping area nearby,
often shared with conspecifics (Fig. 4). Males usu-
ally remained visible until after dark, continuing to
seek or court females, or interacting with other males,
then moved to sleeping areas where they also settled
for the night. Typically, sleeping areas were located
within sheltered cavities containing horizontal coral
plates close to spawning sites (Fig. 1c). Despite
repeated observations after dark, there was no evi-
dence of later spawning.

Space and site use by males and females: Focal
males and females regularly used one to several
spawning sites daily or over multiple days. The
mean number of sites used by males (n=14) over
multiple days (x=2.40; s.d.=1.62; range 1-5 sites)
was weakly but significantly greater than the mean

number of sites used by females (n=9) (x=1.64;
s.d.=0.55; range 1-3 sites) (t=—2.18; p=0.037;
df=31). On a daily basis, males were more mobile
among spawning sites than females.

The areas of activity (AoAs) used by 9 focal
females and 14 focal males were plotted over mul-
tiple nights in December 1998 and January 1999 in
the 12X 12-m? survey area. AoAs of individual fish
ranged from approximately 1 to 8 m? and encom-
passed one to several spawning sites and sleep-
ing areas. Males had significantly larger AoAs than
females (=2.38; p=0.029). There was a significant
and positive relationship between body size and
AoA area (r=0.48; p=0.021; n=23). Since females
are smaller than males it could not be determined
whether AoA area is influenced by sex.

There was considerable overlap in AoAs between
males and females and no indication that these areas
were defended by either sex; hence, they were not
considered to be territories (Fig. 5). It is unknown
whether individuals remained within these areas

Fig. 5 Four examples of
AoA overlap for combina-
tions of 12 focal fish with
their spawning partners. (a)

One female (solid line) and
her three male partners, (b)
one female (solid line) and
her two male partners, (c)

one male (solid line) and
his two partners, and (d)
one male (solid line) and
his three female partners.

Two fish, one male, and one .®
female appear in differ-
ent combinations (b and
d). Each grid square is

3x3 m.% and observations
were made after 5 pm. c
Each AoA encompasses at
least 20 point locations per

individual .
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earlier in the day, when they were typically hidden
from view, since observations of AoAs were only
conducted within 1-1.5 h prior to sunset. Using an
interactive, layered, model, multiple combinations of
AoAs by focal fish and substrate type were possible
by visual inspection. AoAs overlapped either fully or
partially between one to several individuals of both
sexes, irrespective of spawning partner associations
(Fig. 5; additional information are given in Online
Resource 1).

Inter- and intra-sexual interactions

Aggressive interactions: Dominance relationships
occur within both sexes according to body size (TL),
with aggressive interactions most quickly resolved the
larger the size difference; the most intense such inter-
actions lasted up to 8 min, but these were not com-
mon. Males displayed to other males by extending
dorsal, caudal, anal, and pelvic fins (Fig. 1a, b; video
in Online Resource 2) followed by combinations of
circling/sidling, lunging, biting, or chasing, depend-
ing on the extent of body size difference and response.
Submissive behavior was indicated whereby the first
dorsal fin was crossed diagonally across the back with
the second dorsal fin lowered, body curved, operculae
flared, and, if interactions were intense, body color
became pale. Paling of the body also occurred when
fish settled to sleep (Fig. 1c).

Chasing over short distances (m) was the most
common interaction between males and between
females. Relatively larger males dominated and typi-
cally gained access to nearby females. Small males
were able to spawn in the vicinity of larger males
only when the latter were otherwise occupied. Larger
females often chased away smaller females at spawn-
ing sites.

Courtship interactions: Males courted females
by extending all fins, generally at a higher intensity
on initial female encounter (Online Resource 3). As
spawning time approached males would begin to
“half-circle” a female in a jerky (stop-start) fashion
and become increasingly agitated, sometimes briefly
chasing females. Towards the end of the spawning
window, females paid more attention to males and
were more ready to align to rise to spawn.

Spawning interactions: Male and female pairs
rose slowly into a successful spawn shortly before
the end of the spawning window although rises
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were often aborted during earlier spawning attempts
(Online Resource 3) possibly due to poor body align-
ment or to perceived predation threat. Prior to suc-
cessful spawning, the female adjusted herself to be in
close proximity to the expanded male anal fin which
extended towards the female forming a partial funnel
next to her genital opening (Fig. 1d, e). Once align-
ment occurred the pair slowly rose (7-12 s) about
1 m up into the water column, released gametes, and
quickly returned to the substrate (Fig. 1d, f; Online
resource 3). Larger females only spawned with
males larger than themselves, despite being intensely
courted by males of different sizes, and showed little
interest to spawn with males similar in size or smaller
than themselves (Rasotto et al. 2010; this study). On
just three occasions, of hundreds of spawns observed,
spawning rises were disrupted by a nearby male or
female closely approaching the rising pair and chas-
ing the male. The original pair would return rapidly
to the substrate before realigning to rise and spawn.
The disruptor was never seen to release gametes with
a rising pair.

Spawning frequencies and male mating success:
Mean daily spawning frequencies did not differ sig-
nificantly between males and females (r=8.59E — 10;
p>0.05; n=240 focal fish samples; 98 female days;
142 male days) although variability was greater in
males. Male daily spawning frequency (number of
daily partners) was highly variable, from O to a maxi-
mum of 8 spawns per night, but for most (75%) nights
males only spawned between 0 and 2 times (x=1.71;
s.d.=1.61; n=142). Females spawned either once
daily or not at all (x=0.79; s.d.=0.408; n=98).

Females showed no evidence of spawning syn-
chrony across days. However, considering the very
short nightly spawning period of less than 10 min,
males were constrained to a very short time window
for spawning with multiple females. On any particu-
lar night whether or not a particular female would
spawn could not be predicted by observers unless
the female was heavily gravid, in which case she did
spawn. Observations on the spawning occurrence
of 12 females (25-36 mm TL) for 7-11 consecutive
days per female (a total of 102 days) showed females
spawned on 77% of the days surveyed. Spawning
occurred consecutively for 1 to at least 6 days inter-
spersed by 1 to 3 zero spawn days consecutively and
frequency did not appear to be associated with body
size (Online Resource 1).
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Larger males had a higher mating success than
smaller ones in terms of both mean number of
spawns per night (estimate=0.100+0.019 SE;
z-value=5.144; 95% CI=0.063 to 0.140; p<0.001)
and maximum number of spawns per night (esti-
mate=0.082+0.027 SE; z-value=3.087; 95%
CI=0.033 to 0.138; p<0.01) (Fig. 6). Seven out of
20 focal males regularly visited a single site, 2 males
visited 2 sites, and 11 males regularly visited from 3
to 5 sites. The number of sites visited was not influ-
enced by male body size (estimate= —0.025+0.018
SE; z-value= —1.384; 95% CI=-0.055 to 0.006;
p=0.166; n=20).

Male spawning frequency was negatively but
weakly influenced by the number of sites visited, sug-
gesting that males staying in one or two sites have a
higher or similar mating success compared to those
moving among multiple sites (mean nightly spawns:
estimate=—0.170+0.079 SE; z-value=—2.168;
95% CI=-0.329 to—0.020; p=0.045; maximum
nightly spawns: estimate=—0.246+0.125 SE;
z-value= —1.967; 95% CI=-0.506 to—0.014;
p=0.049) (Fig. 7). The 9 focal males regularly stay-
ing in one or two sites were noted at the sites with the
largest number of females (on average more than 3.2
female/night) or at sites somewhat isolated from the
majority of other spawning sites in the survey area.
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Fig. 6 Mating success in relation to male body size (TL mm)
(n=20). Maximum daily spawns observed (right axis; open
circle) and average daily spawns (total spawns observed/total
observation nights) (left axis; closed circle). Data from 3 to
14 days of observations. Days of no spawning are included.
Overlapping points are offset from each other to present all
data
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Fig.7 Male mating success in relation to the number of
spawning sites visited (males; n=20; sites: 1-5) showing max-
imum daily spawns (right axis; open circle) and average daily
spawns (total spawns observed/total observation nights) (left
axis; closed circle). Data from 3 to 14 days of observations.
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When factoring in female fecundity with mating
success, larger males obtained a higher reproductive
success (as determined by number of eggsXmat-
ing success) per night compared to smaller males
(estimate =0.126+0.028 SE; z-value=4.506; 95%
CI=0.074 to 0.184; p<0.001; n=17 males). On the
other hand, the mean number of eggs per night was
not influenced by the number of sites visited (esti-
mate=—0.121+0.103 SE; z-value=—-1.179; 95%
CI=—-0.335 to0 0.072; p=0.258).

Adult sex ratios and sizes of spawning partners

Sex ratios: The mean numbers of adult males
(x=2.68; s.d.=1.036) to females (x=3.32;
s.d.=1.44) at 34 spawning sites noted over 131
nights and in 4 survey periods did not differ signifi-
cantly (r=5.31E—-05; p>0.05; n=131). Spawning
sites contained 1-8 females and 1-5 males (Fig. 8).
Females were present at sites even on nights they did
not spawn. The mean sex ratio for the 131 nights was
1:1.24 M:F. Given that the likelihood was 77% that
a female would spawn on any one night, the overall
nightly OSR was equal (1:0.95).

Sizes of spawning partners: The sizes of focal
males and females in successful spawning pairings
were correlated (r=0.28; p=0.01; n=83 spawns; 13
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Fig. 8 Frequency of daily 35
adult sex ratio noted at

34 spawning sites across

4 survey periods (total

observations: n=131). An
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different males and 19 different females) with females
always spawning with males larger than themselves
despite the frequent presence of males at spawning
sites of equal or smaller size that courted them vigor-
ously on multiple occasions.

Large male removal experiment

A brief experiment designed to test whether females
prefer to mate with males larger than themselves in
the field, as demonstrated by an earlier laboratory-
based experiment (Rasotto et al. 2010), confirmed
this preference under natural conditions. Four focal

Fig. 9 Mean (and standard 14
deviation) number of

daily spawns (y-axis) by

10 different males (x-axis
shown by TL mm) before
(black; 18 days, 44 spawns)
and after (grey; 10 days,

33 spawns) removals of

3 large (41, 42.5, 43 mm
TL) at 4 adjacent spawn-
ing sites. One large male
(42.5 mm TL) was left as a
control. Total 15 females:
25-37.5 mm TL. Note that
5 of the smallest males (33—
38 cm TL) did not spawn at 0
all prior to removals
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spawning sites were surveyed for 18 days before (25
focal fish; 10 males, 15 females) and 11 days after
(the remaining 22 focal fish; 7 males, 15 females)
removals of three of the four largest males in the area;
the fourth male was left as a control. Before removals
the four largest males gained 98 percent of all spawn-
ings. After removals the three medium-sized males
that had not spawned pre-removal, despite vigorously
courting females, gained 61% of spawnings and the
large control male 18%; hence the largest 4 males
post-removal gained 79% of spawnings (Fig. 9).
Post-removal male-male interactions among three
intermediate-sized fish that had not spawned before

H
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removals (35, 36, 38 mm TL) intensified markedly
according to qualitative observation; interactions
were more frequent and lasted much longer among
these fish than pre-removal, and they more frequently
moved among the 4 spawning sites. Females were
clearly hesitant to spawn with intermediate-sized
males, as determined by the often-slow rises of paired
fish, and frequent aborting of rises by females. The
largest two females stopped spawning after removals,
and no female spawned with a male of similar size to
itself or smaller.

Discussion

The mandarinfish exhibits a polygamous mating sys-
tem. Males are polygynous, either spawning daily
with one or more different partners or they may not
spawn at all. In contrast, females are sequentially
polyandrous, typically spawning once daily with one
male, and occasionally not spawning at all. Often a
female will spawn with different males on successive
days. Spawning occurs in pairs, around sunset, at con-
sistently used sites where small clusters of fish gather
for the brief daily courtship and spawning period
(spawning window). Male and female densities vary
both among sites and within the same site on different
days. Promiscuous mating, such as group-spawning
or intrusion on the spawning pair by other individu-
als releasing gametes, was never observed. Hence the
possibility of sperm competition and/or of cryptic
female choice is excluded.

Overall, mating decisions by both sexes appear to
be shaped by temporal and spatial factors that con-
strain the potential for resource monopolization by
males, and for mating opportunities by both sexes.
Female variability in their spatial distribution, their
short and predictable daily spawning period, and the
asynchrony of their ripeness appear to influence male
behavior. Indeed, males may vary in their behavior
either demonstrating a form of defense polygyny,
whereby they consistently visit and attempt to domi-
nate the same spawning site over successive days,
or engaging in scramble competition, whereby they
move among spawning sites within or between days.
Both mating tactics allow the larger males, those
preferred by females (which prefer males larger than
themselves), to gain high mating success. Females,
too, are flexible in their daily choice of spawning

site(s), but most do not move among sites during the
same daily spawning window. The lack of potential
for mate monopolization is further reflected in the
sexual pattern of this species which was determined
to be gonochoristic based on histological examina-
tion of 58 gonads (Rasotto and Sadovy de Mitcheson,
unpublished data).

In the mandarinfish, courtship and spawn-
ing occurred during a narrow timeframe each day
and was generally characteristic of dusk-spawning
pelagic-egg producers. Mean duration of the daily
spawning window was 28 min, with egg and sperm
release confined to a period of less than 10 min. The
short window was consistent with other dusk-spawn-
ing pelagic-egg producing fishes (Thresher 1984)
with egg release evidently influenced by light inten-
sity (Myrberg et al. 1989). Timing might be linked
to the risk of predation generally being lower at dusk
than during daytime hours (Sancho et al. 2000b).
Spawning typically involved a slow rise of 7-12 s
of a paired male and female, a similar duration to
other pair-spawning pelagic-egg releasing reef fishes
(Habrun and Sancho 2011) . Work on other dragon-
ets similarly reports short spawning periods in the
latter daylight hours with spawning being seasonal
at higher latitudes (Takita and Okamoto 1979; Takita
et al. 1983; Fricke and Zaiser 1982; Zhu et al. 1991;
Gonzales et al. 1996; Harrington 1996, 1997).

Spawning occurred at spawning sites where small
clusters of fish gathered only during the daily spawn-
ing window. At other times of the day, fish dispersed
over the reef feeding and were mostly hidden from
view. The spawning sites and areas of activity (AoAs)
of both sexes were largely confined to Porites cylin-
drica, despite other coral species being present. The
P. cylindrica habitat, however, was not limiting in our
study area so there was plenty of potentially suitable
substrate available that was not used for spawning. It
was not clear what determined the location of indi-
vidual spawning sites. These locations were consist-
ent within survey periods of multiple weeks each, but
showed some variation among different survey peri-
ods. Hence, sites may not persist over extensive time
periods (multiple months to years); our longest sur-
vey period had consistent site use over 42 consecutive
days. Male and female AoAs overlapped with several
other individuals of the same and opposite sex, and
with both spawning partners and non-partners. The
number of spawning sites visited by individual males
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was influenced by the varying number of females pre-
sent at the sites, and in response to the degree of spa-
tial separation of spawning sites and the relative sizes
of other males present.

AoAs were not defended and hence were not
considered territories. Fish clearly avoided moving
across open areas of sand between different parts of
their AoAs, likely to minimize risk from predation.
Despite the protective mucus of the species, preda-
tion evidently remains a risk for the species (Sadovy
et al. 2005). Three predation attempts were noted in
over 400 h of observations, two unsuccessful ones by
lizardfish and a successful grab of a spawning pair by
a trumpetfish. This latter occurred in the post-removal
period of the removal experiment when females
appeared generally more reluctant to spawn. AoAs
ranged from 1 to 8 m? with larger individuals using
larger areas; distances between spawning sites within
the survey area ranged from 1 to 9 m with a mean
separation of 4.18 m.

Movements among spawning sites differed
between males and females. Small groups of females
clustered at focal spawning sites with most remaining
for the daily spawning window and just a few moving
among adjacent sites. In the case of males, medium
and larger individuals either remained at a single site
or moved among several sites seeking mating oppor-
tunities; few males visited more than 4 sites in a
single night. Data indicated males that visited fewer
sites on average had a higher or similar mating suc-
cess than those that moved among multiple sites. This
suggests that lower mobility could be advantageous,
maybe allowing males to focus time and effort on
procuring all or most spawnings at a few select sites
during the short spawning window. Limiting move-
ments might also minimize the risk of predation. Data
indicated that male movement was reduced when dis-
tances between mating sites were particularly great;
hence males were more likely to remain at a site dis-
tant from others.

Daily spawning frequency and inter-daily vari-
ability in spawning success were both positively
correlated with male size, while individual females
spawned either once or not at all each day. Larger
males often spawned multiple times each day and
smaller males typically spawned either once or
not at all. Relatively smaller males usually did not
procure a mating at a site where one or several
large males were present unless the larger fish was
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distracted, for example, by male-male fighting,
courtship, or spawning. In females the chance of an
individual spawning on a given day was 77% and
this was not according to any discernible temporal
pattern. Males did not appear to know whether a
particular female would spawn on a given day since
they courted all females encountered. Females were
not synchronized among themselves in their spawn-
ing patterns across days, except for the fact that all
spawning occurred within a very limited, mean of
4.5 min, timeframe each day.

Overall the behavioral ecology of mandarinfish
reproduction confirms that male density and female
dispersion and receptive timing are crucial determi-
nants of male polygyny (Andersson 1994). Theoreti-
cally, the temporally limited female receptivity, the
unpredictability of their readiness to spawn, and their
distribution among spawning sites are expected to
favor male polygyny by scramble behavior (Thornhill
and Alcock 1983; Dobson 1984; Schwagmeyer 1988;
Andersson 1994; Evans 2019), with males roam-
ing in competitive searching to maximize encounters
with potential mates. In the mandarinfish, however,
the variability in female density among spawning
sites and the spatial distribution of those sites might
give insights into the equally successful mating deci-
sion of mandarinfish males to remain at just one site,
rather than roaming among sites. For example, a high
female density at a spawning site could increase the
opportunity for males to take advantage of distrac-
tions faced by other, possibly larger, males at the
same site. Similarly, remote spawning sites increase
the cost of mate searching and might, therefore, result
in a lower local male density and reduced male-male
competition, thereby favoring a switch from a scram-
ble tactic to a resident/territorial one (Dobson 1984;
Sandell and Liberg 1992).

In the mandarinfish, females too appear to
exhibit flexible mating decisions with respect to the
number and frequency of spawning sites visited,
with some of them spawning at different sites with
different larger (than themselves) males on different
nights. This is an active sequential polyandry, with
females choosing their partners and, hence, having
some control over their offspring paternity (Immler
and Taborsky 2009). A similar sequential polyan-
dry occurs in several species of demersal spawn-
ers in which females either sequentially mate with
different males, or parcel out egg clutches among
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different males, thereby increasing offspring varia-
bility (Giacomello et al. 2008; Li et al. 2015; Lobel
et al. 2019).

In pelagic spawners with pair-spawning, informa-
tion on female mate choice is sparse, while polyan-
dry is well-documented in species with group spawn-
ing or parasitic spawning (e.g., Shapiro et al. 1993;
Colin 1992; Marconato and Shapiro 1996; Petersen
and Warner 1998). However, in the latter cases the
polyandry could be considered passive, since females
seem to have a limited influence on who is fathering
their offspring (Taborsky 1994). It is unclear whether
mandarinfish polyandry is indicative of a real differ-
ence between pelagic compared to demersal spawn-
ers or, alternatively, reflects the difficulty of studying
the behavioral ecology of such species at the indi-
vidual level. Further field studies, specifically focused
on female behavior, would shed further light on the
details of this mating system.

A question remains regarding the possible role of
the anal fin as the basis for mandarinfish female pref-
erence for males larger than themselves, as has been
suggested in several other dragonets (Holt 1898;
Gonzales et al 1996) and in at least one other taxon
(Koseki et al. 2001). In both the field (this study)
and in laboratory experiments, female mandarinfish
spawned exclusively with males larger than them-
selves and were very reluctant to engage with males
of similar size or those smaller than themselves.
Rasotto et al. (2010) concluded from the laboratory
study (a) that the mean number of gametes produced
positively correlates with body size in both sexes and
(b) that fertilization success is significantly related to
the mean sperm number released but not directly to
male body size.

Relative or absolute male size, or a correlate of
male size, might be important for alignment of paired
fish during the spawning rise, possibly limiting the
rapid dilution of gametes. Indeed, larger males have
larger anal fins and, in the mandarinfish, as in several
dragonet species, the male anal fin appears to closely
frame the female genital opening during spawn-
ing rises funneling the release of eggs and sperm
(Fig. 1d, e). While small males may successfully fer-
tilize the egg clutch of a small/similar-sized female,
despite absolutely smaller anal fins than larger males
and producing fewer sperm, they might not be able
to do the same with females larger than themselves
(Rasotto et al. 2010).

A close and efficient alignment of the spawning
pair, in addition to favoring gamete contact, might
limit the risk of predation during the spawning event
(Lima and Dill 1990; Sih 2005). In the medaka (fam-
ily Adrianichthyidae), the anal fin is larger in males
than in females and experimental work involving
the alteration of anal fin sizes in the medaka dem-
onstrated that the size of anal fin in males is impor-
tant for efficient fertilization, which the authors sug-
gest could account for selection for male anal fin size
(Koseki et al. 2001). Moreover, the role played by
the anal fin in mandarinfish mating dynamics might
account for the lack of sneaking interference during
spawning.

This study expands on prior knowledge of the mat-
ing systems of dragonets and advances our under-
standing of the mating system of the mandarinfish
as an example of a small pelagic-spawner. The data
enable a good understanding of the temporal and spa-
tial aspects of their natural environment that shape
the behaviors and interactions of males and females
during the daily spawning window, and allow for the
development of novel hypotheses for future research.
This species is excellently suited to in-depth field
study of the mating system of a small pelagic-spawn-
ing fish, and of particular interest because the pelagic-
spawning mode, in general, is difficult to study at the
individual level under natural conditions.
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