Journal of Ethology (2021) 39:235-248
https://doi.org/10.1007/510164-021-00698-y

ARTICLE q

Check for
updates

Home range use in the West Australian seahorse Hippocampus
subelongatus is influenced by sex and partner’s home range
but not by body size or paired status

Charlotta Kvarnemo'® - Susanne E. Andersson’ - Jonas Elisson’ - Glenn I. Moore?*® - Adam G. Jones*

Received: 11 December 2020 / Accepted: 23 March 2021 / Published online: 3 April 2021
© The Author(s) 2021

Abstract

Genetic monogamy is the rule for many species of seahorse, including the West Australian seahorse Hippocampus subelon-
gatus. In this paper, we revisit mark-recapture and genetic data of H. subelongatus, allowing a detailed characterization of
movement distances, home range sizes and home range overlaps for each individual of known sex, paired status (paired or
unpaired) and body size. As predicted, we find that females have larger home ranges and move greater distances compared
to males. We also confirm our prediction that the home ranges of pair-bonded individuals (members of a pair known to
reproduce together) overlap more on average than home ranges of randomly chosen individuals of the opposite or same sex.
Both sexes, regardless of paired status, had home ranges that overlapped with, on average, 6—10 opposite-sex individuals.
The average overlap area among female home ranges was significantly larger than the overlap among male home ranges,
probably reflecting females having larger home ranges combined with a female biased adult sex ratio. Despite a prediction
that unpaired individuals would need to move around to find a mate, we find no evidence that unpaired members of either
sex moved more than paired individuals of the same sex. We also find no effect of body size on home range size, distance
moved or number of other individuals with which a home range overlapped. These patterns of movement and overlap in home
ranges among individuals of both sexes suggest that low mate availability is not a likely explanation for the maintenance of
monogamy in the West Australian seahorse.
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Introduction locomotion strategy, trophic guild and prey size (Kelt and

Van Vuren 1999; Tamburello et al. 2015), all of which can

Space use is often related to an animal’s mating system
(Emlen and Oring 1977; Hixon 1987; Clutton-Brock 1989).
Other factors that determine space use, including the size
of an individual’s home range, are energy requirements,
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differ between the sexes (e.g. Vincent et al. 2005; Foley et al.
2015). Sex differences in movement patterns can thus arise
from ecological differences between the sexes or from differ-
ing reproductive interests. The relationship between mating
systems and space use is especially interesting, as the causal
arrow can point either direction. For instance, males of a
polygynous species might be motivated to move large dis-
tances to find additional suitable mates, resulting in greater
space use by males (Brown and Weatherhead 1999; Rade-
spiel 2000). Alternatively, males with large home ranges
for feeding purposes or other ecological reasons could be
polygynous merely because their territories overlap with the
home ranges of multiple females (Hixon 1987).

A mating system of particular interest is monogamy,
which appears to represent a scenario favoring similar pat-
terns of space use by members of both sexes. While molecu-
lar methods show that many socially monogamous species
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are genetically polygamous, i.e. they reproduce with more
than one partner (Avise 1996; DeWoody and Avise 2001;
Griffith et al. 2002), the same methods also demonstrate
that strict genetic monogamy does occur in a wide range
of taxa (Kvarnemo 2018), including birds (e.g. Piper et al.
1997; Marks et al. 1999; Robertson et al. 2001; Kleven et al.
2008; Rodriguez-Martinez et al. 2014), mammals (Ribble
1991; Brotherton et al. 1997; Hohoff et al. 2002; Huck et al.
2014; Syrickova et al. 2015) and fish (DeWoody et al. 2000;
Egger et al. 2006; Tatarenkov et al. 2006; Schaedelin et al.
2015; Woodall et al. 2011; Rose et al. 2014). The underlying
reasons for individuals to form pair-bonds and be reproduc-
tively faithful to each other over time are diverse (Kvarnemo
2018).

A fish species exhibiting a high degree of genetic monog-
amy is the West Australian seahorse Hippocampus subelong-
atus (previously synonymized with Hippocampus angustus)
(Jones et al. 1998, 2003; Kvarnemo et al. 2000, 2007). Hip-
pocampus subelongatus belongs to the family Syngnathidae,
consisting of seadragons, pipefishes and seahorses (Herald
1959; Lourie et al. 1999). Within Syngnathidae, the male
cares for the offspring by carrying the eggs during develop-
ment (Wilson et al. 2001; Stolting and Wilson 2007; Whit-
tington and Friesen 2020). Previous studies show that H.
subelongatus males receive eggs from only one female in
each brood (Jones et al. 1998), that males and females mate
size-assortatively (Jones et al. 2003), and that they can form
lasting pair-bonds, re-mating with the same partner over two
or more broods within a season, although they also some-
times change partners between broods (Kvarnemo et al.
2000, 2007).

This pattern of monogamy within and sometimes also
between broods has been found in several species of sea-
horses, despite ample opportunities for promiscuity in some
populations (Vincent et al. 2004; Wilson and Martin-Smith
2007). The pot-bellied seahorse Hippocampus abdominalis,
for example, shows behavioral promiscuity, with 1 male and
3-6 females displaying together, yet all sampled males car-
ried eggs from a single female only (Wilson and Martin-
Smith 2007). In H. subelongatus, males mating with the
same female in two consecutive broods move less and tend
to have shorter inter-birth intervals, compared to males that
switch mates between broods, indicating important benefits
to lasting pair-bonds (Kvarnemo et al. 2000). Similar results
have been found in Hippocampus fuscus (Vincent 1994) and
Hippocampus zosterae (Masonjones and Lewis 2000). In the
H. subelongatus study population, the adult sex ratio was
approximately 1.4 females per male (Kvarnemo et al. 2007).
This skewed sex ratio generates strong sexual selection on
females, with many females failing to find a mate, and larger
females being more successful (Kvarnemo et al. 2007).

In Hippocampus breviceps, H. guttulatus and H. sub-
elongatus the areas where individuals reside often overlap
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with many other individuals of the same and opposite sex
(Moreau and Vincent 2004; Curtis and Vincent 2006; cur-
rent study), suggesting these areas are undefended home
ranges rather than defended territories. For syngnathids, it
has been argued that since they are ambush hunters, attack-
ing prey that swim past, they do not need to move specifi-
cally to find food, which may explain their relatively small
home ranges (Vincent et al. 2005). In general, the size and
location of a seahorse home range is likely to be determined
by the availability of habitats that provide opportunities for
reproduction, survival and growth (Vincent et al. 2005).
Still, as explained below, sex, paired status and body size
may all affect home range use. That is the focus of this paper.

In many taxa, female reproductive rate is often more
dependent on food intake than is male reproductive rate (e.g.
Kvarnemo 1997; Miller and Svensson 2014; Janicke et al.
2015) as females rely heavily on ingesting enough food to
produce a new set of mature eggs in time for the next breed-
ing cycle. Similarly, females of several pipefish species eat
more and larger prey than males (e.g. Svensson 1988; Steffe
et al. 1989; Teixeira and Musick 1995; Lyons and Dunne
2004; Garcia et al. 2005; Kitsos et al. 2008; Manning et al.
2019). Assuming that H. subelongatus females also need
more food and that a large home range provides access to
more food, we predict females to have larger home range
sizes than males.

Several species of seahorses, including H. subelonga-
tus, are known to have long-term relationships over several
brood cycles (Vincent and Sadler 1995; Kvarnemo et al.
2000, 2007), form pair-bonds size assortatively (Jones et al.
2003) and be reproductively monogamous within and some-
times also between broods (Jones et al. 1998; Kvarnemo
et al. 2000, 2007; Wilson and Martin-Smith 2007). There
may be few reasons for already paired individuals to look
for a new partner, whereas unpaired individuals should make
themselves available, for example through mate search. We
thus predict unpaired individuals to move around more in
search of mates, and the home ranges of unpaired individu-
als to overlap more (in extent and number of individuals)
with opposite sex individuals. In addition, in order for pairs
to stay in contact, we predict the home ranges of males and
females known to reproduce together, to overlap to a greater
extent than home ranges of randomly chosen individuals
of the opposite or same sex. We use home range overlap to
infer the likelihood that two individuals have an opportunity
to meet one another.

Body size may also affect home range use, for three
reasons. (i) In the pipefish Syngnathus typhle smaller
adults of both sexes were more interested in food and
less in mates compared to larger individuals (Berglund
et al. 2006). If the same is true for H. subelongatus and if
home range size is mainly driven by foraging needs, we
predict smaller individuals of both sexes to have larger
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home ranges. (ii) Previous work has shown that large H.
subelongatus females (but not males) have higher mating
success than small females (Kvarnemo et al. 2007). Since
large females are therefore more likely to be paired, they
should have less need to move around in search of a mate
compared to smaller females. Hence, we predict especially
large paired female H. subelongatus to have smaller home
ranges than smaller females, if home range size is mainly
driven by mate searching. (iii) On the other hand, if home
range size is an expression of dominance or mating com-
petition among females, we predict large paired females to
have larger home ranges than smaller paired or unpaired
females.

Low mate availability can make it advantageous to stay
with a current partner than to try to find a new one (Barlow
1984; Whiteman and Co6té 2004; Kokko and Rankin 2006).
Low mobility and small home ranges may reduce mate
availability, a situation that correlates with reproductive
monogamy in some taxa (e.g. seamoths; Herold and Clark
1993). If this is also true in the sequentially monogamous
H. subelongatus, we predict their home ranges to overlap
with very few individuals of the opposite sex. Thus, again,
we use home range overlap to infer the likelihood that two
individuals have a chance to encounter each other.

Aims

Studying a wild population of tagged West Australian
seahorses Hippocampus subelongatus, of known paired
status and body size, we aimed to test the predictions listed
above regarding home range use in relation to sex (male or
female), paired status (paired or unpaired) and body size,
and if home ranges of known pairs overlap to a greater
extent than expected by chance. To do so, we focused on
the following specific questions:

1. Is there a difference in home range size and distance
moved between paired and unpaired males and females?

2. Home range overlap measured as number of individu-
als: Do the home ranges of unpaired males or females
overlap with a larger number of opposite sex individuals
than paired individuals do?

3. Home range overlap measured as area: Do the home
ranges of pair-bonded individuals that reproduce
together overlap more with one another than with other
opposite sex individuals and do male-male and female-
female overlaps differ in extent?

4. Does body size affect home range size or distance
moved?

5. Is low mate availability a likely explanation for sequen-
tial monogamy in the study population?

Methods

Spatial and statistical analyses were performed on previously
published data (Jones et al. 2003; Kvarnemo et al. 2007)
regarding the genetic mating system and movement patterns
of the West Australian seahorse Hippocampus subelongatus.

Previous study

The study was carried out from the end of January through
March 1999 over a total period of 47 days at a site south of
Perth in Western Australia. This time period represents the
second half of the breeding season, which usually lasts from
early December to late March. The total number of adult
individuals was 103, of which 43 were males and 60 were
females. Thus, the study population showed a female-biased
adult sex ratio. The study area was approx. 100 m X 25 m
(incorrectly reported as 100 m X 65 m in Kvarnemo et al.
2007) and included 25 pylons of a jetty at 3-5 m depth as
well as 82 short stumps (0.1-2 m high) from an older demol-
ished jetty at 8—10 m depth (Fig. 1a). The site was mapped
using compass and tape measure and all stumps and pylons
were labelled with numbers. This is the same area that was
studied in 1998 (Kvarnemo et al. 2000), but included three
additional pylons at the western end of the jetty, at approx.
3 m depth, and an additional section of very short stumps
at the western end of the demolished jetty. The seahorses
were monitored by SCUBA diving 2-5 days per week for
a total of 22 dive days. All dives were undertaken within
the time range 9 am-2 pm and most observations of loca-
tion were made on our first dive for the day, always before
noon. All dives started by first surveying the southern row of
stump-pairs (Fig. 1a), heading east until the end of the row,
then turning around and following the northern row, head-
ing west. The two divers inspected one stump each in a pair
in synchrony (with our heads down and fins up, to get the
best view and avoid stirring up mud from the soft bottom).
Any untagged individuals that were found were collected in
labelled containers, held in a catch bag, and tagged individu-
als were noted (position and pregnancy status for males),
before moving on to the next pair of stumps. We then sur-
veyed the jetty by swimming around each pylon to a height
of approximately 2 m above the seafloor. A full survey took
45-60 min. Following the protocol described in more detail
in Kvarnemo et al. (2000, 2007), the untagged individuals
were briefly brought to the jetty for measuring, tagging and
fin clipping, and pregnant males for brood sampling, after
which they were promptly returned to the position where
they were found. Only the first sighting of each animal was
included in our data for each day.
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Fig.1 a Map of the study area with a jetty at 3-5 m depth and
remaining stumps from an older demolished jetty at 8-10 m depth.
The pylons and stumps (indicated by open circles) of the two jetties
create an underwater grid that was used to record positions of tagged
seahorse (Hippocampus subelongatus) individuals on each dive. The
positions marked with an x indicate additional sites used by seahorses
(a chair, a stick and a tyre). b The graph illustrates how home range

Auto-correlation among data collected for an individ-
ual can be a problem, especially when position data are
collected very frequently e.g. by radio-tracking (Harris
et al. 1990). In our case, however, the risk of auto-cor-
relation was reduced as all sequential observations were
collected > 1 day apart. Also, pair-bonded H. whitei are
known to greet each other early in the morning at a spe-
cific location, but spend the rest of the day apart (Vincent
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area was estimated, using the minimum convex polygon method,
for an individual seen at ten different positions (open circles). ¢ The
graph illustrates how the area of home range overlap between two
individuals was calculated (shaded grey area). The graph also illus-
trates a case where the home ranges of two individuals did not over-
lap, but they shared two positions along a common line (grey circles).
Each shared position was counted as a 0.5 m? overlap

and Sadler 1995). We expect that H.subelongatus shows
the same pattern, since courtship behaviours are almost
exclusively observed in the early morning (G. I. M. per-
sonal observation), so the late morning timing of our
dives should reduce the risk of repeated observations at
the greeting spot.
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Determination of paired status and pair-bonds

Microsatellite DNA genotyping of the broods and adult
fin clips allowed female genotypes to be matched to
broods, from which mated pairs and pair-bonds were
inferred. Since it is known from previous work that a
male only carries offspring from one female at a time
(Jones et al. 1998; Kvarnemo et al. 2000), a small sam-
ple (approx. 20 embryos per brood, representing < 5% of
the whole brood) was enough to identify the female with
which a male had mated, and the rest of the brood contin-
ued to develop as normal. The brood sampling procedure
is described elsewhere (Kvarnemo et al. 2000, 2007).

Male paired status was determined based on whether
males were seen pregnant or not, as judged from the shape
of their brood pouches. However, we were not able to tell
if females were carrying mature eggs or were newly mated
based on the shape of their abdomen. Instead, our esti-
mates of female paired status depended solely on whether
we found a match of a female’s genotype in one of the
sampled broods. Some of the females that were catego-
rized as unpaired could have mated with one of eleven
pregnant males for which we failed to obtain a brood sam-
ple that could be genotyped. These females could also have
mated with a male that was not found, not seen pregnant
or that resided outside our study area.

New analysis of data
Exclusion of data

The number of sightings (i.e. how many times an individual
was seen over the study period) varied between 1 and 17
times. For both sexes, individuals categorized as ‘paired’ had
been seen a greater number of times than ‘unpaired’ indi-
viduals (ANOVA: sex: F gg=1.24, p=0.27; paired status:
F|99=12.3, p=0.001; interaction: F| g9=2.14, p=0.15).
This might mean that individuals that remained in the area
were more likely to breed there, but it also suggests that a
greater number of observations improved our estimate of
paired status. To reduce this source of error, and to remove
the problem that distance moved between sightings could not
be estimated for individuals with a single observation, we
excluded all 12 individuals that were only seen once from
our analyses. The excluded individuals were 4 unpaired and
1 paired male, 4 unpaired and 3 paired females. In addition,
1 female was excluded from the data set, because she was
never fin clipped, hence preventing us from genotyping her,
a crucial step to assess her paired status. This individual
was also excluded in Kvarnemo et al. (2007). The remain-
ing 90 individuals were included in the analyses, of which
32 were unpaired females, 20 paired females, 5 unpaired
males and 33 paired males. Including all individuals seen

once does not affect any of our conclusions from the statis-
tical analyses, but it does reduce the mean values for home
range area and number of overlaps (total, with females and
with males). Similarly, running the analyses excluding all
individuals seen less than five times does not affect any of
the conclusions.

Size of home range

We used the Minimum Convex Polygon method to estimate
home range areas. This method focuses on where one knows
for sure that an individual has been (Harris et al. 1990). The
method creates a polygon that covers all points where the
outermost positions are the boundary and where the inner
angles do not exceed 180 degrees (Worton 1987), similar to
pulling a rubberband around pins, for which each position
an individual has been seen is a pin. Although the method
has some disadvantages, it has many advantages, especially
when the numbers of re-sightings are low (Harris et al. 1990;
Seaman et al. 1999; Boyle et al. 2009), as is the case in this
study. We also favored this measure over other alternatives,
as it is a well-established method that is often used in the
seahorse literature, thus facilitating comparisons between
species or meta-analyses in the future.

We digitized the existing raw data of position and repro-
ductive status of tagged individuals collected over the study
period and assigned coordinates to all mapped positions.
The 100% Minimum Convex Polygon (MCP) method was
used (Fig. 1b) in the spatial analysis software Biotas (2.0a)
to calculate a home range area for each individual. MCP
could not be calculated for all individuals. To avoid hav-
ing to exclude a larger number of individuals, in addition
to the ones that were only seen once, we took the following
approach: For individuals that were seen at the same site
several times, which would have given them a MCP area of
zero, the tool buffer in Biotas was used to create surfaces.
The buffer radius was set at 0.4 m based on the radius of
the pylons and stumps plus additional habitat around the
pylon, which results in an area of 0.5 m?. Since both pylons
and stumps were positioned in straight lines, linear home
ranges were relatively common. An individual found along
a line received a summed area, that is, the number of posi-
tions X 0.5 m?. Individuals found at two positions further
apart received a buffer of 0.5 m? even for intermediate posi-
tions, since it is likely that the individual also visited inter-
vening pylons. For these individuals, the estimated home
range size might be a slight underestimate. In comparison,
when the home range area was based on MCP, the open silty
areas between stumps and pylons, which were rarely used as
habitat by these seahorses except for transit, were included.
Hence, for these individuals the effective home range size is
probably overestimated (cf. Burt 1943).
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Distance moved

For each individual, movement distance between subsequent
sightings was recorded and linked to sex and paired status.
This procedure was repeated for all times an individual was
seen, which allowed us to calculate the summed distance
moved over all sightings.

Home range overlap

Pairwise home range overlap was calculated among all 90
individuals. We measured home range overlap both as (i) the
number of males and females the focal individual overlapped
with and (ii) the area of home range overlaps. To calculate
the overlapping area, we used a custom Python program. The
code is available on Dryad (https://doi.org/10.5061/dryad.
w9ghx3fnz). The program created polygons from the Mini-
mum Convex Polygon method with data derived from each
individual (Fig. 1b). All polygons (i.e. home ranges) were
compared to each other. If the polygons overlapped, the area
of intersection was calculated. If there was no overlap but
the polygons touched each other along a line, the number of
shared positions was multiplied by 0.5 m? (Fig. 1c). If the
intersection was only one point, 0.5 m* was assigned as the
overlapping area. All overlaps were calculated regardless of
when an individual was seen at a certain position.

Statistical methods

A two-factor ANCOVA in SPSS (version 24) was used to
examine whether sex, paired status and number of sightings
affected (1) home range area, (2) total distance moved, (3)
number of female home ranges that focal individuals over-
lapped with, and (4) number of male home ranges that focal
individuals overlapped with. Sex and paired status were
included as fixed factors, whereas the number of sightings
was used as a covariate, since the more times an individual
was seen, the greater was the home range area, distance
moved and number of individuals it overlapped with. This
means that any effects due to sex or paired status would be
expressed primarily as a significant interaction between the
factor(s) and the covariate, rather than as significant main
effects. Head length can be used as an estimate of body size
(Kvarnemo et al 2007). To test if body size affects any of
the measured variables of home range use, we included head
length as a second covariate in all ANCOVAs. All non-sig-
nificant interactions were deleted sequentially, i.e. starting
with the four-way interaction, followed by the least signifi-
cant three-way interaction, and so on. Finally, any non-sig-
nificant covariates were removed from the models. Levene’s
test was used to assure all variances were homogeneous. All
mean values are given with + 1 standard error (SE). The raw
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data for these tests are available on Dryad (https://doi.org/
10.5061/dryad.w9ghx3fnz).

We used non-parametric permutation tests to compare the
mean area of home range overlap for 22 pairs of males and
females, known to reproduce together, to home-range over-
laps for male—female pairs chosen at random from the popu-
lation. Four individuals (3 males, 1 female) changed partner
during the study period. In one case (M176) the identity of
both partners was unknown (thus not part of this data set).
In one case (M140) only one of the partners was known
(F267), and thus included in this analysis. M204 and F233
had two known partners. For them, only the first mate (F201
and M191, respectively) was included in this analysis. The
permutation test was implemented in R, and our test statistic
was calculated as the difference between the mean home
range overlap of known male—female reproducing pairs and
the mean home range overlap of randomly chosen pairs of
males and females (with the constraint that the members of
these latter pairs were not reproducing together). To gener-
ate a null distribution for this test statistic, we randomized
the home range overlap values among all male—female pairs
and recalculated the test statistic 10,000 times. The observed
value of the difference between mean home range overlap
for reproducing pairs and mean home range overlap for ran-
domly chosen male—female pairs was then compared to the
null distribution to calculate a p-value. We performed a simi-
lar permutation test to compare mean home range overlap
among females to mean home range overlap among males.
The R code and raw data for these tests are available on
Dryad (https://doi.org/10.5061/dryad.w9ghx3fnz).

Results
Size of home range

The home range area (mean+ SE) was 63.3 +16.2 m?
for unpaired females, 93.5 +20.4 m? for paired females,
36.3 +40.9 m? for unpaired males and 36.6 +15.9 m? for
paired males. As expected, there was a strong effect of num-
ber of sightings on the home range area (ANCOVA: number
of sightings: Fg5= 13.19, p<0.001), that is the more times
an individual was seen, the greater the home range area esti-
mate would be. In addition, the home range area estimate
increased more for females than for males with number of
sightings (ANCOVA: sex * number of sightings: F, g5=4.24,
p=0.043; Fig. 2a). This means that females moved over
larger areas than males, and that this was most evident for
individuals that were seen many times. There was no sig-
nificant three-way interaction between sex, paired status and
number of sightings on home range area, as would have been
expected if paired males had smaller home ranges than other
groups (as indicated by previous analysis; Kvarnemo et al.
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Fig.2 a Home range area (m?) and b distance moved (m) by seahorse
(Hippocampus subelongatus) individuals increased with number
of sightings for both sexes, but more so for females than for males,
indicating that females have larger home ranges and move longer dis-
tances, whereas paired status did not affect the result. Filled triangles
and solid lines denote females, open circles and dashed lines males.
The results were not affected by excluding encircled data points

2007), or if unpaired females held larger home ranges than
other groups as a reflection of mate search. Also, there was
no effect of body size, estimated by head length, on home
range size, and no interaction with any of the other factors.

As can be seen from Fig. 2a, two females had larger home
ranges than others (F173: home range area 578 m?, 9 sight-
ings, head length 39.0 mm; F223: home range area 446 m?,
8 sightings, head length 30.3 mm). Removing these females
from the analysis does not change the results qualitatively
(ANCOVA: number of sightings: F, g;=24.91, p<0.001;
sex * number of sightings: F; g5=5.54, p=0.021).

Distance moved

On average, individuals moved 6.4 + 0.6 m between two
consecutive sightings. The distance moved over the course

of our study period was 33.9 + 6.3 m for unpaired females,
56.4 + 8.0 m for paired females, 21.0+ 15.9 m for unpaired
males and 32.0 +£ 6.2 m for paired males. As with area,
there was an effect of the number of sightings on the dis-
tance moved (ANCOVA: number of sightings: F, gs=74.1,
p <0.001), i.e. the more times an individual had been
sighted, the farther it had moved. The distance increased
more for females than for males with the number of sight-
ings (ANCOVA: sex *number of sightings: F, g5=8.41,
p=0.005; Fig. 2b), meaning that females moved greater
distances than males, and this became most evident for
the individuals that were seen many times. There was no
significant three-way interaction between sex, paired sta-
tus and the number of sightings with respect to distance
moved, and body size had no effect.

In a study at the same site in 1998 (Kvarnemo et al.
2000), focusing on 14 males that were brood sampled
at least twice, we found that males who switched mate
between sequential broods had moved greater distances
between brood sampling occasions, compared to males
that re-mated with the same female. To examine if such
a polygamous mating pattern may have influenced the
distance moved in the current data set, we removed the
three males that showed polygyny and the one female that
showed polyandry. As indicated in Fig. 2b, these individu-
als (M204, M175, M140 and F233) were seen 4, 12, 11
and 13 times and moved 0, 39, 41 and 121 m, respectively,
over the course of the study. However, removing them
from the analysis does not change the results qualitatively
(ANCOVA: number of sightings: F| 81 =65.7, p<0.001;
sex * number of sightings: F; g; =6.31, p=0.014).

Home range overlaps with number of other
individuals (both sexes)

In general, home range size correlated positively with num-
ber of other individuals it overlapped with (Pearson’s cor-
relation: r=0.86, p <0.001, N=90). Both males and females
had home ranges that overlapped with the home ranges of
many other individuals (unpaired females overlapped with
15.9 +9.8 individuals; paired females overlapped with
20.0+ 12.4 individuals; unpaired males with 16.4 +5.3 indi-
viduals; paired males with 15.8 +6.7 individuals).

Home range overlaps with females

Unpaired females overlapped with 9.8 +0.9 females,
paired females with 11.1+ 1.1 females, unpaired males
overlapped with 10.0+2.3 females and paired males with
9.8 +0.9 females. Paired status and sex of individuals
did not affect how many female home ranges they over-
lapped with (ANCOVA: sex: F 44=0.35, p=0.56; paired
status: F; ¢6=0.002, p=0.96). There was an effect of the
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Fig.3 In Hippocampus subelongatus, individuals’ number of over-
laps with a females and b males increased with number of sightings,
regardless of sex and paired status. Filled triangles denote females
and open circles males. Since number of sightings affected both sexes
equally, they are represented by a joint regression line. The results
were not affected by excluding encircled data points

number of sightings on the number of overlaps with females
(ANCOVA: number of sightings: F; 34=28.06, p=0.006;
Fig. 3a), but no significant three-way or two-way interac-
tion between sex, paired status and number of sightings, and
there was no effect of body size. One female (F173, with the
largest home range) had markedly more overlaps than other
individuals (Fig. 3a). Removing this female from the analy-
sis, however, gives similar results as above (ANCOVA: sex:
F,45=0.04, p=0.84; paired status: F, 5=0.73, p=0.40;
number of sightings: F; g5=9.70, p=0.003).

Home range overlaps with males
Unpaired females overlapped with 6.2 +0.9 males, paired
females with 8.9+ 1.1 males, unpaired males overlapped

with 6.8 +2.2 males and paired males with 5.9 +0.8 males.
There was a non-significant trend towards females having a
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slightly higher number of overlaps with males, but paired
status had no effect (ANCOVA: sex: F, g=2.93, p=0.09;
paired status: F; g¢<0.001, p=0.99). There was an effect
of the number of sightings on the number of overlaps
with males (ANCOVA: number of sightings: F, g=34.6,
p<0.001; Fig. 3b), but there was no significant three-way
or two-way interaction between sex, paired status and num-
ber of sightings, and there was no effect of body size. Fur-
thermore, again removing F173 from the analysis, the trend
disappears (ANCOVA: sex: F, g5=1.12, p=0.29; paired sta-
tus: Fy g5=0.78, p=0.38; number of sightings: F, 3s=46.1,
p<0.001).

Area of overlap for mated pairs and random
same-sex and opposite-sex pairs

The results of our permutation tests show that the members
of a mated pair of seahorses had home ranges that over-
lapped more than the home ranges of randomly chosen pairs
of opposite sex individuals. The histograms for home range
overlap for different categories (i.e., mated pairs, same-
sex individuals, or opposite-sex individuals) show that the
pairwise overlap for individuals comprising a mated pair
has a substantially different distribution compared to his-
tograms of individuals that were not in a pair (Fig. 4). In
particular, members of a mated pair were less likely to have
no observed overlap and more likely to exhibit substantial
overlap compared to seahorses that were not known to be
reproducing together. Permutation tests show that this dif-
ference is significant (Fig. 5a).

A more subtle difference is also apparent in Fig. 4, which
shows that randomly chosen female-female pairs had more
home range overlap compared to randomly chosen male-
male pairs. Even though most seahorse home ranges do not
overlap, the tails of the histograms indicate that female home
ranges show more overlap compared male home ranges on
the rare occasions when home ranges actually do overlap
(Fig. 4). Permutation tests show that this difference is highly
significant (Fig. 5b).

Discussion

We have shown that female H. subelongatus had larger home
range areas and moved greater distances than males and
that the home ranges of mated pairs overlapped more with
each other than with any randomly chosen individual of the
opposite sex. However, we found no effect of paired status
on home range size or distance moved, and no interaction
between sex and paired status. Similarly, body size had no
effect on home range use. All groups had home ranges that
overlapped with 15-20 other individuals on average. Given
that both paired and unpaired males on average overlapped
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Fig.4 Histograms showing pair-wise home range overlap for differ-
ent categories of seahorse (Hippocampus subelongatus) individu-
als on the study site. Home rage overlap is in units of square meters.
The upper left panel shows the distribution of home range overlap for
male—female pairs that were known to be monogamous partners. The
other three panels show results for pair-wise comparisons of all other
individuals within and between the sexes (excluding known mated
pairs). The home ranges of most individuals showed very little over-
lap, with the exception of mated pairs, who exhibit a distinctly differ-
ent distribution of home range overlap (upper left panel)

with almost ten females, and paired and unpaired females
overlapped with six to nine males, monogamy does not
appear to be driven primarily by a lack of opportunities to
find multiple individuals of the opposite sex. Below we dis-
cuss the four core questions, and then return to our predic-
tions in the conclusions.

1. Is there a difference between home range size and dis-
tance moved between paired and unpaired males and
females?

In contrast to, for example, many mammals (Clint et al.
2012), but in agreement with our expectations, we found
that female H. subelongatus had larger home ranges and
moved greater distances compared to males. These effects
became most evident for individuals seen many times and
were expressed as significant interactions between number
of sightings and sex. These results confirm previous studies
of other seahorse species (H. breviceps and H. whitei) that
also found larger home ranges for females than for males
(Moreau and Vincent 2004; Vincent et al. 2005), but differs
from a study of H. guttulatus which found no difference
in distance moved between a small number of males and
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Fig.5 Results of permutation tests comparing a home range over-
lap of mated seahorse pairs (Hippocampus subelongatus) to ran-
domly chosen male—female pairs (who were not each others’ mates)
and b pair-wise overlap of female home ranges to pair-wise overlap
of male home ranges. In each case, we generated a null distribu-
tion by performing 10,000 rounds of randomization of the observed
values of home range overlap with respect to category of compari-
son (i.e. reproductive pair, randomly chosen male—female pair, etc.)
and calculated the difference of interest from the randomized data.
The arrow in each panel shows the observed value for the relevant
comparison. Panel a shows that mated pairs have significantly more
home range overlap than randomly chosen male—female combinations
(p=0.0016), and panel b shows that female home ranges exhibit sig-
nificantly more pair-wise overlap than male home ranges (p <0.0001)

females that had been displaced from their original location
(Caldwell and Vincent 2013).

We do not know if H. subelongatus females need more
food than males or if a larger home range provides greater
access to food. As ambush hunters, seahorses move less than
many other fishes when they forage (Vincent et al. 2005).
Still, in two species of pipefish, S. typhle and Nerophis
ophidion, females invest more energy into egg production
than males invest into brood rearing, despite both species
showing role reversal (Berglund et al. 1986). If this result
applies to other syngnathids too, egg production may put a
premium on foraging for females, more so than for males,
and it is possible that the larger female home ranges are
explained by females being more motivated than males to
move to a new site to hide and eat, if the prey density at one
site drops. Nevertheless, we cannot rule out that females may
be using larger home ranges for other reasons, for exam-
ple competition related to access to mates. Yet, as larger
females are more successful at securing a mate (Kvarnemo
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et al. 2007), one would expect home range size to correlate
positively with female body size, but this was not the case.
Another related possibility is that home range size relates
to mate search, and consistent with this we found a strong
positive correlation between home range size and the num-
ber of other individuals it overlapped with. However, since
unpaired individuals did not have larger home ranges than
paired ones, this explanation appears unlikely.

Two females had strikingly larger home ranges than oth-
ers. Removing them from the analysis did not change the
result that females had larger home ranges than males, when
controlling for number of sightings. Why did these two have
such large home ranges? It seems the reasons differ. The first
female (F173) was relatively large (head length 39.0 mm; cf.
Figure 2 in Kvarnemo et al. 2007), and paired to a medium
sized male (M125; head length 33.5 mm). M125 was seen
twice, early in the study (Jan 21 and Feb 5: pregnant both
times), around the stumps at the eastern end of the demol-
ished jetty, and F173 was seen nine times, the first seven of
these (Feb 8 —23) in the same small area as M125. However,
after that F173 suddenly moved 78 m to the area around the
jetty pylons (Mar 1 and Mar 11). This is the longest move
recorded between two consecutive sightings in this study,
and clearly above the average distance moved (6.4 m). One
possible interpretation of why F173 relocated from one part
of the study area to another at that point in time, is that M125
had disappeared from the study area (for unknown reasons).
It is possible that F173 waited for 2-3 weeks (approximate
brood time) after M125 was last seen, and then she moved
on in search of a new mate. This behavior of F173 resembles
what has previously been documented for H. subelongatus
males, namely that males who switched mates between two
successive broods moved greater distances and tended to
have longer inter-brood intervals, compared to males that
bred with the same female (Kvarnemo et al. 2000). Simi-
larly, in H. whitei males that lost a mate would relocate to a
new home range within the reef before mating with a new
female (Vincent et al. 2005). The second female (F223)
with an unusually large home range was small (head length
30.0 mm) and apparently unpaired. This female was seen
eight times, all around the stumps of the demolished jetty,
where she moved consistently around the area. Given her
small body size, and hence relatively low chance of secur-
ing a mate (Kvarnemo et al. 2007), it is more likely she was
foraging than actively looking for a mate.

We also removed four data points belonging to three
males and one female that were known to have switched
partners between broods, as previous work on both H. sube-
longatus and H. whitei (Kvarnemo et al. 2000; Vincent et al.
2005) suggest that breeding with a new partner is associated
with a shift in home ranges, at least for males. However, the
movements of these four individuals did not exceed that of
others seen the same numbers of times, and hence removing
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them did not affect our results. It is however interesting to
note that one of the males (M204, seen 4 times) did not move
at all, despite partner change.

Based on data from the same individual seahorses, but
analyzed differently, Kvarnemo et al. (2007) found that
paired males were seen at fewer different sites (pylons
or stumps), indicating they had smaller home ranges and
moved around less than unpaired males, and paired and
unpaired females. This result was only partly confirmed in
this study, as males had smaller home ranges and moved less
than females, but no significant difference between paired
and unpaired males was found, when home range use was
measured as distance moved or area, rather than number of
sites seen as in Kvarnemo et al. (2007). Another difference
from the previous study is that all individuals with a single
sighting were excluded from the present dataset. There was
also a difference in models used (one factor with four levels,
instead of two factors with two levels each in the current
study). However, as shown in Tables S1 and S2 in Online
Resource 1, sample size had surprisingly little effect on the
outcome, whereas choice of ANCOVA model and method to
estimate home range size had some impact. Overall however,
based on Table S2, the results presented in the current study
appear to be robust, namely that there is a significant effect
of sex on home range size, expressed as a significant interac-
tion between sex and number of sightings, but no effect of
paired status on home range size.

2. Home range overlap measured as number of individu-
als: Do the home ranges of unpaired males or females
overlap with a larger number of opposite sex individuals
than paired individuals do?

Unpaired males did not overlap with more females, which
suggests they were not more active in mate search than
other groups. Given that there was a female biased adult sex
ratio, unpaired males may not have needed to search far for
females, which may explain why they did not overlap with
more females. In addition, the lack of effect of sex and paired
status can partly be due to the low number of males that
remained unpaired. With 1.4 females per male in the study
area, it is intriguing that any adult males remained unpaired,
as this should have provided ample mating opportunities.
One explanation as to why some males remained unpaired
is choosiness by both sexes, as found in both H. abdominalis
and H. guttulatus (Bahr et al. 2012; Faleiro et al. 2016).
Another possible explanation might be that ‘unpaired’ males
had a temporary break from breeding when sighted, and thus
were incorrectly categorized as unpaired.

With a female biased adult sex ratio and a large pro-
portion of unpaired females in the study area, we would
have predicted unpaired females to be more active and to
overlap with more males compared to paired females, and
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paired and unpaired males. However, our results do not
support this prediction. Although females moved more and
had larger home ranges than males, and we found a weak
non-significant trend suggesting that females encountered
slightly more males, paired status did not have an impact on
this. Thus, unpaired females did not move further or over-
lap with more males than paired females did. This lack of
difference between the paired and unpaired females may, to
some extent, be explained by the uncertainty in our estimates
of female paired status, but it may also mean our prediction
was incorrect.

3. Home range overlap measured as area: Do mated pairs
overlap more than other opposite sex individuals and do
male-male and female-female overlaps differ in extent?

The home ranges of most seahorses in this study showed
very little overlap, with one exception. Mated pairs had
fewer overlaps of zero square meters and the mean over-
lapping home range area was significantly greater than the
mean overlapping area for randomly chosen pairs of oppo-
site sex individuals. This result confirms our prediction
that mated pairs do overlap spatially to a greater extent
than other individuals. It also shows that if genetically
based information on paired status is lacking or uncertain,
home range overlap could be used to predict or confirm
whether two individuals are likely to be in a pair-bond or
not.

Comparing female-female overlaps to male-male over-
laps, we found more cases of large home range overlaps
among females. This result is probably due to the female
biased adult sex ratio in the study population, and to females
in general having larger home ranges, although it might also
mean that females seek out each other, or at the very least,
that they do not actively avoid each other.

4. Is home range use affected by body size?

Consistent with results for H. whitei and H. guttulatus
(Vincent et al. 2005; Curtis and Vincent 2006), we found no
effect of body size on home range use of either sex. This is
contrary to our prediction, which was based on results from
the pipefish S. typhle, in which adults of both males and
females were more interested in food when they were small
and in mates when they were larger (Berglund et al. 2006).
This might mean that H. subelongatus does not change
interest in the same way as S. typhle as they grow larger, or
perhaps that it does not translate to an altered home range
use. We also surmised that especially larger females might
have smaller home ranges, since they would be more likely
to be paired (Kvarnemo et al. 2007) and hence should be
in less need to move around in search of a mate, or alterna-
tively that larger females should have larger home ranges, if

home range size is positively correlated to mating success.
However, neither of these predictions was supported by our
observations. Apparently home range use is not affected by
body size in either sex in H. subelongatus. Still, our study
only covered the second half of the breeding season. Thus,
we may have found effects of body size if we had been able
to follow the individuals from the start.

5. Is low mate availability a likely explanation for sequen-
tial monogamy in the study population?

Herold and Clark (1993) argued that monogamous mating
behavior found in the seamoth Eurypegasus draconis could
be explained by low mobility and small home ranges restrict-
ing their chances of finding alternative mates. If the same is
true in H. subelongatus, which also shows monogamy, low
mobility and small home ranges, we expected little overlap
with opposite sex individuals. However, we found that, on
average, paired and unpaired males overlapped with 10.0 and
9.8 females, and paired and unpaired males overlapped with
6.2 and 8.8 females, respectively. This suggests that their
monogamous mating behavior is not driven by a marked lack
of opportunity to find other individuals of the opposite sex.

Conclusions

Our results suggest that home range use in H. subelongatus
is mainly affected by sex and by the partner’s home range.
We found that females had larger home ranges and moved
greater distances than males, indicating that they use a larger
area, possibly to forage more efficiently. However, we found
no indication that unpaired individuals would move around
more than paired ones in search of mates or overlap more in
extent or number of individuals of the opposite sex. Thus,
contrary to our prediction, paired status had no significant
effect on home range use, but we found that mated pairs had
home ranges that overlapped more extensively than those
of randomly chosen pairs of males and females. We found
no effect of body size on home range use, thus showing no
support for our predictions related to body size. In addition,
we found that female home ranges overlapped more with
one another than male home ranges did. We had no a priori
prediction regarding this result, but we interpret it as result-
ing from females having larger home ranges combined with
the female biased adult sex ratio in the studied population.
Finally, despite their small home ranges and low mobility,
we found that both sexes had home ranges that overlapped
with relatively large numbers of individuals, suggesting that
their monogamous mating pattern is not governed by a lack
of opportunity to mate with other individuals of the opposite
sex. This is important in a wider context, since the evolution
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of monogamous mating behavior has been suggested to be
driven by low mobility and small home ranges restricting
access to alternative mates (Barlow 1984; Whiteman and
Coté 2004; Kokko and Rankin 2006).
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