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In the light of future ocean warming scenarios and habitat fragmentation, coastal
fishes must adjust their physiological and behavioral traits to face the combined
effect of global warming and ecological interactions. Seahorses (Hippocampus
spp.) are charismatic fishes with peculiar life cycle traits, which make them
vulnerable to several anthropic pressures and natural disturbances. In this study,
we investigated the behavior of two sympatric seahorse species, the long-
snouted Hippocampus guttulatus (Cuvier, 1829) and the short-snouted
Hippocampus hippocampus (Linnaeus, 1758). Specifically, we carried out two
manipulative experiments to assess (i) the effect of temperature and habitat
availability on both H. hippocampus and H. guttulatus behavior and (ii) the effect
of temperature and an increased density of H. guttulatus (by 3x) on the activity
level of congeneric species H. hippocampus. Our results showed that +3°C
warming did not affect seahorse behavior in both experiments, suggesting
greater behavioral tolerance to thermal variation. However, a significant
reduction of the active behavior of H. hippocampus was observed when the
artificial habitat was introduced in the tank, while H. guttulatus maintained its
activity. Furthermore, a significant decrease of the H. hippocampus activity was
observed with an increased relative dominance of H. guttulatus. Our results
suggest that both increased density of H. guttulatus and habitat availability, but
not ocean warming, will affect the behavior of H. hippocampus. Therefore,
different interspecific behavioral strategies may occur, thus affecting the
distribution of the two species among shallow habitats when they occur
in sympatry.
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behavioral plasticity, Hippocampus guttulatus, Hippocampus hippocampus, climate
change, seahorse, coastal habitat

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2023.1138296/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1138296/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1138296/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1138296/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1138296/full
https://www.frontiersin.org/articles/10.3389/fmars.2023.1138296/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2023.1138296&domain=pdf&date_stamp=2023-08-31
mailto:michele.gristina@cnr.it
https://doi.org/10.3389/fmars.2023.1138296
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2023.1138296
https://www.frontiersin.org/journals/marine-science

Spatafora et al.

1 Introduction

The study of animal behavior is critically important in
understanding the status and welfare of species and populations
(Sih et al., 2004; Clements and Hunt, 2015) and can reveal the
ecological processes structuring marine populations and
communities (Hay, 2009; Schmidt et al., 2010; Nagelkerken and
Munday, 2016). Species behavior is a crucial factor in shaping
ecological interactions, thus representing a powerful tool to better
understand the combined effects of species interactions, their
response in a shifting environment, including in a climate change
scenario (Harmon and Barton, 2013; Milazzo et al., 2013; Levine
et al., 2017; Boulanger et al., 2022).

Warming has been shown to influence the distribution and
behavior of many organisms (Abram et al., 2017; Freitas et al., 2021;
Spatafora et al,, 2021). Higher temperature may induce behavioral
changes by altering activity rate (Biro et al., 2010), foraging (Biro
et al., 2007; Hu et al., 2021), habitat use and selection (Freitas et al.,
2016; Matis et al.,, 2018; Freitas et al., 2021), and reproduction
(Hopkins et al., 2011; Miller et al., 2015; Spatafora et al., 2021).
However, temperature-related changes in the organism’s behavior
may in turn affect species interactions and ecological processes
(Harmon and Barton, 2013; Freitas et al., 2021; Zhang et al., 2022).
For example, higher temperature can create novel interspecific
interactions (e.g., invasive vs. native species; Galaiduk et al., 2013;
Galasso et al., 2015) or alter the balance of pre-existing antagonistic
ones (Nogueés-Bravo & Rahbek, 2011; Milazzo et al., 2013;
Wernberg et al., 2013; Alexander et al., 2016; Bonaviri et al., 2017;
Yeruham et al., 2020). This may allow species coexistence through
thermal resource partitioning, thus maintaining their functional
roles in the ecosystem (Fey et al., 2019; Freitas et al, 2021).
Moreover, organism behavior (e.g., habitat use and selection,
foraging and anti-predator responses) can also be indirectly
affected via temperature-dependent changes in the abundance or
quality of resources (Ockendon et al., 2014; Nagelkerken and
Munday, 2016; Matis et al., 2018; Nay et al., 2020; Freitas
et al., 2021).

Seahorses are extremely vulnerable to natural and
anthropogenic impacts (Foster and Vincent, 2004) due to their
distinct life history, including sparse distribution, low mobility,
small home ranges, low fecundity, lengthy parental care, and mate
fidelity. Over the past few years, populations of seahorses showed a
sudden and sharp decline mainly due to habitat loss, fragmentation,
illegal trade, and incidental capture in fishing gears. Only recently,
seahorse species were listed on Appendix II of the Convention on
International Trade in Endangered Species of Wild Fauna and Flora
(CITES Convention) (Foster and Vincent, 2004) and in the
International Union for Conservation of Nature (IUCN) Red List
of Threatened Species (Pollom, 2014; ITUCN, 2020; Pollom et al.,
2021). Given their extreme vulnerability to natural and
anthropogenic impacts, climate changes may have a larger impact
on seahorses compared with other fish species (Aurelio et al., 2013;
Faleiro et al., 2015; Cohen et al., 2017; Pierri et al., 2021; Pollom
et al, 2021; Costa et al, 2023). However, studies investigating
seahorses’ ability to cope with future ocean warming and other
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ecological factors (e.g., habitat availability and species interaction)
are still scarce and limited to just a few species (Costa et al., 2023).

In the temperate coastal waters of the Europe, few studies have
investigated the effects of ocean warming on the behavioral and
physiological performance of Hippocampus guttulatus (Cuvier,
1829) (Aurélio et al., 2013; Faleiro et al., 2015; Costa et al., 2023).
Although two of the three prementioned studies reported a normal
increase in the metabolic rates (within their thermal sensitivity) and
ventilation of adult H. guttulatus individuals with increasing
temperature (18°C-26°C-30°C), the authors suggested great
behavioral and physiological plasticity to warming (Aureélio et al.,
2013; Faleiro et al.,, 2015). Additionally, Costa et al. (2023) found
significant increases in the activity and food intake in the same
species exposed to +7°C variation. While some information is
present for H. guttulatus, no studies have been conducted to
investigate the effect of temperature on behavior of the
congeneric species H. hippocampus (Linnaeus, 1758). The two
species inhabit lagoons, estuaries, and coastal marine waters
(Pierri et al., 2022) where they generally share same habitat but
with differences in niche partitioning (Curtis and Vincent, 2005). H.
hippocampus has been mainly found in bare and sandy habitats,
while H. guttulatus prefers more complex habitats such as seagrass
beds (Curtis & Vincent, 2005; Caldwell and Vincent, 2012; Curtis
et al., 2017; Correia et al., 2020; Correia, 2022). In most of the
European study sites where the two species occurred sympatrically,
the density of H. guttulatus was greater than that of H. hippocampus
(Woodall et al., 2018; but not in Greece, see Correia et al., 2020).
Although very low densities of H. guttulatus (0 to 0.51 ind. m~*) and
H. hippocampus (0.001-0.035 ind. m ) have been recorded in the
wild, the two species tend to be patchily distributed and are
occasionally found at very high density (e.g., 10 ind. H. guttulatus
m?, Foster and Vincent, 2004). Low densities are a recent
characteristic of European seahorse populations mainly due to
habitat loss, fragmentation, illegal trade, and incidental capture in
fishing gears (Correia et al., 2018; Pierri et al., 2021). Only recently,
European species were listed on Appendix II of CITES (Appendix
II) and the TUCN Red List where they were classified as “Data
Deficient” at a global level (Pollom, 2014; Pollom et al., 2021) and
“Near Threatened” in the Mediterranean (Pollom, 2017). Indeed,
TUCN Species Survival Commission (SSC) retain that the status of
“Near Threatened” is not appropriate, and the two species should
probably be included in the upper categories, as most of the known
European populations faced declines of up to 90% in the past
decade. Given the high vulnerability of these species and the
predicted effects of the climate changes, many aspects of
European seahorse biology remain unknown (especially for H.
hippocampus), including wide-scale distribution data, abundance
rates, and behavior. In addition, given seahorse tendency to be
patchily distributed and positively correlated with the percentage of
holdfasts™ availability (Correia et al., 2015), the preferred habitat
may become scarce, thus forcing these species (e.g., seagrasses) to
occupy the same niche. Therefore, mechanisms underpinning the
behavioral interaction between the two species need to be addressed
to better understand the distribution of the two seahorse species in
the European coastal ecosystems (Milazzo et al., 2013).
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Here, we first examined the behavioral responses of H. guttulatus
and H. hippocampus to increased temperature (+3°C, RCP 8.5,
IPCC, 2014) in the presence/absence of an artificial habitat. As H.
guttulatus generally prefers more shallow waters (with higher
temperature variation) with complex habitats (e.g., seagrass beds)
respect to the congeneric H. hippocampus, we predicted that the
likely more thermal tolerant species H. guttulatus would maintain its
activity levels regardless temperature conditions and habitat
availability while H. hippocampus would reduce its activity under
the same altered conditions. Second, as no information is available
for H. hippocampus in relation to temperature variation and the
species interaction with H. guttulatus, we explored the behavioral
responses (i.e., activity level) of H. hippocampus to increased density
(3x) of the congeneric species and elevated temperature conditions.
We forecasted that H. hippocampus would reduce its activity under
elevated temperatures and in presence of a higher density of the
congeneric, thus, explaining their lower abundances when the two
species share the same habitat.

Finally, given that sex-specific behavioral responses have been
reported for H. guttulatus (Faleiro et al., 2008; Gristina et al., 2022)
and other seahorses species (Freret-Meurer and Alves, 2018), sex
effect, and its interaction with other experimental factors
(temperature, habitat availability, and species) were also tested.

2 Materials and methods

2.1 Specimens rearing and
stocking conditions

H. guttulatus (11 males and seven females) and H. hippocampus
(24 males and 20 females), were selected in October 2021 from a
captive broodstock held at the breeding structures of Ramalhete
Research Station of the Centre of Marine Science—CCMAR (Faro,
Portugal). Individuals of both species were randomly chosen from the
broodstock and assigned to four holding tanks (100 cm x 70 cm X
50 cm) at two temperatures: two 22°C tanks (H. hippocampus, 11 males
and 10 females; H. guttulatus, five males and three females) and two 25°
C tanks (H. hippocampus, 13 males and 10 females; H. guttulatus, six
males and four females). The mean temperature matched average
summer temperature of 21.6°C (Newton and Mudge, 2003)
experienced by these species where individuals were collected, while
the higher temperature represented a mean temperature increase of +3°
C forecasted by the end of the 21st century (RCP 8.5, IPCC, 2014). The
elevated temperature (25°C) was reached by an increase of +0.5°C per
hour. The individuals of H. hippocampus (mean standard length + SE:
males = 12.26 + 0.15 cm and female = 11.8 + 0.18 ¢cm) and H.
guttulatus (mean standard length + SE: males = 12.84 + 0.17 cm and
female = 12.81 + 0.22 cm) (Supplementary Table S1) were acclimated
to the different temperature conditions for two weeks prior to
behavioral testing. Seawater temperature was set to 21.4 + 0.5°C and
25.2 +0.5°C, while salinity and dissolved oxygen were 37.6 + 0.1%o and
6.9 + 0.1 mg L' for both treatments. Holding tanks were illuminated
from above with 2 x 36W fluorescent tubes with a light intensity of 900
+ 40 Ix at the water surface and the photoperiod was set on 14h light/
10h dark cycles without twilight periods. Artificial structures made of

Frontiers in Marine Science

10.3389/fmars.2023.1138296

nautical rope (0.8 cm @) were provided as holdfasts. Seahorses were fed
ad libitum once a day with a mix of live mysid shrimp (Mesopodopsis
slabberi and Leptomysis sp.). Aquariums were daily cleaned by
syphoning to remove debris and eventual uneaten food. Seawater
parameters, such as ammonia, nitrates, and nitrites, were recorded
biweekly and kept stable throughout the experiment.

2.2 Experimental setup

Four experimental tanks (60 cm x 50 cm x 40 cm) were kept in
the same conditions (temperature, dissolved oxygen, and light
intensity) as the holding tanks and used for two behavioral
experiments. Seahorse behavior was observed and recorded using
a set of GoPro Hero 8 video cameras each assembled in a PVC
frame support placed in each aquarium at =15 cm above the water
surface. A grid (mesh size: 20 cm x 17 cm) was superimposed on the
tank bottom to help behavioral measurements. Fish were randomly
assigned to different observation tanks. Behavioral observations
were made daily in the morning (09.30h-13.30h.). During video
recordings, temperature conditions were kept constant.

2.2.1 Experiment 1: Effect of habitat and
temperature on H. guttulatus and H.
hippocampus behavior

To determine the effects of elevated temperature and habitat
availability on the behavior of H. hippocampus and H. guttulatus, a
total of 21 and 18 individuals, respectively, at control temperature
(22°C: H. hippocampus, five males and five females; H. guttulatus,
five males and three females) and elevated temperature condition
(25°C: H. hippocampus, seven males and four females; H. guttulatus,
six males and four females) were used (see Supplementary Table S1
for details). One individual (same protocol for both species) was
gently taken from the holding tank and introduced into one of the
two experimental tanks in relation to the previous temperature
condition of fish acclimation (22°C or 25°C). Recording began after
5 min of acclimation once the seahorse was introduced into the
experimental tank. Behavioral observations consisted of recording
seahorse responses before and after the introduction of an artificial
habitat (Supplementary Figure S1). For each replicate, a 10-min
pre-introduction period was followed by a 10-min post-
introduction period during which each fish was exposed to their
new habitat: three nautical rope (0.8 cm @) placed in the middle of
the experimental tank mimicking the Posidonia oceanica (Delile,
1813) seagrass (Correia et al., 2013). The tested artificial structures
used for this experiment were the same as those available inside the
holding tanks and have been proven to be a suitable habitat for H.
hippocampus and H. guttulatus (Faleiro et al., 2008; Correia
et al,, 2013).

2.2.2 Experiment 2: Effect of temperature and
increased density of H. guttulatus (3x) on H.
hippocampus behavior

To investigate the effects of elevated temperature and increased
density of H. guttulatus on the behavior of H. hippocampus, a total
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of 24 individuals of the latter species (22°C: seven males and five
females; 25°C: six males and six females) were used (see
Supplementary Table S2 in Supplementary Material for details).

A protocol similar to experiment 1 was followed to evaluate the
behavior of H. hippocampus with increased densities of H.
guttulatus (3x) under two temperature conditions. A single
individual of both H. hippocampus and H. guttulatus was
carefully taken from the holding tanks (at the same temperature
conditions: 22°C or 25°C) and introduced into one experimental
tank. Recording began after 5 min of acclimation once the seahorse
was introduced into the experimental tank. Behavioral observations
consisted of recording H. hippocampus responses before (H.
hippocampus and H. guttulatus, density 1:1) and after the
introduction of two additional individuals of H. guttulatus (H.
hippocampus and H. guttulatus, density 1:3) (Supplementary
Figure S2). Ten-minute time frame was recorded for each
introduction period (pre- and post-introduction) at different
combinations of H. hippocampus to H. guttulatus density (1:1 and
1:3). The 3% density of H. guttulatus was selected to mimicking wild
condition where the density of H. guttulatus was greater than that of
H. hippocampus and to preserve the welfare of these species under
captive conditions (Faleiro et al., 2008). The experiment was run at
the two selected temperature conditions (22°C or 25°C) and the
same artificial holdfasts (three artificial plastic plants) during the
two introduction periods. For this experiment, H. guttulatus were
randomly selected with a sex ratio of 2:1 (two males, one female). A
total of 12 individuals (a total of four trials) of H. guttulatus were
tested daily, and after each trial, the fish were placed back in a
separate tank and other fish were used. After four trials, the fish
were kept for 24h before being tested again.

10.3389/fmars.2023.1138296

2.3 Behavioral analyses

The behavior of seahorses in the two experiments was assessed by
a standard continuous focal sampling procedure (Martin and Bateson,
1993) using the VLC software (Software - VLC media player vs 3.0.11:
VideoLAN; https://www.videolan.org/vlc/index.ithtml). After video
analyses, the behavior of seahorses was described through a species
ethogram (adapted from Faleiro et al., 2008), and the behaviors were
assigned in two categories: Activity and Inactivity. In detail, for the
first experiment, a total of five behaviors for both H. hippocampus and
H. guttulatus were recorded and grouped into two categories: (i)
Inactive: resting and swinging and (ii) Active: swimming, crawling,
and body movement (see Table 1A for the detailed description of the
behavior). For the second experiment, a total of eight behaviors for H.
hippocampus were recorded and grouped into two categories: (i)
Inactive: resting, swinging, interactions with H. guttulatus, grasping
holdfast and (ii) Active: swimming, crawling, and searching and body
movement (see Table 1B for the detailed description of the behavior).
For each individual and in both experiments, we recorded the time
spent (in seconds, expressed as percentage) by seahorses on all
behaviors during the 20-min video observations. In both
experiments, the sum of active behaviors (defined as “Active”) was
compared between the two introduction periods (pre- and post-) and
the two temperature conditions (22°C or 25°C).

2.4 Statistical analysis

For both experiments, linear mixed models allowing to account
for the correlation between observations coming from the same

TABLE 1 Behavioral ethograms reporting the list of the behaviors grouped in the two categories (Active and Inactive) described for H. guttulatus and
H. hippocampus (A, first experiment) and for H. hippocampus (B, second experiment).

A
Movements

Behavior description

B

Movements Behavior description

Inactive Resting The seahorse remains resting, without performing
any kind of movement, while attached
or unattached to the holdfast.
Swinging The seahorse remains attached to the holdfast,
with slight movements of the head or body.
Active Swimming Actively swimming in water column with dorsal
and pectoral fins moving.
Crawl The seahorse crawl on the bottom tank.
Body The seahorse remains in the same place and move
movements the body rapidly due to the dorsal and/or pectoral
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fins movements.
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Inactive Resting The seahorse remains resting, without performing
any kind of movement, while attached or
unattached to the holdfast.
Swinging The seahorse remains attached to the holdfast,
with slight movements of the head or body.
Interactions with | H. hippocampus is attached (grasping with his tail)
H. guttulatus to another seahorse in the tank when at rest.
Grasp holdfast The seahorse is attached to the provided holdfat in
the tank.
Active Swimming Actively swimming in water column with dorsal
and pectoral fins moving.
Crawl The seahorse crawl on the bottom tank.
Body The seahorse remains in the same place and move
movements the body rapidly due to the dorsal and/or pectoral
fins movements.
Searching The seahorse swim actively seeking for potential
preys.
frontiersin.org
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individual (before and after the introduction of the habitat in the
first experiment; before and after the introduction of two
individuals of H. guttulatus in the second experiment) were used.
In particular, for the first experiment, the differences in the time
spent on active behaviors (Active) between the two species (Species)
and sex (Sex) at different temperatures (Temperature) and before
and after the introduction of the habitat (Habitat) were formulated
as follows:

Log(Active; + 1) = 0.+ B x Species;; x Habitat; x Temperature;;
X Sexij+ Py + 04 +€

For the second experiment, the differences in the Active
behavior of H. hippocampus before and after the introduction of
the two H. guttulatus individuals (Density) and between the two

sexes (Sex) at the two temperature conditions were modeled as
follows:

Log(HHActive +1 )

i
= o+ B x Density; x Temperature; X Sex;; + B, + Length + oy;

+ €,-j

For both model formulations, the response variable was log +1
transformed to meet the model assumptions of homoscedasticity and
normality of the residuals. Specifically, for the first experiment, the log
+1-transformed Active of the two species was modeled as an intercept
o plus a linear combination of the interaction between Species [fixed
factor with two levels: H. hippocampus (HH) and H. guttulatus (HG)],
Sex (fixed factor with two levels: male and female), Habitat (fixed factor
with two levels: pre- and post- introduction of the habitat) and
Temperature (fixed factor with two levels: 22°C and 25°C). While for
the second experiment the log+1-transformed Activity of H.
hippocampus was modeled as an intercept o plus a linear
combination of the interaction between Density (fixed factor with

Species -+ HG HH

*kk

log(Time Act.+1)
*kk

*kk

10.3389/fmars.2023.1138296

two levels: pre- and post- introduction of two individuals of H.
guttulatus), and Temperature (fixed factor with two levels). In both
formulations, the response was modeled by adding also a random
factor oy; (allowing us to account for the correlation of the observations
coming from the same individual for the first (H. Hippocampus: n = 21;
H. guttulatus: n = 18) and the second experiment (H. hippocampus: n =
24). assumed to be normally distributed with mean 0 and variance G,
plus the model errors (e;) assumed to be normally distributed with
mean 0 and variance 6> The index i refers to a specific individual,
while the index j to the observations coming from an individual. The
analyses were performed using Ime4 library (Bates et al,, 2014) in R
statistical Software (R Core Team, 2019).

3 Results

3.1 Experiment 1: Effect of habitat and
temperature on H. guttulatus and H.
hippocampus behavior

Obtained data are presented in Supplementary Table S3. A
significant difference in the active behavior between the two species
in two introduction periods (Supplementary Table S3; Figure 1A;
Habitat x Species: Fy ;5 - 14.84, p< 0.001) was observed, but neither
temperature nor sex or their interaction significantly affected the
behavior (Supplementary Table S3). A post hoc test performed on
the interaction terms showed that H. hippocampus active behavior
(784 s £ 26.3 SE) was significantly lower than of H. guttulatus
(414.6 s £ 54.5 SE) during the post-introduction period when the
artificial habitat was provided (Supplementary Table S3; Figure 1A;
t = 3.507, p< 0.01). In addition, H. hippocampus active behavior
significantly decreased during the post-introduction period (78.4
s + 26.3 SE) compared with the pre-introduction period (294.24 s +

Body Movement " Crawl  Resting "~ Swimming  Swinging

H. guttulatus

100%
75%

50%

% of Total time

25%

H. hippocampus

100%:
75%

50%

% of Total time

25%;

Plre po'st

FIGURE 1

Relationship between the introduction periods (pre- and post-introduction of the habitat) and the sum of the time spent on active behaviors (in log +1) by
the two seahorse species: H. hippocampus (gray line; n = 21) and H. guttulatus (black line; n = 18) (A). Solid dots represent the median, top, and bottom
vertical whiskers represent quartiles. Asterisk (*) indicates significant differences (p<.05) between the two seahorse species and the two introduction periods
for H. hippocampus and H. guttulatus. Stacked bar charts represent the percentage of time spent on the different behaviors (body movement, crawl, resting,
swimming, and swinging) by the two seahorse species between the two introduction periods (B).
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32.7 SE) (Supplementary Table S3; Figure 1A; t = —6.649, p< 0.001).
The time spent by H. guttulatus on active behaviors was similar
between the two introduction periods (Supplementary Table S3;
Figure 1A; t = -0.887; p = 1). Descriptive results of the single
behaviors showed that, in the absence of habitat, H. guttulatus spent
approximately 81% of the total time performing body movement
(36%), crawling (~33%), and swimming (~12%), while H.
hippocampus spent 97% of the total time for body movement
(~48%) and crawling (~49%). However, when artificial plants
were added to the tank, the percentage of the activity of H.
hippocampus was reduced to 28% (body movement = ~15%;
crawling = ~13%) in favor to the resting behaviors. Finally, the
time spent by H. guttulatus (in %) performing active behaviors
during the post-introduction period was approximately 70% of the
total activity (body movement = 43%, crawling = ~23% and
swimming = ~4%) (Figure 1B). In addition, seahorse length did
not affect, or change, their behavior (Supplementary Table S3).

3.2 Experiment 2: Effect of temperature
and increased density of H. guttulatus (3x)
on H. hippocampus behavior

The time spent by H. hippocampus on active behavior was
significant different (Density: F 46 - 1691, p< 0.001) between the
two introduction periods (pre- and post-) (Figure 2A;
Supplementary Table S4) regardless temperature or sex
(Supplementary Table S4). Specifically, a twofold decrease of H.
hippocampus active behavior was observed during the
postintroduction (164.7 s + 41.9 SE) compared with the pre-
introduction period (362.5 s + 39.8 SE) (Supplementary Table $4,
Figure 2A). Descriptive results of the single behaviors showed that,

+

before the introduction of two individuals of H. guttulatus, the
percentage of time spent by H. hippocampus on active behavior was
approximately 67% of the total time distributed between crawling
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(~41%), body movement (~25%), and searching (~1%) (Figure 2B).
During the post-introduction period, H. hippocampus spent
approximately 30% of the total time for body movement (~18%),
crawling (9%), and searching (~3%) (Figure 2B). No swimming
activity was recorded in both introduction periods. As previously
observed in Experiment 1, seahorse length did not affect, or change,
their behavior (Supplementary Table S4).

4 Discussion

The results of the present study indicated that the two seahorse
species reacted differently when a habitat was provided but were not
affected by +3°C warming. H. hippocampus significantly reduced its
activity in presence of a habitat, while H. guttulatus maintained its
activity; additionally, H. hippocampus significantly reduced its activity
when exposed to an increased density of the congeneric species
regardless temperature.

Higher temperatures can increase fish activity as can raise
metabolic rates (Biro et al, 2010; White and Kearney, 2014; Abram
et al,, 2017) of fish species (Ojanguren and Brafita, 2000; Biro et al,
2010; Laubenstein et al., 2018; Culumber, 2020). However, in our study,
behavior of the two seahorse species did not change significantly with
an increase in temperature. Wide thermal tolerance of H. guttulatus has
been reported in a previous study where the species showed unaltered
activity pattern under different temperature conditions (18°C, 26°C,
28°C, and 30°C) (Aurelio et al., 2013; Faleiro et al., 2015). Our findings
were in accordance with previous studies conducted on H. guttulatus
(Costa et al, 2023) and other seahorses (Qin et al, 2018) where
seahorse activity became affected by extreme temperature increase
(+7°C and +8°C, respectively) but not by a lower temperature increase
(+3°C and +4°C, respectively). Such a result for H. guttulatus was
expected as the species inhabits shallow inshore waters (inlets and
coastal lagoons) where there are large daily and seasonal temperature
fluctuations (see Lourie et al., 2004; Woodall et al., 2018; Pierri et al.,
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Relationship between the introduction periods (pre- and post-introduction of two ind. of H. guttulatus) and the sum of the time spent on active
behaviors (in log +1) by H. hippocampus (n = 24) (A). Solid dots represent the median; top and bottom-vertical whiskers represent quartiles. Asterisk
(*) indicates significant differences (p<.05) between the two introduction periods for H. hippocampus Stacked bar chart represent the percentage of
time spent on the different behaviors (body movement, crawl, resting, swimming, and swinging) by H. hippocampus between the two introduction

periods (B).
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2021); however, the lack of same response for H. hippocampus was
somewhat surprising as the species usually lives in deeper and cooler
waters (Lourie et al, 2004). Indeed, unaltered activity displayed by the
two seahorse species under increased temperature conditions suggests
tolerance to warming. Given their poor swimming abilities, seahorse
tolerance to +3°C warming may allow them to cope with future
increases in water temperature. However, considering limited
thermal range used in the present experiment and the captive
conditions, further laboratory and field investigations are needed to
exclude other negative impacts of long-term warming (Faleiro
et al., 2015).

Behavioral differences between the two species were observed in
relation to habitat availability. In the absence of habitat, both species
had similar activity levels and spent a similar amount of time in
body movement, crawling, and swimming. This contrasts with
previous evidence of higher activity levels of H. hippocampus
compared with H. guttulatus in areas with sparse vegetation
(Curtis and Vincent, 2005; Curtis et al., 2007). When artificial
habitat was introduced, H. hippocampus was less active than H.
guttulatus. This may be related to different aspects of their lifestyle
(e.g., locomotor activity or foraging strategy) (James and Heck,
1994; Curtis and Vincent, 2005). The reduction of active behaviors
(i.e., lower crawling and higher resting, see Figure 1B) observed in
H. hippocampus may reflect the species preference for less vegetated
habitat as supported by previous study conducted on the same and
other seahorse species (James and Heck, 1994; Curtis and Vincent,
2005). H. guttulatus prefers dense-vegetated habitats (Curtis and
Vincent, 2005; Caldwell and Vincent, 2012; Correia, 2022) and
reductions in species abundance have been associated with declines
in these habitats (Ribeiro et al., 2006; Correia et al., 2015). However,
no changes in the behavior of H. guttulatus were observed in
presence and absence of the artificial holdfast. Although there
were some differences in the experimental design (e.g., the use of
different number of holdfast availability), this study findings are in
line with previous evidences that failed to detect any effect of habitat
availability on H. guttulatus activity (Faleiro et al, 2008). Our
results suggest that H. guttulatus have a higher behavioral
plasticity compared with congeneric species when a suitable
holdfast is provided. This may support the density pattern trend
observed in most of the European study sites where H. guttulatus
tends to have higher densities than H. hippocampus when co-
occuring (Woodall et al., 2018). The capacity of H. guttulatus to
remain active in different habitats may allow this species to increase
the chance to find prey or reproductive mates thus increasing its
competitive ability as reported for other seahorse species (Freret-
Meurer and Alves, 2018). Indeed, H. guttulatus can modulate its
foraging strategy to different habitats including bare substrates
when no potential holdfasts are available (Ape et al., 2019).
Evidence of trophic flexibility in this species have been reported
in other studies where H. guttulatus was able to switch from a “sit
and wait” foraging strategy in vegetated habitat to active feeding
while swimming or crawling in uncovered areas (James and Heck,
1994; Felicio et al., 2006). On the other hand, a higher activity of H.
guttulatus may reduce camouflage and increase predation
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susceptibility (Foster and Vincent, 2004) with this potentially
favoring the less active species. Seahorses used for this study came
from a captive broodstock and were maintained under controlled
conditions with limited holdfast diversity compared with the wild
populations. However, the two seahorse species were kept
isolated in different tanks, and the same artificial structures were
provided to both species. Therefore, as they were previously adapted
to these artificial structures, the difference in the activity level
between the two seahorses may be related only to species-specific
behavioral responses.

A significant reduction in the active behavior of H. hippocampus
was observed when its ecological congeneric species was on patrol at
3x relative dominance. Despite the limited thermal range used in
this study, this result was observed independently of the
temperature condition thus ulteriorly supporting thermal
plasticity of H. hippocampus behavior. The highest density of H.
guttulatus along with the reduced activity of H. hippocampus
seemed mostly related to the increased time spent, by the latter,
grasping artificial substrata. This may be due to the higher risk to
lose their holdfasts thus maximizing substrate occupation when
more individuals compete for the same habitat in line with the “The
competitive exclusion principle” (Gause, 1934). Indeed, the benefit
of remaining still enough while grasping the holdfast for camouflage
reduce seahorse visibility to both predator and prey (Foster and
Vincent, 2004; Webster et al., 2009). Although not tested in this
study, the reduced activity may however limit other crucial
behavioral activities such as foraging, especially because H.
hippocampus is considered an active forager of both planktonic
and epibenthic prey (Curtis and Vincent, 2005; Kitsos et al., 2008).
Overall, and despite the limited number of information available in
literature, our results pointed out that both less-preferred habitat
and increased density of the congeneric species H. guttulatus cause
changes in the behavior of H. hippocampus. To date, only few
information is present in literature regarding similar interspecific
interactions among sympatric fish species (e.g., labrids) showing
evident behavioral alterations with a reduction of the activity of
subordinate species (Milazzo et al., 2013). However, further
investigation is needed to determine whether behavioral changes
observed in this study affected the intraspecific interactions of the
two seahorses.

Broadly, this study emphasized the behavior as a primary
mechanism in understanding the effects of warming and other
ecological factors (i.e., habitat availability) on H. hippocampus and
H. guttulatus. In addition, our results provided preliminary insight
into ocean warming and species interaction that may affect patterns
of distribution of the two seahorses. The paucity of behavioral and
ecological information on seahorses is hampered by their naturally
low densities (Foster and Vincent, 2004), low catchability (Curtis
et al,, 2007) and challenges associated with differentiating species
(Lourie and Vincent, 1999; Curtis et al., 2007).

However, given that one of the main threats to seahorse
populations on a global scale is represented by degradation of
coastal habitats (Olden et al., 2007), this study helps to
understand the behavioral traits that drive distribution of these
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sensitive species and could be therefore useful for future
management and conservation projects. Additional factors, which
were not explored in this study, could also have some influence on
behavioral responses in the wild, including other alternative
habitats, predator presence, and abundance (Shelton and Mangel,
2011; Harasti et al,, 2014), as well as food availability (Felicio et al.,
2006; Correia et al., 2015). We believe that future studies should
account for these additional factors that could affect the distribution
and abundance of seahorse populations.
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