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Abstract: The symbiotic relationship between the crab Trapezia spp. and pocilloporid corals has
been characterized as obligate. Although this relationship is considered common and has been
widely registered within the distribution areas of these corals, the initiation of this symbiotic relation
and its potential persistence throughout the life cycle of the crustacean is still poorly described. To
understand the Trapezia—Pocillopora symbiosis, determining the time and conditions when Trapezia
recruits a coral colony and the factors influencing this process are key. Thus, in the present study,
healthy, small and unrecruited coral fragments were attached to the substrates (using cable ties)
of nearby adult Pocillopora colonies. All fragments were monitored for two years to measure their
growth and size at the first evidence of Trapezia crab recruitment, as well as the abundance and
permanence of the crabs on the coral fragments. Results showed a relation between the space
available (coral volume) and crab recruitment as an increase in substrate complexity is required to
provide protection for the crabs and hence maintain the symbiosis, while abiotic conditions such as
sea temperature and the distance of the fragments from the adult coral colonies seemingly did not
affect the recruitment process. In addition, crabs are able to move between colonies, thus discarding
the theory that once recruited, crabs are obligate residents on this specific colony.
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1. Introduction

Invertebrates are the most abundant and diverse group within coral reefs [1]; some
of them are considered obligate associates on live corals [2] and their distribution has
been fully attributed to the presence of their host [3-5]. However, their abundance and
permanence not only depend on the presence of the host but also on (1) their reproduction
and recruitment, both regulated by abiotic factors, and (2) the ability of the larvae to
disperse, recognize and occupy suitable substrates [6]. Specifically, the benefits coral
colonies provide for their commensals, in comparison to free-living species, are a permanent
shelter, nursery site and in some cases nourishment [7,8].

Moreover, the obligate association invertebrate—corals can be characterized as bi-
directional. In particular, different groups of crustaceans have been reported to engage in
symbiotic associations with other macroinvertebrates such as sponges, sea anemones and
echinoderms, among others [9]. The benefit of these symbiotic assemblages may determine
their hosts’ fitness and long-term survival [5]. Hermatypic corals are the base of coral
communities; however, their permanence depends not only on the coral response but also
on their associated organisms. The presence of hydrozoa appears to reduce the corals’
susceptibility to diseases [10]. In the specific case of crustaceans, they have a relevant
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role in the daily maintenance of the colonies as they cleanse sediments and protect them
from predators [11,12] but also have a major role as their presence can slow down the
progression of white syndrome, as observed in Acroporids [13]. Therefore, the presence of a
high diversity of crustaceans, not only at a species level but also at a size level, can decrease
the vulnerability of the coral to different local stressors [14]. The accurate characterization
of the diversity of coral-associated organisms possibly contributes not only to an increase
of the knowledge on the ecology or physiology of a specific group but also to the different
mechanisms controlling coral reef functioning [5].

Trapezia spp. crabs are considered both highly abundant and conspicuous brachyuran
crustaceans, with a well-documented specific association as defenders of pocilloporid
corals [14,15]. The success of the Pocillopora—Trapezia symbiosis results from the fact that
the crabs share distribution with Pocillopora, the most abundant genus along the Eastern
Tropical Pacific [16], and also from their functional role in this symbiosis. The coral harbors
the crab, but in exchange, Trapezia crabs use Pocillopora colonies as a specific substrate for
refuge, as a feeding ground for grazing or food capture and as a direct source of nutrition
(detrital sludge, algae, etc.) [17]. In return, Trapezia eliminates the excess of sediment and
detritus accumulated on the coral tissue, thus contributing to the fitness of their Pocillopora
host and resulting in higher coral growth rates and an increase in their resistance to thermal
stress and bleaching [18].

Trapezia crab reproduction, recruitment and even migration responses are influenced
by annual changes in sea surface temperature and salinity [19]. Brachyuran reproduction
includes a planktonic larval phase that can last in the water column for days or weeks, thus
contributing to their local and regional dispersion [19]. Subsequently, the competent larvae
will detect specific chemical cues to settle and recruit [20]. In general, in tropical areas,
invertebrate larvae develop and settle during the warm season as temperature is a trigger
for their reproductive activity [21] and also due to food availability for both the larvae and
the early recruited organisms [1]. On the other hand, at sub-tropical coral reefs, it has been
demonstrated that there are no specific temporal patterns for crustacean recruitment [22].
Therefore, recruitment depends on the organism’s ability to reproduce and the optimal
environmental conditions, but the availability and suitability of the substrate also represent
an important factor for determining the species” abundance and composition.

Despite the relevance and life-long permanence of Trapezia crabs in coral communities,
studies regarding their recruitment and other behavior such as migration are scarce and
restricted to the presence, density, abundance at the coral genus level and the potential
relationship between crabs, coral colony size and available space [23]. When recruited, crabs
develop territorial behavior, protecting their host from both predators and intraspecific
competitors [8]. However, Trapezia is not a permanent resident on a single coral colony as
the crabs can migrate between coral colonies with available space to provide them shelter
and food [23] or when searching for partners for reproduction [7]. Although the basis
of the symbiotic relationship between corals and crabs as well as the services that are
provided are well characterized, so far, we still lack understanding regarding the initiation
and stability of this symbiotic relationship, information that is necessary to identify and
describe the recruitment-permanence process of Trapezia on Pocillopora and to recognize
the key factors involved in it. This symbiosis cannot be fully understood without the basic
knowledge of the individual organisms, which will then provide insights into the role of
Trapezia for the presence and even ability of the coral to resist and/or respond to future
climate change scenarios.

To provide insights on coral-Trapezia symbiosis over two years, we registered the
beginning of the relationship in order to identify the factors involved in the recruitment and
permanence of Trapezia crabs in Pocillopora corals and thus reach a better understanding of
this symbiotic relationship.
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2. Materials and Methods
2.1. Study Area

Islas Marietas National Park (IMNP) is an insular natural protected area located in the
Northeastern Tropical Pacific and consists of two islands (Isla Larga and Isla Redonda) and
several islets (Figure 1) [24]. The region is characterized as an oceanographic transition area,
with the seasonal convergence of three oceanic currents: Costa Rica Coastal Current, the
California Current and the water mass of the Gulf of California [25]. Also, local conditions,
such as the presence of seasonal upwelling, internal waves and runoffs influence the
environmental conditions of the area [26,27].
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Figure 1. Study area: Islas Marietas National Park (IMNP), Nayarit, Mexico. All sampling sites harbor
a high Pocillopora sp. coverage: (A) Restoration Zone (20.698860° N, 105.580997° W) and (B) Cueva
del Muerto (20.697389° N, 105.582806° W) at Isla Larga, and (C) Pavonas Platform (20.700908° N,
105.565304° W) at Isla Redonda.

Regarding benthic fauna, IMNP harbors one of the most important coral communities
of the Northeastern Tropical Pacific, composed mainly of branched corals of the genus
Pocillopora [28] and distributed in a depth range between 0 and 20 m [24]. It is important to
mention that Pocillopora is one of the most important reef builders in the Eastern Pacific [10],
represented in the area by at least eight different morpho-species [29]. In addition to its
high richness, this region is also considered an important larval dispersal and connectivity
zone along the ETP [16].

For the purpose of this study and better spatial representation, three sites were selected.
All sites harbor a high coral cover of healthy adult Pocillopora spp. colonies with a high
availability of naturally fragmented corals also defined as fragments of opportunity: (1)
Restoration Zone (RZ) and (2) Cueva del Muerto (CM), both located on Isla Larga and
representing 11% cover of Pocillopora corals, and (3) Pavonas Platform (PP) on Isla Redonda,
with ~9% cover, located at a depth of 6-8 m [29,30] (Figure 1). The benthic communities
at the sites include massive and sub-massive corals of the genus Porites and Pavona, as
well as other important morpho-functional groups such as articulated and encrusting
coralline algae, fleshy macroalgae, algal turf, sponges, coral rubble, other sessile groups,
rock and sand [31].
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2.2. Field Experiment

To evaluate the Trapezia recruitment rate and the relationship with the available
space, a total of 44 Pocillopora fragments of opportunity (~8 cm length, ~6 cm width)
were hand-collected by SCUBA diving. Each fragment was visually evaluated in order to
select only healthy coral fragments without evidence of bleaching, tissue damage or high
abundance of external and internal bioeroders. More importantly, all fragments represented
a single branch (=1 cm height) without associated Trapezia crab. To minimize the stress
of transplantation, all fragments were carefully placed in plastic baskets and immediately
transferred by divers to designated transplant areas. Each fragment was individually fixed
to a rocky substrate with a plastic cable tie [32,33] and then tagged so that individual
growth and overall development of each coral colony and Trapezia recruitment could be
monitored (Figure 2).

Figure 2. Coral fragment transplantation and monitoring. (a) Coral fragment selection; (b) Fixing
and labeling of Pocillopora fragments without Trapezia.

Coral growth was measured every two months during a two-year period (September
2018-October 2020). For this, maximum length, width and height of coral fragments were
measured with plastic calipers (0.05 mm precision) to estimate the volume and hence
determine the habitat space available for recruitment, as described by Barry [34]. It is
important to emphasize the relevance of the three-dimensional structure resulting from
the growth pattern of Pocillopora. So far, fragmentation is considered the most important
reproductive strategy of Pocillopora in the region [35]. Since the fragments originated from
asexual reproduction (fragmentation), they initially did not show a complex growth, so a
1 cm height was used in the formula to calculate the volume until the fragments presented
ramification and therefore an increase in their complexity.

Trapezia recruitment (Figure 3) was assessed over the two-year period by visually
recording the abundance of the crabs per colony at every visit (bi-monthly) using a thin
metal rod and inserting it into the spaces between the coral branches to trigger Trapezia
defense response. Additionally, to evaluate the relationship between crab migration and
available space, the distance of each transplanted fragment (colony) to the closest adult
Pocillopora colony was measured. Also, daily sea temperature was recorded in situ by a
HOBO temperature data logger (Onset, MA, USA) and the average value of the sampling
time (month in which the visits were made to record data). Furthermore, bi-monthly
mean sea surface temperature was calculated to evaluate the effect of temperature on
crab recruitment.
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Figure 3. Recruitment of Trapezia in Pocillopora fragments. (a) Trapezia sp. hidden between coral
branches; (b) Close up to Trapezia crab.

2.3. Data Analysis

Differences in Trapezia recruitment (density per colony) and habitat space (i.e., coral
volume) through the sampling time were analyzed, each one with a one-way repeated
measures analysis of variance (ANOVA) based on permutations and using the sampling
time (T) as a fixed factor. These repeated measures ANOVAs based on permutations were
constructed with Euclidean distance matrices following Anderson et al. [36]. The main test
and pairwise comparisons were assessed using 10,000 permutations of residuals based on
a reduced model and type IIl sum of squares. Analyses were computed using PRIMER ver.
6.1.11 + PERMANOVA v.1.0.1 software [37].

A multiple linear regression (MLR) was performed to identify the explaining variables
that best explained the Trapezia recruitment. Thus, coral volume and the sea temperature
were independent variables, while Trapezia crabs” abundance was the dependent variable
[Y =80 + 51 X1 + f5X5]. Fit to the Gaussian curve and homoscedasticity were met from
model residuals. MLR was done with SigmaPlot 11.2 software. In order to explore how
the natural adult Pocillopora colonies on the site were related to the variation in Trapezia
recruitment from the experimental transplanted coral fragments, we plotted an exploratory
graph. The data used in the graph were the total abundance of Trapezia of each fragment
over time and the distance of each transplanted coral fragment to the nearest adult colony.

3. Results

Pocillopora fragments showed a growth of 2.52 + 1.18 cm yr~! in length and
2.12 + 1.13 cm yr! in width during the first year, and during the second sampling
year, a growth of 4.55 + 1.43 cm yr~! in length and 4.59 £ 1.91 cm yr~! in width. In
both, the difference in annual coral growth and the consequent development of branches
resulted in an almost twofold differential increase in the colony volumes during the first
year (42 to 77 cm®), while during the second year the colonies reached +10-fold volume,
with a maximum value of 1335 cm?.

The first evidence of crab recruitment was recorded two months after transplantation
(first sampling time point) in fragments with a minimum volume of 20.13 cm®. During the
study, a maximum of seven crabs per colony was observed. However, their permanence
was not stable, as the number of crabs fluctuated in the colonies over time; therefore, the
occupation was not permanent, since in coral colonies harboring crabs at one sampling
time point, they could be absent in the next and present again in the following sampling
time point, evidencing the ability of Trapezia to migrate between colonies (Table S1). Also,
the distance between colonies was assessed with a maximum distance of 12.5 m, suggesting
that the crabs were able to move among coral colonies at distances >10 m. Finally, the
temperature data showed a sea temperature range of 19-31°C.
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On the other hand, repeated measures ANOVAs based on permutations evidenced
an increase of the colony volume over time (Figure 4, Table 1) and an increase of Trapezia
recruited (Figure 5, Table 1).
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Figure 4. Boxplots of changes in colony volume over time. Corals were monitored bi-monthly for
two years, with 0 representing the time when coral fragments were transplanted. The bars indicate
the average (with the representation of the median) volume of fragments per time point. Y-Axis
break was used to shrink a segment and enhance the readability of fragment volume change in the
chart. Letters indicate significant differences between groups.

Table 1. One-way univariate ANOVA with repeated measures based on permutations evaluating
differences in coral growth as the volume, and recruitment of Trapezia, between time (T).

Habitat Space Recruitment
Source
Pseudo-F P (perm) C.V.(%) Pseudo-F P (perm) C.V.(%)
Time 145.44 0.0001 * 71.7 108.1 0.0001 * 70.9
Residuals 21.9 29.1

* Results with statistical differences (p < 0.05).

The MLR was significant (F = 10.417, p = 0.005) with a R?,4; = 63% [Y = 15.993 + (1.889
* Temperature) + (0.00183 * Volume)] where coral volume was the best predictable variable
(t =4.265, p = 0.002) for Trapezia recruitment and how this influence increases over time.
Temperature alone was not significantly related to Trapezia recruitment (f = 0.823, p = 0.432),
but in combination with coral volume, it did generate a significant model (F = 10.417,
p = 0.005). In addition, despite not being constant, a pattern of increase in the density
of crabs was found with an evidently higher abundance of Trapezia with the increase of
habitable space (coral volume) as a result of Pocillopora tridimensional growth and the
development of branches.
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Figure 5. Boxplots of Trapezia crab’s recruitment on Pocillopora fragments. A decrease or absence of
Trapezia suggests migration between colonies. Letters indicate significant differences between groups.

4. Discussion

Crustaceans are considered the most abundant and diverse group of invertebrates
associated with coral reefs [1] and Trapezia represents a high-richness and high-occurrence
group [38]. Although the Trapezia—Pocillopora association and the role of both host—symbiont
have been previously documented [8,14,18,38-40], no information was available regarding
the crab recruitment process. In order to initiate a symbiotic relationship, the presence
of both organisms is necessary; however, in the case of the coral, a recently recruited
colony does not represent a habitable space for Trapezia, and colony volume and associated
available area has been determined as both a limiting and essential factor for the commen-
sals [34,39]. The availability of sufficient space for the presence of Trapezia is not attributed
to their nutritional requirements or reproductive activity but to the territorial and aggres-
sive behavior that these crabs develop [41]. In the present study, the coral colonies show
differences in their volume and thus available area, whilst no differences in the recruitment
of Trapezia related to the volume of the coral were found. In this context, it could be
hypothesized that the probability that Trapezia recruit a colony is related to the increasing
complexity of its branching morphology and not the volume per se [40]. However, our
findings showed that three-dimensionality was not necessary for crab recruitment; instead,
the crabs only need a healthy coral fragment without secondary branching, even though
this could result in increased Trapezia vulnerability due to being relatively unprotected
against predators.

Also, independently of the presence of branches or the lack of structural complexity
of the coral colonies, crabs were not permanent residents, as indicated by their fluctuating
abundance per coral colony throughout the monitoring period. Previously, the territorial
behavior of the crab had led to the assumptions that (1) the presence of more than a
couple of crabs per colony would be related to the available area [39], (2) that there could
be a hierarchy by space within the colony, with larger crabs displacing smaller crabs
to the margins of the colony or entirely outside of it [42], as the recruitment of recent
recruit crabs depends on an intra-species interaction where the conspecific resident crab
should accept the new resident [43], and (3) that in addition to having a high energetic
cost, movements or migrations among coral hosts would increase the vulnerability of the
crabs to predators [44]. Therefore, besides the area and exposure factors, the distance
between hosts, predation pressure, host characteristics (size, abundance), physical stress
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(temperature) and sex are key factors determining the balance between costs and possible
benefits of colony fidelity [7,45]. Predation pressure can be related to the distance between
hosts, i.e., when predation pressure is high [46] and distances between hosts increases, the
crabs reduce or cease their movements [47]. Here it was observed that the distance between
tagged and adult Pocillopora colonies was not a limiting factor to prevent the migration of
Trapezia between hosts (Figure 6), suggesting that at the beginning of the symbiosis, Trapezia
presents a random distribution among Pocillopora corals in the reef, and as the fragment
grows, habitat space and complexity and other factors such as those mentioned above can
modify the distribution and permanence of crabs.
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Figure 6. Distances between fragments. Distances represent migration between colonies, as there
is no pattern between recruitment and distances; these do not influence the recruitment of Pocillo-
pora colonies.

Temperature is one of the main environmental factors that affect physiological pro-
cesses such as growth, reproduction and recruitment of crustaceans [48]. Even though
Trapezia is able to acclimate its behavior, biochemistry and physiology in order to compen-
sate for temperature fluctuations, after surpassing their thermo-tolerance limit, high-energy
cost activities will be limited or as is the case of reproduction, can be inhibited [49]. Trapezia
can present behavioral changes in situations of heat stress, leading these crabs to modify
their role in their relationship with the coral, causing a break-down of the symbiosis and a
shift from mutualistic antagonism towards an antagonistic relationship between members
of coral-dwelling communities [50]. In this study, the presence of positive or negative ther-
mal anomalies that could have caused a modification in the behavior of the crustaceans was
not evidenced, though it was expected that seasonal changes in temperature would have
affected crab recruitment. However, there were no significant changes in the recruitment
process of Trapezia on Pocillopora, though it has been shown previously that invertebrate
recruitment in sub-tropical coral communities does not present a seasonal pattern but
may have intra-annual differences [22]. Therefore, this fluctuation in Trapezia recruitment
may have been due to other biological interactions such as predation or the presence of
secondary food sources (zooplankton).

The cause and, even more so, the persistence of the symbiotic relationship between
the coral and the crustacean seems to be a highly complex process. Our results show
that the presence, abundance and residence of Trapezia in Pocillopora were not determined
by the physical characteristics of the substrate (area available) or by their reproduction
patterns but were regulated by seasonal temperature fluctuations. Therefore, although the
relationship between Trapezia and Pocillopora remains symbiotic [51] and the presence of
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the coral determines the distribution of the crab [52], there is not a permanent link at the
coral-individual level. Still, understanding the process of recruitment and permanence
of Trapezia on its host is relevant in determining their mutual subsistence. The Trapezia—
Pocillopora long-term relationship is primarily defined at the coral community level and
not so much at the individual level (colony-crab). The degradation and decline of coral
reefs ecosystems also threaten their associated organisms, and the traditional view includes
that the permanence of Trapezia is regulated by their coral host Pocillopora; however, the
functional roles of the crustacean as cleaners and protectors from different corallivores and
diseases [14,16] may contribute to the ability of Pocillopora to resist to multiple stressors and
maintain the base of the coral community. Therefore, while healthy corals provide resources
for the maintenance of Trapezia, at the same time, the presence of these crabs ensures the
maintenance and permanence of Pocillopora and the biomass that directly depends on them.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/d13090450/s1, Table S1: Density of recruited Trapezia crabs.
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