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Reviewed by:
Scott Gabara,

University of Alaska System,
United States

Guilherme Henrique Pereira-Filho,
Universidade Federal de São Paulo,

Brazil

*Correspondence:
Jorge Cortés

jorge.cortes@ucr.ac.cr

†ORCID:
Alberto Solano-Barquero

orcid.org/0000-0002-8800-1205
Jeffrey A. Sibaja-Cordero

orcid.org/0000-0001-5323-356X
Jorge Cortés

orcid.org/0000-0001-7004-8649

Specialty section:
This article was submitted to
Marine Ecosystem Ecology,

a section of the journal
Frontiers in Marine Science

Received: 19 January 2022
Accepted: 18 March 2022
Published: 25 April 2022

Citation:
Solano-Barquero A,

Sibaja-Cordero JA and Cortés J
(2022) Macrofauna Associated With a
Rhodolith Bed at an Oceanic Island in

the Eastern Tropical Pacific (Isla del
Coco National Park, Costa Rica).

Front. Mar. Sci. 9:858416.
doi: 10.3389/fmars.2022.858416

ORIGINAL RESEARCH
published: 25 April 2022

doi: 10.3389/fmars.2022.858416
Macrofauna Associated With a
Rhodolith Bed at an Oceanic Island
in the Eastern Tropical Pacific (Isla
del Coco National Park, Costa Rica)
Alberto Solano-Barquero1,2†, Jeffrey A. Sibaja-Cordero1,3† and Jorge Cortés1,3*†

1 Centro de Investigación en Ciencias del Mar y Limnologı́a (CIMAR), Universidad de Costa Rica, San José, Costa Rica,
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Rhodoliths are round calcareous red algae that form extensive beds and associated with
them are a diverse suite of species. Rhodolith beds are among the least known coastal–
marine ecosystems, and even less is understood about their associated flora and fauna.
Here, we present an evaluation of the biodiversity larger than 500 mm associated with
rhodoliths at Isla del Coco National Park, Costa Rica, an oceanic island in the Eastern
Tropical Pacific, 500 km offshore of the mainland. This research determined the influence
of rhodolith degree of aggregation (distance among individual rhodolith) as well as
rhodolith complexity, volume, and mass in relation to the diversity, composition, and
biomass of the associated fauna. A total of 145 taxa were collected in 60 rhodolith
samples. Arthropods, polychaetes, and mollusks were the dominant taxa in terms of
richness, and crustaceans + acari represented >50% of the total abundance. Five
potentially new species were collected in this study. Collections identified 31 new
records, with 20 of them being newly reported genera for Isla del Coco. Many of the
organisms found were juveniles as well as adult stages bearing eggs, demonstrating the
importance of this ecosystem. The faunal composition changed along the gradient of
rhodolith aggregation. Moderately aggregated rhodoliths (separated by 5 to 10 cm) had
the highest diversity, with the highest averages of taxon richness and total numerical
abundance and the highest faunal biomass. There were more organisms in more complex
rhodoliths; nevertheless, the complexity of the rhodolith did not affect the number of taxa
or total organism biomass. Larger rhodoliths, in size and mass, favored higher amounts of
taxa and organisms. The rhodolith bed studied is an example of the intermediate
disturbance hypothesis because the highest value of biodiversity of invertebrates was
at the moderate aggregation level of rhodoliths. In this density of rhodoliths, the fauna was
less exposed to hard environmental conditions and prevented dominant species.
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INTRODUCTION

Rhodolith bed-forming algae are considered habitat modifiers or
“bioengineering species” since they provide three-dimensional
shelter for recruits as well as refuge and foraging habitat for a
diversity of species (Riosmena-Rodrıǵuez andMedina-López, 2010).
Live rhodoliths can sustain a higher richness of invertebrate species
than dead rhodoliths or coarse-grained (sand–gravel) sediment
habitats (De Grave and Whitaker, 1999; Steller et al., 2003;
Riosmena-Rodrıǵuez et al., 2017; Stelzer et al., 2021). Rhodoliths
are also biodiversity hotspots of micro- and macroalgae and are
important for the establishment and maintenance of biodiversity
(Fredericq et al., 2019; Stelzer et al., 2021). Rhodoliths influence the
density and diversity of the sediments by providing carbonate
material and organic matter (Stelzer et al., 2021).

Multiple authors have identified the fragility of the rhodolith-
dominated ecosystems (Steller et al., 2003; Gabara et al., 2018).
Rhodolith beds can be disturbed by a myriad of factors. Human
activity, rhodolith bed characteristics (nodule density, nodule size,
depth, trapped sediment), macroalgal epiphytism, and the
presence of other ecosystem engineers have been described as
drivers of the rhodolith-associated macrofauna (Steller et al., 2003;
Veras et al., 2020; Sánchez-Latorre et al., 2020; Stelzer et al., 2021).

Rhodoliths form extensive beds between 15 and 35 m depth and
have been observed as deep as 90 m at Isla del Coco National Park
in Costa Rica (Cortés, 2016). There is a need for better
understanding rhodolith beds as faunal habitat at Isla del Coco,
because of the known fragility of these ecosystems and their
importance for the maintenance of marine biodiversity. The
primary goal of the present study was to determine the
abundance and richness of fauna, greater than 500 mm, associated
with a rhodolith bed at an oceanic island in the Eastern Tropical
Frontiers in Marine Science | www.frontiersin.org 2
Pacific Ocean (Isla del Coco, Costa Rica). The secondary goal was to
test if rhodolith bed structure, based on the degree of aggregation of
rhodoliths, affected the diversity, abundance, richness, composition,
and biomass of the associated fauna. The final goal was to determine
if the structure of each rhodolith (complexity, volume, and mass)
was associated with species richness, abundance, and composition
of organisms that inhabit them.
MATERIALS AND METHODS

Collection Site
Sampling was conducted at around 20 m depth off Punta Ulloa in
Isla del Coco National Park, Costa Rica, during May of 2008
(Figure 1). This oceanic island is located about 500 km off the
Central American coast in the Eastern Tropical Pacific (Cortés,
2012). The island has a diversity of shallow subtidal habitats
including coral reef, rock outcrop and boulder–cobble, coarse
sand, and rhodolith beds (Cortés, 2016). The bottom at the site of
the study consisted mainly of coarse sand with isolated, hard
substrates and coral colonies. The rhodolith bed from which the
samples were taken extends for several hundred meters. More
dispersed rhodoliths are found in the border of the sampling
area, closest to the coast, followed by a zone with aggregated
rhodoliths, separated by 5 to 10 cm, and an area of several
hundred meters with rhodoliths highly aggregated (Figure 1).

Sampling Methods and
Sample Processing
Sixty rhodoliths and their associated fauna were collected from
the rhodolith bed. The rhodoliths to be collected were chosen
based on three spatial distribution categories. Twenty were
FIGURE 1 | Isla del Coco, Costa Rica (Eastern Tropical Pacific). Circles are rhodolith beds and the stars correspond to the rhodolith bed sampled (two areas: one
with more dispersed rhodoliths nearest to the coastline and the other with more grouped rhodoliths).
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highly aggregated rhodoliths (in direct contact with each other),
and these were extracted one from each of the 20 points
separated at least 1 m one from each other, all of them within
an area of 50 m2; 20 moderately aggregated rhodoliths (separated
by 5 to 10 cm one from another) were extracted from each of the
20 patches meeting that definition of separation along a transect
of about 150 m; and 20 other rhodoliths were extracted from
each of the 20 isolated patches (rhodoliths were separated more
than 10 cm one from another) along a transect of about 150 m.
During scuba dives, samples were carefully collected by hand and
placed individually in plastic bags (no sediments). They were
washed in a 500-mm sieve in the laboratory to retain benthic
fauna that could be easily extracted from the rhodolith by a
thorough, albeit superficial, mechanical washing. This process
extracted most of the vagile fauna, those organisms with the
ability to move from one site to another on their own, such as
wandering polychaetes, arthropods, most mollusks,
echinoderms, and some of the fish caught in internal crevices
in rhodolith nodules. After that, each rhodolith was thoroughly
examined in search for sessile individuals and vagile organisms
kept trapped between the branches or crevices of the rhodolith
nodules to pick them up directly from each rhodolith, very
carefully, using tweezers. Subsequently, the elements of the
macrofauna found attached to the rhodolith nodule were
counted. This included sessile hydrozoans, anemones, ascidian
tunicates, bryozoans, and sponges. Rhodolith nodule-attached
hydrozoans, bryozoans, and sponges, all of which present a
modular growth, were counted as single units (one colonial
unit counted as “one individual”) to prevent counting the same
organism more than once. When fragments of each morphotype
of any of the organisms were found in the material retained in
the sieve, if the same morphotype was not present yet attached to
the rhodolith (e.g., sponges, sessile cnidarians, bryozoans), it was
counted as a single unit even if more fragments of it appeared in
the sieved material. Fragments of polychaetes and arthropods
were not counted at least they had the anterior parts used for
identification. Echinoderms were counted only when the oral
Frontiers in Marine Science | www.frontiersin.org 3
disc was nearly complete (at least >60% of the oral disc present).
Fragments of mollusks or empty mollusk shells were
not counted.

Weight in grams of each rhodolith was recorded, as well as
length, height, and width measures in centimeters to calculate the
volume of the rhodolith using the approximation to an ellipsoid
as explained in Duerr (1994). Rhodoliths were sawed in halves;
one-half of each rhodolith was dissolved immediately in dilute
HCl to collect boring organism specimens, while the other half
was thoroughly checked in the internal holes, grooves, and
crevices for the presence of these boring organisms. This half
was then placed in a digital scanner to preserve a flat image to
determine the rhodolith surface rugosity (complexity)
(Figure 2). The surface rugosity (complexity) of each of the 60
rhodoliths was measured by calculating the ratio of rugose line
distance (perimeter) to a straight line distance (circumference),
as explained by Fuad (2010).

The associated organisms were classified to the lowest
possible taxonomic category and the number of individuals
and their relative abundance were recorded.
Statistical Analysis
Testing for the Effects of Rhodolith-Forming Species
on the Faunal Response Variables
A linear model (analysis of variance: ANOVA) was used to verify
the existence of mean differences in species richness, total
abundance, or total biomass of the fauna between the algal
species of the rhodoliths. A squared root of the species
richness and a cubic root of the total abundance were the
transformed responses used to avoid overdispersions in each
model. The analysis determines whether algae species affect
faunal variables, which could modify the effect of the
aggregation factor. Finally, the fitted values, residuals, and
residual deviance inspection indicated that each linear model
in this study follows the required assumptions of normality of
residuals and homogeneity of variances (Crawley, 2007).
FIGURE 2 | Scanned halves of sawed rhodolith from Isla del Coco to determine complexity.
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Evaluation of Differences in Rhodolith Nodule
Characteristics (Complexity, Mass, Volume)
Between the Three Levels of Aggregation
A linear model (ANOVA) was used to evaluate for the existence
of mean differences in complexity, mass, or volume of the
rhodoliths between the three aggregation levels (highly
aggregated, moderately aggregated, and isolated patches,
n = 20 in each level).

Effects of Rhodolith Aggregation Level on Faunal
Response Variables (Total Biomass, Total
Abundance, Species Richness)
The command “glm” in R was used to create generalized linear
models (analysis of covariance: ANCOVA) (Crawley, 2007), to
investigate how the aggregation factor (n = 20 in each level),
rhodolith characteristics as covariates, and their interaction affect
each faunal response variable: total biomass (ln transformed),
total abundance (cubic-root transformed), or overall species
richness (square root transformed). Previously, a Pearson
index was used to identify highly correlated covariates (>0.65)
to avoid the singularity in the model. The natural logarithm (ln)
of the volume and the square root of the mass of the rhodoliths
were highly correlated (r = 0.80). Only the ln (volume) and
complexity squared of the rhodoliths were introduced in the
model as covariables.

The models for these variables were fitted using the Gaussian
distribution (with the identity-link function). The total biomass
model was done with Gamma distribution (with the log-link
function) to avoid overdispersion. Subsequent model
simplification was done with the command step. It retained
only the significant terms that explain mean differences or
relation to the parameters.

Effects of Rhodolith Bed Structure (Level of
Aggregation) Over the Macrofaunal Species
Diversity and Species Composition
Species diversity was calculated for each category of aggregation
with the Shannon–Wiener (H) index (ln based and compared by
t-test for diversity index) and Pielou equitability (J) in the
package PAST (Hammer et al., 2001).

Species composition was compared with a principal
coordinates analysis (PCoA) based on the Bray–Curtis
similarity index with the aggregation of rhodoliths (with three
levels) as the principal factor in the package “labdsv” in R and
tested with an analysis of similarities (ANOSIM, n = 20 in each
aggregation level). Internal variation of faunal composition on
each of these levels of aggregation was quantified with the
multivariate index of dispersion using the command betadisper
in R in the library “vegan.”

The contribution of particular species to differences between
aggregation levels was determined using a similarity percentage
routine (overall multigroup and crossed-groups SIMPER) test in
the package PAST (Hammer et al., 2001; Quinn and
Keough, 2002).

Mantel tests were used to identify the individual correlations
of the factors of the rhodoliths (aggregation, complexity, and
Frontiers in Marine Science | www.frontiersin.org 4
volume) with the species composition (Bray–Curtis matrix).
Additionally, partial Mantel tests were calculated to determine
if significant factors (from the previous Mantel test) are
independent or partially explain the correlation with the faunal
composition (Zar, 1996; Quinn and Keough, 2002). The
significant factors were plotted over the PCoA ordination in
labdsv in R.
RESULTS

Taxonomic Composition of Rhodoliths
The taxonomic composition of the rhodoliths varied, with
Sporolithon present in 23 of the samples, the genus
Lithothamnion in 13 of the samples, an indeterminate species
of rhodolith in 7 of the specimens, and a mixture of these species
and Sporolithon in 16 samples. Hydrolithon onkodes was found
building one sample. Rhodoliths were mainly spherical or
compact (50%) or compact-platy-bladed (25%) based on Sneed
and Folk classes assigned by triplot analysis for lithic materials
(Graham and Midgley, 2000).

Rhodolith species presented similar mean faunal species
richness (ANOVA: F = 0.30, df = 3/55, p = 0.828), similar
mean faunal abundance (ANOVA: F = 0.16, df = 3/55, p = 0.942),
and similar mean faunal biomass (ANOVA: F = 1.46, df = 3/55,
p = 0.236). A single specimen of H. onkodes was excluded from
the linear models.

Rhodolith-Associated Macrofauna
A total of 5,483 organisms and 145 taxa of fauna were found in the
60 rhodoliths sampled. Crustaceans, polychaetes, and mollusks
were the dominant taxa, with crustaceans accounting for more
than half of total abundance and 25.5% of total richness.
Gammaridean amphipods and tanaidaceans (Leptochelia sp. and
Apseudomorpha sp.) were the most abundant crustacean species
inhabiting rhodoliths; amphipods, isopods, and decapods,
together, constituted up to 58% of the crustacean species found.
Syllidae (11 spp.), Phyllodocidadae (6 spp.), and Nereididae (1 sp.)
were the best-represented polychaete families. Ceratonereis
singularis was the only nereid polychaete found, but that species
alone was by far the most abundant polychaete species (45% of the
total polychaete species). Molluscan fauna were mainly gastropods
with 34% of all mollusks represented by the pyramidellid
gastropod Odostomia grijalvae, which was recorded from 53% of
all samples. Cerithiopsina adamsi and Cerithiopsina sp. together
with Turbo saxosus and Eulithidium diantha were also very
common. Among bivalves, the most abundant was an
unidentified species of Lithophaga boring in 31.6% of rhodoliths.
Two species of ophiuroids dominated the echinoderm fauna:
Ophiactis savigny (found in 90% of the samples) and Ophiocoma
cf. alexandri (found in 66.6% of the samples) (Figure 3, and
Table 1). At least five new species were found in this study, two
tanaidaceans and three Paranthurid isopods, as well as 14 species,
20 genera, and 12 families newly reported for Isla del Coco and the
Eastern Tropical Pacific (Table 1 and Appendix 1).
April 2022 | Volume 9 | Article 858416
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During the sampling collections, many small fishes were seen
swimming back to the rhodolith shelter while we were scuba
diving. Nine out of 60 rhodoliths had fish, almost all of them
found inside crevices or tunnels in the rhodolith nodule (eight
hollow rhodoliths had fishes). These fishes were represented by
five species, and one of them, Emblemaria piratica, is a new
report for Isla del Coco. Additionally, two species of snapper fish
(genus Lutjanus) and one species of Cirrhitichthys (C.
oxycephalus) were encountered in the rhodoliths. Other sessile
fauna found on rhodoliths included two species of sponges, two
Frontiers in Marine Science | www.frontiersin.org 5
species of ascidians, and several hydrozoans and anthozoans
(Appendix 1).

Although sex and maturity of macrofaunal elements were not
thoroughly investigated, many of the rhodoliths sampled had
one or more immature specimens, many of them being isopod
and amphipod crustaceans, but also decapods, fishes, tube
polychaetes, and mollusks. In 78.1% of rhodolith samples
having crustaceans, there were several females of at least one
species carrying eggs or embryos, and these species were mainly
gammarid amphipods (8 spp., 87 females carrying eggs or
A

B

FIGURE 3 | Number of morphospecies per taxon (A) and number of individuals (B) per taxon found among all the rhodolith samples.
TABLE 1 | Richness (number of morphospecies), abundance (number of organisms), and biomass per group of organisms associated with rhodoliths at Isla del Coco;
taxa with fewer than 100 organisms (with the exception of fish, see note below) were included in “other fauna”.

Taxon Richness % Abundance % %

Crustaceans 37 25.5 2,873 52.4 22.8
Polychaetes 38 26.2 790 14.4 4.1
Mollusks 29 20 524 9.6 9.9
Echinoderms 4 2.8 700 12.8 20.1
Cnidarians 10 6.9 194 3.5 –

Pycnogonids 4 2.8 157 2.8 –

Fish 5 3.4 11 0.2 27.5
Other faunaa 18 12.4 234 4.3 15.6b
April 2
022 | Volume 9 | Article 85
aExcept for fish, which contribute a significant amount of biomass despite having only 11 individuals collected, taxa with few organisms (100) were included in “other fauna” (tunicates,
bryozoans, nemerteans, nematodes, foraminiferans, and flatworms).
bOther fauna biomass and biomass percentage include pycnogonids and cnidarians which were not separately measured.
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embryos), isopods (4 spp., 23 carrying eggs or embryos), and
tanaidaceans (11 Leptochelia sp. and 9 Apseudomorpha sp. are
egg-carrying females) (Supplementary Figure S1). The number
of females of each species carrying eggs or embryos as well as the
average number of eggs carried by each species was recorded
(Appendix 2). Additionally, eight hollow rhodoliths had fish in
crevices or tunnels inside the rhodolith nodule. The two species
of snapper fish and C. oxycephalus were juveniles. Adults of the
mantis shrimp Neogonodactylus zacae and adults of the crabs
Paractea sulcata and Micropanope maculatus were discovered in
pairs of male and female, protected inside crevices of some
hollow rhodolith nodules, with the female of M. maculatus
having several hundreds of eggs.

Effects of Rhodolith Bed Structure (Level
of Aggregation) on Rhodolith Physical
Characteristics
Rhodolith complexity and volume were similar in their mean value
between the three aggregation levels (Table 2). The mean value of
rhodolith mass varied depending on the aggregation level. The
Tukey pairwise comparisons test showed that isolated rhodoliths
had a lower mean mass than the moderate aggregation level, but
there were no differences between isolated and high aggregation
levels nor between high and moderate aggregation levels in terms of
rhodolith mass. The range of variation of each characteristic was
well represented within each aggregation level of the rhodoliths.

Effects of the Rhodolith Bed Structure
(Levels of Aggregation) and Covariates on
the Macrofauna Richness and Abundance
Effects on the Richness
The ANCOVA shows that the mean value of species richness was
higher in moderately aggregated rhodoliths, followed by highly
aggregated rhodoliths (Figure 4A). Both levels of aggregation
had a higher taxon richness than the isolated rhodoliths (Table 3
and Figure 4A). No interaction was found between these
covariates and aggregation level over these faunal variables, but
as additive factors, the complexity and volume of rhodoliths
Frontiers in Marine Science | www.frontiersin.org 6
produced a linear increase of the faunal species richness within
each level of rhodolith aggregation (Table 3 and Figures 4B, C).

Effects on the Abundance
Similarly, the highest mean abundance occurs in the moderately
aggregated rhodoliths (Table 4 and Figure 5A). The mean
abundance of fauna in highly aggregated and isolated
rhodoliths was similar (Figure 5A). Only an additive effect of
the complexity and volume of rhodoliths to increase the
abundance of fauna was found (Table 4 and Figures 5B, C).

Effects of Rhodolith Bed Structure (Levels
of Aggregation) and Rhodolith Nodule
Volume on the Total Biomass
The ANCOVA shows that faunal biomass depends on the
interaction between the aggregation level and the volume of
the rhodoliths. The higher the volume of the rhodolith, the more
the biomass of the fauna. The relationship changes between
moderate rhodoliths where the slope is less steep than the same
relationship at isolated or highly aggregated rhodoliths (Table 5
and Figure 6). This differentiated effect means a higher average
of the biomass/volume ratio in the moderate rhodoliths than in
the other two levels (Figure 6).

In addition to the moderate aggregation level of the
rhodoliths, larger and more voluminous rhodoliths had a
higher number of taxa, individual organisms, and total biomass
of associated fauna based on these linear models.

Some groups contributed more to total biomass than others.
Together, the most abundant groups (e.g., crustaceans, polychaetes,
mollusks, and echinoderms) contributed 56.9% to total biomass.
Crustaceans and echinoderms (primarily ophiuroids) were the
invertebrates that contributed the most to this parameter (22.8% and
20.1%, respectively). Even though only 11 individuals of fish were
collected, they accounted for 27.5% of total biomass. Given that fish
were found in only a small number of rhodoliths (9 out of 60), and
because it was frequently observed that the biomass of a single fish
contributed significantly more than the combined biomass of other taxa
for the same rhodolith, fish biomass was not included in the analyses.
TABLE 2 | Mean value and their upper and lower limits of 95% of confidence for the rhodolith characteristics by the three levels of aggregation of rhodoliths at Isla del
Coco.

Variable Parameter Aggregation Linear model (ANOVA)

Isolated Moderately Highly F, p-value

Complexity Upper limit 0.74 0.68 0.68
Mean 0.68 0.64 0.64 0.95, 0.392

Lower limit 0.62 0.59 0.6
Volume (cm3) Upper limit 1,085.19 1,432 1,194.61

Mean 810.51 1,138.52 947.58 1.74, 0.184
Lower limit 605.36 905.19 751.63

Mass (g) Upper limit 122.39 177.69 160.32
Mean 93.87 147.83 129.1 3.70, 0.031*

Lower limit 69.13 120.72 101.27
April 2022 | V
The p-value of the linear model is presented. The symbol (*) indicates a significant p-value. Mean values and p values are highlighted.
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Effects of Rhodolith Bed Structure (Levels
of Aggregation) on Overall Diversity and
Species Composition
The Shannon–Wiener diversity index was lower in isolated
rhodoliths than in moderately aggregated rhodoliths (t: −7.59,
df = 3,350.7, p = 0.001), and moderately aggregated rhodoliths
were also more diverse than highly aggregated rhodoliths (t: 1.98,
df = 3,430.6, p = 0.047). The equitability results are similar
between moderately and highly aggregated rhodoliths; however,
the former had greater abundance and better distribution in a
greater number of species (Table 6).

The taxon composition was different from isolated to highly
aggregated rhodoliths (Figure 7A, ANOSIM, R = 0.25, p < 0.001).
Frontiers in Marine Science | www.frontiersin.org 7
Withingroups, faunal similaritywashigher amonghighly aggregated
rhodoliths,while isolated rhodoliths presented greater variation from
onerhodolith toanother (Figures7A–CandTable7).Abundant and
well-distributed taxa like Amphipoda indet. 1 and the ophiuroid O.
savigny contributed importantly to this similarity within each level of
aggregation and to the overall similarity, and those species were
typical of all levels of aggregation (Table 7). The nereid polychaeteC.
singularis was a typical species in highly and moderately aggregated
rhodoliths but not in isolated rhodoliths, where the ophiuroid O.
savigny was the most typical species and contributed more to the
similarity in isolated patches (Table 7). Few taxa made the highest
contribution to the dissimilarity between pairs of aggregation levels
(Table8).The taxonwith thehighest contribution to thedissimilarity
TABLE 3 | Simplified generalized linear model (ANCOVA) for faunal species richness in the rhodoliths (Isla del Coco, Costa Rica).

Coefficients: Estimate Std. error t value p

(Intercept) −0.143 1.447 −0.1 0.921
Moderately vs. isolated 1.094 0.304 3.6 <0.001
Highly vs. isolated 0.818 0.296 2.77 0.008
Complexity squared 1.892 0.828 2.28 0.026
ln (volume) 0.539 0.212 2.54 0.014
April 2022 | Volume 9 | Article
Simplified model: squared root (species) ~ aggregation + complexity squared + ln (volume), family = Gaussian.
Null deviance: 71.459 on 59 degrees of freedom.
Residual deviance: 46.296 on 55 degrees of freedom.
AIC: 166.71.
A B

C

FIGURE 4 | (A) Mean of fauna species richness (with 95% confidence limits) by aggregation of rhodoliths. (B) Relationship between faunal species richness and
complexity of rhodoliths. (C) Relationship between faunal species richness and volume of rhodoliths (Isla del Coco, Costa Rica).
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between categories of aggregation was Amphipoda indet. 1, which
increased in abundance from isolated tohighly aggregated rhodoliths
(Table 8). The taxa making the next highest level of contribution to
dissimilarity between pairs of groups were the tanaidaceans
Leptochelia sp. (isolated vs. moderately) and Apseudomorpha sp.
(moderately vs. highly aggregated). Leptochelia was more abundant
in isolated rhodoliths, while Apseudomorpha was more abundant in
moderately aggregated rhodoliths (Table 8). The major groups that
contributed todissimilaritybetweengroupswerecrustaceans (mainly
peracarids), followed by ophiuroids and polychaetes (mobile
predators). There is a higher dissimilarity percentage between
Frontiers in Marine Science | www.frontiersin.org 8
isolated and highly aggregated rhodoliths, and that difference is
lowest between moderately and highly aggregated rhodoliths
(Table 8). The nereid polychaete C. singularis was very abundant,
mainly in moderately aggregated rhodoliths, and was uncommon in
isolated rhodoliths, and the relative abundances ofC. singulariswere
veryconsistentalongwith the levelsof aggregation, so itsdiss/SDratio
is among the highest in all levels (Table 8).

The mean abundance of each taxon by the levels of
aggregation is also presented. Only the highest contributors are
presented. Average abundances in which each species dominates
as well as the highest diss/SD ratios are highlighted.
A B

C

FIGURE 5 | (A) Mean abundance of fauna (with 95% confidence limits) by aggregation of rhodoliths. (B) Relationship between the abundance of fauna and
complexity of rhodoliths. (C) Relationship between the abundance of fauna and volume of rhodoliths (Isla del Coco, Costa Rica).
TABLE 4 | Simplified generalized linear model (ANCOVA) for total abundance of fauna in the rhodoliths (Isla del Coco, Costa Rica).

Coefficients: Estimate Std. error t value p

(Intercept) 1.069 1.016 1.05 0.297
Moderately vs. isolated 0.468 0.214 2.19 0.033
Highly vs. isolated 0.101 0.208 0.49 0.629
Complexity squared 1.263 0.581 2.17 0.034
ln (volume) 0.378 0.149 2.54 0.014
April 2022 | Volume 9 | Article 8
Simplified model: Cubic root (Abundance) ~ aggregation + complexity squared + ln (volume), family = Gaussian.
Null deviance: 31.042 on 59 degrees of freedom.
Residual deviance: 22.811 on 55 degrees of freedom.
AIC: 124.25.
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Effects of Rhodolith Complexity on the
Faunal Composition
In addition to the effect of aggregation levels, an effect of
rhodolith complexity on the composition of fauna species was
observed (Table 9 and Figure 7B). The correspondence pattern
of rhodolith complexity with faunal similarity differs from the
pattern by aggregation levels. Based on the small change in the r-
value with the partial Mantel test (Table 9), both predictors are
additive effects in determining the faunal composition of the
rhodoliths. Other factors, such as volume or rhodolith species,
had no effect on fauna composition (Table 9).

DISCUSSION

Rhodolith-Associated Macrofauna
This is the first time that rhodolith-associated fauna has been
systematically studied in low latitudes in the Neotropical Pacific
region. As a result, multiple taxa are new records for the region
Frontiers in Marine Science | www.frontiersin.org 9
and five specimens found in this study are possibly new species.
Rhodoliths in Isla del Coco National Park show particularly high
levels of diversity with 145 taxa from 60 rhodoliths sampled,
compared with the well-studied regions in the Gulf of California
and Brazil. Steller et al. (2003) found 52 species of rhodolith-
associated fauna based on three 30-m transects and five 1-m2

quadrats in the Gulf of California. In the same region, Hinojosa-
Arango and Riosmena-Rodrıǵuez (2004) found 104 species of
macrofauna in 120 rhodoliths, and Neill et al. (2015) found less
than 110 species of epibenthic fauna following a methodology
similar to Steller et al. (2003). In northeast Brazil, Paraıb́a State,
Costa et al. (2021) found 60 rhodolith-associated macrofaunal
species with a method based on three 100-m2 quadrats placed
each in three different beaches (there was no mention on the total
number of rhodoliths sampled). Prata et al. (2017) reported,
from the same state, 12 species of just echinoderms (we reported
here only four species). Stelzer et al. (2021) sampled the eastern
ecoregion of Brazil (more than 140 rhodoliths sampled) and
reported 148 macrofaunal taxa, a value similar to Isla del Coco,
but in more rhodoliths sampled. Taxa groups that dominated the
faunal communities found in this study were crustaceans,
polychaetes, and mollusks. Similarly, previous research has
revealed that the abundance and diversity (richness) of
crustaceans, polychaetes, and mollusks makes them dominant
taxa in the rhodolith-associated benthic communities (Hinojosa-
Arango and Riosmena-Rodrıǵuez, 2004; Neill et al., 2015; Stelzer
et al., 2021; Costa et al., 2021). Although more research on the
rhodolith-associated communities in Isla del Coco is needed,
these numbers could indicate that Isla del Coco rhodoliths have
been altered only slightly by human activity and can therefore be
used in future research as a reference for an unimpacted habitat.

Regarding the faunal composition, Isla del Coco rhodoliths
harbor, in general terms, a similar faunal assemblage in
comparison with major tropical marine environments having a
similar temperature, depth, and substrate type, with the same
taxon subgroups (gammarid amphipods, isopods, tanaidaceans,
syllid, phyllodocid, and nereid polychaetes; gastropod mollusks;
and ophiuroids) being the most abundant and diverse (Steller
et al., 2003; Hinojosa-Arango and Riosmena-Rodrıǵuez, 2004;
Costa et al., 2021).

Some fishes found in rhodoliths were juveniles, which included
two species of the economically important genus Lutjanus
(snapper fish). Lutjanus argentiventris is known to have
ontogenetic habitat shifts, with juveniles migrating from
FIGURE 6 | Relationship of the total biomass of fauna and volume of rhodoliths
by each level of aggregation of rhodoliths (Isla del Coco, Costa Rica).
TABLE 5 | Simplified generalized linear model (ANCOVA) for total biomass of fauna in the rhodoliths (Isla del Coco, Costa Rica).

Coefficients: Estimate Std. Error t value p

(Intercept) −9.346 1.41 −6.63 0
Moderately vs. isolated 6.088 2.351 2.59 0.012
Highly vs. isolated 1.477 2.298 0.64 0.523
Log(volume) 1.212 0.21 5.78 0
Moderately * log(volume) vs. isolated * log(volume) −0.809 0.339 −2.39 0.021
Highly * log(volume) vs. isolated * log(volume) −0.174 0.337 −0.52 0.607
April
 2022 | Volume 9 | Article 8
Simplified model: total biomass ~ aggregation + ln (volume) + aggregation * ln (volume), family = Gamma(link = log).
Null deviance: 38.793 on 59 degrees of freedom.
Residual deviance: 20.781 on 55 degrees of freedom.
AIC: 6.5618.
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mangroves to continue their growth in shallow rocky reefs.
Rhodoliths can have a similar role as those rocky reefs in the life
history of these Lutjanus species, as a suitable habitat that offers
protection to these fish (Aburto-Oropeza et al., 2009). Several
amphipod and decapod crustaceans were found in reproductive
pairs or had eggs or larvae (Appendix 2). These results support the
role of rhodoliths as breeding and nursery sites for the species
found in nearby environments as it has been found in several
studies (Cudney-Bueno et al., 2008; Gagnon et al., 2012; Teichert,
2014; Jørgensbye and Halfar, 2017; Navarro-Mayoral et al., 2020).
It also leads to questions about how the drivers of rhodolith-
associated organism diversity affect reproduction in those
Frontiers in Marine Science | www.frontiersin.org 10
organisms. Rhodolith structural complexity, rhodolith size, and
intactness have been found to influence larval settlement and
growth of some species (e.g., scallops) (Steller and Cáceres-
Martı ́nez, 2009). Certainly, further research on faunal
reproduction and ontogenetic events in rhodolith beds is needed.

Rhodolith Bed Structure Effects on
Macrofauna Richness, Abundance, and
Total Biomass
Values of total biomass, richness, and abundance of the
macrofauna were higher in moderately aggregated rhodoliths
than in the other extremes of aggregation. These results suggest a
A B

C

FIGURE 7 | Principal coordinate analysis based on Bray–Curtis of the abundance of invertebrates in rhodolith samples by (A) the level of aggregation of the
rhodolith bed and (B) the value of complexity of the rhodoliths (Isla del Coco). (C) Comparison of multivariate dispersion indexes generated by betadisper (R, library
“vegan”) and PERMANOVA analysis of internal variation in species composition.
TABLE 6 | Summary of faunal species and abundance, diversity index (H), and equitability (J) by each level of aggregation of rhodoliths.

Aggregation Isolated Moderately Highly

Species Total 104 119 115
Abundance Total 1,591 2,206 1,686
Shannon–Wiener Upper limit 95% 3.39 3.72 3.65

H 3.31 3.67 3.57
Lower limit 95% 3.26 3.61 3.51

Pielou equitability Upper limit 95% 0.73 0.78 0.77
J 0.71 0.77 0.75

Lower limit 95% 0.7 0.76 0.74
April 2022 | Volume 9 | Article 8
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similar pattern to that proposed by the intermediate disturbance
hypothesis according to which the highest values of biodiversity
are reached in habitats at intermediate scales of disturbance
(Connell, 1978; Wilson, 1994).

Rhodolith density is known as one of the main drivers of
biodiversity associated with rhodolith beds (Veras et al., 2020;
Stelzer et al., 2021). When compared, high rhodolith nodule
density supports higher biodiversity than those rhodoliths in less
density (Stelzer et al., 2021). In tightly packed beds, rhodoliths are
in contact with each other, and there is little room to grow or to
have extensive branching which limits the heterogeneity of the
nodule and its associated biodiversity. Patches composed of
rhodoliths far apart from each other are exposed to more
perturbations of the patch, which could lead to less diversity of
associated fauna. Dispersed rhodoliths could have a higher chance
of being buried by sediments for a longer period than aggregated
ones and could be more susceptible to tidal wave disruption and
foraging of big animals (e.g., rays). In experiments in which the
stability of a rhodolith patch was artificially controlled (tied vs.
untied rhodoliths), windier conditions (which led to bigger effects
of waves on the rhodolith beds) significantly reduced the
abundance and total biomass of motile rhodolith-associated
fauna, although it had neutral effects on species richness, and
rhodolith densities were not controlled in those experiments
(Hinojosa-Arango et al., 2009). Dispersed and unstable
Frontiers in Marine Science | www.frontiersin.org 11
rhodoliths that are subject to tidal changes have a lower overall
abundance of organisms and lower species richness than more
stable rhodoliths under the same controlled conditions.
Interestingly, this effect is specifically on motile species, while
sessile species, on the contrary, increase their abundance
(Hinojosa-Arango et al., 2009). This pattern of changes in
species richness and abundance due to shifts in substrate
stability has also been noticed in other macrophytic-dominated
systems, and mobile fauna is greatly affected by these shifts
(Christie et al., 2009). Under the assumptions of the
intermediate disturbance hypothesis, settlement of a great
diversity of new organisms would be limited in isolated
rhodoliths given the distance that larvae or other dispersion
forms should travel to arrive in the next rhodolith (Dial and
Roughgarden, 1998). Although there is evidence that rhodolith
beds play an important role in the recruitment of larval forms of
invertebrate species (Riosmena-Rodrıǵuez and Medina-López,
2010), the effects of rhodolith aggregation degree on this
recruitment have received little attention. Although in this study
depth was a controlled variable, other relevant rhodolith-
associated macrofaunal biodiversity drivers like macroalgal
biomass, bioengineers, and bioerosion, and water motion,
current velocity, light, or sedimentation were not measured or
controlled, and they might influence the abundance, species
richness, and total biomass (Pereira-Filho et al., 2015).
TABLE 7 | Results of the SIMPER analysis for within-group similarity.

Group III

Average similarity: 37.53

Species Av. abund Av. sim Sim/SD Contrib% Cum%

Amphipoda indet. 1 18.70 15.04 1.75 40.08 40.08
Ceratonereis singularis 7.05 5.18 1.69 13.81 53.89
Ophiactis savigny 7.40 4.29 0.98 11.44 65.33
Synalpheus sp. 2.10 1.29 1.11 3.44 68.77
Ophiocoma cf. alexandri 2.30 0.79 0.49 2.11 70.88

Group II
Average similarity: 35.85
Species Av. abund Av. sim Sim/SD Contrib% Cum%
Amphipoda indet. 1 16.1 8.9 1.44 24.84 24.84
Ophiactis savigny 8.15 4.86 1.19 13.56 38.4
Ceratonereis singularis 8.7 4.41 1.45 12.32 50.72
Apseudomorpha sp. 9.45 2.93 0.82 8.19 58.9
Amphipoda indet. 3 6 1.88 0.81 5.23 64.13
Leptochelia sp. 4.55 1.11 0.75 3.09 67.22
Odostomia grijalvae 4.05 1.03 0.55 2.86 70.08

Group I
Average similarity: 32.13
Species Av. abund Av. sim Sim/SD Contrib% Cum%
Ophiactis savigny 10.6 10.16 1.28 31.63 31.63
Amphipoda indet. 1 12.5 6.04 0.85 18.81 50.44
Leptochelia sp. 8.4 3.86 0.65 12.03 62.47
Amphipoda indet. 3 6.9 1.71 0.48 5.34 67.8
Pseudotanais sp. 3.4 1.54 0.63 4.79 72.59
A
pril 2022 | Volume 9 | Article
I: isolated, II: moderately, and III: highly aggregated rhodoliths.
Av, abund, average abundance; Av, sim, average similarity; Sim/SD, similarity/standard deviation ratio; Contrib%, contribution percentage to similarity for each species; Cum%, cumulative
percentage contribution to similarity for each species.
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Rhodolith Bed Structure Effects on Total
Faunal Biomass
Total biomass was also higher in the moderately aggregated
rhodoliths. Our findings indicated that faunal biomass depends
on the interaction between the aggregation level and the volume
Frontiers in Marine Science | www.frontiersin.org 12
of the rhodoliths, with a higher average biomass/volume ratio in
the moderately aggregated rhodoliths than in the two other
levels. Regarding the volume effect, densely packed rhodoliths
are limited in their growing capacity, leading to less voluminous
rhodolith nodules, while moderately aggregated rhodoliths have
TABLE 8 | Results of the SIMPER analysis with the percentage of contribution by taxon to the dissimilarity between pairs of aggregation levels—I: isolated, II:
moderately, and III: highly aggregated.

Dissimilarity I vs. II Average dissimilarity 71% Av. dissim Diss/SD Contrib% Cumul%

Taxon Av. abund I Av. abund II

Amphipoda indet. 1 12.50 16.10 7.09 1.21 9.98 9.98
Leptochelia sp. 8.40 4.55 4.61 1.04 6.50 16.49
Amphipoda indet. 3 6.90 6.00 4.45 0.93 6.28 22.76
Apseudomorpha sp. 1.15 9.45 4.41 0.95 6.21 28.98
Ceratonereis singularis 2.00 8.70 3.98 1.29 5.61 34.58
Ophiactis savigny 10.60 8.15 3.83 1.19 5.39 39.97
Actiniaria indet. 1 3.80 1.85 2.41 0.67 3.40 43.37
Amphipoda indet. 3 0.00 3.90 2.15 0.55 3.04 46.41
Odostomia grijalvae 0.95 4.05 2.08 0.83 2.92 49.33
Pseudotanais sp. 3.40 1.40 1.87 0.85 2.63 51.96
Amphipoda indet. 2 2.55 1.90 1.74 0.79 2.45 54.41
Pycnogonida indet. 1 3.40 0.50 1.67 0.43 2.36 56.77
Jaeropsis sp. 1.60 1.80 1.21 1.03 1.70 58.47
Ophiocoma cf. alexandri 2.05 1.65 1.19 0.96 1.67 60.14

Dissimilarity III vs. II Average dissimilarity 65.61%
Taxon Av. abund III Av. abund II Av. dissim Diss/SD Contrib% Cumul%
Amphipoda indet. 1 18.70 16.10 6.50 1.34 9.91 9.91
Apseudomorpha sp. 2.05 9.45 4.20 0.96 6.40 16.31
Ophiactis savigny 7.40 8.15 3.71 1.15 5.66 21.96
Ceratonereis singularis 7.05 8.70 3.28 1.28 4.99 26.96
Amphipoda indet. 3 0.45 6.00 2.87 0.79 4.37 31.33
Odostomia grijalvae 3.90 4.05 2.76 0.78 4.21 35.54
Amphipoda indet. 5 0.90 3.90 2.11 0.57 3.21 38.75
Leptochelia sp. 1.15 4.55 2.05 0.70 3.13 41.88
Ophiocoma cf. alexandri 2.30 2.05 1.50 1.01 2.28 44.16
W. heterocirrata 1.95 1.15 1.31 0.64 2.00 46.16
Amphipoda indet. 2 1.35 1.90 1.24 0.65 1.89 48.08
Paranthura sp. 1.10 2.05 1.16 0.68 1.77 49.83
Caprellidae indet. 1 1.30 1.60 1.10 1.03 1.68 51.50
Actiniaria indet. 1 0.70 1.85 1.01 0.88 1.55 53.05
Synalpheus sp. 2.10 1.65 1.00 0.42 1.52 56.10
Colanthura sp. 0.85 2.00 0.97 1.06 1.47 57.57
Amphipoda indet. 4 0.65 1.80 0.90 0.91 1.38 58.95
Jaeropsis sp. 1.25 1.40 0.87 0.91 1.33 60.28

Dissimilarity III vs. I Average dissimilarity = 72.50
Taxon Av. abund II Av. abund I Av. dissim Diss/SD Contrib% Cumul%
Amphipoda indet. 1 18.70 12.50 9.23 1.23 12.73 12.73
Ophiactis savigny 7.40 10.60 5.01 1.16 6.91 19.64
Leptochelia sp. 1.15 8.40 4.97 0.92 6.85 26.50
Amphipoda indet. 3 0.45 6.90 3.71 0.69 5.11 31.61
Ceratonereis singularis 7.05 2.00 3.66 1.51 5.05 36.66
Actiniaria indet. 1 0.70 3.80 2.61 0.57 3.60 40.26
Pseudotanais sp. 1.25 3.40 2.07 0.79 2.86 43.11
Odostomia grijalvae 3.90 0.95 2.06 0.55 2.84 45.95
Pycnogonida indet. 1 0.80 3.40 2.00 0.45 2.76 48.71
Amphipoda indet. 2 1.35 2.55 1.77 0.81 2.44 51.15
Ophiocoma cf. alexandri 2.30 1.65 1.62 1.00 2.23 53.38
Apseudomorpha sp. 2.05 1.15 1.45 0.85 2.00 55.39
W. heterocirrata 1.95 0.15 1.26 0.52 1.74 59.12
Synalpheus sp. 2.10 0.65 1.21 1.27 1.66 58.79
Colanthura sp. 1.65 0.10 1.16 0.38 1.60 60.39
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sufficient space to grow and be more voluminous. The size of
rhodolith has been recognized as another rhodolith-associated
fauna biodiversity driver and as a factor that influences the total
biomass (Veras et al., 2020). Why isolated rhodoliths in this
study had the lowest average volume is more complex to explain.
Isolated rhodoliths had a significantly lower mass, and they are
lighter and may be more easily affected by water motion. Other
factors, such as bioengineering damage, bioerosion, or
sedimentation, that could hinder their growth could also play a
role in affecting rhodolith size in these isolated patches, but these
were not measured.

Rhodolith Bed Structure Effects on Overall
Diversity and Faunal Composition
Macrofaunal diversity measured by the Shannon–Wiener index was
higher in the moderately aggregated rhodoliths when this level of
aggregation was compared with either of the two other levels. This
was expected given the relationships found between the level of
aggregation and the abundance and richness of macrofauna species.
Moderately aggregated rhodoliths had a higher and better-
distributed abundance in a greater number of species.

In this study, the SIMPER and ANOSIM analyses show how
motile fauna is the one that contributes the most to the difference
between aggregation levels, mainly highly motile fauna such as
small crustaceans. This change in the faunal composition
according to the density of rhodoliths also was found by Veras
et al. (2020) in Fernando de Noronha Archipelago, Brazil, and by
Stelzer et al. (2021) in the Eastern Marine Ecoregion of Brazil, and
in these studies, a marked change in the faunal composition was
detected between the macrofaunal assemblages of highly dense
and low-density rhodolith nodules. In our study, the overall
dissimilarity between each pair of aggregation levels shows the
highest dissimilarity between the isolated and highly aggregated
rhodoliths than between either combination of moderately
aggregated rhodoliths (moderately vs. isolated or moderately vs.
highly aggregated). This difference in the faunal composition,
higher between the extremes (isolated vs. highly aggregated), is
also noticed in the PCoA plot (Figure 7A). Rhodolith density has
previously been demonstrated as a significant factor influencing
the composition of macrofauna associated with rhodoliths, though
it appears that not all taxa are equally affected. Certain groups of
polychaetes, such as eunicids and phyllodocids, and gastropod
mollusks, as well as most crustaceans and ophiuroids, in
rhodoliths were better predicted by this factor (Costa et al., 2021).
Frontiers in Marine Science | www.frontiersin.org 13
The highest diversity occurs at moderate levels of rhodolith
aggregation. The density of moderately aggregated rhodoliths is
such that, despite being influenced by the movement or burial of
the rhodoliths, they are not so far apart that continuous arrival
of motile organisms is possible. In rhodolith beds in the Gulf of
California, the increase in stability beyond a certain point results
in a lower number of species (Hinojosa-Arango and Riosmena-
Rodrı ́guez, 2004). A rhodolith bed can be in different
successional stages depending on the time and degree of
previous alterations, as it occurs in other marine systems
(Connell, 1978; Wilson, 1994). We hypothesize that rolling
rhodoliths could cause disruption and instability for the
epibionts, causing many of them to die and making room for
new colonizers. When a rhodolith is buried for an extended
period, the number of epibionts decreases. Unbranched
bryozoans and boring mollusks, on the other hand, may
survive despite such disturbances. There is a higher probability
that forceful enough water movements (e.g., during storms)
move more regularly low-density rhodoliths and that those
highly aggregated rhodoliths are less affected by those water
movements, but the mass and volume of rhodoliths are also
implied in these probabilities (Bosellini and Ginsburg, 1971;
Marrack, 1999; Basso et al., 2009).

Isolated rhodoliths present the dominance of just a few
species. The migration of organisms commonly associated with
hard substrates, such as many mollusks and polychaetes, from
one rhodolith to another, can be too risky, and isolated
rhodoliths are surrounded by sandy substrate. These organisms
would need to embark on a relatively long path through the
sandy seafloor, exposed to predators before encountering
another suitable hard substrate.

In very aggregated rhodolith beds, there is the potential for a
rapid and continuous interchange of organisms that soon reaches
a dynamic equilibrium typical of a climax community. It has been
proposed that good competitors displace good dispersers in
rhodolith beds in stable zones, but good dispersers are dominant
in unstable zones where usually good competitors cannot tolerate
disturbance (Hinojosa-Arango et al., 2009). It has been found that
densely aggregated rhodoliths could limit the amount of growth of
branches and bioerosion in the external surfaces of rhodoliths and
that a low density of rhodoliths would permit these rhodoliths to
roll more easily and suffer more erosion and branch breaking,
making them less complex in the outer surfaces (Hinojosa-Arango
et al., 2009).
TABLE 9 | Mantel and partial Mantel test to determine the relationship of fauna and characteristics and aggregation of the rhodoliths (Isla del Coco).

Relationship of fauna composition with Mantel test (r) p-value

Aggregation levels 0.176 0.001
Complexity 0.134 0.026
Volume 0.001 0.466
Species of rhodolith 0.031 0.193
Relationship of fauna composition with Partial Mantel test p-value
Aggregation levels controlled by complexity 0.175 0.001
Complexity controlled by aggregation levels 0.132 0.033
April 2022 | Volume 9 | Article
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Effects of Rhodolith Complexity on
Rhodolith-Associated Macrofauna
Diversity
Eight hollow rhodoliths had fishes (only one additional fish was
found in a non-hollow rhodolith). Extensive branching and
crevices within the rhodoliths or hollow rhodoliths (rhodoliths
with little cave-like spaces inside) are known to be relevant to
small fishes (Teichert, 2014). The hollows can increase the
rhodolith volume and complexity, providing small fish and
other taxa with suitable habitats (Gagnon et al., 2012).

In the present study, no difference in the average complexity
was found according to the levels of aggregation. There are
rhodoliths within the entire range of complexity within each
level of aggregation. During the dives, we observed that the
rhodoliths at the highest aggregation remain within an immobile
matrix. Their branches are intertwined. Rhodoliths with fewer
branches remain within this array. In the less-dense bed zone,
there is greater freedom for some disturbance (currents or
macropredators) to mobilize, bury, or unearth them. Rhodoliths
might represent a mix of early to later successional stages in the
moderate density zone, in contrast with the pioneer colonized or
opportunist species in isolated rhodoliths and dominant or stable
species in the dense bed (Johnson, 1972). The moderate
aggregation level is possibly more dynamic in the species
turnover in the course of time, with migration into and out to
the rhodolith bed as pointed out by Hinojosa-Arango et al. (2009).
This pattern is similar to a dense forest that supports greater
diversity when clear patches are formed (Connell, 1978); in the
case of the moderately aggregated rhodoliths, there can be both
soft bottom and hard bottom fauna, while in highly dense
rhodoliths, species adapted to hard substrates dominated
(Otero-Ferrer et al., 2019).

Rhodolith structure has proven to be relevant for the
biodiversity of associated organisms (Steller et al., 2003; Gabara
et al., 2018; Fredericq et al., 2019). In this study, within each
aggregation level, more complex rhodoliths had a higher species
richness and abundance of organisms, concordant with the results
of Steller et al. (2003) that used branch density instead of perimeter
variation as an indicator of complexity. The gradient in the
complexity of rhodoliths also changes the composition of
macrofauna additionally to the density of the rhodolith bed,
similar to the experimental results by Otero-Ferrer et al. (2019).

The biomass of macrofauna was higher in more voluminous
rhodoliths because they can harbor a higher number of
organisms or animals of higher body size. Moderately
aggregated rhodoliths had higher biomass per volume than in
the other levels. Less voluminous isolated rhodoliths can be more
easily disturbed or have less probability to be colonized within
the sandy bottom, i.e., insufficient niche requirements (Grinnell,
1917; Hutchinson, 1959; Schoener, 1974). To explain the
differences between moderately and highly aggregated
relationships with the volume of the rhodoliths and biomass,
more detailed methods of measuring the complexity and
availability of outer and inner space of rhodoliths are needed.
Otero-Ferrer et al. (2019) found that complexity and habitat
Frontiers in Marine Science | www.frontiersin.org 14
source influence the colonizers in the assemblages in different
rhodolith aggregations. Interspace can allow sediment retention
in the sandy bottom and animals used them for food sources, but
in dense rhodolith beds, the main use is to avoid predation.
Novel computerized techniques, like microtomography, offer
three-dimensional models of the outer and inner complexity of
a rhodolith and may be an option for future research (Torrano-
Silva et al., 2015).
CONCLUSIONS

Rhodolith beds of Isla del Coco display a rich and diverse associated
fauna. Our results demonstrate that moderate aggregation in
rhodolith beds favors a greater diversity of associated taxa as that
density permits some variation in the successional stages on
rhodoliths. Physical aggregation levels and morphological
characteristic variation of rhodoliths influence faunal communities
adding evidence to the role of these beds in providing background
heterogeneity suitable for a myriad of organisms. Because of the
presence of active reproduction, adults, and juvenile stages of several
of the species associated with rhodoliths, future research could use
these communities as models to study the aspects of reproduction
and dispersal processes.

Research on rhodolith beds of Isla del Coco is a promising
source of discoveries since only a small portion of these beds has
been investigated in search of their associated fauna and their
ecology. This research contributes to making evident the
importance of rhodolith beds for biodiversity and the need to
preserve such ecologically relevant habitats.
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Steller, D. L., and Cáceres-Martıńez, C. (2009). Coralline Algal Rhodoliths Enhance
Larval Settlement and Early Growth of the Pacific Calico Scallop Argopecten
Ventricosus. Mar. Ecol. Prog. Ser. 396, 49–60. doi: 10.3354/meps08261
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