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Abstract

This study aimed to inventory the species of marine macroalgae and analyze the distribution and
biomass patterns of their communities along a short coastal reef gradient in northeastern Brazil.
Samples were collected using the technique of random squares, distributed in the three habitats: reef
front region (FR), tide pools (TP), and reef plateau (RP). These three make up the reef gradient from
the sea to the beach. A total of 56 taxa were identified, with Ochrophyta and Rhodophyta standing out
as the phyla with the greater taxonomic richness, and the largest biomass represented by the species
Sargassum vulgare (30 % of total biomass) and Palisada perforata (16 %). The key emergening
patterns along the reef gradient were the occurrence of groups of exclusive taxa in each habitat, and
significant variation in biomass, greater in the TP (166.1 gm~2) and lower in the RP (70.5 gm™2).
Despite being an environment under marked anthropogenic influence (i.e., tourism and development),
we observed a high diversity of species, with a distribution pattern that reflects a high environmental
heterogeneity and substantial ecological integrity.
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1. Introduction

Marine macroalgae are responsible for a large part of primary production in tropical reef envi-
ronments, which are regarded as systems of high species richness and home to a wide variety
of habitats (Lobban and Harrison, 1994; Muiioz and Pereira, 1997). Marine algae themselves
function as an important biological substrate in these systems (Moore, 1978; Ramos et al., 2010),
providing food and refuge for a large number of species. Macroalgae attenuate the mechanical
action of waves, which, in turn, affect the physical structure of the habitat (Fenwick, 1976; Marx
and Herrnkind, 1985; Tararam et al., 1986). This enhances habitat complexity and favors the
maintenance of high diversity and community abundance due to niche diversification and subse-
quent colonization (MacArthur et al., 1962; Schoener, 1974; Kohn and Leviten, 1976; Heck and
Wetstone, 1977).

The distribution of benthic organisms in an aquatic ecosystem is influenced by abiotic factors, such
as substrate type and structure, water physicochemical variables (e.g., temperature, pH, salinity,
dissolved oxygen, and turbidity), sunlight intensity, as well as by further ecological factors such
as predation, competition, and reproduction. Among these factors, the one that best regulates the
presence and distribution of benthic algae communities is wave hydrodynamics (Masunari, 1987;
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de Souza et al., 2007). Wave hydrodynamics affects the physical structure of the reef environment,
increasing its complexity and, as a consequence, boosting the diversity and abundance of associated
organisms (Kohn and Leviten, 1976; Heck and Wetstone, 1977; Moore, 1978; Ramos et al., 2010).
This is possible because of increases in available area, in the diversity of structures, and in the
number of habitats or niches susceptible to colonization (Schoener, 1974; Heck and Wetstone,
1977).

Coastal environments are among the most threatened marine ecosystems, chiefly impacted by
growing urbanization (Halpern et al., 2007; Martins et al., 2012; Vasconcelos et al., 2019). Under-
standing coastal environment biodiversity is essential to supporting conservation initiatives and
highlighting phytobenthic assemblies as important bioindicators of anthropic impacts (Borowitzka,
1972; Ballesteros et al., 2007; Diez et al., 2009). A series of taxonomic studies has demonstrated
the richness of macroalgal species (Horta et al., 2001; Marins et al., 2008; Bahia et al., 2010;
Nunes, 2010) along the Brazilian northeastern coastline. This research endeavor is now benefiting
from a growing effort to deepen the study of the structure of phytobenthic communities in the
intertidal regions along the coast the federal state of Bahia. This has meant a substantial shift in
research resource allocation and focus from sites in southeastern to northeastern Brazil.

The northern coast of Bahia stands out as a region with a highly diverse marine phycoflora (Nunes
and Matos, 2017) (Figure 1). Particularly on the reefs facing the locality of Itacimirim, recent
studies have shown ecological integrity rates higher than in other urbanized regions of the tropical
phytogeographic domain (Caldeira and Reis, 2019). This area is of special interest for the
conservation of coastal ecosystems, among those in northeastern Brazil, considering its rampant
urbanization process in recent decades (Costa et al., 2012), intensified fishing activity, and the
effects of serious environmental disasters, including the 2019 oil spill disaster in Northeastern
Brazil (Soares et al., 2020).

Thus, the present study aimed at carrying out an updated taxonomic inventory of the benthic
phycoflora of the Itacimirim-BA reef, in addition to analyzing spatial variation in the abundance
and diversity of the macroalgal community among the reef habitats in this region. We hypothesized
that the structure of phytobenthic assemblies differs among habitats, even in a short spatial gradient,
with variations in biomass and taxonomic macroalgae composition.

Our results highlight the importance of understanding community patterns in small scale habitats to
better access conservation status of near-shore reef barriers. We suggest that regardless of whether
the studied reef is susceptible to high anthropic stressors, the high variability in macroalgae
species composition and biomass along different habitats reflect substantial habitat heterogeneity
and ecological integrity.

2. Materials and methods
2.1. Study area

The northern coast of the Brazilian state of Bahia has a rainy tropical climate, with no dry season
and an average annual rainfall of 1500 mm? (SEI, 1998). The average annual air temperature
is 25.0 °C, with a maximum of 26.6 °C. The tidal regime has an amplitude of 2.7 m on spring
tides and 1.5 m on quadrature tides (Brazil Marine Agency, 1998). In the Itacimirim locality, the
reef area experiences average winter and summer temperature values of 28.19°C to 29.36 °C,
respectively, and average salinity of 34.21 % and 33.50 % in the same periods (Moraes, 2001;
Moraes and Machado, 2006).
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The Itacimirim reef (12°36/5382” S/ 38°2’3187” W, at Camagari — Bahia) is a rocky carbonate
formation, whose builders are the encrusting corals and coralline algae. These formations have
an irregular surface, due to the presence of tide pools of various shapes and sizes, as well as
higher and rocky sections covered by soft and calcareous algae. This reef size is 1114 m in length
and approximately 471 m in width, reaching depths of 10 m. Reef margins are irregular and are
surrounded by sand (Leao et al., 1997) (Figure 1).

The studied reef system entails three habitats defined by their morphologies, wave and sun
exposure (Nunes and Paula, 2002): (i) the Reef plateau (RP), characterized by low hydrodynamics,
flat topography with permanence of a shallow water layer, completely exposed to the air and direct
sunlight in low tide; (ii) Tide pools (TP), featuring medium hydrodynamics, irregular topography,
and remaining filled by water even in the lowest tide and may present greater salinity; and (iii)
the Frontal region of the reef (FR), this is a highly hydrodynamic habitat with gentle slopes, that
remains covered even during the lowest tide and is directly impacted by waves and winds.

2.2. Sampling design

Sample collections were carried out in October 2019 along 20 m transects arranged parallel to
the surf line. Three transects were randomly positioned in each of the three reef habitats: reef
plateau (RP), tide pools (TP) and reef front (FR). Five plots (20 cm x 20 cm) were systematically
positioned along each transect, sampling plots were spaced four meters from each other (resulting
in 15 samples per transect and a total of 45 samples per habitat). Inside the sampling plot, we
used metal spatulas to remove all macroalgal biomass. The material collected within each plot
was separately packed in plastic bags and frozen for preservation according to Costa et al. (2012).
Qualitative sampling, by active search in each habitat for ten minutes was also carried out to
detect low abundant species and to better determine the diversity of each reef habitat.

The taxonomic identification of the samples was performed using specialized keys, up to species
level, following (Guiry and Guiry, 2020). After identification, botanic material was archived at
the Alexandre Leal Costa Herbarium (Nunes, 2010). To determine biomass, the algae were dried
in an oven at 60 °C until a constant weight was obtained. The dry biomass of each species was
recorded using a semi-analytical balance (0.001 g).

Figure 1. Location of the study area and habitats sampled on the Itacimirim reef-BA. (RP) Reef plateau (RP); Tidal
pool (TP); Frontal region of the reef (FR). (A) Brazil, Bahia; (B) Camacari, Itacimirim; (C) Itacimirim reef.
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2.3. Data analysis

In order to characterize the structure of the reef community, the following parameters were
calculated: species richness (i.e., number of species), Margalef diversity index (d), Shannon-
Wiener diversity (H’) (Shannon and Weaver, 1949), and Heip’s evenness index was calculated
for comparison between habitats (Heip, 1974). The Shannon-Wiener diversity is widely used and
enables our data to be comparable, and the Margalef index takes both diversity and abundance into
account. After verifying the homogeneity of variances (Levene’s test) and normality of the data,
the differences between habitats as of Shannon-Wiener index, evenness (Heip’s) and Margalef
diversity (d) were compared by ANOVA, since assumptions were met. The ANOVA analysis of
Shannon-Wiener (H'), this index was expressed as effective number of species (AD = /) for
linearity and more intuitive interpretation (Jost, 2006). Owing to data distribution, the analysis
of variance of the biomass (g m~2) between habitats was performed using the Kruskal-Wallis
non-parametric test. Significant results were submitted to post-hoc analysis (Tukey’s test) for
peer-to-peer verification between the three habitats. The means of the number of species per
square meter (S m~2) were compared using a generalized linear model (Poisson distribution).

The prediction that reef habitats have an effect on the structuring of communities was verified by
multivariate analysis of variance (PERMANOVA) (Anderson, 2006). In this analysis a dissimilar-
ity matrix (Clarke and Warwick, 1994) was calculated with the Bray-Curtis coefficient (Bray and
Curtis, 1957). The dissimilarity matrix was subjected to the permutational variance homogeneity
test (PERMDISP) (Anderson, 2006). This analysis determines which habitat in the reef has the
most variable species composition in relation to the others, indicating the beta diversity of the
habitats. A principal component analysis and an ordination chart with main coordinates were used
to graphically represent the multivariate data. The analyzes were performed using the R Program
(The R Project for Statistical Computing), in which the packages ecodist (Oksanen et al., 2019)
and labsv (Roberts, 2013) were used for multivariate analysis and ordination, and vegan (Goslee
and Urban, 2007) and stats standard R package were employed for the remaining analyses.

2.4. Results and discussion

A total of 56 taxa were identified, distributed among the phyla: Ochrophyta—12 species, 3 families
and 2 orders; Rhodophyta—30 species, 17 families and 9 orders; and Chlorophyta—14 species, 8
families and 3 orders. The families Dictyotaceae (Ochrophyta) and Rhodomelaceae (Rhodophyta)
were the ones with the highest species richness (Table 1). In the Bahia state, a total of 1111
algae species have been described; among these, 60 macroalgal species belong to the Ochrophyta
phylum, 132 to the Chlorophyta, and 271 to the Rhodophyta (JBRJ, 2020). In the context of the
macroalgal species described in the state of Bahia, the studied area harbors 12 % of all macroalgal
flora described in the federal state.

Table 1. Macroalgal species identified in the Itacimirim reef stating habitat and morphotype. Habitats: Reef plateau
(RP), Tidal pool (TP), and Frontal reef region (FR). Morphotypes or Macroalgae functional group (FG): Filamentous
(FT), Foliate (F), Corticated (C), Coriaceous (CR), and Articulated Calcareous (A). Presence (+) and Absence (—).

Taxa RP TP FR FG

Ochrophyta
Phaeophyceae
Ectocarpales
Scytosiphonacea
Colpomenia sinuosa (Mertens ex Roth) Derbes & Solier — + + FT
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Taxa RP TP FR FG

Dictyotales
Dictyotaceae
Canistrocarpus cervicornis (Kiitzing) De Paula & De Clerck
Dictyota cervicornis Kiitzing
Dictyota jamaicensis W.R. Taylor
Dictyota mertensii (C.Martius) Kiitzing — —
Dictyopteris delicatula ].V.L.amouroux
Lobophora variegata (J.V.Lamouroux) Womersley ex
E.C.Oliveira
Padina boergesenii Allender & Kraft + +
Padina gymnospora (Kiitzing) Sonder - + -
Spatoglossum schroederi (C. Agardh) Kiitzing — — — F
Sargassaceae
Sargassum cymosum C.Agardh - + + CR
Sargassum vulgare C.Agardh — + + CR
Rhodophyta
Florideophyceae
Corallinales
Lithophyllaceae
Amphiroa anastomosans Weber Bosse + - -
Amphiroa fragilissima (Linnaeus) J.V.Lamouroux — + +
Amphiroa rigida J.V.Lamouroux - - +
Corallinaceae
Corallina officinalis Linnaeus - + -
Corallina panizzoi R.Schnetter & U.Richter — + —
Jania pumila J.V.Lamouroux + - -
Nemaliales
Galaxauraceae
Dichotomaria marginata (J Ellis & Solander) Lamarck — + +
Galaxaura rugosa (J.Ellis & Solander) J.V.Lamouroux — — +
Tricleocarpa fragilis (Linnacus) Huisman & R.A.Townsend + + —
Liagoraceae
Liagora albicans J.V.Lamouroux - - + F
Ceramiales
Ceramiaceae
Centroceras gasparrinii (Meneghini) Kiitzing + — — FT
Delesseriaceae
Dasya baillouviana (S.G.Gmelin) Montagne in Barker Webb — — + C
& Berthelot
Rhodomelaceae
Acanthophora muscoides (Linnaeus) Bory —
Acanthophora spicifera (M.Vahl) Bgrgesen
Alsidium triguetrum (S.G.Gmelin) Trevisan —
Amansia multifida J.V.Lamouroux —
Digenea simplex (Wulfen) C.Agardh
Palisada perforata (Bory) K.W.Nam
Osmundaria obtusiloba (C.Agardh) R.E.Norris —
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Taxa

RP

TP

FR

FG

Wrangeliaceae
Wrangelia argus (Montagne) Montagne
Gelidiales
Gelidiellaceae
Gelidiella acerosa (Forsskél) Feldmann & Hamel
Gelidiella ligulata E.Y.Dawson
Gelidiaceae
Gelidium coarctatum Kiitzing
Gigartinales
Gigartinaceae
Chondracanthus acicularis (Roth) Fredericq in
Hommersand & al.
Cystocloniaceae
Hypnea pseudomusciformis Nauer, Cassano & M.C.Oliveira
Gracilariales
Gracilariaceae
Gracilaria cervicornis (Turner) J.Agardh
Halymeniales
Halymeniaceae
Cryptonemia seminervis (C. Agardh) J.Agardh
Peyssoneliales
Peyssoneliaceae
Peyssonnelia sp. Decaisne
Rhodymeniales
Lomentariaceae
Ceratodictyon variabile (J.Agardh) R.E.Norris
Rhodymeniaceae
Botryocladia occidentalis (Bgrgesen) Kylin
Chlorophyta
Ulvophyceae
Bryopsidales
Caulerpaceae
Caulerpa cupressoides (Vahl) C. Agardh
Caulerpa mexicana Sonder ex Kiitzing
Caulerpa racemosa (Forsskal) J.Agardh
Caulerpa sertularioides (S.G. Gmelin) M. Howe
Codiaceae
Codium intertextum Collins & Hervey
Codium taylorii P.C. Silva
Halimedaceae
Halimeda jolyana Ximenes, Bandeira—Pedrosa, Cassano,
Oliveira— Carvalho, Verbruggen & S.M.B.Pereira
Halimeda opuntia (Linnaeus) J.V.Lamouroux
Cladophorales
Anadyomenaceae
Anadyomene stellata (Wulfen) C.Agardh
Cladophoraceae

FT

FT
FT
FT
FT

FT
FT
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Taxa RP TP FR FG
Cladophora laetevirens (Dillwyn) Kiitzing + — — FT
Siphonocladaceae
Dictyosphaeria versluysii Weber Bosse + — + FT
Valoniaceae
Valonia aegagropila C.Agardh + — — FT
Ulvales
Ulvaceae
Ulva lactuca Linnaeus + + + F
Ulva rigida C. Agardh + + + F
TOTAL 25 30 37

The species that made the greatest contribution to total recorded biomass in the studied reef were:
Sargassum vulgare (30 %), Palisada perforata (16 %), Dictyopteris delicatulata (10 %), Amphiroa
fragilissima (9 %), and Canistrocarpus cervicornis (5 %) (Figure 2).

The total number of taxa identified in this study agrees with those previously reported in the same
region (Altamirano and Nunes, 1997; Nunes and Paula, 2002; Costa et al., 2012). These had
different objectives and were carried out in different years and seasons. Altamirano and Nunes
(1997) recorded 47 taxa; Nunes and Paula (2002) recorded 37, and Costa et al. (2012) identified
44. We recorded 56, of which, 13 were not identified in any of the previous studies, namely:
Rhodophyta (Amphiroa rigida, Centroceras gasparrinii, Corallina officinalis, C. panizzoi, Dasya
baillouviana, Galaxaura rugose, Gelidiella ligulata, Jania pumila, Liagora albicans, Peyssonnelia
sp., and Wrangelia argus.) Chlorophyta (Cladophora laetevirens, and Halimeda jolyana). Our
sampling effort might be the factor that contributes to the expansion of knowledge about the
composition of the phycoflora in this region.

2) b)

100 - 20
= 901 18
< 80+ o 16 -
g g
£ 70+ g 14
2 601 & 12
g 504 5 10
S 40 58
2 30+ £ 6
< =]

g 20 + 'z 4
& 101 2
0- 0

RP TP  FR RP TP FR

Reef Habitats Reef Habitats

Figure 2. (a) Total reef biomass shares per phylum by habitat (reef zone), and (b) total number of species per
phylum in the studied reef zones of Itacimirim—BA. Reef plateau (RP), Tide pools (TP), and Reef front (FR). Phyla:
Chlorophyta (Green), Ochrophyta (Brown), and Rhodophyta (Red).
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The Rhodophyta predominates in all reports in the area, including ours, and it is followed by
Ochrophyta and Chlorophyta. This pattern is observed, in general, in environments with low
anthropization, where there are no large nutrient inputs, favoring the substitution of abundance of
Ochrophyta and Chlorophyta (Schoener, 1974; Falcdo and de Széchy, 2005; Scherner et al., 2013).
In the tide pool habitat of the Itacimirim reef, the species Sargassum vulgare and Dictyopteris
delicatula contrbuted largely to biomass. This habitat is characterized by keeping constant water
levels and being protected from wave action throughout the low tide period, thus buffering
variation in abiotic conditions (Nunes and Paula, 2001). This allows more time for growth without
disturbances, favoring species of slow growth and long-life cycle, as is the case of Sargassum spp.
(Széchy and Paula, 2000; Figueiredo et al., 2004).

The concentration of large macroalgae in places with high hydrodynamics, such as the reef’s
front, allowed for a greater circulation of dissolved nutrients, being a key aspect of primary
production (Villaca et al., 2010). On the other hand, the intense impact of the waves can be a
stress factor, limiting the development of some organisms and, therefore, species better adapted to
these conditions prevail (Leigh et al., 1987; Nunes and Paula, 2001; Diez et al., 2003).

Both physical factors and organism ecology are central to primary production. The successful
distribution of benthic organisms in a marine ecosystem is influenced by abiotic factors, such
as substrate type and structure, water physicochemical variables (e.g., temperature, pH, salinity,
dissolved oxygen, and turbidity), and sunlight intensity. Among these, wave hydrodynamics
best determines the presence and distribution of benthic algae communities (Lyra et al., 2007).
Wave hydrodynamics affects the physical structure of the habitat, increasing its complexity and,
consequently, the diversity and abundance of associated organisms and their recruitment (Kohn and
Leviten, 1976; Heck and Wetstone, 1977; Johns ef al., 2018). This is due to an increase in available
area, structure diversity, and the number of habitats or niches amenable to colonization (MacArthur
etal., 1962).

The reef plateau habitat, in turn, is immersed during low tides and directly exposed to sunlight
during this period. Thus, algae growing in this habitat suffer more from desiccation, which
may explain their lower biomass (Villaga et al., 2010). The plateu of the Itacimirim reef is a
narrow area enduring intense marine sprays, even during low tide. This provides a high degree of
humidity, favoring species abundance and diversity, as observed by (Costa et al., 2012).

The Itacimirim reef had an average total biomass of (127.3 + 62.9) gm™2. Considering each
habitat individually, we observed average biomass values of (74.1 = 25.8) gm~2 in the reef
plateau; (177.2 £ 67.7) gm~2 in tidal pools, and (130.9 & 38.8) gm~2 in the reef front. Our
Kruskal-Wallis test rvealed that these biomass differences among reef habitats were statistically
significant (H = 21.40; p = 0.012; df = 2), with biomass being lower in the reef plateau than
in tidal pool and reef front habitats (p < 0.01; z-value 4.50 and 3.16, respectively).

In the reef plateau, 25 species were identified. The species Palisada perforata (54 %), Anadyomene
stellata (8 %), Amphiroa anastomosans (7 %), Gelidiella acerosa (8 %), and Padina boergesenii
(5 %) were the ones with major contributions to total biomass. In the tidal pool, 29 species were
identified; in this habitat, Sargassum vulgare (60 %), Dictyopteris delicatula (16 %), Canistro-
carpus cervicornis (4 %), Tricleocarpa fragilis (4 %), and Dichotomaria marginata (3 %) had
the largest biomass contributions. In the frontal region of the reef, 37 species were identified;
Amphiroa fragilissima (25 %), Palisada perforata (15 %), Canistrocarpus cervicornis (9 %),
Dictyopteris deliculata (8 %), Halimeda opuntia (8 %), Sargassum vulgare (8 %), and Lobophora
variegata (7 %) were the species with the greatest contribution to total biomass.
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The tidal pool differed from the other two habitats due to its high Sargassum biomass. This habitat
is a more stable environment in spite of its uneven topography, and it remains covered with water
and protected from the direct action of the waves. In contrast, the reef plateau is exposed to air
and insolation in the lowest tide due to its low hydrodynamics, and the reef front, facing the ocean
and with high hydrodynamics, is directly impacted by waves and wind.

In their studies at Atol das Rocas, an important isolated and protected reef system at western
Atlantic, Villaca et al. (2010) observed that the proportion of Ochrophyta was probably associated
with a more physically stable environment in terms of solar radiation and humidity. The increase
in larger macroalgae that pass from internal to external habitats, with small algal coverage, is
also a pattern observed in other studies (Morrissey, 1980; Littler ef al., 1987; Rodrigues et al.,
1997). Sargasssum is considered a competitively superior genus, as it hinders the development
of other algae under its shade (Vasconcelos et al., 2019). Corallina panizzoi, a calcareous
articulated species characterized by its slow growth, only occurred in tidal pools. Corallina
species are abundant in infralittoral or submerged habitats such as tidal pools (Villaga et al.,
2010). Figueiredo et al. (2004) observed a greater abundance of coriaceous (Sargassum spp.) and
articulated Corallinaceae (Amphiroa spp. and Jania spp.) algae. Dominant species with a long
life-cycle and slow growth are typical at the end of a succession (Villaga et al., 2008) and are
indicative of environments with high productivity and low disturbances degrees, reflecting the
action of waves and herbivory (Littler and Littler, 1984; Steneck and Dethier, 1994).

Regarding functional morphotypes, corticated (C) algae (36 %) were largerly represented, followed
by foliaceous (F) algae (25 %), filamentous (FT) forms (21 %), articulated calcareous (A) algae
(14 %) and coriaceous (CR) algae (2 %). These observations agree with Costa et al. (2012).
According to Steneck and Dethier (1994), the groups that have enlargement of the cortex, such
as the cortical and coriaceous algae Palisada and Sargassum, are more resistant to physical
and biological disturbances, being favored in environments with moderate disturbance and high
productivity. The studied beach is a toutist hotspot, ans is known as a surfing beach, thus being
in an intermediate state of disturbance. This view is backed up by the large biomass values
observed for Palisada perforata (C), Dictyopteris delicatulata (F), Canistrocarpus cervicornis
(F), Amphiroa fragilissima (A), and Sargassum vulgare (CR).

In the study by Costa et al. (2012), the species Acanthophora muscoides, Amansia multifida,
Cryptonemia seminervis, Gracilaria spp., Padina boergesenii, Sargassum cymosum, and Ulva spp.
showed higher biomass in the reefs of Stella Maris than in the Itacimirim reef. Stella Maris is the
reef most comparable to Itacimirim due to their similar carbonate construction and morphology;
both sites have an irregular surface due to the presence of tide pools of varying shapes and sizes,
as well as more shallow rocky regions covered by soft and/or calcareous algae (Costa et al., 2012;
Nolasco, 1988). The most abundant taxa in Stella Maris were also recorded in Itacimirim’s frontal
reef, its highest hydrodynamic habitat. This is further evidence of these macroalgal species’
adaptation to these environments.

According to Barbosa et al. (2008), the great biomass of these taxa reflects their adaptation
to strong hydrodynamic conditions. These macroalgae are subject to wave action, allowing
greater water oxygenation and partial sediment removal. Of the seven taxa cited by Costa et
al. (2012), six were recorded in Itacimirim’s reef front, where the action of the waves is more
intense: Amansia multifida, Cryptonemia seminervis, Gracilaria cervicornis, Padina boergesenii,
Sargassum vulgare, and Ulva lactuca. According to Reis and Yoneshigue-Valentin (1998); Barbosa
et al. (2008); Costa et al. (2012), the genus Ulva is the most frequent, dominant, opportunistic,
and tolerant to wide environmental variation, explaining its presence in all of the studied habitats.
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Amphiroa fragilissima, Dictyopteris delicatula, and Sargassum vulgare are taxa resistant to these
conditions and accounted for high biomass in the reef front of Itacimirim. The species Gelidiella
acerosa and Palisada perforata also had an important contribution to biomass values in Itacimirim.
When compared to the studies by Costa et al. (2012), these two species account for 60 % of the
algal biomass in the reef plateau and feature ample desiccation resistance, due to their corticated
morphotype. This adaptation is favored in environments like the one studied, where the reef
plateau remains fully immersed during low tide and is exposed to sunlight for long periods. This
results in intense macroalgal stress and high desiccation risk. In addition, part of the reef plateau
extension is covered by sand (Costa Jr et al., 2002; Costa et al., 2012).

The species Alsidium triquetrum, Digenea simplex, and Osmundaria obtusiloba showed significant
variation in biomass among the studied reef habitats, and their biomass was highest in the reef
front. (Lyra et al., 2007) observe that the gradual increase in wave exposure acts directly on
macroalgal biomass; in fact, in the reef front the largest macroalgae were observed. These algae
have a preference for regions with strong wave impacts and are less exposed during low tide.

Cladophora spp., Dictyopteris delicatula, Dictyosphaeria versluysii, Digenea simplex, Gelidiella
acerosa, and Halimeda opuntia were well represented in the plateau and tidal pool in the Itacimirim
reef, as they commonly occur in tropical regions (Villaga et al., 2010). According to Taouil and
Yoneshigue-Valentin (2002) the genus Gelidiella, for instance, occurs in moderately impacted
environments. Although the coast of Bahia harbors a diverse marine flora, in the last decades
this coastal zone has been going through an intense process of urban development, exerting a
significant environmental pressure (Costa ef al., 2012). The wide plateau of the Itacimirim reef
formation remains totally uncovered during low tide, thus favoring the occurrence of corticated
and smaller algae, sandy environments and greater resistance to desiccation. In this context, high
biomass values for the species Palisada perforata (53 %) and Amphiroa anastomosans (8 %) were
observed. Amphiroa grows in a variety of habitats, but it generally occurs in areas under wave
action (Norris and Johansen, 1981).

Itacimirim’s reef plateau and reef front were, in that order, the habitats where the greatest richness
of macroalgae species was observed. The highest richness:biomass ratio was observed in the
reef plateau (Table 2). However, the generalized linear regression model revealed that the
average number of species recorded did not differ significantly between habitats (Waldstat = 3.9;
p = 0.14; Figure 3a). In contrast to the Margalef index, which showed significant variation
(ANOVA, F 42 = 13.51; p < 0.001; Figure 3b), the reef plateau being species richer than the
reef front (difference = 1.82; p < 0.01) and the tide pool (PC) (2.56; p < 0.01; Figure 3b).
The diversity index (eH /) did not differ significantly between habitats (ANOVA, F; 4o = 1.857;
p = 0.16; Figure 3c). Differences were found between means of the evenness index (ANOVA,
F> 4o = 3.812; p = 0.03; Figure 3d), with the frontal reef region showing higher values than
the reef plateau (difference = 0.17; p < 0.05; Figure 3d).

Our main coordinates analysis revealed that the three reef habitats form distinct groups with
regard to community structure (Figure 4a). This is confirmed by the multivariate permutation
analysis, which revealed a significant habitat effect on species composition (PERMANOVA,
F> 4o = 14.61; p-perm < 0.001; Table 3), with habitat explaining 41 % of the variability of
the samples (R? = 0.41). The result of paired comparisons revealed that the three habitats are
distinct from each other (Table 3).

According to this result, samples within a habitat are more similar than any pair of samples
from different habitats (Table 4). Although all pairwise comparisons among habitats revealed
significant dissimilarities, the least similar habitats are the tide pools and the reef plateau (Table 4).
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Table 2. Diversity univariate parameters of macroalgae communities found in the three habitats of the Itacimirim
reef (Bahia, Brazil). Reef plateau (RP), Tide pools (TP), and Reef front (FR).

Habitat Total Average Species Equability  Diversity
species species number Richness (Margalef) (Heip) (Shannon)
N Sm™2 D E H'(loge)
RP 21 7.6 4.8 0.3 1.2
TP 18 5.7 2.1 0.4 1.0
FR 24 6.8 2.9 0.5 1.3

The dispersion homogeneity analysis between groups (PERMDSISP) revealed that the habitats, or
reef zones, differ in their heterogeneity (F, .42 = 10.59; p < 0.01), with the composition within
the reef front being more variable than within in the reef plateau (p < 0.001) and tide pools
(p < 0.001; Figure 4b).
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Figure 3. Comparison of average diversity index values of the three habitats (reef zones) of the Itacimirim reef
(Bahia, Brazil). (a) Number of species; (b) Margalef Richness Index; (c) Shannon Diversity Index (eH /); and (d)
318 Heip’s evenness (E) Index. Different symbols indicate significant differences in values between habitats. Reef
plateau (RP), Tide pools (TP), Reef front (FR). Squares indicate means, boxes indicate standard deviation, and bars
maximum and minimum range.
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Table 3. PERMANOVA results of benthic macroalgal communities in the Itacimirim reef (Bahia, Brazil). Results
based on bray-curtis dissimilarities. R2 = R-squared values (effect size); Reef habitats: Reef plateau (PR), Tide
pools (TP), and Reef front (FR); df = degrees of freedom; MS = mean squares. R-squared values also indicated for

each paired comparison between sites.

RZ

Source df MS F.model p-perm
Reef Habitat 2  2.7048 14.61 0.4102 < 0.001
Residuals 42 0.1851 0.5897

Total 44 1.000

RP - TP 45719 3494 05551  0.001
RP - FR 1.7845 8.805  0.2392  0.001
TP - FR 1.7580  7.923  0.2205  0.001

The reef front was the habitat with the highest species richness (with 24 recorded species) in the
Itacimirim reef. According to Villaga et al. (2010) this habitat provides a longer immersion time
and less exposure to direct sunlight. These conditions facilitate the occurrence of a wide variety
of species, because they are not as restrictive as the conditions of high desiccation by the action

Table 4. Mean similarity values within and between the three habitats (reef zones) communities in the Itacimirim
reef (Bahia, Brazil). Reef plateau (PR), Tide pools (TP), and Reef front (FR).
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of air and an increase in temperature, as observed in other habitats. On the other hand, the intense
hydrodynamics in the reef prevents the dominance of species more fragile to the action of the
waves (Nunes and Paula, 2001). The reef plateau habitat, in turn, presented greater richness as
reveled by a Margalef index of 4.8, compared to 2.1 and 2.9 for the other two habitats. Since this
index calculation took into account the ratio between the number of taxa and their total abundance
in the area, habitats with a large number of species and low abundance scored high for this metric.
Such is the case of the reef plateau with low biomass but featuring a high number of species.

The marked difference in composition between the habitats is probably not the result of variations
in the availability of propagules and/or algal spores (Gaylord et al., 2006), which are community
structuring factors operating at a scale larger than the actual distances between sampled areas. In
this way, we can consider environmental filters and local biotic interactions.

Hypnea pseudomusciformis, Dictyosphaeria versluysi, Chondrachantus acicularis, Centroceras
gasparini, and Acanthophora spicifera occurred in the reef plateau. Among these species, filamen-
tous and corticate morphological groups predominate. These morphologies are adaptive traits
that provide resistance to desiccation during low tide periods (Costa et al., 2012). Also, small
species find less competition with leafy or leathery forms in this environment (Vasconcelos et al.,
2019). In particular, Hypnea pseudomusciformis has biological aspects that favor its occurrence
in the reef plateau, such as its reproductive period, that is stimulated by constant nutrients and
luminosity (Schenkman, 1989; Caires et al., 2013; Jesus et al., 2019). In addition, the life form in
the predominant phase of the reproductive cycle, is composed by an extensive network of basal
filaments, which efficiently adhere to the substrate and better cope with desiccation resistance (Reis
and Yoneshigue-Valentin, 1998; Bringloe et al., 2020). The reef plateau has a large amount of
unconsolidated substrate on its surface, which also allows only for the occurrence of psamophilic
algae, which have developed adaptations to survive in sandy locations (Oliveira-Carvalho et al.,
2003), for example Cladophora laetevirens.

The reef front has a relatively high number of species because of its many depressions and
cracks (Villaga et al., 2010). This topography enables the occurrence of a mosaic of microhabi-
tats, explaining the enormous variation in macroalgal composition, evidenced by the performed
dispersion test. In this habitat the composition was characterized by a great substitution of species
in the samples (beta diversity). Each plot sampled revealed a relatively distinct set of species, with
similar biomass values and, therefore, the highest recorded evenness. The reef plateau had less
biomass, but greater richness (Table 2). According to Costa et al. (2012), despite remaining totally
uncovered during low tides, this habitat is sprayed by the waves throughout its length, always
providing a supply of water and favoring the occurrence of small, moderately desiccation-resistant
algae.

Our principal component analysis and multidimensional ordination approach revealed that space
influenced the distribution of macroalgae in the Itacimirim reef, with the number of taxa decreasing
in regions with less hydrodynamics (FR = 24, PR = 21, and TP = 18). This finding agrees with
data presented in studies carried out on different beaches along the coast of Bahia, revealing that
large numbers of taxa occur in the reef front, where the energy of the waves is greater, and that
less taxa occur as hydrodynamics decreases, for instance in tide pools (Lucio and Nunes, 2002;
Lyra et al., 2007; Nunes and Guimaraes, 2010). The high taxonomic richness identified and the
differences in species composition between habitats reflected the environmental heterogeneity
of the Itacimirim reef. The distribution of abundance among phyla and the observed variation
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in growth forms are indicative of the ecological integrity of this urban environment. Exposure
to waves seems to be the main variable responsible for the spatial distribution of algal species
between the studied reef habitats.

3. Conclusions

Our results provide evidence of the importance of understanding community patterns in small
scale habitats to better access the conservation status of near-shore reef barriers. We suggest that
regardless of reef susceptibility to anthropic stressors, the high variability in macroalgal species
and biomass among different habitats is a reflection of the reef’s substantial habitat heterogeneity
and ecological integrity. The species richness observed the Itacimirim reef agrees with the results
from other northern Bahia coast and Northwest Brazilian Coast studies. Exposure to waves is
the likely factor modeling species distribution and separating communities into three groups,
according to reef zones or habitats. Species adapted to high hydrodynamics were dominant in the
reef front, and these were replaced by species resistant to air, light intensity, and desiccation in
the reef plateau.

Considering the growing urban occupation of coastal areas, the role of anthropic impacts on
macroalgal biodiversity must be investigated, and these results should support decision-making
and environmental management. Additionally, our results are a detailed description of community
patterns that represent a baseline monitoring for subsequent studies about acute impacts. This
is important since this study took place only three months after large oil masses reached the
Itacimirim reef and the northeastern Brazil coastline, causing great social and environmental
distress. Thus, data shown here could serve as a guide for future understanding and monitoring
of benthic community responses after this event. Therefore, enabling good mitigation measures
will reduce anthropic impacts, allowing biodiversity maintenance while appropriately sustaining
economic activities, such as fishing and tourism.
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Comunidad macroalgal en el arrecife de Itacimirin

Resumen: En este estudio se inventariaron las especies de macroalgas marinas y se analizé
la distribucién y patrones de biomasa de sus comunidades a lo largo de un gradiente corto
de arrecife costero en el noreste de Brasil. Las muestras se colectaron usando la técnica de
bloques al azar, distribuidos en tres hébitats: frente arrecifal (FR), pozas mareales (TP) y
plano arrecifal (RP). Estas tres conforman el gradiente arrecifal desde el mar hasta la playa. Se
identific6 un total de 56 taxa, con Ochrophyta y Phodophyta destacdndose como los filos con
mayor riqueza taxonomica, y con la mayor biomasa representada por las especies Sargassum
vulgare (30 % de la biomasa total) y Palisada perforata (16 %). Los principales patrones
emergentes a lo largo del gradiente arrecifal fueron la ocurrencia de grupos de taxa exclusivos
en cada habitat, y variaciones significativas en biomasa, mayores en las TP (166.1 g m~2)
y menores en el RP (70.5gm™2). A pesar de ser un ambiente marcado por la influencia
antropogénica, (p.e. turismo y desarrollo), se observo una alta diversidad de especies, con
un patrén de distribucién que refleja una alta heterogeneidad ambiental y una sustancial
integridad ecoldgica.

Palabras Clave: ficoflora béntica; macroalgas; zona mesolitoral; arrecife tropical

Comunidade Fitobéntica em um curto gradiente recifal, Nordeste - Brasil

Resumo: Este estudo teve como objetivo inventariar as espécies de macroalgas marinhas
e analisar seus padrdes de distribui¢do e biomassa ao longo de um curto gradiente recifal
no Nordeste do Brasil. As amostras foram coletadas pela técnica de quadrados aleatérios,
distribuidas nas trés regides do recife: Platé Recifal (PR); Pocas de Maré (PC) e Frente do
Recife (FR), contemplando o gradiente da praia até o final da zona intertidal do recife. Foram
identificados 56 tdxons, com destaque para Ochrophyta e Rhodophyta como os filos com
maiores riquezas taxondmicas e biomassas, representados pelas espécies Sargassum vulgare
(30 % da biomassa total) e Palisada perforata (16 %). Os principais padrdes observados ao
longo do gradiente recifal foram as mudancas de composi¢c@o, com diferentes tdxons ocor-
rendo de forma exclusiva em cada regido do recife (habitat recifal) e variagGes significativas
na biomassa, maior nas PC (166.1 gm™?2) e menor no PR (70.5 gm™2). Apesar de ser um am-
biente sob marcada influéncia antrépica, devido as atividades turisticas, observamos uma alta
diversidade de espécies, com um padrao de distribui¢ao que reflete uma alta heterogeneidade
ambiental e integridade ecoldgica.

Palavras-chave: ficoflora bentonica, macroalgas, médio litoral, recife costeiro.
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