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Abstract The Parcel de Manuel Luı́s (PML) is located at

the southern end of the Amazon Reef System, which

comprises the northernmost reef formations of the Brazil-

ian biogeographical province. Its unique position and sin-

gular seascape make the PML an important stepping-stone

for marine organisms between the Brazilian and Caribbean

provinces. Yet, due to its distance from the shore, high tidal

amplitude, and strong currents associated with a series of

pinnacles exposed during low spring tides, the PML is one

of the least studied reefs in the Western South Atlantic.

Here, we integrated sessile benthic community data, fish

assemblage surveys, and remote filming of fish interactions

to establish the most complete community assessment of

the PML reefs to date. In our surveys, we documented 78

sessile benthic taxa, with a taxonomic dominance of

macroalgae (54 taxa), including two new occurrences of

sponges for the North Brazilian Shelf, as well as four

endemic species, such as the fire coral Millepora laboreli.

The fish assemblage comprised 59 reef fish species, with

biomass dominated mainly by large carnivorous species

(e.g., groupers and snappers). Intra- and interspecific

interactions were dominated by herbivorous fishes, partic-

ularly underpinned by grazing behavior and chasing by
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territorial species. The considerably high biomass and

large-bodied species found in our surveys is rarely seen

elsewhere in the Western South Atlantic, suggesting a low

level of fishing compared to most other places, and only a

few changes were observed in the fish assemblages since

the first assessment made in 1998. We also highlight the

usefulness of an integrated approach for continued

assessment of Western South Atlantic reefs, particularly

given emerging threats from mining and oil exploration,

and the heavy traffic of commercial vessels in the region.

Our findings support the PML as an area of critical con-

servation interest for reef systems, emphasizing the need

for continued enforcement of this marine protected area

and its integration in long-term plans of offshore oil and

gas development projects.

Keywords Atlantic Ocean � Brazil � Marine protected

area � Low human impacts � Shallow reefs � RAMSAR site

Introduction

Marine habitats have been profoundly affected by human

population expansion, but some areas subject to relatively

low human impacts remain (Jackson and Sala 2001;

Friedlander and Demartini 2002; Sandin et al. 2008). These

potential refuges can provide reference points that hypo-

thetically approximate the original conditions of marine

ecosystems before high impact activities (Friedlander et al.

2010; Sala et al. 2012; Graham and McClanahan 2013).

Features traditionally associated with near pristine reef

ecosystems include substantial contribution of high trophic

level and large-bodied species to community structure

(León et al. 2016; Robinson et al. 2017), as well as high

taxonomic, phylogenetic or functional diversity (Mouillot

et al. 2014; D’Agata et al. 2016) due to lower direct

anthropogenic pressures such as overfishing and habitat

degradation. The Parcel de Manuel Luı́s (PML) was

declared a no-take marine protected area (Parcel de Manuel

Luı́s Marine State Park) in 1991 due to its singular reef

formations, composed of pinnacles rising abruptly from

soft bottom in an otherwise featureless continental shelf,

and also its diverse benthic communities dominated by

coralline algae, sponges, hard corals and ascidians (Rocha

and Rosa 2001). Its relative isolation (* 84 km from the

coast), perilous surrounding waters with strong tidal cur-

rents (tidal amplitude * 6 m), and the traditional favoring

of non-reef fishes for marketing purposes in the region

have helped to keep the PML reefs under relatively low

anthropogenic pressure (Coura 2016). However, the same

difficulties of access have kept scientific information about

the PML scarce (Rocha and Rosa 2001; Amaral et al.

2006, 2007). These conditions make the PML one of the

few places along the Brazilian coast that could fulfill some

of the expectations of a near-pristine reef, and potentially

provide insights on what coastal ecosystems used to be

like. This is particularly critical at present because the area

surrounding the PML has been increasingly surveyed for

mineral resources, with recent expansion of permits for oil

drilling and the exploitation of carbonate grounds (IBAMA

2018). Some of these permits are located immediately

adjacent to the PML state park boundaries, highlighting the

need for enhancing our knowledge about the region’s

marine ecosystems.

Efforts to map and understand reefs off the mouth of the

Amazon River reinforced the importance for conservation

of their unique formations, ecological and economic fea-

tures (Moura et al. 2016; Francini-Filho et al. 2018;

Mahiques et al. 2019). These northern reef formations also

provide connectivity between the Caribbean and the

Brazilian province (Collette and Rutzler 1974; Rocha

2003). Although broad conservation strategies have been

recently developed aiming to protect coastal reefs in Brazil

(such as The National Plan of Action for the Conservation

of Coral Environments—PAN Corais; MMA 2016), many

areas lack biodiversity data to support management actions,

including the PML. Despite being included as a priority

area among Brazilian MPAs and having a management

plan under construction, there is no actual plan to insert the

PML within a network of protected areas at the national

level, with the closest reef MPA located over 700 km to the

south east (the Pedra da Risca do Meio Marine State

Park—DOE 1997).

Knowledge about the composition and community

structure of a conservation area is considered essential to

biodiversity evaluations (Noss 1990; Tucker et al. 2017)

and implementation of management plans and monitoring

programs (Green et al. 2014). Integrated assessment of

different components of reef communities (e.g., benthos,

fishes) have the potential to help understand the relative

contribution of anthropogenic and natural disturbances to

community patterns (Friedlander et al. 2014; Meirelles

et al. 2015). Previous studies on the PML focused on corals

(Moura et al. 1999), reef fishes (Rocha and Rosa 2001), and

hydroids (Amaral et al. 2007). Other large-scale studies

have included data on reef fish assemblages, benthic

communities and ecological interactions from the PML

(e.g., Rocha et al. 2002; Ferreira et al. 2004; Morais et al.

2017; Aued et al. 2018; Longo et al. 2019). However, a

detailed analysis integrating these different datasets with

the addition of other important functional components,

such as macroalgae and sponges (Bruno et al. 2009;

de Goeij et al. 2017) and considering local-scale habitat

heterogeneity is still lacking. Here, we integrate benthic

community and fish assemblage surveys, with remote

filming of species interactions, to establish the most
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comprehensive ecological assessment of the Parcel de

Manuel Luı́s reefs to date. This multi-taxon approach is

timely considering the emerging threats to Brazilian coral

reefs, such as mining (Vilar et al. 2020), oil exploration

(Moura et al. 2013; Santos et al. 2016; Vilar et al. 2020),

and overfishing (Dutra et al. 2005; Floeter et al. 2006;

Frédou et al. 2006).

Based on the few previous reports of its fauna and flora,

its isolation and difficulty of access, we expected to find

near pristine conditions of the PML’s marine ecosystem.

The information obtained can help identify effective con-

servation measures for the north Brazilian coastal region.

First, we expected to find a fish community with a high

proportion of large predators and species with commercial

value, since these reefs are exposed to low fishing pressure.

Second, because of strong tidal currents and high sedi-

mentation, we expected to observe a larger contribution of

benthic taxa resistant to burial events, fast-growing species

and hydrodynamic resistant species. Third, we expected

herbivorous fishes, either territorial or roving, to be the

main group interacting with the substrate on those reefs

because they are the main grazing group of tropical sub-

tidal consolidate substrates (Harborne and Mumby 2018;

Longo et al. 2019). We expected that herbivorous fishes

presented a higher number of agonistic interactions since

these represent an important component of the fish

assemblage reported in PML (Morais et al. 2017). Finally,

strong interactions dependent on the abundance of species

(Vázques et al. 2007) and, as herbivores are abundant in the

PML (Morais et al. 2017), large part of agonistic interac-

tions are expected to be played between herbivorous spe-

cies (Fontoura et al. 2020).

Material and methods

Study region

The Parcel de Manuel Luı́s State Park, located * 84 km

offshore from the coast of the state of Maranhão (northeast

Brazil), is a RAMSAR site since 2000 (Coura 2016). The

PML reefs are located in the continental shelf of Maranhão

state, in the southern border of the Amazon Reef System.

This reef system was first discovered in the 1970s (Collette

and Rützler 1977) but was only recently mapped in detail

(Moura et al. 2016; Francini-Filho et al. 2018). Although

located closer to the coast compared to the four groups of

oceanic islands in Brazil, its inaccessibility and complex

logistics for surveying make the PML the least known of

all Brazilian shallow reefs. This 5-km-long formation has

hundreds of pinnacles rising up from the 30 m deep sea

floor to the surface but there are still limited geological and

physical–chemical data for the region despite its shallow

and relatively clear waters. For example, although the

current hypothesis is that the Manuel Luı́s reefs sit on a

rocky base (Coura 2016), there is no currently available

geological data (seismic or probe) testing this. The local

geology of the Maranhão shelf indicates a predominantly

sedimentary geomorphology influenced by sea level

transgressions, tides and rivers that existed during the

Holocene (Gualberto and El-Robrini 2005). Most of the

sediment in the shelf is lithoclast, pointing to a possible

igneous origin of the Maranhão sedimentary basin (Klein

and Moura 2003). The only exposed parts of the Parcel are

the tips of the pinnacles during spring low tides, making

local navigation particularly dangerous. Those factors

combined with a high tidal range (up to 6 m) and strong

currents (up to 2.5 knots), have kept both researchers and

fishers relatively away from the area. According to Coura

(2016), 13 shipwrecks have been located from the esti-

mated 200 that may lie within the PML (Maida and Fer-

reira 1997).

We conducted two field expeditions to the Parcel de

Manuel Luı́s, one in April of 2012 and another in April

2013. As navigation charts for the PML region lack details

of the reef formations, two known shipwrecks (Basil, and

Ana Cristina) were used as reference points (Fig. 1). Sur-

veys were stratified according to habitat and depth profile,

aiming to obtain a representative snapshot of the PML’s

reef communities (Fig. 2). Based on the general habitat

availability throughout the local seascape, we chose to

survey four habitat types: (1) shipwreck—two sunken

vessels with 30 and over 100 yrs, mostly covered by

sponges, epilithic algae and sparse coral colonies, depth

from 5 to 28 m; (2) pinnacles—tall pillars and walls for-

mations covered by macroalgae and sponges, associated

with coral and hydrocoral colonies, depth from 6 to 27 m;

(3) patch reefs—sparse groups of congregated coral and

rhodoliths, sponges and hydrocorals, depth between 24 and

27 m; and, (4) interface—the borders of the other three

habitats, mainly composed by rhodoliths with attached

macroalgae, carbonate gravel and encrusting sponges,

depth from 19 to 28 m.

Benthic surveys

We quantitatively estimated the cover of benthic reef

organisms at the PML using digital images (25 9 25 cm)

randomly distributed along two depth strata (5–8 m, and

25–27 m) because of logistical restrictions imposed by

wave action (shallow pinnacle tops), currents (walls with

channeled currents), and excessive suspended sediments in

other habitats. Pinnacles were the predominant component

of the local seascape and representative of PML reefs

despite their heterogeneity in size. Images were analyzed

for relative cover using the software photoQuad (Trygonis
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and Sini 2012) by overlaying 50 random points on each

image. A total of 202 images were analyzed for the two

sites investigated (Ana Cristina, n = 190; and Basil,

n = 12), but only images from the Ana Cristina were tested

for statistical differences due to the low number of repli-

cates obtained for the second site (Basil) and poor quality

due to suspended sediments. Benthic organisms were

visually identified at the lowest taxonomic level, then the

following morpho-functional categories (Aued et al. 2018)

were assigned for analysis purposes: turf algae, macroal-

gae, coral (including fire corals), zoanthid, crustose coral-

line algae (CCA), suspension/filter feeders (sponges),

cyanobacteria and other invertebrates (see Table 1 for

details). Information lost due to edges, shade or undefined

features comprised less than 0.5% of total cover and were

not included in the analysis. A qualitative sampling routine

0.
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Fig. 1 Map indicating sampled stations in the Parcel de Manuel Luı́s and its relative position to the Great Amazon reefs
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using active search was done by two divers along all

habitats to search for new species occurrences and to col-

lect voucher specimens of macroalgae, sponges and corals.

The collected specimens were used to help identify and to

complete the list of benthic taxa. Cnidaria and Porifera

material sampled were deposited at the Museu Nacional—

UFRJ (Rio de Janeiro, Brazil) and the macroalgae were

deposited at Flor Herbarium at Federal University of Santa

Catarina (Florianópolis, Brazil).

Reef fish assemblages

Species richness, abundance, and biomass of fishes were

estimated from 83 underwater visual surveys (UVSs) along

belt transects of 40 m2 (20 9 2 m) following the method

described by Morais et al. (2017). Transects were placed

randomly within depth intervals (5 m, when possible) at

both sites (Basil n = 21; and Ana Cristina n = 62) in four

habitat types (i.e., shipwreck, pinnacles, patch reef and

interface) according to habitat availability (See Table 1s in

supplementary material for details). During the surveys, we

identified and estimated the size (total length in cm) of

each individual fish within the transect boundaries. The

body mass of each fish was calculated using the length–

weight conversions with species-specific regression

parameters (a and b) obtained from FishBase (Froese and

Pauly 2019). All fishes recorded within the UVSs were

classified into trophic groups (HD—herbivores–detriti-

vores, HM—macroalgal feeders, SI—sessile invertebrate

feeders, MI—mobile invertebrate feeders, PK—plankti-

vores, CP—carnivores-piscivores, OM—omnivores) based

on diet, size and feeding behavior following the categories

listed by Longo et al. (2014).

Fig. 2 Main habitats found at

Parcel do Manuel Luı́s State

Park (Brazil). a pinnacle top,

b interface, c pinnacle wall,

d shallow shipwreck, and e deep
shipwreck
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Reef fish ecological interactions

We assessed fish ecological interactions (agonistic and

benthic feeding interactions) using remote underwater

video recordings, following Longo and Floeter (2012). For

each video, an area of 2 9 1 m was filmed for 15 min with

a digital video camera (GoPRO) focusing on the reef

substratum. We placed the cameras at the same depth strata

used for benthic surveys, except for high sloping areas and

walls, and also avoided artificial habitats that could bias the

associated community because of the different ages and

composition of the two wrecks (Perkol-Finkel et al. 2006,

Simon et al. 2011). In total, we obtained 22 video plots, all

recorded during daylight hours (from 0900 to 1600 h).

From the footages, we counted the number of bites

delivered on the substratum and estimated the total length

of each fish to calculate the feeding pressure of an indi-

vidual fish. We then aggregated this across all individuals

from the same species and averaged among videos to

obtain species-level mean and variance of the feeding

pressure. Agonistic interactions within and among fish

species were defined as events when one fish chased

another without any obvious feature associated with pre-

dation. These interactions were quantified by counting the

number of interactions observed per individual and

aggregated at the species level (Fontoura et al. 2020). The

expected contribution of species based on relative abun-

dance, both for feeding pressure and interactions (i.e.,

chases) was investigated using the Ivlev index of electivity,

using the Chi-square distribution to estimate the 95%

Table 1 Taxa and morpho-functional groups of benthic cover found quantitative surveys in reefs at the Parcel do Manuel Luis Marine State

Park. Brazil

Group Organism Ana Cristina Basil

5–8 m 25–27 m 25–27 m

Mean s.d Mean s.d mean s.d

Macroalgae Dictyota sp. 36.3 34.8 22.6 30.3 11.2 12.0

Halimeda sp. 1.6 4.4 15.7 23.7 26.8 15.0

Caulerpa racemosa 12.7 28.4 1.5 8.7 – –

Unidentified articulated calcareous algae 0.3 1.4 4.4 11.8 – –

Ceramium nitens 1.2 9.0 – – – –

Unidentified filamentous algae – – – – 4.2 7.9

Champia parvula – – 0.1 1.4 – –

Unidentified foliaceous algae – – 0.1 1.0 – –

Unidentified corticated algae 0.1 1.3 – – 0.2 0.6

Unidentified crustose coralline algae 0.1 1.3 – – – –

Amphiroa sp. – – 0.1 0.7 – –

Caulerpa sp. – – 0.0 0.2 – –

Caulerpa verticillata \ 0.1 0.2 – – – –

Codium spp. – – – – 0.2 0.6

Turf algae Turf calcareous algae 24.7 31.6 8.1 13.6 22.7 8.8

Turf filamentous algae 2.3 9.6 3.1 9.1 0.3 0.8

Cyanobacteria Cyanobacteria 5.6 13.8 13.8 18.9 5.2 4.8

CCA Crustose coralline algae 4.3 13.2 0.6 2.7 3.8 11.0

Filter Feeders Incrusting sponge 0.9 3.0 0.7 2.4 2.0 4.7

Massive sponge 0.1 0.7 1.1 5.1 0.5 1.7

Coral Siderastrea stellata \ 0.1 0.4 0.8 3.8 0.2 0.6

Montastraea cavernosa – – 0.2 0.9 1.0 2.9

Porites astreoides – – 0.2 2.5 – –

Favia gravida 0.1 0.6 – – 0.2 0.6

Meandrina brasiliensis – – – – 0.5 1.7

Zoanthid Palythoa caribaeorum 6.3 20.1 – – – –

Other invertebrates Polychaeta Bispira sp. – – 1.1 5.2 18.7 16.7

s.d., standard deviation. ‘–‘, absent
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confidence intervals (Byers et al. 1984). The relative

abundance of fish species in the same habitat of videos

(i.e., pinnacles) was applied as observed availability, and

the relative grazing pressure and relative number of chases

were used as observed utilization on each case.

Statistical analysis

We used permutational multivariate analyses of variance

(PERMANOVA—Anderson 2001) to test for differences in

the structure of benthic communities between depth strata

and in the structure of fish assemblages between depth

strata and habitats. We used a principal coordinate analysis

(PCoA) to visualize differences in the feeding pressure of

all species and trophic groups between depth strata. The

PERMANOVA analysis were performed using a Euclidean

dissimilarity matrix for benthic communities and Bray-

Curtis dissimilarity for fishes, with statistical significance

tested by 999 permutations under a reduced model, and

type II (conditional) sums of squares (Anderson et al.

2008). PERMANOVA analyses were done using the ado-

nis function within the vegan package (Oksanen et al.

2015) from R software.

To assess whether fish species richness (number of

species per 40 m2), abundance (number of individuals per

40 m2) and biomass (grams per 40 m2) varied among

habitats (shipwreck, pinnacles, patch reef, and interface)

and depth, we applied generalized linear mixed models

(GLMM) with a negative binomial error distribution for

richness and abundance, and gamma error distribution (link

log) for biomass data. We considered habitat and depth as

fixed factors, and site as a random factor. Tukey tests were

used post hoc to determine the differences between groups

and performed using the function glht from the multicomp

package (Hothorn et al. 2008).

Results

Benthic communities

A total of 54 taxa of macroalgae were identified: 34 from

the phylum Rhodophyta, 10 from the phylum Chlorophyta,

eight from the class Phaeophyceae (phylum Heterokonto-

phyta), and two Cyanobacteria (Table 2). We found a rel-

atively low diversity of sponges (Porifera), with only 11

species identified from the qualitative and quantitative

surveys (Table 2). However, two of these were new records

for the North Brazilian Shelf: Chelonaplysilla erecta and

Scopalina ruetzleri (Fig. 2s Online Resource). Clathria

nicoleae was the only species endemic to the Brazilian

province. We also identified 10 species of Anthozoa

(phylum Cnidaria), one only at genus level, belonging to

eight families (Table 2). Three out of nine scleractinian

species identified are endemic to Brazil: Favia gravida,

Mussismilia hispida and Siderastrea stellata.

Overall, benthic community cover was dominated by

macroalgae (47.8%), with Dictyota spp. and Halimeda spp.

as major components at both investigated depth strata

(Fig. 4). Algal turfs were the second most abundant group

(18.6%), followed by cyanobacteria (9.9%, Fig. 3). Coral

cover was low (0.8%) and mainly consisting of Siderastrea

stellata, Montastraea cavernosa and Porites astreoides.

Benthic communities differed between depth strata (PER-

MANOVA: F-value depth = 27.21, p\ 0.001), with the

shallow stratum dominated by macroalgae and turf algae

and the deep stratum with relatively higher cover of

cyanobacteria and other invertebrates (mainly sessile

polychaetes) (Fig. 3).

Reef fish assemblages

A total of 59 species in 19 families were recorded during

the quantitative surveys (Table 3) with species richness

ranging from three to 18 species per transect (median = 8,

Q25% = 6.5, Q75% = 10). We found no evidence for depth

or habitat effects on fish species richness (F3, 82-value =

1.89, p[ 0.05). There was marginal evidence for an effect

of habitat on fish abundance (F3, 82-value = 4.92,

p\ 0.046; shipwreck = pinnacle, shipwreck[ patch

reef = interface), but not for depth (F1, 82-value = 0.02,

p[ 0.05). Fish biomass was highest at shipwrecks, fol-

lowed by patch reefs, interface and pinnacles (Fig. 4;

F3, 82-value = 7.59, p\ 0.01; shipwreck[ patch

reef = interface = pinnacle), but values were similar

between depths (F1, 82-value = 0.01, p[ 0.05).

Mobile invertebrate feeders (MI), herbivores–detriti-

vores (HD), and carnivores–piscivores (CP;[ 30 cm)

were the most abundant and had the higher biomass

(Fig. 5). Carnivores–piscivores attained the largest sizes

(range = 12–200 cm, median = 50, Q25% = 40,

Q75% = 80), followed by macroalgae feeders (HM-

range = 35–60 cm, median = 50, Q25% = 45, Q75% = 50)

and MI (range = 4–100 cm, median = 18, Q25% = 12,

Q75% = 35). Mobile invertebrate feeders accounted for

87.6% of total biomass and 56.2% of total abundance,

while carnivores–piscivores summed 7.3% of biomass and

3.7% of abundance. The relative frequency of occurrence

of macroalgae feeders was the highest (31.1%), followed

by omnivores (16.3%) and carnivores–piscivores (10.6%).

Species composition was similar among habitats and depth

(PERMANOVA: F1, 82-value depth = 1.18, p = 0.26;

F1, 82-value habitat = 0.80, p = 0.79). No effect of depth or

type of habitat was observed on patterns of biomass by

trophic group (PERMANOVA: F1, 82-value depth = 0.39,

p = 0.86; F1, 82-value habitat = 0.98, p = 0.46) or size
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Table 2 Taxa observed or sampled at Parcel de Manuel Luis State Park (Brazil)

Higher order classification Family Species

Phylum Rhodophyta

Class Florideophyceae Acrochaetiaceae Acrochaetium microscopicum

Callithamniaceae Aglaothamnion felliponei

Lithophyllaceae Amphiroa anastomosansa

Ceramiaceae Antithamnionella graeffei

Bonnemaisoniaceae Asparagopsis taxiformis

Hymenocladiaceae Asteromenia peltata

Delesseriaceae Branchioglossum sp.

Callithanmiaceae Callithamnion corymbosum

Crouania attenuate

Ceramiaceae Ceramium comptum

Ceramium nitensa

Ceramium tenuicorne

Ceramium virgatum

Ceramium sp.1

Champiaceae Champia parvulaa

Derbesiaceae Derbesia marina

Erythrotrichiaceae Erythrotrichia carnea

Gelidiaceae Gelidium pusillum

Wrangeliaceae Haloplegma duperreyi

Griffithsia globulifera

Griffithsia schousboei

Hydrolithaceae Hydrolithon farinosum

Hypneaceae Hypnea cf. spinella

Hypnea sp.

Delesseriaceae Hypoglossum hypoglossoides

Corallinaceae Jania cf. adhaerens

Jania cubensis

Jania sp. 1

Rhodomelaceae Laurencia cf. filiformis

Laurencia oliveirana

Laurencia sp.1

Lithothamniaceae Lithothamnion crispatum

Peyssonneliaceae Peyssonnelia sp.*

Porolithaceae Porolithon antillarum

Rhizophyllidaceae Ochtodes secundiramea

Wrangeliaceae Wrangelia argus

Class Phaeophyceae Dictyotaceae Canistrocarpus cervicornisa

Dictyopteris cf. delicatula

Dictyota ciliolate

Dictyota crenulata

Dictyota hamifera

Dictyota humifusa

Dictyota menstrualis

Dictyota pinnatifida

Phylum Chlorophyta

Class Ulvophyceae Bryopsidaceae Bryopsis hypnoides

Bryopsis pennata
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class (PERMANOVA: F1, 82-value depth = 0.46, p = 0.81;

F1, 82-value habitat = 1.16, p = 0.28). Lutjanus jocu,

Sparisoma frondosum and Acanthurus chirurgus were the

most abundant species (Table 3). The dog snapper (L. jocu)

showed the highest mean biomass values

(11.2 ± 3.1 kg.40 m-2), followed by Chaetodipterus faber

(2.1 ± 1.3 kg.40 m-2) and Haemulon parra

(2.1 ± 1.5 kg.40 m-2). Other large carnivorous species,

besides L. jocu, with high mean biomass were Sphyraena

barracuda (1.1 ± 0.4 kg.40 m-2) and Mycteroperca

Table 2 continued

Higher order classification Family Species

Caulerpaceae Caulerpa racemosaa

Caulerpa verticillataa

Halimedaceae Halimeda sp.1

Halimeda sp.2

Halimeda tunaa

Udoteaceae Udotea abbottiorum

Udotea dixonii

Valoniaceae Valonia ventricosa

Phylum Cyanobacteria

Class Cyanophyceae Oscillatoriaceae Lyngbya sp.

Phylum Porifera

Class Demospongidae Agelasidae Agelas sp.

Aplysinidae Aplysina cauliformis

Microcionidae Clathria (Clahtria) nicoleae

Clionaidae Cliona schmidtii

Darwinellidae Chelonaplysilla erecta c

Geodiidae Geodia sp.

Irciniidae Ircinia sp.

Crambeidae Monanchora sp.

Niphatidae Niphates alba

Scopalinidae Scopalina ruetzleri c

Spongiidae Spongia sp.

Phylum Cnidaria

Class Hydrozoa Milleporidae Millepora laborelib

Class Anthozoa Agariciidae Agaricia sp.

Faviidae Favia gravidaab

Mussismilia hispidab

Scolymia wellsii

Meandrinidae Meandrina brasiliensisa

Montastraeidae Montastraea cavernosaa

Pocilloporidae Madracis decactis

Poritidae Porites astreoidesa

Siderastreidae Siderastrea stellataab

Sphenopidae Palythoa caribaeoruma

aSpecies found in the photoquadrats sampling,
bSpecies endemic to Brazil,
cNew record for the North Brazilian shelf
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bonaci (0.3 ± 0.1 kg.40 m-2). Endangered (n = 1), near

threatened (n = 1) and vulnerable species (n = 1) con-

tributed with 2.1% of total abundance (Table 1) and 1% of

total biomass. Highly (n = 14) and very highly (n = 15)

targeted species accounted for 48.9% and 10.5% of total

abundance (Table 1), and 16.2% and 5.5% of total biomass,

respectively.

Reef fish interactions

We recorded a total of 2041 ecological interactions, both

inter and intraspecific, during the 220 min of video.

Feeding interactions were exclusively recorded with ben-

thic components (n = 2029), performed by 20 fish species

distributed in three out of the seven trophic groups (Fig. 6).

Agonistic interactions were much less common, and

exclusively performed by six species from two trophic

groups (Fig. 7). The herbivore–detritivore group exerted

most of the feeding pressure (97.1%), followed by mobile

invertebrate feeders (2.7%) and macroalgal feeders (0.3%;

Fig. 6). The grazer surgeonfish Acanthurus chirurgus alone

accounted for about 62% of the total feeding pressure

(n = 18, median = 3.3, Q25% = 2.3, Q75% = 5.8), followed

by the excavator parrotfish Scarus trispinosus, with *
14% (n = 4, median = 5.7, Q25% = 4.5, Q75% = 9.3). The

feeding pressure was largely influenced by the abundance

and individual biomass, which is demonstrated by the

contribution of A. chirurgus (9.44% of total abundance;

individual estimated weight = 0.14 ± 0.16 kg) and S.

trispinosus (1.76% of total abundance; individual estimated

weight = 2.3 ± 1.9 kg). The relative contribution of spe-

cies to total feeding pressure was not different from the

expected exclusively based species relative on abundance,

as evidenced by the electivity index (Fig. 6s). No signifi-

cant differences were observed on feeding pressure

between depth strata for all fish species (F1, 20-value =

1.53, p = 0.10) or trophic groups (F1, 20-value = 2.03,

p = 0.09).

The few agonistic interactions detected (14 events in

220 min of videos) were mostly interspecific and per-

formed exclusively by the territorial herbivore Stegastes

variabilis, mainly towards roving herbivores such as the

abundant A. chirurgus (67%), the small territorial herbi-

vore–detritivore Ophioblennius trinitatis (16.5%) and the

small parrotfish Sparisoma radians (16.5%). All other five

species chased exclusively conspecifics, although these

interactions were rare (Fig. 7), and there was no difference

from the expected contribution based on relative abun-

dance of chased species in the electivity index (Fig. 6s).
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Table 3 Fish species observed in belt transects at Parcel do Manuel Luis Marine State Park reefs (Brazil) in 2012 and 2013. Commercial

importance and conservation status were compiled from FishBase (Froese and Pauly 2019)

Family Species n Abundance

(%)

Mean size in cm

(mean ± sd)

Diet Commercial

importance

Conservation

status

Acanthuridae Acanthurus chirurgus 274 9.44 14.7 ± 5.6 HD Medium LC

Acanthurus coeruleus 14 0.48 24.6 ± 10.3 HD Medium LC

Acanthurus bahianus 7 0.24 10.0 ± 4.1 HD Not targeted LC

Batrachoididae Amphichthys cryptocentrus 1 0.03 35.0 ± 0.0 MI Not targeted LC

Carangidae Carangoides bartholomaei 67 2.31 43.4 ± 10.1 CP Medium LC

Caranx crysos 2 0.07 42.5 ± 3.5 CP Low LC

Caranx ruber 2 0.07 45.0 ± 0.0 CP Medium LC

Trachinotus falcatus 2 0.07 95.0 ± 7.1 MI Medium LC

Chaetodontidae Chaetodon ocellatus 15 0.52 11.8 ± 1.9 MI Not targeted LC

Chaetodon sedentarius 6 0.21 10.4 ± 0.9 MI Not targeted LC

Chaetodon striatus 1 0.03 10.0 ± 0.0 SI Not targeted LC

Epinephelidae Mycteroperca bonaci 10 0.34 43.0 ± 23.9 CP Very high NT

Epinephelus itajara 2 0.07 170.0 ± 42.4 CP Very high VU

Dermatolepis inermis 1 0.03 30.0 ± 0.0 CP Very high DD

Epinephelus adscensionisb 1 0.03 40.0 ± 0.0 CP Very high LC

Grammatidae Gramma brasiliensis 12 0.41 6.3 ± 1.7 MI Not targeted NE

Haemulidae Haemulon plumierii 181 6.23 28.0 ± 8.5 MI Medium LC

Haemulon parra 144 4.96 35.5 ± 9.0 MI Medium LC

Anisotremus virginicus 130 4.48 18.9 ± 7.1 MI Medium LC

Haemulon aurolineatum 51 1.76 17.5 ± 6.5 MI Medium LC

Haemulon melanurum 2 0.07 17.5 ± 3.5 MI Medium LC

Holocentridae Holocentrus adscensionis 50 1.72 16.7 ± 4.5 MI Medium LC

Myripristis Jacobus 4 0.14 14.3 ± 1.5 PK Medium LC

Kyphosidae Kyphosus sectatrix 25 0.86 47.1 ± 8.1 HM High LC

Kyphosus vaigiensis 5 0.17 52.5 ± 10.6 HM High LC

Labridae Sparisoma frondosuma 369 12.71 13.3 ± 8.8 HD High DD

Halichoeres bivittatus 146 5.03 13.0 ± 3.9 MI Very high LC

Sparisoma radians 130 4.48 6.5 ± 2.3 HD High LC

Halichoeres dimidiatusa 52 1.79 18.2 ± 7.7 MI Very high LC

Scarus trispinosusa 51 1.76 32.5 ± 10.1 HD High EN

Sparisoma axillarea 50 1.72 13.7 ± 10.3 HD High DD

Sparisoma ampluma 29 1.00 32.1 ± 18.1 HD High LC

Halichoeres poeyi 22 0.76 12.5 ± 4.9 MI Very high LC

Cryptotomus roseus 21 0.72 8.9 ± 3.3 HD High LC

Bodianus rufus 20 0.69 15.1 ± 4.9 MI Very high LC

Clepticus brasiliensisa 17 0.59 15.0 ± 0.0 PK Very high LC

Thalassoma noronhanum 8 0.28 12.8 ± 2.2 PK Very high LC

Halichoeres penroseia 5 0.17 15.0 ± 2.4 MI Very high LC

Scarus zelindaea 5 0.17 33.8 ± 13.1 HD High DD

Bodianus pulchellus 3 0.10 13.3 ± 6.1 MI Very high LC

Halichoeres brasiliensisa 2 0.07 12.5 ± 3.5 MI Very high DD

Lutjanidae Lutjanus jocu 640 22.04 45.7 ± 13.5 MI High DD

Ocyurus chrysurusa 40 1.38 19.7 ± 11.0 HD Medium DD

Mullidae Mulloidichthys martinicus 12 0.41 13.1 ± 3.9 MI Medium LC

Pseudupeneus maculatus 7 0.24 16.4 ± 7.0 MI Medium LC
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Discussion

General aspects

The PML reefs have formations that are unique in the

Western South Atlantic and make up the northernmost

shallow reef formations in the Brazilian province, at the

southernmost limit and only explored shallow water rep-

resentative of the Amazon Reef System. Reefs at the Parcel

de Manuel Luı́s are dominated by macroalgae and have

high biomass of mid to high-trophic level fishes. Our

approach revealed fish assemblage characterized by large

abundance of commercial species and bearing similarities

with a previous survey conducted over 20 yrs ago (Rocha

and Rosa, 2001). The simultaneous dominance of

macroalgae and abundant herbivorous fish species contra-

dicts assumptions that healthy tropical reefs have to be

coral dominated, and also supports the literature suggesting

low herbivore-mediated control of benthic communities

(Russ et al. 2015; Donovan et al. 2018; Bruno et al. 2019).

Indeed, coral cover is typically low and macroalgae cover

typically high in other reefs along the Brazilian coast

(Castro and Pires 2001; Aued et al. 2018).

A remarkable aspect of the PML is the considerable

abundance and large size of the commercially valuable and

highly targeted species Lutjanus jocu (7.7 ± 1.6

ind.40 m-2) (Frédou et al. 2009) and Sparisoma frondosum

(4.5 ± 0.5 ind.40 m-2), and the common occurrence of

large specimens of carnivorous-piscivorous fish species

(e.g., groupers), unlike most other Brazilian locations

(Morais et al. 2017). Thus, the region may be a hope spot

(Earle 2016) for populations of large carnivores such as the

endangered species (e.g., the goliath grouper, Epinephelus

itajara), species of high commercial value as, groupers,

snappers and Brazilian endemic parrotfishes (S. trispinosus

and S. frondosum). Indeed, in a large-scale survey effort,

Morais et al. (2017) highlighted the fact that the abundance

of these species at the PML was exceptional for shallow

reefs of the Brazilian Province.

Benthic cover

The benthic communities of the PML were characterized

by a high contribution of macroalgae, whereas algal turfs

and corals had a relatively low cover. Although the PML

reefs are likely to have a rocky basis (Coura 2016), the

gains in complexity might be due to secondary contribution

of several groups of organisms. As corals had low contri-

bution to cover, we hypothesize that Halimeda spp and

coralline alga, together with sponges may have contributed

to this secondary framework, stabilizing the substrate and

contributing to reef accretion, as described by Wood

Table 3 continued

Family Species n Abundance

(%)

Mean size in cm

(mean ± sd)

Diet Commercial

importance

Conservation

status

Ogcocephalidae Ogcocephalus vespertiliob 1 0.03 35.0 ± 0.0 MI Not targeted NE

Ostraciidae Acanthostracion
polygonius

1 0.03 40.0 ± 0.0 SI High LC

Pomacentridae Abudefduf saxatilis 1 0.03 10.0 ± 0.0 OM Not targeted LC

Chromis multilineata 5 0.17 9.0 ± 1.4 PK Not targeted LC

Chromis scotti 5 0.17 5.5 ± 0.6 PK Not targeted LC

Stegastes variabilis 55 1.89 7.7 ± 1.8 HD Not targeted NE

Stegastes pictus 19 0.65 6.1 ± 1.8 OM Not targeted NE

Pomacanthidae Pomacanthus arcuatus 2 0.07 17.5 ± 3.5 OM High LC

Pomacanthus paru 47 1.62 23.5 ± 10.2 OM High LC

Holacanthus ciliaris 11 0.38 12.8 ± 3.2 SI High LC

Serranidae Serranus baldwini 18 0.62 6.5 ± 1.6 MI Medium LC

Rypticus saponaceus 1 0.03 30.0 ± 0.0 MI Very high LC

Sphyraenidae Sphyraena barracuda 22 0.76 87.5 ± 14.8 CP Medium LC

Tetraodontidae Canthigaster figueiredoia 6 0.21 7.0 ± 1.1 MI Very high LC

HD, herbivore–detritivore, HM, macroalgal feeder, SI, sessile invertebrate feeder, MI, mobile invertebrate feeder, PK, planktivore. CP, carni-

vore-piscivore. OM, omnivorous; *Synonym in Rocha and Rosa (2001); ** not observed by Rocha and Rosa (2001);�new observation for the

region and extension on species previous range. Not evaluated (NE); Data deficient (DD); Least concern (LC); Near threatened (NT); Vulnerable

(VU); Endangered (EN)
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(2003), but core drilling studies must be done to solve this

question. Macroalgae cover was almost threefold larger

than other Brazilian and Caribbean formations (Williams

and Polunin 2001; Schutter et al. 2010; Vermeij et al. 2010;

Aued et al. 2018). Traditionally, the balance between coral

and macroalgae cover has been an important proxy of coral

reef health with a higher proportion of corals expected for

healthy tropical coral reefs (Bellwood et al. 2004, 2019;

Hughes et al. 2010). Despite the scarcity of comparative

baselines of benthic communities at the PML, available

evidence suggests that the dominance of macroalgae is not

a recent phenomenon for this reef system. The PML is

located in the only part of the Amazon Reef System with

water transparency to allow the penetration of enough light

to support reef building species (Omachi et al. 2019). At

the same time, this part of the Amazon Reef is exposed to

substantial inputs of dissolved organic nitrogen and phos-

phorus from the Amazon River plume (Gouveia et al.

2019), favoring high planktonic productivity (Stuckel et al.

2014) and, potentially, also macroalgae and sponges that

could outcompete scleractinian corals under such condi-

tions. Waters around the PML are also exposed to an

abundance of suspended particles, especially during spring

tide currents (authors pers. obs.). Although coral species

endemic to the Brazilian province tolerate high sediment

deposition (Leão et al. 2003; Loiola et al. 2019) and pro-

ductive waters (Costa et al. 2008), sedimentation rates can

also negatively affect those scleractinian corals (Dutra

et al. 2006; Segal and Castro 2011; Freitas et al. 2019).

Finally, the isolation and the strong currents at the PML

may be an additional obstacle to connectivity, self-re-

cruitment and larval settlement, precluding the establish-

ment of large coral populations, a topic which warrants

further investigation.

The phytobenthic structure of the PML presents clear

affinity with the tropical Atlantic flora, but the absence of

common and abundant taxa also draws attention. The red

algae Ceramium nitens is very common on the Caribbean

reefs, and was often found on PML reefs, despite being

only found elsewhere in Pernambuco State along the

Brazilian coast (Fujii et al. 2001). This highlights the

importance of the PML reefs as corridors between the

Caribbean and Brazilian flora. The absence of Sargassum,

Gracilaria and the order Halymeniales in our survey as

well as in the bibliographical review for the region is

noteworthy. These groups tend to be highly palatable for

fishes (McCook, 1996) and often reported as important

dietary items for herbivores abundant in the PML, such as

kyphosids (Ferreira and Gonçalves 2006). Although

kyphosids were not observed feeding on the benthos in the

filming survey, these macroalgal-feeding specialists com-

prised a significant proportion of fish biomass. Thus, the

possibility remains that kyphosids together with other

nominally herbivores exert a potential impact over

macroalgae through feeding pressure that could preclude

the establishment or keep the undetected macroalgae spe-

cies cited above in a state of low abundance with low

probability of detection. In contrast, other less palat-

able macroalgae species, such as Dictyota sp., Halimeda

sp. and Caulerpa racemosa, were locally abundant.

Although sponges did not comprise a high cover in the

benthic surveys, they often contribute disproportionately to

ecosystem processes on reefs compared to their perceived

abundance (Richter et al. 2001; de Goeij et al. 2014). Our

study is the first comprehensive assessment of sponges for

the PML and first sampling effort for Porifera at shallow

depths (5–20 m) using SCUBA diving in the Maranhão

state coast. We added four species and two genera records

to the Amazon ecoregion (Soest et al., 2017). Still, with the
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exception of the Brazilian endemic Clathria nicoleae, most

of identified species present wide distribution, usually from

the Caribbean to the southern Brazilian coast (e.g.,

Amphimedon and Monanchora).

According to Amaral et al. (2007), 12 species of scler-

actinian corals are recorded for the PML region. In our

surveys, we recorded only 10 species, all of them previ-

ously reported for the PML. Four of these species are

endemic to Brazilian waters, with the majority of this

impoverished coral assemblage broadly distributed in

Brazil and the Caribbean. Shallow-water species, such as

Brazilian-endemic corals Mussismilia spp., cannot use the

Amazon Reef System as a stepping-stone system to cross

the Amazon River plume barrier because these reef struc-

tures are overwhelmingly concentrated in deeper waters

(Collette and Rützler 1977; Rocha et al. 2002).

Reef fish assemblages

Although the richness of species is relatively low in com-

parison to other localities along the coast (Floeter et al.

2001; Pinheiro et al. 2018), the PML harbors species both

at their northern and southern limits of distribution, con-

sidering the Brazilian and Caribbean provinces, respec-

tively. Here, we expanded the list of reef fish species

provided in Rocha and Rosa (2001) adding two species
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(Epinephelus adscensionis and Ogcocephalus vespertilio)

for the PML, and including 10 taxonomic updates ranging

from recent nomenclatural changes to newly described

species (Table 3). Compared to previous surveys by Rocha

and Rosa (2001), the family level contribution, trophic

structure and mean size of species appears to have changed

little. There was a small decrease in the relative abundance

of carnivores and piscivores from 1998 to 2012, and an

increase of herbivores–detritivores (Fig. 7s in supplemen-

tary material). That inversion on representativeness of

these two groups was especially evident in their frequency

of occurrence (Fig. 7s), but that could be an effect of dis-

tinct sampling efforts applied in both studies (15 stationary

counts in 1998 versus 83 belt-transects in 2012), and the

more scattered sampling study from 2001 study. Large

predators such as jacks, groupers, snappers and barracudas

were also frequently observed by Rocha and Rosa (2001),

although, with the exception of Lutjanus jocu, they were

not particularly abundant in their counts, which again

might be attributed to differences in the counting

methodology. The average size reported for L. jocu and S.

frondosum by Rocha and Rosa (2001) indicated smaller
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specimens but similar sizes for S. trispinosus and other

species (Table 2s in supplementary material).

Here, herbivores–detritivores and large mobile inverte-

brate feeders ([ 30 cm) were the dominant groups in both

abundance and biomass. In many reefs on the Brazilian

coast, these groups tend to be relatively rare, particularly

large specimens that are heavily targeted (Bender et al.

2014; Chaves et al. 2010; Ferreira et al. 2015a, b; Morais

et al. 2017). The largest Brazilian parrotfish, the endemic

greenback parrotfish Scarus trispinosus Valenciennes

1840, was often observed in small groups (\ 15 individu-

als), although it appears to be less abundant than in other

locations in the northeastern coast of Brazil, such as in Rio

Grande do Norte and Abrolhos (Morais et al. 2017; Roos

et al. 2019, 2020). This species has been historically tar-

geted by fisheries in the eastern and northeastern regions in

Brazil (Floeter et al. 2006; Bender et al. 2014; Roos et al.

2019, 2020), but there is no strong reason to believe that

fishing activities would have recently caused abundance

declines that could explain the relatively low densities

observed at the PML. Scarus trispinosus was more abun-

dant on Brazilian reefs with a large contribution of reef

building corals and calcareous algae (Roos et al. 2019),

which may be more favorable for a species that relies on

excavating the substratum. In this sense, the relatively low

abundance of calcareous substrate (e.g., calcareous algae)

may be unfavorable for the species. Supporting this likely

environmental constraint, Rocha and Rosa (2001) also

reported low abundance of S. trispinosus at the PML

almost two decades before our study. This contrasts with

other fish species with high market value and often targeted

elsewhere, such as the black grouper Mycteroperca bonaci,

the dog snapper Lutjanus jocu, and the goliath grouper

Epinephelus itajara which are often seen in dives on the

PML. Most large carnivores had low frequency of occur-

rence, which could also be attributed to the low

detectability by short belt transects (Ward-Paige et al.

2010) as those applied here. Still, the dominance of

mesopredator species even with often seen large-bodied

species raises a red flag about possible illegal fishing tar-

geting large predators such as sharks and groupers. The

globally vulnerable goliath grouper (Bertoncini et al. 2018)

is protected by specific national legislation (ICMBio 2018)

and was once very common in coastal Brazilian recre-

ational and subsistence fisheries (Gerhardinger et al. 2006;

Bender et al. 2014), but rare elsewhere in Brazil (Morais

et al. 2017). Furthermore, contrasting to Rocha and Rosa

(2001) and as noted by Morais et al. (2017), no sharks were

seen in the PML. The PML Marine State Park has been

suggested as a nursery and feeding area for endangered

species of shark and rays (Motta et al. 2009), but their

absence on our expeditions suggests fishing nearby or

illegal fishing within the PML boundaries (Feitosa et al.

2018; Martins et al. 2018).

We found higher fish abundance and biomass in ship-

wrecks compared to other habitats, but similar species

richness and composition. The main biological feature

influencing this high biomass was the conspicuous pres-

ence of schooling species (i.e., Chaetodipterus faber,

Haemulon parra, Haemulon plumieri and Lutjanus jocu) at

the shipwrecks. Several studies have compared fish com-

munities between artificial and natural reefs concerning

their fish assemblage composition (e.g., Rilov and

Benayahu 2000; Terashima et al. 2007; Simon et al. 2011)

and trophic structure (e.g., Honório et al. 2010; Fowler and

Booth 2012). In general, differences between artificial and

natural reefs are associated with the benthic cover and

substrate characteristics affecting attractiveness besides

age of the shipwrecks (Simon et al. 2013), involves mainly

large schooling species feeding in the unconsolidated

substrate (Honório et al. 2010) or benefitting from prey

associated with the wreck structure.

Reef fish interactions

Reef fish feeding pressure on the substrate is considered as

a proxy of their functional impact on the benthic commu-

nity (Longo and Floeter 2012; Longo 2019), and grazing

pressure is considered crucial on benthic dynamics (Green

et al. 2014). Feeding pressure at the PML was concentrated

in the key group of scrapers that represent a large part of

fish biomass and indicate the potential local importance of

this group. The abundance of Acanthuridae is also reflected

in the high chasing rates the species received from their

territorial competitor (Stegastes variabilis). The total

feeding pressure observed at the PML is considered high

even when compared to other higher latitude reefs both in

the Brazilian coast and the Caribbean (Longo et al. 2019).

Most parrotfish and surgeonfish species observed in the

PML feed on large amounts of detritus (Ferreira and

Gonçalves 2006; Mendes et al. 2018), while some scrap-

pers (Sparisoma axillare and S. frondosum) may also be

fleshy algae consumers. Although the majority of the

feeding pressure was exerted by scrapers, the excavator

species (Scarus trispinosus, and large individuals of Scarus

zelindae and Sparisoma amplum—Lellys et al. 2019) were

also abundant locally and suggest an important contribu-

tion of those bioeroding species. Bioeroders usually have

lower bite rates than scraper species (Bellwood and Choat

1990) and focus on coralline substrate. Thus, because of

the low coral cover observed and their more specific diet,

their function role may not be adequately quantified by

static filming, as applied in this study. Animal focal

approaches would possibly provide more precise estimates

of the grazing pressure by excavating parrotfish and
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kyphosid species. However, even with the dominant cover

in the PML being macroalgae, the diet plasticity of the

nominally herbivorous fishes ensures their potentially high

influence over benthic dynamics. Lastly, the low frequency

of chasing events could be a reflex of the high predation

risk affecting the aggressive behavior of territorial herbi-

vores, but may be biased by the technique applied as

indicated previously, thus further investigation should be

carried out for clarification. Despite the lack of previous

quantification of interactions between fishes and the ben-

thos and agonistic interactions, these first records will be a

basis for further monitoring of basic features of reef sys-

tems that may act as ecosystem functioning indicators.

Unfolding conservation issues

The Parcel de Manuel Luı́s represents the northernmost

shallow reef formations of the Brazilian coast (Rocha

2003; Floeter et al. 2006), even with the recently updated

recently and extensive scientific efforts to map the exten-

sion of the Amazon River reef complex (Moura et al. 2016;

Francini-Filho et al. 2018). Now, the Parcel de Manuel

Luı́s and the Banco do Álvaro are also considered the

southernmost and shallowest part of the Amazon reef

system (Francini-Filho et al. 2018) but still represent the

northernmost shallow reefs of the Brazilian Province. The

Amazon Reef System is not easily accessible throughout

their extension because its central and northern portions are

deep and largely under the influence of murky waters from

the Amazon river plume (Omachi et al. 2019). However,

the southern region suffers only limited and seasonal

influence of the Amazon plume, hardly affecting the water

transparency in the PML (Collette and Rützler 1977;

Moura et al. 2016; Omachi et al. 2019). Therefore, reefs of

the PML are unique in that they represent the only part of

the Amazon Reef System with water conditions consis-

tently within the limits required for significant growth of

shallow reef building scleractinian corals.

As indicated here, the PML fish assemblage showed

larger biomass of mesopredators and presence of large-

bodied species, especially groupers ([ 60 cm on total

length, see Fig. 5s in supplementary material) and abun-

dant target species when compared to other shallow reefs in

Brazil (Morais et al. 2017). The distance from the coast,

strong tidal currents, and lack of demand for reef fishes in

the area’s markets may buffer this reef system against some

coastal anthropogenic pressures (e.g., artisanal fishing

fleets and recreational diving). Fishing is prohibited and

tourism is rare to nonexistent, mainly due to the difficult

access. Nevertheless, illegal fishing has been previously

reported in the MPA area (Coura 2016) and patrolling

efforts are still inexistent. The absence of sharks and the

low level of enforcement suggests that illegal fishing may

occur. Furthermore, other threats, such as those arising

from mining in the PML vicinities (e.g., carbonate

extraction and oil, Francini-Filho et al. 2018) are also of

concern. Plans for oil exploration in the area include two

blocks licensed in the shelf edge about 120 km north of the

PML (Francini-Filho et al. 2018). As dominant currents

flow northward (Omachi et al. 2019), the potential impacts

from oil spills from extraction activities may be lower in

comparison to potential risk of oil spills from ships trans-

porting the production and in the route of the PML. Such

concerns are timely after the tragic oil spill registered in

September 2019, which affected more than 2000 km of

Brazilian coast (Duncombe 2019), including the Maranhão

coast, and, possibly, even the PML. Finally, invasive spe-

cies are likely to arrive at the PML due to the intense traffic

and potential future oil platforms to be established in the

area. Oil platforms are notorious vectors for the sun coral

Tubastraea tagusensis and T. coccinea in the southwestern

Atlantic coast (Capel et al. 2019), aggressive competitors

often displacing native species (Guilhem et al. 2020). Also,

the lionfish Pterois volitans, an aggressive invasive species

widespread in the Caribbean is expected to expand its

range by crossing the Amazon barrier, with the PML as one

of the potential first sites to be colonized (Ferreira et al.

2015a, b; Luiz et al. 2013).

Rhodolith exploration for calcium carbonate and lime-

stone extraction has increased globally (Colleti et al. 2017),

and Brazil has a vast extension of rhodolith beds in its

north and northeastern coasts (Amado-Filho et al. 2012)

that has been targeted for mining. Currently, only one

company has a functional permission to explore rhodolith

banks in the shelf of the Maranhão state, but another has

applied to start dragging in areas south of the PML

(IBAMA 2018). Direct effects of rhodolith mining include

habitat removal, changes in local carbonate availability and

increase in water turbidity, which can affect all taxa

associated with this habitat and adjacent areas. Rhodolith

beds found in the shallow shelf south of the Amazon have a

high diversity of coralline algae and other builders (Vale

et al. 2018), consisting of a rich ecosystem that is already

going to suffer changes in next the decades because of

ocean acidification (Amado-Filho et al. 2012). Finally,

Brazil is the second biggest iron ore exporter in the world

(UNCTAD 2018), and[ 60% of Brazilian iron exports

flows through the Itaqui port complex (ANTAQ 2019),

located only 100 km from the PML. A regular traffic

of[ 800,000 tons (ANTAQ 2019) flows out of Itaqui

terminals yearly. Since ship traffic is a real risk for oil and

other spills (see recent accident of the Stellar Banner

300,000 ton ore carrier 40 km from the PML, Hancock

2020), transport of alien species, and habitat destruction

through groundings (Burke et al. 2011; Magris et al. 2018),

a risk management policy including potential accidents
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involving large vessels in the region would be a welcome

addition to the State Park management plan.

The difficulty of access that protects the PML from

many human impacts is also a problem for enforcement

and monitoring. The PML is the only part of the Amazon

Reef that is legally protected, but the MPA is still in the

initial phase of a management plan (FUNBIO 2019), with

the general lack of funds and infrastructure, including

vessels. Gerhardinger et al. 2006) indicated that several

flaws in the Brazilian National System of Protected areas

make it difficult to successfully produce an integrated

management action plan. These authors showed that the

lack of a solid plan for a marine network of protected areas

is also a reflection of the poor inter-institutional coordi-

nation of coastal and ocean governance. Alongside the

national politics that exacerbates an historical institutional

crisis faced by the national conservation agency, the PML

faces a pessimist scenario where financial shortages and

bureaucracy hold back progresses in the conservation of

marine ecosystems in Brazil.

Even though our surveys add novel information,

ecosystems at the PML are very different from most other

Brazilian reefs and far from being well studied. Results

presented here rigorously described of one portion of the

PML and are possibly representative of sampled habitats

which are conspicuous to the PML, but we acknowledge

that an extensive investigation of the PML is needed to

account for local heterogeneity among unrepresented

habitats. For example, some groups (e.g., Bryozoa; Soares

et al. 2016) have never been surveyed in the area and the

other major reef system within the PML Marine State Park,

the Banco do Álvaro reef system, were only observed by

scientists once, in 1998 (Rocha and Rosa 2001). Therefore,

strengthening enforcement and governance is needed, and

ideally long-term monitoring should start as soon as pos-

sible and consist of regular visits, including a formal

evaluation of possible effects of the recent oil spill from the

Stellar Banner vessel (Hancock 2020).
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