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 Diversity patterns of reef fish along the Brazilian tropical coast 1 

 2 

 3 

Abstract 4 

Causal mechanisms for broad-scale reef fish diversity patterns are poorly understood and current 5 

knowledge is limited to trends of species richness. This work compared the effects of ecological 6 

drivers on components of fish diversity across reefs spanning over 2.000 km of the tropical Brazilian 7 

coastline. A quarter of communities’ diversity is accountable to common and dominant species, 8 

while remaining species are rare. Low-latitude sites were more diverse in rare species. Communities 9 

along the coast share common and dominant species, which display high densities across all reefs, 10 

but differ in rare species that show abundance peaks in particular reef morphotypes. The 11 

disproportionate distribution of rare species reveals a higher vulnerability of these communities to 12 

impacts and stochastic density fluctuations. Uneven conservation efforts directed to these 13 

morphotypes pose a threat to the maintenance of a paramount component of the reef fish diversity 14 

represented by rare species. 15 

 16 

Keywords: Brazilian reefs, Conservation, Diversity, Effects-population, Marine ecology, 17 

Latitudinal effects, Rare species, Reef fish distribution, Reef morphotype, Species Abundance 18 

 19 

 20 

1. Introduction 21 

Coral reefs host the most diverse communities of marine fish, yet, identifying the processes 22 

underlying reef fish diversity patterns is a challenging task. Fundamentally, widely accepted ecological 23 

drivers of diversity patterns in terrestrial communities, such as area effects and isolation, the mid-24 

domain effect, Rapoport’s rule, or the intermediate disturbance hypothesis, seem to be inconsistent for 25 

reef fish communities across different scales (Rogers, 1993; Rohde, Heap & Heap, 1993; Bellwood & 26 

Hughes, 2001; Connolly, Bellwood & Hughes, 2003; Mora & Robertson, 2005; Parravicini et al., 2013; 27 

Mora, 2015). Furthermore, there are several limitations to studies attempting to identify causal 28 

mechanisms for broad-scale reef fish diversity patterns. Most of current work on this topic is based on the 29 

compilation of species checklists gathered from literature (Mora, 2015) and, although of great value, 30 

available inventories still present issues, such as misidentifications (which mistakenly extends some 31 

species ranges), invalid and outdated species names. Current estimates suggest that only 24% of the 32 

world’s oceans area hold checklists covering more than 80% of local fish species (Mora, Tittensor & 33 

Myers, 2008).  34 

Additionally, multiple methods are applied to assess species’ abundances, and to avoid the 35 
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potential biases (Usseglio, 2015), broad-scale studies are constrained to assumptions based solely on 36 

richness patterns (Mora, 2015). The lack of comparable empirical support has then impaired assessing 37 

reef diversity while accounting for species abundance over a larger scale, precluding our understanding 38 

of the contribution of dominant, common or rare species to major patterns of diversity. In fact, the role 39 

of rare species to community functioning has been identified as one of the 20-most fundamental 40 

questions in community ecology (Sutherland et al. 2013), a subject yet to be elucidated for the reef fish 41 

realm. Conversely, rarity has been often identified as a notorious component of reef fish communities 42 

and is a regular topic in numerous reef fish studies (for reviews, refer to Jones, Munday & Caley, 2002, 43 

MacNeil & Conolly, 2015 and Mora, 2015), but often overlooked at local studies. Ultimately, 44 

abundance is generally applied to categorize species or to find a threshold to narrow community 45 

structure patterns, while contribution of rare species to community diversity and functioning is widely 46 

ignored. 47 

Despite several classification systems in place to discern rare species, ‘rare’ is generally 48 

applied to species with low local abundances and/or small geographical ranges (Gaston, 1997). 49 

Excluding endemic species from remote islands, rare reef fishes are mostly those with limited local 50 

densities, even if their distribution cover quite extensive ranges. For instance, Luiz Jr. et al. (2013) 51 

analyzed a database of roughly 600 reef fish species and found that only seven species had geographical 52 

ranges of less than 1,000 kilometers, but over 300 species are distributed within a range of more than 53 

10,000 kilometers. In fact, reef fish communities widely diverge from the conceptual ecological 54 

framework recognized for their terrestrial counterparts. All reef-dependent populations are locally 55 

disjunct, thus intrinsically behaving in a metapopulation structure when the patchiness of reef habitat 56 

distribution along the coast is considered (Jones, Munday & Caley, 2002). These local subpopulations 57 

are interconnected by the great potential of fish larvae to disperse (Mora & Sale, 2002), so a given 58 

community is constantly subjected to immigration, even if parental populations are located hundreds of 59 

kilometers away. Local subpopulations are often unsaturated and open to immigration from regional 60 

pools of species, and therefore, species are able to persist at local low abundances (Jones, Munday & 61 

Caley, 2002). In addition, reef fish recruitment to local populations often follows stochastic patterns and 62 

resulting communities are highly dependent of post-recruitment processes. Therefore, regional and local 63 

habitat characteristics are also expected to play a major role in shaping communities according to 64 

habitat preferences of species (Friedlander & Parrish, 1998). 65 
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Among the main drivers of local diversity patterns - at varied levels of importance and 66 

response discrepancies - reef structure, depth, isolation and temperature have been repeatedly 67 

emphasized as major influences on richness trends (e.g. Bender et al., 2017; Komyakova, Jones & 68 

Munday, 2018; Barneche et al. 2019; Quimbayo et al., 2019). Reef structure, translated as rugosity 69 

and/or other proxies for structural complexity, is one of the most consistent drivers of local number of 70 

fish species (Gratwicke & Speight, 2005). Increasing depth was once thought to result in reduced fish 71 

richness, but ever-growing research conducted at mesophotic reefs have found exactly the opposite (e.g. 72 

Pinheiro et al., 2016; Soares, Davis, Paiva & Carneiro, 2016; Lesser, Slattery & Mobley, 2018). 73 

Isolation is particularly dependent on species dispersion capabilities and local ocean currents (Mora & 74 

Sale, 2002), not consistently affecting local diversity. Likewise, latitude, a common surrogate for the 75 

effects of temperature and primary productivity, is found to leverage species abundance, physiological 76 

tolerance and rates of speciation at broader scales (e.g. Mittelbach et al., 2007; Stuart-Smith et al., 77 

2013). Nevertheless, latitude has elicited variable responses from the local number of species. 78 

Considering the aforementioned hindrances, largely applied to reef fish diversity patterns, most studies 79 

approach these factors solely in terms of richness; species abundances at a broader scale, are still 80 

understudied. 81 

On that note, the present work aims to investigate further some questions that remain poorly 82 

understood in relation to diversity patterns of reef fishes: (1) How dominant, common and rare species 83 

contribute to regional and local trends of diversity? (2) Do the most accepted drivers of richness - reef 84 

structure, depth, isolation and latitude - influence local diversity of fish species? (3) Does composition 85 

of reef fish species differ among reefs of distinctive structural formations? We compiled a database of 86 

fish communities spanning a hundred reefs within a scale of thousands of kilometers along the Brazilian 87 

coast in an attempt to answer those questions. 88 
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2. Methods 89 

2.1 - Study area and geomorphology of Brazilian reefs 90 

Brazil is the fifth largest country of the world and has a coastline of nearly 8,000 km. Along this 91 

extensive coast, several types of reef formations are found, both of biogenic and abiogenic origins. 92 

South-Western Atlantic reef fish fauna is limited to the north by the Amazon river plume, to the south 93 

by the Malvinas current and to the east by the Mid-Atlantic barrier (Pinheiro et al., 2018). Furthermore, 94 

the region differs in species composition between Brazilian and Argentinian provinces, mostly by 95 

changes in water temperature, and the influence of a marked coastal upwelling impairing coral growth to 96 

the south of Rio de Janeiro, which also presents subtropical to temperate climates. Therefore, the reef 97 

formations studied herein were limited to the tropical portion of the Brazilian coast, focusing on the 98 

coastal reefs located on the continental shelf, ranging from 3° 23’ to 17° 54’ S. Those reefs are also 99 

subject to a higher stability of climatic conditions, including sea surface temperatures ranging from 20 to 100 

27°C and annual average precipitation around 1500 mm (Maida & Ferreira, 1997). 101 

Reefs included on this study were categorized based on the morphological complexity of the main 102 

reef structures described and characterized by previous authors (see Appendix A in Supporting 103 

Information for a detailed description). Brazilian reefs were recognized as (1) Cemented terraces; (2) 104 

Fringing reefs; (3) Patch reefs; (4) Bank reefs and (5) Pinnacle reefs. Despite being formed mostly by a 105 

distinctive coral fauna with a high degree of endemism to the Brazilian province, most of these types 106 

are comparable to reef structures found elsewhere, except for the Pinnacle reefs. These are unique 107 

constructions found in Eastern Brazil, formed massively by bryozoans (Bastos et al., 2018) and by a 108 

coral species, Mussismilia braziliensis, endemic to Bahia and Espírito Santo states (Mazzei et al., 109 

2017). 110 

Reef morphotypes are unevenly distributed along the Brazilian coast (Fig. 1). Cemented terraces are 111 

the most uncommon morphotype, generally concentrated at lower latitudes (from 3°20’S to 6°13’S). 112 

Fringing reefs occur mainly at mid-range latitudes (between 7°06’S and 13°01’). Patch reefs present a 113 

disjunct distribution occurring between lower latitudes of 5°15’S and 5°45’S, and again only between 114 

12°47’S and 12°50’S. Bank reefs are the most widespread morphotype, occurring at most of the 115 

Brazilian coast. Pinnacle reefs are limited to the southernmost boundary of biogenic reef distribution 116 

(16°50’S to 17°54’S). Most gaps on reef distribution along the coast are due to freshwater influx from 117 

large river basins. 118 
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 119 

Figure 1 - Map of the study area, showing sampled reefs along the Brazilian coast and major river 120 
basins. Dot colors indicate reef morphotypes, which are fully described in Appendix A in Supporting 121 
Information. 122 

 123 
2.2 - Fish Communities Database 124 

For the purposes of this study, a database composed of both original data and secondary 125 

information available on published work was compiled (Table 1). This database included data acquired 126 

by three visual census techniques only, belt transects (most of the database), rover-diver censuses (of 127 

predetermined reef area) and stationary point counts, all yielding species density information. We 128 

followed the procedures in MacNeil et al. (2015) and Cinner et al. (2009), which consider that these 129 

census techniques perform equally (Watson & Quinn II, 1997) and assumed no differences on density 130 

estimates between methods (Samoilys & Carlos, 2000; Murphy & Jenkins, 2010). Each reef was 131 

considered a sample unit for community composition and species density. The latter was standardized 132 

by mean density per 100 m². Other criteria used for the standardization of the database, considered the 133 

minimum sampled area used per reef (150 m²), as well as a threshold for censuses performed later than 134 

year 2000, a maximum depth of 30 m and reefs location restricted to the Brazilian continental shelf. 135 

Literature was reviewed extensively and for the communities assessed in previous scientific work, we 136 

included only the data were each reef sampled discriminated for local species density and reef mean 137 
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depth. The resulting database rendered a total of 100 reefs, of which 70 were assessed in the present 138 

study and 30 were compiled from literature information. The bulk of the database (> 75% of samples) 139 

encompasses 1,000 m2 of surveyed area per reef and dates from 2010-2016 (~ 70% of samples). 140 

 141 

Reef morphotype  
B

 
R 

 
S 

Number of 
reefs 

Number of 
censuses 

Surveyed area 
(m²) 

 
Source 

Cemented terraces X X  3 142 48,988 Present study, 
Freitas, Vieira & Araújo 
(2009) 

        
Fringing reefs X  X 14 453 27,620 Present study, 

Ferreira, D’Amico & 
Reinhardt (2005), 
Cordeiro (2009), 
Medeiros (2007) 

        
Patch reefs X   15 208 23,520 Present study 

        

Bank reefs X  X 50 1433 71,115 Present study, 
Grande (2012), 
Chaves, Nunes, & 
Sampaio (2010), 
Querino (2011), 
Chaves, Pereira & 
Feitosa (2013) 

        
Pinnacle reefs X   18 214 21,400 Present study 

 142 
Table 1 - Sampling methods, sample size and sources of data for each reef morphotype used to compose 143 
the database of Brazilian reef fish distribution. Letters indicate which visual census technique was 144 
applied: B - Belt transects; R - Rover-diver; S - Stationary point counts. 145 
 146 

2.3 - Data analysis 147 

Diversity patterns were investigated using “true diversity” measures (sensu Jost, 2006), 148 

considering the effective number of species equal to Hill numbers (qD) (Hill, 1973). Using this 149 

approach, diversity can be quantified as equally abundant species based on increasing the weight of 150 

abundance by the order of diversity q. When q is 0 (0D) species abundances are disregarded, favouring 151 

rare species; 1D is equivalent to Shannon`s entropy, and can be accounted as the effective number of 152 

common species in a community; at 2D, dominant species are favoured, as disproportionate weight is 153 

given to abundance (Jost, 2007). 154 

Diversity was partitioned into overall number of species (γ diversity, Dγ), mean number of 155 

species per reef (α diversity, Dα) and number of effectively distinct communities (β diversity, Dβ), 156 

using the decomposition described in Marcon, Hérault, Baraloto & Lang (2012). Diversities were 157 
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computed with ‘entropart’ package (Marcon & Hérault, 2015) in R 3.5.0 (R Core Team, 2018), using 158 

sampled area per reef as community weights. Results were plotted as partitioned diversity profiles for 159 

Brazilian reefs pooled and local diversities (Dα per reef) were used for further analysis. 160 

The relationships between local-scale diversity and reef morphotype, depth, isolation and 161 

latitude were investigated using Generalized Linear Models (GLMs). Dα of orders 0, 1 and 2 were used 162 

as gaussian dependent variables to fit models, since they were found to adjust to normal distributions 163 

(under Shapiro- Wilk tests). Reef morphotype was treated as a categorical predictor, with five levels 164 

corresponding to Brazilian reef morphological structures (cemented terraces, fringing, patch, bank and 165 

pinnacle reefs). Depth, as the average depth of the reef in meters, measured in situ, and isolation, as the 166 

linear distance between the reef to the nearest point in mainland, were accounted as continuous factors. 167 

Latitude was also included as a continuous predictor, measured in decimal degrees at the mid-point of 168 

the reef extension. GLMs where computed using ‘glm’ function of the ‘stats’ package and best fitted 169 

models were selected based on the lowest value of AIC (Akaike Information Criterion), using the 170 

‘dredge’ function of ‘MuMin’ package. Pairwise comparisons between reef morphotypes through 171 

Tukey’s tests performed with the function ‘glht’ of the ‘multcomp’ package in R 3.5.0 (R Core Team, 172 

2018). 173 

To investigate the distinctiveness among fish communities on different reef morphotypes, we 174 

used species composition to perform a non-metric multidimensional scaling (nMDS), followed by a 175 

Multi-response Permutation Procedure (MRPP).  The choice of use of MRPP followed the rationale that 176 

not only a p-value is computed, but also a measure of the distance between pairs of morphotypes is 177 

provided, based on the average dissimilarities between groups. This procedure allowed the identification 178 

of mophotypes holding more akin fish communities. In both nMDS and MRPP analyses the Jaccard 179 

distance was used as a dissimilarity measure, computed as 2B/(1 + B), where B is Bray-Curtis 180 

dissimilarity. Jaccard distance was preferred instead of Bray-Curtis, once the latter index is semimetric 181 

(Oksanen et al. 2010). These analyses were performed at ‘vegan’ package, using the functions 182 

‘metaMDS’ and ‘mrpp’. 183 

Following these analyses, the relationship of species with the morphotypes were calculated 184 

based on Indicator Value index (sensu Dufrêne & Legendre, 1997), by measuring the association 185 

between a species and sites grouped within reef morphotype, following McCune et al. (2002). The values 186 

for identifying indicator species are computed based on two conditional components: ‘A’, or specificity, 187 
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is the probability of determining reef morphotype given the fact that the species has been found (values 188 

close to 1 indicate the species occurs in sites belonging to a particular morphotype only); and ‘B’, or 189 

fidelity, which accounts for the probability of finding the species in sites belonging to a particular 190 

morphotype (i.e. values close to 1 show that all sites belonging to a morphotype include the species). As 191 

suggested by de Cáceres, Legendre & Moretti (2010), this analysis was improved by considering the 192 

association between species and all combinations of reef morphotypes, which also allows for the 193 

identification of species that had narrower or broader preferences for particular morphotypes. For the 194 

purpose of making comparisons on habitat preferences of species, those chosen as representative of 195 

several or all morphotypes were considered as ‘habitat generalists’, whereas the opposite, species 196 

characteristic of few or one morphotype only were treated as ‘habitat specialists’. Finally, these 197 

relationships were tested for statistical significance using a permutation test (with 999 permutations). 198 

Indicator species analyses were performed using ‘multipatt’ function of R package ‘indicspecies’ (de 199 

Cáceres & Jansen, 2016). 200 

 201 
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3. Results 202 

Considering all reefs pooled, we found very steep diversity profiles for reef fish communities, 203 

suggesting a greater importance of rare species (0Dγ) over common (1Dγ) and dominant ones (2Dγ) (Fig. 204 

2a). From the total of 189 species recorded, about a quarter of the gamma diversity (41 species) can be 205 

considered common or dominant, whereas the remaining are rare. At local scale (each reef), the pattern 206 

was very similar and indicated that rare species (0Dα) account for most of the diversity at local 207 

communities (Fig. 2b). The beta-diversity profile revealed that there must be five effective communities 208 

when considering rare species (0Dβ = 4.98), and around three when considering common and dominant 209 

species (1Dβ and 2Dβ both equaling 2.93, Fig. 2c).  210 

 211 

Figure 2 - Diversity profiles by order of diversity (q) of Brazilian reef fish communities. Red points 212 
indicate values of diversity of orders 0, 1 and 2. (a) Gamma diversity profile. (b) Alpha diversity 213 
profile. (c) Beta diversity profile. 214 
 215 

Neither depth nor isolation (i.e. distance to coastline) influenced local reef fish diversity 216 
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(Appendix B in Supporting Information - Tables B.1-3). Local rare species diversity (0Dα) was the only 217 

measure explained by latitude, and rare fish were more numerous at lower latitudes (regression 218 

coefficient = -0.98, p = 0.01) (Fig.3a). Pairwise comparisons of alpha diversities showed no differences 219 

among reef morphotypes, however, slightly higher numbers of both common (1Dα) and dominant (2Dα) 220 

species are found within  patch, bank and pinnacle reefs (Fig. 3a-c). The only difference found in 221 

pairwise tests was between bank and fringing reefs, solely for dominant (2Dα) species (Tables S2.3). 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

 237 

 238 

 239 

Figure 3 - Latitudinal distribution of reef's alpha diversities along Brazilian coast. Dot colors indicate reef 240 
morphotypes. (a) Rare species (0Dα). (b) Common species (1Dα). (c) Dominant species (2Dα). Panels on the 241 
right indicate mean alpha diversity by reef morphotype (error bars are ± standard deviation). Dashed line in 242 
(a) shows adjusted alpha diversity relationship with latitude. 243 
 244 
 245 

Despite presenting relatively similar numbers of species, reef morphotypes differ in species 246 

composition. Reef fish fauna appears to be organized as nested communities, where all but cemented 247 

terraces share part of their species (Fig. 4). Specifically, bank reefs seemed to be the most 248 

heterogeneous reef morphotype, displaying similarities on fish communities with fringing, patch, and 249 
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pinnacle reefs. Fringing and patch reefs maintain clearly distinct fish communities relative to one 250 

another, whereas pinnacle reefs sustain mostly a subsample of the species composition found within 251 

patch reefs. The MRPP analysis showed that fish communities were significantly dissimilar between 252 

morphotypes (δ = 0.81, p = 0.001), identifying cemented terraces as having the most dissimilar 253 

composition of species, while both fringing and bank reefs, as well as patch and pinnacle reefs present 254 

more similar communities (Fig. 4). 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

Figure 4 - nMDS of reef fish communities for Brazilian coast. Dots represent each reef sampled and 271 
colors identify reef morphotype. The dendrogram represents the output of MRPP analysis, indicating 272 
mean dissimilarities of fish communities between morphotypes. Terminal end of leaves expresses mean 273 
within-group dissimilarity. 274 
 275 

From a total of 189 species found in this study, 51 were assigned as good indicators of reef 276 

morphotype (detailed statistics are presented in Fig. B.1, in Appendix B). Species selected as indicators 277 

of a single morphotype or two hold lower local densities (generally of less than 1 individual per 100m²) 278 

than the ones emerging as indicators of three or more morphotypes (Fig. 5). This corroborates that 279 

common and dominant coral reef fishes are abundant across the coast, inhabiting several morphotypes, 280 

whereas the distinctiveness observed among morphotypes is due to the turnover of rarer species, which 281 

are particularly more abundant at these sites. 282 
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 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

Figure 5 - Fish species selected as indicators of Brazilian reef morphotypes. Larger numbers are species 318 
densities (mean individuals per 100 m²) and smaller numbers denote standard deviation. Colored 319 
backgrounds indicate species selected as typical of this morphotype after analyses of indicator species. 320 
Fish drawings are examples of species selected in the analysis. 321 
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4. Discussion 322 

4.1 - General patterns 323 

Communities of coral reef fishes across the Brazilian coast share, both locally and regionally, 324 

the common and dominant species, but differ in rare species. These communities can be grouped by the 325 

type of reef they inhabit. Bank reefs seemed to be the most heterogeneous reef morphotype, displaying 326 

similarities on fish communities with fringing, patch, and pinnacle reefs. Only roughly a quarter of both 327 

local and regional richness accounts for pooled common and dominant species, while the remaining 328 

species are rare. Latitude was the only environmental variable that affected fish communities in terms of 329 

diversity but only across rare species. Finally, habitat generalist species are spread across all reef types 330 

while specialist ones are those that responded most for changes in beta diversity. Our study suggests 331 

that there is a strong relationship between species abundance and occupancy among coral reef fish 332 

communities. 333 

In most communities, few species are common and dominant. Their abundances are high, 334 

compared to a much greater proportion of species represented by few individuals, a consistent pattern 335 

observed across several taxa and ecosystems. Rarity is often associated to species’ traits, such as those 336 

influencing population dynamics and replenishment (e.g. slow growth rates, long generation times and 337 

low reproductive outputs) or the ones that relate to species’ requirements (such as complex social 338 

structures, large home ranges, large body sizes/ higher trophic levels or high ecological specialization) 339 

(Flather & Sieg, 2007). Few reef fish species have “slow” population dynamics, as species generally 340 

adopt fast growth/reproduction and high fecundity strategies, thus for most reef fish species, low 341 

abundances must be due to relatively narrow habitat requirements. One of our findings that support this 342 

view is that reef morphotype was found to be a critical driver of abundance for nearly a third of the 343 

species in our study. The most common and dominant species are found to thrive in most or all 344 

morphotypes, whereas rare species were consistently associated with higher local abundances at one or 345 

two morphotypes only (Figure 5). In fact, local ecosystem characteristics, competition and species 346 

specificity interact for determining local abundances (Flather & Sieg, 2007; Andrades, Reis-Filho, 347 

Macieira, Giarrizzo & Joyeux, 2018): if suitable habitats are more available, we may find higher 348 

abundances of these habitat specialist fish and this may be one of the main factors assigning reef fish 349 

into distinctive communities across these morphotypes.  350 

In general, rare species tend to occupy more specific niches than common ones, and by the 351 
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combination of different biological traits, the number of unique functional entities is higher among rare 352 

species (Violle et al., 2017). A negative correlation has already been observed between commonness 353 

and functional distinctiveness in reef fishes (Mouillot et al., 2013). The loss of such rare species might 354 

encompass a greater reduction of functional diversity and environmental effects than randomized 355 

extinctions (Bracken & Low, 2012; Leitão et al., 2016; Säterberg, Jonsson, Yearsley, Berg & Ebenman, 356 

2019), which could also be translated into lower functional redundancy (Teichert et al., 2017). These 357 

results are especially worrisome to Brazilian’s reefs, which harbour fewer species in comparison to 358 

other reef systems, such as the Great Barrier Reef and the Caribbean Province. The Brazilian province 359 

is also recognized as a hotspot of functional rarity for coral reef fishes, since even a comparatively 360 

poorer fish fauna still allows these communities to share most of the key ecosystem functions with the 361 

Indo-Pacific region, that is, a higher functional distinctiveness between species but also higher 362 

vulnerability (Mouillot et al., 2014; Grenié et al., 2018). Due to the important contribution of rare fishes 363 

to diversity patterns of Brazilian coral reefs, as pinpointed by our study, we suggest further evaluation 364 

to the risk of losing the functional roles associated with rare species.  365 

Although little can be inferred, the number of locally common and dominant species changed 366 

among morphotypes, and marginally increased with structural habitat heterogeneity. This driver has 367 

been proven quite difficult to evaluate within the marine realm (Bergman et al., 2000; Wilson, Graham 368 

& Polunin, 2007). The proposed scale, where Brazilian reefs were categorized of into five morphotypes, 369 

did not allowed us to fully assess the contribution of minor changes in reef structural complexity and, 370 

consequently, its influence on local patterns of diversity at a finer-scale. Nevertheless, we believe that 371 

this driver can still leverage the diversity of common and dominant fish species by means of increased 372 

resource availability. Homogenous reefs typically support lower fish abundance, fewer species, and 373 

increased evenness in comparison to complex reefs (Lewis, 1997; Syms & Jones, 2000; Messmer et al., 374 

2011; Komyakova, Jones & Munday, 2018). Similarly, it has been found that habitat structure mediates 375 

species-specific habitat preferences (Syms & Jones, 2000; Godbold, Bulling & Solan, 2011). Also, 376 

evidence suggests that specialist taxa are most likely selected in homogenous environments, where 377 

increased competition acts narrowing niche breath (Kassen, 2002; Büchi & Vuilleimier, 2014). 378 

Therefore, habitat homogeneity may also be the reason behind the greater number of rare species at 379 

cemented terraces and fringing reefs. If this is proven true, the difference in the number of dominant 380 

species between bank and fringing reefs could be a result of higher habitat heterogeneity of bank reefs. 381 
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Yet, a new set of evidence is needed to comprehensively address these patterns. 382 

Specialist species are generally confined to a small part of the ecological space where they can 383 

outcompete generalists, which are less adapted to these specific habitats (Lennon, Beale, Reid, Kent & 384 

Pakeman, 2011; Boulangeat, Lavergne, Es, Garraud & Thuiller, 2012). Additionally, models indicate 385 

that specialists experience greater shifts and achieve higher fitness when in proper habitats, while 386 

generalists show a constant, low variation in fitness across several habitats (Clavel, Julliard & Devictor, 387 

2011; Kassen, 2002). So, the practical consequence of such scenario is that these habitat-specialized 388 

species experience higher abundance declines than generalists over local environmental disturbances, 389 

resulting on a higher rate of specialist species loss at a global scale (McKinney, 1997; Jablonski, 2004; 390 

Wilson et al., 2008; Clavel, Julliard & Devictor, 2011; Harnik, Simpson & Payne, 2012). Furthermore, 391 

extinction risk is enhanced when species with narrow niche breaths also occur in low abundances 392 

(Harnik, Simpson & Payne, 2012) as observed for several species in this study, leading to a higher 393 

vulnerability for the communities they are part of. 394 

Tropical communities are classically believed to have more specialized species than their 395 

temperate counterparts (Klopfer & MacArthur, 1961; Brown, 2014). However, this trend seems to vary 396 

across taxa and latitudinal ranges (Hubbell, 2001; Mouillot et al., 2013) and is yet to achieve a 397 

definitive explanation (Willig, Kaufman & Stevens, 2003; Pennell, 2019). Although current evidence 398 

suggests faster speciation rates at higher temperatures (Brown, 2014; Worm & Titteson, 2018, Barneche 399 

et al 2019), there is also indication of the contrary (Mora & Robertson, 2005; Schluter, 2016; Rabosky 400 

et al., 2018). Regardless of this controversy, common and rare species tend to respond similarly to 401 

major environmental gradients, while rare species abundances have a tendency to be driven by other 402 

local factors (Siqueira et al., 2011; Lennon, Beale, Reid, Kent & Pakeman, 2011). Given the available 403 

evidence, we find that the observed patterns in Brazilian reefs - where rare species were the only found 404 

to respond to latitude - are not linked to temperature but to other aspects associated with latitude. 405 

The accumulation of species in lower latitudes have been previously found to be a result of 406 

regional differences in the distribution and spatial connectivity among reefs (Floeter, Ferreira, 407 

Dominici-Arosemena & Zalmon, 2004; Mora & Robertson, 2005, Parravicini et al., 2013, Barneche et 408 

al., 2019). As described in our study, the longest continuum of reef environments along the Brazilian 409 

tropical coast can be found at lower latitudes (between 5 and 10oS). This stretch of coastline is also 410 

where four different reef morphotypes are found. We believe that the proximity among these reefs 411 
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supports higher species interchange across a range of morphotypes, whereas the southernmost reefs 412 

become gradually remote, with concurrent reduction in morphotype diversity (Figure 1 and 3). 413 

Furthermore, ocean circulation patterns may enhance the accumulation and/or retention of rare species 414 

at lower latitudes, due to the influence of the South-Equatorial Current (Floeter et al., 2001). This 415 

current reaches this latitude range then breaks into two branches before running southwards as the 416 

Brazilian Current. The importance of these currents to larval dispersion and adult fish movement is key 417 

to further elucidate the patterns of distribution of reef fishes in Brazilian waters, and once addressed, 418 

will allow properly managed resources by creating a series of well-designed and highly connected 419 

Marine Protected Areas. 420 

Other explanations for latitudinal trends lie on species distribution ranges. Southwestern Atlantic reef 421 

fishes present about 24% of endemism (Pinheiro et al., 2018), and half of these endemics are limited to 422 

Brazilian coastal waters; but endemism was not related to rarity. Distributions of coastal endemics in Brazil 423 

extend far beyond our studied area (Floeter et al 2003, Pinheiro et al, 2018), and several of these were 424 

identified as dominant species along all Brazilian tropical coast (e.g. Stegastes fuscus and Sparisoma 425 

axillare, Figure 5). Endemism is generally related to greater extinction risks (Işik, 2011). In the case of 426 

Brazilian coastal reef fishes, endemism is not directly translated to limited distribution ranges, small local 427 

populations and/or narrow habitat requirements. In fact, the discrepancy between local richness and 428 

endemicity was previously identified by Hughes et al. (2002), which acknowledged that increased richness 429 

is associated to the accumulation of species with wide distribution ranges more often than the number of 430 

endemics present. 431 

 432 

4.2 - Implications for conservation 433 

We still fail in properly identifying critical populations to prioritize in our conservation efforts, 434 

thus ensuring the least extinction risk for species (Harrison, 1991, 1994; Watson et al., 2011). Rare 435 

species, in particular, do not receive the attention needed, since their low abundance and/or cryptic 436 

habits make them a difficult subject to study. With the exception of rare fishes targeted for aquarium 437 

trade, most of them are not economically valuable given their small local populations. Even though they 438 

can still be indirectly and directly affected by human activities. The disproportionate distribution of rare 439 

species, as found in this study, reveals a higher vulnerability of these communities to impacts and 440 

stochastic density fluctuations, and based on previous studies, their removal can lead to greater than 441 
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expected ecosystem losses (Bracken & Low, 2012; Mouillot et al., 2013; Leitão et al., 2016; Violle et 442 

al., 2017;  Säterberg, Jonsson, Yearsley, Berg & Ebenman, 2019). According to our results, several rare 443 

species attain higher abundances at determined reef morphotypes, which can be defensibly considered 444 

hotspots for these species in the Brazilian coast.  445 

The mechanisms that regulate reef fish populations in the Brazilian province, however, are still 446 

understudied (Endo, Gherardi, Pezzi & Lima, 2018). It is difficult to identify at this point whether the 447 

reef morphotypes studied serve as source or sink for populations of these species (Bay, Caley & 448 

Crozier, 2008; Gagiotti, 2017), however, small reefs had been previously identified as source 449 

populations for some fish species, and their conjoint larval supply can sometimes surpass those of larger 450 

habitats, contributing up to 90% of to metapopulation total biomass (Watson et al., 2011). Considering that 451 

immigration is essential to maintain genetic diversity and populations resilience (Shulman, 1998; 452 

Planes, 2002; Mora, Metzger, Rollo & Myers, 2007), maintaining connectivity between these local 453 

populations is of major importance for the resilience of reef communities in the Brazilian coast, 454 

Regardless of their contribution to species metapopulations, it is important to consider these 455 

concentrations of rare species as critical genetic pools that should be a priority for conservation and 456 

MPA design.  457 

Marine protection policies in Brazilian waters are still far behind international commitments. 458 

The Conservation efforts directed at reefs are those aimed at protecting species at immediate extinction 459 

risk, at best. For instance, the Black grouper Mycteroperca bonaci, the Dog and Mutton snappers 460 

Lutjanus jocu and L. analis and the Greenback parrotfish Scarus trispinosus are heavily targeted by 461 

fisheries and show significant abundance at few reef morphotypes (Figure 5). However, past record 462 

shows a widespread distribution of these species along the Brazilian coast, as well as higher overall 463 

abundances. These species were historically extirpated from other morphotypes due to uncontrolled 464 

fishing, and consequent population declines are the main threats posed (Ferreira et al., 2012; 2018). In 465 

fact, S. trispinosus is endemic to our study area and is the most threatened parrotfish species in the 466 

world (Ferreira et al., 2012). Yet, initiatives to protected these species are few and far between, not to 467 

mention challenges in compliance and enforcement.  468 

Moreover, from the one hundred reefs studied, 74 maintain some level of protection, but only 469 

six are within no-take MPAs, and the five reef morphotypes herein described are not equally represented 470 

within these MPAs. While all the surveyed pinnacles and patch reefs are located inside MPAs, only a 471 
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third of the bank and fringing reefs are protected and only one of the cemented terraces studied is inside 472 

a no-take area. The latter MPA is still non-compliant to current no-take regulations,  partially allowing 473 

artisanal fishing (Soares, Lopez, Muto & Giannini, 2011). Of special concern, are fringing reefs and 474 

cemented terraces in Brazil where at least 20 species showed significant densities. These morphotypes 475 

are not as common and widespread as others and might be under higher pressure. Some of those are of 476 

easy access and located in degraded areas. For instance, Paracuru reefs (one of the cemented terraces 477 

assessed) are located in an area targeted for oil exploration (Matthews-Cascon & Lotufo, 2006). All 478 

these are symptoms of ill policies to conserve reef systems in Brazil and we suggest  MPA design to be 479 

reassessed in the light of the disproportionate rare species distribution. 480 

We still fail to properly manage the Brazilian reef fauna. The findings of our study are a good 481 

starting point to direct future conservation measures in Brazil, but we still have a long journey ahead to 482 

to protect a hidden portion of the Brazilian diversity represented by rare reef fish species. 483 
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Highlights 

1. Communities across the coast share dominant species but differ in rare species 

2. Rare species make up three quarters of both local and regional diversities 

3. Latitude explained the diversity patterns of rare species only 

4. Reef structure influences species, affecting rare species occupancy 

5. Uneven distribution of rare species reveals a higher community vulnerability 
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