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Abstract 8 

Herbivorous fishes play a critical role in the maintenance of coral reefs through grazing and cropping 9 

of various benthic algae types. Herbivorous fish assemblages are sensitive to changes in the reef 10 

environment and are often targeted by local fisheries. This can lead to a decline in ecosystem functions 11 

if key groups are reduced. The present study investigates the morphological and ecological trait 12 

diversity of herbivorous reef fish assemblages in habitats differing in relative benthic coverage: i) 13 

coral-dominated, ii) algae-dominated, and iii) an intermediate habitat. Trait diversity for conspicuous 14 

herbivorous fishes was measured using three trait diversity indices: trait richness, trait divergence, and 15 

trait evenness. These indices were derived from in situ community surveys and feeding observations, 16 

morphological assessment of feeding mechanics from locally collected specimens, and ecological 17 

information obtained from published data. Trait diversity, reflected in higher trait evenness and lower 18 

trait richness, was lower within algae-dominated habitats than coral-dominated habitats, suggesting that 19 

algae-dominated habitats may be compromised by the lack of essential functions provided by key 20 

species. These groups reduce algal biomass and may help facilitate the survival and growth of corals, 21 

which in turn can increase coral cover. Algae-habitats were dominated with species known to consume 22 

macroalgae (rabbitfish and surgeonfish), appearing to provide essential feeding and habitat resources. 23 

These species include browsers and croppers that are fundamental in reducing algal biomass and may 24 

help facilitate the survival and growth of corals, which in turn can promote reef health. However, this 25 

habitat lacked parrotfishes known to remove turf algae and sediments, an essential function for clearing 26 

benthic space for coral settlement and other key benthic invertebrates. This study identified several 27 

species with overlapping functional roles in the coral-dominated and intermediate habitats. Still, 28 

species that were not redundant showed high trait complementarity, suggesting that their removal may 29 

result in the loss of unique functions. Importantly, we show that algae-dominated habitats supported 30 
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high numbers of juvenile fishes especially in species targeted by local artisanal fishers. We also showed 31 

that the loss of trait diversity is greater than the loss of species diversity through the comparison of 32 

taxonomic and trait β-diversity, further emphasizing the importance of trait diversity analysis in 33 

understanding ecosystem health and maintenance.  34 

 35 

Keywords: macroalgae, ecological traits, reef fish, marine ecology, morphological traits, reefs, Red 36 

Sea, redundancy. 37 

 38 

1. Introduction 39 

Global degradation of natural ecosystems has been increasing over the past centuries; specifically, 40 

ecosystems' resilience is being affected by climate change and local anthropogenic stressors, resulting 41 

in a general decline of biodiversity. High biodiversity within an ecosystem often provides a diverse 42 

range of organisms that play key functional roles in maintaining health and resilience, and in turn, 43 

promote ecosystem services. Sound knowledge of how disturbances are driving changes in biodiversity 44 

and the repercussions in the delivery of ecosystem goods and services is critical to guide better 45 

management practices and conservation efforts (Mouillot et al., 2013a ; Villéger et al., 2017). 46 

Coral reefs are one of the most productive and diverse ecosystems, sustaining up to 1500 fish species 47 

and 650 coral species in a single location (Bellwood et al., 2005; Connell, 1978; Connolly et al., 2003; 48 

Hoegh-Guldberg, 1999). However, coral reefs are also one of the most vulnerable and fragile 49 

ecosystems as a result of overharvesting (Jackson et al., 2001), reduced water quality (De'ath and 50 

Fabricius, 2010), and climate change (Bellwood et al., 2004; Birkeland, 2006). These impacts can 51 

result in the reduction of coral cover and physical architecture (i.e., complexity) provided by these 52 

organisms (Fung et al., 2011; Gardner et al., 2003; Hoegh-Guldberg, 1999; Hughes et al., 2018). If the 53 
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stressors are intense, repetitive, and long-lasting, the coral reef ecosystem's resilience might be affected 54 

(Graham et al., 2011). Loss of resilience can often lead to a phase shift from coral dominance to algae 55 

dominance (Bellwood et al., 2004; Connell et al., 1997) that can change ecosystem functioning 56 

(Connell et al., 1997; Estes et al., 2011; Folke et al., 2004). 57 

The benthic cover and composition on coral reefs can directly or indirectly influence reef fish 58 

communities. Scleractinian corals are fundamental for maintaining the diversity of fish communities 59 

(Chong-Seng et al., 2014; Jones et al., 2004; Messmer et al., 2011) whereby  many species depend on 60 

these directly for food and shelter (Coker et al., 2014; Cole et al., 2008). On the other hand, increased 61 

algae cover is often related to diminished fish diversity and abundance (Cheal et al., 2010) but can be 62 

beneficial for some species (Taylor et al., 2019). For some groups of fish, changes in the physical 63 

structure of the reef and the availability of specific benthic organisms for feeding represent a clear 64 

impact on their population dynamics (Adam et al., 2015; Komyakova et al., 2013; Pratchett et al., 65 

2011). However, the relationship between herbivorous fish assemblages and coral and macroalgae 66 

coverage is often misunderstood due to herbivorous fishes having specific feeding guilds and habitat 67 

requirements (see Bruno et al., 2019; Chong-Seng et al., 2014; Russ et al., 2015). 68 

Reef fishes can be partitioned into groups that correspond to specific ecosystem functions. Some of 69 

these functions can be defined by their trophic or behavioral role on the reef (Bellwood et al., 2004). 70 

These functional groups comprise a subset of species that perform similar functions irrespective of their 71 

taxonomic relations (Bellwood et al., 2004). Hence, functional groups can be composed of fishes from 72 

different families that have a similar effect on the reef, either by the kind of prey they consume, the 73 

way they do it, or the impact they have on the substratum (Hemingson and Bellwood, 2018). Including 74 

ecological functions in ecosystem studies allows moving from a simple assessment of species 75 

composition to identifying functional complementarity or redundancy, and evaluating the contribution 76 
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of single species to ecosystem resilience (Villéger et al., 2017). Functional redundancy exists when 77 

multiple species have the same function in the ecosystem and exhibit overlapping niches (Mouillot et 78 

al., 2013a). In contrast, functional complementarity is an indication that species are so specialized in 79 

their function that there is no niche overlap (Brandl et al., 2016). However, determining species' 80 

functions in a given ecosystem is complex and requires direct and causal coupling between the species' 81 

phenotype and their ecological impact (Bellwood et al., 2019). In recent years, a trait-based approach to 82 

determine species' functions has been incorporated into reef community assessments (e.g., McWilliam 83 

et al., 2018; Mouillot et al., 2013a, 2014; Villéger et al., 2017). Even though this approach describes 84 

several ecological and morphological characteristics, a direct evaluation of the species' impact on their 85 

ecosystem is challenging unless a clear and measurable link between the species’ traits and an 86 

ecosystem function can be established. 87 

Because of their size, abundance, and feeding behavior, herbivorous fishes are often noted as key 88 

contributors in maintaining coral reef health (Bellwood et al., 2004; Hughes et al., 2007). Through the 89 

control of benthic algae, they influence competitive interactions between algae and scleractinian corals 90 

for substrate space and therefore help maintain resilience capacity and reduce phase shifts (Hughes et 91 

al., 2007; Lirman, 2001; McCook et al., 2001; Mumby et al., 2006). In recent years, there has been an 92 

increase in fishing pressure towards herbivorous fishes in many parts of the world (Gardner et al., 93 

2003; Loh et al., 2015; Mumby, 2016; Mumby et al., 2006), which has increased their vulnerability and 94 

decreased the ecosystem function they provide to coral reefs (Bellwood et al., 2004; Bonaldo et al., 95 

2014; Hughes et al., 2007). Given that herbivorous fishes are diverse in terms of taxonomy and 96 

morphology, they have various methods of consumption and target a wide range of types of benthic 97 

algae (including algae at different growth stages) (Bellwood et al., 2004; Hughes et al., 2007). Taking 98 

into account the importance of conservation measures and the role of herbivorous fishes, several 99 
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authors have classified herbivorous fishes into different functional groups (e.g., browsers, scrapers, 100 

excavators, croppers, etc.), which are useful categories to include when monitoring systems (Green and 101 

Bellwood, 2009). Given the various roles of the herbivorous fishes on coral reef ecosystems, the 102 

assessment of their feeding trait diversity can bring further insights into the services they provide to a 103 

coral reef under various benthic conditions. 104 

Beyond the decline in abundance and species richness, the loss of ecosystem functions has an even 105 

greater impact on ecosystem resilience and the general recovery potential of degraded habitats 106 

(Bellwood et al., 2012; Mouillot et al., 2014). In light of this, it is crucial to understand the 107 

morphological and ecological trait diversity of the feeding performance of herbivorous fish 108 

assemblages across habitat conditions representing different stages of reef degradation. We aim to 109 

investigate the ecological roles of these species through the selection of a wide number of ecological 110 

and morphological traits that describe herbivorous fish feeding performance. 111 

This study analyzes trait diversity through the calculation of three indices (trait richness, trait 112 

divergence, and trait evenness) in a morphological and an ecological framework across habitats with 113 

different benthic composition. We examined herbivorous fish assemblages in three habitat types: 114 

habitat with high live coral cover and high benthic complexity  (“coral-dominated”);  habitat with low 115 

live coral cover, low benthic complexity, and high macroalgae cover (“algae-dominated”); and habitat 116 

with intermediate levels of coral cover, benthic complexity, and algal cover (“intermediate”). We 117 

hypothesized that reduction in live coral cover, and benthic physical complexity and high macroalgal 118 

cover will reduce the trait diversity related to the ecosystem functions of herbivorous fish assemblages, 119 

and as a consequence, will reduce potential functions these fishes provide to coral reef ecosystems. We 120 

expect that the change in trait diversity will be evidenced by the reduction of trait richness and trait 121 
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divergence as well as the increase of trait evenness in the algae-dominated habitats (Bellwood et al., 122 

2004; Villeger et al., 2017; Mouillot et al., 2013b, 2014). 123 

 124 

2. Materials and methods 125 

2.1 Study sites 126 

Three distinct typical habitats were identified within near-shore coral reefs in the central Red Sea (near 127 

Thuwal, Saudi Arabia). They were characterized based on the dominant benthic composition and 128 

structural complexity (De’ath and Fabricius, 2010; Fung et al., 2011; Hoegh-Guldberg, 1999). The first 129 

habitat represented a healthy coral reef for this area (hereafter referred to as the “coral-dominated 130 

habitat”), a second habitat was dominated by macroalgae with low coral cover (“algae-dominated 131 

habitat”), and a third habitat was more heterogeneous, with low levels of coral cover and structural 132 

complexity (“intermediate habitat”). The three selected habitat types are commonly observed within 133 

near-shore reefs throughout much of the Red Sea region. All habitats were selected within three 134 

replicate reefs located a similar distance from shore (< 2 nautical miles). The three reefs are separated 135 

by <1 nautical mile, have a similar size (~1.4 nautical miles length) and shape, and experience similar 136 

environmental conditions (hydrodynamic, depth (~1m), and exposure (sheltered from dominant wave 137 

patterns)). Two sites per habitat type (separated by > 0.4 nautical miles) were surveyed at each of the 138 

three reefs providing a total of six sites per habitat (18 transects per habitat in total considering all sites 139 

from all three habitats combined). 140 

 141 

2.2 Reef surveys 142 

Within each of the six sites per habitat, three 50 x 4 m replicate transects were deployed (total of 18 143 

transects per habitat) following the contour of the reef to document fish and benthic communities. The 144 
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benthic environment in each habitat was characterized using a point intercept transect method (Hill and 145 

Wilkinson, 2004). Along each transect, different substrate categories (living coral, turf algae, and 146 

macroalgae) were recorded at each 0.5 m interval, resulting in a total of 100 data points per transect. 147 

Because reef structural complexity is regularly shown to be important for reef fishes, benthic rugosity 148 

was measured along the same transects, with a 5 m chain and replicated three times per transect. 149 

Rugosity index was calculated as the ratio between the total length of the chain (5 m) relative to the 150 

linear distance covered by the chain when deployed along a transect (Risk, 1972). A flat surface would 151 

have a rugosity index of 1, while complex surfaces would have a rugosity index higher than 1 (a higher 152 

value indicating increased complexity). The abundance and total length (TL, mm) of non-cryptic 153 

diurnal herbivorous fish were recorded at the species level within 2 m of each side of the transect. 154 

Small cryptic species such as damselfishes and blennies were not included as some are difficult to 155 

observe and identify in situ and are considered to contribute less to reef resilience because they farm 156 

algae for their consumption and display territorial behavior (Lobel, 1981). Therefore, this study focused 157 

on larger mobile herbivores (parrotfishes, surgeonfishes, and rabbitfishes). The visual fish surveys were 158 

conducted by a single observer to minimize bias and strengthen the relative comparisons among sites. 159 

The observer counted fish while simultaneously deploying the transect tape to avoid influencing fish 160 

behavior. Biomass was calculated for each individual using the length-mass relationship available in 161 

FishBase (Froese and Pauly, 2019).  162 

Reefs were selected to provide spatial replication of specific habitat types rather than to compare  163 

differences among reefs. To ensure that we could draw additional replicates from these reefs, we 164 

performed a one-way ANOVA to test for significant differences in benthic characteristics among reefs 165 

and a PERMANOVA to test for differences in the fish community composition (based on biomass) 166 

among reefs. Both tests revealed that there were no statistical differences among reefs, therefore we 167 
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treated all sites as replicates when testing for differences among habitats. ANOVA assumptions were 168 

tested (normality (Shapiro-Wilk test) and homogeneity (Levene’s test)). 169 

Benthic characteristics were compared among habitat types by combining the data from the three reefs. 170 

We performed a one-way ANOVA for data meeting assumptions of normality and homogeneity, and we 171 

used a Kruskal-Wallis test for data that did not meet these assumptions.  172 

2.3 Herbivorous fish traits 173 

To characterize feeding characteristics for each of the species recorded in the surveys, we collected a 174 

series of ecological and morphological traits. For the ecological components, we characterized each 175 

target species based on five descriptive traits (feeding mode, maximum length, diet, feeding habitat, 176 

and schooling) based on published literature and online datasets (for references see S9). In addition, we 177 

collected field observations of feeding behavior (feeding rates) for a total of three to five individuals 178 

per species. Feeding was recorded based on the number of bites per minute on four substrate 179 

categories: sand, macroalgae, turf algae, hard substrate (i.e., hard substrate with no evident turf algae) 180 

(S5-S6). Feeding rates were observed for 5 minutes regardless of which habitat of the reef the fish was 181 

swimming in. Prior to data collection the observer waited a minimum of 3 minutes or until the fish was 182 

not presenting a stressed behavior because of the observer's presence. If a fish was observed for less 183 

than 3 minutes (for example, because the fish moved out of sight) or if a fish exhibited stressed 184 

behavior, the observation was terminated and was not included in subsequent analyses. All feeding 185 

observations followed the methodology used by Bruggemann et al. (1994) and were conducted between 186 

10 am and 3 pm. In addition to the five descriptive ecological traits, we added four values of feeding 187 

rates (i.e., one feeding rate for each of the four substrate categories). The ecological matrix aims to 188 

describe where herbivorous fish are feeding, what they are feeding on, how they feed, and the level of 189 

intensity they feed with  (for the specific meaning of each trait see S9). Therefore, from a behavioral 190 
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and ecological perspective, these 9 ecological traits (i.e., 5 descriptive traits and 4 substrate-specific 191 

feeding rates) provide a broad indication of the ecological roles of herbivorous fishes across habitats.  192 

Morphological measurements were conducted for each species from fresh specimens collected from a 193 

local fish market. We included 11 measurements in the morphological trait analysis: muscular work, 194 

bite force, effective mechanical advantage of the lower jaw, mouth gape, ascending process length of 195 

the premaxilla, tooth morphology, alimentary tract type, body depth, snout length, lower jaw length, 196 

and mouth position. Details on the calculation of the morphological traits are provided as 197 

supplementary material (S7). Morphological traits were selected to describe the morphological 198 

characteristics that shape the feeding performance of each species. We selected traits that describe 199 

feeding in terms of muscular efficiency and design of the oral jaws, morphological design of food 200 

processing, and body shape that determines what kind of food each species can feed on (for specific 201 

implications of each trait see S8). From a morphological perspective, this combination of traits 202 

indicates the potential ecological roles of these species.  203 

 204 

2.4 Multidimensional trait diversity indices 205 

We plotted herbivore communities for each habitat in a multidimensional trait space (MDTS) . We built 206 

the MDTS with a principal coordinate analysis (PCoA) using morphological and ecological traits. The 207 

first MDTS was constructed with the 11  morphological traits related to food acquisition and processing 208 

listed in Section 2.3. The second MDTS was constructed with the 9 ecological traits describing feeding 209 

behavior, specifying feeding habitat, the type of algae targeted, and how the algae is removed for  each 210 

species. The results of the two MDTS analyses were used to create three trait indices calculated from 211 

the herbivorous fish assemblage (following Mouillot et al. (2013a)): trait richness, trait divergence, and 212 

trait evenness. Collectively, we use these three metrics as an indicator of overall trait diversity. Full 213 
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details of data processing to calculate the trait indices are described in supplementary material (S10). 214 

For all indices, we weighted community composition by standing biomass estimates. Weighted biomass 215 

addresses the issues surrounding presence/absence data while also accounting for the size of 216 

individuals. This is key because larger fish can have a greater influence on the environment (e.g., 217 

amount of algal removal) (Adam et al., 2018; Bruggemann et al., 1994; Lokrantz et al., 2008; Shantz et 218 

al., 2019).  219 

Trait richness is defined as the volume of the minimum convex hull that includes all the species in the 220 

MDTS. It represents the total functional space occupied by a community (in our case, we are analyzing 221 

the functional space of species within each habitat type). Species in the extremes of the MDTS 222 

represent specialized functions (Mason et al., 2005, 2013; Villéger et al., 2008). This index is calculated 223 

with the presence or absence of species. It is implied that species that are not a vertex in any dimension 224 

of the MDTS are a representation of a certain level of redundancy (i.e., the overall functional space of a 225 

habitat type would not change if a non-vertex species was not present).  226 

Trait divergence describes the degree to which the assemblage biomass for each habitat type  is 227 

distributed in the MDTS. This index describes how biomass is distributed inside functional trait space 228 

volume (Mouchet et al., 2010; Schleuter et al., 2010; Villéger et al., 2008). High values indicate a high 229 

niche differentiation among the species, which can happen when species with higher biomass exhibit 230 

extreme traits (Mason et al., 2005). 231 

Trait evenness describes the regularity of species along the minimum spanning tree in a MDTS and is 232 

weighted by the biomass of each species. High evenness values indicate less trait differences among 233 

species within a habitat type; high values are also an indicator of niche complementarity (Mason et al., 234 

2005; Villéger et al., 2008).  235 
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Weighted biomass addresses the issues surrounding presence/absence data while also accounting for 236 

the size of individuals. This is important because larger fish can have a greater influence on the 237 

environment (e.g., amount of algal removal) (Adam et al., 2018; Bruggemann et al., 1994; Lokrantz et 238 

al., 2008; Shantz et al., 2019). 239 

 240 

2.5 Herbivorous fish ecosystem functions 241 

Using trait-based approaches to understand ecosystem functions of different organisms in their 242 

surrounding ecosystem are complex and are often misused (Bellwood et al., 2019). Taking this into 243 

account, we included an ecosystem function analysis of herbivorous fish across habitats. Ecosystem 244 

functions were assigned to each species recorded in our surveys based on published literature (Froese 245 

and Pauly, 2017; Siqueira et al., 2019). With this information, the biomass and density of individuals 246 

performing each specific ecosystem function in each of the three habitats were calculated. We assigned 247 

the following five functions to each species according to Siqueira et al. (2019): turf remover, sediment 248 

remover, macroalgae remover, bioeroder, and crevice cleaner. Species delivered either a single or a 249 

combination of functions.  250 

 251 

2.6 Trait and taxonomic β-Diversity  252 

To better understand the differences between taxonomic diversity and trait diversity, the three habitats 253 

were compared using a β-diversity analysis. This analysis was conducted using the number of species 254 

present in each habitat as the taxonomic component, and morphological trait richness and ecological 255 

trait richness as the trait components. Trait β-diversity was calculated in four dimensions with the 256 

function beta_TF using geometry (Barber et al., 2015) and Rcdd (Geyer et al., 2017) packages in R (R 257 

Core Development Team, 2020). Following Villéger et al. (2013), β-diversity included species’ trait 258 
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turnover and species’ trait nestedness-resultant components, which are equivalent to the Jaccard index 259 

(presence/absence) of dissimilarity (Villéger et al., 2013). In our study, taxonomic turnover is based on 260 

herbivorous fish species that are not shared among assemblages in the three habitat types, while trait 261 

turnover is based on the volume of trait space that is not shared among habitat types. Conversely, 262 

taxonomic nestedness is based on the degree in which the species composition of a given habitat type 263 

corresponds to a subset of the species composition of another habitat type. In contrast, trait nestedness 264 

is the degree in which the functional space of a given habitat type is contained inside the trait space of 265 

another habitat type (Villéger et al., 2013). For details on calculations and ecological meaning of the 266 

different values, see Villéger et al. (2013).   267 
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3. Results 268 

3.1 Characterization of benthic conditions and herbivorous fish communities  269 

ANOVA analysis of the benthic coverage between reefs did not show statistical differences for the three 270 

substrates analysed: coral coverage (F2,45=1.104; p=0.34), turf algae coverage (F2,45=0.99; p=0.37), 271 

macroalgae coverage (F2,45=2.28; p= 0.11). Therefore, all benthic data were pooled from each reef into 272 

the three respective habitats. The PERMANOVA for the herbivorous fish community did not show 273 

statistical differences between reefs (F2,45= 1.939; p=0.088), therefore, fish community data were 274 

likewise pooled across reefs for the three habitat types (detailed analysis and results in supplementary 275 

material S1-S4). The ANOVA and Kruskal-Wallis tests showed statistical differences in the percentage 276 

of coral (F2,51=176.3; p=<0.001), turf algae (F2,51=12.51 p=<0.001), and macroalgae coverage 277 

(Kruskal-Wallis, df=2, p=<0.001), as well as in the rugosity (Kruskal-Wallis, df=2, p=<0.001), among 278 

the three habitats (Fig. 1). These analyses confirm benthic differences among habitats.  279 

 280 

 281 

 282 

 283 

 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
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Fig. 1. Box plots showing the benthic composition of key biological groups (a, hard corals; b, turf 293 
algae; c, macroalgae) across the three habitats (coral-dominated (orange), intermediate (blue), algae-294 
dominated (green)), as well as d) rugosity. The data was collected using the point intercept transects 295 
method for benthic coverage and chain vs linear distance for the rugosity. Data are pooled from three 296 
similar individual inshore reefs, in a total of 18 transects per habitat The median is the horizontal line 297 
inside the box. Lower and upper edges correspond to the first and third quartile. Upper whisker is the 298 
largest value no more than 1.5 of the distance between the first and the third quartile. Lower whisker is 299 
the smallest value no more than 1.5 of the distance between the first and the third quartile. Values 300 
(black dots) higher or lower than the whiskers are considered outliers.  301 
 302 
3.2 Herbivorous fishes and their ecological functions 303 
 304 
A total of 19 herbivorous fish species were identified across the three habitats. Seven of these belong to 305 

the family Acanthuridae (surgeonfishes), three to the family Siganidae (rabbitfishes), and nine to the 306 

subfamily Scarinae (parrotfishes). All 19 species were recorded in the coral-dominated habitat, 17 were 307 
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recorded in the intermediate habitat, and only ten species were observed in the algae-dominated habitat. 308 

Biomass and density were higher in the coral-dominated habitats compared to the algae-dominated 309 

habitats, with intermediate values in the intermediate habitat. The total biomass of individuals (g/m2) 310 

was significantly higher in the coral-dominated (mean 115.5 ± 11.09 S.E.) habitat compared to the 311 

intermediate (mean 18.93 ± 4.98 S.E.) and algae-dominated (mean 5.59 ± 1.09 S.E.) habitats (Kruskal-312 

Wallis, df=2 p=<0.001). Total density (ind/m2) showed the same pattern, significantly higher values in 313 

the coral-dominated (mean 0.787 ± 0.07 S.E.) habitat compared to the intermediate (mean 0.19 ± 0.05 314 

S.E) and algae-dominated (mean 0.19 ± 0.07 S.E.) habitats (F2,51=27.5 p=<0.001). Across the three 315 

habitats, Acanthurus sohal (a surgeonfish) was the dominant species in terms of biomass and 316 

Acanthurus nigrofuscus (a surgeonfish) was the dominant species in terms of abundance. The rabbitfish 317 

Siganus rivulatus showed higher abundance in the algae-dominated habitat than in the other habitats 318 

(Fig. 2a), however, there were no statistical differences in biomass of this species among sites 319 

(F2,51=2.01 p=0.144). The other two species of rabbitfish, Siganus stellatus and Siganus luridus, 320 

increased in biomass but not in density in the algae-dominated habitat. 321 

Ecosystem functions across the three habitats showed a pattern similar to the one exhibited by species 322 

abundance and biomass. Overall, turf remover species revealed the greatest difference in both biomass 323 

and density among the three habitats. Lower biomass and density in the algae-dominated habitat 324 

compared to the coral-dominated habitat was the general pattern for all the species contributing to key 325 

ecosystem functions. However, species contributing to macroalgae removal were more common in the 326 

algae-dominated habitat, but their biomass was lower (Fig. 2b). High density with low biomass is an 327 

indication that the algae-dominated habitat is dominated by small individuals of macroalgae remover 328 

species; this assumption is supported by size class frequency detailed in S11. In the algae-dominated 329 

habitat, all parrotfishes (turf removals + sediment removals or bioeroders), except Ch. sordidus, were 330 
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absent. The intermediate habitat had two species fewer than the coral-dominated habitat; specifically, 331 

the surgeonfish Acanthurus gahhm and the parrotfish Scarus niger were absent (Fig. 2a). 332 
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Fig. 2 a) Biomass (blue bars, lower axis) and density (red bars, upper axis) of herbivorous fish species 334 
surveyed in three habitat types (coral-dominated, intermediate, and algae-dominated) on three inshore 335 
reefs in the central Red Sea. A total of 18 belt transects (4x50m) were conducted in each habitat type. 336 
Horizontal bars represent the mean biomass or density and error bars indicate ± standard error. b) 337 
Variation in biomass (blue bars, lower axis) and density (red bars, upper axis) of the same surveyed 338 
individuals, but merged into groups performing five key ecosystem functions (y-axis, following 339 
Siqueira et al., 2019) in the three habitat types. 340 
 341 
3.3 Morphological and ecological traits 342 

Several species were associated with more than one ecosystem function, whereas six species were 343 

exclusively macroalgae removers, one species was exclusively a sediment remover, and three species 344 

were exclusively turf algae removers. Two species were identified as both turf algae remover and 345 

crevice cleaner, five species were both turf algae remover and sediment remover, and two species had 346 

three functions, turf algae remover, sediment remover, and bioeroder (Fig. 3). 347 

Morphological space revealed tight clustering by taxonomic groups, while in the ecological space fish 348 

species associated together based on their ecological roles (Fig. 3). For ecological space, macroalgae 349 

feeders (L. vaigiensis, C. viridescens, Naso spp., and Siganus spp.) clustered together, while 350 

parrotfishes that feed on turf algae and remove sediment (Sc. ghobban, Sc. frenatus, Sc. niger, Sc. 351 

ferrugineus, Sc. fuscopurpureus, Ch. sordidus, and H. harid), occupied a different area but all of them 352 

clustered together (Fig. 3b). In the morphological space, both Siganidae and Acanthuridae were mixed 353 

in the trait space but separated from the parrotfishes (Fig. 3a). 354 

 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
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 366 

Fig. 3. Principal coordinate analysis (PCoA) of all the herbivorous fish species found across the three 367 
reef habitats (coral-dominated, intermediate, and algae-dominated). The white polygon illustrates the 368 
first two axes of the trait space. a) PCoA representing the morphological trait space. b) PCoA 369 
representing the ecological trait space. Colors of each symbol indicate the taxonomic group and 370 
symbols represent the ecosystem function associated with each species. Complete species names are 371 
listed in Fig. 2.  372 
 373 

Indices calculated for both morphological and ecological multidimensional space showed varying 374 

patterns according to reef habitat. Both analyses revealed a substantial difference in trait richness 375 

between coral-dominated and algae-dominated habitats (Fig. 4). Herbivore species filled 100% of the 376 

morphological (morphological richness=1) and ecological (ecological richness=1) multidimensional 377 

trait space in the coral-dominated habitat where all species were represented (Fig. 4a). Less 378 

multidimensional space was occupied by herbivorous fish in the intermediate habitat for both the 379 

morphological (77%, morphological richness=0.77) and ecological (73%, ecological richness=0.73) 380 

trait space (Fig. 4b). This difference is even higher in the algae-dominated habitat, where species in 381 
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morphological space occupy 41% (morphological richness=0.41) and in the ecological space 13% 382 

(ecological richness=0.13).  383 

With the implication that species not occuring within the vertex in any dimension of the MDTS 384 

represent redundant functional roles (white points in Fig. 4a), and based on the theory that if these 385 

“redundant” species are removed from their habitat, the trait richness of the assemblage will be 386 

maintained, then a lower number of these species is a general indicator of low resilience in a given 387 

habitat. In the morphological analysis, Si. stellatus was a “redundant” species in all three habitats. In 388 

the coral-dominated habitat, there were five “redundant” species: Si. stellatus, A. sohal, Sc. niger, Sc. 389 

ghobban, and H. harid. In the intermediate habitat, there were four “redundant” species: Si. stellatus, A. 390 

sohal, H. harid, and Sc. ghobban. In the algae-dominated habitat, all species plotted within the vertex 391 

space in at least one of the four dimensions of the MDTS represented a lack of redundancy. The 392 

ecological analysis showed a similar pattern, where there were more “redundant” species in the coral-393 

dominated habitat (Sc. niger, Sc. ferrugineus, Sc. frenatus, and Ch. sordidus) followed by the 394 

intermediate habitat (Sc. ferrugineus and Sc. frenatus), and none in the algae-dominated habitat. 395 

Morphological and ecological trait indices were similar across all three habitats. Morphological trait 396 

divergence did not vary substantially among habitats, with all habitats exhibiting values above 0.75 397 

(Fig. 4b) suggesting high niche differentiation because of the low redundancy and high biomass in the 398 

extremes of the multidimensional trait space. Ecological trait divergence revealed a decline from the 399 

coral-dominated habitat to the algae-dominated habitat, however, even the lowest value for the algae-400 

dominated habitat was relatively high (ecological divergence  >6) (Fig. 4b). 401 

Morphological space trait evenness did not vary between the coral-dominated and the intermediate 402 

habitats, however there was an increase in the algae-dominated habitat. For ecological space trait 403 
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evenness, the algae-dominated habitat showed the highest value, followed by the coral-dominated 404 

habitat and the intermediate habitat with the lowest value. Despite the differences observed in the trait 405 

evenness values, the variation between habitats did not vary more than 18% in the morphological 406 

analysis and 12% in the ecological analysis (Fig. 4b). 407 
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Fig. 4. a) Morphological and ecological space illustrating trait richness across the three habitats (coral-409 
dominated, intermediate, and algae-dominated). All three indices were obtained from four dimensions 410 
of the principal coordinates analysis (PCoA), but only the first two dimensions are presented. The 411 
white polygon represents the total trait space as illustrated in the Fig. 3, while the colored polygons are 412 
the actual trait space occupied by each habitat. Non-colored points represent species that are within the 413 
multidimensional space and are not a vertex of the convex hull in any dimension. Species that are not 414 
present in each habitat are plotted as +. b). Bar plots showing the variability of the values of trait 415 
richness (Ric), trait divergence (Div), and trait evenness (Eve) calculated from morphological 416 
(Morpho) and ecological (Eco) data.  417 
 418 
3.4 β-Diversity  419 

Trait β-diversity was higher than taxonomic β-diversity across all three habitats (Table 1). Differences 420 

observed in β-diversity were the result of nestedness, whereby species inhabiting the intermediate 421 

habitats represented a subset of the coral-dominated habitat. The comparison between the coral-422 

dominated and algae-dominated habitats showed higher β-diversity values than those observed between 423 

intermediate and coral-dominated habitats, revealing more differentiation between algae and coral 424 

habitats. Comparisons of β-diversity values between intermediate and algae-dominated habitats showed 425 

a similar tendency, but, in this case, the partition of β-diversity showed that turnover is also responsible 426 

for the patterns observed; hence, the herbivorous fish assemblage in the algae-dominated habitat was 427 

not a complete subset of the one in the intermediate habitat.  428 

 429 
Table 1.  Values of the taxonomic (Taxo.) and trait β-diversity indices and its partitioning into two 430 
components (turnover and nestedness) for pairwise comparison among three habitat types (coral-431 
dominated habitat (CD), intermediate habitat, and algae-dominated habitat (AD)). The trait β-diversity 432 
was obtained from the morphological (Morpho.) and ecological (Eco.) trait space.  433 

Habitats β-diversity Turnover Nestedness 
 Taxo. Morpho. Eco. Taxo. Morpho. Eco. Taxo. Morpho. Eco. 
CD-intermediate 0.105 0.231 0.27 0 0 0 0.105 0.231 0.27 
CD-AD 0.474 0.595 0.87 0 0 0 0.474 0.595 0.87 
intermediate-AD 0.500 0.570 0.88 0.182 0.228 0.52 0.318 0.342 0.34 
  434 
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4. Discussion 435 

Morphological and ecological trait richness, trait evenness, and biomass of herbivorous species differed 436 

among habitats characterized by differences in benthic cover of live coral, cover of macroalgae, and 437 

structural rugosity. These differences can reflect shifts in fish communities and trait structure when 438 

coral reef health degrades as a consequence of anthropogenic and natural factors. In coral-dominated 439 

habitats, herbivorous fish assemblages exhibited higher morphological and ecological richness, with 440 

some species providing redundancy through overlapping functional roles. The reduction of coral cover 441 

and increase of macroalgae cover from the coral-dominated to the algae-dominated habitat was 442 

reflected in a decrease in trait richness and an increase in trait evenness of the herbivorous fish 443 

assemblages. These results show complex, tight relationships among the fish assemblages, their food 444 

sources, and the surrounding habitat. The sensitivity of herbivorous fish to benthic changes has been 445 

previously reported in temporal (Cheal et al., 2010; Han et al., 2016; Holbrook et al., 2016; Khalil et 446 

al., 2013) and spatial (Hoey and Bellwood, 2008, 2010; Khalil et al., 2013, 2017; Paddack et al., 2006) 447 

contexts. Here, we report evidence of herbivorous fish sensitivity to habitat characteristics at the 448 

within-reef scale. Our results suggest that habitats with low coral cover, high macroalgae cover, and 449 

low rugosity have limited trait diversity in herbivorous fish communities. Limited trait diversity 450 

reduces the ecosystem functions the fishes can deliver, which in turn can impair reef recovery 451 

following a disturbance. However, the presence of a high number of small individuals of macroalgae 452 

remover species (e.g., Si. rivulatus) within algae-dominated habitats indicates that this could serve as 453 

an important nursery habitat for some species with the potential to support nearby healthy habitats. 454 

 455 
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In coral-dominated habitats, we found the highest morphological and ecological richness (the highest 456 

number of species that do not fall within vertices in the MDTS) and the lowest morphological 457 

evenness. This suggests that these habitats harbor the highest overall herbivorous trait diversity and 458 

trait complexity. Coral-dominated habitats were identified by higher rugosity and coral cover. These 459 

characteristics provide essential habitat and dietary resources for an assemblage of herbivorous fish 460 

with high functional and taxonomic diversity, as live coral cover and its related benthic complexity 461 

have been associated with higher fish diversity abundance and biomass. This result agrees with several 462 

studies highlighting the importance of healthy and complex coral reef environment to maintain diverse 463 

fish assemblages (Brokovich et al., 2006; Chong-Seng et al., 2012; Gratwicke and Speight, 2005; Jones 464 

et al., 2004; Messmer et al., 2011; Pratchett et al., 2011). It is also notable that herbivorous standing 465 

biomass within this habitat can be up to four times higher than in the intermediate habitat and almost 466 

nine times higher than in the algae-dominated habitat. Based on the differences observed in the biomass 467 

of herbivorous fishes with decreasing coral cover, one can anticipate the repercussions of reef 468 

degradation on fisheries and tourism. However, trait diversity indices provide an alternative approach 469 

to understanding more complex ecological reef dynamics. For example, high morphological and 470 

ecological richness in coral-dominated habitats indicates that the associated herbivorous fish 471 

assemblage can control a broader range of algae through multiple feeding modes when compared to the 472 

other two habitats. This suggests an increased capacity to maintain macroalgal biomass growth. Lower 473 

morphological evenness further supports this concept, indicating a high diversity of morphological 474 

traits among the fish assemblage, and could imply greater modes in removing algae from the reef (e.g., 475 

more species that control a range of algae species and growth stages). Given that the results of the 476 

morphological divergence do not differ substantially between habitats and all three values are relatively 477 
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high (above 0.75), we conclude that, in general, there is high morphological niche differentiation 478 

between species, and therefore low complementarity and high specialization. Higher values of 479 

ecological evenness observed in coral-dominated habitats suggest high ecological differentiation. 480 

Slightly higher values of ecological evenness indicate that in the coral-dominated and intermediate 481 

habitats, there is greater homogeneity in the ecological traits than in the algae-dominated habitat.  482 

In the algae-dominated habitat, herbivorous fishes have smaller morphological and ecological trait 483 

spaces, with only one redundant species, and higher morphological evenness. This habitat is primarily 484 

dominated by species that remove macroalgae. The algae-dominated habitat lacks the majority of 485 

parrotfishes, which act as turf and sediment removers (grazers and scrapers). Almost half of the 486 

surgeonfish species are known as sediment removers, turf removers, and crevice cleaners, and represent 487 

a substantial loss of functions within the herbivorous assemblage compared to the coral-dominated 488 

habitat. The absence of meaningful structural benthic complexity (translating into fewer niches 489 

available and less protection from predators) and less live coral cover provided throughout the algal 490 

habitat appear to be the main factors restraining herbivorous fish assemblages. Macroalgae-dominated 491 

reef habitats can represent a stable reef state, because when macroalgae reach a specific size and 492 

density, the majority of fishes are not able to consume all the algae (Briggs et al., 2018). Thus, the 493 

presence of macroalgae removers by itself does not ensure an imminent reversion to a coral-dominated 494 

state, and, as some authors have noted, the relationship between macroalgae-dominated habitats and 495 

herbivorous fishes have often been misunderstood (Bruno et al., 2019; Chong-Seng et al., 2012; Russ et 496 

al., 2015). Macroalgae habitats can be necessary for local fish communities and the health and 497 

maintenance of surrounding habitats (Evans et al., 2014; Fulton et al., 2019; Venera-Ponton et al., 498 

2011). Our results show higher numbers of small Si. rivulatus (< 5 cm) in the algae-dominated habitat 499 
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than in the other two habitats. It suggests that this habitat could function as a nursery for some species 500 

(Evans et al., 2014, Fulton et al., 2020), and indicates that macroalgae habitats could be a source of 501 

herbivores that could remove macroalgae in nearby intermediate and coral-dominated habitats.  502 

 503 

It is important to acknowledge that the morphological analysis and the ecological roles were 504 

established for adult organisms. Although this is not a problem for the majority of species in our study, 505 

we did find a large number of Si. rivulatus in the algae-dominated habitat that were smaller than 506 

assumed adult size. It is possible that these small individuals perform a different ecological function 507 

than the adults. However, the biomass of these individuals did not represent a significant increase 508 

compared to the other habitats, and therefore is unlikely to have a major effect on our analysis of trait 509 

divergence and evenness. Interestingly, we do not usually observe high abundances of juvenile Si. 510 

rivulatus or other rabbitfishes within these reefs (pers. obs.). This observation raises many questions: i) 511 

what habitats do juveniles of these species recruit to?, ii) do they grow too fast for us to notice them?, 512 

iii) do adults have a limited reproductive season?, iv) do juveniles have the same ecological role as 513 

adult individuals?, v) what is the survival rate of juveniles?, vi) what are the functional ecological 514 

implications if the majority reach adult sizes?, vii) do they leave algae-dominated habitats as adults? 515 

Without a more complete understanding of these issues, we herein have assumed that the ecological 516 

roles of these juveniles are similar to the adults. In other herbivorous fish, such as parrotfishes, 517 

ecological roles may change across life stages, primarily determined by their body size (Adam et al., 518 

2018; Bruggemann et al., 1994; Lokrantz et al., 2008; Shantz et al., 2019). Therefore, further research 519 

into rabbitfish ecology would help clarify the effect of body size on ecological functions and how a 520 

large cohort of juvenile rabbitfish influences local reef dynamics.  521 
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 522 

Complex ecological dynamics can be challenging to assess when only using taxonomic information 523 

(Bellwood et al., 2012; Mouillot et al., 2014). We show a clear example of the importance of including 524 

traits in ecological assessments with the results of the β-diversity analysis. Comparisons among 525 

habitats showed that the differences in trait β-diversity were higher than when considering taxonomic 526 

differences. The trait-based diversity analysis identified some species as morphologically or 527 

ecologically “redundant” in the sense that they do not have extreme traits. In both analyses, the number 528 

of these “redundant” species decreased from the coral-dominated to the algae-dominated habitat. All of 529 

the macroalgae feeding species fell within  the MDTS vertex (Si. rivulatus, Si. luridus, L. vaigiensis, C. 530 

viridescens, N. elegans, or N. unicornis) suggesting that they have complementary roles. This means 531 

that unique feeding modess responsible for  removing and controlling macroalgae are vulnerable to the 532 

loss of any species from the habitat. Also, functions provided by parrotfishes that remove turf algae and 533 

sediment, and contribute to bioerosion showed the highest “redundancy” in the coral-dominated and 534 

intermediate habitats. However, the high number of species that were not “redundant” should be a  535 

warning for fisheries managers, as these species have vulnerable functions critical for healthy coral reef 536 

maintenance. If those species are lost,  the resilience of nearshore reef areas could be jeopardized. All 537 

of the species recorded across the three reef habitats are regularly observed in local fish markets, and 538 

some of them, such as parrotfishes, surgeonfishes, and rabbitfishes (e.g., A. sohal, A. gahhm, C. 539 

striatus, Si. luridus, and Si. stellatus) are relatively abundant, suggesting that they are targeted by local 540 

fishermen. It is important to note that the coral-dominated habitats assessed here do not represent a 541 

baseline for a healthy reef, as Saudi Arabian Red Sea reefs are known to be overfished (Kattan et al. 542 

2017) and fishers are observed to fish these reefs (pers obs.).  543 
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 544 

This study further illustrates that a trait-based approach to understanding possible functional changes in 545 

fish assemblages can contribute to an in-depth understanding around changes in functional diversity  546 

for ecosystem monitoring. However, careful selection of traits is fundamental to creating a meaningful 547 

functional assessment. Trait diversity indices are useful in the context of reef degradation when there is 548 

continuous monitoring associated with environmental stressors. If we assume that benthic condition 549 

(e.g., coral cover, structural complexity) alone determine herbivorous fish assemblage dynamics, the 550 

decrease in trait diversity following degradation suggests that coral-dominated habitats offer more 551 

resources for this assemblage of fishes compared to intermediate and algae-dominated habitats. 552 

Understanding how changes within a single ecosystem level, such as herbivorous functions in a coral 553 

reef, can alter the rest of the ecosystem is fundamental to creating local management actions around 554 

this trophic group. For example, restrictions or close management of fishing should be implemented 555 

when similar trends are observed following reef degradation, similar to intermediate and algae-556 

dominated habitats in this study. Management should aim to reduce pressure in vulnerable groups of 557 

herbivores, by restricting fishing of parrotfishes, Naso species, and rabbitfishes. Following the strategy 558 

presented in this study, we were able to identify what key functional roles are present in each of the 559 

habitats with varying benthic conditions and highlight the limited trait redundancy at a reef scale within 560 

the herbivorous fish assemblage. This information is paramount for understanding ecosystem 561 

functioning and health, and to inform management directions related to fisheries and environmental 562 

protection.  563 
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Highlights 

� Coral-dominated habitats sustain a more trait diverse herbivorous fish assemblage 

�  Trait redundancy in herbivorous fish is reduced in less complex habitats 

� Macroalgae zones provide important habitat for grazing species 

� Low trait redundancy across all habitats indicate that all herbivorous species are primary 

conservation targets  

� Loss of traits are greater than the loss of species in degraded habitats 
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