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ABSTRACT 

Functional diversity of herbivorous fishes in coral reefs in central Red Sea 

Lucía Pombo-Ayora 

 

In this research, I explore the changes in the functional diversity of herbivorous fishes in 

zones of coral reefs with different benthic composition: a zone dominated by corals, a 

zone dominated by algae and a transition zone in between the previous two. I choose to 

use functional traits which explain the feeding mechanics of this group of fish, as well 

their feeding rates and their previously established functional groups to understand how 

different assemblages of this fishes could affect their environment in different ways. I 

found clear differences in the functional diversity by calculating five indexes, functional 

dispersion (FDis), functional richness (FRic), functional divergence (FDiv), functional 

evenness (FEve) and functional specialization (FSpe). Each zone showed different 

species composition with different abundances; both parameters contribute to obtaining 

different values of the indexes. The coral-dominated zone showed the biggest 

multidimensional functional trait space (MFTS) with a value of FRic equals to 1 which 

means that its assemblage occupies 100% of the MFTS, while the transition zone 

assemblage occupied 83% and the algae-dominated zone occupied 16% of it. Thanks to 

this index I identified three functionally redundant species in the coral-dominated and the 

transition zones. The algae-dominated zone showed the lower FDis explained by the high 

abundance of grazers individuals. FDiv did not vary significantly between the three 

zones. FEve was higher in the algae-dominated zone; the index value decreased in the 



 

5 

 

transition and coral-dominated zones, a similar tendency was shown by FSpe. Finally, to 

explore the importance of including functional diversity I made a comparison between 

the taxonomic and functional β-diversity. This research showed close relations of 

herbivorous fishes with their environment, but I could not establish if the benthic 

composition shapes the herbivorous fish assemblage or the other way around. This 

research can be a baseline to start working in functional diversity in the Red Sea coral 

reefs, can help to understand what to expect in the evaluation of reefs in different health 

state and to identify which herbivorous fish species or groups are more vulnerable and 

more important according to their function for coral reefs. 
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1. Introduction 

 

Nowadays that we are facing degradation of many natural ecosystems and a biodiversity 

crisis, it is fundamental to develop a deep ecological understanding of how biological 

communities respond to disturbances and how this can have severe effects in ecosystem 

dynamics. From this perspective we should be able to guide better management of 

ecological resources and conservation efforts (Villéger et al., 2017, Mouillot et al., 2013).  

Biologically coral reefs are one of the most productive ecosystems, even compared to 

rain forest, because of their high biodiversity (Connell, 1978; Hoegh-Guldberg, 1999). 

However, they are one of the most vulnerable and fragile ecosystems as result of 

overharvesting, decrease in water quality and vulnerability upon climate change, among 

other factors (Birkeland, 1997, Bellwood et al., 2004). Scleractinian corals are the 

organisms responsible of structuring the physical habitat of coral reefs; they usually 

dominate the substratum area coverage over algae in a healthy coral reef (Bellwood et al., 

2004; Goatley and Bellwood, 2011). When environmental conditions generate coral 

mortality, reduce coral recruitment or increase coral vulnerability to disease, algae 

growth may be enhanced and coral growth decreased (Graham et al., 2006). If the 

environmental stressors are intense, repetitive and long-lasting¸ then the general balance 

of a coral reef, where corals dominate over algae, can be disrupted (Graham et al., 2011). 

The process of shift from coral dominance to algae dominance in coral reef is well known 

as phase-shift, this process is defined as an undesirable change in the dominant species 
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composition (Connell et al., 1997; Folke et al., 2004). Phase shifts are generally 

associated with the loss of key consumers which keep some biological populations 

controlled, and their loss can result in a loss of the general resilience of the ecosystem 

(Estes et al., 2011). In the particular case of coral reefs, herbivorous fish and sea urchins 

have a critical function of controlling algae growth by removing it; they directly 

influence the competitive interactions between algae and scleractinian corals for substrate 

space (Lirman, 2001). In general, feeding of herbivorous fish also promotes coral 

recruitment and coralline recovery after a disturbance (Mumby et al., 2006). Therefore, 

herbivorous fish perform a crucial role on coral reef by improving their resilience 

capacity (Green and Bellwood, 2009; Hughes et al., 2007; Lirman, 2001).    

From a functional perspective, it is possible to identify complementarity or redundancy in 

the function of the species present in the ecosystem (Nash et al., 2016; Villéger et al., 

2017). Functional redundancy refers when multiple species have the same function in the 

ecosystem having a niche overlap (Nash et al., 2016), and functional complementarity 

refers when species are specialized in their function and there is no overlap in their niche 

(Blüthgen and Klein, 2011). Through the study of functional diversity is also possible to 

describe the effects of species assemblages on their ecosystem and the effects of the 

ecosystem on the assemblages (Villéger et al., 2017). It  also can provide us realistic 

expectations and approaches on biological management (Micheli and Halpern, 2005). 

Therefore, the assessment of assemblage composition using functional information will 
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result in a more detailed description of the dynamics of the relations of organisms and 

their environment than a simple assessment of taxonomic and abundance composition. 

Initially, for coral reef herbivorous fish, functional groups have been defined by their 

effect of feeding on the reef (Green and Bellwood, 2009). A functional group is a species 

assemblage, despite their taxonomical relations, which perform similar functions 

(Steneck and Dethier, 1994). Hence, this artificial groups of fish can be composed by 

species from different families which have a similar effect on the reef either by the kind 

of algae they consume, the way they do it or the impact they have on the hard substratum 

(Green and Bellwood, 2009). Four functional groups have been defined; grazers, 

browsers, scrapers and excavators. Grazers, which feed on epilithic turf algae, detritus 

and small macroalgae, do not have any direct effects on the reef hard substratum 

(Paddack et al., 2006; Cheal et al., 2010). This group is composed of several species of 

surgeonfish (Acanthuridae) including all species of the genus Zebrasoma, almost all 

rabbitfishes (Siganidae) and small angelfish of Centropyge genus (Green and Bellwood, 

2009). Browsers feed on mature macroalgae, and as a result, this group also does not 

have a direct effect on reef hard substratum (Francini-Filho et al., 2008). Browsers reduce 

coral overgrowth by macroalgae and might be important in reversing phase-shifts (Green 

and Bellwood, 2009); all parrotfish from genera Leptoscarus and Calotomus and some 

species of the genus Sparisoma are classified as browsers, rudderfishes (Kyphosidae), 

batfishes (Ephippidae) and some surgeonfish from genus Naso are also considered 

browsers (Bellwood and Choat, 1990; Bonaldo et al., 2014; Green and Bellwood, 2009). 
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Scrapers feed by scraping epilithic algae turf which grows over hard substratum such as 

dead corals or rocks; they remove part of this substratum with their jaws while feeding 

(Bellwood and Choat, 1990). All parrotfish from the genus Scarus are scrapers as well as 

parrotfish from the genus Hipposcarus (Bellwood and Choat, 1990; Bonaldo et al., 

2014). Finally, the excavators feed in a similar way to scrapers, eating epilithic algae, but 

they remove a considerable amount of calcium carbonate from corals. All parrotfishes 

from the genera Bolbometopon, Cetoscarus and Chlorurus are excavators as well as the 

parrotfish Sparisoma viride (Bellwood and Choat, 1990; Bonaldo et al., 2014; Green and 

Bellwood, 2009). 

The use of functional groups can help to understand the effects of fish in terms of 

bioerosion, survival and coral fitness (Francini-Filho et al., 2008), but if we want to make 

a more detailed assessment of the relations between species assemblages and their 

environment it is necessary to define functional traits which would characterize the 

organisms depending on the research question. Functional traits are used to define species 

by their vulnerability to disturbances, impact or service to the ecosystem, or general 

characteristics which directly influence the performance of the organisms or which 

correspond to direct ecological characteristics (Mouillot et al., 2013; Violle et al., 2007). 

A way to study the effect of herbivorous fish on their environment is by assessing how do 

they feed (Green and Bellwood, 2009). As this group of fishes is composed of species 

from different families it is expected that they vary in the way they consume the algae 

and all the morphological traits involved in it. The use of functional morphology can be a 



 

16 

 

great tool to understand those differences between families and even between species. 

With a functional morphology approach it is possible to make some models of the jaw 

mechanics (Westneat, 2003). These models can be used as functional traits that describe 

the strength of their bites, their jaw muscular performance, the velocity when closing the 

jaw, among other traits (Westneat, 2003; Wainwright et al., 1995). 

Looking beyond the loss of species, the loss of functions is even more dramatic regarding 

ecosystems resilience and general recover after a major disturbance (Bellwood et al., 

2012; Mouillot et al., 2014). With this research my main objective is making a functional 

assessment of the feeding performance of the herbivorous fish assemblages in zones of 

coral reefs with different benthic composition.  As functional traits, I used the functional 

groups herbivorous fish have been assigned, feeding rates and mechanical features of the 

lower jaw performance. My central hypothesis is that according to the zone I evaluate 

and its benthic composition, the herbivorous fish assemblage should be different and so 

their functions provided to the reef.  

1.1 Objectives  

The main objective of this thesis is to explore the changes in the functional diversity of 

the herbivorous fish assemblages in different zones of coral reefs which have different 

benthic composition. For this purpose, three inshore coral reefs located in the central Red 

Sea, each of which showed three different zones, where surveyed during June 2018. 

Benthic composition and herbivorous fish were assessed with the objective of first, 



 

17 

 

evaluating differences in benthic coverage, and second, evaluating the functional 

diversity of the herbivorous fish assemblage in each zone.  
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2. Materials and methods 

 

2.1 Field methods  

Three in-shore coral reefs near to Thuwal, Saudi Arabia, located in the central Red Sea, 

were surveyed to assess fish and benthic communities. Tahla North (22°16'54.4"N 

39°03'18.6"E), Tahla South (22°15'47.5"N 39°03'12.2"E) and Fsar (22°13'47.28"N 

39°02'4.47"E) reefs were surveyed during June 2018. Tahal North and Tahla South are 

separated from each other by 0.96 km while Tahla South and Fsar are separated from 

each other by 2 km. All three coral reefs are approximately 2.3-3.5 km from the shore. 

The similarity in the geographical characteristics of these three reefs allowed me to use 

the surveys as replicates getting rid of reef as a variable for the analysis (Figure 1). These 

three reefs faced bleaching along several coral genus in 2010 and 2015. Both bleaching 

events had sever impact in the entire reefs health and led to a decline of the coral 

coverage (Furby et al., 2013; Monroe et al., 2018). This means that these reefs have been 

under stress and had to change their their entire ecological dynamics along the last few 

years.  

Within each reef, three different zones where identified. Each zone had an apparent 

different benthic composition, the first one was dominated by coral (hereafter referred to 

as the “Coral-dominated zone”), a second zone dominated by algae (“Algae-dominated 

zone”), and a third zone represented a transition state in between the other two 

(“Transition zone”). These three zones resemble different states of degradation of a reef 
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after a disturbance event. However, I cannot determine if these conditions are natural in 

these reefs or if they are actually the result of an environmental stressor.   

The abundance of non-cryptic diurnal herbivorous fish was counted at the species level 

along 50m x 3m transects. Along the same transect, the benthic composition was assessed 

using the point intercept transect method described by Hill and Wilkinson (2004) and 

Obura (2004). Different substratum categories were recorded at each 50cm interval, 

giving a total of 100 points per transect. The total percentage of each category coverage is 

calculated as the total number of points recorded for a given category divided by the total 

number of points per transect, then multiplied by 100. A total of 54 replicates of 

herbivorous fish abundance and benthic composition were made, 6 transects per each 

zone in each of the three reefs, giving a total of 18 transects per zone.  

Once I identified which species were present in the reefs, feeding rates of each of them 

were made. The feeding observations were made on three to five focal individuals per 

species following them between three to five minutes counting the number of bites within 

the observed time. The identification of which algae or kind of substratum the fish were 

feeding on was done with the best possible taxonomical resolution.  
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Figure 1. Map illustrating the sampling reefs location close to the shore in the central 

Red Sea 
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2.2 Morpho-functional analysis of jaw mechanics  

With the aim of characterizing mechanical features the feeding performance of 

herbivorous fish, a morpho-functional analysis of the lower jaw mechanics was made 

using the software MandibLever 4.0 (Westneat, 2003). Fresh individuals, that represent 

all herbivorous species found in the surveys, were bought from the fish market and then 

dissected. All the flesh was cleaned in order to identify the quadrate-articular joint and to 

weigh divisions A2 and A3 of the muscle adductor manidubulae, if present, to nearest 

0.00001g. I do not expect any morphological variation in the species between reefs 

because I did the morphological analysis starting from the assumption that the 

intraspecific variation is lower than the interspecific variation. That is why I used 

individuals bought in the fish market which could come from any reef in the Red Sea, but 

would represent the species functional traits.  

The morphological measurements used to run the software were obtained from digital 

photographs of the individuals taken with a metric scale, individual photographs were 

analyzed with the software ImageJ 1.5.0 (Abramoff et al., 2004). 

From all the variables that MandibLever calculates, only bite force, the effective 

mechanical advantage of the lower jaw and muscular work were used. The bite force was 

used because it can be a predictor of over which kind of substratum could a herbivorous 

fish be feeding on (Bellwood and Choat, 1990). The effective mechanical advantage, 

which is a measure of the ability of transmitting force and velocity in a lever system, 

represents a trade-off between strength and velocity towards the lower jaw tip (Collar et 
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al., 2008). Finally the muscular work represents the strength the adductor mandibulae has 

to exert times the distance of muscular contraction during the jaw closure (Westneat, 

2003). Beside the outputs of the software, ascending process length of the premaxilla was 

used as a predictor of jaw protrusion (Bellwood et al., 2015; Gosline, 1981; Hulsey et al., 

2010) and mouth gape as a predictor of the size of the bite of the fish (Wainwright and 

Richard, 1995). To standardize the measurements to the size of the individuals, all 

outputs were divided by the standard length of each specimen. Only adult individuals 

were used to avoid ontogenetic variations.   

 

2.3 Statistical analysis  

In order to characterize each surveyed zone according to the benthic composition, one-

way ANOVA and Tukey test as post-hoc were run for the coral coverage, algae coverage 

and non-reef building substratum coverage. All percentage data were transformed with 

the logit formula (log(y+k/[1-y*k])) using a constant of k=0.05 to solve the problem of 

values equal to zero (Warton and Hui, 2011). Before running each comparison, Shapiro-

Wilk test for normality and Leven's test for homogeneity of variance were performed to 

ensure that we could use parametric tests. To visualize the differences in the benthic 

community, a PCA was made using all the substratum categories as characteristics for 

each transect. Broken-stick model was performed to figure out how many components 

should be interpreted (King and Jackson, 1999).  
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To find out if there were differences in the number of herbivorous fish species between 

the three zones, a randomized one-way ANOVA was done. This randomized version was 

run because the data did not fulfill the assumptions of homoscedasticity and normality 

required to run a parametric analysis. To find the differences between the zones a 

randomized two-sample test with the Bonferroni correction α/K was applied. All these 

tests were run with the software RundomPro 3.14 (Jadwiszczak, 2009). Both  randomized 

ANOVA and randomized two-sample test were done with 10000 randomizations.  

 

2.4 Functional diversity indexes  

I used functional traits that I believe characterize the feeding performance of herbivorous 

fish in different aspects to calculate the functional indexes. Five of these functional traits 

where the morphological parameters I calculated from the jaws dissections. The feeding 

rates per species was another functional trait. The last functional trait was the functional 

group of each species.  Functional groups were assigned to each species following the 

bibliography regarding the topic (Alwany et al., 2005; Bellwood and Choat, 1990; 

Bonaldo et al., 2014; Cheal et al., 2010; Choat, 1991; Green and Bellwood, 2009). The 

morphological parameters and the feeding rates are continuous information but the 

functional groups are categorical information. The information of units, sources, type of 

data and what each trait is describing are summarized in appendix 2.  

Because the matrix built with this information contains both categorical and continuous 

data, several transformations had to be done. Continuous data were standardized using 
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the function Scale from the base R package (R Development Core Team, 2013). Because 

the matrix contains both categorical and continuous data, Gower distances were 

calculated (Gower, 1971) with the function Daisy from Cluster package (Maechler et al., 

2013). This data transformation gives the same weight to each trait (Legendre and 

Legendre, 2003). From the Gower dissimilarity matrix already computed, a PCoA was 

plotted using the coordinates from the PCoA of each species. Finally, with the density of 

individuals and their presence or absence in each zone, the indexes were calculated. The 

PCoA represents the multidimensional functional trait space (MFTS) which describes the 

location of each species.  

A MDFTS of good quality describes the distribution of species appropriately. It means 

that the distances between species before the transformation of the data is in agreement 

with the distance between species after its transformation (Maire et al., 2015 ). To test the 

quality of my MDFTS I plotted Gower distance in the X-axe against the Euclidean 

distances in the Y-axe for the first nine axes. The mean square deviation (mSD) of each 

plot represents the level of congruence between Euclidean (before transformation) and 

Gower (after transformation) distances; lower values indicate better fit. The number of 

axes to be used to calculate the indexes is obtained according to the best fit value. 

Following the selection criteria proposed by Maire et al., 2015, five axes should be used 

(mSD=0.000320). Nevertheless, due to the trade-off between computational time and the 

extracted information, the indexes were calculated with four axes (mSD=0.000441) 

(Supplementary information Fig. 1).  



 

25 

 

With the R packages, Geometry (Barber et al., 2015), FD (Laliberté et al., 2010) and Ape 

(Paradis et al., 2004), functional diversity indexes were calculated and plotted for the first 

four PCoA axes. The function MultidimFD (Maire et al., 2015; Mouillot et al., 2013; 

Villéger et al., 2008) in R (R Development Core Team, 2013) was used to compute the 

functional indexes for the first four axes of the PCoA. See schematic depiction of the 

computational procedure  in the appendix 3.  

Following Mouillot et al., 2013, five functional indexes were calculated for the 

herbivorous fish assemblage; Functional dispersion (FDis), Functional richness (Fric), 

Functional divergence (Fdiv), Functional evenness (FEve) and Functional specialization 

(FSpe).  

1). Functional dispersion (FDis): It is a measure of how the abundance of species is 

spread in the MFTS. This index is calculated as the weighted mean distance of each 

species to the weighted mean position of the species in the MFTS (Laliberté et al., 2010; 

Mouillot et al., 2013). Higher values of this index indicate that the biomass is more 

disperse or distributed among the species (Nash et al., 2016). Due the center of the 

functional space for each assemblage is weighted by the abundance of the species present 

there, the centroid will move towards the most abundant species (Laliberté et al., 2010). 

2). Functional richness (FRic): It is depicted as the volume of the minimum convex hull 

which includes all the species drawn in the MFTS. It represents the total functional space 

occupied by an assemblage. Species which do not have extreme trait values enough to be 
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a vertex in any dimension will be inside the convex hull volume and will represent 

species with redundant functions (Mason et al., 2005; Mouillot et al., 2013; Villéger et 

al., 2008). 

3). Functional divergence (FDiv): It defines how far the high abundant species are from 

the center of the MFTS. This index will be high if species with greater abundances have 

extreme functional traits that keep them away from the center of the MFTS, and 

inversely, this index will be low if high abundant species are close to the center. In other 

words, this index describes how the abundance is distributed inside functional trait space 

volume delimited by the species (Mouchet et al., 2010; Schleuter et al., 2010; Villéger et 

al., 2008). High values indicate that there is a high niche differentiation between the 

species which can happen when high abundant species exhibit extreme traits (Mason et 

al., 2005). 

4). Functional evenness (FEve): This index describes the regularity of species along the 

minimum spanning tree in a MDFTS and is weighted by the abundance of each species. 

In this study, this index measures the regularity of the branch lengths in minimum 

spanning tree and the regularity in the abundance of species (Mason et al., 2005; Villéger 

et al., 2008). 

5). Functional specialization (FSpe): It is the mean distance from each of the species 

contained in the assemblage to the center of the MFTS of the global pool of species, and 

each distance is weighted by the abundance of the species. It can be described as the 
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mean position of all species dived by the maximum distance to the center. In this index, 

species close to the center are the generalist ones and the ones which are further are the 

specialized (Bellwood et al., 2006; Mouillot et al., 2013). This index helps to understand 

how unique an assemblage is when compared to the complete pool of species (Edwards et 

al., 2014). 

For all indexes except FRich, the distances or centroid, where weighted by the abundance 

of individuals of each species in the three different zones.  

2.5 Functional and taxonomic β-Diversity  

In order to better understand the differences between taxonomic diversity and functional 

diversity, a β-diversity analysis comparing the three zones of the reef was done. This 

analysis was done using the number of species present in each zone as the taxonomic 

component and FRic as the functional component. The Functional β-diversity was 

calculated in four dimensions with the function beta_TF using the geometry (Barber et 

al., 2015) and Rcdd (Geyer et al., 2017) packages. Following Villéger et al., 2013, β-

diversity included species/functional turnover and species/functional nestedness-resultant 

components which are equivalent to dissimilarity Jaccard indexes (Villéger et al., 2011). 

The three indexes calculated here vary between zero and one (Baselga, 2012). Firstly, 

taxonomic β-diversity is equal to one when both communities do not share any species, 

while a value of zero means that both communities have the same species. Taxonomic 

turnover is the second index and is equal to zero when the composition of species of one 

community corresponds a subset of species of a larger community. One other hand, it is 
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equal to one when there are not any shared species between both communities. Finally, 

nestedness-resultant component is equal to either zero, when both communities share all 

the species or have the same number of species, or one, when the species composition of 

one community is a subset of the other one. Functional β-diversity and its other two 

components are also between zero and one but they mean something different. They are 

calculated from the volume of the MDFTS occupied and shared between assemblages; 

low functional β-diversity resulting in a value of zero means that the hypervolume of both 

communities overlap entirely, which in this case means both functional turnover and 

functional nestedness will be zero too. High values of β-diversity between two 

communities can be the result of two opposite situations with the functional turnover. The 

first is when the two communities have a low overlap in the MDFTS resulting in a high 

value of turnover. The other one is when there is a high overlap in the MDFTS resulting 

in a low turnover but with a high value of nestedness, which means that the MDFTS of a 

small community is a portion of the MDFTS of a bigger community (Villéger et al., 

2013). For details in the formulas see Villéger et al., 2013. 
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3. Results 

 

3.1 Benthic characterization  

The benthic community was different according to the zone. Some characteristics such as 

sand, turf algae, Padina and Sargassum coverage accounted to the be the greater 

variables to separate the surveyed zones (Figure 2). In the PCA the PC1 explained 49 % 

of the variation while the PC2 explained 21%, accounting for a total of 70% of the 

variation summarized in the first two axes. The remaining axes where rejected by the 

broken-stick model (Cangelosi and Goriely, 2007). It is evident in the PCA how coral 

coverage is separating the Coral-dominated zone and how the turf algae coverage is 

separating the Transition zone. However, the Algae-dominated zone is spread along the 

plot without showing a particular trend driven by any benthic variable.  

On the other hand, when comparing the coral coverage in general between zones with a 

one-way ANOVA, there are significant differences (F=176.3; p=2^-16; Figure 3(a)) and 

it is clear that coral coverage decreases from Coral-dominated zone to the Algae-

dominated zone. The tendency observed in the coral coverage could resemble a 

degradation gradient described only by this variable, even though, this can be natural 

conditions in the reefs studied here. Tukey post-hoc analysis indicated that there are 

significant differences between Coral-dominated and Transition zones (p=0.0000), Coral-

dominated and Algae-dominated zones (p=0.0000) and Transition and Algae-dominated 

zones (p=1.1159^-8).  
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The comparison of the algae coverage between zones (Figure 3(b)) shows a progressive 

increase from the Coral-dominated zone to the Algae-dominated zone. The one-way 

ANOVA showed significant differences (F=7.245; p=0.0017). According to the post-hoc 

differences are between Coral-dominated and Algae-dominated zones (p=0.0013). There 

were no statistical differences in the other two zones comparisons.  

Figure 2. Principal component analysis of the benthic composition along three zones in 

the reefs, Coral-dominated Zone, Transition Zone, and Algae-dominated Zone. All the 

variation is summarized in the first two axes which respectively account for 49% and 

21% of the total variation. The arrows represent the relative contribution of the different 
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benthic variables to the general variation of the benthic composition. ms/en corresponds 

to massive/encrusting corals.  

 

When analyzing the coverage of the non-reef building substratum between the three 

zones (Figure 3 (c)), it can be noticed that in the coral zone there is a gradual increase 

from the Coral-dominated Zone to the Algae-dominated zone. The one-way ANOVA 

indicated that there are significant differences between zones (F=11.68; p=6.66^-5). 

However, the Tukey post-hoc indicated that the differences are between Coral-dominated 

and Algae-dominated zones (p=0.0012) and Coral-dominated and Transition zones 

(p=0.000). There were no significant differences between transition and Algae-dominated 

zones (p=0.7606). This result indicates that the non-building substratum such as sand, 

pavement, rubble or soft corals are less abundant in the Coral-dominated zone. In general, 

the results of the benthic coverage indicates that the differences are well represented in 

the loss of coral coverage showing clear differences between zones, while on the other 

hand, algal coverage is also shaping the differences showing a coverage increase from 

Coral-dominated to Algae-dominated zone. However statistical differences are only 

found between Coral-dominated and Algae-dominated with the transition zone is the 

intermediate between them. The same tendency as in the algae coverage is found in the 

non-reef building substratum, but clear differences are only found between the Coral-

dominated zone and the other two zones. In the end, all three benthic coverage categories 

are shaping each zone and in some way or another represent a gradient; however, the 
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clearest gradient is in the decrease of coral coverage towards the Algae-dominated zone. 

These results support the names given a priori to each zone only by observation. 

Figure 3. Box plots representing the coverage variation of (a) Coral, (b) Algae (c) non-

reef building substratum, in three zones of the reef, Coral-dominated Zone, Transition 

Zone, and Algae-dominated Zone. Whiskers represent the Standard deviation and the 

division inside the box the quartiles. All the percentages data was transformed with the 

logit formula.  
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3.2 Fish species abundance  

In figure 4 it can be seen how the number of species per transect is decreasing from the 

Coral-dominated zone to the Algae-dominated zone. The randomized ANOVA indicated 

that there are significant differences (F=36.5723; p=0.0001), and the randomized two 

sample test with α=0.016 showed statistical differences between Coral-dominated and 

Transition zones (p=0.0001), between Coral-dominate and Algae-dominated zones 

(p=0.0001) and between Transition and Algae-dominated zones (p=0.0032).  

The species of herbivorous fish found in each zone and their corresponding functional 

groups are listed in the table 1.  
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Figure 4. Box-plot showing the number of herbivorous fish species in three zones of the 

reefs.  

A total of 19 herbivorous fish species where identified in the surveys. Seven of them 

belong the the family Acanthuridae (Surgeonfishes), three to the family Siganidae 

(Rabbitfishes) and nine the subfamily Scarinae (Parrofishes). Eight species where 

categorized as grazers, four as browsers, six as scrapers ans only one as an excavator.  
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Table1. Species found in all the surveys in the three zones with their corresponding 

functional group.  

 

3.3 Functional diversity Indexes  

The results of the PCoA are plotted in figure 5. The white polygon represents the total 

functional trait space occupied by all the species found in the surveys. Each color 

represents a taxonomical group and each shape a functional group. It is clear how species 

are clustered initially by their functional role; browsers to the upper part, grazers to the 

left, scrapers to the right and the excavator species close to the scraper species. Within 

the browsers there is a clear clustering according to the taxonomical group, Acanthuridae 

species, Naso elegans, and Naso unicornis are clearly separated from the Scarinae species 

Leptoscarus vaigiensis and Calotomus viridiscens. All scrapers belong to subfamily 

Specie Functional group Transition Zone

Acanthurus gahhm grazer X X

Acanthurus sohal grazer X X X

Acanthurus nigrofuscus grazer X X

Ctenochaetus striatus grazer X X

Naso elegans browser X X X

Naso unicornis browser X X X

Zebrasoma desjardinii grazer X X

Siganus luridus grazer X X X

Siganus rivulatus grazer X X X

Siganus stellatus grazer X X X

Chlorurus sordidus excavator X X X

Calotomus viridescens browser X X X

Hipposcarus harid scraper X X

Leptoscarus vaigiensis browser X X X

Scarus ferrugineus scraper X X

Scarus frenatus scraper X X

Scarus fuscopurpureus scraper X

Scarus ghobban scraper X X

Scarus niger scraper X X

Coral-dominated 

Zone

Algae-

dominated Zone
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Scarinae; therefore, they might be clustered either by the functional group or by a 

phylogenetical signal reflected on a possible similarity of the morpho-functional traits or 

by a combination of both. It is interesting how the only excavator Chlorurus sordidus, 

which also belongs to the subfamily Scarine, is clustered with the species of its same 

taxonomical group even though it does not share the same functional group. In the case of 

the grazers species clustered to the left, there is no clear differentiation according to the 

family that the species belong to. Both Siganidae and Acanthuridae are mixed in the 

functional trait space but separated from the species which belong to a different 

functional group.  

All functional indexes show that there are evident changes in different parameters 

according to the zone of the reef (Figure 6, 7 and 8).  
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Figure 5. PCoA of all the herbivorous fish species found in the surveys. The white 

polygon is the functional trait space they occupy in the first two axes. Symbols represent 

the functional role of each species, and the colors represent the taxonomical group they 

belong. 

 

The FDis is slightly higher in the Transition zone (FDis=0.828) than in the Coral-

dominated zone (FDis=0.713), however, in the Algae-dominated zone, the value of this 

index is significantly lower (FDis=0.303). This index reflects the dispersion of the 

abundance of individuals in the MDFTS. The Algae-dominated zone showed a low value 
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of this index which means that the abundance of individuals in this zone in not well 

distributed in the MDFTS. In this zone the species with high abundance of individuals are 

clustered in one part of the MDFTS, this species belong to the group of grazers. The 

species which belong to the other functional groups have low abundance of individuals 

(Figure 5). The centroid is weighted by the abundance of individuals in the calculation of 

FDis, that is why in the Algae-dominated zone the centroid moves to the zone occupied 

by the grazers. In the other two zones the centroid do not moves considerably from the 

center. In the Coral-dominated and Transition zones the high values of FDis means that 

the abundance of individuals is well distributed.  

The FRich showed the expected results, wherein the Coral-dominate zone the species 

occupied 100% of the MFTS due in this zone all the species were represented; in the 

Transition zone species occupied 83% of the MFTS and in the Algae-dominated zone 

species only occupied 16%. In the figure 6b it is evident how space is reduced by the 

absence of some species in the Transition and Algae-dominated zones. The representation 

of this index in the graph is only in two dimensions; however, the index was calculated in 

four dimensions. In the Algae-dominated zone, all scraper species are absent as well as 

some grazer species while in the Transition zone only one grazer A. gahm and one 

scraper S. niger were absent. Another interesting result of this index is the identification 

of species that do not represent any vertex of the four analyzed dimensions, which 

represent the identification of redundant species. In both the Coral-dominated and 

Transition zones the same three species, A. sohal, Z. desjardinii, and H. harid, are in all 
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four dimensions inside the MFTS, while in contrast, all species are at least a vertex in one 

dimension in the Algae-dominated zone.  
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Figure 6. Functional indexes which represent differences in the functional structure of 

herbivorous fish assemblage according to the benthic composition of the reef zone. In 

orange is the Coral-dominated zone, in light blue is the Transition zone and in green is 

the Algae-dominated zone. All indexes were calculated from a four dimensions PCoA; 

however, I plotted only the first two axes. The weight of abundance of each species is 

proportional to the point in the lower right corner of the plots. (a) Functional dispersion, 

the dashed lines connects each other in the weighted-mean position for all the species, 

each species is connected to this point by a line. Species that are not present in the zone 

are plotted as +. (b) Functional richness, the colored polygons are the projection in two 

dimensions of the volume occupied by all the species in the functional space. Non-

colored species mean that they are not a vertex in the multidimensional space. (c) 

Functional divergence, the diamond is the center of gravity of vertices, and each species 

is connected to it by a line. 
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FDiv is higher in the Algae-dominated zone (0.974) than in the Transition (0.880) and  

Coral-dominated (0.847) zones. In this index the centroid is not weighted by the 

abundance of species as it represents the center of the MFTS of each assemblage. This 

index is way of measuring how far high abundant species are from the center of the 

MFTS. Therefore, when comparing the results of the Algae-dominated zone with the 

other two, it can be said that high abundant species in the Algae-dominated zone 

represent extreme points in the MFTS, while in the Coral-dominated and Transition 

zones high abundant species are closer to this centroid (Figure 6c). The high abundance 

of S. rivulatus (Figure 6c; Figure 5) species which is a vertex in the MDFTS in the Algae-

dominated zone is contributing to the high value.  

The FEve was decreasing from the Algae-dominated (0.707) to the Coral-dominated 

(0.394) zone with an intermediate value in the Transition (0.538) zone. The high value 

obtained in the Algae-dominated zone indicate that the length of the branches of the 

minimum spanning tree (Figure 7a; Figure 8) are more regular than in the other two 

zones. The Coral-dominated zone exhibit more species and at least in the two dimensions 

depicted in the graph is clear how dissimilar the branches lengths are. In the Transition 

zone the minimum spanning tree is different due the absence of some species, which 

leads to a lower value of FEve because there is more similarity in the branch lengths. 

Finally the Algae-dominated zone has less species than the other two zones so the 

minimum spanning tree has an entirely different shape and at the end the distance 

between them is not that dissimilar. It is worth noting that the depiction of this index in 
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the Figure 7a is only in two dimensions while the entire analysis was done with four 

dimensions. This index also considers the dissimilarity between species abundance; they 

are depicted in the graph as the relative size of the points which represent each species. In 

the Degraded zone majority of species exhibit low abundances except for S. rivulatus 

which accomplishes high abundance compared to the others. In the Transition and Coral 

zones there are clear differences in the abundance between species.  

Figure 7. Functional indexes which represent differences in the functional structure of 

herbivorous fish assemblage according to the benthic composition of the reef zone. In 

orange is the Coral-dominated zone, in light blue is the Transition zone and in green is 

the Algae-dominated zone. All indexes were calculated from a four dimensions PCoA; 

however, I plotted only the first two axes. The weight of abundance of each species is 

proportional to the point in the lower right corner the plots. (a) Functional evenness, all 

the species are linked by the minimum spanning tree. (b) Functional specialization, the 
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diamond is the center of gravity of the functional space, all species are connected to it by 

dashed lines.  

 

 

FSpe is higher in the Algae-dominated zone (0.914), decreasing towards the Coral-

dominated zone (0.669), Transition zone (0.713) has a slightly higher value than Coral-

dominated zone (Figure 7b; Figure 8). This indicates that the Algae-dominated zone 

presents less generalist species than in the other two zones; each species present in the 

Algae-dominated zone is accomplishing more specialized roles indicating less 

redundancy in the assemblage compared to the fish assemblage in the Transition and 

Coral zones. The remaining two zones have a similar value in this index probably 

because they share the majority of species.   

Summarizing, the Algae-dominated zone is characterized by having a high abundance of 

only one species, S. rivulatus, which is a grazer fish. On the other hand, the other species 

representing other functional groups have low abundances. The Algea-dominated zones  

have a low FRic when compared to the Coral-dominated and Transition zones which 

means that the hypervolume of the four analyzed dimensions is small due the absence of 

many species present in the other zones. Due to the high abundance of S. rivulatus,  

which is a species that is a vertex in the MDFTS and has extreme functional traits, the 

FDiv is high. Nevertheless, in the zone, each species is a vertex representing extreme 

traits. The high value in the FEve for this zone says that distribution on the MDFTS is 

more or less regular and that abundance of species do not differ too much among the 
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assemblage. Finally, the FSpe was high in this zone, reinforcing again the fact that this 

zone has species that are functionally extreme from each other, which can be interpreted 

as a zone with low redundancy and high complementary in functional terms.  

The Transition zone has a good distribution of individuals in the MFTS meaning that 

there are a good number of representatives of the different functional groups. This is a 

zone in which its species occupy almost the whole MDFTS and so there are redundant 

species. The FDiv is lower than in the Algae-dominated zone, but is still high; which 

means that species with high abundances are in the vertex. The functional evenness is 

relatively low which means that on one hand the species are clustered in different zones 

of the MFTS and are irregularly distributed along it, while on the other hand it means the 

number of individuals among species differs significantly. The value of the FSpe is lower 

than in the Algae-dominated zone but is still high, which means there are not many 

generalist species and most of them are specialist having extreme traits.  

The Coral-dominated zone has similar characteristics as the Transition zone but differs 

significantly in some indexes. The FDis is a little bit lower but still indicates a good 

distribution of the number of individuals. The FRic is one, meaning that this zone has all 

the possible functional traits of the global pool of species analyzed here, again as in the 

Transition zone thanks to this index can be identified redundant species. This zone 

showed the lowest value on FDiv, nevertheless, is still a high value close to one, implying 

again high abundant species are a vertex of the MDFTS. This is the zone with the lowest 

FEve, species are irregularly distributed in MDFTS highly clustered in their functional 
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groups, and each group is clearly separated. The result of the FSpe is similar to the result 

of the Transition zone but slightly higher; though it is a high value indicating the 

presence of a lot of specialist species and few generalists.  

Figure 8. Barplots summarizing the functional diversity indexes calculated for the Coral 

(orange), Transition (blue) and Algae-dominated (green) zones.  

 

3.4 β-Diversity  

All the results of the β-diversity analysis are summarized in table 2. The taxonomic and 

functional β-diversity between Coral-dominated and Transition zones do not differ by 

much. Both values are low and close to zero as the species composition of the Transition 

zone is a subset of the Coral-dominated zone and so there is no species or functional 
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turnover. Due to the face that the turnover value is zero, the nestedness-resultant 

component is equal to the β-diversity. The species composition of the Algae-dominated 

zones is also a subset of the Coral-dominated zone giving a value for the taxonomic and 

functional turnover equal to zero as well. The nestedness-resultant component in this case 

is also equal to the β-diversity, however, when comparing the obtained values of 

taxonomic and functional β-diversity there is a high difference where the functional β-

diversity is almost the double of the taxonomic β-diversity. Finally, the β-diversity 

between Transition and Algae-dominated zone shows a similar tendency as the previous 

comparison. The functional β-diversity is higher than the taxonomical β-diversity. In this 

comparison there is both taxonomical and functional turnover where the first one is 

higher even though both values are small and close to zero. The Functional nestedness-

resultant component is higher than the taxonomical one.  

The taxonomical and functional turnover was zero in the comparisons between the Coral-

dominated zone and the other two zones because both Algae-dominated and Transition 

zones are subsets of the Coral-dominated zone. Nevertheless, there is turnover in the 

comparison between the Transition zone and the Algae-dominated zone. This result is 

because there is one species which is present in the Algae-dominated zone but not in the 

Transition zone. The Algae-dominated zone is not a complete subset of the species and 

functional composition of the Transition zone.  
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Table 2. Values of the taxonomic and functional β-diversity index and its two 

components for the comparison of the three zones. Coral-dominated zone (CD), 

Transition zone and Algae-dominated zone (CD). 

 

Zone β-diversity Turnover Nestedness

Taxonomical Functional Taxonomical Functional Taxonomical Functional

CD-Transition 0.1053 0.1704 0 0 0.1053 0.1704

CD-AD 0.4737 0.8389 0 0 0.4737 0.8389

Transition-AD 0.5000 0.8135 0.1818 0.0646 0.3182 0.7489



 

48 

 

4. Discussion  

 

The changes in the functional fish diversity according to the benthic composition of the 

zone of the reef assessed in this study can be a reflection of the changes a fish community 

can face when a coral reef degrades due to a continuous stressing event over time. Spatial 

differences were studied here, but this can be a reflection of a degradation showing the 

way a coral reef takes towards a coral-algae phase-shift. This is the situation when a 

strong continuous disturbance led to a transition from a benthic community dominated by 

hard corals to a benthic community dominated by algae (Connell et al., 1997; Hoegh-

Guldberg, 1999). 

My results show how herbivorous fish functional diversity changes between the 

evaluated zones of the reefs that present different benthic composition. The discussion is 

divided in three main parts. One describing the relations between the benthic structure of 

the reefs zones and the herbivorous fish functional assemblage. The other highlights the 

importance of assessing ecological studies from a functional perspective. The last one 

explains what useful information for ecological management can be obtained from this 

research. 

4.1 Benthic and fish assemblages functional composition  

For a better historical context of the studied reefs, Tahla and Fsar, it is essential to know 

that they faced two bleaching events in the last decade. One in 2010 and one in 2015, 

both characterized by high levels of bleaching along different genus of corals which 
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leaded to a general decline of coral cover (Furby et al., 2013; Monroe et al., 2018). 

Despite the fact that there is clear evidence that these reefs have faced degradation 

processes, in my particular study case it was not possible to establish a causality or 

direction between the fish assemblages composition changes and the benthic composition 

according to the evaluated zone. This is because, firstly, there was no continuous 

monitoring on these reefs in order to compare with previous data, and secondly, because 

functional diversity was not assessed even though some studies about fish and benthic 

diversity have been done there (Khalil et al., 2013, 2017; Monroe et al., 2018). It is 

important to highlight at this point that the present study was done assessing variation 

within the reefs, and not in a temporal or inter-reef scale. Nevertheless, I can describe 

how the functions of the herbivorous fish change in these different zones by studying the 

presence or absence of some species and their abundances. 

The fish assemblage of the Algae-dominated zone is composed only by grazer and 

browser species. Grazers feed on a wide range of items which includes sediment, detritus, 

algae turf and macroalgae before establishment (Cheal et al., 2010). Browsers feed 

mostly on macro algae (Francini-Filho et al., 2008). It means that these groups of fishes 

do not necessary rely on the presence of coral to feed. On the other hand, this zone does 

not have scraper or excavator species since they feed on algae growing over hard 

substratum as corals (Bellwood, 1994), which in turns means that the presence of corals 

is necessary for them. The presence of grazer and browser species and the absence of 

scrapers and excavators in the Algae-dominated zone is a coherent result because this 
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zone has low coral coverage and higher algae coverage; this is a zone which provides the 

necessary food resources for browsers and grazers, but not for scrapers and excavators. 

This result shows how complex and tight the relation is between fish species, their food 

requirements and their surrounding environment. Other authors have obtained results 

showing the sensitivity of herbivorous fish assemblages to benthic changes either by 

comparing changes in time in the same reef (Cheal et al., 2010; Han et al., 2016; 

Holbrook et al., 2016; Khalil et al., 2013), or by comparing spatial variation between 

reefs with different benthic composition (Khalil et al., 2013, 2017). My results of 

presence and absence of functional groups in a reef scale are coherent with those of 

studies done in bigger scales. 

Low value of FDis and high of FDiv are both a reflection of the high abundance of 

grazers species in the Algae-dominated zone. These indexes show in the first place that in 

this zone one function is mainly carried out, which indicates that the Algae-dominated 

zone is a grazers’ zone with few representatives of the other functions.  Secondly, this is a 

zone where grazers only represent a minor portion of the total functions carried out there 

despite the fact of being dominant. Although grazer species are well known by limiting 

the establishment of macroalgae and by being good cleaners of the reef surfaces 

facilitating coral recruitment (Hughes et al., 2007; Paddack et al., 2006), it is not clear 

what function they  perform in the Algae-dominated zone because it is not possible to 

know the direction of the causal relation between fish assemblage and their environment. 

Even though the presence of browser species could be a good indicator of health or 
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recuperation because they feed on macroalgae and control they growth (Green and 

Bellwood, 2009), there are only four species represented by few numbers of individuals. 

Rudderfish (Kyphosidae) and batfishes (Ephippidae) are also important browsers  

(Bellwood, Hughes, et al., 2006; Green and Bellwood, 2009). Some species of these 

families have been recorded in the central Red Sea, however, they were found in few 

transects and low densities (Kattan et al., 2017; Khalil et al., 2017; Roberts et al., 2016). 

That is probably the reason why I did not find them in the surveys.  

To  predict if this zone of the reefs is on its way to change its benthic composition and 

increase its coral coverage, it is necessary to continue with monitoring both the fish 

assemblage and the benthic composition. It is also possible to model and predict future 

stable states and phase-shifts by understanding the effects of different environmental 

stressors and the ranges and natural thresholds of the ecosystem (Dudgeon et al., 2010; 

Fung et al., 2011; Graham et al., 2013; Han et al., 2016) 

Coral-dominated and Transition zones are similar in terms of herbivorous fish species 

composition despite the fact they are different according to the coral coverage. Both 

zones support the presence of the four functional groups of herbivorous fish, and even 

more importantly, they present different composition in terms of abundance. The 

different abundances change the value of the functional indexes and then reflect 

differences in functions and services herbivorous fish provide. The fish assemblage of 

herbivores in the Coral-dominated zone is bigger than the Algae-dominated zone and 

show higher functional diversity.  
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If we imagine that these three zones represent a reef in a different health state, the  Coral-

dominated zone could be a relatively healthy reef. The transition zone could be a reef 

under some stress and the Algae-dominated zone could be a reef which experienced a 

long and continuous environmental stress. Following those assumptions the results of this 

research can be a baseline of herbivorous fish functional diversity that can be used to 

evaluate other reefs in the Red Sea with similar environmental conditions. However, it is 

necessary at this moment to be careful of interpreting the results because we cannot 

pretend to find the same species or functions in different reefs or in the same reef after a 

disturbance event. At this point it is important to remember that coral reefs are highly 

dynamic ecosystems and can change their inter-species interactions in different trophic 

levels. For example, previous studies on the recovery of reefs after bleaching events had 

shown that both coral benthic and fish community compositions do not come back to the 

same resilience state after the recovery (Bellwood et al., 2012; Gilmour et al., 2013). 

After a disturbance, coral reefs can change and configure an ecosystem that forms later 

by a different functional community. This can happen because the composition of species 

is different or because the number or size of individuals changed (Nash et al., 2016). 

Anyways, the presence of different functional groups and high values of functional 

diversity are good indicators of a healthy and resilient reef (Bellwood et al. 2004; Han et 

al., 2016;  Holbrook et al., 2016). My results show a relation between high diversity of 

fish and richer functional composition of them and it also shows how this functional 

diversity is reflected in the indexes I calculated.  
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4.2 Importance of assessing functional diversity more than taxonomic diversity  

A taxonomic approach looking for the understanding of complex ecological dynamics is 

shallow and probably will throw wrong conclusions especially when decisions related to 

conservation and environmental management have to be made. My functional approach 

helped me to identify some redundant species in the Coral and Transition zones. I was 

also able to see that the Algae-dominated zone is the most vulnerable zone because of the 

high complementarity reflected in the high value of FSpe (Blüthgen and Klein, 2011) and 

the lack or redundant species. Knowing the species composition alone, or even knowing 

the functional groups and potential ecological services, will never reveal redundancy and 

is not enough to understand species assemblages and their relations with their 

environment (Villéger et al., 2008). Two surgeonfish and one parrotfish were identified 

as redundant in the Coral-dominated and the Transition zones, which means that if they 

are removed their function will be done by other species. The presence of redundant 

species is a signal of a certain level of resilience, thus a good sign of health and resistance 

to environmental changes. In the Algae-dominated zone the absence of redundant species 

indicate that the loss of any species will result in the loss of a function that cannot be 

done by any other species (Fonseca and Ganade, 2001; Yachi and Loreau, 1999). The use 

of functional information combined with knowledge of life history of the studied species 

can also help to evaluate the vulnerability at assemblage, phylogenetical, or functional 

group level.  For example, there is not a single redundant species in the browsers group, 
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which combined with the fact that they are not abundant makes their function in the reef 

vulnerable. If a single browser species is removed a complete function is lost.  

The combination of the abundance and functional diversity allowed us to identify grazers 

as the group with more functional redundancy. This functional redundancy is the result of 

three factors. Firstly, they are represented by more species than the other three groups. 

Secondly, grazer species are highly abundant. Thirdly, this group has two redundant 

species.  

The function of scrapers in the reef has certain level of resilience but lower than Grazers.  

Scrapers have one redundant species and they are less diverse in terms of species and 

have less individuals. If the number of individuals is reduced or the redundant species is 

removed, functions provided by them will be done by others scraper species.   

As Chlorurus sordidus is the only one excavator species and thus its function is 

irreplaceable. However, in many studies, small excavators are combined with scrapers in 

the same functional group (Green and Bellwood, 2009). This species is close in the 

MDFTS to the group of scrapers. This result is interesting and can support the reason 

why in many cases they are combined in the same group as scrapers parrotfish. I think, 

because it looks like this particular excavator has a similar function as scrapers it is worth 

to include it in the scrapers functional group along with other small excavators from the 

genus Chlorurus. Other species from the genus Chlorurus should have a similar jaw 

morphology and probably similar feeding rates.  
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The evaluation of both taxonomic and functional β-diversity of herbivorous assemblages 

between the zones is the perfect example of how much information we miss when 

functions are not included. Comparisons between Algae-dominated zone and the other 

two zones showed that the differences in functional β-diversity are higher than the 

taxonomic differences. It means that when we lose a specialized species, we can lose 

more than a representative of a functional group and we lose particular functions that 

cannot be done by other species. The Transition zone has 10% less species than the Cora-

dominated zone, but in functional terms it represents 17% less multidimensional space. 

The comparison between Coral-dominated and Algae-dominated zone shows higher 

difference between species and functional diversity. The Algae-dominated zone has 47% 

less species but occupies less than the 84% of the MDFTS the Coral-dominated zone 

does. These differences are revealed only by analyzing FRic and show us that there could 

be more implications on ecosystem resilience and processes of recovering when more 

functions than species are lost (Bellwood et al., 2012; Mouillot et al., 2014). 

The functional indexes I used can be calculated with other kind of traits. The choose of 

specific traits depends on the research question which wants to be answered. Probably I 

would obtain totally different results if I use traits related with reproductive strategies, 

swimming performance, and social strategies among others. With other traits I will be 

defining the species in different ways and with a different purpose.  Functional traits have 

to be defined a priori in order to describe species according to the dynamic or interaction 

that wants to be understood (Mouillot et al., 2013; Violle et al., 2007). In this research 



 

56 

 

the questions where around herbivorous fish and their relations with the reef 

environment, but broader questions about coral reef fish dynamics can be answered 

including more functional groups of fish. Probably these functional indexes will reveal 

different patterns of redundancy and complementarity in the same reefs zones if I include 

species which belongs to different trophic levels. If all species of fish are analyzed in the 

same reefs and zones, I suspect that there would be different values for the indexes.  

Functional indexes are sensitive to changes in abundance or biomass. They do not need 

the loose of species in the assemblages to show changes in the functional diversity 

(Moillot et al. 2008). That is why if I use instead of the abundance of individuals the 

biomass of the species in each zone the functional indexes will reveal different values. 

These new values will tell a different story about the herbivorous fish assemblages. For 

instance, biomass can be interpreted as proxy of different spacial scales of fish movement 

in a reef, bigger fish will use bigger area than smaller ones (Nash  et al. 2016). Biomass 

can also be interpreted as the amount of energy used in an ecosystem and in the particular 

case of herbivorous fish can be a proxy of the amount of algae removed by each species 

(Bellwood et al. 2004). Is possible that some of  the high abundant species I found in the 

surveys are represented by small individuals and represent low biomass, and that less 

abundant species might represent high value of biomass because their bigger size, 

changing then the interpretation of the effect of each species in the reefs.  

The use of functional indexes is a flexible and dynamic technique that can be used in 

different contexts. Herbivorous fish assemblages and their relations with different reef 
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environments are just a practical application, however, functional indexes can be 

calculated for many other biological communities in different ecosystems.  

4.3 How to act and perspectives of recovery and maintenance of coral reef health  

In a global scale fish communities are threatened in several ways from human 

disturbances such as overfishing (Tegner and Dayton, 2000; Myers and Worm, 2003) and 

environmental quality degradation (De’ath and Fabricius, 2010; Dubinsky and Stambler, 

1996) to climate change (Hoegh-Guldberg, 1999; Bellwood et al., 2004; Hughes et al., 

2007) and biological invasions (Albins and Hixon, 2008). These environmental threats 

also affect herbivorous fish, as this groups of fishes is particularly important for coral 

reefs ecosystem and they are an important conservation issue. 

It is well known that one of the main threats to coral reef resilience is the removal of 

herbivorous fish (Connell et al., 1997; Folke et al., 2004; Khalil et al., 2013). From a 

functional perspective, if one species which has an irreplaceable role in a reef is removed, 

the impact on the resilience of the reef is higher compared to removing a redundant 

species (Fonseca and Ganade, 2001). My results showed me that some species are 

vulnerable because they have low abundances. They also show that the removal of almost 

any species is detrimental. It is important to highlight at this point that, even though I 

assume that the role of the redundant species can be done by other species, I cannot 

assure that I included all the traits that characterize the feeding performance of this fishes. 

Therefore, I do not know if this redundant species are performing a particular function I 

did not include here.  
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After understanding the importance of herbivorous fishes from a functional perspective, 

the first consideration that should be taken to help coral recovery is to ban or restrict 

herbivorous fish fishing. After that, the establishment of marine protected areas 

(McClanahan et al., 2007) has to be considered followed by continuous monitoring of 

benthic composition and fish assemblages.  

If I assume that each zone represents a degradation state of an entire reef, the Coral-

dominated zone can represents the original state prior to a disturbance event. From this 

assumption I can make some statements about the changes the fish herbivorous 

assemblages will have. In the same way, if we study independently the Transtion and 

Algae-dominated zones they represent different challenges for conservation actions. 

The Coral-dominated zone is relatively healthy according to its benthic composition and 

its herbivorous fish assemblage. This is the kind of ecosystem whose biodiversity and 

functional diversity state should be protected and maintained. If the anthropogenic impact 

is reduced to its minimum, the Coral-dominated zone would be a perfect scenario to 

evaluate biological responses to environmental changes that we cannot control.   

Transition zone helps to understand how the herbivorous fish assemblage could respond 

to a certain level of degradation. It will help to identify if there are stressors affecting the 

reef.  

The Algae-dominated zone represents a bigger challenge because it is the kind of coral 

reef ecosystem we would like to recover from a benthic community dominated by algae 
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to a benthic community dominated by corals. To understand the capacity of recovery of 

this kind of reef is necessary to investigate on a bigger scale. Sources of environmental 

stressors have to be identified and, if possible, eliminated.  

If it is possible to extrapolate these results to a bigger scale, for example to an entire reef 

under stress or in degradation state, some conservation strategies can be applied looking 

for improving the general state of the reef. For instance, possibilities of coral colonization 

from other reefs and chances of their proper recruitment have to be evaluated, and at the 

end, if there are enough resources available, projects of coral restoration should be done 

while taking care restoring functional diversity of coral communities. From the fish 

assemblages, perspectives fishing pressures close to the reef have to be reduced or 

eliminated. 

The results of this research have to be taken very carefully. One limitation to be aware of 

is that we only surveyed inshore reefs which because their location, structure, closeness 

to the shore, among other factors, do not represent all coral reefs not even the ones in the 

central Red Sea, see Khalil et al., (2017), therefore, functional indexes cannot be taken 

literally. They can be used as a guide. 

On the other hand, the reefs I surveyed have an interesting internal variation within the 

same reef. They have different benthic composition in different zones and so different 

fish composition which shows how coral reefs vary a lot. Functional diversity 
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comparisons between reefs should be done in similar zones of the reefs, or by making a 

representative sampling of the variation within each reef. 

This research represents an snapshot of the herbivorous fish assemblages. It is a capture 

of what was happening in the moment I did the surveys and it tells us a lot about the 

sensitivity of this organisms to changes in their environment. But is not more than a 

descriptive assessment because there is no information to compare the results either on 

time or in geographical scales. Replications on time, doing the same samplings in 

different moments of the year or during several years in a row will solve that problem. If 

a clear environmental stressor, for instance, a bleaching event, an atypical change in 

water quality or any other environmental factor that can affect the coral reef health 

happen in between sampling seasons I will be able to see the effect of this particular 

stressor on the fish assemblage. Or if I can monitor the herbivorous fishes assemblage 

along the degradation and recovery of a reef I could see the role of these fishes on the 

recovery. With continuous monitoring of the herbivorous fish functional diversity I will 

be able to see how much the changes in the reef characteristics affect the fish assemblage, 

and also to see how much they can shape the reef. If I am able to see these effects I will 

have a better understanding of how important herbivorous fishes are for coral reefs. With 

that information I can say which species should be a conservation a target and which 

other can be fished. 

One of the questions this research raised was which is direction of the relation between 

the herbivorous fish assemblage and the benthic composition of each zone of the reef. To 
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understand if these zones have this particular benthic composition because the 

herbivorous fishes I found there or if the herbivorous fishes assemblage has its particular 

species composition because the resources they have available in each zone, it is 

necessary to make several replicates of the samplings in different times. Only the changes 

in time will tell me if browsers and grazers will reduce or eliminate the macroalgae in the 

Algae-dominated zone. If benthic composition and fish assemblages do not change in 

time probably the herbivorous fish are not shaping substantially their environment and 

they are occupying these different zones because they find there they food resources.  
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5. Conclusions  

 

Through the analysis of functional diversity, it is possible to identify and confirm that 

herbivorous fish assemblages change with their surrounding environment and that this 

relationship is tight, even though, it is not possible to predict the direction of the process 

shaping this relationship.  

With the methodology I used, it was not possible to identify specific benthic parameters 

that drove changes on fish assemblages, or whether the opposite effect takes place (i.e., 

fish assemblages drive benthic patterns).  

Assumptions on reef benthic composition can be made when evaluating the functional 

diversity of herbivorous fish, and if the different zones evaluated here are used as 

degradation states the obtained results can be a baseline to understand the changes that a 

herbivorous fish assemblage can face under different degradation circumstances. With 

continuous monitoring of functional diversity, predictions of the future and resilience of 

the evaluated reefs can be made. Moreover, if well-chosen traits are used for functional 

diversity analysis, it can be an excellent tool to make conservation and biological 

management decisions. 

This research showed that the assessment of functional diversity is more sensitive than 

the use of taxonomical comparisons. Classic community ecology would not show 

changes in some dynamics that functional diversity shows.  
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APPENDICES 

 

Appendix 1. Matrix plot of the first nine axes of the PCoA built to assess the quality of 

the multidimensional functional trait space. Gower distances (after the transformation of 

data) is in the X-axis, while in the Y-axis there is the euclidean distances (before 

transformation). mSD is the mean square deviation. Number of dimensions to be 

analyzed are choose according to the best fit which is interpreted as the lowest mSD.  
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Appendix 2. Table summarizing the functional traits used to calculate the functional 

indexes¸ their metric units, the type of data, descriptor of what each trait is and the source 

of the source that each trait was obtained from. mJ (micro Jules), N (Newtons), cm 

(Centimeters).  

 

 

Trait Unit Type Descriptor of Source

Muscular work mJ Continuous Dissections

Bite force N Continuous Dissections

־ Continuous Dissections

Mouth gape cm Continuous Size of bite Dissections

cm Continuous Jaw protrusion while feeding Dissections

Feeding rate bites/minute Continuous

Functional group ־ Categorical Impact of the specie on the reef Literature

Amount of energy the 
Adductor mandibulae muscle 

needs to move the jaw

Which kind of substratum can 
the fish feed on

Effective mechanical 
advantage

Trade of between velocity and 
bite strength

Ascending process 
length

Amount of algae the fish can 
eat

Field 
observations
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Appendix 3. Schematic depiction of the computation procedure to calculate the 

functional diversity indexes. The description of the functions and packages used in each 

step are listed in the methodology. 

 

 

 


