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 24 

Abstract  25 

 26 

Geometric morphometrics is an effective tool for investigating intraspecific variations of fish body 27 

shape and contributing to discriminate fishery stocks. This study applied geometric morphometrics to 28 

examine the patterns of intraspecific morphological differentiation among four red mullet (Mullus 29 

barbatus L., 1758) local populations in the Strait of Sicily (Central Mediterranean). It was hypothesized 30 

that morphological differences among local populations caused by the diverse hydrodynamic features 31 

characterizing the sampled areas and maintained by physical isolation determined by high geographical 32 

separation. it was also assessed whether, body shape homogeneity/variability within local populations 33 

was  the result of the different seabed rugosity (used as a proxy of habitat complexity).  Results revealed 34 

that morphological divergence between local populations was constrained by short the geographical 35 

separation. The differences observed mainly concerned the fish body depth, with more elongated 36 

specimens inhabiting high hydrodynamic pattern areas. Moreover, homogeneity in body shapes within 37 

localities was positively related with the seabed rugosity, reflecting a reduction of intraspecific 38 

morphological variability in habitats of higher structural complexityThe improved understanding of the 39 

spatial structure of red mullet populations in the Strait of Sicily may be valuable for aligning the 40 

definition of fishery stock units to the boundaries of natural populations. 41 
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Significance Statement 46 

Morphological differentiation among four red mullet local populations in the South-Central 47 

Mediterranean was examined using geometric morphometrics. Morphological differences were 48 

hypothesized to be caused by diverse hydrodynamic features and maintained by geographical distance. 49 

Whereas, morphological homogeneity within local populations, was hypothesized to be a result of the 50 

habitat complexity constraining the morphological variability. Overall, high structural complexity 51 

promotes low variation in body morphology and geographical isolation constrains the diversification 52 

originating from different hydrodynamic conditions. 53 

 54 

55 



Introduction 56 

 57 

Understanding the relationships between the phenotype of an organism and its environment 58 

represents one of the main questions in evolutionary biology and ecology, and it has been the aim of 59 

numerous studies since early work on the ‘phenotypic variation’ by Darwin (1859). Nowadays, it is 60 

recognized that morphological traits of organisms can be modulated by several biotic and abiotic 61 

factors (e.g. Schluter, 2000; Meyers & Bull, 2002; Fulton et al., 2013). In aquatic environments, these 62 

include temperature, salinity, dissolved oxygen, water current velocity, habitat structural complexity or 63 

predation intensity. These factors can exhibit great variability across space and time and have the 64 

potential to induce morphological diversification in fish species either directly, as a response to distinct 65 

environmental conditions, or via behavioral plasticity i.e. through the acquisition of adaptive behaviors  66 

aimed at optimizing essential biological and ecological functions such as feeding, predator avoidance, 67 

or reproduction (Svanback & Eklov, 2002; Olsson et al., 2007; Langerhans & Reznick, 2010). 68 

Morphological diversification along environmental gradients has been observed at both interspecific 69 

(Neat & Campbell, 2013; Sampaio et al, 2013; Montaña et al., 2014; Farré et al., 2015) and intraspecific 70 

(Langerhans et al., 2003, 2007; O’Reilly & Horn, 2004; Garduno-Paz et al., 2010; Fruciano et al., 2011; 71 

Sampaio et al, 2013; Bracciali et al., 2016) level within fish assemblages. 72 

For instance, habitat complexity is considered an environmental component triggering, both directly 73 

and indirectly, the acquisition of peculiar morphological characters of species (Garduno-Paz et al., 2010; 74 

Langerhans & Reznick, 2010; Farrè et al., 2015). Direct effects may be due to the physical characteristics 75 

of the habitat; e.g. in laboratory experiments, a more elongated body and a small head size were 76 

observed in specimens of threespine sticklebacks exploiting preys in the interstitial spaces of complex 77 

rocky habitat, compared to  specimens exposed to gravel habitat (Garduno-Paz et al., 2010). Indirect 78 

effects may be linked to the influence of habitat complexity on biotic interactions (Montaña et al., 2014; 79 

Farré et al., 2015) and consequently on individuals’ behaviours, such as feeding strategies (Svanbäck & 80 

Eklöv, 2002; Costa & Cataudella, 2007). In fact, more complex structural habitats are generally 81 

associated to greater biodiversity (García-Charton & Pérez-Ruzafa, 2001; Thrush et al., 2001; Danovaro 82 

et al., 2010; Kovalenko et al., 2012; Farrè et al., 2015) which implies more intense competition for the 83 

resources use. Therefore, diversification in feeding behaviour and body morphology could favour 84 

trophic niche partitioning between and within species (Swanson et al., 2003; Sampaio et al., 2013), 85 

which ultimately plays a key role for specific sustainable competition and coexistence within 86 



communities (Swanson et al., 2003; Sampaio et al, 2013; Montaña et al., 2014). Consistent with this 87 

expectation, experimental evidence has confirmed that the increase of intraspecific competition within 88 

a natural population of threespine sticklebacks increased both the degree of niche variation and the 89 

strength of diet-morphology correlation (Svanback and Bolnick, 2007). In addition, there is evidence 90 

that morphological changes following niche shifts occur on a short time-scale (Wanink & Witte, 2000). 91 

Much attention in the literature has been also paid to the adaptive significance of the effects of currents 92 

flow velocity on the differentiation of fish body plan. Indeed, fish morphology is directly related to 93 

swimming capabilities, differentially selected in response to varying biotic and abiotic factors 94 

(Langerhans & Reznick, 2010; Bruckerhoff & Magoulick, 2017). The literature suggests that a more 95 

streamlined body shape, fusiform body with narrow caudal peduncle region, is favored in high-currents 96 

habitat. This allows fish to enhance steady state (constant-speed locomotion) swimming capabilities 97 

aimed to reduce drag and minimize the energetic costs of swimming while performing routine tasks 98 

(Domenici, 2003; Langerhans & Reznick, 2010; Bruckerhoff & Magoulick, 2017). Conversely, unsteady 99 

(with rapid bursts and turns) swimming capabilities, enhanced by a deep body with large caudal fin, 100 

allow fish to exploit strategies requiring high acceleration or maneuverability and are mostly developed 101 

in low-current habitats (Langerhans & Reznick, 2010; Bruckerhoff & Magoulick, 2017). In agreement 102 

with this general pattern, intraspecific differences in body shape across gradients of water velocity have 103 

been documented, on a small spatial scale of few kilometers, in Mediterranean damselfish (Chromis 104 

chromis) (Bracciali et al., 2016). The authors observed the development of body traits useful for 105 

propellant swimming, including a more fusiform body shape in a high-currents habitat, where fish need 106 

to remain stable in the water column to detect prey. By contrast, a greater body height and longer 107 

pectoral fins, which assure greater maneuverability for the active search of prey, were recorded in 108 

individuals inhabiting low-currents habitat (Bracciali et al., 2016). 109 

Patterns of morphological variations across environmental gradients can indicate groups of fish that 110 

are isolated enough to maintain phenotypic differences (e.g. Medina et al., 2008; Cadrin et al., 2010), 111 

being the persistence of these differences a signal of limited mixing and adaptive phenomena which 112 

may have also a genetic basis (Cadrin, 2010; Cadrin et al., 2010). Identifying the population units (or 113 

stock units) which exhibit morphological homogeneity across a geographical region is therefore 114 

essential for fishery resource management. Indeed, ideally, any fishery management plan (for both 115 

exploited or threatened species) should target to fish stock units with such a level of demographic 116 



independence to be considered self-sustaining on an ecological time-scale (e.g. Eagle et al., 2008; 117 

Cadrin, 2010). Actually, it is widely recognized that misalignments exist between the spatial structure 118 

of biological populations and the definition of stock units used in assessment and management of 119 

harvested species, mainly deriving from inadequate knowledge of populations spatial structure. To fill 120 

this gap, in the last decades, several approaches have been used for identification of stock units and 121 

geographical boundaries of exploited fish species (Cadrin et al., 2014), including analyses of 122 

morphometric characters. Specifically, landmark-based geometric morphometric (Rohlf & Marcus, 123 

1993; Bookstein, 1997) has emerged as powerful method to analyze morphological differences 124 

between populations and has been applied for providing information on fish population structure in 125 

relation to geographic range, environmental variability or connectivity (Murta, 2000; Cadrin, 2000; 126 

Silva, 2003; Langerhans et al., 2003; Turan, 2004; Turan et al., 2006; Medina et al., 2008; Cadrin et al., 127 

2010; Mahe et al., 2014). The technique can be also usefully applied to detect intra-population 128 

morphological variability, i.e. among individuals within single local populations in a specific 129 

environment. Indeed, habitats suffering a high degree of disturbance (e.g. low complex soft sediment 130 

habitats; Norkko et al., 2010) and hence characterized by unpredictable and variable conditions, are 131 

expected to promote higher variation in the morphological characters of fish (e.g. Bruckerhoff & 132 

Magoulick, 2017) because high variability in environmental conditions experienced during the life of 133 

fish prevents the accumulation of specific adaptations within a local population (e.g. Schluter, 2001; 134 

Bruckerhoff & Magoulick, 2017). By contrast, higher environmental stability, as well as increasing 135 

habitat complexity, could constrain the morphological variability favoring the development of common 136 

local morphological features (Montaña et al., 2014) especially those related with feeding (e.g. Svanbäck 137 

& Eklöv, 2002; Costa & Cataudella, 2007) or locomotion (e.g. Blake, 2004) strategies both for groups of 138 

species within assemblages (e.g. Farré et al., 2015) or within a single species (e.g. Garduno-Paz et al., 139 

2010). 140 

In this study, we focus on populations of red mullet (Mullus barbatus L., 1758) of the Strait of Sicily 141 

(south-central Mediterranean). Red mullet is a benthic fish with marked preferences for gravel, sandy 142 

and muddy bottoms (Voliani et al., 1999) along the continental shelf (from 5 to 250 m of depth), 143 

although a wider bathymetric range has been reported in some Mediterranean areas. It is one of the 144 

most valuable commercial species in the Mediterranean Sea where it is frequently fished by trawlers 145 

and small-scale fisheries using a variety of gears (Tserpes et al., 2002). Along the northern part of the 146 



Strait of Sicily (SoS), the red mullet annual landings reach on average 774 tons (from 2006 to 2015, 147 

GFCM report 2016). Inside the SoS, the occurrence of different populations between the Sicilian 148 

(Northern Strait) and the African shelves has been argued during the past decades (Levi et al., 1992, 149 

1995). Furthermore, the identification of persistent and discrete spawning and nursery areas (Garofalo 150 

et al., 2004, 2008) coupled with the complex topography and water circulation (Béranger et al., 2004) 151 

led to consider the existence of different units of red mullet highly probable (Fiorentino et al., 2008). 152 

Recently, these hypotheses were strengthened by a study aimed to assess the connectivity patterns 153 

between spawning and nursery areas across the SoS (Gargano et al., 2017). The complex sea circulation 154 

of the SoS modulates the dispersal of eggs and larvae among habitats and represents an important 155 

factor for a species that presents a larval stage restricted to surface waters such as red mullet. However, 156 

the results of the study showed a weak connectivity between northern and southern side of SoS, and 157 

most of the local units seemed to be self-recruiting populations (Gargano et al., 2017), likely favouring 158 

a pattern of morphological diversification of red mullet populations in response to local environmental 159 

factors. This makes the red mullet of the Strait of Sicily an ideal case study for applying a landmark-160 

based geometric morphometric approach to assess and compare body morphology between and within 161 

different localities in the area. Specifically, we i) tested the difference in body shapes among local 162 

populations from four localities with different hydrodynamic conditions; ii) assessed if geographical 163 

separation between local populations constrains   morphological differentiation; iii) investigated the 164 

homogeneity of body shapes within each locality in relation to sea bottom rugosity used as proxy of 165 

habitat complexity.  166 

Despite morphological differences between localities would not necessarily indicate the existence of 167 

different red mullet populations in terms of self-recruiting populations, this study is expected to provide 168 

some insight into the spatial scale of the population structure and the probable phenotypic units of the 169 

adult fraction and could contribute to the development of effective management recommendations for 170 

this species.  171 

Material and Methods 172 

Sampling  173 
 174 

A total of 153 specimens of red mullet were collected in three localities of the Strait of Sicily (SoS) and 175 

in an adjacent area (Fig. 1) between September and October 2013: 43 from Levanzo Island (Le.I.) located 176 



off the north-western corner of Sicily, 50 from South-Western-Sicily (S.W.S), 21 from South-Eastern 177 

Sicily (S.E.S) and 39 from Lampedusa Island (La.I.) located on the African platform. Samples from Le.I. 178 

and La.I., both at ca. 95 m of depth, were acquired from professional fishers operating bottom trawling, 179 

while samples from S.W.S. and S.E.S., both at ca. 40 m of depth, were sampled during the experimental 180 

bottom trawl survey MEDITS (Mediterranean International Bottom Trawl-Surveys; Bertrand et al., 181 

2002) carried out in the SoS. The northern part of the Strait of Sicily is characterized by two wide shallow 182 

banks in the eastern and western parts of the Sicilian coast connected by a narrow continental shelf in 183 

the central part. The shelf is irregular and characterized by the terrigenous material carried by the 184 

Atlantic Ionian Stream (AIS) and which accumulates mainly near the coast of Sicily (Colantoni et al. 185 

1985). Different semi-permanent oceanographic features (e.g. eddies, vortices and upwelling areas) 186 

driven by the variability of the AIS (Robinson et al. 1999, DI Lorenzo et al. 2017) are known to occur in 187 

the study area, which is also characterized by a high heterogeneity in biocenosis inhabiting their 188 

bottoms. Specifically, as regards our sampled areas, the coastal terrigenous muds characterize the 189 

south western and the south eastern Sicily, while the other two sampled locations were characterized 190 

mainly by compacted muds (assemblage type characterization from Gristina and Interbartolo, 2013).   191 

Morphological data acquisition and analysis 192 
 193 

For all specimens captured, an image of the left body side was photographed together with a scale bar 194 

in order to scale in subsequent analysis each specimen without worrying about its distance from the 195 

lens. 196 

Techniques of Geometric Morphometrics (GM) were applied to process the digital images and obtain 197 

the morphometric characteristics of each specimen. Specifically, we positioned both anatomical 198 

landmarks, which capture the body form of the structure under study, and semilandmarks, which are 199 

points representing homologous curves and surfaces that define the boundary of the structure under 200 

study (Bookstein, 1997; Zelditch et al., 2012). Semilandmarks can be treated as and combined with 201 

landmark points using sliding procedures (Zelditch et al., 2012) because they can be statistically treated 202 

as normal landmarks along all the morphometric processes. The semilandmarks are in fact obtained by 203 

sliding these points along a curve (i.e. the anterior part of the head in this study) so that their spacing 204 

does not impact the differences between forms (Webster & Sheets, 2010) 205 

The configuration of the body shape of each individual was captured as follow: 206 



- 11 homologous landmarks positioned on the left side of the body of each specimen in order to 207 

capture the major body characteristics (Fig. 2) 208 

- 4 sliding semilandmarks positioned to capture features relevant to the anterior part of the head 209 

(Fig. 2). 210 

The choice of the position of these landmarks and semilandmarks was taken basically because they best 211 

represent the external shape of individuals and have been widely used in other studies (e.g. Costa end 212 

Cautadella 2007; Fruciano et. al. 2011; O’Really and Horn, 2004). Overall two categories of landmarks 213 

and semilandmarks were identified: the first category identifies the position of contact of two different 214 

tissues (landmark from 3 to 10); the second instead, identifies categorical points whithin specific 215 

structures of individuals (landmark 1, 2 and 11; semilandmarks from 12 to 15) (e.g. Slice et al. 1996). 216 

Both landmarks and semilandmarks were digitized using TpsDig version 1.40 (Rohlf, 2005).  217 

By using Generalized Procrustes superimposition (GPA – Rolph and Slice,1990), the x-y coordinates 218 

obtained, were rotated, scaled and superimposed to a common coordinate system generating the 219 

Procrustes shape coordinates containing only information about shape (GPA-Rohlf and Slice, 1990). 220 

GPA was performed using tpsRelw version 1.45 (Rohlf, 2007). Although specimens were carefully placed 221 

under the camera according to a standardized procedure in order to avoid shape distortions along the 222 

morphometric analytical process, they can suffer from some dorsoventral bending which could 223 

determine differences not representing true shape changes (i.e. arching effect, Valentin et al., 2008). 224 

We removed this arching effect by projecting the shape descriptors onto a vector (Burnaby’s orthogonal 225 

projection) that modeled the shape changes associated with bending (Valentin et al., 2008). 226 

Changes in the arching-free fish shapes were summarized and visualized using relative warp analysis 227 

(RWA; Rohlf & Marcus, 1993). RWA is analogue to principal components analysis. This procedure 228 

produces different morphological axis (Principal components or Relative warp axis) in a way that best 229 

explain the variance in body shape among individuals. Specifically, the first warp is aligned with the 230 

direction of the maximal variance of the shapes and the second which is orthogonal to the first will be 231 

aligned with the next greatest variance, and so on. The result of this procedure is a set of morphological 232 

axes (relative warps) representing morphological characteristics (e.g. Webster & Sheets, 2010).  233 

The most informative relative warps that explained the bulk of the overall morphological variation were 234 

retained based on both the visual inspection of the variance explained by the relative warps and the 235 

Kaiser-Guttman criterion. This criterion is based on the eigenvalues, which tell us how much a principal 236 



component is able to explain our initial data set (e.g. Magnan et al., 2014).  These most informative 237 

warps retained were used to test the differences in shapes among localities. 238 

Body shape differences between localities with varying currents velocity regimes 239 

To investigate the effects of water flow velocity on the fish morphologies, we described the 240 

hydrodynamic patterns of the different localities by using the average of the sea kinetic energy (KE) 241 

during the seven years (2008-2013 up to August) preceding the sampling date at 40 m (S.W.S and S.E.S.) 242 

and 90 m (Le.I. and La.I.) depth. We tested pairwise differences of the most informative warps 243 

explaining the 55.5% of the shape variation in the overall dataset [RW1 (27.2 %), RW2(15.5%), 244 

RW3(12.8%)] among hydrodynamic  regimes by using the multivariate linear model with residual 245 

resampling (Collyer et al., 2015; Warton et al., 2016) and performing n= 999 iterations. . We used KE 246 

with the only purpose to describe the flow regime of the sampled areas. KE gives information on the 247 

hydrodynamic regime (Ruiz et al., 2013) and is calculated as the half of the sum of the squares of the 248 

horizontal (Zonal) and vertical (Meridional) currents components, both obtained from the marine data 249 

portal of the Copernicus Marine Environment Monitoring Service (CMEMS) 250 

(http://marine.copernicus.eu/). 251 

These analyses were achieved by using the ‘mvabund’ package (Wang et al., 2014). 252 

Relationship between morphological differences and geographic separation  253 

The Euclidean distance between the average scores of the first relative warp (RW1) of localities taken 254 

in pairs was used as an indicator of morphology divergence and related, by using simple linear 255 

regression, to the spatial separation index (Sdb) of the sampled locations (sensu Medina et al. 2007). 256 

The Sdb was obtained by integrating the distance (d) in nautical miles (nm) and the average bathymetry 257 

(b) in meters (m) between sampled locations as follows: 258 

𝑆db = 𝑑 𝑥 𝑏  259 

Since the geographical separation between localities could regulate divergence (Medina et al., 2008; 260 

Cadrin et al., 2010), we should observe at least an increasing divergence pattern with the rise of the 261 

physical separation. The uncertainty (i.e. the confidence intervals) of the regression parameters was 262 

estimated by bootstrap of the model residuals. Specifically, the residuals of the fitted model were 263 

randomized to the fitted values to reconstruct a new response variable which was then regressed to 264 

the original explanatory variable (i.e. geographical distance). This procedure was repeated n=999 times 265 



and successively the 95% confidence intervals of bootstrapped estimates of the intercept and slope 266 

were calculated.  267 

Morphospace patterning and relationship with of habitat complexity 268 

Morphospace was constructed by plotting the first and second relative warps which provided higher 269 

morphological variance (e.g. Tuset et al., 2014; Farré et al., 2016). Inside the morphospace the level of 270 

morphological variability within localities was assessed by describing the pattern of distribution of the 271 

shapes of the specimens coming from each locality i.e. whether it was clustered, dispersed or random 272 

(patterning; Shen et al., 2008; Ricklefs, 2012; Tuset et al., 2014). Point pattern analysis was carried out 273 

by constructing a grid-based model (or quadrant analysis) over the whole convex-hull (area enclosing 274 

all the individuals from all localities) and by counting the number of specimens coming from each 275 

locality per quadrant (e.g. Tuset et al., 2014). The choice of the quadrant size can affect this kind of 276 

analysis. Large quadrants, in fact, can produce a coarse description of the pattern, while too small 277 

quadrants may contain only one point, or they might not contain any points at all (Kalkhan, 2011). 278 

Because this reason we used, as a general rule of thumb, the area of a square equal to twice the 279 

expected frequency of points in a random distribution (i.e. 2 ∗
𝐴𝑟𝑒𝑎

𝑛
) where n is the sample size (Kalkhan, 280 

2011). After proceeding, the more appropriate grid cells dimension in our analysis were equals to 1/12 281 

of the range of the first relative warp.  However, to check if the pattern was masked by the number of 282 

quadrants, we also performed the same following analysis with the size of the grid cells equal to 1/16 283 

and 1/10 of the range of the first relative warp, obtaining very similar results (not presented here). The 284 

spatial pattern of the shapes in the morphospace was evaluated by using the Standardized Morisita 285 

Index (SIm; Smith-Gill, 1975), which is the scaled Morisita Index (Morisita, 1959), assumed to be a very 286 

good measure of spatial dispersion because the sample size does not affect it (Krebs, 1999). It allows 287 

determining whether a distribution of individuals is grouped together more or less closely than a 288 

spatially random distribution. Clumpedeness index (mclu) and the uniform index (muni) were 289 

calculated in order to obtain the SIm by rescaling Morisita index (Smith-Gill, 1975). The SIm varies from 290 

-1 to 1. In uniform patterns, SIm is < 0, while in the clustered pattern it has values bigger than 0. Instead, 291 

for a random pattern, SIm value equals to 0. To test if the dispersion pattern of shapes within the 292 

morphospace differed significantly from the random expectation, the critical values of the Chi-squared 293 

distribution with n-1 degrees of freedom were used (e.g. Krebs, 1999). . Low shape variability (clumped 294 



pattern inside the morphospace) was considered to be the result of the influence of the high structural 295 

complexity of the habitat favouring or constrain specific traits. Hence, we used linear regression and 296 

the bootstrapped residuals to test for a positive relationship between the distribution patterns (i.e. the 297 

SIm) and the habitat structural complexity described by the rugosity index of the seabed. This latter is a 298 

quantitative measure of topographical heterogeneity and roughness of the seafloor (Dunn & Halpin, 299 

2009), as such it is largely used as a proxy of substrata and surrogate of benthic biodiversity when data 300 

on habitat types are not available (Pittman et al., 2007; Dunn & Halpin, 2009). Rugosity ranges from 0 301 

(no topographical heterogeneity) to 1 (complete seafloor topographical heterogeneity and roughness 302 

variation) and it was calculated from the continuous digital map of depth provided by the MARSPEC 303 

database (Sbrocco & Barber, 2013), using the Benthic Terrain Modeller tool (Walbridge et al., 2018) in 304 

ArcGIS 10.  305 

It is important to keep in mind that for both the univariate analysis performed (i.e. Linear regression 306 

models) the sample size was small, and consequently these relationships should be considered only for 307 

the purpose of exploring the general morphological pattern in relation to the distance between 308 

localities and the rugosity, respectively. 309 

All the statistical analyses were performed by using the software R (R Core Team, 2016). 310 

Results 311 

The first three components from the relative warp analysis (RWA) on landmark data were retained and 312 

together explained 55.5% of the shape variation in the overall dataset.  RW1 (27.2 % of total variance) 313 

represented a gradient from deep-bodied to elongate shapes (Fig. 3). The contrast was evident within 314 

the head region characterized by a decrease of head depth from low to high values of the RW1 (Fig. 3). 315 

Furthermore, the elongation in the caudal region, even if less evident, can be appreciated (Fig. 3) when 316 

moving from the minimum to the maximum extreme of the RW1.  317 

The RW2 (15.5 % of total variance) differences, principally at the posterior region, in the origin of the 318 

second dorsal fin which was more caudally positioned with respect to the overall body in 319 

correspondence of the maximum value of RW2 (Fig. 3). The RW3 (12.8 % of total variance) was related 320 

to the position of the mouth which was more ventrally positioned at extreme positive RW3 values (Fig. 321 

3). Visual inspection of the RW1-RW2 (42.7 % of variance) shape space (Fig. 4) revealed that specimens 322 

from S.E.S. were mostly situated at negative values of the RW1; oppositely specimens coming from the 323 



La.I. occupied the positive values of the RW1. Whereas specimens from Le.I. and S.W.S. were positioned 324 

at intermediate values of RW1 (Fig. 4). Shapes distribution along the RW2 did not show, instead, a clear 325 

separation pattern (Fig. 4). 326 

Body shape differences between localities with varying currents velocity regimes 327 

Multivariate analysis of variance between localities showed significant differences in all pairwise 328 

comparisons excepting between Le.I. and S.W.S in the three warps analysis (Fig. 4, 5; Table I). Specimens 329 

of the S.E.S (lowest values of KE; Fig. 6), had a more rounded and higher head profile than specimens 330 

from other areas (Fig. 4, 5; Table I) and overall the change was expressed by an anterior and upward 331 

inflation of the head (landmarks 1 and 2, semilandmarks from 12 to 15) and by a posterior displacement 332 

of the superior insertion of the pectoral fin (landmark 10). Specimens of La.I., (highest KE; Fig. 6), had a 333 

more elongated shape in the head region as well as in the caudal one (Fig. 4, 5; Table I). Overall, the 334 

change was constituted by an anterior constriction and elongation of the head (landmarks 1 and 2, 335 

semilandmarks from 12 to 15) and by a forward displacement of anterior insertion of second dorsal fin 336 

(landmarks 4) and a backward movement of the dorsal side of the caudal peduncle at the insertion of 337 

the caudal fin (landmarks 6).  338 

Relationship between morphological differences and geographic separation 339 

The linear regression analysis of the Euclidean distance between the averaged RW1 scores of each 340 

locality against the spatial separation index between the sample locations revealed an increasing 341 

divergence of morphological pattern with the increase of the Sdb (log(RW1 divergence)=-342 

8.02+0.35*log(Sdb)) (Fig. 7a). The 95 % interval of the bootstrapped estimates of the regression slope 343 

indicated that it differed from 0 (Fig. 7a). The smallest divergences were in fact observed when localities 344 

within a pair held a small separation index (i.e. Le.I. and S.W.S.; Fig. 7a), whereas the highest 345 

morphological differences were observed between La.I., on the African shelf, and the three localities of 346 

the Sicilian shelf.  347 

Morphospace patterning and relationship with seabed rugosity, a proxy of habitat complexity 348 

Point pattern analysis of the arrangement of samples within the morphospace revealed a clumped 349 

pattern for Le.I. (SIm 0.504) and La.I. (SIm 0.509) significantly different from a random arrangement 350 

(Table II). No significant differences from a random pattern distribution were observed for S.E.S. (SIm -351 

0.05) and S.W.S. (SIm 0.35) respectively (Table II). Seabed rugosity was lower in S.E.S. and S.W.S. while 352 



the highest value was observed in Le.I. (Fig. 7 b). Linear regression analysis of the relationships between 353 

the distribution pattern in the morphospace and seabed rugosity showed that the SIm was positively 354 

related to the rise of topographical heterogeneity and roughness of the seafloor (SIm= 0.59 355 

+0.1*log(Rugosity)). The 95 % interval of the slope bootstrapped estimates indicated that it differed 356 

from 0 (Fig. 7b). 357 

Discussion 358 

The identification of phenotypic differences among populations within a geographical area, although 359 

not providing evidence of genetic isolation, can indicate the existence of biological groups stably 360 

inhabiting distinct environments and for which, immigration and emigration could have limited effects 361 

in determining population attributes such as reproduction, longevity or size structure (e.g. Cadrin, 2010; 362 

Sequeira et al., 2011). The identification of these units is a crucial requisite for fisheries management 363 

because each of these can have unique demographic properties or rebuilding capabilities when faced 364 

with exploitation. 365 

In our study, intraspecific variation in body morphology of red mullet was found in the Strait of Sicily. 366 

The results of the multivariate linear models suggested in fact that red mullet coming from La.I. and 367 

S.E.S. differed between each other and with specimens coming from the north western part of the SoS 368 

(S.W.S and Le. I.). Specimens of the S.E.S. had a more rounded and higher head profile and posterior 369 

displacement of the superior insertion of the pectoral fin. Whereas specimens from La.I. showed an 370 

anterior constriction and elongation of the head and a backward movement of the dorsal side of the 371 

caudal peduncle. Because of the high number of biotic and abiotic factors [e.g. food availability, feeding 372 

conditions, current velocity, habitat complexity, (Langerhans et al., 2003, 2007 Bruckerhoff & 373 

Magoulick, 2017, Bracciali et al. 2016; Costa & Cautadella, 2007)] that can potentially induce 374 

morphological variability among populations (e.g. Cadrin, 2000), it may be difficult to assess one 375 

independently without the effects of the remaining factors. However, in this study the observed 376 

morphologic differences seem to fit well the predictions, widely suggested in literature, of effects of 377 

hydrodynamic regimes on body shape, consisting in a relatively more streamlined body across 378 

increasing gradients of water velocity (e.g. Langerhans et al., 2003, 2007; Sidlauskas et al., 2006; 379 

Langerhans & Reznick, 2010; Ellerby & Gerry, 2011; Foster et al., 2015; Bruckerhoff & Magoulick, 2017, 380 

Bracciali et al. 2016). The more streamlined body form (i.e. elongation of the head and more developed 381 



dorsal size of caudal peduncle), in fact, has been observed in La.I. where the hydrodynamic regime was 382 

stronger (Fig. 6). This tapering can be explained as the consequence of an adaptive behavior adopted 383 

for a better control of perturbations coming from the surrounding environment [e.g. increase of 384 

viscosity of high velocity waters (Sfakiotakis et al. 1999)]due to the water flux (e.g. Webb, 2002; Bracciali 385 

et al. 2016) or for maximize thrust while minimizing energy losses when counteracting the action of 386 

currents velocity (e.g. Langerhans & Reznick, 2010; Bruckerhoff & Magoulick, 2017).  387 

We also found high morphological similarity when localities were low geographically separated (i.e. 388 

S.W.S. and Le.I.) and  that  divergence tended to increase with this geographical separation between 389 

localities rised. One crucial concept in evolutionary ecology and biology is that divergent regimes, such 390 

as the presence of alternative environments, often induce phenotypic diversification (e.g. Schluter, 391 

2000). However, populations mixing (e.g. through passive transport of larvae and active movement of 392 

juveniles and adults, gene flow) may promote a reduction of the degree of the induced diversification 393 

of phenotypes (e.g. Lenormard, 2002). Ideally, in order to evaluate the relationship between divergence 394 

and mixing, the adaptive diversification should be related to a quantitative estimation of the population 395 

mixing. In practice, such quantities are difficult to obtain. One good surrogate for the rate of mixing is 396 

the geographical distance between populations, as shown by studies focused on its role in determining 397 

genetic and phenotypic isolation (e.g. Planes & Fauvelot, 2002; Medina et al. 2007). In our results, for 398 

the two close locations situated in the north-western SoS, S.W.S. and Le.I, the population’ s exchanges 399 

favored by their geographical proximity seem to constrain enough the morphological divergence, 400 

contrarily to what happened for the other two areas, S.E.S and La.I. These latters, in fact, showed 401 

greater morphological differences from the other samples and between each other. It is worth noting 402 

that the morphometric distinctness detected among the north-western part of the SoS (S.W.S. and Le.I.) 403 

and the two sampling areas situated easterly (S.E.S.) and south-easterly (La.I.) accords with the recent 404 

results reported by Gargano et al. (2017). These authors described, in fact, a low level of connectivity 405 

among populations inhabiting the Sicilian coast and between these and the ones inhabiting the African 406 

shelf. In their study, they remarked the existence of physical barriers generated by the interactions 407 

between the bottom topography and the currents pattern of the SoS which may limit the latitudinal 408 

exchanges of red mullet early life stages within the area (Gargano et al., 2017). Similar outcomes 409 

describing a decrease in phenotypic similarities with the geographical distances among the sample 410 

location have been found for the red mullet populations in the Aegean Sea (Mamuris et al., 1998).  411 



Geographical distance based morphometric divergences at relatively low spatial scale were found also 412 

for other species. For instance, in the Cape Verde archipelago system, Medina et al. (2008) found a 413 

relationship between physical isolation and morphological divergence for the serranid fish 414 

Cephalopholis taeniops (Valenciennes, 1828). Furthermore, Langerhans et al. (2003) showed that the 415 

magnitude of morphological divergences tended to increase with increasing spatial distances in two 416 

tropical fish species.  417 

 418 

It is recognized that the nature of the shape differences between different geographical populations 419 

could be attributed to the different environmental conditions prevailing in each geographical area 420 

and/or different genetic structures (Cadrin, 2010). Unfortunately, we do not know whether the 421 

morphological diversity of red mullet observed in this study is genetically determined or based on 422 

phenotypic plasticity, being both important factors in the evolution of resource polymorphism (e.g. 423 

Schluter, 2000). However, based on the present results, it seems that low geographical separation (high 424 

population mixing, Le.I.-S.W.S) might reduce the red mullet diversification, regardless of the source of 425 

divergence (i.e. genetic or plasticity). The morphological heterogeneity found within the Strait of Sicily 426 

provides additional support to previous results obtained by using microsatellite analysis which showed 427 

that red mullet cannot be considered a single homogeneous population within the SoS, but rather a 428 

pool of units which are locally and partially separated (Maggio et al., 2009). Our study together with 429 

these findings suggest that further investigations will need to be implemented to understand the 430 

underlying mechanisms behind the differences encountered.  431 

While the comparison among shapes gave information on the red mullet populations structure, the 432 

morphospace pattern analysis allowed to account for the variability of the different body shapes within 433 

each sample location and consequently to speculate about the likely environmental drivers triggering 434 

it. Specifically, in this study, the pattern of morphospace occupation indicated that the shape 435 

distribution within the morphospace for Le.I. and La.I. showed some degree of grouped allocation. 436 

These localities were characterized by a high rugosity index (a proxy of the habitat structural 437 

complexity) and by a compacted mud bottom type (Di Lorenzo et al., 2017). Contrarily, in S.W.S. and 438 

S.E.S, where the shape distributions were randomly distributed within the morphospace , the rugosity 439 

index was lower and sea bottom type was terrigenous mud. It has been suggested that habitat 440 

complexity (here seabed rugosity) may drive phenotype expression in order to allow specific characters 441 



improving foraging ability and consequently having effects on fitness (e.g. Garduno-Paz et al., 2010). 442 

Mullus barbatus is a carnivorous fish that scoops up the substratum to detect preys and feed on a wide 443 

range of benthic invertebrates, mainly polychaetes but also crustaceans and molluscs (e.g. Bautista-444 

Vega et al. 2008). A recent study highlighted the opportunistic feeding behavior of this species, which 445 

can change its diet based on the composition of the benthic community and to variations in food item 446 

abundance levels and spatio-temporal distribution (Esposito et al., 2013). So, the random distribution 447 

of body shape observed in S.W.S. and S.E.S. could be due to the variation of the preys’ availability and 448 

distribution in response to the low complex and terrigenous mud nature of the sea bottom, which is 449 

highly subjected to variation generated by the water mass flowing above it (e.g. Peres and Picard, 1964). 450 

Although ours is a speculation, studies have shown that within a population, each individual can use 451 

only a part of the population’s resources based on their availability (Individual specialization, Bolnick et 452 

al. 2003) leading to changes in foraging behaviour with a resulting rise of morphological variations 453 

within a population (Svanbäck and Bolnick, 2007). 454 

In addition, the effect of the habitat complexity is strictly linked with several ecological components 455 

including multiple inter and intraspecific relationships. The increase of habitat complexity, in fact, acts 456 

on the fish biodiversity (García-Charton & Pérez-Ruzafa, 2001; Coll et al., 2010; Danovaro et al., 2010; 457 

Farrè et al. 2015) having as a consequence the rise of both direct biotic interactions (e.g. predation and 458 

competition) and indirect effects [apparent competition, facilitation, cascading effects, tri-trophic-level 459 

interactions, higher-order interactions (e.g. K Dodds & A Nelson, 2006; Morales-Castilla et al., 2015]. 460 

The intensification of interspecific biotic interactions promoted by the rise of habitat complexity in a 461 

specific area can lead to increase of morpho-functional differentiations and the rise of species 462 

morphological traits specialization (e.g. Montaña et al., 2014, Farre et al. 2015). Consequently, a single 463 

species (as in our study) or a group of species (e.g. Farré et al., 2015) can develop peculiar solutions for 464 

essential functions including foraging efficiency, species coexistences or predation rates (Willis et al., 465 

2005; Farré et al., 2015). So, our results suggested that in more complex habitats (Le.I. and La.I.) the 466 

red-mullet morphological shapes were clustered, indicating ecological similarity between conspecifics. 467 

These results are in agreement with those of Willis et al. (2005) who found, considering groups of 468 

species, a compression of the niche dimension and an increase of segregation of the morphological 469 

traits within the morphospace when the complexity of the habitat rise. This reduction and segregation 470 

of the morphological variability for a population within an assemblage may allow to the individuals to 471 



exploit those food resources and microhabitats for which its morphology and physiology confer a 472 

competitive advantage (Willis et al., 2005; Olsson et al., 2007; Garduno-Paz et al., 2010).  473 

In conclusion, the body shape differences between local populations of red mullet in the SoS are 474 

consistent with patterns of morphometric diversification, reported in the literature for other fish 475 

species, which may reflect optimizations in swimming and feeding performance. Although these 476 

differences are in accordance with the different environments considered, it is not clear whether they 477 

result from an environmental or genetic basis. Theoretically, both sources of diversification can act 478 

simultaneously and may have played a role in the diversification of the red mullet in the SoS. The 479 

observed phenotypic variability in relation to the spatial distribution of the red mullet in the study area 480 

supports the hypothesis that there are some restrictions to the individuals’ dispersal flow among the 481 

investigated population units, being more probable the connectivity between areas that are closer 482 

between them. By using a morphological approach, in fact, our results integrate the knowledge on the 483 

existence of self-recruiting populations of red mullet proposed by Gargano et al. (2017), on the basis of 484 

larval dispersal between the main spawning and nursery areas in the SoS, thus improving our 485 

perception of stock dynamics in terms of adult migration.  486 

Geometric morphometric analyses offer the possibility to investigate in a more specific and correct way 487 

the population structure (Cadrin, 2010). Our results suggest that a more accurate approach is needed 488 

when declaring populations and subpopulations of certain species in small areas, which are traditionally 489 

delineated by the assessment agents (e.g. GFCM) throughout geo-economic or political aspects. 490 

Nevertheless, although our findings provide some insights on the spatial structure of the red mullet 491 

populations within the stock inhabiting the SoS, to confirm our outcomes and define more effective 492 

population units for developing effective fishery management recommendations, further studies 493 

considering a more abundant number of specimens (e.g. 50 specimens for locality; Cadrin, 2010) 494 

coupled with different sources of information [e.g. genetic analyses, parasites, detailed diet analysis, 495 

migration patterns, larval dispersal (Cadrin, 2010)] should be implemented.  496 

 497 

  498 



Acknowledgements 499 
 500 
This work was carried out in the framework of the Italian flag project RITMARE, funded by Ministry of 501 

Education, University and Research. 502 

Authors warmly thank Giuseppe Di Stefano for assistance in the laboratory work and the colleagues of 503 

CNR-IAMC of Mazara del Vallo involved in the MEDITS  programme for help with samples collection. 504 

 505 

Contributions 506 

 507 

Q.F. : ideas, data preparation, data generation, data analysis, manuscript preparation 508 

G.G. : : ideas, manuscript preparation 509 

F.F. : manuscript preparation 510 

G.D’A. : manuscript preparation 511 

A.T. : data preparation 512 

A.Z.: data preparation 513 
 514 

 515 

  516 



References 517 

Bautista-Vega, A. A., Letourneur, Y., Harmelin-Vivien, M. & Salen-Picard, C. (2008) Difference in Diet 518 

and Size-Related Trophic Level in Two Sympatric Fish Species, the Red Mullets Mullus Barbatus and 519 

Mullus Surmuletus, in the Gulf of Lions (North-West Mediterranean Sea). Journal of Fish Biology 73, 520 

2402–2420. 521 

Béranger, K., Mortier, L., Gasparini, G.-P., Gervasio, L., Astraldi, M. & Crépon, M. (2004) The Dynamics 522 

of the Sicily Strait: A Comprehensive Study from Observations and Models. Deep Sea Research Part II: 523 

Topical Studies in Oceanography 51, 411–440. 524 

Bertrand, J. A., Sola, L. G. de, Papaconstantinou, C., Relini, G. & Souplet, A. (2002) The General 525 

Specifications of the MEDITS Surveys. Scientia Marina 66, 9–17. 526 

Blake, R. W. (2004) Fish Functional Design and Swimming Performance. Journal of fish biology 65, 1193–527 

1222. 528 

Bolnick, D. I., Svanbäck, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey, C. D. & Forister, M. L. (2003) 529 

The Ecology of Individuals: Incidence and Implications of Individual Specialization. The American 530 

Naturalist 161, 1–28. 531 

Bookstein, F. L. (1997) Morphometric Tools for Landmark Data: Geometry and Biology. Cambridge 532 

University Press. 533 

Bracciali, C., Guzzo, G., Giacoma, C., Dean, J. M. & Sarà, G. (2016) Fish Functional Traits Are Affected by 534 

Hydrodynamics at Small Spatial Scale. Marine Environmental Research 113, 116–123. 535 

Bruckerhoff, L. A. & Magoulick, D. D. (2017) Hydrologic Regimes as Potential Drivers of Morphologic 536 

Divergence in Fish. Evolutionary Ecology 1–15. 537 

Cadrin, S. X. (2000) Advances in Morphometric Identification of Fishery Stocks. Reviews in Fish Biology 538 

and Fisheries 10, 91–112. 539 

Cadrin, S. X. (2010) Stock Identification of Marine Populations. In Morphometrics for 540 

Nonmorphometricians Lecture Notes in Earth Sciences, pp. 219–232 Springer, Berlin, Heidelberg. 541 

Cadrin, S. X., Bernreuther, M., Daníelsdóttir, A. K., Hjörleifsson, E., Johansen, T., Kerr, L., Kristinsson, K., 542 

Mariani, S., Nedreaas, K. & Pampoulie, C. (2010) Population Structure of Beaked Redfish, Sebastes 543 



Mentella: Evidence of Divergence Associated with Different Habitats. ICES Journal of Marine Science 67, 544 

1617–1630. 545 

Cadrin, S. X., Karr, L. A. & Mariani, S. (2014) Stock Identification Methods: An Overview. In Stock 546 

Identification Methods (Second Edition) pp. 1–5 Elsevier. 547 

Colantoni, P., Cremona, G., Ligi, M., Borsetti, A. M. & Cati, F. (1985) The Adventure Bank (off 548 

Southwestern Sicily): A Present Day Example of Carbonate Shelf Sedimentation. Giornale di Geologia 549 

47, 2. 550 

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Lasram, F. B. R., Aguzzi, J., Ballesteros, E., Bianchi, C. N., 551 

Corbera, J., Dailianis, T., et al. (2010) The Biodiversity of the Mediterranean Sea: Estimates, Patterns, 552 

and Threats. PLOS ONE 5, e11842. 553 

Collyer, M. L., Sekora, D. J. & Adams, D. C. (2015) A Method for Analysis of Phenotypic Change for 554 

Phenotypes Described by High-Dimensional Data. Heredity 115, 357–365. 555 

Costa, C. & Cataudella, S. (2007) Relationship between Shape and Trophic Ecology of Selected Species 556 

of Sparids of the Caprolace Coastal Lagoon (Central Tyrrhenian Sea). Environmental Biology of Fishes 557 

78, 115–123. 558 

Danovaro, R., Company, J. B., Corinaldesi, C., D’Onghia, G., Galil, B., Gambi, C., Gooday, A. J., 559 

Lampadariou, N., Luna, G. M., Morigi, C., et al. (2010) Deep-Sea Biodiversity in the Mediterranean Sea: 560 

The Known, the Unknown, and the Unknowable. PLOS ONE 5, e11832. 561 

Darwin, C. On the origin of species, 1859. Routledge, 2004. 562 

Domenici, P. (2003) Habitat, Body Design and the Swimming Performance of Fish. Vertebrate 563 

biomechanics and evolution. 564 

Dunn, D. C. & Halpin, P. N. (2009) Rugosity-Based Regional Modeling of Hard-Bottom Habitat. Marine 565 

Ecology Progress Series 377, 1–11. 566 

Eagle, T. C., Cadrin, S. X., Caldwell, M. E., Methot, R. D. & Nammack, M. F. (2008) Conservation Units of 567 

Managed Fish, Threatened or Endangered Species, and Marine Mammals. NOAA Technical 568 

Memorandum NMFS-OPR 37, 100. 569 

Ellerby, D. J. & Gerry, S. P. (2011) Sympatric Divergence and Performance Trade-Offs of Bluegill 570 

Ecomorphs. Evolutionary Biology 38, 422–433. 571 



Esposito, V., Andaloro, F., Bianca, D., Natalotto, A., Romeo, T., Scotti, G. & Castriota, L. (2014) Diet and 572 

Prey Selectivity of the Red Mullet, Mullus Barbatus (Pisces: Mullidae), from the Southern Tyrrhenian 573 

Sea: The Role of the Surf Zone as a Feeding Ground. Marine Biology Research 10, 167–178. 574 

Farré, M., Lombarte, A., Recasens, L., Maynou, F. & Tuset, V. M. (2015) Habitat Influence in the 575 

Morphological Diversity of Coastal Fish Assemblages. Journal of Sea Research 99, 107–117. 576 

Farré, M., Tuset, V. M., Cartes, J. E., Massutí, E. & Lombarte, A. (2016) Depth-Related Trends in 577 

Morphological and Functional Diversity of Demersal Fish Assemblages in the Western Mediterranean 578 

Sea. Progress in Oceanography 147, 22–37. 579 

Fiorentino, F., Ben Meriem, S., Bahri, T., Camilleri, M., Dimech, M., Ezzeddine-Naja, S., Massa, F., 580 

Jarbaoui, O. & Zgozi, S. (2008) Synthesis of Information on Some Target Species in the MedSudMed 581 

Project Area (Central Mediterranean). MedSudMed Tech Doc 15–67. 582 

Fruciano, C., Tigano, C. & Ferrito, V. (2011) Geographical and Morphological Variation within and 583 

between Colour Phases in Coris Julis (L. 1758), a Protogynous Marine Fish. Biological Journal of the 584 

Linnean Society 104, 148–162. 585 

Foster, K., Bower, L. & Piller, K. (2015) Getting in Shape: Habitat-Based Morphological Divergence for 586 

Two Sympatric Fishes. Biological journal of the Linnean Society 114, 152–162. 587 

Fulton, C. J., Binning, S. A., Wainwright, P. C. & Bellwood, D. R. (2013) Wave-Induced Abiotic Stress 588 

Shapes Phenotypic Diversity in a Coral Reef Fish across a Geographical Cline. Coral Reefs 32, 685–689. 589 

García-Charton, J. A. & Pérez-Ruzafa, A. (2001) Spatial Pattern and the Habitat Structure of a 590 

Mediterranean Rocky Reef Fish Local Assemblage. Marine Biology 138, 917–934. 591 

Garduno-Paz, M. V., Couderc, S. & Adams, C. E. (2010) Habitat Complexity Modulates Phenotype 592 

Expression through Developmental Plasticity in the Threespine Stickleback. Biological Journal of the 593 

Linnean Society 100, 407–413. 594 

Gargano, F., Garofalo, G. & Fiorentino, F. (2017) Exploring Connectivity between Spawning and Nursery 595 

Areas of Mullus Barbatus (L., 1758) in the Mediterranean through a Dispersal Model. Fisheries 596 

Oceanography 26, 476–497. 597 



Garofalo, G., Fiorentino, F., Bono, G., Gancitano, S. & Norrito, G. (2004) Localisation of Spawning and 598 

Nursery Areas of Red Mullet (Mullus Barbatus, Linnaeus) in the Italian Side of the Strait of Sicily (Central 599 

Mediterranean). GIS/Spatial analyses in fishery and aquatic sciences 2, 101–110. 600 

Garofalo, G., Fiorentino, F., Gristina, M., Cusumano, S. & Sinacori, G. (2007) Stability of Spatial Pattern 601 

of Fish Species Diversity in the Strait of Sicily (Central Mediterranean). Hydrobiologia 580, 117–124. 602 

Garofalo, G., Bel Hassen, M., Jarboui, O., Zgozi, S., Gristina, M., Fiorentino, F., Ragonese, S. & Camilleri, 603 

M. (2008) Preliminary Results on Spatial Distribution of Abundance Indices, Nursery and Spawning Areas 604 

of Merluccius Merluccius and Mullus Barbatus in the Central Mediterranean. GCP/RER/010/ITA/MSM-605 

TD 19 MedSudMed Tech. Docs, 19. 606 

GFCM.General Fisheries Commission for the Mediterranean report, Validated Stock assessment form 607 

(SAFs) (2016).  608 

Gristina, M., & F. Interbartolo, 2013. Ritmare - La Ricerca ITaliana per il MARE - Sviluppo di metodologie 609 

integrate di mappatura dell’habitat per una valutazione delle risorse biotiche ed abiotiche—Carta 610 

comunita ` bentoniche dello Stretto di Sicilia—area 1. Deliverable SP4_WP2_AZ1_ UO03_D03. 611 

Kalkhan, M. A. (2011) Spatial Statistics: Geospatial Information Modeling and Thematic Mapping. CRC 612 

Press. 613 

K Dodds, W. & A Nelson, J. (2006) Redefining the Community: A Species-Based Approach. Oikos 112, 614 

464–472. 615 

Kovalenko, K. E., Thomaz, S. M. & Warfe, D. M. (2012) Habitat Complexity: Approaches and Future 616 

Directions. Hydrobiologia 685, 1–17. 617 

Krebs, C. J. (1999) Ecological Methodology. Addison Welsey Educational Publishers. Inc., Menlo Park, 618 

Califórnia. 619 

Langerhans, R. B. & Reznick, D. N. (2010) Ecology and Evolution of Swimming Performance in Fishes: 620 

Predicting Evolution with Biomechanics. Fish locomotion: an eco-ethological perspective 200–248. 621 

Langerhans, R. B., Layman, C. A., Langerhans, A. K. & Dewitt, T. J. (2003) Habitat-Associated 622 

Morphological Divergence in Two Neotropical Fish Species. Biological Journal of the Linnean Society 80, 623 

689–698. 624 



Langerhans, R. B., Chapman, L. J. & DeWitt, T. J. (2007) Complex Phenotype–environment Associations 625 

Revealed in an East African Cyprinid. Journal of evolutionary biology 20, 1171–1181. 626 

Lenormand, T. (2002) Gene Flow and the Limits to Natural Selection. Trends in Ecology & Evolution 17, 627 

183–189. 628 

Levi, D., Andreoli, G. & Rizzo, P. (1992) Growth Curves from Representative Samples of Fish Population 629 

as Possible Hints for the Identification of Unit Stocks: The Case Study of Red Mullet from the Sicilian 630 

Channel. In Marine Eutrophication and Population Dynamics. Proceedings of the 25th EMBS (European 631 

Marine Biology Symposium). Olsen & Olsen, Fredensborg, Denmark pp. 299–306. 632 

Levi, D., Andreoli, G. & Rizzo, P. (1995) Independence of Water Masses and Independence of Stocks. 633 

Rapp. Comm. Int. Explor. Sci. Mer Medit 34, 248. 634 

Maggio, T., Lo Brutto, S., Garoia, F., Tinti, F. & Arculeo, M. (2009) Microsatellite Analysis of Red Mullet 635 

Mullus Barbatus (Perciformes, Mullidae) Reveals the Isolation of the Adriatic Basin in the 636 

Mediterranean Sea. ICES Journal of Marine Science 66, 1883–1891. 637 

Magnan, P., Proulx, R., Berrebi, P., Blondel, J., Perret, P. & Roché, B. (2014) Morphological Variation in 638 

the Freshwater Blenny Salaria Fluviatilis from Corsican Rivers: Adaptive Divergence, Phenotypic 639 

Plasticity or Both?: Morphological Variation in Salaria Fluviatilis. Journal of Fish Biology 84, 31–44. 640 

Mahe, K., Villanueva, M. C., Vaz, S., Coppin, F., Koubbi, P. & Carpentier, A. (2014) Morphological 641 

Variability of the Shape of Striped Red Mullet Mullus Surmuletus in Relation to Stock Discrimination 642 

between the Bay of Biscay and the Eastern English Channel. Journal of Fish Biology 84, 1063–1073. 643 

Mamuris, Z., Apostolidis, P., Panagiotaki, P., Theodorou, A. J. & Triantaphyllidisdir, C. (1998) 644 

Morphological Variation between Red Mullet Populations in Greece. Journal of Fish Biology 52, 107–645 

117. 646 

Medina, A., Brêthes, J.-C. & Sévigny, J.-M. (2008) Habitat Fragmentation and Body-Shape Variation of 647 

African Hind Cephalopholis Taeniops (Valenciennes) in an Archipelago System (Cape Verde, Eastern 648 

Atlantic Ocean). Journal of Fish Biology 73, 902–925. 649 

Meyers, L. A. & Bull, J. J. (2002) Fighting Change with Change: Adaptive Variation in an Uncertain World. 650 

Trends in Ecology & Evolution 17, 551–557. 651 



Montaña, C. G., Winemiller, K. O. & Sutton, A. (2014) Intercontinental Comparison of Fish 652 

Ecomorphology: Null Model Tests of Community Assembly at the Patch Scale in Rivers. Ecological 653 

Monographs 84, 91–107. 654 

Morales-Castilla, I., Matias, M. G., Gravel, D. & Araújo, M. B. (2015) Inferring Biotic Interactions from 655 

Proxies. Trends in Ecology & Evolution 30, 347–356. 656 

Morisita, M. (1959) Measuring of the Dispersion of Individuals and Analysis of the Distribution Patterns. 657 

Memoirs of the Faculty of Science, Kyushu University, ser. E (Biology) 2, 215–235. 658 

Murta, A. G. (2000) Morphological Variation of Horse Mackerel (Trachurus Trachurus) in the Iberian and 659 

North African Atlantic: Implications for Stock Identification. ICES Journal of Marine Science 57, 1240–660 

1248. 661 

Meyers, L. A. & Bull, J. J. (2002) Fighting Change with Change: Adaptive Variation in an Uncertain World. 662 

Trends in Ecology & Evolution 17, 551–557 663 

Neat, F. C. & Campbell, N. (2013) Proliferation of Elongate Fishes in the Deep Sea: Elongation of Deep-664 

Sea Fishes. Journal of Fish Biology 83, 1576–1591. 665 

Norkko, J., Norkko, A., Thrush, S. F., Valanko, S. & Suurkuukka, H. (2010) Conditional Responses to 666 

Increasing Scales of Disturbance, and Potential Implications for Threshold Dynamics in Soft-Sediment 667 

Communities. Marine Ecology Progress Series 413, 253–266. 668 

Olsson, J., Svanbäck, R. & Eklöv, P. (2007) Effects of Resource Level and Habitat Type on Behavioral and 669 

Morphological Plasticity in Eurasian Perch. Oecologia 152, 48–56. 670 

O’Reilly, K. M. & Horn, M. H. (2004) Phenotypic Variation among Populations of Atherinops 671 

affinis(Atherinopsidae) with Insights from a Geometric Morphometric Analysis. Journal of Fish Biology 672 

64, 1117–1135. 673 

Pérès, J.-M. & Picard, J. (1964) Noveau Manuel de Bionomie Bentique de La Mer Méditerranée. Station 674 

Pittman, S. J., Christensen, J. D., Caldow, C., Menza, C. & Monaco, M. E. (2007) Predictive Mapping of 675 

Fish Species Richness across Shallow-Water Seascapes in the Caribbean. ecological modelling 204, 9–676 

21. 677 

Planes, S. & Fauvelot, C. (2002) Isolation by Distance and Vicariance Drive Genetic Structure of a Coral 678 

Reef Fish in the Pacific Ocean. Evolution 56, 378–399. 679 



Ricklefs, R. E. (2012) Species Richness and Morphological Diversity of Passerine Birds. Proceedings of 680 

the National Academy of Sciences 109, 14482–14487. 681 

Robinson, A. R., Sellschopp, J., Warn-Varnas, A., Leslie, W. G., Lozano, C. J., Haley Jr, P. J., Anderson, L. 682 

A. & Lermusiaux, P. F. J. (1999) The Atlantic Ionian Stream. Journal of Marine Systems 20, 129–156. 683 

Rohlf, F. J. (2005) tpsDig, Digitize Landmarks and Outlines, Version 2.05. Department of Ecology and 684 

Evolution, State University of New York at Stony Brook. 685 

Rohlf, F. J. (2007) tpsRelw Version 1.45. Department of Ecology and Evolution, State University of New 686 

York, Stony Brook. 687 

Rohlf, F. J. & Slice, D. (1990) Extensions of the Procrustes Method for the Optimal Superimposition of 688 

Landmarks. Systematic Biology 39, 40–59. 689 

Rohlf, F. J. & Marcus, L. F. (1993) A Revolution Morphometrics. Trends in Ecology & Evolution 8, 129–690 

132. 691 

Ruiz, J., Macías, D., Rincón, M. M., Pascual, A., Catalán, I. A. & Navarro, G. (2013) Recruiting at the Edge: 692 

Kinetic Energy Inhibits Anchovy Populations in the Western Mediterranean. PLoS ONE 8, e55523. 693 

Sampaio, A. L. A., Pagotto, J. P. A. & Goulart, E. (2013) Relationships between Morphology, Diet and 694 

Spatial Distribution: Testing the Effects of Intra and Interspecific Morphological Variations on the 695 

Patterns of Resource Use in Two Neotropical Cichlids. Neotropical Ichthyology 11, 351–360. 696 

Sbrocco, E. J. & Barber, P. H. (2013) MARSPEC: Ocean Climate Layers for Marine Spatial Ecology: 697 

Ecological Archives E094-086. Ecology 94, 979–979. 698 

Schluter, D. (2000) The Ecology of Adaptive Radiation. OUP Oxford. 699 

Schluter, D. (2001) Ecology and the Origin of Species. Trends in ecology & evolution 16, 372–380. 700 

Sequeira, V., Rodríguez-Mendoza, R., Neves, A., Paiva, R., Saborido-Rey, F. & Gordo, L. S. (2011) Using 701 

Body Geometric Morphometrics to Identify Bluemouth, Helicolenus Dactylopterus (Delaroche, 1809) 702 

Populations in the Northeastern Atlantic. Hydrobiologia 669, 133–141. 703 

Shen, B., Dong, L., Xiao, S. & Kowalewski, M. (2008) The Avalon Explosion: Evolution of Ediacara 704 

Morphospace. Science 319, 81–84. 705 



Sidlauskas, B., Chernoff, B. & Machado-Allison, A. (2006) Geographic and Environmental Variation in 706 

Bryconops Sp. Cf. Melanurus (Ostariophysi: Characidae) from the Brazilian Pantanal. Ichthyological 707 

Research 53, 24–33. 708 

Silva, A. (2003) Morphometric Variation among Sardine ( Sardina Pilchardus ) Populations from the 709 

Northeastern Atlantic and the Western Mediterranean. ICES Journal of Marine Science 60, 1352–1360. 710 

Smith-Gill, S. J. (1975) Cytophysiological Basis of Disruptive Pigmentary Patterns in the Leopard Frog 711 

Rana Pipiens. II. Wild Type and Mutant Cell-Specific Patterns. Journal of Morphology 146, 35–54. 712 

Svanbäck, R. & Eklöv, P. (2002) Effects of Habitat and Food Resources on Morphology and Ontogenetic 713 

Growth Trajectories in Perch. Oecologia 131, 61–70. 714 

Svanback, R. & Bolnick, D. I. (2007) Intraspecific Competition Drives Increased Resource Use Diversity 715 

within a Natural Population. Proceedings of the Royal Society B: Biological Sciences 274, 839–844. 716 

Swanson, B. O., Gibb, A. C., Marks, J. C. & Hendrickson, D. A. (2003) Trophic Polymorphism and 717 

Behavioral Differences Decrease Intraspecific Competition in a Cichlid, Herichthys Minckleyi. Ecology 718 

84, 1441–1446. 719 

Thrush, S. F., Hewitt, J. E., Funnell, G. A., Cummings, V. J., Ellis, J., Schultz, D., Talley, D. & Norkko, A. 720 

(2001) Fishing Disturbance and Marine Biodiversity: The Role of Habitat Structure in Simple Soft-721 

Sediment Systems. Marine Ecology Progress Series 223, 277–286. 722 

Tserpes, G., Fiorentino, F., Levi, D., Cau, A., Murenu, M., Zamboni, A. D. A. & Papaconstantinou, C. 723 

(2002) Distribution of Mullus Barbatus and M. Surmuletus (Osteichthyes: Perciformes) in the 724 

Mediterranean Continental Shelf: Implications for Management. Scientia Marina 66, 39–54. 725 

Turan, C. (2004) Stock Identification of Mediterranean Horse Mackerel ( Trachurus Mediterraneus ) 726 

Using Morphometric and Meristic Characters. ICES Journal of Marine Science 61, 774–781. 727 

Turan, C., Oral, M., Öztürk, B. & Düzgüneş, E. (2006) Morphometric and Meristic Variation between 728 

Stocks of Bluefish (Pomatomus Saltatrix) in the Black, Marmara, Aegean and Northeastern 729 

Mediterranean Seas. Fisheries Research 79, 139–147. 730 

Tuset, V. M., Farré, M., Lombarte, A., Bordes, F., Wienerroither, R. & Olivar, P. (2014) A Comparative 731 

Study of Morphospace Occupation of Mesopelagic Fish Assemblages from the Canary Islands (North-732 

Eastern Atlantic). Ichthyological Research 61, 152–158. 733 



Valentin, A. E., Penin, X., Chanut, J.-P., Sévigny, J.-M. & Rohlf, F. J. (2008) Arching Effect on Fish Body 734 

Shape in Geometric Morphometric Studies. Journal of Fish Biology 73, 623–638. 735 

Voliani, A. (1999) Mullus Barbatus. Synthesis of Knowledge on Bottom Fishery Resources in Central 736 

Mediterranean (Italy and Corsica). Biologia Marina Mediterranea 6, 276Á91. 737 

Walbridge, S., Slocum, N., Pobuda, M. & Wright, D. J. (2018) Unified Geomorphological Analysis 738 

Workflows with Benthic Terrain Modeler. Geosciences 8, 94. 739 

Wang, Y., Naumann, U., Wright, S., Eddelbuettel, D. & Warton, D. (2014) Mvabund: Statistical Methods 740 

for Analysing Multivariate Abundance Data. R package version 3. 741 

Warton, D. I., Lyons, M., Stoklosa, J. & Ives, A. R. (2016) Three Points to Consider When Choosing a LM 742 

or GLM Test for Count Data. Methods in Ecology and Evolution 7, 882–890. 743 

Webb, P. W. (2002) Control of Posture, Depth, and Swimming Trajectories of Fishes. Integrative and 744 

Comparative Biology 42, 94–101. 745 

Webster, M. & Sheets, H. D. (2010) A Practical Introduction to Landmark-Based Geometric 746 

Morphometrics. Quantitative methods in paleobiology 16, 168–188. 747 

Willis, S. C., Winemiller, K. O. & Lopez-Fernandez, H. (2005) Habitat Structural Complexity and 748 

Morphological Diversity of Fish Assemblages in a Neotropical Floodplain River. Oecologia 142, 284–295. 749 

Zelditch, M. L., Swiderski, D. L. & Sheets, H. D. (2012) Geometric Morphometrics for Biologists: A Primer. 750 

Academic Press. 751 

 752 

 753 
 754 
 755 
 756 
 757 
 758 
 759 
 760 
 761 
 762 
 763 
 764 
 765 
 766 
 767 



Figure  768 

Figure.1 Map of the Strait of Sicily showing the location of the sampling sites: Levanzo Island (Le.I.), South-769 
Western-Sicily (S.W.S.), South-Eastern-Sicily (S.E.S.), Lampedusa Island (La.I.).  770 

 771 
Figure 2. Position of landmarks (1-11) and sliding semilandmarks (12-15) used in morphometric analysis of red 772 
mullet. (1) tip of snout, (2) head above the extreme part of the eye, (3) anterior insertion of first dorsal fin, (4) 773 
anterior insertion of second dorsal fin, (5) dorsal side of the caudal peduncle at the insertion of the caudal fin, 774 
(6) points of maximum curvature of the peduncle, (7) ventral side of the caudal peduncle at the insertion of 775 
the caudal fin, (8) anterior insertion of the anal fin, (9) anterior insertion of the pelvic fin, (10) superior insertion 776 
of the pectoral fin, (11) center of the eye (e.g. Cautadella et al. 2007 and Fruciano et al. 2011).  (12 to 15) 777 
semilandmarks chosen to capture the overall shape of the anterior part of the head. 778 

 779 
Figure -3. A grid line deformation along each of the three relative warps (RW1, RW2, RW3) is shown to describe 780 
deformation along these axes of one extreme relative to the other. Box plots of the relative warp scores are 781 
also reported for each locality. Levanzo Island (Le.I.), South-Western-Sicily (S.W.S.), South-Eastern-Sicily 782 



(S.E.S.), Lampedusa Island (La.I.). The box represents the data from the first quartile to the third quartile. The 783 
lines indicate the range of data variation (min to max values) excluding the ouliers which are the points above 784 
and below the extreme of the lines (more than 3/2 of the upper and less than 3/2 of the lower quartile). The 785 
segments inside the boxes indicate the median value.   786 

 787 
 788 
Figure 4. Relative warp analysis on overall shape data. Morphospace in which only the first two components 789 
(horizontal axis=RW1 and vertical axis=RW2) are showed, explaining respectively 27.2 % and 15.5 % of the 790 
overall shape variation of red mullet individuals. Levanzo Island (Le.I.), South-Western-Sicily (S.W.S.), South-791 
Eastern-Sicily (S.E.S.), Lampedusa Island (La.I.).  792 

 793 



Figure 5. Pairwise comparison of the convex hulls delineating the morphospace (Horizontal axis=RW1, Vertical 794 
axis=RW2) occupation by red mullet in each locality. For each pair, a deformation grid of the mean shape of 795 
one location relative to the other is also shown.. Levanzo Island (Le.I.), South-Western-Sicily (S.W.S.), South-796 
Eastern-Sicily (S.E.S.), Lampedusa Island (La.I.). 797 

 798 
Figure 6. Averaged Kinetic energy (monthly values from 2008 to 2013) and standard deviation of each locality 799 
at 40 m (S.W.S. and S.E.S) and 90 m (Le.I. and La.I.) depth. Levanzo Island (Le.I.), South-Western-Sicily (S.W.S.), 800 
South-Eastern-Sicily (S.E.S.), Lampedusa Island (La.I.).  801 
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Figure 7. a) Relationship and the +/- 2 bootstrap standard errors between the divergence in RW1 and the 807 
geographical separation (Sdb) between sample locations. The box at the bottom indicate the 95% of the 808 
bootstrap estimates of both intercept and slope   b) Relationship and the +/- 2 bootstrap standard errors 809 
between the Standardized Morista index (SMI) and seabed rugosity (R) characterizing the sample locations. 810 
The box at the bottom indicate the 95% of the bootstrap estimates of both intercept and slope.  Levanzo Island 811 
(Le.I.), South-Western-Sicily (S.W.S.), South-Eastern-Sicily (S.E.S.), Lampedusa Island (La.I.). 812 
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 814 
 815 
 816 
TABLES 817 

Table 1. Pairwise differences between shapes tested by multivariate linear model using bootstrap resampling 818 
of residuals (n=999). Overall test and univariate test for each relative warp (RW1, RW2, RW3). LR = likelihood 819 
ratio statistic; p=p-value. Levanzo Island (Le.I.), South-Western-Sicily (S.W.S.), South-Eastern-Sicily (S.E.S.), 820 
Lampedusa Island (La.I.). 821 

 822 

Overall test for each pairwise comparison Univariate Test 

          RW1 RW2 RW3 

  Res.Df (LR) p   LR      p  LR      p LR      p  

S.W.S.  vs  Le.I. 91 4.923 0.203   3.46 0.2 0.89 0.59 0.57 0.59 

S.W.S.  vs  La.I. 87 29.64 0.002 **   27.61 0.002 1.76 0.33 0.28 0.60 

S.W.S. vs  S.E.S. 69 26.04 2e-04 ***   25.55 0.0002 0.46 0.75 0.03 0.86 

Le.I.  vs  La.I. 80 74.49 0.002 **   66.24 0.002 6.68 0.02 1.57 0.22 

La.I. vs S.E.S. 58 140.8 0.0198 *   136.86 0.02 3.89 0.13 0.046 0.89 

Le.I.  vs S.E.S. 62 17.98 0.002 **   17.48 0.002 0.001 0.98 0.49 0.74 

 823 
 824 
Table 2. Morisita and standardizes Moristia Index for each locality. Levanzo Island (Le.I.), South-Western-Sicily 825 
(S.W.S.), South-Eastern-Sicily (S.E.S.), Lampedusa Island (La.I.). imor = unstandardized Morisita index; mclu = 826 
clumpedeness index muni=uniform index; SIm=Standardized Morisita index. Imor,mclu and muni are reported 827 
because used to calculate SIm 828 



 829 

  imor mclu muni SIm p 

Le.I. 2,34 1,67 0,42 0,50 2E-04 

S.W.S. 1,41 1,59 0,49 0,35 8E-02 

La.I. 3,35 1,74 0,36 0,51 7E-08 

S.E.S. 0,88 2,41 -0,22 -0,05 6E-01 
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