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In the Mediterranean Sea, shallow rocky reefs and the associated three-dimensional
(3D) structure support rich and abundant communities; they are therefore of functional
importance, in particular for the renewal of fish stocks. However, these habitats
and their functions are likely to be altered by anthropogenic pressures inducing
habitat transformations. It is therefore necessary to assess their 3D structure, their
transformations and relationship to communities, especially for management and
conservation purposes. In this article we aimed (i) to compare two methods that
quantify the metrics of the 3D structure (rugosity) of shallow rocky reefs (chain-and-
tape method and photogrammetry), and (ii) to quantify the possible links between this
habitat structure and the fish assemblages. We found that photogrammetry and the
chain-and-tape method yielded a similar estimate of rugosity, but photogrammetry was
the most efficient method in terms of measurement quality and time (when considering
in-water acquisition). This method also displayed the best repeatability. The 3D habitat
descriptors (mean surface rugosity, variation of surface rugosity, and depth) differed
significantly between the studied sites and were therefore included as covariables. Total
fish abundance and species richness increased with higher mean surface rugosity. In
addition, the composition of fish assemblages was significantly influenced by surface
rugosity, although this effect was modulated by depth. When focusing on specific taxa,
neither density patterns nor size class distributions displayed clear patterns in relation
to rugosity metrics. However, this study demonstrated that spatial variability of teleost
fish assemblages can be explained by habitat rugosity which probably increases the
number of shelters and food resources, and therefore improves chances of survival. In
addition, our study has shown that photogrammetry is an appropriate method to assess
3D structure metrics in a temperate rocky reef.

Keywords: habitat complexity, rugosity, metrics, photogrammetry, benthic fishes, efficiency, repeatability,
Mediterranean Sea
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INTRODUCTION

The Mediterranean Basin is described as a hotspot of diversity
for its various fish species and its specific marine ecosystems
(Bianchi and Morri, 2000; Cuttelod et al., 2009). The infralittoral
(i.e., subtidal) rocky reef provides various habitats for different
species such as teleost fishes. This zone is important because of
the strong benthic primary production provided by macrophytes,
and because of the associated secondary production (Harmelin,
1987). Many coastal species at different life stages coexist making
the subtidal rocky reef an ideal area for fish species. However,
climate change and the transformation of habitat due to coastal
urbanization are anthropogenic pressures that can impact
the 3D structure of these rocky habitats (Thiriet et al., 2014).
Therefore it may also affect endemic species (Airoldi et al., 2008;
Coll et al., 2012).

The structure of these habitats is defined as the quantity,
the composition and the three-dimensional (3D) arrangement
of the physical components (biotic and abiotic) at a specific
location (Cheminée et al., 2017b; Cuadros et al., 2019). It is
constituted of complexity which is the absolute abundance of
the individual structural components (Beck, 2000; Byrne, 2007;
Bell et al., 2012; Cuadros et al., 2019), and of the heterogeneity
of their spatial settings (August, 1983). In order to understand
the effects that habitat complexity could have on teleost fish
assemblages, it is necessary to define and use metrics (also
known as environmental descriptors) of complexity. One widely
employed descriptor is rugosity. It can be interpreted as a
category of the structural complexity of underwater habitats
(Friedman et al., 2012; Burns et al., 2015; Storlazzi et al., 2016;
Calders et al., 2020). It has been observed that rugosity is an
important ecological parameter for shaping fish and other
benthic assemblages (Luckhurst and Luckhurst, 1978; Friedman
et al., 2012; Storlazzi et al., 2016). It has been reported that
rugosity plays a role in interactions between species such as
predation or competition (Harborne et al., 2012).

In the history of marine ecology field work, the chain-
and-tape method has been commonly used to quantitatively
estimate rugosity (Risk, 1972; Luckhurst and Luckhurst,
1978; McCormick, 1994; Hill and Wilkinson, 2004; Storlazzi
et al., 2016). More recent methods exist such as the use of
photogrammetry: an approach that requires 2D images to
create a 3D model of the environment and can therefore
estimate precise measurements (Drap et al., 2013; Bryson
et al., 2017; Calders et al., 2020). These methods are mainly
used to characterize tropical coral reefs. However little is known
regarding their comparative efficiency and precision in temperate
waters (Ventura et al., 2020).

Environmental descriptors are known to influence
community metrics (Hewitt et al., 2005; Harborne et al.,
2012; Komyakova et al., 2013; Figueira et al., 2015). It has been
shown that fish abundance is greatly influenced by the quantity
and quality of the structure of the coral reef habitat (Messmer
et al., 2011; Harborne et al., 2012; Kovalenko et al., 2012). This
trend has often been described in tropical waters (Luckhurst
and Luckhurst, 1978; Gratwicke and Speight, 2005; Graham and
Nash, 2013) but rarely in temperate environments (Charton and

Ruzafa, 1998; Meager et al., 2011; Rees et al., 2014). The possible
relationships between the 3D structure of the Mediterranean
rocky reefs and metrics of nektobenthic species have been little
studied, while understanding the role of habitat complexity is
to allow better preservation of biodiversity and the function of
the ecosystem (Kovalenko et al., 2012; Rees et al., 2018; Sinopoli
et al., 2018). To characterize habitat complexity, a precise method
is needed in order to adequately comprehend the interactions
between species and the environment.

The present study aimed to assess how substrate rugosity may
affect fish community on temperate reefs, after previously
assessing how good rugosity metrics are derived from
photogrammetry as a proxy of the classic chain-and-tape
rugosity measurement. Indeed, such comparison has been done
in tropical environments (Young et al., 2017) but remains poorly
explored in temperate environments of the Mediterranean Sea.
However, some specific cases have been studied in this region,
such as biogenic reefs bio-constructed by Sabellaria alveolata
(Ventura et al., 2020). First, we have studied which method
(chain-and-tape or photogrammetry-based) can best measure
the rugosity metric of Mediterranean rocky reefs. More precisely,
it aimed to determine whether the estimation of the mean
rugosity of a site and the in situ acquisition time (efficiency) are
different depending on the method used, the habitat category,
and the site studied. It also estimated which method provides a
more precise measurement (repeatability). Moreover, this study
proposed to verify whether there is a relationship between the
complexity of rocky reefs and fish assemblages. It attempted
to identify the effects of descriptors of the 3D structure (mean
rugosity, variation of the rugosity) on the descriptors of the
teleost assemblages linked to the substrate (i.e., benthic taxa).

We predicted that photogrammetry would be the most robust,
efficient and should be easier to repeat than the chain-and-
tape method. Furthermore, we expected that one or several
metrics describing the teleost assemblage would be influenced by
habitat rugosity. More specifically, we expected that rocky reefs
with higher rugosity mean and/or higher variation of rugosity
would host richer, more abundant, and more diversified fish
assemblages. Two datasets from the same study area have been
analyzed: one dedicated to the method comparison and the other
to the understanding of the relation between 3D structure and
teleost populations.

MATERIALS AND METHODS

The study was conducted in the north-western Mediterranean
Sea, at the Calanques National Park (western Provence, France)
where two datasets were sampled in the Riou Archipelago
(Figure 1) during spring 2017 and 2018. The 2017 dataset was
used to compare the two methods (chain-and-tape method and
photogrammetry), while the 2018 dataset was used to understand
the influence of substrate complexity on teleost assemblages.

Methods Comparison
Background Definitions
Efficiency in our study is defined as the time (in seconds)
spent underwater acquiring data, while precision is defined as
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FIGURE 1 | Study area located in the Calanques National Park (France), where sites were sampled in 2017 (dark blue triangles) and in 2018 (red circles). This map
was modified from an online source, i.e. from OpenStreetMap data, available on Wikipedia as a public domain image: https://commons.wikimedia.org/wiki/
File:Archipel_de_Riou_topographic_map-fr.svg.

“the closeness of agreement between results of independent
tests obtained under stipulated conditions (repeatability and
reproducibility)” (Arnal, 2017). Repeatability is the part of
variability caused by the measuring device in the measurement
system studied. Reproducibility is the part of variability
induced by the differences between operators. In this study, a
single observer managed the data acquisition. For this reason,
repeatability was the only concept considered.

Sampling Design and Data Collection
A preliminary sampling design was used to estimate the number
of quadrats needed to obtain a reliable measurement of rugosity
(sampling effort). Two other sampling designs were used to
compare the chain-and-tape method with photogrammetry. The
first design evaluated i) the mean rugosity and ii) the efficiency
of each method, while the second design was used to study their
repeatability. In the first design, sampling effort was evaluated
using the cumulative mean rugosity. This procedure was
conducted to determine the minimum sampling effort needed to
estimate the mean rugosity with both methods. The minimum
sampling effort was reached when the cumulative mean rugosity
was stabilized. This response variable was studied at one site and
in one habitat (at Jarre-Jarron, Infralittoral Rock with Photophilic
Algae (IRPA): block facies). In the second design, the responses
of mean rugosity and efficiency (time in seconds) were tested
as a function of two fixed factors (method: chain-and-tape vs.

photogrammetry; and habitat: continuous rocks vs. block fields)
and a random factor (site, with 3 levels: Boulegeade, Jarre-Jarron,
and Pouars; Figure 1). In the third design, repeatability response
was tested according to the fixed factor method (same levels:
chain-and-tape and photogrammetry). A single site in a single
habitat was studied for this design (Pouars, IRPA: block facies).

For all designs, quadrats (3 m × 3 m) were used as the
measurement unit. The cumulative mean rugosity was calculated
with the mean rugosity of each quadrat added one by one into
the calculation of the mean in a delimited area. The quadrats
were randomly arranged and placed so that the cumulative mean
rugosity was representative of the study area. The minimum
sampling effort was reached when the cumulative mean rugosity
was stabilized. The mean linear rugosity in each quadrat was
estimated with four segments (2 bisectors and 2 medians). The
first design was composed of 12 different quadrats (for each
habitat-site combinations), whereas the rugosity was estimated by
measuring the same quadrat 10 times in a row for each method
when precision was evaluated.

When the chain-and-tape method was used to estimate
linear rugosity, a diver positioned the chain (link size: 30 mm)
along one of the four segments (from A point to A’ point,
as in Storlazzi et al., 2016; Supplementary Figures 1A,B).
The same area was created virtually using photogrammetry.
Specifically, the diver took pictures zigzagging at a constant
distance (1 m) above the quadrat (Supplementary Figure 1B).
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For each quadrat, an average of 100 pictures were taken to allow
satisfactory reconstruction. The same camera handled by the
same operator (OB) was used during the entire study: a NIKON
D700 protected inside a Nauticam housing, with 14 mm lens and
two Ikelite flashes DS 160.

All the photographs were oriented with the Photoscan
software (currently Metashape) from the company Agisoft (Royer
et al., 2018). A metal square of 50 cm × 50 cm has been placed
on the edge of the area to be studied. It was equipped with a
buoyancy target for vertical referencing and six coded targets
whose distances have been calibrated a priori.

The bundle adjustment performed by the photogrammetry
software took into account the scaling constraints on the coded
targets and offered an accuracy of about 1 mm considering the
readable signal on the coded targets (Drap et al., 2015). The
vertical referencing was obtained a posteriori by introducing the
coded target read on the float. In a more recent version of the
equipment used, a spirit level has been placed on the bracket as
well as three adjustable feet with screws allowing the horizontal
adjustment of the reference bracket before the shots. Under these
conditions, the coordinates of the coded targets were directly
expressed in a vertical reference frame and used as a control
point by the bundle adjustment. This had no influence on the
overall accuracy obtained. If we took into account on the one
hand the short shooting distance and thus the large scale of the
photographs and on the other hand the high resolution of the
“full frame” sensors of the DSLR (Digital Single Lens Reflex)
cameras used, the GSD of the photographs was much smaller
than a millimeter (The GSD for Ground Sample Distance is the
distance on the ground between two consecutive pixel centers).
Such specific parameters (i.e., GSD and RMS error) used to
build the quadrat models are compiled in the Table 1. Once
the orientation of the photographs and the reference systems
were validated, a 3D point cloud uniformly distributed on the
surface studied was calculated. 3D models were generated using
Photoscan software (Royer et al., 2018). In order to obtain a
uniformly distributed point cloud with a defined average distance
between points the Metashape “Filter Dense Cloud” tool (Tools
Dense Cloud) was used. This tool removes or interpolates the
necessary points with the colorimetric information to arrive
to a dense cloud of the desired spacing. A mesh was then
built in Metashape based upon this dense cloud and this was
used to assess rugosity. In order to have comparable results
with the in situ measurements, the average density of the
3D point cloud was adjusted to the chain-link used for the
comparison of the methods (3 cm) (e.g., Supplementary Table 1).
The spacing of vertices in the resulting mesh was verified
to be 3 cm by using a small software (coded in JAVA) that
analyze the meshes. It produced elementary statistics reliable
on the length of the arcs obtained after meshing. It allowed
us to validate the two meshes produced and to keep for the
production the one generated with Agisoft. This enabled the
treatment with the software. It therefore allowed us to verify
the spacing of vertices to be 3 cm. We draw reader’s attention
on the fact that it was necessary to develop a small analysis
tool of the meshes because it was not available neither in
Agisoft nor in Meshlab.

TABLE 1 | GSD and RMS error of the quadrat models.

Site and quadrat number GSD (mm) RMS error (mm)

Pouars 1 0.56 1.0

Pouars 2 0.66 0.7

Pouars 3 0.68 34.9

Pouars 4 0.69 0.9

Pouars 5 0.65 1.2

Pouars 6 0.64 1.8

Pouars 7 0.63 0.6

Pouars 8 0.64 1.5

Pouars 9 0.61 1.6

Pouars 10 0.64 1.1

Pouars 11 0.67 4.6

Pouars 12 0.61 1.9

Jarre 1 0.67 1.9

Jarre 2 0.73 0.9

Jarre 3 0.75 0.4

Jarre 4 0.74 1.5

Jarre 5 0.65 0.3

Jarre 6 0.77 0.8

Jarre 7 0.67 2.1

Jarre 8 0.66 0.9

Jarre 9 0.65 0.5

Jarre 10 0.72 1.6

Jarre 11 0.71 1.5

Jarre 12 0.76 1.0

Boulegeade 1 0.69 1.6

Boulegeade 2 0.75 0.9

Boulegeade 3 0.67 0.8

Boulegeade 4 0.68 1.8

Boulegeade 5 0.73 2.2

Boulegeade 6 0.82 1.1

Boulegeade 7 0.73 2.3

Boulegeade 8 0.74 0.9

Boulegeade 9 0.74 2.1

Boulegeade 10 0.75 0.9

Boulegeade 11 0.70 0.9

Boulegeade 12 0.71 1.9

In each quadrat model, 5–24 measures have been done between several coded
targets, using rulers with millimeter accuracy (from 0.071 to 0.6 m).

Finally, it should be noted that the flexibility of the
photogrammetric method enabled us to obtain results
comparable in quality to those obtained by the chain method. The
adjustment of the altitude of the photographs and thus of their
GSD, the position of the cameras during the shooting determined
the resulting 3D model. For example, the use of photographs
with vertical axes only induced a 3D model very close to a DTM
or an elevation grid which corresponded to the results obtained
with the chain. On the other hand, it would be possible to go
further by multiplying the oblique or even quasi-horizontal shots
and to integrate into the terrain model the overhangs or even the
cavities inaccessible with the chain method.

Once the 3D model was obtained, CloudCompare software
was used to perform measurements (CloudCompare, 2018). The
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same segments were drawn on the model providing thereby the
value of the mean rugosity.

Data Treatment and Statistical Analysis
The mean rugosity and method efficiency data were analyzed
by performing PERMutational univariate Analyses Of VAriance
(PERMANOVAs) (Anderson et al., 2008), including terms
and all interactions. The resemblance matrices were calculated
from the initial data matrix containing, for each sample, the
response variable (rugosity or time). Analyses were based on
Euclidean distances and p-values were calculated by 999 residual
permutations under a reduced model. When the number of
permutations was less than 200, Monte Carlo p-values were used
(Clarke et al., 2014). The PERMDISP procedure was conducted
when it was when necessary to see whether significant differences
between levels were due to differences in terms of mean or
in terms of dispersion of the data. In addition, this procedure
was also used to quantify the proportion of variation of each
method, and therefore to determine if they were repeatable.
Smaller variation indicates higher repeatability (the method is
more precise). Coefficient of variation (CV) was also taken into
account in order to measure the relative dispersion.

Teleost Assemblages
Ethics Statement
The observational protocol was submitted to the regional
authority Direction inter-régionale de la mer Méditerranée (the
French administration in charge of Maritime Affairs). No
special permit was required since no extractive sampling or
animal manipulations were conducted (only visual censuses in
natural habitats) and since the surveyed locations were not
privately owned.

Sampling Design and Data Collection
Our experimental design was built in order to address the
following hypothesis: higher rugosity or variation of rugosity
may induce richer, more abundant and more diversified fish
assemblages. Additionally, the assemblage of spatial categories
(i.e., relative abundances by fish categories as defined by
Harmelin (Harmelin, 1987; Table 2 and Supplementary
Figure 2) was expected to vary according to substrate rugosity
and depth, which are known to shape e.g., food and refuges
availability and therefore influence the interactions among taxa
(see Introduction for previously cited references). For the same
reasons, the size-class distributions of given taxa were expected
to be somehow correlated with rugosity, since bottoms with high
rugosity may e.g., provide more refuges and be therefore of better
“habitat quality”—sensu Dahlgren and Eggleston (2000)—for
juvenile individual.

In order to test these assumptions, teleost assemblages
were inventoried and described according to a predefined
list of selected species (nektobenthic and cryptobenthic fishes)
(Table 3), i.e., species having a way of life related to the bedrock
of the rocky infralittoral, therefore likely to be influenced by 3D
structuration. Response variables describing teleost assemblages
were: (i) total abundance (including all species), (ii) species
richness, (iii) Shannon index, (iv) species assemblage (species

TABLE 2 | Spatial category assemblage types as described by Harmelin (1987).

Category Signification

Category 1 Open sea fishes

Category 2 Sedentary schooling fishes found throughout the entire water
column

Category 3 Mesophage necto-benthic fishes executing vertical and lateral
displacements

Category 4 Necto-benthic fishes with small vertical displacements and more or
less important lateral displacements

Category 5 Mesophage and sedentary necto-benthic fishes (with small vertical
and lateral displacements)

Category 6 Extreme sedentary necto-benthic fishes (null vertical displacements
and rare lateral displacements). During the day: (a) outside, (b) in a
shelter.

composition and relative abundances), (v) assemblage of spatial
categories. In addition, for a subset of dominant species (see
“Results”), we studied: (vi) specific abundance, (vii) size (TL:
total length in mm) of each species, and (viii) abundance by
size class (small, medium, large). The data were collected using
Underwater Visual Census (UVC) (Harmelin-Vivien et al., 1985;
Friedlander and DeMartini, 2002; Sala et al., 2012). The size
classes were standardized using the work of Louisy (2002).
Thresholds of each species size class were defined according to
maximum sizes referenced in this work. The predictor variables
were: (i) mean surface rugosity, (ii) variation in surface rugosity,
(iii) depth, and (iv) site. Photogrammetry was the method used to
measure these environmental descriptors.

The relationship between teleost assemblages and substrate
rugosity and other factors was investigated in a single habitat,
i.e., continuous infralittoral rocky reef (IRPA), using transects
(25 m × 5 m) as the unit of measure. 30 transects were
randomly distributed among 7 different sites around Riou and
Plane islands (fixed factor; Figure 1), with a minimum of 3
transects in each site.

The initial transects were divided into four smaller transects
(6.25 m × 5 m) to estimate the surface rugosity for each of
them using the same photogrammetric method as mentioned
previously (Supplementary Figure 1C). Subsequently, mean
surface rugosity was calculated for the entire initial transect using
the mean surface rugosity of these small transects. The variation
in surface rugosity was evaluated the same way.

Data Treatment and Statistical Analyses
First, the variability of environmental variables was tested
against site factor (fixed). Three transects (20, 22, and 23) were
deleted from the database due to environmental conditions
(high turbidity/low visibility) as the creation of 3D models
was unrealizable. Only 6 sites and 27 transects were taken
into account because of this operation. It was observed that
environmental variables were not constant between sites (see
section “Results”). Consequently, it was justified, in a second
analysis, to perceive these environmental descriptors as covariates
of the site factor, in order to study the part of environmental
variable effects on teleost descriptors.

The analysis model included 3 covariates (mean surface
rugosity, variation in surface rugosity and depth: which are
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TABLE 3 | Teleost fish assemblage studied: (i) species (ii) spatial category (see Table 1 and Supplementary Figure 2), as described by Harmelin (1987).

Family Common name Scientific name Abbreviation Spatial category

Apogonidae Cardinalfish Apogon imberbis ai Category 6

Labridae Mediterranean rainbow wrasse Coris julis cj Category 5

Labridae Brown wrasse Labrus merula lm Category 5

Labridae Green wrasse Labrus viridis lv Category 5

Labridae East Atlantic peacock wrasse Symphodus tinca st Category 5

Lophiidae Anglerfish Lophius piscatorius lp Category 6

Mullidae Striped red mullet Mullus surmuletus ms Category 4

Pomacentridae Damselfish Chromis chromis cc Category 2

Sciaenidae Corb Sciaena umbra su Category 5

Scorpaenidae Small red scorpionfish Scorpaena notata snot Category 6

Scorpaenidae Black scorpionfish Scorpaena porcus spor Category 6

Scorpaenidae Red scorpionfish Scorpaena scrofa ssco Category 6

Serranidae Swallowtail seaperch Anthias anthias aa Category 5

Serranidae Dusky grouper Epinephelus marginatus em Category 5

Serranidae Comber Serranus cabrilla sc Category 5

Serranidae Painted comber Serranus scriba sscr Category 5

Sparidae Zebra sea bream Diplodus cervinus dc Category 3

Sparidae Sharpsnout seabream Diplodus puntazzo dp Category 3

Sparidae Sargo Diplodus sargus ds Category 3

Sparidae Common two-banded seabream Diplodus vulgaris dv Category 3

Sparidae Dreamfish Sarpa salpa ssal Category 3

Sparidae Gilt-head bream Sparus aurata sa Category 3

continuous variables) and the site factor (fixed factor with 6
levels). When the size of each species was studied, individuals
(fishes) were used as unit of replication instead of transects.

PERMANOVAs were used to compare teleost descriptors
between different factor levels, using the same procedure as in
the first analysis (method comparisons). However, interactions
between the factors were not taken into account. Univariate
data were not transformed, and a resemblance matrix was
created using Euclidean distance. When multivariate data were
involved, modified Gower was used to produce the resemblance
matrix after transformation of the data (log base2; Anderson
et al., 2008). All three covariates produced a significant response
on univariate teleost descriptors when PERMANOVAs were
executed (see section “Results”). Therefore, residuals were plotted
and calculated using linear model means (in agreement with the
establishment of PERMANOVAs).

Since ecological data give rise to inherent variability,
significance was considered—for all designs (including in the first
analysis to compare methods)—when p-value < 0.1. Each data
treatment was carried out using R 3.1.3 (R Core Team, 2017) and
PRIMER 6/PERMANOVA + (Clarke and Gorley, 2006; Anderson
et al., 2008) software.

RESULTS

Methods Comparison
Sampling Effort
Regardless of the method, the cumulative mean rugosity
stabilized around 12 quadrats in the rocky reef habitat (field
block facies) (Figure 2). It seems that both methods required

the same sampling effort. In addition, the two methods obtained
an equivalent value of cumulative mean rugosity (cumulative
x̄ = 1.32).

Rugosity Estimation and Methods Efficiency
Habitat type had a significant effect on rugosity: regardless
of site and method used, block field habitat consistently
exhibited higher rugosity values than continuous rock habitat.
This difference was greater at some sites, resulting in a
significant habitat × site interaction (PERMANOVA, P = 0.001,
Figure 3 and Table 4). The habitat × method interaction
was also significant (PERMANOVA, P = 0.024, Figure 3 and
Table 4). In a continuous rocky habitat, the difference between
photogrammetry and the chain-and-tape method, although not
significant, was closer to the significance levels (PERMANOVA,
pair test, P = 0.153) than in block field habitat (PERMANOVA,
pair test, P = 0.977, Figure 3). In addition, the method had
no effect on the dispersion of the rugosity measurements
(PERMDISP, P = 0.504). On the other hand, the habitat had
a significant effect on this dispersion (PERMDISP, P = 0.001):
the dispersion of rugosity measurements was greater in block
field habitat (from 1.10 to 1.50) than in continuous rocky
habitat (1.02–1.15, Figure 3 and Table 4). The acquisition
time was longer using the chain-and-tape method than with
photogrammetry (Figure 3 and Table 5). It was also more
prominent in block field habitat than in continuous rock,
regardless of the method used.

Precision/Repeatability
In the second experimental set-up, the dispersion of
measurement was greater (low repeatability) with the
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FIGURE 2 | Cumulative rugosity mean obtained according to an increasing number of replicates (quadrats), using alternatively (A) the chain-and-tape method or
(B) the photogrammetry method; the sampling effort required for each method is deduced as the number of quadrats that is necessary to obtain a relative stable
measurement of linear rugosity (i.e., when the plot reaches stabilization).

TABLE 4 | PERMANOVA table of results for rugosity; Variation source, degree of freedom (df), mean squares (MS), F statistic (Pseudo-F), P-value obtained by
permutations [P(perm)] or using the Monte-Carlo test [P(MC)] and numbers of permutations (perms).

Source Df MS Pseudo-F P(perm) perms P(MC)

Habitat (Ha) 1 53.22 27.975 0.108 38 0.036*

Method (Me) 1 0.22645 0.98803 0.383 38 0.435

Site (Si) 2 1.3949 8.1526 0.002** 998 0.002

Ha × Me 1 0.21883 28.463 0.024* 650 0.04

Ha × Si 2 1.9024 11.119 0.001*** 999 0.002

Me × Si 2 0.22919 1.3395 0.267 998 0.266

Ha × Me × Si 2 7.69E-03 4.49E-02 0.951 999 0.955

Residuals 60 0.1711

Total 71

Significance: ·P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. P-values were obtained using 999 residuals permutations under a reduced model.

chain-and-tape method than with the photogrammetry as
shown by the coefficients of variation (CVchain = 1.66%;
CVphotogrammetry = 0.62%), and by PERMDISP
procedure (P = 0.015; SE (chain) = 4.8931 × 10−2 and SE
(photogrammetry) = 2.0435× 10−2; Figure 4).

Teleost Assemblages
Environmental Variables According to the Site Factor
The mean surface rugosity, its variation and depth were
significantly different according to the site (PERMANOVAs,
respectively, P = 0.009; P = 0.002, and P = 0.001; Supplementary
Data Figure 3). These variables were thus included as covariables
in the factorial analysis (see M&M).

Covariables Study: Effects of Mean Rugosity, Its
Variation and Depth on Teleost
As the mean surface rugosity increased, the total abundance and
species richness were greater once the other variable effects were
removed (respectively, PERMANOVA, P = 0.032; P = 0.045;
Figure 5 and Supplementary Table 2). These descriptors also
had a residual variability when tested in response to the site
(independently; Supplementary Table 2). When the site effect
was exclusively taken into account, the total abundance was
greater and more variable at certain sites (e.g., Joseph; Figure 5).
The species richness was also higher and more variable at
certain sites, but the results were different from those of the
total abundance (e.g., Moyade; Figure 5). The Shannon index
was not significantly influenced, either by the site factor or
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FIGURE 3 | Tukey boxplots of (A) rugosity (mean per quadrats) and (B) acquisition time per quadrat (seconds)—boxes display levels of treatments. Boxplots
indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance from the box is at most 1.5 times the
inter-quartile range (whiskers), and remaining outliers (dark circles). Pair-wise tests between treatments are given with lower- and upper-case characters for
significant terms from tests (Tables 2, 3). Capital letters represent pair-wise tests between method modalities, whilst lowercase letters represent pairwise tests
between modalities of the method × habitat treatment.

TABLE 5 | PERMANOVA table of results for time; Variation source, degree of freedom (df), mean squares (MS), F statistic (Pseudo-F), P-value obtain by permutations
[P(perm)] or using the Monte-Carlo test [P(MC)] and numbers of permutations (perms).

Source df MS Pseudo-F P(perm) perms P(MC)

Habitat (Ha) 1 2.4598 471.87 0.095 38 0.004**

Method (Me) 1 58.154 212.53 0.09 38 0.005**

Site (Si) 2 5.10E-03 3.46E-02 0.952 999 0.959

Ha × Me 1 0.48901 2.0337 0.3206 659 0.305

Ha × Si 2 5.21E-03 3.53E-02 0.963 997 0.963

Me × Si 2 0.27363 1.8554 0.142 998 0.172

Ha × Me × Si 2 0.24045 1.6304 0.215 999 0.199

Residuals 60 0.14748

Total 71

Significance: ·P ≤ 0.1; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. P-values were obtained using 999 residuals permutations under a reduced model.

by covariables (Supplementary Table 2). Species assemblage
(i.e., relative abundances) varied as a function of mean surface
rugosity and depth covariables and site factor (Figure 6 and
Supplementary Table 2).

The assemblage of spatial categories differed only as a
function of the mean surface rugosity and depth (Supplementary
Table 2).

The specific abundance results differed among the species
studied. The mean surface rugosity influenced the abundances
of Apogon imberbis and Anthias anthias. The abundance of the
latter species increased when mean surface rugosity was the only
effect studied. The variation of surface rugosity only affected
the abundance of Coris julis: which increased slightly with the
increasing variation in surface rugosity. Depth only had an effect
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FIGURE 4 | Boxplots evaluating the precision of the chain-and-tape (Chain) and photogrammetry (Photogrammetry) based on the repeatability of each method.
Boxes display levels of treatments. Boxplots indicate the median (bold line near the center), the first and third quartile (the box), the extreme values where distance
from the box is at most 1.5 times the inter-quartile range (whiskers), and remaining outliers (dark circles).

FIGURE 5 | Influence of the mean surface rugosity and the site factor on the total abundances of fish and the fish species richness. More precisely, (A) Smoothed
curves of residuals of total abundances once the effect of all variables except the mean surface rugosity was removed; (B) Boxplots of residuals of total abundances
once the effect of all variables except the site factor was removed; (C) Smoothed curves of residuals of species richness once the effect of all variables except the
mean surface rugosity were removed; (D) Boxplots of residuals of species richness once the effect of all variables except the site factor was removed. Graphs show
significant terms from tests (Supplementary Table 2).
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FIGURE 6 | Principal coordinate analysis (PCO) ordinations plot of species assemblage samples (transects) according to the site factor (fixed). (A) Each dot
corresponds to a single transect attributed to one of the 6 sites (Boulegeade, Pouars, Nord Plane, Moyadon, Joseph and Camara for Camarassaigne).
(B) Correlation vectors (Spearman) of the mean surface rugosity, the variation of surface rugosity and depth covariables are plotted.

on the abundance of A. anthias, in particular its abundance
increased with increasing depth. The site factor simultaneously
influenced the abundance of Diplodus vulgaris, A. anthias,
Serranus cabrilla, and A. imberbis. The abundance of D. vulgaris
was significantly different from one site to another (when the
effects of covariate were removed): it was greater at the Joseph
site (Supplementary Figure 4). The abundance of other species
did not differ in function of the factors (Supplementary Table 2).

The size variation results (TL: total length in mm) of each
species differed according to the species studied. The mean
surface rugosity only influenced the sizes of A. anthias and
S. cabrilla. The size of this latter species increased with increasing
mean surface rugosity. The variation in surface rugosity only
affected the sizes of C. julis and D. sargus. The size of C. julis
decreased as the variation in surface rugosity variation increased
(once all other variable effects were removed). Depth influenced
the sizes of C. julis, C. chromis, and D. vulgaris. As the depth
increased, the size of these three species decreased, and this
tendency was more pronounced for C. chromis. The site had a
significant effect on the size of C. julis, C. chromis, D. vulgaris,
A. anthias, and S. cabrilla. When the site effect was exclusively
represented, the sizes of C. julis and C. chromis did not differ
as much between sites as the sizes of D. vulgaris and A. anthias.
In this analysis, A. imberbis and Sarpa salpa were not taken into
account because only a few individuals of each size were sampled.
The other species sizes did not vary according to these factors
(Supplementary Table 2).

The results of abundance by size-class were different
depending on the species studied. The mean surface rugosity
only influenced C. julis, A. anthias, and A. imberbis distribution
of abundance by size-class. The variation in surface rugosity
did not influence the abundance of a single species by size-
class. The depth significantly affected the abundance by size-
class of C. julis, A. anthias, A. imberbis, and S. salpa. The site

factor modalities influenced the distribution of A. anthias and
A. imberbis abundances by size-class. S. cabrilla was excluded
from this analysis because too few individuals were observed,
resulting in a negative p-value.

DISCUSSION

Methods Comparison
The chain-and-tape method was compared to photogrammetry
to determine which approach was the most robust for
characterizing habitat complexity. On one hand, we observed that
the two methods gave similar estimates of the mean rugosity.
More precisely, on a small sample (second experimental set-up),
the mean rugosity estimate differed slightly from one method to
another. However, on a larger scale (first experimental set-up)
this difference was not significant according to the method. It
should be noted that in continuous rocky habitat the difference
between the methods was closer to the significance level, which
might suggest that photogrammetry can detect rugosity more
finely than the chain-and-tape method.

The methods differed considerably in terms of acquisition
time. Specifically, the time was longer when the chain-and-tape
method was used, while photogrammetry was much faster. This
contrast is probably due to the manual in situ positioning of
the chain, a phase that is not necessary with photogrammetry
as data acquisition is carried out from pictures. It is interesting
to identify which method is the most time-consuming in situ,
because underwater fieldwork is expensive. It should be, however,
noted that photogrammetry could require expensive equipment
such as computers, specific software, and cameras. The time post-
processing (e.g., the time needed to create 3D models)—which
is not considered here—could be substantial according to the
material available.
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The dispersion of rugosity measurement (i.e., the dispersion
around the median of the rugosity) was not significantly different
in the first experimental device. However, when repeatability
was studied, the dispersion was greater using the chain-and-
tape method. In addition, the values of the coefficient of
variation—quantifying precision—remained low but, in the case
of photogrammetry the coefficient was close to zero. The chain-
and-tape method therefore seems less reliable in terms of
repeatability, and therefore less precise than photogrammetry.
However, it would be interesting in future studies to consider a
larger sample in order to verify this tendency. It is to be noted
that previous studies highlighted that the chain-and-tape method
has the disadvantage of needing many samples to give a robust
estimation of rugosity (Storlazzi et al., 2016).

The lack of efficiency and precision of the chain-and-tape
method is probably explained by the subjective placement of the
chain along the segments (Storlazzi et al., 2016). It is possible that
it imperfectly fits and follows the contour of the seabed, leading to
an erroneous estimation of rugosity. If the chain links are small,
it is possible to characterize the rugosity on a small scale and
increase the measurement precision. These complications do not
apply using photogrammetry, although it should be noted that
one of the weaknesses of photogrammetry resides in the potential
lack of pictures in an area, which can lead to an incomplete
3D representation (Ferrari et al., 2016). Photogrammetry could
also be affected by the site conditions such as water turbidity
(poor visibility). Under these circumstances, it might become
very difficult to create models from the photos taken. On the
other hand, the chain-and-tape method could still be used
and give an acceptable result. Environmental conditions could
therefore influence the quality of the images incidentally by
reducing the precision of photogrammetry and adding noise
in the models (Troisi et al., 2015; Urbina-Barreto, 2020). In
addition, photogrammetry is known to cover larger areas than
the chain-and-tape method (Leon et al., 2015; Bryson et al., 2017).
The software used to create the 3D representation may also have a
minimal influence on the results (e.g., Burns and Delparte, 2017).

Overall, photogrammetry appears as the most efficient method
since it estimates rugosity more finely and more quickly than
the chain-and-tape method during field acquisition. It is also the
more repeatable method that estimates rugosity non-invasively
(Friedman et al., 2012; Bridge et al., 2014).

Teleost Assemblages
Our work highlights the significant and independent effect of
rugosity and other predictors on teleost fish assemblages. To do
this, we first studied environmental variables (i.e., mean rugosity,
variation of rugosity, and depth) as a function of the site factor
and we observed that the site had a significant effect on these
three variables. This result was not surprising because no site has
strictly similar environmental specificities.

Then, through the factorial analysis, it has been shown that
the total abundance and species richness of fish increased with a
higher mean surface rugosity (effects of other factors removed).
These results reinforce the conclusions from previous studies
since they reported the same trends (Gratwicke and Speight,
2005; Komyakova et al., 2013). The abundance results for each

species were taxon specific. Some species such as C. julis and
A. imberbis were influenced by an increase of, respectively, the
variation of rugosity and the mean surface rugosity, leading to
the increase of their abundance.

High rugosity implies a greater quantity of food because the
available surface is diversified: the algal cover can further develop
and extend, and invertebrates can be more present (Luckhurst
and Luckhurst, 1978; Vigliola et al., 1998; Gratwicke and Speight,
2005; Verges et al., 2011; Sinopoli et al., 2015). With more
resources available, more species can coexist. It is likely that the
number of available niches (Hutchinson niche: theoretical niche)
will increase and species that are habitat specialists could then
inhabit and occupy these spaces (Johnson et al., 2003; Willis et al.,
2005; Bryson et al., 2017; Sinopoli et al., 2017). In addition, high
rugosity implies high complexity leading to a greater number
of shelters (Harborne et al., 2011, 2012; Ménard et al., 2012;
Ferrari et al., 2016; Ferrari, 2017). Species such as nektobenthic
and cryptobenthic fishes can easily find refuge. Through the
use of these refuges, species can live in high-flow environments
(Johansen et al., 2008).

Complexity can play a part in interactions such as predator-
prey dynamics. Prey can use these shelters to escape predators
(Hixon, 1991; Cheminée et al., 2017b), which improves their
chances of survival, while predators can use habitat complexity
to their advantage as hiding places to search or pursue prey,
depending on their predation tactic (Thiriet et al., 2014; Chacin
and Stallings, 2016; Mercader et al., 2019). Prey could be
disadvantaged by complexity since it could reduce their visual
field and therefore force them, to either risk predation by feeding
outside their refuge or to remain in their shelter and risk
starvation, and have difficulty in finding reproductive partners
(Rilov et al., 2007). The trophic interactions can then depend on
the refuges provided by habitat complexity to the predator-prey
component (Grabowski, 2004). All these aspects could increase
the reproduction of a species or a component but also its growth
rate, depending on the interactions that take place, and therefore
improve survival. Better habitat provides a given species at a given
phase of its life cycle with the best trade-off between growth
rate and predation-induced mortality (Dahlgren and Eggleston,
2000); therefore, a complex and heterogeneous seascape can offer
various configurations, well-suited to fulfill the diverse needs of
different species in terms of habitat quality.

Behavioral strategies can be responsible for specific abundance
trends (Almany, 2004). For instance, A. imberbis—which has
a strong specialization for rocky habitat—exhibits during the
day a high degree of fidelity to its resting sites, likely to
escape predators (Hoban, 2012). This could possibly illustrate
the influence of the mean surface rugosity on the abundance
of this species. As for C. julis, it is known to compete for the
size of its territory (Lejeune, 1987), which could explain why
its abundance varied according to the variation in rugosity. In
addition, habitat complexity could favor interactions between
species leading to specific behaviors. For example, C. julis can
be a facultative cleaner at its first stage of life by feeding on
other species if they are present, such as S. salpa (Neto, 2018),
making habitat an important selection factor. The link between
predator identity and habitat complexity influences the intensity
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of the behavioral interactions by affecting trophic cascades
(Grabowski et al., 2008).

Furthermore, our results indicated that depth, in interaction
with surface rugosity, also had a significant effect on species
assemblage and spatial category assemblage. Size patterns (the
size of each species and the abundance in each size class)
were taxon specific, but in general were also influenced by
depth. The effect on spatial category assemblage was not
particularly surprising since this variable separates species by
their lifestyle (Harmelin, 1987), which can be directly linked to
this environmental variable. However, it should be noted that
this response variable was created from the spatial organization
of diurnal species. The results could therefore differ significantly
if we consider the nocturnal activity.

The depth effect has been demonstrated in previous studies
(Friedlander and Parrish, 1998; Letourneur et al., 2003; Anderson
and Millar, 2004; Milazzo et al., 2011, 2016; Schultz et al.,
2014; Ferrari et al., 2018). More recently, works on rocky reefs
have shown the significant and independent effect of depth and
complexity of canopy-forming algae (Cheminée et al., 2017b;
Cuadros et al., 2019), or the cumulative effects of depth and the
complexity of habitat (Ferrari et al., 2018).

It could be interesting to integrate algal cover, which can be
a proxy of complexity (Cuadros et al., 2019), such as the cover
of Cystoseira sensu lato, in order to simultaneously consider the
complexity of the inert substrate but also the complexity built
by species such as in macrophytes forests or biogenic reefs, as
well as with the depth factor. In addition, it is known that many
fishes graze on epilithic algae (Gratwicke and Speight, 2005; Hinz
et al., 2019), and that Cystoseira may provide preferred habitats
for coastal fishes throughout their life stages (Lejeune, 1987;
Rodrigues, 2010; Cheminée et al., 2013; Thiriet et al., 2014, 2016;
Thibaut et al., 2017; Hinz et al., 2019).

The depth preference can be linked to the food requirements
of the studied species (Bell, 1983) but also to the need to
find a suitable habitat (with low temperature and/or reduced
light for example Malcolm et al., 2011). The last assumption
mainly applies to great depths, which is not the case in our
study. In addition (Bell, 1983) demonstrated that some species
preferred shallow to deep habitats. In our sample, some species
classified as preferring deep conditions by this author were
observed in shallow water (e.g., C. chromis), and so may have
influenced our results.

Several other reasons could explain why species are seen
at different depths, such as: avoidance strategy (i.e., species
could be using several space-sharing mechanisms; Luckhurst
and Luckhurst, 1978), behavior linked to a species’ history
traits, interactions between species (e.g., competition; Malcolm
et al., 2011), trophic interactions, or ontogeny. These last three
hypotheses could also coincide with rugosity. For instance,
opposed gradients of densities according to depth were observed
in the Mediterranean for the labrids C. julis and Thalassoma pavo
(Milazzo et al., 2011; Sinopoli et al., 2017). Milazzo et al. (2011,
2016) highlighted the partitioning of these two species according
to both vertical and horizontal gradients as a function of their
affinities to colder (C. julis) vs. warmer waters (T. pavo). These
studies underline the shifting trends of this partitioning as a

result of global change and the rise of sea surface temperatures
in the Mediterranean.

In the case of ontogeny, different ecological processes could
be taking place including recruitment, settlement, and post-
settlement (Vigliola et al., 1998; De La Morinière et al., 2002;
Malcolm et al., 2011). It also must be noted that trophic
interactions are intricate, difficult to describe and must be
considered on the basis of specific factors, for instance relative to
the species’ behavior and habitat complexity (Grabowski, 2004).
The literature reveals that sizes of some species are smaller in
shallow water, concluding that this zone plays a role as nursery
habitats (Bell, 1983; Cheminée et al., 2011, 2013, 2016, 2017a,
2020; Cuadros et al., 2017a,b, 2018). Our results do not support
this hypothesis, but it is possible that we have omitted a key
environmental variable influencing size patterns and masking
an influence of depth on size. This could be a consequence of
species-specific association: when juveniles of some species could
prefer a particular habitat with specific characteristics, while
in adulthood they might tend to favor another type of habitat
structure (Bonin, 2012; Komyakova et al., 2018). Besides, some
of our response variables such as total abundance and species
richness were influenced by the site factor (e.g., total abundance
was greater at Moyadon than at Caramassaigne). The differences
between sites may be due to environmental characteristics that
were not considered in the study such as currents (influencing
for example the settlement of juveniles) (Friedlander and Parrish,
1998). In fact, this was the purpose of incorporating the site
factor: to integrate a set of environmental variables that can
take into account heterogeneity and spatial variability relating to
the natural environment (Anderson and Millar, 2004; Cheminée
et al., 2017b).

Moreover, in our study, the species are considered to be
associated with the characteristics of the transects. It is unlikely
that all species will stay their entire lifespan in a single isolated
habitat, and it is more rational to assume that they move
from one habitat to another. Habitats close to the transects
could have an influence on the studied assemblages (Schultz
et al., 2012). Different spatial scales should then be examined
to fully understand the interactions between different life stages
and shallow rocky reef habitats, and the movement of species
and their interactions (Cheminée, 2012; Kovalenko et al., 2012;
Thiriet et al., 2014). For a smaller scale example, Friedlander
and Parrish (1998) noted that hole variables can be powerful
predictors in describing fish biomass and number of individuals.

Studies on habitat complexity are mainly tropical.
The number of metrics characterizing the complexity of
Mediterranean shallow rocky reefs is more limited than
in tropical environments. For instance, in the literature,
coral species are classified according to their structural
type (bushy vs. massive) (McCormick, 1994; Bridge et al.,
2014), which could hardly be done in temperate waters. New
metrics are therefore necessary to quantify the complexity
of habitat in this area. Additional studies are also crucial
to identify the links between habitat structuration and
teleost assemblages. To this end, a larger dataset involving
a greater number of species, habitats and sites should be
developed and processed.
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CONCLUSION

To measure 3D complexity, several methods exist; we
demonstrated that photogrammetry is the most efficient
and rapid especially when compared to the chain-and-tape
method. Using new technologies to characterize 3D complexity
is a promising way to acquire data. Photogrammetry offers new
perspectives to quantify the habitat’s three-dimensional structure
(e.g., Urbina-Barreto, 2020), because of its capacity to provide
precise and time-efficient measures.

Understanding how habitat complexity operates on species
assemblage is essential for understanding key processes and
therefore adapting conservation measures, notably in the context
of global change. We saw in our study that our environmental
variables had a real effect on communities. Specifically, increased
rugosity appears to stimulate and promote the abundance and
diversity of fish especially when known to provide shelter, food
and facilitate interactions and reproduction, which can increase
the chances of survival and explain the patterns encountered.
Unsurprisingly, depth also had an impact on our biological
variables, which has already been described in the literature. Yet,
some of our data variability was omitted but described by the
site factor. To go further, it could be interesting to consider
new environmental descriptors such as currents or, on a smaller
scale, hole variables.

Combined with biological data, the study of 3D complexity
can be an exploration of the entire marine environment,
quantifying horizontal zonation, where vertical zonation can
be related to depth. Even though habitat complexity has a
strong impact on teleost fish assemblage structure, it should be
borne in mind that all habitats are important in maintaining
regional fish diversity (Gratwicke and Speight, 2005). On the
basis of this knowledge, it could be interesting to study on a
larger spatial scale these aspects at the 3D level by means of
photogrammetry.
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Supplementary Figure 1 | Schematization of the sampling methods. (A)
Calculation of linear rugosity of a rocky reef habitat using the chain-and-tape
method as presented by Hill and Wilkinson (2004). (B) In situ data acquisition
corresponding to the method comparison. (C) In situ data acquisition to measure
on the one hand, the fish assemblage descriptors and on the other hand, the
environmental variables (mean surface rugosity, surface rugosity variation and
depth) corresponding to the second analysis to determine the relation between
the habitat complexity and the Teleost assemblages.

Supplementary Figure 2 | Spatial organization of ichthyofauna in Mediterranean
shallow rocky reef bottoms. The numbers refer to the spatial categories (see
Table 1). In this study, no distinction was made between category 6.a and 6.b.
Modified from Harmelin (1987).

Supplementary Figure 3 | Mean and standard error of each environmental
variable [(A) surface rugosity mean, (B) surface rugosity variation and (C) depth]
according to the site factor (6 sites: Boulegeade, Carama for Caramassaigne,
Joseph, Moyadon, Nord Plane, Pouars).

Supplementary Figure 4 | Influence of the mean surface rugosity, the surface
rugosity variation, depth, and the site factor on the specific abundances. More
precisely, (A) Smoothed curves of residuals of Coris julis abundance once the
effect of all variables expect surface rugosity variation was removed. (B) Boxplots
of residuals of Diplodus vulgaris once the effect of all variables except the factor
site was removed. (C) Boxplots and smoothed curves of residuals of Anthias
anthias once the effect of all variables except mean surface rugosity, depth or the
site factor were removed. Graphs show significant terms from tests
(Supplementary Table 2). Sites abbreviations: B, Boulegeade; C,
Caramassaigne; J, Josepth; M, Moyadon; N-P, Nord Plane; P, Pouars.

Supplementary Table 1 | Processing parameters used to create the 3D models
with Agisoft Metashape. These parameters refer to the third quadrat model in
Pouars site (Pouars 3) as for an example.

Supplementary Table 2 | PERMANOVA table of results for all response variables
tested (corresponding to the Teleost assemblage, including the ones that are
taxon specific); Variation source, degree of freedom (df), mean squares (MS), F
statistic (Pseudo-F), P-value obtain by permutations [P(perm)] or using the
Monte-Carlo test [P(MC)] and numbers of permutations (perms). Significance:
·P ≤ 0.1; ∗P ≤ 0.05; ∗∗ P ≤ 0.01; ∗∗∗ P ≤ 0,001. P-values were obtained using
999 residuals permutations under a reduced model.
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