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Along the littoral, a growing number of anthropogenic structures have caused substantial habitat destruction.
Despite their detrimental impact, these constructions could play a role in the functioning of coastal ecosystems.
The objective of this work was to assess the distribution of juvenile coastal fish along a seascape composed of
various natural and artificial habitats in order to determine the potential role of coastal infrastructures as ju-
venile habitat. We surveyed juvenile populations on various infrastructures and natural sites along a 100 km

shoreline of the French Mediterranean coast. Juvenile densities varied according to the level of artificialization
of the sites. Densities were the highest on coastal defense structures, intermediate in natural sites and lowest in
harbors. Focusing inside harbors revealed highly variable densities depending on the type of habitat, with
densities on ripraps or jetties that were equivalent to those of natural sites. Our results underline the importance
of anthropogenic structures as potential juvenile habitats, which is too often not considered in management

plans.

1. Introduction

Due to an ever growing global population and a general migration
to the coast, coastal areas already concentrate more than 60% of the
human population while they represent less than 15% of the planet's
land surface (EEA, 1999) and this proportion is expected to reach 75%
by 2025 (Airoldi and Beck, 2007; Creel, 2003). As a result, the land-sea
interface is subject to an unprecedented variety and magnitude of an-
thropogenic pressures making them particularly vulnerable. This
translates into a multitude of consequences such as resource over-
exploitation, pollution, invasive species and habitat modifications
(Crain et al., 2009; Dugan et al., 2011). The latter is known to be one of
the greatest threats to marine biodiversity and ecosystems (Coll et al.,
2010; Dafforn et al., 2015; Halpern et al., 2008) and is exacerbated by
the flourishing number of coastal anthropogenic structures (e.g. har-
bors, marinas, coastal defense structures such as seawalls, breakwaters,
groins, etc.) triggered by urbanization, commerce, industry, tourism
and the need to protect the coast from erosion and flooding (Bulleri and
Chapman, 2010; Gerland et al., 2014; Scyphers et al., 2015). The main
consequence of coastal hardening is that it destroys, transforms or

homogenizes the natural seascape mosaic, replacing the original
patchiness of heterogeneous subtidal environments by homogenous and
often less complex artificial habitats. It has been shown that the re-
duction of complexity and heterogeneity of seascapes leads to lower
abundances and the increased mortality of organisms (August 1983;
Brokovich et al., 2006; Fisher et al., 2007). One of the essential func-
tions offered by coastal habitats is their nursery role for marine or-
ganisms. The coastal seascape mosaic offers a wide variety of habitats,
which provides suitable food and shelter essential for the juvenile
stages of many different species (Beck et al., 2001).

Most coastal fish have a complex life cycle composed of two phases,
a pelagic and a benthic (Armsworth, 2002; Jones, 1988; Mora and Sale,
2002; Ohman et al., 1998). The former is also known as the dispersive
phase in which eggs are released into the water column and then hatch
to produce larvae that disperse in open waters. After a period of about
one month, during a transition called settlement, the larvae may reach
the shore (Di Franco et al., 2013) and become a post-larva that will
establish in its new benthic juvenile habitat. Newly settled juveniles
will then grow in their juvenile habitat for approximately six months
(variable upon taxa) until they reach a size permitting them to avoid
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most predation (around 8 cm), at which point they actively leave this
habitat to recruit into the adult population (Vigliola and Harmelin-
Vivien, 2001). The juvenile stage is critical as mortality is great (Houde
and Hoyt, 1987; Macpherson et al., 1997; Planes et al., 1999; Vigliola
et al., 1998) and the number of individuals that will eventually con-
tribute to the renewal of adult populations is highly dependent of the
quality of juvenile habitat. According to Beck et al. (2001), nurseries
are habitats that contribute a greater than average number of in-
dividuals to the adult population on a per-unit-area basis in comparison
to other juvenile habitats. The “nursery value” of a given habitat, which
is a relative value, results from a combination of four parameters: (1)
the initial density of juveniles, (2) their survival rate, (3) their growth
rate and (4) their ability to migrate from the juvenile habitat and recruit
into adult habitats. As it is logistically difficult to assess parameters (2),
(3) and (4), the number of juveniles present in a given habitat at a given
time between settlement and recruitment has often been used as a
proxy of its nursery value (Cheminée et al., 2017a; Cuadros et al.,
2017a; Macpherson and Zika, 1999; Pastor et al., 2013) and permits
comparison between sites. Besides, the concept of “effective juvenile
habitats” (Dahlgren et al., 2006) brings complementary information.
Those habitats are habitats whose densities of juveniles are small, but
have a high overall contribution to adult population due to the large
surface they might represent in the seascape, which might be the case of
coastal anthropogenic structures.

Because the alteration of nursery habitats can have direct adverse
effects on juvenile survival and the subsequent maintenance of adult
populations, it is of prime importance to identify and localize them in
order to focus conservation efforts. Some recent studies have focused on
these goals (Cheminée et al., 2013, 2014; Cuadros et al., 2017b) but
anthropogenic structures were only slightly taken into consideration.
However, structures such as breakwaters have been shown to host high
juvenile densities of certain coastal fish (Dufour et al., 2009; Pastor
et al., 2013; Pizzolon et al., 2008; Ruitton et al., 2000). Therefore, their
potential role as juvenile habitat should not be neglected especially in
the context of their growing ubiquity in the coastal seascape.

The main objective of this study was to assess the spatial distribu-
tion of juvenile coastal fish in a seascape composed of natural habitats
and various anthropogenic structures. This was undergone by working
on a relatively large spatial scale (around 100 km of coastline) per-
mitting the inclusion of different artificialized and natural sites. We
focused on Mediterranean coastal species settling in shallow hetero-
geneous rocky habitats. We first compared different levels of artificia-
lization using a snap-shot of juvenile densities found in natural habitats
versus those present on Coastal Defense Structures (CDS) and inside
harbors (i.e. the two most widespread coastal anthropogenic structures
in the area). Furthermore, as very little is known about these urban
ecosystems despite their universality, we then concentrated inside
harbors where we assessed the effect of habitat type on juvenile den-
sities.

2. Material and methods
2.1. Study area and sampling strategy

The study was conducted on the southernmost French Mediterranean
coast in the Gulf of Lion (NW Mediterranean). The sampled area stretches
from Leucate to Cerbére (at the border between France and Spain) for ap-
proximately 100 km. This coast can be divided in two different types of
regions, a sandy coast (SC) to the north, and a rocky coast (RC) to the south
(Fig. 1-a). The entire study area is included in the Gulf of Lion Natural
Marine Park (GLNMP) and encompasses the Cerbére-Banyuls Natural
Marine Reserve (CBNMR). Within this area harbors are scattered along the
entire studied shoreline and represent around 20 km of shoreline, which is
approximately the same amount of linear coast as the RC. Juvenile habitats
were identified and measured by the use of aerial images as in Cheminée
et al. (2017a, 2017b): identification criteria of juvenile habitats consisted of
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shallow, protected from strong swell, gently sloping habitats with a het-
erogeneous substrate consisting of small blocks and rocks. Among the 83
sites identified as potential nurseries, 29 natural sites (Fig. 1-b) and 10 CDS
(Fig. 1-c) were randomly chosen for sampling. Additionally, seven harbors
(Fig. 1-d) were added to this sampling array, out of the nine present in the
study area, for a total of 46 sampled sites. Within each harbor, random
samples were performed among the different types of habitat: outer jetty,
inner jetty, natural (which can consist of a hard or soft bottom depending on
the region), dock (concrete walls) and riprap (see Fig. 1-e to h for de-
scription). Each harbor contained between four and five habitat types.
Minimums of three replicates were performed for each habitat type in each
harbor.

2.2. Studied species

This study focused on species that use the above described hetero-
geneous rocky and sandy habitats as a nursery ground (Harmelin-Vivien
et al., 1995). For the first part of our study, comparing natural, CDS and
harbor sites, we considered the following eight species for our surveys
as a previous study showed they were present in the study area
(Cheminée et al., 2017a) and are strongly affiliated to the studied ha-
bitat (Cheminée et al., 2011; Garcia-Rubies and Macpherson, 1995;
Harmelin-Vivien et al., 1995; Vigliola, 1998): white seabream (Diplodus
sargus sargus (Linnaeus, 1758)), sharpsnout seabream (Diplodus pun-
tazzo (Walbaum, 1792)), yellowmouth barracuda (Sphyraena viridensis
(Cuvier, 1829)), ornate wrasse (Thalassoma pavo (Linnaeus, 1758)),
dusky grouper (Epinephelus marginatus (Lowe, 1834)), zebra seabream
(Diplodus cervinus (Lowe, 1838)), red porgy (Pagrus pagrus (Linnaeus,
1758)) and common dentex (Dentex dentex (Linnaeus, 1758)). In the
second part of our study, we focused within harbors and as very little is
known about juvenile assemblages in those infrastructures, we decided
to extend our selection for those sites. We considered all observed
species with the exception of those forming large mobile schools (eg.
Sarpa salpa, Pagellus spp.) and those of the labrid family (only T. pavo is
included as it is part of the original sampling list of species) as the
youngest individuals are hard to observe and might require a different
sampling procedure. The sampled species for each part of the study are
recorded in Table 1.

2.3. Sampling procedure

Sampling was performed according to the widely used Underwater
Visual Census (UVC) protocols (Harmelin-Vivien et al., 1985). Trained
and inter-calibrated divers snorkeled along the coast at a slow and
steady pace and identified, counted, and estimated the size of juvenile
individuals from any of the target species along a 1 m wide belt transect
parallel to the coast. Transects were defined on a waterproof map de-
picting the coastline so divers knew were to begin and stop their
transects. Observations were recorded on the same map, which also
provided examples of different juvenile sizes (in increments of 5 mm) to
aid in size estimations. We used 5 mm size classes to estimate Total
Length (TL). Which is consistent with a previous study that estimated
the precision of such underwater size estimation to be of + 3.5 mm
(Macpherson, 1998). For most rocky reef fishes in the Mediterranean,
size at settlement is around 10mm TL (Cheminée et al., 2013;
Crec'hriou et al., 2015; Garcia-Rubies and Macpherson, 1995). The
smallest specimens of the taxa studied were considered newly settled
individuals. Our visual censuses took into account only the young of the
year (YoY or yO0 individuals), which might be newly settled individuals
(for species settling during spring and summer) or individuals having
settled a few months prior (for species settling during fall and winter)
(maximum sizes retained for each species are available in supplemen-
tary material 1).

Sampling was performed during the last two weeks of July 2015 and
2016 which corresponds to one or two months after the known settle-
ment or post-settlement periods of many Mediterranean species
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Sandy coast

Fig. 1. (a.) Location of the study area in the Northwestern Mediterranean and delimitation of the two regions (rocky and sandy coasts noted respectively RC and SC). Examples of (b.)
natural site, (c.) coastal defense structures (CDS), (d.) harbor. Examples of the different habitat types, (e.) jetties, (f.) dock, (g.) riprap and (h.) natural.

Table 1
Species considered for sampling in all sites (natural, CDS and harbors) and for the focus
within harbors.

all sites within harbors

Chromis chromis +
Dentex dentex + +
Dicentrarchus labrax +
Diplodus annularis +
Diplodus cervinus + +
Diplodus puntazzo + +
Diplodus sargus + +
Diplodus vulgaris +
Epinephelus marginatus +
Mullus sp. +
Oblada melanura +
Pagrus pagrus + +
Sparus aurata +
Sphyraena viridensis + +
Spondyliosoma cantharus + +
Thalassoma pavo + +

(Crec'hriou et al.,, 2015; Garcia-Rubies and Macpherson, 1995;
Raventos and Macpherson, 2001). In this context, we can consider that
the main part of the total observed individuals will integrate into the
local population and provides a snapshot of the future recruitment as
most of the mortality as already occurred (Macpherson and Zika, 1999).
Sampling days with rough seas and poor visibility were avoided.

2.4. Study design and data analysis

To test the influence of the level of artificialization of the habitat on
response variables describing juvenile assemblages, three different le-
vels of artificialization were defined (in increasing order of modifica-
tion and loss of 3D structure): natural sites (high structural complexity),
which consist of unmodified rocky areas composed of small bays and
small boulder beaches with shallow waters interspersed with steeper
portions (for the SC such habitat is found at the northern most of the
sampling area), CDS, and highly modified harbors. For the most
abundant species, we analyzed the variability of response variables
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Table 2
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Sampled area, species richness and taxa-specific abundances in sampled natural sites, CDS and harbors in 2015 and 2016.

Sampled area in m> 2015 2016 Total

Rocky coast Sandy coast Total Total Rocky coast Sandy coast Total Total

Natural Harbor Total Natural CDS  Harbor Natural Harbor Total Natural CDS Harbor

12324 589 12913 1695 1670 11550 14915 27828 9506 5289 14796 1484 1985 11598 15067 29863 57691
Richness 5 4 6 3 5 5 5 7 6 3 5 3 4 4 5 7 8
Dentex dentex - 3 3 - 1 2 3 6 - - - 1 5 3 9 9 15
Diplodus cervinus - - - - 1 1 2 2 3 - 3 - - - - 3 5
Diplodus puntazzo 68 78 146 1 6 86 93 239 103 29 132 11 10 139 160 292 531
Diplodus sargus 1210 259 1469 976 1514 1857 4347 5816 4559 860 5419 3349 11026 8887 23262 28681 34497
Epinephelus marginatus 1 - 1 - - - - 1 - - - - - - - - 1
Pagrus pagrus - - - - - - - - 1 - 1 - 18 - 18 19 19
Sphyraena viridensis 213 30 243 85 50 34 169 412 29 13 42 - - 17 17 59 471
Thalassoma pavo 2 - 2 - - - - 2 5 - 5 - - - - 5 7
Total 1494 370 1864 1062 1572 1980 4614 6478 4700 902 5602 3361 11059 9046 23466 29068 35546

(species composition, taxa-specific densities and mean size) according
to the following model with three fixed factors: “year” (with two levels:
2015 and 2016), “region” (with two levels: RC and SC) and “artificia-
lization level” (with two levels on the RC (natural and harbor) and three
levels on the SC (natural, CDS and harbor)). Replication units used for
this model were the entire sites (i.e. the whole cove, CDS or harbor,
with each site representing one continuous transect). Sites were re-
plicated for each combination of the three forcing factors (year x region
x artificialization, the total sampled area for each combination is given
in Table 2). Abundance data was then divided by the sampling area of
each site (ranging from 123 m to 4646 m) to obtain comparable den-
sities (expressed in ind./10 m?).

The degree of openness of a bay is known to have an effect on ju-
venile fish densities (Cuadros et al., 2017a). Thereby, for our data
sampled among habitats inside the harbors, the distance to the entrance
of the harbor might affect the distribution of juveniles. Indeed, all ha-
bitats were not situated at equal distance from the entrance (see sup-
plementary material 2), which might confound the results. Conse-
quently, a second model was used to test the relative effect of distance
from the entrance and habitat type within harbors on the same response
variables. Replication units were transects of each habitat type with
three to nine transects per habitat type per harbor (lengths between
14m and 446m) and the data was expressed in ind./10 m? as pre-
viously noted. Similar to the first model, we used three fixed factors:
“year” (with two levels: 2015 and 2016), “region” (with two levels: RC
and SC) and “habitat” (with five levels: outer jetty, inner jetty, natural,
dock and riprap). In this model, we added distance from entrance as a
covariate in order to disentangle the variability of the response vari-
ables due to both factors (habitat and distance). Distances were esti-
mated (to the nearest meter) on Google Earth (version 7.1.2.2041) by
tracing the shortest possible path between the entrance and the middle
of each transect.

As our data did not follow normal distribution and our designs were
unbalanced and contained interactions of factors, we used permuta-
tional MAN(C)OVAs, ANOVAs and AN(C)OVAs. Permutation tests were
used because they can handle this kind of complex design and have no
assumption on data distribution as long as observational units might be
exchangeable (Anderson, 2001). Analyses were performed on Euclidian
distance matrixes for the univariate total and taxa-specific densities and
TL and on Bray-Curtis dissimilarity matrixes for the multivariate as-
semblage composition with the addition of a dummy variable. P-values
were calculated by 999 random permutations of residuals under a re-
duced model and Type III sum of square (Anderson, 2001) for the first
model. For the second model, Type I sum of square was used and
covariate was introduced in the first place into the model (without

including the interaction terms between covariate and factor). It al-
lowed the assessment of the variations in the response variable(s) that
are due to variations in the covariate, prior to test the putative effects of
other factors (Anderson et al., 2008). The order of factors was defined
as follows: Distance (covariate), Habitat, Region, Year and their inter-
actions Region*Habitat, Year*Habitat, Year*Region and Year*Re-
gion*Habitat. The Monte-Carlo test was used when less than 200 per-
mutations were generated. Post-hoc pairwise tests were performed on
all designs obtaining significant results from the global tests.

SIMPER analyses were conducted when PERMANOVAs on species
composition were significant in order to determine the relative con-
tribution of each taxa to differences between groups of samples. The
significance level was consistently set at a level of 0.1 for all tests due to
the intrinsic variability of ecological data. All statistical analyses were
performed using PRIMER 6 software with the PERMANOVA add-on
(Clarke and Gorley, 2006; Clarke et al., 2014) and R software (R version
3.0.3- Rstudio Version 0.99.486) using the ggplot library (Wickham,
2009).

3. Results
3.1. Effect of the artificialization level (natural, CDS and harbor sites)

Although all eight studied species were observed, there were large
disparities in abundances with Diplodus sargus being by far the most nu-
merous species while some others were very rare. This was the case of the
dusky grouper (one surveyed individual), the zebra seabream (five in-
dividuals) and the ornate wrasse (seven individuals) (Table 2). A PERMA-
NOVA on species composition showed there were significant differences in
juvenile composition according to the three interactions Year*Region (p-
value = 0.003), Year*Anthropization level (p-value = 0.001) and Region*
Anthropization level (p-value = 0.003) and SIMPER analysis confirmed
that D. sargus, was responsible for almost all the observed dissimilarity and
similarities between and among the tested factors (always more than 80%).
Accordingly, we present the results for this species as well as for D. puntazzo
and S. viridensis as they were present in large enough number to run the
analysis. Analyses were not run for the other five species since less than 20
individuals were observed for both years pooled. However, we noted that
while D. dentex and D. cervinus were present both years in both regions, P.
pagrus was observed only in 2016 and almost exclusively on the RC, T. pavo
was observed only on the RC both years and the unique observation of E.
marginatus happened in 2015 on the RC as well (Table 2).

Concerning D. sargus there was a significant Year*Artificialization
level interaction (Table 3) with densities in harbors being the lowest for
both years. Natural sites and CDS did not differ in 2015, but in 2016
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Table 3

Results of the univariate 3-way PERMANOVAs tests performed to compare D. sargus and
S. viridensis densities (ind./10 m?2) between Years (2015, 2016), Regions (RC and SC) and
Artificialization levels (natural, CDS and harbor). df and MS respectively degree of
freedom and Mean square. Significance = °p =< 0.1; *p < 0.05; **p < 0.01;
**¥p < 0.001.

Source df MS Pseudo-F P(perm)

D. sargus density

Year 1 50.6650 51.549 0.001

Region 1 9.15260 9.3123 0.008 ok
Artificialization level 2 21.5000 21.875 0.001 x
Ye*Re 1 2.88460 2.9349 0.088 i
Ye*Art 2 12.3540 12.57 0.001 °
Re*Art 1 3.03460 3.0875 0.082

Ye*Re*Art 1 0.61258 0.45966 0.418

Res 80 0.98285

Total 89

S. viridensis density

Year 1 0.01090 7.74 0.009

Region 1 0.00508 3.60 0.077 i
Artificialization level 2 0.00523 3.71 0.053 °
Ye*Re 1 0.00575 4.08 0.060

Ye*Art 2 0.00506 3.59 0.056

Re*Art 1 0.00724 5.13 0.045

Ye*Re*Art 1 0.00809 5.74 0.043

Res 80 0.00141

Total 89

CDS hosted significantly higher densities (Fig. 2-a). For all three arti-
ficialization levels, the densities in 2016 were significantly higher than
in 2015 (pairwise tests, p-value = 0.002, p-value = 0.025 and p-
value = 0.001 for natural, harbor and CDS respectively). The Re-
gion*Artificialization level interaction was also significant (Table 3),
however this significant interaction might result from the absence of
CDS on the RC as in both regions harbors hosted significantly lower
densities than natural sites. On the SC naturals sites and CDS did not
differ one from the other (Fig. 2-b). The effect of region varied de-
pending on the year with a significant Year*Region interaction
(Table 3). D. sargus densities were higher on the SC than on the RC for
both years but this difference was of a greater amplitude in 2016
(pairwise tests, p-value = 0.009 in 2015 and p-value = 0.026 in 2016)
and they were significantly higher in 2016 than in 2015 for both re-
gions (pairwise tests, p-value = 0.001 on the RC and p-value = 0.002
for the SC) (Fig. 2-c).

D. sargus mean TL was significantly different depending on the year
and the artificialization level (PERMANOVA, p-value = 0.001 and p-
value = 0.003 respectively). Individuals were bigger in 2015 than in
2016 (pairwise test, p-value = 0.001) and in harbors than in natural
sites or CDS (pairwise test, p-value = 0.001 and p-value = 0.009 re-
spectively) (supplementary material 3).

D. puntazzo was the second most abundant species but its con-
tribution to dissimilarity between artificialization levels was very low
and its densities differed only according to the year factor (PERMAN-
OVA, p-value = 0.09) with higher densities in 2015.

As the second contributor to dissimilarity and the third most
abundant species S. viridensis showed densities that varied significantly
according to the triple interaction Year*Region*Artificialization level
(Table 3). For both regions and either year, no significant difference
was observed between artificialization levels. However, densities were
significantly higher in 2015 than 2016 for the natural sites of the RC
and the CDS of the SC. In 2015, the densities of natural sites were
significantly higher on the SC than on the RC (pairwise tests, p-
value = 0.037) while no significant difference was observed for the
harbor sites. In 2016, there was no significant difference between the
two regions for either the natural or harbor sites (Fig. 2-d).

The size of S. viridensis differed according to the Year*Artificialization
level and Year*Region interactions (PERMANOVA, p-value = 0.001 and p-
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value = 0.003 respectively). There was no significant difference in size
between the different artificialization levels in 2015 but in 2016 observed
individuals in harbors had a longer average TL than those of natural site
(pairwise tests, p-value = 0.003) (no observations were made on CDS).
Concerning differences between regions, there was no difference between
regions in 2015 but juveniles were bigger on the RC in 2016 (pairwise tests,
p-value = 0.001). Globally, individuals were longer in 2015 than 2016 but
this difference was significant only for natural sites and the RC (pairwise
tests, p-value = 0.03 and 0.041 respectively) (Supplementary material 4).

3.2. Focus on the inside of harbors: effect of habitat type

After looking at the effect of the artificialization level, we then fo-
cused on within harbor variations according to habitat type. In total, 12
species were observed, with a maximum of 10 species and a minimum
of four per habitat, region and year (Table 4).

3.2.1. Species composition

Distance to the entrance of the harbor significantly influenced
species composition. Moreover, independently from distance to en-
trance, composition varied significantly according to the triple inter-
action Year*Region*Habitat (Table 5). In both regions and for both
years, the main differences in assemblages were observed for outer and
inner jetties, which differed significantly from most of the other habi-
tats, while those habitats showed only some differences between them
that varied depending on the year and the region.

This variability in assemblages is corroborated by the SIMPER
analysis, which showed a relatively low level of similarity (< 29%)
among a same habitat and a relatively high level of dissimilarity
(> 74%) between habitats. D. sargus was always the main contributor
to dissimilarity between habitats (> 40%) followed by D. vulgaris,
Mullus sp., D. labrax, O. melanura and D. puntazzo in different orders
depending on the combination of tested habitats. Regions also showed a
high level of dissimilarity (83.37%) mainly due to D. sargus (47.54%)
and to a lesser extent to the above-cited species. Both regions exhibited
relatively low levels of similarity (20.74% for the RC, 21.33% for the
SC). The same pattern was observed between years with similarity
being higher for 2016 than 2015 (25.89% and 14.77% respectively),
and the same species were responsible for the dissimilarity, which was
rather high (82.38%).

3.2.2. Taxa-specific densities

Since they were the main contributors to the dissimilarity between
habitats, regions and years, variations in taxa-specific densities for D.
sargus, D. vulgaris, Mullus sp., D. labrax, O. melanura and D. puntazzo
were analyzed.

D. sargus and O. melanura showed similar patterns (Fig. 3-a and b)
with densities that were significantly influenced by distance from the
entrance and significantly differed according to the triple interaction
Year*Region*Habitat (Table 5) once controlled for the effect of the
covariate.

For D. sargus, the effect of habitat was different between the regions
with densities being significantly higher on jetties and ripraps on the SC
while on the RC the higher densities were hosted by natural habitats
and ripraps (Fig. 3-a). As a mean of comparison, it should be noted that
densities observed on outer jetties in 2016 were higher than those ob-
served in natural sites outside of the harbors on the same coast (re-
spectively 33.9 = 11.3 ind./10m? and 29.7 = 11.1 ind./10m? cf.
above part about artificialization level). Densities on outer and inner
jetties of the SC were significantly higher than on the RC and those on
natural habitats significantly higher on the RC than on the SC. The
effect of habitat and region was, however, relatively consistent between
years (Fig. 3-a). Globally, densities were higher in 2016 than in 2015
(significantly for all habitats on the SC, for natural and docks only on
the RQ).

Densities of O. melanura were variable depending on the year and
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region. On the RC, in 2015, the highest densities were found on inner
jetties followed by natural habitat, while there were found on ripraps in
2016. On the SC, in 2015 jetties hosted the higher densities and ripraps
the lowest but there was no difference between habitats in 2016 (Fig. 3-
b).

The densities of D. vulgaris were also significantly influenced by the
covariate but varied significantly according to the double interaction
Region*Habitat (Table 5). On the RC, densities were slightly different
according to habitat type, one habitat always showing similar densities
to at least two others. On the SC, jetties hosted the highest densities and
docks the lowest with the other habitats being intermediate (Fig. 3-c).
Concerning the differences between regions, outer and inner jetties
hosted significantly higher densities on the SC, while natural habitats
and docks of the RC hosted higher densities than those of the SC.

The distance from the entrance of harbor did not influence densities
of D. puntazzo, which significantly differed only according to the Ye*Re
interaction (Table 5). In 2015, densities were higher on the RC than on
the SC, while there was no significant difference in 2016. On the RC,
there was significantly more D. puntazzo in 2015 than in 2016, while it
was the contrary for the SC with higher densities in 2016.

Similar to D. puntazzo, the distance to the entrance had no sig-
nificant effect on D. labrax densities. Habitat was the only factor having
a significant effect for this species (Table 5). Densities were significantly
higher on ripraps than on docks, natural habitats and outer jetties
(Fig. 3-d).

For Mullus sp., densities were significantly influenced by the dis-
tance to the entrance covariate and differed according to the
Region*Habitat and Year*Habitats interactions (Table 5). On the RC,
the pattern was similar to the one observed for D. vulgaris with densities
which slightly differed according to habitat type, one habitat always
showing similar densities to at least two others. On the SC, densities
were the highest on inner jetties and the lowest on natural habitats and
docks (Fig. 3-e). In 2015, densities on natural habitats and docks were
significantly lower than those on inner jetties and ripraps. The same
kind of pattern was observed in 2016 with significantly higher densities
on inner jetties and ripraps than on natural habitats, docks and outer
jetties (Fig. 3-f).

4. Discussion

Our results showed that human infrastructures such as harbors and
CDS were used as juvenile habitats by certain coastal species typically
settling on heterogeneous shallow rocky habitats, notably, during our
sampling period, the white seabream D. sargus. The densities of juve-
niles were variable between regions and years but globally the highest
on CDS (versus harbors and even natural sites). The densities found in
harbors were lower than on CDS and natural sites but still not negligible
as they represented between 50% and 90% of those in natural sites.
They were also variable according to the type of habitat within the
harbor with the least complex docks hosting the lowest densities.

4.1. Anthropogenic structures as a habitat opportunity for juveniles

This study showed contrasting densities of juveniles according to
artificialization level but also a strong effect of the region factor with
surprisingly higher mean densities on the SC. It would have been ex-
pected that the RC would host the highest densities as it displays more
abundant natural habitat for the studied juveniles (shallow hetero-
geneous rocky habitat). However, this result is consistent with previous
studies that found higher D. sargus densities on the SC or on CDS
(Cheminée et al., 2017a; Pastor et al., 2013). Indeed, in this study, CDS
hosted higher juvenile densities than natural and port sites, which
might explain the differences between regions (CDS being absent of the
RC). Nonetheless, Cheminée et al. (2017a) hypothesized that differ-
ences between regions were not due to what they named “habitat type”
(here referred as artificialization level), because high densities were
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Table 5

Results of the uni- and multi-variate 3-way PERMANOVAs tests performed to compare
fish species composition, D. sargus, D. vulgaris, O. melanura, D. puntazzo, Mullus sp. and D.
labrax densities (ind./10 m?) between Years (2015, 2016), Regions (RC and SC) and
Habitat type within harbor (outer jetty, inner jetty, riprap, natural and dock). df and MS
respectively degree of freedom and Mean square. Significance = °p < 0.1; *p < 0.05;

**p < 0.01 *p < 0.001.
Source df SS MS Pseudo-F P(perm)
Assemblages
Distance 1 30862 30862 24.673 0.001
Habitat 4 48563 12141 9.7061 0.001
Region 1 21271 21271 17.005 0.001
Year 1 27406 27406 21.91 0.001
Re*Hab 4 49774 12444 9.9482 0.001
Ye*Hab 4 14552 3638.1 2.9086 0.001 el
Ye*Re 1 4806.9 4806.9 3.843 0.003 il
Ye*Re*Hab 4 7497 1874.2 1.4984 0.54 °
Res 245 3.06E + 05 1250.8
Total 265 5.11E+05
Dicentrarchus labrax
Distance 1 1.2864 1.2864 0.96816 0.347
Habitat 4 46.194 11.548 8.6913 0.001 el
Region 1 3.6269 3.6269 2.7296 0.102
Year 1 0.54425 0.54425 0.4096 0.571
Re*Hab 4 2.8104 0.7026 0.52878 0.687
Ye*Hab 4 1.1227 0.28066 0.21123 0.947
Ye*Re 1 5.48E-02 5.48E-02 4.12E-02 8.49E-01
Ye*Re*Hab 4 0.74955 0.18739 0.14103 0.97
Res 245 325.54 1.3287
Total 265 381.93
Diplodus puntazzo
Distance 1 1.07E-02 0.010690  0.20395 0.641
Habitat 4 4.00E-02 0.009999  0.19077 0.951
Region 1 0.23519 0.235190 4.4872 0.045
Year 1 2.59E-04 0.000259  4.95E-03 9.38E-01
Re*Hab 4 0.37617 0.094043 1.7942 0.126
Ye*Hab 4 0.30613 0.076532 1.4601 0.197
Ye*Re 1 0.25845 0.258450  4.9309 0.033 *
Ye*Re*Hab 4 0.3219 0.081547 1.5558 0.184
Res 242 12.684 0.052414
Total 262 14.237
Diplodus sargus
Distance 1 1261.8 1261.8 9.2044 0.002 il
Habitat 4 3029.7 757.43 5.525 0.001
Region 1 1927.9 1927.9 14.063 0.001
Year 1 3351.1 3351.1 24.444 0.001 el
Re*Hab 4 3199.4 799.84 5.8344 0.002
Ye*Hab 4 2812.9 703.23 5.1297 0.001 il
Ye*Re 1 1152.9 1152.9 8.4095 0.004 il
Ye*Re*Hab 4 1931.5 482.87 3.5222 0.007 bl
Res 243 33313 137.09
Total 263 51980
Diplodus vulgaris
Distance 1 14.942 14.942 35.684 0.001 el
Habitat 4 12.336 3.084 7.37E+00 0.001 el
Region 1 0.77285 0.77285 1.8457 0.181
Year 1 1.20E-02 1.20E-02 2.87E-02 0.854
Re*Hab 4 11.844 2.961 7.0714 0.001 el
Ye*Hab 4 1.02 0.25499 0.60897 0.667
Ye*Re 1 0.24587 0.24587 0.58719 0.459
Ye*Re*Hab 4 1.1433 0.28583 0.68261 0.603
Res 245 102.59 0.41873
Total 265 144.91
Mullus sp.
Distance 1 4.2944 4.2944 5.8334 0.012
Habitat 4 33.851 8.4629 11.496 0.001
Region 1 8.4396 8.4396 11.464 0.003
Year 1 8.3626 8.3226 11.36 0.001
Re*Hab 4 9.1139 2.2785 3.095 0.018
Ye*Hab 4 6.2626 1.5657 2.1267 0.072
Ye*Re 1 1.6747 1.6747 2.2749 0.14
Ye*Re*Hab 4 0.99414 0.24853 0.3376 0.859

(continued on next page)
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Table 5 (continued)

Source df SS MS Pseudo-F P(perm)

Res 245 180.36 0.73617

Total 265 253.36

Oblada melanura

Distance 1 37.835 37.835 11.18 0.002 o
Habitat 4 50.963 12.741 3.7647 0.012 *
Region 1 2.532 2.532 0.74817 0.407

Year 1 37.58 37.58 11.104 0.001 i
Re*Hab 4 75.172 18.813 5.559 0.004 e
Ye*Hab 4 72.172 18.043 5.3314 0.001 g
Ye*Re 1 2.4221 2.4221 0.71569 0.435
Ye*Re*Hab 4 59.526 14.882 4.3972 0.002 o
Res 245 829.16 3.3843

Total 265 1167.4

observed for both CDS and natural sites on the SC. Their study was led
on data surveyed only in 2015 and in the present study we also ob-
tained no significant difference between CDS and natural sites for this
year. However, there was a significant difference in 2016 suggesting
that the effect of “habitat type” (i.e. artificialization level) might de-
pend on settlement intensity, which was much higher in 2016. CDS
would then be of a particular importance as nursery habitat in years of
high settlement. It might be possible that when larval inputs are high,
and natural habitats are saturated, CDS are then furnishing an alter-
native habitat. Even if they might be of lower quality (which is to be
assessed), this anthropogenic structures may increase the adult stock by
providing more juvenile habitat, especially in areas where nursery ha-
bitat is limited (such as the sandy coast) (Sundblad et al., 2014). The SC
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is characterized by long stretches of sandy bottom; therefore a con-
centration of individuals on the smaller amount of available habitat
might then explain such higher densities. Settlement would thereby be
limited by the availability of suitable habitat (Holbrook and Schmitt,
2002; Holbrook et al., 2000; Sale et al., 2005; Schmitt and Holbrook,
2000). However, the study by Cheminée et al. (2017a) cited above
demonstrated that when multiplied by the total area of available nur-
sery and standardized by the total area of the region, densities are still
higher on the SC. A better survival rate on CDS could also be an ex-
planation for this discrepancy between coasts. The very high mortality
rate of settlers and juveniles is essentially due to predation pressure and
food availability (Houde and Hoyt, 1987; Macpherson et al., 1997;
Planes et al., 1999; Vigliola et al., 1998). It is also known that adult fish
and benthic assemblages on this kind of structure are different than
those on natural rocky shores (Clynick et al., 2008; Fowler and Booth,
2013; Lam et al., 2009; Moschella et al., 2005; Perkol-Finkel and
Benayahu, 2004; Rilov and Benayahu, 2000). Predation pressure as
well as food availability and quality might then differ between the two
coasts inducing differences in mortality rate. However, our sites were
selected in areas with similar fishing regulation and thus similar fishing
pressure on predators or competitors. Consequently, another hypoth-
esis, and maybe the most likely, is a difference in larval flux, the input
being much higher on the SC. Hydrologic conditions at the regional
scale have a determinant effect on the settlement success of juveniles
along the coast through the dispersal and survival of the planktonic
larvae (Hindell et al., 2003; Pineda et al., 2010; Roy, 1998). In the
studied area, the dominant current (liguro-provencal current) goes from
the northeast to the southwest and might bring with it larvae (Guizien
et al., 2006; Pastor, 2008), which could then first settle on the northern
nurseries of the SC. This would lead to a higher larval input on the SC
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and an impoverished larval flow to the RC (Pastor, 2008). CDS are also
more “exposed” (-census (Cuadros et al., 2017a)) and so more accessible
to the larvae, which can favor settlement. On the other hand, harbors
are usually very enclosed, which might limit larval flow inside those
infrastructures.

The presence of juvenile fish within harbors has already been
documented (Bouchoucha et al., 2016; Clynick, 2006, 2008; Dufour
et al., 2009; Mercader et al., 2017) but comparison of the observed
densities with nearby natural sites is very often lacking, preventing the
assessment of their potential nursery role. Here, we compared the
densities in harbors with those of natural sites and CDS and found that
if juvenile fish do settle in harbors; the densities observed are lower
than those of the other sites (CDS and natural). In 2015, D. sargus
densities in harbors were about 50% of those of natural sites and 15% of
those of CDS. In 2016, when settlement was much higher, those pro-
portions were different with densities in harbors representing almost
90% of those of natural sites (although still significantly different) but
an even smaller proportion of CDS (densities in natural sites re-
presenting only 13% of those on CDS). These results suggest that, like
CDS, the use of harbors as juvenile habitat is in part dependent on the
intensity of settlement. On years of important larvae flux, the number of
larvae arriving at the coast might be significant enough to allow some
of them to arrive inside harbors despite their low accessibility. Lower
densities inside harbors could also be explained by post-settlement
processes influenced by higher levels of anthropogenic pressures. In-
deed, pollution potentially caused by the presence of hydrocarbons,
organic pollutants, anti-fouling paint and heavy usage as well as sound
pollution are known to have adverse effects on juvenile survival and
growth rates (Kerambrun et al., 2012; Marchand et al., 2003; Nichols
et al., 2015; Simpson et al., 2016). However, Bouchoucha et al. (2018)
showed that the concentrations of metallic trace elements in the mus-
cles of juvenile Diplodus spp. settled in harbors were far below health
safety thresholds. Also, their growth rate and condition were not dif-
ferent from those of juveniles settled outside the harbor. Another po-
tential explanation, and maybe the most intuitive, for lower densities in
harbors is the poor structural complexity and the relative homogeneity
of the substrate. Indeed, it is known that the loss or reduction of
complexity and/or heterogeneity leads to the reduced abundance and
survival of organisms (August 1983; Brokovich et al., 2006; Cuadros
et al., 2017b; Fisher et al., 2007). This point will be further discussed in
the next section.

Although densities are lower in harbors, juvenile D. sargus tended to
be bigger in those sites, which might suggest a faster growth rate. This
is in concordance with the fact that D. sargus are known to have a
preference for areas protected from strong swell and hydrodynamics
(Harmelin-Vivien et al., 1995), conditions that are met inside harbors
together with high productivity (more food) and higher temperatures,
which are known to favor growth (Vigliola et al., 1998).

4.2. Effect of small-scale habitat variations within harbors

Most studies investigating the distribution of juveniles focus on only
one spatial scale, however it has been shown that seascape attributes at
different spatial scales might influence the densities of juveniles
(Cuadros et al., 2017a). In our study, harbors in their totality (all ha-
bitats together) always show lower densities than other sites. However,
when looking at a finer spatial scale within the harbors (habitat type),
some habitats might host densities comparable to those observed in
natural sites while others exhibit very low densities. Habitat choice
could result from widely varying structural complexity since habitat
complexity has an important effect on settlement and the abundance of
juvenile fish with greater complexity supporting more species and in-
dividuals (Anderson and Millar, 2004; Cheminée et al., 2017b;
Garcia_Charton et al., 2004; Horinouchi and Sano, 1999; Thiriet et al.,
2014). It has been shown that a reduced tri-dimensional habitat com-
plexity may reduce habitat quality, alter habitat choices and cause

10
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differential mortality of juveniles (Cheminée et al., 2016). Harbors are
composed of a mosaic of habitats with different complexity and our
results showed that the contribution of each habitat type to the global
amount of juveniles of a site is highly variable. In this study, relatively
complex jetties and ripraps represented approximately 50% of the ha-
bitat, while featureless vertical docks the other 50% (this proportion
being variable from one harbor to the other). Docks do not provide
essential habitat for juvenile fish. They provide them with neither the
protection nor the foraging opportunities that are essential for their
growth and survival thereby explaining the very low densities observed
on docks and the resulting globally low densities of harbor sites. Jetties
and riprap, on the other hand, structurally simulate the essential habitat
of juvenile fish and may provide suitable nursery habitat, which ex-
plains why some of them supported densities of juvenile D. sargus
equivalent to those observed in natural sites. However, the effect of
habitat is highly contrasted between the two regions. Although jetties
hosted the highest densities for most sampled species on the SC, it is not
the case on the RC. The presence of nearby natural habitat could ex-
plain this difference as juveniles are known to settle on the first suitable
habitat they encounter (Shapiro, 1987). However, juveniles were found
in relatively high densities within the harbors of the RC suggesting that
the low densities on jetties might rather result from hydrodynamic
conditions or the fact that they are much steeper and deeper on the RC
than on the SC (Authors' unpublished data). Densities on natural ha-
bitats within harbors were also very different, being high on the RC and
low on the SC, but this was consistent with the nature of the substrate,
which is different between the two regions. On the RC it is composed of
rocky bottom, which represents the preferential habitat of the studied
species, while on the SC it consists of sandy or muddy bottom, which
doesn't provide the complexity needed by the sampled species. Ripraps
are the only habitat showing a consistent response on both coasts with
intermediate densities probably due to their complex structure but their
lower accessibility. Indeed, as mentioned in the above section, acces-
sibility might be a determining factor for settlement success. This is
corroborated by the significant effect of the covariate distance from the
entrance of the harbor. With the exception of some species, densities
decreased as distance increased, which sustains the hypothesis ac-
cording to which settlement is favored in exposed areas if suitable ha-
bitat is available (Brown et al., 2005; Jenkins and Wheatley, 1998;
Pastor et al., 2013). Larval supply would then represent a limiting
factor in highly sheltered areas such as inner reefs (D'Alessandro et al.,
2007), upper parts of estuaries (Bell et al., 1988; Martins et al., 2007),
narrow coves ()(Cuadros et al., 2017a) and lagoons (Pastor et al.,
2013), and here, on the most enclosed part of the harbor.

Even if global patterns in terms of habitat use and the effect of
distance are consistent between species, some variations are observed
suggesting they might have different requirements and preferences.
This is in concordance with the fact that many fish species are known to
have taxon-specific microhabitat requirements for settlement
(Cheminée et al, 2013; Garcia-Rubies and Macpherson, 1995;
Harmelin-Vivien et al., 1995; Macpherson and Zika, 1999; Vigliola and
Harmelin-Vivien, 2001) which may evolve as juveniles grow (Dahlgren
and Eggleston, 2000; Macpherson et al., 1997).

Within harbors and at the time of the survey (late July), D. sargus
and O. melanura showed approximately the same distribution. They
both tended to be more on jetties (which might be due to the above
mentioned factors such as accessibility) but D. sargus uses ripraps more
than O. melanura. This difference might be explained by the fact that
ripraps are often located in very shallow areas and present a gentle
slope (while it can be steeper on jetties) which might better correspond
to the requirements of D. sargus than O. melanura. Indeed, in natural
areas settlers of D. sargus are usually found in very shallow water close
to the bottom, whereas those of O. melanura tend to be more on the
surface even in habitat with deeper waters (Harmelin-Vivien et al.,
1995).

D. vulgaris seemed to use the inside of the harbor more and a larger
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variety of habitats. Since this species settles during winter, individuals
are already at an intermediate developmental stage or even at a pre-
dispersal stage during the sampling period. During these stages, juve-
niles use all suitable habitats available or are even ready to leave their
nursery to join adult habitat (Bouchoucha et al., 2016; Ventura et al.,
2014; Vigliola and Harmelin-Vivien, 2001). This less restrictive habitat
requirement would explain the broader distribution of this species in-
side the harbors.

Supporting this hypothesis, the same pattern is observed for D.
puntazzo, which is known to be more specialized than D. vulgaris and
also settles during winter. It is to note that this species is not very
abundant in the region and that densities observed in harbors are
equivalent to those observed in natural sites, particularly in winter and
spring when juveniles are at post-settlement and intermediate stages
(authors unpublished data).

D. labrax are known to mainly settle in lagoons or estuaries (Cabral
and Costa, 2001; Jennings and Pawson, 1992; Martinho et al., 2008),
therefore the low hydrodynamic and high productivity found in harbors
might furnish suitable conditions for settlement and development of
this species. The highest densities of this species were observed in Port-
Barcarés harbor, which is connected to a lagoon, and in Argelés harbor
in which flows a small river, which supports this hypothesis. Surpris-
ingly, within the harbors, juvenile D. labrax are mostly found on ri-
praps, a rocky habitat quite different from the usually soft bottom or
meadow found in lagoons.

The last species found in harbors in relatively large densities were
Mullus sp., which were mainly observed on inner jetties and ripraps.
Those habitats composed of structurally complex rocky substrate
usually surrounded by a large portion of soft bottom, correspond well to
the natural nursery of the species (Garcia-Rubies and Macpherson,
1995).

4.3. Implications for management

In the Mediterranean Sea, nursery grounds are still poorly taken into
account in protection measures. Indeed, coastal management histori-
cally focused on adult fish and only a small proportion of nursery ha-
bitat benefits from protection (Cheminée et al., 2017a). It is also to note
that, even in Marine Protected Areas, juvenile habitat may still be
transformed and impacted by human activities. Most nurseries are lo-
cated in areas of intense touristic activities and coastal development
(beaches and coves), which makes the implementation of substantial
protection measures particularly difficult. However, co-management
(Granek and Brown, 2005; Pinkerton, 1989) could encourage alter-
native coastal use and management in order to help to reduce habitat
transformation notably by limiting practices that lead to habitat
homogenization (Cheminée et al., 2014; Cuadros et al., 2017a). Our
results showed that man-made infrastructures and CDS in particular
could serve as juvenile habitats for some species. Despite this potential,
the ecological consequences resulting from the construction of these
structures, such as the loss of habitat essential to other species or
changes in courants and sediment loads, should always be evaluated
and taken into consideration (Bulleri and Chapman, 2010). In cases
where their construction doesn't destroy highly complex ecosystems
(i.e. seagrass meadow, coral reef), they might be seen as little oases of
biodiversity (Clynick, 2006; Guidetti, 2004; Ruitton, 1999) that can
increase connectivity (Koeck et al., 2013). In light of their potential as
juvenile habitat and the importance of this function in the replenish-
ment of fish populations (Beck et al., 2001; Mumby et al., 2004), these
kinds of structures should be taken into account in future management
plans. However, this requires keeping in mind that the diversity of
habitat among the seascape mosaic is crucial to provide suitable es-
sential habitat to different species and allow a true renewal of coastal
biodiversity.

Harbors also host juveniles but our results showed that the densities
were highly dependent on the habitat considered. Given the amount of
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featureless docks inside harbors and the fact that juveniles only poorly
use them due to their lack of complexity, it could be interesting to
consider ecological engineering approaches on those structures. Recent
studies showed that the use of small artificial habitats could enhance
juvenile densities on docks and under pontoons (Bouchoucha et al.,
2016; Mercader et al., 2017) and that even the protected dusky grouper
(Epinephelus marginatus) could settle inside harbors (Mercader et al.,
2016). Also, since harbors are usually seen as having a negative en-
vironmental impact, eco-engineering and restoration ecology ap-
proaches coupled with pollution reduction measures could represent
another and complementary way, along with natural habitat pre-
servation, to favor the nursery function of the Mediterranean coast even
in highly urbanized areas.

5. Conclusion

The results of this study showed contrasting densities of juveniles
depending on the level of artificialization and the region. Despite the
habitat modifications they may cause, CDS hosted higher densities of
certain coastal species, notably D. sargus, than most natural sites and so
may be considered as important potential juvenile habitats. This seems
to be particularly true when settlement numbers are high. Although
densities in harbors were lower than on CDS and natural sites, they still
hosted some juveniles, and densities found on jetties and riprap were
equivalent to those in natural nurseries. The effect of the habitat type
inside harbors seemed to be very dependent of the region, however,
lower densities on featureless docks were a general pattern. These re-
sults suggest that despite their ecological impact, man-made infra-
structures might represent alternative juvenile habitats, at least for
some species whose juveniles usually settle on heterogeneous rocky
bottoms. Taking them into account in management plans at the seas-
cape scale is of prime interest for fish population maintenance.
Ecological engineering in highly modified sites such as harbors could
also represent an interesting complementary approach to conservation
efforts particularly in the concerned coastal zone were protection isn't
always possible.
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