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Abstract
Coastal lagoons are known to host numerous resident and migrant fish species. Spatio-temporal variation in abiotic and biotic 
conditions in these ecosystems results, however, in a mosaic of microhabitats that could differently affect juvenile growth 
and survival. To deepen our understanding of juvenile fish habitat requirements and their spatio-temporal use of lagoons, 
microhabitat characteristics and fish assemblages were monitored jointly in a small temperate lagoon (the Prévost lagoon), 
from March to October 2019. A total of 2206 juvenile fishes belonging to 22 species were collected. Resident lagoon species, 
especially Atherina boyeri, dominated the assemblage (74%), while, among migrant species, Sparus aurata (8%) and Liza 
aurata (5%) were the most represented. Changes in overall juvenile abundance were mainly temporal, following the seasonal 
shifts in water temperature, salinity, and chlorophyll a concentration (44.9% of the co-inertia). However, our results revealed 
that distinct types of microhabitats exist in small lagoons and that juvenile fish distribution among them is non-random. 
Indeed, fish species richness mainly differed among sampling sites in relation to their distance from the inlet and the complex-
ity of the three-dimensional habitat structure (36.5% of the co-inertia). Juveniles preferentially selected microhabitats with 
medium to high structural complexity, which were essentially created by macroalgae. However, microhabitat preferences 
were both species and ontogenetic stage dependent, with more contrasting microhabitat requirements in young juveniles. 
These results underline the need for conservation measures to consider each lagoon as a dynamic mosaic of microhabitats 
with radically different importance for the juveniles of the various fish species that colonize them.
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Introduction

Located at the land-sea interface, coastal lagoons are rec-
ognized as highly productive habitats (Kennish and Paerl 
2010), supporting multiple ecosystem services, including 
fish production (Levin et al. 2001; Elliott and Hemingway  
2002). They often host numerous resident fish and are 

colonized by the juveniles of varied migrant species (e.g., 
Ribeiro et al. 2012; Bruno et al. 2013; Rodríguez-Climent 
et al. 2013; Verdiell-Cubedo et al. 2013). Indeed, the high 
productivity and macrophyte cover of most coastal lagoons 
provide optimum food and shelter for juvenile fish (Levin 
et al. 2001), and their lower salinities can reduce osmoregu-
lation costs to the benefit of growth (Potter et al. 1986). 
Therefore, many coastal lagoons match the definition of fish 
nursery habitats (Beck et al. 2001), including species of high 
commercial value (Franco et al. 2006b; Dufour et al. 2009; 
Grati et al. 2013; Isnard et al. 2015). This makes them key 
environments for the conservation of coastal fish popula-
tions. However, environmental conditions in these transi-
tional ecosystems are highly disparate. For example, lagoon 
waters vary from oligohaline to hypersaline depending on 
the weather (rainfall, evaporation) and the intensity of local 
freshwater inputs or marine water intrusions (Barnes 1980; 
Alongi 1998; Tagliapietra et al. 2009). Water temperature 
is also highly variable in lagoons (Tagliapietra et al. 2009; 
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Ifremer 2014) and often reaches extreme values that threaten 
local fauna and flora at some times of the year (Kennish et al. 
2014). Given this variability, sustainable management of the 
fish populations that depend on lagoon ecosystems requires 
deepening our understanding of the relationship between 
lagoon environmental conditions and juvenile fish habitat 
requirements.

This is particularly true for the north-western Mediter-
ranean lagoons, as most measures aimed at identifying, 
protecting, and managing key coastal ecosystems in the 
European Union consider them as a single homogeneous 
type of habitat (European Commission DG Environment 
2013) while they differ highly, not only in terms of marine 
and terrigenous inputs (Fiandrino et al. 2017) but also in 
terms of substrate types, depths, macrophyte covers, and 
anthropogenic pressures (Pérez-Ruzafa and Marcos 2012; 
Sfriso et al. 2017). This leads to marked inter-lagoon differ-
ences in contamination levels, productivity, and eutrophica-
tion status (Pérez-Ruzafa et al. 2007a; Souchu et al. 2010; 
Munaron et al. 2012; Derolez et al. 2019). In addition, the 
environmental parameters (e.g., temperature, salinity, oxy-
gen) in each lagoon tend to vary considerably throughout 
the year, with anoxic events and extremely high tempera-
tures frequently observed in summer, and particularly low 
temperatures in winter (Christia and Papastergiadou 2007; 
Como and Magni 2009).

Ichthyofauna diversity and abundance differ among 
lagoons and throughout the year (Koutrakis et al. 2005; 
Manzo et al. 2016; Franco et al. 2019; Selfati et al. 2019). 
These variations are not only due to inter-specific differences 
in spawning periods (Tsikliras et  al. 2010; Manzo 
et al. 2011), but also depend on the suitability of local 
environmental conditions for the needs and tolerances of the 
juveniles of each species (Pérez-Ruzafa et al. 2004, Rountree 
and Able 2007). To fully understand the relationship between 
environmental characteristics and juvenile fish densities in 
coastal lagoons, this suitability, and its temporal changes 
have to be studied. However, to go beyond the knowledge 
gathered so far (e.g.,Yáñez-Arancibia et al. 1994; Marshall 
and Elliott 1998; Cuadros et al. 2017), this has to be done 
at a much finer spatial scale than that of the whole lagoon. 
Indeed, most lagoon ecosystems consist of a dynamic mosaic 
of interconnected yet different micro-habitats (Nagelkerken 
et  al. 2015). This is particularly true in Mediterranean 
lagoons where marked physico-chemical gradients and 
the alternation of patches of seagrass bed or macroalgae 
on varied types of substrates form a highly heterogeneous 
“seascape” (Le Fur et al. 2018; Menu et al. 2019). This fine-
scale variability in environmental conditions modulates the 
composition and productivity of local prey communities and 
also affects juvenile fish physiology, behavior, and physical 
condition (Peterson et  al. 2000, Pichavant  2001, Como 
et al. 2014), with potential consequences on their survival 

and growth rates (Bouchereau et al. 2000; Vasconcelos 
et al. 2010; Isnard et al. 2015). For example, the three-
dimensional structure resulting from the presence of certain 
types of substrate (e.g., rocks) or macrophytes can, not only 
provide shelter from predation for juvenile fish (Thiriet 
2014; Whitfield 2017), but also attract specific benthic 
invertebrates that they exploit as prey (Mistri et al. 2000; 
Woodland et al. 2019). As a result, the response of juvenile 
fish to habitat quality is species-dependent (Colombano et al. 
2020) but also evolves with changes in the nutritional and 
protective needs of juveniles during growth (Dahlgren and 
Eggleston 2000; Félix-Hackradt et al. 2014). This implies 
both interspecific differences and intraspecific changes in 
the preferred microhabitats of juvenile fish (Vigliola and 
Harmelin-Vivien 2001).

To investigate these differences and deepen our under-
standing of the relationship between lagoon environmental 
conditions and the habitat requirements of juvenile fish, the 
present study simultaneously monitored fine spatio-temporal 
changes in environmental characteristics and the composi-
tion of juvenile fish assemblage within a small but typical 
Mediterranean lagoon. By characterizing the main drivers 
of juvenile fish abundance in this heterogeneous ecosystem 
and identifying the preferred lagoon microhabitats of juve-
niles for several fish species at different ontogenetic stages, 
we hoped to gather valuable information for species conser-
vation and lagoon management, both at local and regional 
scales.

Material and Methods

Study Area

For this study, we chose the Prévost lagoon (43°30′N, 
3°54′E), a small (2.4 km2 area) and shallow (1.5 m deep) 
expanse of water of 2.7 Mm3 permanently connected to the 
sea by a 30-m large, 393-m long, and 1.7-m deep straight 
canal located on its southern shore (Fig. 1). The mean daily 
volume of marine water entering the lagoon is about 0.6 
Mm3 (Fiandrino et al. 2012). The average daily net balance 
of water is, however, negative (− 0.15 Mm3) due to continu-
ous inputs of brackish water from the Rhône-to-Sète canal, 
through three channels located on the northern and eastern 
sides of the lagoon. Local water salinities and temperatures 
vary from 25 to 39 and from 8 to 24 °C, respectively, with 
minima generally observed in the winter and maxima in the 
summer for both factors (Ifremer 2014). Although relatively 
small, the Prévost lagoon displays heterogeneous environ-
mental conditions: in its western part, water salinity is highly 
variable and substrate composition ranges from sand to 
mud, whereas in its eastern part, the salinity is quite stable 
and muddy bottoms dominate (Menu et al. 2019). Even if 
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water quality in the lagoon has improved over the last dec-
ade (Leruste et al. 2016; Derolez et al. 2019), anoxic events 
are still frequently observed, especially during the warmer 
summer months (Bachelet et al. 2000). Eutrophication in the 
lagoon results in a general dominance of opportunistic green 
macroalgae on the bottom (Bachelet et al. 2000; Le Fur et al. 
2018), but red and brown macroalgae and seagrass meadows 
are also present in certain areas (Cimiterra et al. 2020).

To date, 61 fish species, all commonly found in French 
Mediterranean lagoons at the adult and/or juvenile stages, 
have been reported in the lagoon (Kara and Quignard 
2018d). Among them, three residents (Atherina boyeri, 
Pomatoschistus microps, Pomatoschistus minutus) and two 
migratory species (Anguilla anguilla and Engraulis encra-
sicolus) represent about 90% of both the local juvenile and 
adult abundances (Bouchoucha et al. 2012). Although no 
specific studies have been conducted on fish juvenile assem-
blages, the other fish species reported are mainly migra-
tory ones (Kara and Quignard 2018d) which essentially 
occupy the lagoon from early spring to late autumn each 
year (Quignard et al. 1984).

⁠⁠⁠⁠⁠⁠⁠⁠2.2 Sampling

To cover the main period for juvenile fish recruitment and 
lagoon use in the area (Quignard et al. 1984; Aliaume et al. 

1993; García-Rubies and Macpherson 1995), sampling was 
carried out from March to October 2019. This allowed us 
to capture the early juvenile stages of most local fish spe-
cies, including those that recruit in the second half of the 
winter (Kara and Quignard 2018a, b, c). Sampling was car-
ried out at least once, if possible twice, per 2-month peri-
ods (period 1 = March–April, period 2 = May–June, period 
3 = July–August, period 4 = September–October), at six 
sites distributed either along the shoreline (NW, SW, SE, 
and NE) or in the central part (MW and MI) of the lagoon 
(Fig. 1). These sampling sites were positioned to reflect not 
only the west–east salinity gradient of the lagoon, but also 
local differences in the nature of the substrate (in relation to 
shoreline use) and the distribution of macrophytes (Menu 
et al. 2019).

Microhabitat Characterization

For each sampling site, potential accessibility for marine 
migrants was defined as the shorter distance from the sea 
inlet when following the edges of the lagoon (DIST). It 
was assessed prior to sampling, using the Quantum GIS 
3.2 software (QGIS.org 2021). On each sampling date, 
water temperature (TEMP in °C) and salinity (SALI) were 
measured using a digital multiparameter meter (Multi 3430 
WTW) coupled with a standard IDS conductivity cell probe 

Fig. 1   Location of the six sites 
(NW, North-West; SW, South-
West; MW, Middle-West; MI, 
Middle Inlet; NE, North-East; 
SE, South-East) surveyed in the 
Prévost lagoon (NW Mediter-
ranean, France)
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(TetraCon® 925, WTW), and 2 L of water were collected in a 
plastic bottle and stored immediately in a cool box to assess 
local chlorophyll a concentrations (CHLA). Water depth 
(DEPT in cm) and seafloor type cover (i.e., rocks -ROCK-, 
bare sediment -SEDI-, pebbles -PEBB-, and/or bivalve shells 
-SHEL- in %) were estimated within nine quadrats (of 0.2 m2 
each) distributed at 3, 6, and 9 m from the shore along three 
parallel linear transects. These later were positioned perpen-
dicular to the shoreline, approximately 50 m apart, in order 
to limit disturbance during monitoring and to account for the 
spatial variability of the habitat at each site. All the macro-
phytes species present were also sampled after evaluating 
their respective spatial coverage (MCOV, %) and the overall 
canopy height (HEIG in cm) in each quadrat. Macrophytes 
were kept frozen for later identification in the laboratory.

Fish Sampling

To avoid scaring them away during microhabitat descrip-
tion and reduce sampling bias, juvenile fish were always 
collected before habitat description, between 10 and 12 am. 
Sampling at each site was done along the three parallel tran-
sects described above. To limit sampling bias linked to dif-
ferences in gear selectivity and provide a more comprehen-
sive image of the juvenile fish assemblage, notably in sites 
with non-uniform substrates (macrophytes, rocks), three 
sampling gears were combined (Bryan and Scarnecchia 
1992; Franco et al. 2012). For each transect, an 8-m-long 
beach seine (mesh size: 4 mm), covering an area of 28 m2 
per haul and targeting benthic and demersal juveniles, was 
first deployed once, perpendicularly to the shore. Then a 
1.5-m diameter cast net (mesh size: 3 mm) targeting demer-
sal and pelagic species was cast three times, at 3, 6, and 9 m 
from the shore. Finally, a dip net (opening: 0.07 m2, mesh 
size: 1 mm) was used to catch the smallest fish from the boat 
and the bank (five attempts at different depths per transect, 
targeting visible juveniles when present).

Laboratory Analyses

For each site and sampling date, water chlorophyll a con-
centration (in µg L−1) was determined using 1 L of water 
prefiltered through a 0.47 µm glass microfiber filter GF/F 
(Whatman®). For this, chlorophyll a was extracted in 90% 
acetone, gently mixed, stored at 6 °C for a minimum of 6 h 
in the dark, and centrifuged before analysis by spectropho-
tometry (Aminot and Kérouel 2004).

Macrophytes were identified down to the species level 
when possible, and the number of taxa corresponded to the 
macrophyte richness (MRICH). Their respective weights 
(MBIOM) were measured after drying them in an oven 
at 60 °C for at least 48 h and until a constant weight was 
reached.

Juvenile fish were identified down to the species level and 
measured to the nearest 0.1 mm. Mugilids were identified 
using the caeca dissection method of Farrugio (1975) and 
the melanophore patterns method (Minos et al. 2002) for 
individuals with total lengths between 20 and 30 mm. Spe-
cies of the Pomatoschistus genus were distinguished accord-
ing to scale arrangement (Kovačić 2020). For resident spe-
cies, individual fish were considered as juveniles only when 
their total length was below that reported for sexual maturity 
in the area (see Annex 1 in the Appendix section).

Data Analyses

All data analyses were performed in R (in particular the 
packages Ade4, car, factoextra4, labdsv, Stats, and vegan), 
using 5% as the threshold for statistical significance. Tran-
sects were considered replicates for each sampling site. The 
number of replicates for each site per sampling period thus 
ranged from three, when only one sampling could be car-
ried out in the corresponding 2 months (this was the case for 
MI during period 1, MW for all periods, and all sites dur-
ing period 4), to six, when two samplings were successfully 
completed per period. To reduce the list of variables used 
for characterizing microhabitat diversity, a Pearson correla-
tion test was applied to the 13 variables initially investi-
gated (sediment cover, rock cover, pebble cover, shell cover, 
macrophyte cover, macrophyte richness, macrophyte canopy 
height, macrophyte biomass, depth, distance from the out-
let, temperature, salinity, chlorophyll a concentration) and 
redundant ones (macrophyte canopy height, depth, pebble 
cover, shell cover) were removed from all analysis when 
Pearson correlation coefficient was superior to 0.7.

Univariate (ANOVAs) and two-way (ANOVA III type 
for unbalanced designs) analyses of variance, followed by 
Tukey’s post hoc tests, were used to test for temporal and 
spatio-temporal differences in environmental variables. To 
approach the normal distribution for this, cover variables 
were transformed using a sqrt(x) – sqrt(1 − x) transforma-
tion, except for macrophyte coverage, for which a log(x + 1) 
transformation was applied. To explore environmental vari-
ability and describe spatial and temporal environmental gra-
dients in the lagoon, a principal component analysis (PCA) 
was performed on the mean values per site and per period of 
the variables describing the microhabitats. This multivari-
ate method allows for the identification of the variables that 
contribute the most to dataset variability and their synthesis 
into new orthogonal variables called principal components 
(Abdi and Williams 2010). Due to the lack of salinity data 
for the stations MI and MW during period 1, their posi-
tion in the PCA was estimated using the mean value of the 
other four other stations during this period. A post-PCA 
ascendant hierarchical classification based on Ward’s clus-
tering method (Ward 1963) was also performed to assess 
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the number of distinct microhabitat types encountered by 
juvenile fish in the lagoon during the study period, i.e., the 
number of groups of sampling events (period-site pair) with 
similar environmental conditions. This was achieved using 
the “silhouette” method (Charrad et al. 2014). To be retained 
as a distinct microhabitat type, each group had to gather at 
least three sampling events. ANOVAs and Tukey’s post hoc 
tests were used to compare environmental characteristics 
between microhabitat types.

Differences in juvenile fish assemblages were investi-
gated using three parameters: species richness, global fish 
abundance, and relative species abundances. For this, spe-
cies richness was estimated from the total number of spe-
cies captured with the three fishing gears. However, because 
the abundance of fish in the dip net catches varied greatly 
depending on fishing conditions and the local presence or 
absence of juvenile schools at the time of sampling, global 
and relative abundances were derived only from beach seine 
and cast net captures only. Fish abundances were originally 
expressed as catch per unit effort (CPUE) by transect and 
sampling date, with each value corresponding to the total 
number of fish caught by the beach seine haul and the three 
net casts applied on each transect. However, species’ rela-
tive abundances for each site and period were calculated 
by grouping data from all transects. The variability in fish 
assemblage composition among sampling periods and sites 
was first tested by performing a multivariate analysis (PER-
MANOVA) on species abundances and considering both 
factors (period and site) as fixed. Then, two-way analyses 
of variance (ANOVA III type for unbalanced designs) were 
used to assess spatio-temporal variations in both the spe-
cies richness and the global abundance of the juvenile fish 
assemblage in the lagoon. Again, both factors (period and 
Site) were considered fixed for this and variables were log 10 
(x + 1)-transformed to approach the normality, if necessary. 
The effect of the sampling site was further investigated for 
each period separately, using univariate ANOVAs followed 
by Tukey’s post hoc tests.

Species responses to environmental variation were inves-
tigated with a co-inertia analysis comparing mean juvenile 
abundances per site and period with concomitant mean val-
ues of all environmental variables. This multivariate method, 
commonly used to study species-environment relationships, 
compares faunistic and environmental data by analyzing 
the co-structure between them. This approach allows the 
identification of plans which optimize co-variance between 
species abundances and environmental variables. The more 
faunistic and environmental data have similar structures, the 
more the output of the co-inertia analysis (RV coefficient 
of similarity) is close to 1. This analysis is recommended 
when a large number of variables are used in comparison 
to the number of samples (Dolédec and Chessel 1994), as 
is the case in the present work. To limit bias in our results, 

rare fish species (i.e., those with less than five individuals 
collected over the whole study period) were not included 
in this analysis. Fish data collected at MI and MW stations 
during period 1 were excluded from this analysis due to the 
lack of salinity data.

Species’ habitat preferences were investigated based on 
the list of distinct microhabitat types defined from the hier-
archical clustering. For this, we used the Indicator Value 
(Indval) index (Dufrène and Legendre 1997), which consid-
ers both the selectivity and the fidelity of a species to a type 
of microhabitat:

Indvalij = Aij × Bij × 100 ; where:
Aij = average abundance of species i across microhabi-

tats of type j / average abundance of species i across all 
types of microhabitats (relative abundance across types of 
microhabitats).

Bij = number of microhabitats of type j where species i 
is present / number of microhabitats of type j (relative fre-
quency across microhabitats of type j).

To account for interspecific differences in the time of 
lagoon use, the global Indval index for each species was 
calculated only for the microhabitat types available during 
the periods when its juveniles were captured in the lagoon. 
Fish data collected at MI and MW stations during period 
1 were also excluded from this analysis as in the previous 
analysis on the species responses to environmental vari-
ation. When possible, this index was also used to assess 
ontogenetic changes in lagoon microhabitat preferences. 
For this, the juveniles of each species were split into up to 
three size classes (J1 to J3, hereafter referred to as “ontoge-
netic stages”), based on the available knowledge of the 
changes in habitat requirements (temperature and salinity 
ranges, preferred substrate and position in the water col-
umn) and diet type (e.g., benthivore, planktivore, detriti-
vore, omnivore, piscivore) reported for its juveniles in the 
literature. Following the protocol from previous studies 
(e.g., Cattin et al. 2003; Van Hadler et al. 2007; Podani 
and Csányi 2010), rare species (i.e., with less than five 
individuals collected) were not included in this analysis 
and only ontogenetic stages with a minimum of three indi-
viduals were retained for the calculation of the Indval index 
per juvenile stage.

Results

In total, 2206 fish juveniles, with sizes ranging from 8.0 
to 88.0 mm TL (except for Anguilla anguilla whose sizes 
ranged from 52.2 to 200.0 mm), were collected over our 
8-month survey in the Prévost lagoon (Table  1). They 
belonged to at least 22 different species in Mediterranean 
coastal lagoons, classified as resident, migratory, or occa-
sional. Among them, 41 juveniles from the genus Liza spp. 
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were impossible to identify down to the species level due 
to their small size. As they were only captured with the dip 
net, they were not included in abundance estimates. This 
was also the case for the only juvenile from Belone belone 
captured and for some of the juveniles of varied species cap-
tured with all sampling gears (e.g., Liza aurata, Liza saliens, 
Chelon labrosus, Sparus aurata). 

Juvenile abundance in the catches with the beach seine 
and cast net differed highly according to the species. The 
juveniles from occasional marine stragglers (Chelidonich-
thys lucerna, Engraulis russoi, Sardina pilchardus) rep-
resented only 1.0% of the total catch. The large majority 
of the juveniles caught in the lagoon, therefore, belonged 
to lagoon resident (N = 6) or marine migratory (N = 13) 
species, which represented 74.2% and 24.8% of the total 
abundance, respectively. Surprisingly, six species alone 
accounted for more than 90% of the total catch. The lagoon 
resident species Atherina boyeri in particular represented 
69.9% of the total juvenile fish abundance, followed by five 
marine migratory species of commercial importance: the 
sparid S. aurata (8.1%) and the mugilids L. aurata (4.8%), 
Mugil cephalus (3.6%), L. saliens (3.0%), and Liza ramada 
(2.5%).

Variation in the Composition of the Juvenile Fish 
Assemblage

The composition of the juvenile fish assemblage in the 
lagoon varied highly with both the site (PERMANOVA, 
p = 0.010) and the sampling period (PERMANOVA, 
p = 0.010), with a significant interaction between the two 
factors (PERMANOVA, p = 0.010). This was largely due to 
significant spatial variation in species richness (ANOVA, 
p < 0.001, Fig. 2a), but also to marked temporal changes 
(ANOVA, p < 0.001) in the abundance of juvenile fish 
(Fig. 2b). Overall, juvenile fish abundance in the lagoon 
was minimum (4.6 ± 1.0 ind. transect−1) in period 2 (Tukey’s 
test, p < 0.010), and maximum (53.1 ± 17.4 ind. transect−1) 
in period 4 (Tukey’s test, p < 0.001). The values for periods 
1 and 3 are similar and intermediate (Fig. 2b). Nonetheless, 
juveniles from migrant species were mostly captured dur-
ing the first two sampling periods, accounting for 64.3% of 
the total catch in period 1, and 42.1% in period 2 (Table 1; 
Fig. 2c). Their proportion in the fish assemblage decreased 
in periods 3 (18.1%) and 4 (8.5%) when juvenile fish in the 
lagoon essentially belonged to resident species. As a result, 
the global composition of the juvenile fish assemblage dif-
fered markedly between sampling periods.

The spatial distribution of juvenile fish within the lagoon 
also differed from one period to the other (Fig.  2). In 
period 1, the total juvenile fish abundance was maximum 
(23.8 ± 6.5 ind. transect−1) at NW, where four species were 

caught, and minimum (0.7 ± 0.7 ind. transect−1) at MI, where 
only juveniles of the resident species Salaria pavo and the 
marine straggler S. pilchardus were captured (Fig. 2b, c). 
Juvenile abundance was also low (3.7 ± 2.0 ind. transect−1) 
at MW, where only migratory sparids were collected, with 
S. aurata representing 91% of the catches, and D. sargus 9%. 
Species richness was higher at the four other sites (Fig. 2a), 
but species composition varied markedly among them. For 
example, although NW and SE displayed comparable pro-
portions of juvenile A. boyeri (48 and 50%, respectively), S. 
aurata (44% at both sites), and L. saliens (1% at both sites), 
L. aurata juveniles were only captured at NW, while those of 
D. sargus, S. pavo, and of the migratory sparid Sarpa salpa 
were only found at SE (Fig. 2c). At SW, S. aurata juveniles 
were the most abundant (46%), with a similar proportion as 
in the NW and SE, but A. boyeri only represented 22% of 
global abundance, against 30% for L. aurata and L. ramada. 
Lastly, NE was the only site where the juvenile fish assem-
blage was dominated (64%) by mugilids (L. aurata and L. 
ramada) and where juveniles of A. anguilla and Dicentrar-
chus labrax were captured. It was also, with SW, one of the 
only two sites where juveniles of S. solea were captured.

In period 2, when the average global juvenile fish abun-
dance in the lagoon was minimal, juvenile abundances were 
again the lowest (0.3 ± 0.3 ind. transect−1) at MI (Fig. 2b), 
where only juveniles of the marine straggler C. lucerna 
were captured (Fig. 2c). Juvenile catches were the high-
est (14.0 ± 6.1 ind. transect−1) at MW (Fig. 2b), where A. 
boyeri specimens dominated (93%) but juvenile Syngna-
thus abaster and A. anguilla were also captured (Fig. 2c). 
Atherina boyeri was also the most abundant species (38 to 
56%) at SE, NE, and NW, but the juvenile fish assemblages 
at these three sites had different compositions. Indeed, the 
next most represented species (> 10%) at these sites were 
D. labrax, L. aurata, and L. ramada for NW, L. aurata and 
S. aurata for SE, and D. labrax and Pomatoschistus microps 
for NE. Finally, the SW site exhibited a singular fish assem-
blage, dominated by juveniles of L. ramada (66%). This 
site was also the only one where the three species most 
commonly observed in the lagoon (A. boyeri, S. aurata, 
and L. aurata) represented less than 25% of the global juve-
nile abundance and where juveniles of the resident gobiids 
Pomatoschistus marmoratus and P. microps were present 
simultaneously.

In period 3, overall juvenile fish abundance was minimal 
(0.5 ± 0.2 ind. transect−1) at MI, where only specimens of P. 
marmoratus were captured (Fig. 2b and c). The NE and NW 
displayed significantly higher global juvenile abundances 
(37.5 ± 22.0 and 19.8 ± 9.3 ind. transect−1, respectively), 
while the other sites exhibited intermediate values (Fig. 2b). 
At NE, A. boyeri dominated (80%) the juvenile assemblage 
(Fig. 2c), with the other resident species (P. microps, P. 
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marmoratus, and S. pavo) and the migratory sparid D. sar-
gus accounting 17% and 3% of the total abundance, respec-
tively. NW and SW shared the same species, but in different 
proportions: A. boyeri represented only 53% of the local 
juvenile catches at NW, against 77% at SW, and, while the 
rest of the catches mainly consisted of mugilids at both sites, 
L. saliens dominated at NW, and C. labrosus at SW. Lastly, 
besides A. boyeri juveniles (77%), the fish assemblage at SE 
essentially included juveniles of the two marine stragglers 
E. russoi (13%) and S. pilchardus (9%).

Finally, in period 4, when the average global juvenile 
fish abundance in the lagoon was maximal, local juvenile 
catches varied from 7.3 ± 7.3 ind. transect−1 at MW to 
171.0 ± 64.1 ind. transect−1 at SW, but no significant spa-
tial difference could be demonstrated (ANOVA, p = 0.075) 
due to the high inter-transect variability at most sites 
(Fig. 2b). Except for MI, A. boyeri largely dominated fish 
assemblages, accounting for 100% of total abundance at 
SW, MW, and SE, and 70% in the NW. This latter site was 
the only one where M. cephalus juveniles were captured in 
abundance (30%, Fig. 2c). Species richness at this period 
was thus low, particularly at MI where only juveniles of 
the resident gobiid P. marmoratus were captured (Fig. 2a 
and c). The only exception was NE (Fig. 2c), where the 
fish assemblage was dominated by A. boyeri (87%) but also 
included juveniles of other resident species (P. microps, 
S. pavo, S. abaster) and rare migratory species (Diplodus 
puntazzo, E. russoi).

Intra‑lagoon Variation in Environmental 
Characteristics

During this 8-month study, the environmental condi-
tions encountered in the Prevost lagoon were highly vari-
able with, for example, local values ranging from 12.1 to 
28.3 °C for water temperature, from 25.5 to 42.9 for water 

salinity, from 30 to 100%, and 0 to 48% for sediment and 
rock covers, respectively; from 0.5 to 5.5 µg L−1 for water 
chlorophyll a concentration; and from 2 to 100% for mac-
rophyte cover. Despite this variability, the hierarchical 
clustering approach distinguished only three broad types 
of microhabitats in the lagoon (Fig. 3a; Table 2), whose 
respective extent and location varied over time due to the 
combined effects of spatial and seasonal variability of local 
environmental variables. Local differences in environmen-
tal conditions were primarily driven by inter-site variation 
in habitat characteristics, especially in three-dimensional 
(3D) habitat complexity (Table 2), which was essentially 
caused by spatial differences in local substrate type (e.g., 
% of sediment or rock cover, ANOVAs, p < 0.001) or in the 
percentage of macrophyte cover (ANOVA, p < 0.001). This 
is illustrated by the PCA on the environmental variables 
(Fig. 3b), where the first dimension (explaining 34.8% of 
the total variance) opposes sites with low 3D complexity 
(MI, SW, NE, and MW on the left), where sediment was the 
main substrate type (> 84% of average cover) and average 
macrophyte cover was low to medium (from 7 to 55%) in 
MI and NE, respectively, to sites with high 3D complexity 
(NW and SE on the right), characterized by the highest 
average rock (9–33%) and macrophyte (57–66%) covers 
(Table 3). However, annual seasonality also contributed 
significantly to the environmental variations in the lagoon. 
First, although macrophyte cover varied mainly by sampling 
site (ANOVA, p < 0.001), this parameter also showed some 
level of temporal variation at some locations (ANOVA, 
p < 0.001; Fig. 4). Macrophyte cover at SE was significantly 
the highest in periods 1 and 2 (with means of 80.3 ± 6.9 and 
100.0 ± 0.0%, respectively), before decreasing in period 3 
(to a minimal value of 23.3 ± 7.1%) and increasing again in 
period 4 (52.6 ± 1.7%). Although not significant due to high 
intra-site variability, temporal trends in macrophyte cover-
age were also observed for NW, MW, NE, and SW, with 
mean values ranging from 9 to 49% depending on the site 
(Fig. 4). When reflected in temporal fluctuations in macro-
phyte biomass (particularly marked at SE, MW, and SW, 
Table 3), these changes affected habitat characteristics by 
modulating habitat 3D structure. However, annual seasonal-
ity in the Prevost lagoon mostly contributed to environmen-
tal variation through temporal changes for the three water 
parameters investigated (Fig. 3). These changes were only 
statistically significant for temperature and chlorophyll a 
concentration (ANOVAs, p < 0.023), but salinities in the 
lagoon globally followed the same seasonal cycle as local 
temperatures, increasing from periods 1 to 3 and decreasing 
in period 4 (Fig. 5a and b). Temperature variations were 
most pronounced, ranging from 2.1 (at SW, in period 1) to 
28.3 °C (at NW, in period 3), while local salinities varied 

Fig. 2   a Mean species richness, b mean total abundance (ind. transect-1), 
and c taxonomic composition of the juvenile fish assemblages caught 
with the beach seine and the cast net at each site (for sites codes and loca-
tions, see Fig. 1) during the four sampling periods (1, March–April; 2, 
May–June; 3, July–August; 4, September–October). Note that the MW 
station could not be sampled in period 3. It was therefore not included in 
the statistical tests, as signalized by the “*” symbol. In (a) and (b), error 
bars correspond to standard errors. Letters and p values indicate results 
of post hoc multiple comparisons (t-test performed after ANOVA and 
applied to species richness and fish abundance for each period) with p 
values inferior to 0.05 corresponding to significant differences. The 
absence of letters indicates when the variations found were not signifi-
cant. In (c), “Others” gathers seven species rarely observed in the lagoon, 
at least at the juvenile stage: Diplodus puntazzo, Gobius niger, Sardina 
pilchardus, Sarpa salpa, Solea solea, Chelidonichthys lucerna 

◂
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Fig. 3   a Hierarchical clustering of sampling events produced by 
Ward’s method depending on their environmental conditions and b 
biplot of the principal component analysis (PCA) investigating envi-
ronmental variation in the Prévost lagoon. Codes for samples (in bold) 
include both the sampling period (1, March–April; 2, May–June; 3, 
July–August; 4, September–October) and the site name (see Fig. 1 for 
abbreviations and site locations). Grey shades on both figures illustrate 
the three distinct groups of microhabitats retained: L3D-LWP for “low 
3-dimensional complexity and low water parameters,” H3D-VWP for 
“high 3-dimensional complexity and variable water parameters,” and 
V3D-HWP for “variable 3-dimensional complexity and high water 

parameters”. On (b), SALI, CHLA, TEMP, MBIOM, DIST, MCOV, 
MRICH, ROCK, and SEDI correspond to salinity, chlorophyll a con-
centration, water temperature, macrophyte biomass, distance to the 
inlet channel, macrophyte cover, rock coverage, and sediment cover-
age, respectively. Asterisk indicates the few sampling events for which 
the salinity data were missing. To allow positioning them on the PCA, 
these events were attributed to the mean overall salinity in the lagoon 
during this period. For period 3, the station MW was not sampled, so 
it does not appear on the graph. Salinity data were missing for the two 
sampling events marked by an asterisk, their position on the biplot was 
estimated using the mean value of the other four stations at this period
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mainly between 31.1 (at SW, in period 1) and 42.9 (at NE, in 
period 3) only, except in period 4 when a minimum value of 
25.5 was observed at NW. Chlorophyll a concentrations also 
showed a clear temporal trend (ANOVA, p = 0.023; Fig. 5c), 
with values at most sites starting relatively low (between 
0.5 and 1.5 µg L−1) in periods 1 and 2, then increasing sig-
nificantly to values generally between 2.7 and 4.0 µg L−1 in 
period 3, and decreasing to values globally between 1.5 and 
3.3 µg L−1 in period 4. The second dimension of the PCA 
(explaining 22.7% of the total variance) illustrates these 
temporal trends. Indeed, it contrasts the sampling events, 
mainly in periods 1 and 2, when the values for temperature, 
salinity, and chlorophyll a concentration were the lowest 
(Fig. 3b), with the sampling events in periods 3 and 4 with 
high values for all three water parameters (Fig. 3b).

As a result of these complex spatio-temporal variations 
in environmental conditions, some sites in the lagoon (e.g., 

NE, SW, MW) were assigned to a different microhabitat  
type during certain sampling periods (Fig.  3), and 
microhabitat type assignment remained stable over most  
of the survey period for SE, MI, NW, and NE only. The 
primary type of microhabitat available over the survey 
period (40% of sampling events, spread over the six study 
sites) was one with variable 3-dimensional complexity and 
high water parameters (V3D-HWP). It gathered all the 
sampling events from period 3, but also some from periods 
2 and 4 (at MW and NE), characterized by the highest 
(Tukey’s test, p ≤ 0.04) water temperatures, salinities, 
and Chl a concentrations (Fig.  3; Table  2). Rock and 
macrophyte covers in this microhabitat type were variable 
but significantly lower (Table 2, Tukey’s test, p ≤ 0.03) 
than in the next most abundant (30% of sampling events, 
in all periods but only at three different sites) microhabitat 
type (characterized by a “high 3-dimensional complexity 

Table 2   Global mean (± standard deviation), maximal and minimal values observed for all environmental variables in the three microhabitat 
types identified by hierarchical clustering analysis (see Fig. 3 for variables and microhabitat codes)

Asterisks indicate significant effect of microhabitat type on environmental variables (ANOVA test) with different levels of significance: ns, not 
significant; *p < 0.05; **p < 0.01; *** p < 0.001

Environmental variables Code Microhabitat type p value

● L3D-LWP ▲ H3D-VWP ■ V3D-HWP

Mean ± SD Range Mean ± SD Range Mean ± SD Range

Sediment cover (%) SEDI 92.1 ± 11.4 75.3–100.0 56.6 ± 22.6 29.7–100.0 85.3 ± 22.6 34.3–100.0 0.014*
Rock cover (%) ROCK 0.5 ± 1.0 0.0–2.3 21.2 ± 18.2 0.0–48.0 3.9 ± 7.7 0.0–23.2 0.009**
Macrophyte cover (%) MCOV 28.5 ± 31.8 1.9–82.2 60.8 ± 22.2 38.8–100.0 36.1 ± 23.3 10.1–88.5 0.039*
Distance from sea outlet (km) DIST 0.8 ± 0.5 0.2–1.2 1.9 ± 0.5 1.2–2.5 1.3 ± 0.7 0.2–2.5 0.015*
Temperature (°C) TEMP 17.4 ± 2.3 14.1–19.7 18.9 ± 4.3 13.8–26.1 23.9 ± 3.0 17.0–28.0 0.005**
Salinity SALI 34.7 ± 2.3 31.1–37.4 34.9 ± 4.2 25.5–37.4 39.2 ± 2.1 36.2–42.9 0.015*
Chlorophyll a (mg Chla m−2) CHLA 1.1 ± 0.7 0.5–2.2 1.4 ± 0.4 0.8–2.1 3.7 ± 0.9 2.6–5.5  < 0.001***
Macrophyte biomass (g/quadrat) MBIOM 2.2 ± 3.0 0.0–6.3 14.7 ± 19.1 0.8–47.5 4.4 ± 3.6 0.1–10.0 0.111 (ns)
Macrophyte richness MRICH 3.0 ± 0.7 2.2–4.0 4.6 ± 1.3 3.0–7.0 3.7 ± 1.3 2.0–5.9 0.083 (ns)

Table 3   Global mean values (± standard deviations) at every sampling site (for site codes, see Fig. 1) for the nine variables retained to describe 
environmental variation in the Prévost lagoon, as well as their respective contributions to axis 1 and axis 2 of the PCA (see Fig. 3 for code)

Environmental variables Code Site Contribution 
(%)

NW SW MW MI NE SE Axis 1 Axis 2

Sediment cover (%) SEDI 60.7 ± 16.0 84.9 ± 22.4 100 ± 0.0 100 ± 0.0 98.4 ± 3.2 40.0 ± 20.1 23.4 0.5
Rock cover (%) ROCK 8.5 ± 12.5 0.3 ± 1.5 0.0 ± 0.0 0.0 ± 0.0 1.2 ± 5.5 33.0 ± 28.0 22.4 0.1
Macrophyte cover (%) MCOV 57.3 ± 30.6 25.5 ± 17.9 40.7 ± 26.5 6.8 ± 10.4 55.2 ± 35.9 65.7 ± 33.6 14.8 5.2
Macrophyte richness MRICH 4.6 ± 0.9 3.4 ± 1.0 3.3 ± 1.0 2.4 ± 0.7 3.5 ± 1.5 4.6 ± 1.6 14.3 1.0
Distance from sea outlet (km) DIST 2.4 ± 0.0 1.3 ± 0.0 2.2 ± 0.0 0.2 ± 0.0 1.2 ± 0.0 1.3 ± 0.0 9.0 4.9
Macrophyte biomass (g/quadrat) MBIOM 4.4 ± 3.9 5.9 ± 8.6 13.3 ± 23.8 0.7 ± 2.2 2.1 ± 3.5 18.8 ± 29.4 4.7 7.6
Salinity SALI 34.8 ± 4.4 36.5 ± 3.4 39.2 ± 2.5 36.3 ± 1.9 38.2 ± 4.6 37.2 ± 1.6 4.6 23.8
Chlorophyll a (mg Chla m−2) CHLA 2.3 ± 1.5 2.4 ± 1.9 2.2 ± 1.0 1.3 ± 1.0 3.2 ± 1.8 1.9 ± 1.8 4.1 23.3
Temperature (°C) TEMP 19.7 ± 6.1 19.8 ± 6.2 21.4 ± 6.1 19.3 ± 4.3 21.1 ± 4.5 20.6 ± 4.1 2.8 33.6
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and variable water parameters” (H3D-VWP)). This latter 
grouped together all the sampling events where the highest 
values of 3-dimensional complexity were observed, i.e., 
most of those at NW and SE, plus those at MW during 
period 2, when the macrophyte cover at this site was the 
highest (Table 2; Fig. 3). Its values for water parameters 
were comparable (Tukey’s test, p > 0.640) to those 
observed in the last microhabitat type identified (for “low 
3-dimensional complexity and low water parameters” (L3D-
LWP)), but their variability was much higher (Table 2). 
The L3D-LWP microhabitat type also represented 30% 
of the sampling events, but only at four different sites and 
in three sampling periods. Indeed, it regrouped sampling 
events characterized by the lowest temperature, salinity, and 
chlorophyll a values (observed during periods 1 and 2, but 
also at MI in period 4), essentially at sites with very low 3D 
structure (Fig. 3; Table 2). This was particularly clear for 
MI, where the average macrophyte cover and biomass were 
the lowest of all sites, and for SW in periods 1 and 2, when 
the macrophyte cover was less than 25% (Table 3; Fig. 4). 
This was also the case for NE in period 1: although the local 
macrophyte cover was 82% in this period, the corresponding 
macrophyte biomass was low (6.3 g quadrat−1) as it was 
only due to the presence of flat green macroalgae (Ulva 
spp.) spread in a thin layer over the bottom.

Juvenile Fish Preferential Microhabitats

Our results revealed that juvenile fish distribution in the 
lagoon was non-random and largely resulted from variations 
in lagoon microhabitat preferences depending on the species. 

Due to the low abundance of juveniles in the captures at sev-
eral sites and on many dates and to high inter-transect vari-
ability in the catches, variations in Indval indexes between 
microhabitat types could only be assessed for 16 species 
(Table 4). The corresponding results revealed that, among 
them, three species (E. russoi, M. cephalus, and S. pichar-
dus) occurred in only one microhabitat type, seven species 
(C. labrosus, D. sargus, L. ramada, L. saliens, P. marmo-
ratus, P. microps, and S. abaster) excluded one microhabi-
tat, and six species (A. anguilla, A. boyeri, D. labrax, L. 
aurata, S. pavo, and S. aurata) frequented all three types 
of microhabitats. The maximum Indval values observed for 
each species suggested that V3D-HWP microhabitats were 
the most widely preferred in the Prevost lagoon. Indeed, they 
were preferentially used by C. labrosus, D. labrax, E. russoi, 
L. saliens, P. microps, S. pavo, and S. pilchardus, but also 
by A. boyeri, although the juveniles of this abundant resi-
dent species were also strongly associated with H3D-VWP 
microhabitats (Table 4). In comparison, only four of the 16 
species (A. anguilla, L. aurata, L. ramada, and P. marmo-
ratus) preferentially selected L3D-LWP microhabitats and 
two (M. cephalus and S. aurata) of those of the H3D-VWP 
type. Habitat preference for the juveniles of D. sargus and 
S. abaster was less clear, even though both species seemed 
to prefer V3D-HWP microhabitats to the H3D-LWP ones 
(Table 4).

The co-inertia analysis (RV = 0.3) allowed us to fur-
ther specify the environmental parameters at the origin of 
microhabitat preference for each species (Fig. 6). Indeed, 
its first three dimensions explained 81.4% of the common 
variability between lagoon environmental parameters and 

Fig. 4   Mean macrophyte cover at each sampling site (for site loca-
tion refer to Fig. 1) over the four periods sampled (1, March–April; 
2, May–June; 3, July–August; 4, September–October). Error bars 
correspond to standard errors. Note that the MW station could not be 
sampled in period 3, and it was therefore not included in the statis-

tical tests. Letters and p values indicate results of post hoc multiple 
comparisons (t-test performed after ANOVA and applied to macro-
phyte cover at each site) with p values inferior to 0.05 corresponding 
to significant differences. The absence of letters indicates when the 
variations found were not significant
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species abundances. Dimension 1 (44.9% of the total iner-
tia) reflected an increasing gradient for all water parameters 
(temperature, salinity, and chlorophyll a concentrations), 
whereas dimension 2 (20.6% of the total inertia) opposed 
microhabitats close to the sea outlet and was characterized 
by high sediment cover and low macrophyte richness to 
microhabitats far from the sea outlet and combining high 
rock cover and high macrophyte richness (Fig. 6a). Dimen-
sion 3 (15.9% of the total inertia) reflected a joint gradient 
of increasing macrophyte cover (and biomass) and increas-
ing distance from the sea outlet (Fig. 6b). Confronting the 
positions of environmental variables and juvenile fish abun-
dances on the co-inertia graphs showed that most of the spe-
cies preferentially observed in the V3D-HWP microhabitat 
type mainly responded to high values for water parameters, 
although differently (Fig. 6a). The juveniles of A. boyeri 
were found to mainly respond to high chlorophyll a con-
centrations (correlation coefficient = 0.52) and those of 
S. pavo to high salinities (0.44). D. labrax and L. saliens 
juveniles were mainly associated with higher temperatures 

(0.28 and 0.52, respectively), although they also positively 
responded to high macrophyte cover (0.25 and 0.28, respec-
tively, Fig. 6b). For P. microps, higher juvenile abundances 
were associated with joint increases in water salinity (0.40) 
and chlorophyll a concentration (0.38, Fig. 6a), while for 
E. russoi, they positively responded to joint increases in 
chlorophyll a concentration (0.27) and macrophyte richness 
(0.27, Fig. 6a and b). Only S. pilchardus exhibited a higher 
sensitivity to substrate type than to water parameters, avoid-
ing microhabitats with important sediment covers (− 0.40, 
Fig. 6b). The distribution of the two species associated with 
H3D-VWP microhabitats, S. aurata and M. cephalus, was 
drawn by high habitat 3D complexity but mainly also by the 
distance to the sea outlet (0.21 and 0.33, respectively), and 
by low water parameters, comparable to those observed in 
L3D-LWP microhabitats (Fig. 6). The position for M. cepha-
lus illustrated the affinity of its juveniles with microhabitats 
(like SE and MW) with important rock (0.15) and low sedi-
ment (− 0.19) covers, while that of S. aurata mainly reflected 
its affinity with high macrophyte covers (0.21) and diversity 

Fig. 5   Evolution of a water tem-
perature, b salinity, and c chlo-
rophyll a concentration over the 
four periods sampled (1, March–
April; 2, May–June; 3, July–
August; 4, September–October). 
In each box plot, the dark full 
line represents the median and 
the dark square represents the 
average value for all stations. Box 
delineations correspond to the 
25th and 75th percentiles, and 
vertical bars to the 5th and 95th 
percentiles. When present, outli-
ers are indicated by dark circles
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(0.19). M. cephalus responded negatively to high salinities 
(− 0.70) and S. aurata to high temperatures (− 0.61, Fig. 6a). 
Finally, juvenile distribution in the four species preferen-
tially associated with L3D-LWP microhabitats was drawn 
by different environmental parameters. For both L. aurata 
and L. ramada, juveniles were found to be mainly sensitive 
to water parameters, but they mainly responded negatively to 
increasing temperature (− 0.37) or salinity (− 0.33), respec-
tively (Fig. 6b). Conversely, the juveniles of P. marmoratus 
were preferentially attracted to microhabitats close to the 
sea outlet with a low macrophyte cover (− 0.36). Finally, the 
juveniles of A. anguilla seemed to globally prefer habitats 
with a significant macrophyte cover (0.46) but from only a 
few macroalgal species (of low 3D structure), as illustrated 
by their negative response to macrophyte richness (− 0.28).

Due to low sample sizes (see above), shifts in juve-
nile microhabitat preferences with growth could only 
be assessed for nine species. The corresponding results 
revealed different strategies for lagoon habitat use among 
them. Hence, only in two species (L. aurata and L. ram-
ada) did the preferred microhabitat (L3D-LWP) remain 
unchanged across all the juvenile stages sampled (Ind-
val = 6.7 to 18.3, Fig. 7). In all the remaining species, at 

least two different microhabitat types were successively 
preferred at the juvenile stage, but substantial differences 
in habitat preference were observed between species. 
The juveniles of D. sargus and L. saliens were found to 
both prefer V3D-HWP microhabitats at the J1 stage, and 
H3D-VWP microhabitats at later juvenile stages (Fig. 7). 
In D. labrax, although J2 and J3 juveniles were found in 
both H3D-VWP and V3D-HWP microhabitats, J3 juve-
niles exhibited a significant preference for the V3D-HWP 
microhabitat type (Indval = 55.6, Permutational test, 
p = 0.004, Fig. 7). In A. boyeri and S. pavo, the juveniles 
were largely restricted to V3D-HWP microhabitats at 
the J1 stage, but they then widened their environmen-
tal niche, using both V3D-HWP (Indval = 36.9 and Ind-
val = 7.6, respectively) and H3D-VWP (Indval = 27.8 and 
Indval = 2.2, respectively) microhabitats at the J2 stage 
(Fig. 7). In S. aurata, all the juveniles preferred H3D-VWP 
microhabitats (Indval = 8.0–7.8), but their secondary pref-
erential type of microhabitat shifted from L3D-LWP, at the 
J1 (Indval = 10.5) and J2 (Indval = 11.9) stages, to V3D-
HWP, at the J3 stage (Indval = 5.1, Fig. 7). Finally, at least 
the J1 and J2 juveniles of A. anguilla clearly mainly used 
L3D-LWP microhabitats (Indval = 5.8 to 16.7), but only 
where significant macroalgal cover was observed. Overall, 
the J1 juveniles of most species seemed to prefer V3D-
HWP (4 species) or L3D-LWP (4 species) microhabitats. 
H3D-VWP microhabitats were rather preferred by J2 (3 
species) or J3 (2 species) juveniles, but sometimes along-
side at least one other habitat (4 species).

Discussion

This fine-scale study of the microhabitats and juvenile fish 
assemblages of the Prévost lagoon allowed clarification of 
the value of lagoon habitats as nursery sites for Mediterra-
nean fish. While previous works had highlighted differences 
in environmental quality between lagoons for juvenile fish 
growth and survival (e.g., Vasconcelos et al. 2007; Chaoui 
et al. 2012; Isnard et al.2015), very few attempts had been 
made so far to explain these differences and relate them to 
differences in lagoon habitat characteristics (Franco et al. 
2006a, 2010; Escalas et al. 2015). In this respect, our results 
demonstrate that juvenile fish are not randomly distributed in 
coastal lagoons and that their preferential microhabitats dif-
fer according to both the species and the ontogenetic stage. 
This supports the hypothesis that the value of Mediterranean 
lagoons as nursery habitats for fish is defined at the micro-
habitat scale, with important consequences for both coastal 
fish conservation and lagoon management.

Table 4   Values for the Indval index illustrating the affinity of differ-
ent fish species for the three microhabitat types identified by hierar-
chical clustering (see Fig. 3 for code)

Note that data for the MW site in period 3 and the MI and MW sites 
in period 1 were excluded from this analysis because they were miss-
ing or incomplete

Indval index

L3D-LWP H3D-VWP V3D-HWP

A. anguilla 17.4 3.2 0.4
A. boyeri 1.1 30.9 45.3
C. labrosus 0.0 1.1 10.0
D. labrax 0.3 3.2 84.8
D. sargus 0.0 5.9 6.2
E. russoi 0.0 0.0 8.3
L. aurata 20.7 3.1 0.2
L. ramada 32.3 0.2 0.0
L. saliens 0.0 1.0 15.6
M. cephalus 0.0 16.7 0.0
P. marmoratus 43.5 0.0 0.3
P. microps 1.7 0.0 18.8
S. pavo 0.8 1.7 12.9
S. pilchardus 0.0 0.0 6.7
S. aurata 19.3 34.1 1.0
S. abaster 0.0 3.0 4.6
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Image of the Juvenile Fish Assemblage

The 22 fish species in our captures mainly belonged to nine 
families (Atherinidae, Moronidae, Anguillidae, Sparidae, 
Mugilidae, Gobiidae Blennidae, Soleidae, and Syngnathi-
dae) commonly reported in Mediterranean lagoons (e.g., 
Pérez-Ruzafa et al. 2004; Verdiell-Cubedo 2009; Embarek 
and Amara 2017). This diversity was consistent with the 
recent results from 2-year monitoring of the lagoon’s fish 
assemblage using fyke nets (Bouchoucha et al. 2012) but 
represented only a small fraction of the total number of 
species (61) reported in the lagoon over the past 10 years 
(Kara and Quignard 2018d). This is not particularly sur-
prising as our survey only targeted juvenile stages and 
several species only entered the lagoon as adults. Because 
our survey only lasted from March to October in 2019, we 
also probably missed several rare species and some migra-
tory ones that only visit the lagoon during winter. Lastly, 
most of our catches were made in the shallower parts of the 
lagoon and with a small beach seine, which is most effec-
tive for sampling small, slow-swimming bentho-demersal 
fish (Franco et al. 2012). While small juvenile fish are 
known to concentrate along the shallow banks of coastal 
lagoons (Verdiell-Cubedo 2009), large fish tend to prefer 

deeper areas (Stoll et al. 2008). This partly explains the 
high numerical dominance of A. boyeri juveniles in our 
samples and the low representation of benthic species and 
large specimens in the catch. However, the selectivity of the 
beach seine may also be an important factor in this regard. 
Indeed, although this sampling gear provided the most com-
prehensive estimate of fish diversity at most sites, the use 
of cast and dip nets allowed us to obtain a more complete 
picture of the juvenile fish community at some sites. This 
confirmed the relevance of these two later fishing gears for 
sampling fish in the presence of rocks or thick macroalgal 
mats that reduce the efficiency of the beach seine (Říha 
et al. 2008). In particular, the dip net proved to be the most 
effective in catching the smallest juveniles of most migra-
tory demersal species (e.g., Sparidae and Mugilidae), which 
usually live in small schools and flee or hide quickly at the 
slightest alarm. Unfortunately, the catches with this fish-
ing gear were not standardized enough to be included in 
our quantitative analysis of fish preferential microhabitats. 
However, our results call for the combination of several 
fishing gears with different selectivity and operating modes 
when sampling lagoon juvenile assemblages, not only to 
provide a more realistic picture of the species present, but 
also to better evaluate the respective importance of lagoon 

Fig. 6   Results from the co-inertia analysis confronting environmen-
tal variables (in bold) and juvenile fish abundances (in italic) for all 
periods grouped, projected along the first three dimensions: a plan 
formed by dimensions 1 and 2 and b plan formed by dimensions 2 
and 3. Codes for environmental variables are indicated in Table  2. 
Colors refer to fish species’ preferential type of microhabitat from 

IndVal analysis (see Table 4). In (b), note that a gap was added on the 
axis for dimension 3 in order to allow fitting of the projection for P. 
marmoratus on the graph. Note that data for the MW site in period 3 
and the MI and MW sites in period 1 were excluded from the analysis 
because they were missing or incomplete
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microhabitats of contrasting structural complexity for the 
local juvenile ichthyofauna.

The choice of the spatio-temporal scale is central when 
studying variations in the characteristics of fish assemblages 
and trying to unveil fish habitat preferences in Mediterranean 
lagoons. Indeed, as shown, for example, in the Mar Menor 
(Spain), hydrological conditions, habitat productivity and 
structure, and fish assemblages in these shallow ecosystems 
can all exhibit high variability at different spatial and 
temporal scales (Pérez-Ruzafa et al. 2007b). Lagoon fish 
assemblage, in particular, can vary at small spatial scales, 
depending on substrate type, so sampling at the micro-habitat 
level is essential to properly describe the relationship between 
fishes and lagoon habitats, especially at the juvenile stage 
(Maci and Basset 2009). Lagoon fish assemblages also vary 
on a variety of temporal scales, with seasonal, monthly, but 
also fortnightly changes (Pérez-Ruzafa et al. 2007b). With 
this regard, our sampling strategy allowed us to capture most, 
but not all, of the temporal variability in fish distribution 
over the period surveyed. Indeed, in most sites, sampling 
was conducted on a monthly scale, but only during the day. 

As the catchability and distribution of fish can fluctuate in 
the course of a day according to species’ circadian rhythms 
and feeding periods (Thiel et al. 1995; Rountree and Able 
2007), the spatial image of the juvenile assemblage provided 
here may not be fully accurate, especially for nocturnal 
species. This also likely biased the assessment of the value 
of microhabitats, at least for some species. For example, 
while the juveniles of A. anguilla are usually associated 
with substrates with high complexity (Table 5), we mainly 
captured them at sites where sediment (mud) dominated, 
although covered by dense mats of Ulva spp. Since A. 
anguilla is mainly nocturnal and generally displays cryptic 
behavior during the day (Neveu 1981; Baras et al. 1998), this 
habitat preference might reflect the need for its juveniles to 
hide in macroalgae mats to limit predation during their daily 
resting hours. Night sampling might have revealed a different 
pattern of habitat use for this species, but also for other 
nocturnal feeders such as S. solea and A. boyeri (Lagardère 
et al. 1998; Pulcini et al. 2008). A more comprehensive 
sampling at the nycthemeral scale would therefore allow us 
to considerably deepen our understanding of the value of the 

Fig. 7   Values for the Indval 
index illustrate the affinity of 
the successive juvenile stages 
(J1, J2, and J3) of different fish 
species for the three microhabi-
tat types identified by hierar-
chical clustering (see codes in 
Fig. 2). For each species and 
ontogenetic stage, the number 
of individuals captured is indi-
cated in parentheses. Abbrevia-
tions refer to species’ names: 
A.ang, Anguilla anguilla; 
A.boy, Atherina boyeri; D.lab, 
Dicentrarchus labrax; D.sar, 
Diplodus sargus; L.aur, Liza 
aurata; L.ram, Liza ramada; 
L.sal, Liza saliens; S.aur, Spa-
rus aurata; S.pav, Salaria pavo. 
Note that data for the MW site 
in period 3 and the MI and MW 
sites in period 1 were excluded 
from this analysis because they 
were missing or incomplete
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different types of lagoon microhabitats, notably by assessing 
whether fish juveniles preferentially use them when foraging 
or for protection (Nagelkerken et al. 2015).

Variations in the Global Juvenile Fish Assemblage

In spite of the sampling biases mentioned above, we are 
confident that our study provides relevant information on 
fine-scale spatio-temporal variations in juvenile fish assem-
blages and on juvenile microhabitat preferences for most fish 
species in the Prévost lagoon, at sizes below 10 cm. It is in 
this size range that the information is most valuable because 
the smallest size classes are the most critical for survival 
in fish and the most likely to be sensitive to microhabitat 
features, as small specimens have low swimming abilities 
and therefore require protection from predators (Dahlgren 
and Eggleston 2000; Nagelkerken et al. 2015).

From the temporal point of view, juvenile fish assem-
blages in Mediterranean lagoons are commonly char-
acterized by strong variability due to the seasonality of 
lagoon use by juvenile fish (Aliaume et al. 1993; Malavasi 
et al. 2004; Maci and Basset 2010). This seasonality is 
thought to be mainly driven by species-specific responses 
and adaptability to environmental factors, notably water 
temperature and phytoplanktonic production (Marshall 
and Elliott 1998; Pérez-Ruzafa et al. 2004), or salinity 
(Drake and Arias 1991; Marshall and Elliott 1998). How-
ever, cycles of migration and reproduction of migrant 
and resident fish species, which reflect their evolutionary 
adaptations to exploit environmental conditions favoring 
the growth and survival of their early life stages (Marshall 
and Elliott 1998), can sometimes prevail on seasonal pat-
terns in local environmental parameters (Potter et al. 1986). 
This is apparently the case in the Prévost lagoon. Thus, the 
abundant juvenile catches observed despite the drops in 
both water temperatures and chlorophyll a concentration in 
period 4, were due to the massive recruitment of most local 
resident species, in particular A. boyeri, S. pavo (Table 5), 
P. marmoratus, P. microps, and S. abaster (Franzoi et al. 
1993; Malavasi et al. 2005; Leitão et al. 2006) in the late 
summer-early autumn. Conversely, migratory species like 
S. aurata, L. ramada, L. aurata, and D. labrax, which all 
recruit from early spring to early summer in the Mediterra-
nean (Koutrakis et al. 1994; Mariani 2006; Martinho et al. 
2008), dominated in the comparatively small catches of 
periods 1 and 2.

Besides these biological considerations, disentan-
gling the respective roles of water temperature, primary 
production, and salinity in the spatio-temporal evolution 
of the juvenile fish assemblage in the Prévost lagoon is 

complicated. Temperature is known to have a major influ-
ence on fish physiology and life cycle (Beitinger and 
Fitzpatrick 1979), so juvenile fish assemblage composi-
tion primarily depends on species’ optimal thermal ranges. 
Here though, average temperatures in the lagoon only var-
ied from 12.1 to 28.3 °C, remaining within the tolerance 
range of most of the species captured (Table 5). Therefore, 
even if water temperature probably affects the global list of 
species found in the lagoon, it was not the primary direct 
driver for the observed temporal changes in juvenile fish 
abundance. Nonetheless, in estuarine and lagoon systems, 
the primary productivity cycle coincides with that of tem-
perature, usually peaking in the summer (Murrel and Lores 
2004; Bertolini et al. 2021), and fish abundances, notably 
at the larval and juvenile stages, usually follow this annual 
cycle (Pérez-Ruzafa et al. 2004; Kristiansen et al. 2011). 
Our study tends to confirm this coupling since the global 
juvenile fish abundance in the Prevost lagoon was higher 
during periods 3 and 4 when primary productivity was at its 
highest. However, this trend was primarily due to temporal 
fluctuations in the abundance of juvenile A. boyeri, which 
largely dominated the local catches. Because this pelagic 
species is primarily planktivorous (Table 5), it is not sur-
prising that the evolution of its abundance follows that of 
lagoon planktonic productivity. However, it is possible that 
the dominance of A. boyeri in the catches partly masked 
the contrasted response of other, less abundant, species to 
temporal variations in temperature, at least in certain parts 
of the lagoon. Notably, the fact that S. aurata is sensitive to 
high temperatures (Heather et al. 2018) probably explains 
their lower abundance in period 2 at the only site where 
temperatures > 25 °C were recorded (MW).

Disentangling the respective roles of temperature and 
salinity is also complicated because the two factors globally 
co-varied over much of the period studied. In estuarine envi-
ronments with strong haline gradients, salinity is the main 
driver for species’ distribution, depending on their respective 
tolerance ranges (Gordo and Cabral 2001; Maci and Basset 
2010; Rodríguez-Climent et al. 2013). However, in the Prévost 
lagoon, the salinity range during our survey (25.5–42.9) was 
within the tolerance limits for most species (Table 5), and 
spatial salinity gradients were globally weak irrespective of 
the sampling period. Therefore, temporal changes in salin-
ity probably only influenced the composition of the juvenile 
fish assemblage in certain parts of the lagoon, where extreme 
values were recorded. Notably, the fact that M. cephalus juve-
niles are attracted to lower salinities (Cardona 2006) probably 
explains their exclusive presence in period 4 at the NW site, 
where the minimum salinity in our survey (25.5) was meas-
ured. Differences in the spatial distribution of the two resident 
Gobiidae species captured within the Prévost lagoon in period 
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3 can also partly be attributed to salinity: at this time of the 
year, P. microps, which has higher osmoregulatory abilities 
than P. marmoratus (Rigal et al. 2008), was observed at the 
NE site (where the salinity was above 40), whereas P. mar-
moratus was exclusively observed at MI (where the salinity 
was close to that of the sea).

The limited spatial differences in water parameters in the 
lagoon during each sampling period allowed us to investigate 
the effect of microhabitat structural heterogeneity on 
juvenile fish abundance and diversity. Small-bodied aquatic 
organisms, such as macroinvertebrates and fish juveniles, 
are known to respond strongly to habitat complexity and 
heterogeneity, which provide physical structure for protection 
and offer a diversity of feeding grounds (e.g., Kingsford and 
Choat 1985; Verdiell-Cubedo 2009; Mercader et al. 2017; 
Ferrari et al. 2018). In the Prévost lagoon, the most complex 
and structured microhabitats (H3D-VWP and V3D-HWP 
types), characterized by heterogeneous substrates and/or the 
presence of macrophytes, were those with the highest juvenile 
fish diversity and abundance. In contrast, low values for these 
two parameters were observed in soft-bottom microhabitats, 
notably where the macrophyte canopy was reduced (i.e., in 
the L3D-LWP microhabitat type). Because the presence of 
rocks is scarce in the Prévost lagoon (they are only observed 
in the SE and NW), macrophyte cover can be considered 
the main local source of habitat structural complexity (Menu 
et al. 2019). In this regard, macroalgae were observed in most 
of the sites sampled, while seagrasses were only present 
within a small area surrounding the SW site. Seagrass 
meadows are known to provide refuge and host a diversity of 
prey for juvenile fish, so their contribution to lagoon nursery 
function is largely recognized (Thiriet 2014). This is less 
common for macroalgae beds (McDevitt-Irwin et al. 2016), 
which are considered unstable microhabitats because of their 
seasonal cycle (Holmquist 1997; Bachelet et al. 2000). In the 
present work, the impact of this seasonality on microhabitat 
structure was observed at various sites, notably at SE, where 
macrophyte cover varied markedly according to the period. 
Despite this variability, the attractiveness of macroalgae beds 
for juvenile fish was particularly clear. Indeed, maximum 
values for global fish abundance and species richness during 
the three first sampling periods were consistently observed 
at the NE, SE, and/or NW sites, where macrophyte cover 
and biomass were maximum. This confirmed previous 
suggestions that vegetated microhabitats globally attract 
higher numbers of fish juveniles than bare soft substrates 
(Verdiell-Cubedo 2009), and that macroalgae beds are good 
substitutes for seagrass meadows as nursery habitats for fish 
(Sogard and Able 1991). Even within seagrass beds, the 
presence of macroalgae can increase local fish diversity and 
abundance, as they also enhance protection from predators 

(Adams et  al. 2004; Woodland et  al. 2019) and attract 
many invertebrates (Diehl and Kornijów 1998; Nohrén and 
Odelgård 2010), thus reducing food competition between the 
juvenile fish that feed on epibenthic fauna.

Differences in Juvenile Microhabitat Preferences

This study confirmed that small-scale habitat use within 
Mediterranean lagoons largely differs between species 
depending on their respective morphology and ethology 
(Kara and Quignard 2018d). For example, the fact that S. 
abaster juveniles are almost exclusively found in the pres-
ence of dense macroalgae beds (mainly in Chaetomorpha 
sp. mats) is probably linked to their body shape, which 
allows them to easily camouflage within the macrophyte 
canopy (Malavasi et al. 2007; Selfati et al. 2019). Likewise, 
the fact that P. marmoratus juveniles showed a marked 
affinity for the MI and SW sampling sites, with high sedi-
ment but low macrophyte cover (L3D-HWP microhabitat 
type), is probably due to the fact that Gobiids are morpho-
logically adapted to bare soft substrates, on which they can 
easily hide and camouflage (Anne-Marie et al. 1980). The 
same applies to the few juveniles of S. solea that we cap-
tured in this study (Post et al. 2017). However, species’ 
microhabitat preferences in the Prévost lagoon apparently 
also depended on their diet and feeding behavior. For exam-
ple, the juveniles of L. aurata and L. ramada preferentially 
selected microhabitats with a bare soft substrate and low 
macrophyte cover (L3D-LWP microhabitat type), con-
firming previous similar observations in the Mar Menor 
and Venice lagoons (Franco et al. 2006a; Verdiell-Cubedo 
2009). This is likely due to their diet, as the two species are 
partially detritivores and feed on the fine organic fraction 
of the sediment (Table 5). Similarly, the strong association 
of D. labrax juveniles with high macrophyte covers in our 
study (notably at the SE and NE sites) could be related 
to their diet (Table 5), as this species is known to mainly 
feed on the hyperbenthos (Ferrari and Chieregato 1981; 
Arias and Drake 1990; Franco et al. 2008), which usually 
thrive on macroalgae mats (Bachelet et al. 2000). So far, 
D. labrax juveniles have been reported in various types of 
microhabitats though, ranging from unvegetated mudflats 
to heterogeneous substrates with high macroalgae covers 
(Gordo and Cabral 2001; Malavasi et al. 2004; Verdiell-
Cubedo 2009; Ribeiro et al. 2012). Such diversity might 
reflect local differences in biotic settings among locations, 
as juvenile distribution in fish often aims at avoiding inter-
specific competition for food (Rooper et al. 2006; Nunn 
et al. 2012). This latter strategy is also commonly observed 
in Gobiidae species with similar diets (Wilkins and Myers 
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1992; Leitão et al. 2006). In the Prévost lagoon, this could 
also partly explain, together with the interspecific differ-
ences in salinity tolerance mentioned above, why P. microps 
juveniles were essentially found in V3D-HWP microhabi-
tats (NE), and not where the sediment cover was the high-
est, and P. marmoratus juveniles were mainly found (i.e., 
in L3D-HWP microhabitats).

Studies investigating ontogenetic changes in microhabi-
tat preference during juvenile life are rare for Mediterra-
nean lagoon fish and mostly limited to Diplodus species, 
for which juvenile ontogenetic stages are well described 
(Vigliola and Harmelin-Vivien 2001; Ventura et al. 2014). 
The present work thus provides new insights in this regard. 
It highlighted ontogenetic changes in microhabitat prefer-
ences for most of the fish species investigated. In some 
species, microhabitat changes were particularly subtle. 
⁠For example, despite slightly extending their niche to 
V3D-HWP microhabitats with growth, the juveniles of A. 
boyeri exhibited a wide distribution across the lagoon (at 
all sites but MI) at all periods irrespective of the juvenile 
stage. They only noticeably avoided L3D-LWP micro-
habitats, probably because the low planktonic produc-
tivity associated with low chlorophyll a concentrations 
is detrimental to their zooplanktivorous diet (Table 5). 
Similarly, although S. pavo juveniles widened their envi-
ronmental niche during growth, this shift in habitat pref-
erence was restricted to sites (NE and SE) characterized 
by the notable presence of rocks and macrophyte beds, 
reflecting the documented attraction to complex struc-
tures in Blennidae, which typically seek shelter in cavities 
(Orlando-Bonaca and Lipej 2007). In most species though, 
microhabitat changes with growth were more pronounced. 
Among all the species investigated, ontogenetic changes 
in microhabitat preferences were the most marked in D. 
sargus and L. saliens, which were both found to prefer 
V3D-HWP microhabitats at the J1 stage, and H3D-VWP 
microhabitats at later juvenile stages. In Diplodus species, 
these habitat shifts have been attributed to a progressive 
loss of the larval shoaling behavior and a morphological 
adaptation to the benthic habitat, with a strong prefer-
ence for hard substrates (Vigliola and Harmelin-Vivien 
2001; Ventura et al. 2014). For the other species, the shift 
in microhabitat preference with growth was less marked. 
In D. labrax, it only consisted of an increasing affinity 
for the V3D-HWP microhabitat type, probably due to 
the gradual change of the species’ diet, relying increas-
ingly on benthic invertebrates and small fish (Table 5), 
which thrive in macroalgal beds (Bachelet et al. 2000). In 
S. aurata, the ontogenetic shift in microhabitat use was 
even more gradual, with juveniles widely distributed in 
the lagoon at most periods and using at least two different 

types of microhabitats regardless of the ontogenetic stage. 
As in the Venice lagoon, this progressive change in the 
species’ habitat could reflect its gradual colonization of 
the lagoon ecosystem inwards from the sea inlets (Redolfi 
Bristol 2019). However, the avoidance of the MI site by 
the juveniles of the species and their preference for H3D-
VWP microhabitats at the J2 stage suggest that they are 
also increasingly seeking substantial algal cover, prob-
ably because macroalgae beds attract macroinvertebrates 
(Bachelet et al. 2000), which are increasingly dominant in 
their diet (Table 5). This corroborates previous observa-
tions in the Mar Menor, where the abundance of Sparidae 
juveniles (including S. aurata) is significantly lower on 
sand beaches than in vegetated habitats (Verdiell-Cubedo 
et al. 2007) and probably reflects the progressive shift 
from meiobenthic to macrobenthic prey in S. aurata diet 
(Table 5), as macroinvertebrates are more abundant in 
macroalgae beds (Bachelet et al. 2000).

Implication for Conservation and Management

The most recent definitions for fish nursery sites express 
the need to consider them not as unique optimized habitats 
but as mosaics of microhabitats with different but com-
plementary functions for juvenile fish (Nagelkerken et al. 
2015; Litvin et al. 2018). The overall value of lagoon hab-
itats for a species’ recruitment, therefore, needs to incor-
porate the quality of each of the successive microhabitats 
used during the growth of its juveniles. This implies con-
sidering the spatial diversity of microhabitats and their 
connectivity but also their dynamics, which depend on 
both the seasonal environmental variability and the evolu-
tion of fish needs as they grow. By identifying the most 
attractive environments for different species and at dif-
ferent juvenile stages, our work provides valuable infor-
mation on the microhabitat types to be targeted to pre-
serve and improve the quality of Mediterranean lagoons 
as fish nursery sites. In this regard, our results highlight 
the primary importance of microhabitats with either high 
sediment (MI, SW, NE) or high macrophyte (SE, NW) 
cover. Indeed, all the main resident species of commercial 
interest in the lagoon (A. boyeri, P. marmoratus, and P. 
microps) and most of the migratory ones (e.g., S. aurata, 
A. anguilla, D. sargus, D. labrax, S. solea, L. aurata, L. 
ramada, and L. saliens) were found to use them preferen-
tially, at least during one stage of their juvenile life. As 
these two types of habitats are common in Mediterranean 
lagoons, where they usually spread over a significant part 
of the surface area (Menu et al. 2019), it is likely that 
they highly contribute to the lagoon’s overall importance 
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for the successful recruitment of coastal fishes (Sogar 
and Able 1991; Adams et al. 2004; Verdiell-Cubedo et al. 
2013). In fish, the earliest juvenile stage is the most vul-
nerable, and many species tend to settle at sites of high 
structural complexity where they can easily hide from 
predators (Tupper and Boutilier 1995; Caddy 2008). How-
ever, as observed in the present work, this does not apply 
to species like gobiids or flatfishes whose protection and 
feeding rely on bare substrates (Le Luherne et al. 2016). 
Given the diversity of feeding guilds and the high num-
ber of species exploiting the same resources in the fish 
assemblage of the Prévost lagoon (Table 5), the overall 
diversity of the microhabitats and the high global produc-
tivity in this typical Mediterranean lagoon probably both 
contribute to reducing competition for food and sustain-
ing high juvenile growth and body condition (Willemsem 
1980; Isnard et al. 2015). However, even for a given spe-
cies, the growth and body condition of the juveniles can 
vary greatly depending on their spatial distribution within 
the lagoons due to marked differences in the quality or 
quantity of local resources (Escalas et al. 2015). Further-
more, fish microhabitat preferences do not necessarily 
allow identification of where the best conditions for their 
growth are found. Indeed, fish distribution results from 
a mix of abiotic factors but also from complex inter- and 
intra-specific interactions. As shown for A. boyeri (Maci 
and Basset 2010), the earliest stages in fish can be pref-
erentially observed at lagoon sites where environmental 
conditions (e.g., extreme salinities) exclude some preda-
tors but lower body conditions. Therefore, once preferred 
microhabitats are identified for a given species, we sug-
gest that physiological stress and body condition should 
also be assessed against food availability, environmental 
parameters, and predation rates to conclude their potential 
quality as nursery sites for fish.

The results of the present work also highlight that the 
microhabitats of lagoon ecosystems are largely intertwined 
when considering their use as fish nurseries. This con-
nectivity results both from the temporal variability in the 
extent and spatial location of microhabitat types within each 
lagoon and from ontogenetic changes in microhabitat pref-
erence during the juvenile life of fish. Given the economic 
importance of fish (e.g., Emiroglu and Tolon 2003) and the 
primary ecological role of their juveniles in lagoon food 
webs, the potential impact of human intervention in lagoons 
(even if minor and localized) on the overall quality of these 
ecosystems for juvenile fish should be carefully consid-
ered for the sustainable management of lagoons but also 
of coastal fisheries. For example, even in large lagoons, the 
mere creation of some sandy beaches along the shores has 
been shown to result in a significant loss of overall lagoon 

fish diversity, through the resulting homogenization of the 
environment and the reduction of the structural complexity 
of key shallow habitats (Pérez-Ruzafa et al. 2006; Verdiell-
Cubedo et al. 2007). Meanwhile, the construction of break-
waters may locally increase the abundance and diversity 
of fish but alter the quality of the water and sediments in 
their area of influence (Pérez-Ruzafa et al. 2006). This calls 
for particularly high caution when planning the develop-
ment and positioning of human activities in coastal lagoons. 
From another point of view, the local creation of artificial 
habitats adapted to the needs of juvenile fish but not adding 
pressure on the ecosystem could be considered, especially 
when the restoration of natural habitats is impossible or 
slow (Mercader et al. 2017). All these actions should be 
carried out considering local temporal fluctuations in the 
spatial extent and location of lagoon microhabitat types 
and their successive use at different ontogenetic stages by 
several fish species.

Conclusion

The present study provides valuable insights into the role 
of microhabitat diversity and variability in coastal lagoons 
in determining the final value of these heterogeneous eco-
systems as nursery sites for fish. In particular, it highlights 
that even within small lagoons, differences in environmen-
tal characteristics are not only marked but also dynamic, 
with important consequences for the attractiveness of each 
lagoon area for young fish. Although an overall preference 
for lagoon areas with substantial macrophyte cover and 
three-dimensional habitat structure was observed, micro-
habitat preferences were found to be both species and 
ontogenetic stage dependent, with more contrasting envi-
ronmental requirements in early juveniles. These findings 
are in line with recent clarifications of the fish nursery con-
cept, which stress the importance of considering each nurs-
ery area as a landscape of (micro)habitats with potentially 
different but complementary ecological functions for juve-
nile fish (Nagelkerken et al. 2015; Litvin et al. 2018). For a 
full understanding of the value of coastal lagoons as nurs-
ery sites for fish, the information gathered here needs to be 
further developed by comparing the microhabitat prefer-
ences of juvenile fish between different lagoons, or even 
different types of coastal ecosystems, in the Mediterranean 
and beyond. This research should consider the effects of 
global change, as the impact of increasing climatic and 
anthropogenic pressures in the littoral zone threatens many 
coastal environments and will probably affect their quality 
as nursery sites for juvenile fish.
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