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Abstract
Coastal ecosystems act as spawning grounds, settlement areas or nurseries for a diversity of fish species. Today, these eco-
systems are under various anthropogenic stressors. One of these disturbances is the structural modification of the shallow 
littoral by coastal infrastructure such as ports, piers, marinas and roads. Here, we investigate whether there are differences 
between modified (artificial) and non-modified (natural) habitats in central Greece in terms of the fish assemblage structure, 
species diversity and richness, fish abundance and the proportion of juveniles. We carried out underwater visual census from 
September 2020 to August 2021 across two habitats (natural and artificial) in three locations of central Greece. The fish 
community and Shannon diversity index did not vary across habitat type; however, both species richness and total abundance 
were significantly higher in artificial habitats. The abundance of five (out of ten examined in total) taxa was significantly 
affected by habitat type. Higher abundance in the artificial habitat in the warmer or more productive months was found, 
possibly relevant to food availability. The significance of habitat interactions with location and the temporal component in 
community composition and species abundance models indicated intense heterogeneity in species-specific occupancy and 
may be linked to the type and characteristics of artificial habitats. Modeling of the percentage of small-sized individuals 
indicated patterns of juvenile occupancy requiring further investigation about the potential role of artificial habitats for some 
species. Future research should examine the impact of specific artificial habitat types on population dynamics and investigate 
the implications of artificial habitat construction for conserving fish diversity and maintaining coastal ecosystem functioning.
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Introduction

Coastal areas comprise important ecosystems because of 
characteristics such as their high productivity and diversity 
(Airoldi and Beck 2007; Seitz et al. 2014). A high diversity 
of species is found in coastal habitats, as these often play an 
important role for their life cycle as, e.g., spawning or nurs-
ery grounds (Costanza et al. 1997; Somarakis and Machias 
2002; Kiparissis et al. 2008; Tiralongo et al. 2021). The 
shallowest part of the coastal zone, the shallow littoral, is 
located at the interface of its neighboring marine and ter-
restrial environments and thus has unique environmental 

characteristics (Ray 1991). Shallow littoral habitats can, 
therefore, be crucial environments for fish (Valesini et al. 
2004) and may serve as settlement areas for various fish 
species (Biagi et al. 1998). Predation avoidance is another 
important function of these areas, especially for fish juve-
niles (e.g., Mavraki et al. 2016; Munsch et al. 2017). In addi-
tion, areas of the shallow littoral can have a role as nursery 
grounds making them critical for the conservation of fish 
diversity and even the maintenance of fisheries resources 
(Nagelkerken et al. 2015; Cheminée et al. 2021). It has even 
been demonstrated that the shallow littoral can play distinct 
roles in different ontogenetic stages of one species, e.g., 
functioning as a spawning ground and as a refuge until the 
metamorphosis of larvae to juveniles—with absence of indi-
viduals between these ontogenetic stages from this habitat 
(Polte et al. 2017).

Coastal areas constitute the marine zones most impacted 
by anthropogenic pressures (Islam and Tanaka 2004; Halp-
ern et al. 2008). The types of impacts are diverse, and their 
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level is unprecedented today (Crain et al. 2009). Degradation 
has often modified coastal habitats resulting in their failure 
to operate as nurseries, feeding or spawning grounds (Beck 
et al. 2001; Worm et al. 2006). Consequently, it is of utmost 
importance to determine the impact of anthropogenic stress-
ors, especially on the communities of the shallow littoral 
habitats that, due to their proximity to land, are the most 
prone to be affected, as wide-scale disturbances affecting the 
relative abundance of habitat types may have a significant 
effect on biodiversity (Fraschetti et al. 2001). Considering 
the importance of this environment for fish life cycle, it is 
important to examine the impacts of stressors throughout the 
annual cycle in order to associate them with specific phases 
of the biology of populations or aspects of their ecology.

One of the most evident disturbances on the coastal zone 
is its construction and structural modification, as the intensi-
fying coastal urbanization has resulted in the transformation 
of the coastal seascape worldwide. For example, about 19% 
of the European Union’s coastline is affected by alterations 
in seabed habitats due to urbanization, port and flood pro-
tection infrastructures, boating, or land reclamation (EEA 
2019). In Europe, especially in the Mediterranean Sea, the 
coastal strip has been modified by human infrastructure and 
activity (Airoldi and Beck 2007). The impact of the resulting 
constructions such as breakwaters and jetties, piers, marinas, 
coastal walls and defenses or roads may be the physical mod-
ification of natural habitats or their fragmentation (Bulleri 
and Chapman 2010). Coastal infrastructures are usually built 
without prior assessment of their potential impacts on the 
physiology, behavior and dynamics of marine populations 
(Pastor et al. 2013). Depending on the surrounding habitats, 
the effects can be diverse (Bulleri 2005) and may even add 
novel habitat to the coastal zone, e.g., when built on soft 
substrates (Guidetti 2004) or interact with other anthropo-
genic stressors like light pollution affecting the distribution 
and behavior of coastal populations (Georgiadis et al. 2014).

Shoreline modifications associated with artificial habi-
tat have a variety of physical and biological effects such 
as changes in substrate, slope, water depth, circulation 
and shoreline vegetation. These affect fish in aspects such 
as behavior, feeding, diet, predation avoidance, mortality, 
growth, spawning, habitat partitioning between sizes and 
ontogenetic shifts (e.g., Duffy-Anderson and Able 1999, 
2001; Toft et  al. 2007; Munch et  al. 2014, 2016). For 
example, poor feeding conditions and suboptimal foraging 
are experienced by fish distributed under or around piers, 
potentially linked to lower growth and higher mortality rates 
(Duffy-Anderson and Able 1999). Shoreline modification 
affects the availability and consumption of epibenthic prey 
(Morley et al. 2012) or may even result in fish switching 
from benthivory to planktivory (Munch et al. 2015). For spe-
cies like Pseudopleuronectes americanus, juvenile feeding 
is suppressed under piers despite the presence of sufficient 

prey, suggesting that piers are unsuitable long-term juvenile 
habitats (Duffy-Anderson and Able 2001). Egg deposition 
of intertidal spawners may also be affected, as shown by 
a reduction of Menidia menidia egg densities in artificial 
habitats (Balouskus and Targett 2012). Furthermore, arti-
ficial shoreline replacing natural spawning beaches with 
impervious, unvegetated substrate may result in increased 
embryonic mortality due to excessive exposure to sun-
light, heat and dryness (Rice 2006). Due to the existence of 
shoreline modifications that truncate the littoral zone, fish 
that would typically be spread-out over a broad area may 
aggregate against the shoreline instead (Toft et al. 2007). As 
smaller fish generally tend to occupy shallower depths where 
predators are less abundant, the replacement of natural small 
inclination with steeper inclination may result in the lack 
of protective shallows and the presence of larger predators 
(Munsch et al. 2016).

Various works have investigated the impact of construc-
tions such as seawalls, piers, bridges and ripraps on fish 
abundance (Toft et al. 2007; Able et al. 2013; Pastor et al. 
2013; Grothues et al. 2016) or on assemblage composition 
and diversity (Bilkovic and Roggero 2008; Guidetti 2004; 
Munch et al. 2014; Riofrío-Lazo et al. 2022). Overall, as the 
modified habitat creates novel conditions, this may result 
in decreases (e.g., Hendon et al. 2000) or increases (Pastor 
et al. 2013) to the abundance of a specific taxon, which may 
in turn affect the entire community. Nekton density, species 
richness, and density of dominant species are higher along 
natural beach shorelines relative to adjacent artificial riprap 
(Torre and Targett 2016). Multi-annual monitoring has 
linked lower annual stability of fish communities to artificial 
substrate (Scyphers et al. 2015). Juvenile fish assemblages 
may also be affected by artificial habitat as a consequence of 
factors such as structural complexity, shading or water depth 
(Duffy-Anderson et al. 2003). For a more detailed account 
of the impacts of shoreline armoring and modifications see 
Munsch et al. (2017). From the above, it is evident that the 
effects of artificial habitat on fish abundance can be diverse 
and their impacts not necessarily direct or straightforward 
(e.g., Pastor et al. 2013 document that artificial defense 
structures can act as artificial nurseries but may also cause 
the loss of the nursery function of neighboring habitats like 
lagoons). Therefore, before setting specific questions about 
the functional effect of artificial habitat on fish populations 
and their fitness, it is essential to study the fish community 
over anthropogenic habitat. Considering the importance of 
the shallow littoral for juvenile fish, it is essential to better 
understand the patterns of association between juvenile and 
adult fish and anthropogenic habitats.

The aim of this work is to investigate whether there are 
differences between modified (artificial) and non-modified 
(natural) habitats in central Greece in terms of: (a) the struc-
ture of fish assemblages, (b) total fish abundance, species 
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diversity and species richness, (c) abundance of the most 
dominant fish taxa and (d) the ratio of juveniles, and to doc-
ument whether these differences are consistent across the 
temporal component and between different sites.

Methodology

Sampling

We sampled with underwater visual census from September 
2020 to August 2021 in three locations of the western Korin-
thiakos Gulf: Rio, Arachovitika and Psathopirgos (Fig. 1). The 
locations were selected after preliminary coastal observations 
and dives in order to ensure that in each one a coastal transect 
would be feasible in two separate habitats acting as sampling 
stations: one with a natural coastal substrate and coastline and 
another one with an artificial/anthropogenic coastal substrate. 
In Rio, the anthropogenic substrate was the wall of the local 
fortress (built during the fifteenth century), in Arachovitika, it 
was a cement pier of the local marina enhanced with boulders 
for support and in Psathopirgos, it was the coastal fortification 

built next to the beach road. In each location, a coastal strip 
transect parallel to the artificial substrate was determined with 
a length of 30 m and a width of 2.5 m and constituted the 
structurally modified habitat. Within a distance of 10–50 m 
from the edge of this station, a transect parallel to the natu-
ral coastline and with equal dimensions was determined as 
the natural habitat. The close proximity of the two habitats 
(within each location) allowed for the maximum possible 
similarity between them in all aspects (e.g., waves, current 
regime, and exposure) apart from the habitat origin and type 
under the planned experimental design. All sampling stations 
had a depth ranging from 1.5 m to 4.0 m. Overall, we sampled 
two transects per month in each station, resulting to the fol-
lowing sampling plan:

3 locations (Rio, Arachovitika, Psathopirgos)

× 2 habitats (natural − anthropogenic)

× 2monthly dives in each site

× 12months(September 2020 − August 2021)

= 144 sampling units (transects)

Fig. 1  A Location of the three sampling locations in continental cen-
tral Greece (Ara: Arachovitika, Psa: Psathopirgos) and drone photos 
of sampling locations with an approximate delineation of the strip 

transect of each habitat (yellow: natural, orange: artificial), specifi-
cally B Rio, C Arachovitika, and D Psathopirgos
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As the coastal fish communities vary with time of day 
(Willis et al. 2006; Samourdani and Tzanatos 2022), all tran-
sects were sampled after noon (from 14:00 to 17:00). During 
sampling, the observer carried out the visual census while 
snorkeling across the transect length. Each strip transect was 
outlined with two 30 m measuring tapes that were unfolded 
and laterally connected with ropes of 2.5 m length to keep 
the transect dimensions (all anchored with lead weights to 
maintain their position on the seabed. The diver would enter 
the sea, set up the transect and then exit the transect area and 
remain inactive nearby for ~ 10’ to allow the fish that might 
have been disturbed to resettle and resume their previous 
behavior. Transects on both habitats (natural-artificial) of the 
same location were performed on the same day.

In each transect, the observer would swim over the deline-
ated area at a speed of ~ 5 m per minute, that has been docu-
mented as suitable for visual census of fish (Clynick et al. 
2008), even though optimal speed depends on the species to 
be observed and their mobility (De Girolamo and Mazzoldi 
2001). The observer would note each grouping of fish of the 
same taxon that constituted a clearly identifiable association 
of individuals (e.g., behaving with some sort of coordination 
or with a clear spatial or behavioral interaction) as a group, 
hence during a transect more than one group of the same 
species might be observed. The abundance of individual fish 
in a group was noted as a code with the following distinct 
categories: Α: 1 (the “group” consisting of a solitary indi-
vidual not interacting with other conspecifics), Β: 2, C: 3, 
D: 4, Ε: 5, F: 6–10, G: 11–20, H: 21–30, Ι: 31–50, J: 51–100 
and K: > 100 individuals. For each fish taxon, three size 
groups were identified, namely: small, medium and large. 
The size groups’ limits for each species were determined 
in preliminary observations as approximate sizes that the 
observer defined, was trained to identify and could easily 
distinguish; they are presented in Table 1. Each fish group 
observed was characterized accordingly with regard to the 
dominant size (in almost all cases fish individuals within a 
group belonged to a single size group). As we did not have a 
means of verification of our visual size assignment, in cases 
of ambiguity (when the fish looked to be on the size limit 
between two groups), we followed a conservative approach 
placing the individual or group to the medium size. Total 
taxon abundance was estimated by adding the abundances of 
all the taxon size categories observed in the transect.

Analysis

The Bray–Curtis similarity matrix of the littoral fish com-
munity composition was analyzed using the Permuta-
tional analysis of variance (PERMANOVA) in order to 
detect whether there were significant differences in com-
munity composition between different locations, habitats 
and sampling months (including the explanatory variable 

interactions). Habitats were considered to have a fixed 
effect while the effect of locations and months was consid-
ered as random in the analysis. We also used the similarity 
percentage analysis (SIMPER) to attribute the observed 
dissimilarity across habitats to specific taxa.

Table 1  Approximate lengths of the size class distinction limits by 
taxon

Ten most abundant species (whose abundance was analyzed) denoted 
in bold. Five species whose small size class abundance were analyzed 
as a proxy of juvenile abundance denoted by an asterisk

Taxon Approximate size limits (cm)

Small Medium Large

Atherina sp.  < 5 5–10  > 10
Belone belone  < 15 15–30  > 30
Boops boops  < 5 5–12  > 12
Chromis chromis*  < 5 5–10  > 10
Coris julis*  < 8 8–15  > 15
Dicentrarchus labrax  < 16 16–32  > 32
Diplodus annularis  < 5 5–10  > 10
Diplodus puntazzo  < 10 10–20  > 20
Diplodus sargus*  < 8 8–15  > 15
Diplodus vulgaris*  < 8 8–15  > 15
Fistularia commersonii  < 32 32–64  > 64
Labrus merula  < 13 13–27  > 27
Labrus viridis  < 13 13–27  > 27
L. lepadogaster  < 2 2–4  > 4
Lithognathus mormyrus  < 10 10–20  > 20
Mullus barbatus  < 8 8–15  > 15
Oblada melanura  < 8 8–14  > 14
Sarpa salpa  < 8 8–15  > 15
Scorpaena porcus  < 16 16–32  > 32
Serranus hepatus  < 5 5–10  > 10
Serranus scriba  < 10 10–20  > 20
Sparus aurata  < 5 5–10  > 10
Symphodus cinereus  < 5 5–10  > 10
Symphodus melanocercus  < 12 12–24  > 24
Symphodus ocellatus  < 10 10–20  > 20
Symphodus roissali  < 2 2–4  > 4
Symphodus rostratus  < 4 4–8  > 8
Symphodus tinca  < 6 6–12  > 12
Syngnathus sp.  < 4 4–8  > 8
Trachinotus ovatus  < 5 5–10  > 10
Trachinus draco  < 14 14–28  > 28
Tripterygion sp.*  < 8 8–15  > 15
Gobiidae Various species–species specific
Bleniidae Various species–species specific
Other Labridae  < 8 8–15  > 15
Other Mugilidae  < 16 16–32  > 32
Other Scorpaenidae  < 5 5–10  > 10
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Regarding total abundance and community composition, 
total fish abundance (sum of the abundance of all taxa), 
Shannon diversity index and species richness (number of 
species) recorded in each transect were analyzed through 
generalized additive models (GAMs). GAMs are non-par-
ametric generalizations of the multiple linear regression 
having fewer limitations on the underlying data distribution 
(Hastie and Tibshirani 1990). Date was used as a continu-
ous explanatory variable, while location (Rio, Arachovitika, 
Psathopirgos) and habitat (Anthropogenic and Natural) were 
used as categorical explanatory variables. Habitat was con-
sidered as a fixed effect in the models, while location was 
considered to have a random effect (varying intercept) on our 
response variables. In addition to assessing a main temporal 
effect in the GAM models, a habitat specific temporal effect 
was also examined. Intrinsic variance among the three dif-
ferent locations that potentially differentiate the temporal 
effect or the effect of habitat was incorporated in the models 
by applying a varying smoother by location. These model 
adjustments are equivalent to the two-way interactions exam-
ined in the PERMANOVA (date × habitat, date × location, 
habitat × location, respectively) thus enabling the approxi-
mate estimation of the relevant p-values (Wood 2013). These 
varying smoothers are in effect (but not in the strict sense) 
equivalent to a three-way interaction, as a different relation-
ship can be estimated for each combination of factors, but 
no three-way interaction (as a tensor smooth product of the 
three covariates) probability is estimated. Temporal correla-
tion, implied by the repeated nature of the transects across 
the sampling stations, was examined by evaluating residual 
autocorrelation—with a lag from 2 up to 5 previous sam-
pling dates (which corresponds to up to two months lag)—in 
the models. Temporal autocorrelation was not found to be 
significant enough to incorporate a correlation structure in 
our models.

To determine the factors affecting the abundance fluctua-
tions of individual taxa, the abundance of the most important 
ten taxa (in descending order: Chromis chromis, Atherina 
sp., Boops boops, Coris julis, Sarpa salpa, Diplodus sar-
gus, Tripterygion sp., Diplodus vulgaris, Diplodus annula-
ris, Oblada melanura) were also modeled through GAMs. 
Habitat, location, date and their first-level interactions were 
included in the models as potential explanatory variables 
with a model configuration similar to the one described 
above.

Finally, to determine the effect of these factors on juve-
niles, we modeled the effect of location, habitat and date 
on the percentage of juveniles for the most dominant taxa. 
For this, we divided the abundance of the “small” size class 
of each taxon with the total abundance of that taxon within 
each transect. Even though the small size class, as it was 
recorded during visual census, does not necessarily corre-
spond exactly to the young-of-the-year size class of each 

taxon, it was considered as an adequate representation of 
the abundance of the juveniles of the respective species. 
For some species, either the “small” size class was rarely 
recorded (the frequency of observation of the “small” size 
was very low) or the abundance of “small” sized individuals 
in comparison to the total abundance was very low (resulting 
in very low percentage values); therefore, we did not analyze 
the taxa whose juveniles were: (a) recorded in less than 20 
(out of the total 144) transects or (b) whose juvenile abun-
dance represented less than 20% of the total abundance. As 
a result, Generalized Additive Modeling was carried out for 
the juvenile percentages of the following taxa: C. chromis, 
C. julis, D. sargus, D. vulgaris and Tripterygion sp.

All GAM analyses were carried out in R language (R 
Development Core Team 2021), using the library mgcv 
(Wood 2006). The multivariate analyses of fish community 
were carried out in PRIMER 6 (Clarke and Gorley 2006; 
Anderson et al. 2008). Over-fitting in GAMs was avoided 
by limiting the maximum number of degrees of freedom in 
the splines to four by setting the number of knots used in 
the smoother to five (Zucchetta et al. 2010). The selected 
suitable distributions for the response variables were the 
Negative Binomial for species abundance (with a log link), 
the Binomial for juvenile percentages (with a logit link) 
and a Poisson–Gamma mixture (Tweedie family with a log 
link) for the Shannon diversity and species richness indices. 
Model selection was performed automatically (during model 
fitting in mgcv package) by imposing an extra penalty on 
the null space of spline basis on top of the range space pen-
alty (Marra & Wood 2011). This way all models retained all 
aforementioned explanatory variables and their interactions, 
for consistency, while the double penalty approach could 
select out not significant covariate smooths. For all models, 
predicted values of the response variables were computed 
and presented for the three-way interaction of the covariates: 
date, habitat and location (extensive partial effects of the 
covariates and their first-level interactions are presented in 
the Supplement). The level of statistical significance for all 
inferential tests was set at α = 0.05.

Results

Littoral fish community

In total, 37 fish taxa were recorded (Supplementary 
Table S1). The most abundant taxa were: C. chromis (mean 
abundance of individuals per transect, m = 21.2, standard 
deviation, s = 42.7), Atherina sp. (m = 18.4, s = 51.7), B. 
boops (m = 9.8, s = 30.8), C. julis (m = 7.2, s = 6.8) and 
S. salpa (m = 4.7, s = 16.1), while those most frequently 
recorded were: C. julis, (frequency of observation out of 
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144 transects, f = 113), C. chromis (f = 103), Serranus scriba 
(f = 79), D. vulgaris (f = 75) and Blenniidae (f = 74).

The PERMANOVA indicated a complex, three-way inter-
action between location, habitat and month (Table 2). Post-
hoc pairwise comparisons between habitats for each location 
and month indicated that, over the entire sampling period, 
the two habitats differed significantly in community compo-
sition ten times in Arachovitika, three times in Psthopyrgos 
and five times in Rio (Supplementary Table S2). According 
to SIMPER results, from the ten times at which community 
composition differed between natural and anthropogenic 
habitat in Arachovitika, C. chromis was among the five 
most important taxa eight times, Atherina sp. seven times, 
D. annularis and Gobiidae six times each, C. julis and Trip-
terygion sp. four times each, D. sargus, O. melanura and 
S. salpa each three times, Blenniidae and B. boops twice 
each and D. vulgaris and Mullus barbatus once each. In 
Psathopyrgos, only a few species contributed to dissimilarity 
between habitats in the three months that these were docu-
mented, namely: C. chromis all three times, Tripterygion 
sp. twice and Atherina sp., D. sargus and Mugilidae one 
time each. Finally, in Rio, from the five times of different 
community composition between natural and anthropogenic 
habitat, C. chromis was among the five most important spe-
cies for dissimilarity all five times, C. julis and D. vulgaris 
four times, Atherina sp. and Mugilidae two times each and 
S. salpa, B. boops and L. mormyrus one time each.

Total abundance, diversity and richness

All explanatory variables date, habitat and location (but 
not their interactions) had a significant effect on total fish 
abundance (Table 3). Total abundance increased with 
date (Suppl. Figure 1), was higher in artificial (m = 109.5, 
s = 78.4) than natural habitats (m = 69.4, s = 68.8) and the 

highest values were recorded in Arachovitika (m = 110.6, 
s = 78.3), while the lowest were found in Rio (m = 73.3, 
s = 72.0), as also indicated in the model predictions of total 
abundance temporal dynamics for each habitat by location 
(Fig. 2A).

Shannon diversity index H varied across locations and 
dates and also there was a significant interaction of habitat 
and date (Table 3). Diversity was higher in August–Septem-
ber and lower in January–February with the highest values 
recorded in Arachovitika and the lowest in Rio (Suppl. Fig-
ure 2). A steady temporal increase of diversity was observed 
in artificial habitats, while in the natural ones, two local 
maxima appeared in November also evident in the pattern 
of model predictions in Fig. 2B.

Statistically significant differences in species richness 
were documented across all main factors and also for the 
interaction of location and date (Table 3). Overall, species 
richness was minimal in January and maximum in Septem-
ber, higher in artificial than natural habitats and the highest 
in Arachovitika and the lowest in Rio. However, different 
patterns in species richness dynamics were documented 
across locations (Suppl. Figure 3), resulting in predictive 
models of consistently higher richness in artificial habitats, 
albeit at different levels and with small differences in the 
temporal pattern across the three locations (Fig. 2C).

Table 2  Summary of the PERMANOVA results on the effect of the 
explanatory variables Location, Habitat and Month and their interac-
tions on the fish community

Statistically significant effects are indicated in bold
Df degrees of freedom, MS mean squares

Factor df MS Pseudo-F P (perm)

Location 2 17,635 5.3292 0.001
Habitat 1 24,895 0.98013 0.506
Month 11 6636.4 2.0055 0.001
Location × Habitat 2 25,208 8.6349 0.001
Location × Month 22 3309.1 1.7674 0.001
Habitat × Month 11 3169.8 1.0858 0.297
Location × Habitat × Month 22 2919.4 1.5593 0.001
Residuals 72 1872.3
Total 143

Table 3  Summary of the results of the Generalized Additive Models 
of total fish abundance, Shannon diversity index and species richness 
using Habitat, Location and Date and their first-level interactions as 
explanatory variables

Statistically significant effects are indicated in bold
edf estimated degrees of freedom by the model optimization process, 
DE Percentage of deviance explained by the model

Depend. variable Covariate edf Chi-square p

Total abundance Date 0.88 6.886  < 0.001
(DE: 25%) Habitat 0.9 9.047  < 0.001

Location 1.53 7.117 0.001
Date × Habitat 1.45 2.351 0.116
Date × Location 1.65 2.613 0.132
Location × Habitat 1.03 5.075 0.114

Shannon H Date 1.71 5.557 0.001
(DE: 36%) Habitat 0 0 0.554

Location 1.82 21.061  < 0.001
Date × Habitat 3.6 7.864 0.033
Date × Location 0 0 0.480
Location × Habitat 1.04 2.433 0.325

Species richness Date 4.48 57.699  < 0.001
(DE: 71%) Habitat 0.7 2.954  < 0.001

Location 1.82 33.047  < 0.001
Date × Habitat 1.8 3.296 0.099
Date × Location 5.41 21.817  < 0.001
Location × Habitat 2.17 66.239 0.329
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Abundance of dominant species

Neither any of the factors date, habitat and location, nor 
any of their interactions had a significant effect on the 
abundance of Atherina sp. (Table 4, Supplementary Fig. 4, 
Fig.  3A). Despite a non-significant effect, there was a 
temporal trend in this species abundance that was low in 
November (no individuals of this taxon were recorded in 
December) and maximum in May (m = 74.6, s = 115.8). 
Only date had a significant effect on the abundance of B. 
boops (Table 4, Supplementary Fig. S5). B. boops also had 
the highest abundances in Psathopirgos (m = 16.2, s = 36.6), 

but the lowest ones were in Arachovitika (m = 2.8, s = 9.3). 
The lowest abundances of this species were recorded from 
July to November, while the highest was recorded in May 
(m = 31.1, s = 61.1) resulting in model predictions of max-
imum abundances from March to May depending on the 
location (Fig. 3B). C. chromis abundance was found to vary 
significantly across locations and habitats and also depended 
on their interaction and the interaction of location with 
date (Table 4). It had significantly higher abundance in the 
artificial habitats (m = 34.3, s = 53.2) than the natural ones 
(m = 8.2, s = 22.2). The highest abundance of this species 
was found in Arachovitika (m = 31.0, s = 56.1), while the 

Fig. 2  Generalized Additive Model predictions of A total fish abun-
dance, B Shannon diversity index and C species richness based on 
the partial effects of Habitat, Location and Date and their interac-

tions. Shaded lines indicate 95% confidence intervals. Day num-
ber = 0: 25/9/2020 (first sampling day)



 Marine Biology (2023) 170:105

1 3

105 Page 8 of 20

lowest was recorded in Psathopirgos (m = 8.8, s = 25.8). The 
lowest abundance of this species was recorded in Febru-
ary (m = 4.1, s = 5.5), while high abundances were found 
in April (m = 48.1, s = 75.9), September (m = 44.6, s = 81.1) 
and October (m = 41.1, s = 61.3). The interaction plots indi-
cated higher abundances of this species in artificial habitats 
in Arachovitika and Rio, but slightly lower in Psathopir-
gos. There, the interaction with time also hinted at com-
plex dynamics (Supplementary Fig. 5). Consequently, the 
predictive model indicated constantly higher abundance in 
the artificial habitat is Arachovitika and Rio, but lower in 
Psathopirgos (Fig. 3C). Significant differences in the abun-
dance of C. julis were found in the different habitats and 
across time and also on the interaction of location with time 
(Table 4). Higher abundances of C. julis were documented 
in natural habitats. The maximum abundances of this spe-
cies were recorded in July (m = 11.5, s = 6.9) and August 
(m = 10.3, s = 8.6), while the lowest were in April (m = 4.7, 
s = 5.3). The interaction of location with date showed a 
rather complex pattern in Rio (Supplementary Fig. S7). As 
a result, contrasting patterns between Arachovitika and Rio 
were documented between the artificial and the natural habi-
tat (in Arachovitika higher abundance in the artificial habitat 
while in Rio the opposite) in the predictive model (Fig. 3D); 
in Psathopyrgos the initial higher abundances observed in 
the artificial habitat ended with the confidence intervals of 
the two habitat types highly overlapping. 

Habitat, date and all interactions had a significant effect 
on the abundance of D. annularis (Table 4). Its abundance 
was higher in artificial habitats (m = 4.6, s = 7.0) than natural 
ones (m = 1.1, s = 2.5). It showed a complex temporal trend 
with minimal abundance in April (m = 0.5, s = 1.0) and max-
imum in August (m = 5.7, s = 7.9). However, all interaction 

Table 4  Summary of the results of the Generalized Additive Models 
of fish abundance for the 10 dominant taxa using Habitat, Location 
and Date and their first-level interactions as explanatory variables

Taxon Covariate edf Chi-square p

Atherina sp. Date 0.56 1.172 0.120
(DE: 6%) Habitat 0 0 0.870

Location 0 0 0.640
Date × Habitat 0 0 0.570
Date × Location 1.1 1.191 0.340
Location × Habitat 0 0.001 0.640

Boops boops Date 2.34 13.313  < 0.001
(DE: 27%) Habitat 0 0 1.000

Location 0 0 0.900
Date × Habitat 0 0 0.830
Date × Location 2.2 2.99 0.200
Location × Habitat 0 0 0.970

Chromis chromis Date 1.3 2.407 0.054
(DE: 59%) Habitat 0 0 0.008

Location 0 0 0.001
Date × Habitat 0.39 0.375 0.332
Date × Location 3.73 10.147 0.006
Location × Habitat 4.8 98.974  < 0.001

Coris julis Date 2.03 8.271  < 0.001
(DE: 61%) Habitat 0.36 0.529  < 0.001

Location 0 0 0.829
Date × Habitat 1.24 2.308 0.083
Date × Location 3.18 6.539 0.035
Location × Habitat 4.54 1690.964 0.098

Diplodus annularis Date 4.45 19.645  < 0.001
(DE: 81%) Habitat 0.12 0.137 0.001

Location 0 0 0.146
Date × Habitat 2.51 6.509 0.025
Date × Location 5.73 23.078  < 0.001
Location × Habitat 4.52 216.88  < 0.001

Diplodus sargus Date 1.99 8.843  < 0.001
(DE: 49%) Habitat 0.5 0.929 0.005

Location 0 0 0.105
Date × Habitat 2.88 8.532 0.007
Date × Location 2.14 3.626 0.100
Location × Habitat 3.89 33.735 0.074

Diplodus vulgaris Date 1.93 8.481  < 0.001
(DE: 46%) Habitat 0 0 0.992

Location 1.85 19.224  < 0.001
Date × Habitat 4.62 18.215 0.000
Date × Location 3.63 14.466 0.013
Location × Habitat 0 0 0.622

Oblada melanura Date 2.83 22.151  < 0.001
(DE: 55%) Habitat 0 0 0.942

Location 0 0 0.383
Date × Habitat 0 0 0.604
Date × Location 5.26 20.794  < 0.001
Location × Habitat 3.84 22.199  < 0.001

Table 4  (continued)

Taxon Covariate edf Chi-square p

Sarpa salpa Date 2.16 10.503  < 0.001
(DE: 59%) Habitat 0 0 0.906

Location 0 0 0.420
Date × Habitat 0 0 0.401
Date × Location 6.15 29.568  < 0.001
Location × Habitat 3.89 20.92  < 0.001

Tripterygion sp. Date 5.27 29.687  < 0.001
(DE: 87%) Habitat 0.91 10.922  < 0.001

Location 1.55 4.673  < 0.001
Date × Habitat 1.62 4.958 0.023
Date × Location 4.21 14.167 0.002
Location × Habitat 2.06 100.162 0.022

Statistically significant effects are indicated in bold
edf estimated degrees of freedom by the model optimization process, 
DE percentage of deviance explained by the model
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Fig. 3  Generalized Additive Model predictions of the abundance of 
most important fish taxa based on the partial effects of Habitat, Loca-
tion and Date and their interactions. Shaded lines indicate 95% con-
fidence intervals. Day number = 0: 25/9/2020 (first sampling day). 

A Atherina sp., B Boops boops, C Chromis chromis, D Coris julis, 
E Diplodus annularis, F Diplodus sargus,  G Diplodus vulgaris, H 
Oblada melanura, I Sarpa salpa, J Trypterygion sp.
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types indicated that the impact of each factor varied across 
the levels of the other factors indicating complex dynamics 
in space and time (Suppl. Fig. S8). As a result, the predictive 

models gave differing effect of artificial versus natural habi-
tat in the three locations (higher abundance over the artifi-
cial habitat in Arachovitika and Rio, lower in Psathopirgos) 

Fig. 3  (continued)
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but still indicated minimal abundances in March–May and 
maximal in August (Fig. 3E). Habitat, date and their interac-
tion had a significant effect on the abundance of D. sargus 
(Table 4). This species had higher abundance in the anthro-
pogenic (m = 6.6, s = 11.0) over the natural habitat (m = 2.5, 
s = 4.0). Similarly, its maximum abundance was recorded 
in July (m = 12.4, s = 7.9), but the lowest abundance was in 
November (m = 0.1, s = 0.3). The interaction plot indicated 
a pattern demonstrating higher abundance in the natural 
habitat until December and then a switch to the artificial 
habitat from March onwards (Suppl. Fig. S9). The resulting 
predictive models demonstrated higher species abundance 
in artificial habitats from March to September in Aracho-
vitika and Rio, contrary to a higher abundance in natural 
habitat in Psathopyrgos (Fig. 3F). Date, location and both 
interactions of date with location and habitat had a signifi-
cant effect on the abundance of D. vulgaris (Table 4). Abun-
dance was higher in Rio (m = 3.9, s = 6.8) and Arachovitika 
and lower in Psathopirgos (m = 1.5, s = 2.7). The temporal 
pattern showed an increase of abundance with time (Suppl. 
Figure S10). However, the interaction plots indicated higher 
abundance in the natural habitat in December, then in the 
artificial habitat in March and again in the natural habitat 
in July–August and different temporal patterns across loca-
tions. The above resulted in a common pattern of the predic-
tive models across all areas with a local maximum in natural 
habitats in December, then switching to artificial habitats in 
March–April and the highest abundances occurring in July 
and August (Fig. 3G).

The abundance of O. melanura was found to be signifi-
cantly affected by date and the interactions of location with 
both date and habitat (Table 4). The lowest abundances were 
documented in November (reaching zero across all sampling 
transects and remaining low until February) and peaking in 
May (maximum m = 9.6, s = 28.6) and in August (Suppl. Fig-
ure S11). The interaction plots indicated contrasting abun-
dances for different habitat type across locations (artificial 
habitat in Arachovitika, natural habitat in Rio) and also a 
different timing albeit with a similar pattern interchanging 
from high to low and again from high to low abundances 
in all locations. The final predictive model showed higher 
abundance in the artificial habitat in Arachovitika contrary 
to the other two locations and an increased abundance in the 
beginning of the sampling scheme and through the summer 
months (Fig. 3H). The abundance of S. salpa was found to 
vary across date and the interactions of location with habitat 
and date (Table 4). Abundance was low from September 
to January (zero records in December) and progressively 
increased to high values with a maximum in June (m = 17.7, 
s = 40.0). A similar interaction pattern of location and habi-
tat to the one of O. melanura was found, while the timing 
interaction showed a different timing across Psathopyrgos 
and Rio, while in Arachovitika this species abundance 

just followed the main pattern (Suppl. Figure S12). Con-
sequently, the predictive model indicated long periods of 
absence of this species from the littoral and an increase in 
abundance with a variable onset across locations and high 
abundance in the warmer months (Fig. 3I). Finally, the abun-
dance of Tripterygion sp. was found to fluctuate across all 
factors and their interactions (Table 4). This species had 
a higher abundance in anthropogenic habitats (m = 7.1, 
s = 10.7) rather than natural ones (m = 0.9, s = 2.4). Its 
abundance was higher in Arachovitika (m = 3.9, s = 6.8) and 
Psathopirgos and the lowest was recorded in Rio (m = 0.4, 
s = 1.3). The temporal evolution showed an initial increase 
to maximum abundance in November (m = 10.6, s = 16.5) 
remaining high until February and then a decrease leading 
to zero recorded abundances in August (Suppl. Figure S13). 
The interaction plots indicated, again, the importance of arti-
ficial habitat in Arachovitika contrary to the natural one in 
Rio. The natural habitat initially recorded higher abundance 
of this species, but the temporal pattern changed from March 
onwards. Differing temporal patterns across locations were 
also documented. As a result, the artificial habitat hosted 
more fish of this species in all locations in the predictive 
models with especially high abundances from December to 
March and declining afterwards (Fig. 3J).

Juvenile abundance

The percentage of C. chromis juveniles was found to vary 
across date, location and the interaction of date with location 
and habitat (Table 5). Juvenile percentage was high from 
March to June (months of relatively low overall abundance) 
and was the highest in Arachovitika (where the species was 
most abundant). The percentage of juveniles followed a 
markedly different pattern in Psathopirgos, compared to the 
other two locations (Supplementary Figure S14). In natural 
habitats, juvenile ratios peaked in May–June, while in artifi-
cial habitats, they peaked in September. The predictive mod-
els indicated that juveniles reached their highest percentages 
in artificial habitats around February–March in Arachovitika 
and Rio, while in Psathopyrgos, there was a high overlap 
in the percentages appearing over the two habitat types for 
most of the year (Fig. 4A). C. julis juvenile percentage var-
ied significantly across habitats and depended on the inter-
action of location with date (Table 5). Juvenile percentages 
were generally higher in natural habitats and their temporal 
dynamics were different pattern in Rio compared to the other 
two locations (Supplementary Figure S15). According to the 
predictive model (Fig. 4B), the ratio of juveniles was higher 
in the natural habitat in Arachovitika and Psathopyrgos (but 
lower than in the artificial habitat in Rio, albeit with a high 
overlap between the two types. All factors (date, habitat and 
location) had an effect on D. sargus juvenile percentages 
(Table 5). Juvenile percentage fluctuations also followed the 
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species overall pattern: higher juvenile ratio was documented 
in the artificial than in the natural habitat, with higher per-
centages in Arachovitika and Psathopirgos (Supplementary 
Figure S16). The temporal dynamics showed an increasing 
trend from the beginning to the end of the sampling period. 
The predictive model showed a consistent higher ratio of 
this species juveniles in artificial habitats in all three loca-
tions with increasing trends from January–February onwards 
(Fig. 4C). The percentage of juveniles of D. vulgaris varied 
across date and its interaction with location (the effect of 
habitat p = 0.055, indicating a tendency for artificial habitat, 
but not at significant levels––Table 5). There was a gradual 
increase of the percentage of juveniles with time and there 
were differences in the timing between the three locations 

(Suppl. Figure S16). The predictive models indicated zero 
or low juvenile percentages in the first 5 months followed 
by an abrupt (in Arachovitika and Psathopirgos) or steady 
(in Rio) increase in the following months (Fig. 4D). Habitat 
and location had a significant effect on the percentage of 
Tripterygion sp. juveniles (Table 5). The percentage of juve-
nile Tripterygion sp. was higher in the artificial habitat and 
among the three locations was the highest in Arachovitika 
(Supplementary Figure S18). The higher ratio of juveniles 
in the artificial habitat was evident in the predictive model 
(Fig. 4E).

Apart from the differences documented in an inferential 
manner by GAMs, there are indications of patterns in the 
ratio of juveniles of taxa not observed as frequently as the 
five taxa analyzed with GAMs (Fig. 5): higher proportions 
of the small-sized/juvenile abundances recorded were docu-
mented in the anthropogenic habitats for other taxa such 
as S. salpa, B. boops, Diplodus puntazzo, Mugilidae and 
Symphodus tinca. On the contrary, higher small-sized/juve-
nile proportions of Gobiidae, Lithognathus mormyrus, Mul-
lus barbatus and S. scriba were recorded over the natural 
habitats.

Discussion

The present work investigates the impact of one of the 
various anthropogenic effects on the fish community of the 
shallow littoral and on individual species distribution and 
abundance: the structural modification of the coastal zone. 
This impact has been studied concerning marine plant and 
invertebrate animal communities (Chapman 2003), fish com-
munities (Guidetti 2004) and individual fish populations 
(Pastor et al. 2013) and has even been demonstrated for fish 
in habitats such as lagoons (Perez-Ruzafa et al. 2006) and 
lakes (Scheuerell and Schindler 2004). Our first hypothesis 
examined whether the fish community composition is dif-
ferent between modified (artificial) and unmodified (natu-
ral) habitats. In our study the fish community does not vary 
between habitats (natural and anthropogenic), but changes 
across different areas/geographic locations (placed at a dis-
tance of ~ 5 km) and across the interaction of location with 
habitat. This is an indication that the type of structural modi-
fication or other factors (e.g., inclination, exposure, orien-
tation, currents—which may also be indirectly affected by 
artificial habitats, see, e.g., Rodrigues and Vieira 2012) not 
investigated here might also play a role. The significance 
of the interaction of location with habitat and the temporal 
component in shaping community composition indicates that 
the type of habitat modification may be the crucial factor 
in shaping communities. This is further supported by the 
fact that Arachovitika, the location where the anthropogenic 
modification has created the most complex artificial habitat, 

Table 5  Summary of the results of the Generalized Additive Models 
of juvenile percentage for the five taxa analyzed using Habitat, Loca-
tion and Date and their first-level interactions as explanatory variables

Statistically significant effects are indicated in bold
edf estimated degrees of freedom by the model optimization process, 
DE % deviance explained by the model

Taxon Covariate edf Chi-square p

Chromis chromis Date 1.91 5.16  < 0.001
(DE: 51%) Habitat 0 0 0.116

Location 1.2 2.822  < 0.001
Date × Habitat 3.85 7.137 0.046
Date × Location 4.36 15.146 0.002
Location × Habitat 3.34 25.185 0.444

Coris julis Date 0 0 0.714
(DE: 35%) Habitat 0.69 2.122  < 0.001

Location 0 0 0.710
Date × Habitat 0 0 0.598
Date × Location 4.13 12.494 0.006
Location × Habitat 3.78 45.221 0.189

Diplodus sargus Date 0.96 13.987  < 0.001
(DE: 46%) Habitat 0.87 4.258 0.002

Location 1.45 2.576 0.027
Date × Habitat 0 0 0.937
Date × Location 3.21 4.202 0.292
Location × Habitat 1.39 3.36 0.421

Diplodus vulgaris Date 2.94 17.079  < 0.001
(DE: 57%) Habitat 0.85 2.801 0.055

Location 0.15 0.08 0.462
Date × Habitat 0.21 0.138 0.604
Date × Location 5.22 11.547 0.046
Location × Habitat 0 0 0.820

Tripterygion sp. Date 0.61 0.738 0.082
(DE: 37%) Habitat 0.96 9.367 0.001

Location 1.79 9.664 0.004
Date × Habitat 2.4 6.223 0.199
Date × Location 3.76 8.484 0.183
Location × Habitat 0 0 0.963



Marine Biology (2023) 170:105 

1 3

Page 13 of 20 105

was found to host significant differences between natural and 
artificial habitat in most (10 out of 12) months, while the 
other two locations had far less differences across months.

We also investigated whether total abundance, diversity 
and species richness vary across habitat type. Both total fish 
abundance and species richness (but not Shannon diversity 
index) have significant differences between the two habitat 
types, showing that the artificial habitat is capable of host-
ing more fish individuals and a higher number of species, 
even though the Shannon index did not indicate a different 
pattern in diversity weighted by abundance. Higher total fish 
abundances in structured or hard substrates have previously 
been reported (Guidetti 2000; Giakoumi and Kokkoris 2013) 
agreeing with the pattern in total abundance documented 
here. The case might also be that the two habitat types may 
have been situated too close to each other to show dissimi-
larities. Perry et al. (2018) have documented similarity in 
species richness between adjacent stations, despite the sta-
tions having different substrates. Total abundance, diversity 
and species richness also vary in time and space (diversity 
also across the habitat type interacting with date and species 
richness across location interacting with date). These find-
ings not only demonstrate the intense spatiotemporal hetero-
geneity in the shallow littoral, but also indicate that different 
types of artificial habitat may have variable effects on fish 
communities (as a result of the location-habitat interaction) 
and also that the two habitat types may have different roles 
across the year cycle for example being used as a refuge 
from predation by juveniles or through seasonal supply and 
succession of food items (e.g., by growth of algae or settle-
ment of prey on the artificial habitat). It is important to note, 
however, that, in some cases, univariate diversity metrics 
can be misleading and it is essential to complement them 
with community analyses (as, e.g., Shannon’s H or species 
richness can be found to be not significantly different, even 
if community composition is actually different—however, 
this was not the case in our work). The highly dynamic 
character is also indicated by the generally low similarities 
documented by the SIMPER analyses. The complex interac-
tions shaping fish communities in the littoral zone (Valesini 
et al. 2004) call for a more mechanistic investigation of the 
dynamics of this ecosystem.

Another hypothesis examined in our work regards 
whether there are differences in the abundance of the most 
important species between the natural and the artificial habi-
tat. Five out of the ten taxa whose abundance was analyzed 
showed higher abundance in a specific habitat, with four 
(C. chromis, D. annularis, D. sargus and Tripterygion sp.) 
being more abundant over the artificial habitat, while one 
(C. julis) is more abundant in the natural habitat. At the 
species level, C. chromis has also been documented to use 
structured habitats such as rocky substrates or underwater 
phanerogam meadows (Harmelin 1987). For D. annularis 

our findings are contrary to those by Sanchez-Jerez et al. 
(2002) who found lower abundance over artificial substrates 
than natural ones (however, in that work, the natural habi-
tats were Posidonia beds that are known to be nurseries of 
this species). Tripterygion sp. is also more abundant in the 
anthropogenic habitat. Tripterygiidae, together with Gobi-
idae and Bleniidae, include cryptobenthic species that are 
often underestimated in visual census surveys (La Mesa 
et al. 2006), but still constitute an important part of coastal 
fish biomass (Tiralongo et al. 2016). D. sargus is also more 
abundant in the anthropogenic habitat, a finding possibly 
linked to this habitat functioning as a potential nursery for 
this species (Pastor et al. 2013).

The last hypothesis examined in our work is whether the 
juvenile ratio of a selection of species is different between 
habitat types. The juvenile ratios of D. sargus and Triptery-
gion sp. are also higher in the anthropogenic habitat, indi-
cating that the artificial hard habitat may play an important 
role as their nursery, as high abundances of fish juveniles 
have been documented over artificial structures (Clynick 
2006). This may be relevant to artificial habitat structural 
complexity and its function as refuge for predation avoid-
ance or the provision of hard substrate for colonization by 
algae or invertebrates that may serve as potential food items 
(Mercader et al. 2018). Contrary to these species, C. julis 
juveniles (and likely other species not modeled, like M. bar-
batus, see Fig. 5) are more abundant in the natural habitat. 
Overall, species that are benthopelagic, form shoals or have 
generally low affinity to the substrate such as Atherina sp., 
B. boops, O. melanura, and S. salpa do not have contrasting 
abundance patterns between natural and artificial habitats 
(C. chromis is an exception to this, as despite forming large 
shoals it is highly attached to the substrate during spawn-
ing, Picciulin et al. 2004), contrary to others that are more 
attached to the seabed like C. julis, the representatives of the 
genus Diplodus and Tripterygion sp. The former also tend 
to form small or large shoals (while the latter live in small 
groups or are solitary), thus dominating the community and 
resulting in non-significant differences in community com-
position or diversity index between the two habitats.

Community composition, diversity, species richness, total 
abundance, the abundance of three species and of the juve-
niles of another three species were found to fluctuate across 
the three locations. Arachovitika was the location with the 
highest diversity, species richness and total abundance and 
also hosted the highest abundances of two taxa. Naturally, 
differences in abundance can be attributed to local produc-
tivity, but there are also differences in the type of structural 
complexity provided by the actual structural modification of 
the littoral: in Arachovitika, boulders and rocks of various 
sizes have been added to reinforce the pier with a riprap that 
forms the artificial station, while in the two other locations, 
the structural modification mostly consisted of the addition 
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of the vertical wall-like surface. This is supported by the 
finding that in all six cases (five in species abundance and 

another in juvenile ratio) where a significant location–habitat 
interaction exists, the highest abundances are recorded in the 
artificial habitat of Arachovitika. Indeed, even though the 
hard substrate and the vertical inclination added can lead to 
more larvae selecting these locations to settle for food and 
shelter and increased fish abundance (Bulleri and Chapman 
2010), the featureless surface of artificial substrates may 
fail to provide these functions (Mercader et al. 2018; 2019). 
Consequently, habitat complexity, combined with other 

Fig. 4  Generalized Additive Model predictions of the percentage of 
juveniles of the fish taxa analyzed based on the partial effects of Hab-
itat, Location and Date and their interactions. Shaded lines indicate 
95% confidence intervals. Day number = 0: 25/9/2020 (first sampling 
day). A Chromis chromis, B Coris julis, C Diplodus sargus, D Diplo-
dus vulgaris, E Trypterygion sp.

◂

Fig. 5  Percentage of abundance of the different size classes (small, 
medium, large) recorded in the artificial and natural habitats for 
the taxa observed. Total abundance (N) of each taxon is denoted in 
parenthesis. The five taxa whose juvenile abundance fluctuations 

were modeled with GAMs are indicated by an asterisk (Chromis 
chromis, Coris julis, Diplodus sargus, Diplodus vulgaris, Triptery-
gion sp.)
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elements like connectivity to other habitats, may be the main 
reason for increased fish productivity and abundance (Bou-
choucha et al. 2016; Perry et al. 2018).

Total fish abundance varied with time in the temperate 
littoral zone confirming the findings of Hyndes et al. (1999). 
Diversity and species richness also changed, and the tempo-
ral component played a significant role in determining the 
abundance of eight of the taxa examined individually. This 
also applies to juvenile percentage fluctuations of three taxa 
which in some cases showed similar or partially similar pat-
terns with overall taxon abundance. Indeed, in D. vulgaris 
and D. sargus the juvenile percentage fluctuations were the 
driver of overall abundance dynamics. Juvenile percentage 
maxima occur some months after the respective species’ 
spawning periods (D. sargus: spawning in March–April, 
juvenile maximum in July, D. vulgaris: spawning in Novem-
ber–February, juvenile maximum in May),—for spawning 
period timing, see Tsikliras et al. (2010) and references 
therein and could be attributed to the recruitment pattern 
of juveniles (however, it has to be noted that C. chromis 
spawns in June–July, and maximum juvenile abundance has 
been recorded in March). The significance of the temporal 
component at community and species level documented here 
calls for further investigation of the dynamics of fish littoral 
communities; it is essential to note that to draw conclusions 
about seasonal patterns, multi-annual sampling schemes 
would need to be performed to ensure replication of sea-
sons in different years. Another important aspect regards 
the interactions of the temporal component with location 
(that has a significant effect on species richness, the abun-
dance of three taxa and the percentage of the juveniles of 
three taxa) and its interaction with habitat (significant for 
the abundance of four taxa and the juvenile percentage of 
another one). As the interaction of time with habitat was 
not harmonized between juvenile percentage and total abun-
dance of any species, there is a possibility that the reasons 
for this interaction may be more relevant to prey/food avail-
ability. Temporal abundance fluctuations indicating higher 
occupancy of the artificial littoral in certain months such 
as March–April for Tripterygion sp. or July–August for D. 
annularis, D. sargus and D. vulgaris should be investigated 
in multi-annual works to confirm whether they correspond to 
actual seasonal patterns and may be relevant to benthic prey 
settlement and resulting food availability. As the interactions 
shaping the abundance of individual species are complex 
(Valesini et al. 2004, but also confirmed in our work), it is 
essential that species-specific hypothesis-driven research is 
needed to comprehend the temporal dynamics of populations 
in artificial habitats.

The findings of the present study have obvious manage-
ment implications since the addition of artificial habitats can 
alter the coastal fish communities as documented here. Rel-
evant research on management strategies is mainly oriented 

in either mitigating the negative impacts of anthropogenic 
habitats (e.g., by reducing the level of habitat fragmenta-
tion they cause) or the construction of coastal structures 
whose characteristics will render them suitable for coloni-
zation (Chapman and Blockley 2009; Bulleri and Chapman 
2010; Pastor et al. 2013; Mercader et al. 2019). Interchang-
ing artificial substrate with natural substrate where possi-
ble or constructing milder substrate inclinations or water 
passages can be useful solutions. Habitat complexity is an 
important aspect (as also indicated by our findings that show 
that the type and complexity of artificial habitat can affect 
both community composition and total and species-specific 
abundance) and it could be introduced by creating rugged, 
rugose or cavitatious submarine surfaces, instead of smooth 
ones. However, the relationship between habitat complexity 
and fish abundance is neither straightforward, nor linear, as 
higher fish densities could just be the result of attraction-
redistribution and resulting concentration effects (Brickhill 
et al. 2005). Furthermore, it should be investigated whether 
the addition of artificial substrate does not function as an 
ecological trap, i.e., does not create a habitat that is preferred 
by fish, but where their overall fitness is relatively lower than 
in available natural habitats, as the creation of such traps 
can be an unintended consequence of management measures 
(Robertson and Hutto 2006; Hale et al. 2015). Overall, it 
must be noted that the taxa recorded here have significant 
ecological importance (some are also commercially impor-
tant) and should be conserved, as components of the fish 
diversity of the littoral zone, in an attempt to preserve eco-
system stability and functioning (Danet et al. 2021) and this 
could possibly be achieved by the introduction of purpose-
fully designed artificial structures.

Visual census techniques are increasingly used to 
study shallow littoral fish communities (e.g., Ordines 
et al. 2005; Tuya et al. 2009). However, they may result 
in underestimation of the abundance of cryptobenthic 
species (La Mesa et al. 2006). Other approaches, such as 
underwater photographic contests and the data they can 
provide may provide useful data of a complementary value 
to scientific surveys (Tiralongo et al. 2021). In wavy or 
turbid conditions, visual census may also fail to record all 
individuals present in the transect (Harmelin-Vivien et al. 
1985). Still, visual census was preferred rather than other 
approaches, like experimental fishing, as it is suitable for 
hard substrates (de Girolamo and Mazzoldi 2001). The 
possible bias introduced by the presence and movement 
of the divers during the visual census transect (possibly 
leading to modification of fish behavior) could possibly be 
mitigated using remote sensing techniques. On the same 
note, the time interval between the delineation of the tran-
sect and the actual sampling might not be enough for all 
individual fish of the area to resume previous behavior and 
return to their initial location, even though preliminary 
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sampling trials had indicated relatively similar species 
composition and abundances between laying the transects 
and actual sampling. Finally, the close proximity between 
the natural and anthropogenic habitat in each location, 
may be a factor minimizing the differences between habi-
tats (as mobile species can easily move from one station 
to the other), but this approach was preferred under our 
experimental design in order to keep the other environ-
mental factors (e.g., productivity, exposure) as similar 
as possible, since other factors such as food availability, 
shading or wave action may affect the shallow littoral com-
munity (Franzitta and Airoldi 2019).

The perspectives of the present work are across vari-
ous possible orientations: on the species level, the possible 
role of the artificial/anthropogenic habitat could be further 
investigated complementing fieldwork monitoring with spe-
cific experimental designs under controlled conditions (in 
water tanks). A very interesting aspect of such an experi-
mental approach could be the settlement process and the 
level of success in evading predation by juvenile stages. On 
the community level, it should be investigated whether the 
communities emergent over artificial substrates may affect 
ecosystem functioning (e.g., by altering competition or pre-
dation relationships in the shallow littoral). Some of the 
most intriguing questions arise with regard to the applied 
management implications of the current work. These could, 
e.g., focus on the structural complexity of the artificial sub-
strates and the studies relevant to the introduction of three-
dimensional structures that can act as actual fish refuges, or 
the planning of the installation of artificial structures either 
interchanging them with other (natural) habitat types ensur-
ing habitat connectivity within the broader seascape to allow 
the transition of ontogenetic stages from one habitat to the 
other or modifying their characteristics where they might 
operate as ecological traps (e.g., creating underwater pas-
sages allowing some sort of current flow where needed). As 
human presence and activity has been and will be increasing, 
it is essential to investigate the impacts of shoreline modifi-
cation in the rapidly changing coastal zone.
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