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A B S T R A C T

Restoration is widely recognised as a key strategy to reduce biodiversity loss, especially in transitional water 
ecosystems. Yet, the absence of clear ecological baselines often makes it difficult to identify suitable reference 
conditions for habitat reconstruction. In this study, we investigated the habitat preferences of the resident kil
lifish Aphanius fasciatus, a species closely tied to the morphological features of Mediterranean salt marsh creeks. 
Monthly sampling was carried out over one year in salt marshes of the Venice Lagoon, allowing us to assess the 
relationship between habitat characteristics and species abundance. Results revealed that A. fasciatus favours 
creeks that retain water at low tide, are nutrient-rich, and exhibit high structural complexity. The species 
therefore represents a valuable ecological indicator, providing a practical tool to define site-specific baselines for 
salt marsh restoration. More broadly, our findings suggest that salt marshes with high geomorphological het
erogeneity support not only A. fasciatus but also other species of ecological and commercial importance, raising 
the possibility that this species could act as an umbrella species for conservation and management.

1. Introduction

Restoration is increasingly recognised as a crucial strategy for pre
venting biodiversity loss (Feola et al., 2022). Consequently, it has 
emerged as an important and expanding area within the environmental 
sciences (Airoldi et al., 2021; Billah et al., 2022; Cadier et al., 2020).

In restoration processes, the primary objective should be to recon
struct habitats as similar as possible to a target ecosystem, i.e. a natural 
and undisturbed reference system, considered natural and in good 
condition (Elliott et al., 2022). This target ecosystem is essential to 
create or regenerate habitats able to maximise species richness and, 
consequently, the ecosystem services they provide (Perry et al., 2023). 
Site selection and the initial ecological conditions are therefore key 
variables in these processes (Gann et al., 2019; Mason et al., 2006), 
substantially improving restoration outcomes [see for example Gann 
et al. (2019) and Mason et al., (2006)].

However, as pointed out by Maciel et al. (2024), a major obstacle in 
restoration or habitat requalification is the lack of accurate data 
describing the target ecosystem, often leading to the establishment of 
sliding baselines. In the context of Mediterranean salt marshes, partic
ularly in the Venice Lagoon, quantitative data are currently lacking.

Salt marshes are among the most productive habitats in transitional 

water ecosystems, supporting high fish densities thanks to abundant 
trophic resources and refuge functions provided by their structural 
complexity (Airoldi & Beck, 2007; Franco et al., 2006,2006b; Kennish, 
2002; Lowe and Peterson, 2014; Rountree & Able, 2007). Despite their 
ecological importance, these habitats have undergone severe global 
decline due to land claim, erosion, pollution, aquaculture, and sea-level 
rise (Airoldi & Beck, 2007; Fagherazzi, 2013). In the Venice Lagoon, salt 
marshes decreased from 149 km² in 1912–37 km² in 2003, mainly as a 
result of anthropogenic-induced erosion ( Silvestri et al., 2003; Sarretta 
et al., 2010), and further losses are predicted over the next decades 
(Carniello et al., 2009; Scarascia & Lionello, 2013).

That said, the first step in restoration planning should be the defi
nition of a target ecosystem, taking into account geomorphological 
variations among sites, as these are primary factors influencing habitat 
use by nekton and other taxa (Hixon and Beets, 1993; Sebens, 1991; 
Williams and Zedler, 1999)

Considering the ecological complexity of transitional habitats and 
the difficulty of quantifying their quality, ecological indicator species 
can provide practical, measurable, site-specific benchmarks (Siddig 
et al., 2016; Gann et al., 2019). A highly effective approach to assessing 
the conservation status of coastal lagoon habitats is the use of resident 
species. Spending the entire life cycle within transitional waters, these 
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species provide reliable insights due to their distribution and abun
dance, which are often strongly linked to the morphological features 
typical of lagoon systems, such as tidal creeks, salt marshes, and isolated 
pools (Bortone et al., 2005; Cavraro et al., 2019; Fiorin et al., 2007; 
Gilby et al., 2017; Habitats Directive 92/43/EEC; Zucchetta et al., 
2012). Differences across locations in habitat use by nekton are 
frequently attributed to variations in habitat configuration and 
composition (Allen et al., 2007), making site selection and the initial 
ecological conditions key variables in these processes.

The Nature Restoration Law establishes binding and quantitative 
restoration targets, aiming to restore at least 20% of the EU’s land and 
sea areas by 2030. It also mandates the implementation of restoration 
measures for all degraded ecosystems by 2050. Additionally, the law 
recommends the use of indicator species to standardise restoration 
practices (Regulation EU, 2024/1991). In this framework, the Medi
terranean killifish Aphanius fasciatus (Valenciennes, 1821) represents a 
particularly suitable candidate. This resident species is strongly associ
ated with habitat morphology and specific lagoonal structures, 
including salt marshes, small creeks, and shallow pools (Cavraro et al., 
2014; Valdesalici et al., 2015). The inclusion of A. fasciatus in both the 
Habitats Directive (92/43/EEC) and the Bern Convention, owing to its 
strong association with the habitats it exploits, further strengthens its 
value as a resident species that can serve as a practical tool for identi
fying target ecosystems in restoration processes, thereby helping to 
overcome the lack of historical baselines. Therefore, A. fasciatus can be 
used as a indicator species to identify the type of habitats it preferen
tially occupies, under the assumption that these habitats reflect rela
tively favourable conditionsand can thus serve as realistic target 
ecosystems for restoration planning. An in-depth understanding of 
A. fasciatus habitat preferences is essential to support habitat manage
ment strategies (Kessabi et al., 2010) and to strengthen its role as an 
ecological indicator in Mediterranean transitional waters (Facca et al., 
2020; Lionetto et al., 2023).

Although it is well recognised that the species can occur in good 
condition and at considerable densities within artificial habitats of the 
Venice Lagoon (Cavraro et al., 2013), its occurrence in natural habitats 
provides a more robust framework for assessing its ecological role and 
its value as an indicator of habitat quality under less altered conditions. 

In light of this, the primary objective of the present study is twofold. 
First, we aim to identify the specific geomorphological structures and 
physical features that compose the intertidal salt marsh creeks. Second, 
we seek to determine which of these preferred habitat structures maxi
mise the relative abundance of A. fasciatus within the Venice Lagoon salt 
marshes.

Under the assumption that the habitats exhibiting the highest density 
of this resident species reflect high ecological quality and favourable 
conditions, the findings from this investigation will serve to establish 
quantitative and site-specific reference models (baselines). This will 
provide essential empirical support for habitat management strategies 
and future restoration planning aimed at maximising the ecological 
effectiveness of the reconstructed marsh creeks.

2. Material and methods

2.1. The study species

The Mediterranean killifish Aphanius fasciatus is a small cyprinodont 
species primarily found in the central-eastern Mediterranean region and 
has also established populations in the Suez Canal and Red Sea. Ac
cording to the International Union for Conservation of Nature (IUCN), 
its distribution is limited to coastal areas. As stated in Annex II of the 
Habitats Directive of the European Union (Protocol ASPIM 92/43/EEC) 
and in Appendices II and III of the Bern Convention (Bern/Berne, 
September 19, 1979), the conservation status of this species is consid
ered "unfavorable-inadequate." This classification is largely due to the 
loss of habitats that A. fasciatus relies on for survival. The European 
Habitat Directive (92/43/CEE) classifies A. fasciatus as a resident species 
that require the establishment of special conservation areas due to its 
strong dependency of specific morphological features (Cavraro et al., 
2011; Franco et al., 2006; Franzoi et al., 2010), highlighting its possible 
role as indicator species of habitat structure.

2.2. The study area

Fish sampling was conducted in a natural salt marsh located along 
the margins of the northern Venice Lagoon. The area is characterised by 

Fig. 1. Schematic representation of the three first-order creeks investigated in the study area, together with their associated second- and third-order tributaries.
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a network of small-sized creeks shaped by semi-diurnal tidal excursions, 
which produce cyclic flooding and draining events. During high tide, 
these creeks are flooded, providing access to a variety of aquatic or
ganisms that are forced to leave during ebb tide.

2.3. Habitat characterisation

Geomorphological and chemical-physical variables were collected to 
investigate whether creeks morphology and connectivity influence the 
relative abundance and distribution of the studied species within the salt 
marsh system. The entire study area encompasses a main town creek 
that connects 3 first other creeks with associated second and third other 
creeks (Fig. 1). For this study, we investigate the 3 first-order creeks and 
8 s-order creeks (each representing a sampling station) with relative 
affluents (third-order creeks) covering an area of about 0.5 km2. The 
tidal creeks ranged from about 27–230 m in length and from 0.19 and 
3 m in width. Geomorphological variables were measured following the 
method proposed by Allen et al. (2007), adapted to the site under 
investigation as showed in Table 1. 22 geomorphological variables were 
directly measured on field or derived by aerial imagery. 
Chemical-physical variables were measured by means of a multi
parametric probe (Hanna Instruments HI9829), while chlorophyll-a 
concentration in water and sediment were measured following the 
methodology proposed by Lorenzen (1966) (Table 1). All spatial ana
lyses were performed within QGIS software (v. 3.14; QGIS Development 
Team, 2020) adopting the Monte Mario reference system (EPSG:3004).

2.4. Fish sampling

Fish were captured once a month from May 2023 to May 2024 by 
positioning a fyke net at the mouth of each creek during the high tide 

Table 1 
List of variables included in the 5 models, with their labels and definitions. 
Measurements were conducted in situ, at different tide level as specified in the 
Definition column, or were derived from aerial photographs and GIS analyses 
(QGIS software). Variables in the first box were used to calculate some of the 
derived variables included in the models.

Variable Label Definition

​ Length L Length of the main creek plus its 
tributaries’ length. Measured 
through QGis software from the 
creek’s mouth to the points where 
the channel bottom rises to bank 
full elevation.

Width W Mean width of the main creek. 
Width was measured in situ at 
bank full elevation every 10 m 
from the mouth to the end.

Depth D Mean depth of creek. Measured in 
situ at bank full elevation, 
following the width transects.

Cross-section Cs Area of the creek mouth. The 
cross-section was calculated in situ 
from multiple vertical 
measurements at bank full tide 
level.

Surface Area Sua Surface Area of the main creek 
measured through QGis software 
from the creek’s mouth to the 
points where the creek bottom 
rises to bank full elevation

Connectivity 
model

Drainage area Da Area of intertidal marsh drained 
by the creek. Drainage area was 
estimated from aerial photographs 
through QGis software.

Distance Ds Shortest distance from the creek 
mouth to town creek mouth which 
correspond to the first connection 
of the salt marsh with the “open 
lagoon”.

Tributaries 
volume

Tv Volume of the main creek’s 
tributaries at bank full tide level

Channel shape 
model

Branches Br Number of tributaries extending 
from the main creek. Measured in 
situ.

Slope S Slope of the regression line based 
on bottom elevation. Measured in 
situ in the central point of the 
creek, every 10 m.

Meander Me Ratio of the number of bends to 
main channel length. Higher ratio 
indicates greater channel sinuosity

Steepness 
Bends

St 
B

Ratio of total volume to bottom 
area. Higher ratio indicates 
squares profiles and steeper banks. 
Number of points where the main 
channel changes direction by more 
than 30 ◦ . Measured from aerial 
photographs through QGis 
software

Morphological 
model

Total/full 
Submerged 
Surface

Ss Mean area of the surface 
submerged by water at bank full 
tide level. Measured in situ at bank 
full elevation every 10 m from the 
mouth to the end, following the 
width transects.

Split Sp Ratio of the number of branches to 
main channel length. High ratio 
indicates greater channel 
branching

​ ​ ​
Low-tide 
Submerged Area

Sa Area of creek bottom covered by 
water at the mean low tide. 
Measured following the 
Submerged Surface transect.

Axial dominance Ad Ratio of main creek length to total 
length of all tributaries. Higher  

Table 1 (continued )

Variable Label Definition

ratio indicates a lower degree of 
branching

Fringe Fr Ratio of the main Surface Area at 
bank full elevation to mean Low- 
tide submerged area. High ratios 
indicate more shallow fringing 
profile.

Hydrological 
model

Flow Fl Ratio of Cross-section area to the 
Total volume. Higher ratios 
indicates that the creek fills and 
empties slowly than others

Conduit 
Total Volume 
Volume

Cn 
Av 
V

Ratio of drainage area to Total/full 
submerged Surface. Higher ratio 
indicates a larger contributing 
catchment relative to the flooded 
area 
Volume of the town creek plus its 
tributaries’ volume. 
Volume of the main creek at bank 
full tide level

​ ​ ​
Chemical- 

physical 
model

Temperature T Water temperature expressed in 
◦C, measured by means of a 
multiparametric probe

Oxygen O Solute oxygen expressed in ppm. 
Measured by means of a 
multiparametric probe

Turbidity Turb Expressed in FNU. Measured by 
means of a multiparametric probe

pH pH Water pH measured by means of a 
multiparametric probe

Salinity Sal Expressed in PSS. Measured by 
means of a multiparametric probe

Sediment 
Chlorophyll

Chl Measured fluorometrically as 
proposed by Lorenzen (1966)

Water 
Chlorophyll

Chla Measured fluorometrically as 
proposed by Lorenzen (1966)
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peak. The nets remained in place till the end of the ebb flow ensuring 
that all fish present in each creek segment were trapped within the net as 
water receded. Nets contents were placed in a plastic tray containing a 
millimetric laminated sheet to reference the fish measurements. All the 
fish were photographed for subsequent identification and total length 
measurements allowing the quick release to the wild. Species and sex 
were visually determined while abundance and length were measured 
using the free software ImageJ (ver. 1.51, W. S. Rasband, US National 
Institutes of Health, Bethesda, MD, USA, see https://imagej.nih.gov/ij/
Schneider et al., 2012)

2.5. Data analysis

Models were performed within the R environment (R Core Team 
2014), and plotted using the ggplot2 package (Wickham, 2016). 
Geomorphological variables were grouped into four categories to 
generate four different Generalised Mixed Effect Model (GLMMs) plus an 
additional GLMM for the chemical-physical variables (Table 2), using 
the glmmTMB package. Chemical-physical model was fitted with a 
negative binomial distribution, including an interaction term between 
temperature and oxygen. No zero-inflation component was included 
(ziformula = ~0), as model diagnostics indicated that zero-inflation was 
not present in the dataset. Geomorphological models included “station 
nested within creeks’ order” as a random intercept to account for spatial 
dependency among sampling sites. Grouping the variables in different 
models allowed us to avoid overfitting and multicollinearity, max
imising models’ performance. Statistical analyses were carried out 
following the protocol proposed by Zuur et al. (2009). In geomorpho
logical models, all continuous predictor variables were standardised 
(mean = 0, standard deviation = 1) and the negative binomial distri
bution family were specified to align with the positive, right-skewed 
nature of the abundance (Ab) data. Starting from a saturated model, 
the most parsimonious combination of predictors was chosen based on 
Akaike’s Information Criterion (AIC), using the dredge() function pro
cedure from the MuMin package (Barton, 2023). Residual diagnostics 
were checked using the DHARMa package to evaluate model fit, ho
mogeneity, and dispersion. Finally, multicollinearity among predictors 
was assessed as proposed by Zuur et al. (2009), calculating the Variance 
Inflation Factor (VIF). None of the models presented predictors showing 
VIF above 5. Model-based predicted abundance plots were generated by 
varying one predictor across its observed range while holding all other 
predictors at their mean values.

3. Results

Statistical analysis revealed clear relationship between A. fasciatus 
abundance and geomorphological features. Chemical-physical 

parameters also showed significant influences on the species abundance. 
A. fasciatus was caught in the marsh system every month but December 
and January, when water temperature dropped between 3 and 10 ◦C. 
GLMM model reveal significant correlation between abundance and O, 
pH, Turb and Chl, as showed in Table 3. Oxygen and turbidity were 
negatively correlated with A. fasciatus abundance (Fig. 2a,c), while pH 
and sediment chlorophyll showed the opposite trend (Fig. 1b)

The inverse relationship between predicted abundance and dissolved 
oxygen is consistent with the seasonal oxygen–temperature dynamics 
shown in Fig. 3. As temperature increases from spring to summer, dis
solved oxygen declines, while species abundance increases, reaching its 
peak during the warmest months. Conversely, during winter, high ox
ygen levels coincide with low temperatures and minimal abundance, 
supporting the observed negative association between abundance and 
dissolved oxygen.

3.1. Morphological model

Statistically significant relationship was found in the morphological 
model, as showed in Table 4. Predicted fish abundance decrease mark
edly when Total/full Submerged surface (Ss) and Axial dominance in
crease (Fig. 4). On the contrary, predicted fish abundance increase 
exponentially at higher values of Low-tide submerged area.

3.2. Hydrological model

Hydrological model showed significant positive relationship be
tween fish abundance and Flow, Total volume, and Conduit, where 
predicted fish abundance growth exponentially at high value of the 
three variables, as showed in Fig. 5,f and Table 4.

3.3. Connectivity model

Connectivity model showed positive association between fish 

Table 2 
List of Generalised Mixed Effect Model (GLMMs) fitted with a Gamma distribution. For each model, the category, label, structure, and Akaike Information Criterion 
(AIC) value are reported. Within each category, the saturated model and progressively simplified models are presented. The model selected based on the lowest AIC 
value is shown in bold. Abbreviations: Ab = abundance, T = temperature, pH = potential hydrogen, Sal = salinity, O = dissolved oxygen, Turb = turbidity, Chl 
= chlorophyll-a, Ss =total/full submerged surface, Sp = split, Ad = axial dominance, Tv = tributaries, Sa = low-tide submerged area,Fr = fringe, V = volume, Fl 
= flow, Av = total volume, Cn = conduit, Ds = distance,Da = drainage area, B = bends, Me = meander, S = slope.

Model category Model Label Model Structure AIC

Connectivity model c1 Ab ~Ds + Da + Tv 830.81
Connectivity model c2 Ab Da + Tv 829.65
Connectivity model c3 Ab ~Da 829.60
Channel shape model s0 Ab ~B þ Me þ St þ S 828.32
Morphological model m0 Ab ~Ss + Sp + Ad + Sa + Fr 843.96
Morphological model m1 Ab ~Ss + Ad + Sa + Fr 843.27
Morphological model m2 Ab ~Ss þ Ad þ Sa 841.77
Hydrological model h0 Ab ~V + Fl + Av + Cn 832.91
Hydrological model h1 Ab ~Fl þ Av þ Cn 830.91
Chemical-physical cp0 Ab ~ Temp*O + pH + Sal + Turb + Chl + Chla 919.15
Chemical-physical cp1 Ab ~ Temp + O + pH + Sal + Turb + Temp:O 917.28
Chemical-physical Cp3 Ab ~ Temp þ O þ pH þ Turb þ Chl þ Temp:DO 916.50

Table 3 
Summary of significant predictors from the negative binomial GLMM assessing 
the effects of environmental variables on fish abundance (Dissolved oxygen 
(DO), turbidity (Turb), pH, Chlorophyll (Chl), and the interaction term Temp: 
DO). Asterisks indicate significance levels (* p < 0.05, ** p < 0.01).

Predictor Estimate Std. Error z value Pr(>|z|)

DO − 0.801688 0.254004 − 3.156 0.00160 **
pH 0.738554 0.247938 2.979 0.00289 **
Turb − 0.009481 0.003693 − 2.567 0.01026 *
Chl 0.034405 0.013294 2.588 0.00966 **
Temp:DO 0.026957 0.012432 2.168 0.03013 *
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abundance and Drainage area, showing a progressive increase of pre
dicted abundance along the observed gradient (Fig. 6).

3.4. Channel shape model

Concerning the Channel shape model, Bend resulted strongly posi
tively associated to fish abundance while Meander, Steepness and Slope 
showed the opposite trend as showed in Fig. 7.

4. Discussion

The present analysis of Mediterranean salt-marsh creeks revealed 
significant variation in fish abundance, highlighting the role of 
geomorphological features in habitat selection by A. fasciatus and 
underscoring its potential as an ecological indicator of habitat structure 
in these ecosystems.

Fish relative abundance was found to be strongly linked to specific 

Fig. 2. Predicted abundance of A. fasciatus in relation to physicochemical variables included in the model: dissolved oxygen (DO, mg L⁻¹), sediment chlorophyll 
(Chl), pH, and turbidity (FNU).

Fig. 3. Monthly mean values of water temperature (◦C, solid line), dissolved oxygen (DO, mg L⁻¹, dashed line), and A. fasciatus abundance (dotted line, right axis) 
recorded in the study creeks during the sampling campaign.
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habitat morphology as well as chemical and physical variables.
The Morphological model showed that the abundance of the species 

decreases as Axial dominance and Total/full submerged surface in
crease, while it tends to increase with a larger Low-tide submerged area. 
This indicates that A. fasciatus prefers smaller channels that do not fully 
empty during low tide. This preference may be attributed to the anti- 
predatory function of these habitats, which provide shelter for the spe
cies, as also observed in other congeneric species (Thompson, 2015).

The Hydrological model showed a positive relationship between fish 

abundance and factors such as Total volume, Conduit, and Flow. This 
indicates that the species prefers deep-water creeks that fill and empty 
slowly during tidal cycles. Similar patterns were found by Teo and Able 
(2003) in Delaware Bay, New Jersey. The significance of the Conduit 
(the ratio between Drainage area and Total/full submerged surface) 
aligns with the statistically significant relationship between fish abun
dance and chlorophyll levels. A larger drainage surface contributes to 
greater nutrient input into the channel, which in turn promotes phyto
plankton growth (Custado, David, 2021). Additionally, the statistically 
significant correlation between fish abundance and Drainage area 
further supports this hypothesis.

The Channel shape model offered valuable insights into the preferred 
morphologies of the study species. The positive correlation with the 
number of bends indicates that greater structural complexity creates 
suitable habitats, increasing the availability of microhabitats and ref
uges. Conversely, the negative relationship with Meander, Steepness and 
Slope suggests that excessive tortuosity and steep profiles can reduce the 
usability of the system, likely limiting fish presence during the tidal 
cycle. These findings align with those of Gutierrez-Estrada et al. (2007), 
who reported similar habitat preferences for the ecological equivalent 
Fundulus heteroclitus in the Atlantic salt marshes of Spain.

From a chemical-physical perspective, A. fasciatus shows a prefer
ence for low-turbidity and nutrient-rich waters. Reduced turbidity likely 
enhances visual foraging efficiency and improves predator–prey in
teractions (Brodeur et al., 2003; Utne-Palm, 2002), which are key pro
cesses in shallow, structurally complex environments such as salt marsh 
creeks. Similarly, higher sediment chlorophyll (a proxy for micro
phytobenthic biomass) may indicate increased primary productivity 
and, consequently, greater food availability through benthic and detrital 
pathways (MacIntyre et al., 1996). The species' preference for a pH 
range of 7–9 is consistent with what is widely documented in the liter
ature for other species due to physiological reasons [see, for example: 
Gibson et al., 2011; Ikuta et al., 2003; Kwong et al., (2014)].

Overall, these habitat preferences highlight the suitability of resident 
species as ecological indicators of habitat structure, thereby supporting 
their application in restoration planning and evaluation.

Table 4 
Summary of significant predictors from the negative binomial GLMM assessing 
the effects of Geomorphological variables on fish abundance. Asterisks indicate 
significance levels (* p < 0.05, ** p < 0.01, *** p < 0.001).

Predictor Estimate Std. 
Error

t value Pr(>|t|)

Morphological 
Model

Total/full 
Submerged 
Surface

− 0.8055 0.2987 − 2.697 0.00855 
**

Axial 
Dominance

− 0.5895 0.2451 − 2.405 0.01853 *

Submerged 
Area

0.6845 0.3056 2.240 0.02793 *

Hydrological 
Model

Flow 0.4532 0.1901 2.384 0.019514 
*

Axial volume 0.4985 0.2227 2.239 0.027994 
*

Conduit 0.7841 0.2036 3.851 0.000238 
***

Connectivity 
Model

Drainage 
Area

0.6482 0.1627 3.983 0.000148 
***

Channel Shape 
Model

Bends 0.9712 0.2245 4.326 4.45e− 05 
***

Meander − 2.0537 0.5054 − 4.063 0.000115 
***

Steepness − 0.5580 0.1678 − 3.325 0.001349 
**

Slope − 2.2425 0.4926 − 4.553 1.92e− 05 
***

Fig. 4. Predicted fish abundance in response to standardised values of significant geomorphological, hydrological, connectivity, and channel-shape variables. Panels 
A–C represent the Morphological model, panels D–F depict the Hydrological model, panel G shows the Connectivity model, and panels H–K illustrate the Channel- 
Shape model. Predicted values are based on GLMM models fitted to standardised predictor variables. Fig. 4 Predicted fish abundance as a function of standardised 
significant predictors from the Morphological model Predictions are derived from GLMMs fitted using standardised covariates.
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The use of a resident species to evaluate or planning restoration 
programs is a well-documented technique. Teo, Able (2003) investigate 
the population structure of Fundulus heteroclitus, the ecological equiva
lent of A. fasciatus in American salt marshes, to evaluate colonisation 
and restoration success in Delaware Bay, New Jersey. The diet compo
sition of F. heteroclitus was examined in both natural and human-made 
habitats in Middletown to understand the resource availability of 
restored marshes (James-Pirri et al., 2001). The same species was 
studied by Able et al. (2012) to investigate connectivity between marsh 
creeks and the importance of subhabitats in restoration processes. 

Similarly to the present study, Fundulus parvipinnis was used as a study 
model to identify key variables for designing and mimicking the geo
morphology of natural marshes and diversity in the restoration process 
(Williams and Zedler, 1999). More generally, fish assemblages were 
used to determine the quality of habitat restoration processes in coral 
reef and river ecosystems (Karr, 1987; Fausch et al., 1990; Bortone, 
Kimmel, 1991). Furthermore, Rozas et al. (2005) demonstrate that salt 
marsh morphology influences nekton assemblage and that different 
morphologies result in varying outcomes for fisheries support. Despite 
the numerous examples supporting the use of resident species to assess 

Fig. 5. Predicted fish abundance as a function of standardised significant predictors from the hydrological model. Predictions are derived from GLMMs fitted using 
standardised covariates.

Fig. 6. Predicted fish abundance as a function of standardised significant predictors from the Connectivity model. Predictions are derived from GLMMs fitted using 
standardised covariates.
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habitat quality, it is important to acknowledge that, while such species 
provide a robust and integrative proxy of local environmental condi
tions, they do not fully capture multi-taxa responses or broader 
ecosystem functioning. Consequently, both in the studies cited above 
and in the present case study, the implications drawn for restoration 
design should be interpreted as context-dependent and indicative, rather 
than strictly mechanistic or universally prescriptive

That said, considering the worldwide loss of salt marshes and the 
creation or restoration of marshes often undertaken without a proper 
understanding of their functional structure (Able et al., 2007; Dahl 1990; 
Kneib 2003; Minello et al., 1994; Peterson et al., 2008; Weinstein et al., 
2001; Zedler 2001), the present work provides the basis for framing 
what can be defined as the baseline of a target ecosystem in the North 
Adriatic Sea, where typical Mediterranean salt marshes occur.

Although this study did not specifically address species co- 
occurrence, it is worth noting that catches of A. fasciatus were often 
accompanied by species of both commercial and community interest, 
such as Sparus aurata, Knipowitschia panizzae, Chelon spp., Atherina 
boyeri, and Carcinus aestuarii. While this aspect was beyond the original 
scope of the study, it represents an interesting emerging pattern that 
deserves further investigation. In particular, it opens the possibility of 
exploring whether A. fasciatus could serve as an umbrella species, a 
hypothesis that should be tested through dedicated quantitative ana
lyses in future research.

In conclusion, our results underline that salt marshes with high 
structural heterogeneity maximise the colonisation of resident species, 
which can serve as proxies of habitat suitability for other species 
exploiting the same environment. Based on our findings, we recommend 
the construction of high-volume creeks sufficiently distant from each 
other to maximise the drainage area and enhance nutrient input from 
the land. Moreover, winding and slow-flowing creeks that do not fully 
empty during mean low tide appear to provide optimal conditions for 
supporting higher fish abundance.
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