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   Abstract 11 

Plastic pollution has become a major environmental concern, particularly in coastal wetlands where debris accumulates 12 

and interacts with local biota. This study investigated the relationships among plastic debris, physicochemical 13 

conditions, hydrobiological components, and plastisphere-associated components in the Sahline Salt Marsh (Monastir, 14 

Tunisia). Seasonal sampling was conducted at five monitoring stations over one year. Water samples were analyzed 15 

for temperature, salinity, dissolved oxygen, pH, nutrients, and chlorophyll a. Plastic debris was assessed using an 16 

item-count approach, and biotic and abiotic components present in the surrounding water and associated with plastic 17 

surfaces were characterized. 18 

Plastic bottles, bags, and fragments were the dominant debris types, with the highest abundances recorded at station S5 19 

(57.3 ± 3.01 to 93.0 ± 1.77 items station-1). No plastic debris was detected at the salt-pan stations during winter and 20 

late spring. The water surrounding plastic debris was dominated by Artemia-like forms and insect fragments, whereas 21 

plastisphere-associated components included Artemia-like forms, insect fragments, salt crystals, plant fibres, and 22 

Dunaliella-like microalgae. Statistical analyses revealed significant associations between selected physicochemical 23 

parameters and specific plastic categories, particularly yogurt packaging, while plastic bottles showed an isolated 24 

association with dissolved oxygen in August 2022. Significant associations were also identified between selected 25 

physicochemical parameters and plastisphere-associated components. 26 

These findings highlight marked spatial and seasonal variability in plastic debris distribution and plastisphere-associated 27 

components and indicate associations with the physicochemical gradients characterizing this hypersaline salt-marsh 28 

environment. These relationships should be interpreted as associations rather than evidence of direct causal effects. 29 

Keywords: Marine litter; hypersalinity; environmental gradients; biological colonization; salt-pan ecosystem; Monastir. 30 

Introduction 31 
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Plastic pollution has emerged as one of the most widespread environmental challenges affecting aquatic ecosystems 32 

worldwide. Due to their extensive production, persistence, and resistance to degradation, plastics represent a major 33 

fraction of marine litter and anthropogenic debris in coastal and marine environments (Derraik, 2002; Barnes et al., 34 

2009; UNEP, 2016). Global plastic production has continuously increased over recent decades, resulting in substantial 35 

quantities of plastic waste entering aquatic systems through rivers, coastal activities, tourism, and inadequate waste 36 

management practices (Jambeck et al., 2015). Once released into the environment, plastic debris can accumulate in 37 

different aquatic compartments, including beaches, water columns, sediments, and transitional ecosystems. 38 

Salt marshes and hypersaline wetlands are particularly vulnerable to plastic accumulation because they can act as 39 

retention zones for land-derived debris. Environmental factors such as solar radiation, temperature, and mechanical 40 

abrasion promote the fragmentation of plastic debris into smaller particles. In addition to their physical persistence, 41 

plastic materials provide artificial surfaces that can be colonized by microorganisms and other organisms, contributing 42 

to the formation of a specific ecological assemblage commonly referred to as the plastisphere (Zettler et al., 2013). 43 

The composition and development of plastisphere-associated components may be influenced by environmental 44 

conditions, including spatial variability, seasonality, salinity, and other physicochemical factors (Oberbeckmann et al., 45 

2014; Amaral-Zettler et al., 2015; Basili et al., 2020). Although numerous studies have investigated plastic pollution 46 

in marine and coastal environments, relatively few have examined hypersaline salt-marsh ecosystems and the 47 

relationships among plastic debris, physicochemical conditions, and associated biological communities. 48 

Plastic debris can interact with local environmental conditions and resident organisms, including microorganisms, 49 

microalgae, and invertebrates. Several studies have demonstrated that plastics can serve as substrates for diverse 50 

biological assemblages, although plastisphere-associated components may differ from those in surrounding 51 

environments (Bryant et al., 2016; Dussud et al., 2018b; Pinto et al., 2019; Delacuvellerie et al., 2019; Amaral-Zettler 52 

et al., 2020). In hypersaline environments, organisms such as Artemia-like forms and halotolerant microalgae may 53 

occur in association with plastic debris and its surrounding environment. However, the relationships between abiotic 54 

parameters, plastic debris distribution, and associated biological components remain insufficiently explored in 55 

hypersaline salt-marsh ecosystems. 56 

In Tunisia, Mediterranean coastal ecosystems are increasingly exposed to plastic contamination due to coastal 57 

development, tourism activities, and other anthropogenic pressures. Despite the ecological importance of Tunisian salt 58 

marshes, information regarding plastic accumulation and its relationships with environmental and biological 59 

components remains limited. The Sahline Salt Marsh (Monastir Governorate) represents a particularly relevant study 60 

area because of its hypersaline conditions and ecological importance for halophilic and euryhaline organisms. Within 61 

the framework of the “Plasti-COMA” project developed by the Marine Biodiversity Laboratory, this study 62 

investigates the relationships between plastic debris, environmental conditions, and associated biological components 63 

in the Sahline Salt Marsh, complementing previous investigations conducted in Monastir Bay. 64 

Therefore, this study aimed to assess the relationships among plastic pollution, physicochemical conditions, and 65 

hydrobiological components in the Sahline Salt Marsh. Specifically, we investigated (1) seasonal variations in 66 

physicochemical parameters and nutrient concentrations, (2) spatial and temporal patterns of plastic debris abundance, 67 

(3) biological components associated with the water surrounding plastic debris, and (4) the composition of 68 
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plastisphere-associated components associated with plastic surfaces. The relationships between environmental 69 

variables, plastic debris distribution, and associated biological components were also evaluated to better understand 70 

the distribution and ecological relevance of plastic pollution in hypersaline salt-marsh environments. 71 

  Materials and Methods 72 

Study area and sampling design 73 

The study was conducted in the Sahline Salt Marsh (35°45′N, 10°46′E), located along the central Tunisian coastline in the 74 

Monastir Governorate. A preliminary survey was conducted in May 2021 to identify areas of plastic debris 75 

accumulation within the salt marsh. From September 2021 to August 2022, five sampling campaigns were conducted 76 

at five stations (S1–S5) to assess environmental conditions, plastic debris distribution, and associated biological and 77 

abiotic components. Water samples were collected from the environment surrounding plastic debris for laboratory 78 

analyses of nutrient concentrations and chlorophyll a. Plastic debris was collected manually at each station, and its 79 

associated biological and abiotic components were subsequently examined and recorded. 80 

  Study area characteristics and sampling station selection 81 

The Sahline Salt Marsh is a thalassohaline ecosystem consisting of a coastal sebkha extending into a series of salt pans. It 82 

is located near Monastir Airport and the industrial area of Sahline (Fig. 1). Five sampling stations (S1–S5) were 83 

selected to represent the main environmental gradients within the salt marsh. Stations S1 and S2 were located in the 84 

central part of the salt marsh, S3 and S4 within the salt-pan areas, and S5 close to the zone of marine influence. 85 

Sediment characteristics differed among stations: S1, S2, and S5 were characterized by muddy sediments with 86 

relatively high organic matter content, whereas S3 and S4 were mainly characterized by mineral deposits associated 87 

with salt-production areas. 88 

 89 

 90 

 91 

 92 
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 93 

Fig. 1 Position of the study stations: Sahline salt marsh  94 
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Measurement of physicochemical and hydrobiological parameters 96 

Physicochemical and hydrobiological parameters were measured during each sampling campaign, including 97 

temperature, salinity, dissolved oxygen, pH, nutrient concentrations (NH4
+, NO2

-, NO3
-, TN, PO4

3- and TP), and 98 

chlorophyll a. Water temperature was measured using a thermometer with an accuracy of 0.5°C. Salinity was 99 

determined using a hand-held refractometer (ATAGO, Japan), while dissolved oxygen concentrations were measured 100 

using a portable oximeter (THERMO ORION model 810). pH measurements were performed using a calibrated pH 101 

meter (WTW) with standard buffer solutions (pH 7 and 9). Field measurements of temperature, salinity, dissolved 102 

oxygen, and pH were obtained during each sampling campaign, whereas nutrient and chlorophyll a analyses were 103 

conducted in the laboratory. 104 

Nutrient concentrations were determined using filtered water samples (25 mL) passed through Whatman GF/A filters 105 

(47 mm diameter; 1.6 μm pore size) and analyzed by spectrophotometry using a Beckman Acta III spectrophotometer. 106 

Concentrations were determined using calibration curves established with standard solutions and expressed as μmol L -1. 107 

Chlorophyll a concentrations were determined by filtering 100 mL of water through Whatman GF/A filters, followed by 108 

extraction with 90% acetone. Absorbance was measured spectrophotometrically at 665 and 750 nm before and after 109 

acidification, and chlorophyll a concentrations were expressed as mg m-3. 110 

Plastic debris sampling and plastisphere characterization 111 

Sampling was conducted during morning hours (08:00–12:00). Plastic debris and water from the environment 112 

surrounding plastic debris were collected during each sampling campaign at the five sampling stations (S1–S5). Plastic 113 

debris abundance was assessed using a semi-quantitative item-count approach. Plastic items were manually collected at 114 

each sampling station during each campaign and classified according to their type, including bottles, bags, fragments, 115 

caps, yogurt packaging, and PVC pipe fragments. Plastic abundance was expressed as the number of plastic items 116 

collected per station (items station-1). This approach was used to compare the spatial and temporal distribution of plastic 117 

debris among the five sampling stations. Because the sampling areas were not standardized by surface area or plastic 118 

mass, the results represent item counts per station rather than area- or mass-based plastic density. 119 

At each sampling campaign, environmental parameters, plastic debris, and water surrounding plastic debris were 120 

recorded at the five sampling stations. The sampling station was considered the observational unit for statistical 121 

analyses. Accordingly, the statistical dataset consisted of observations recorded at the five stations for each sampling 122 

campaign. No additional replicate observations were entered into the statistical analyses. The recorded observations 123 

were therefore compared among stations and sampling campaigns according to the statistical procedures described 124 

below. 125 

In the laboratory, plastic surfaces were examined, and associated biological components and other materials were 126 

carefully collected using clean equipment. The collected material was transferred onto microscope slides and examined 127 

under an optical microscope at 40× magnification for morphological characterization. Water samples were collected 128 

from the environment surrounding plastic debris using clean plastic containers. Plastic samples bearing associated 129 

biological material were preserved in 5% neutralized formalin until analysis. The biological components and other 130 

associated materials were identified and classified according to their morphological characteristics. These biological 131 
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and abiotic components observed in association with plastic surfaces were classified as plastisphere-associated 132 

components. 133 

Laboratory characterization of plastic debris and plastisphere-associated components 134 

In the laboratory, plastic debris surfaces and the material associated with them were examined to characterize 135 

plastisphere-associated components. Plastic items collected from the salt marsh environment, including bags, bottles, 136 

and other debris, were examined under a stereomicroscope. Material attached to the plastic surfaces was carefully 137 

removed and suspended in physiological saline solution (9‰ NaCl) to facilitate microscopic observation and 138 

morphological characterization. The composition of plastisphere-associated components was determined based on 139 

their morphological characteristics. 140 

For plastic bottles, the recovered material was centrifuged at 5000–6000 rpm, and both the supernatant and pellet 141 

fractions were examined following the addition of physiological saline solution. The associated biological 142 

components were subsequently characterized. Microalgal forms morphologically resembling the genus Dunaliella and 143 

Artemia-like forms were recorded based on morphological characteristics observed under an optical microscope at 144 

40× magnification. Species-level identification was not confirmed using molecular or culture-based methods; 145 

therefore, these components are referred to as Dunaliella-like microalgae and Artemia-like forms throughout the 146 

manuscript. 147 

  Statistical analysis 148 

Statistical analyses were performed using IBM SPSS Statistics version 26. Descriptive statistics were used to summarize 149 

the physicochemical variables and plastisphere-associated components for each sampling station and sampling 150 

campaign. One-way analysis of variance (ANOVA) was used to evaluate differences in physicochemical variables 151 

among groups defined by the occurrence of plastic debris or plastisphere-associated components. ANOVAs were 152 

conducted separately for each sampling campaign and each component. 153 

The statistical analyses were based on the observations recorded at the five sampling stations for each sampling 154 

campaign, with the station considered the observational unit. Statistical significance was set at p ≤ 0.05. Results with p 155 

< 0.01 were considered highly significant. When the number of observations was insufficient or no within-group 156 

variance was available, the corresponding ANOVA could not be calculated and was not interpreted. All analyses were 157 

performed using IBM SPSS Statistics, and the complete statistical outputs are provided in Online Resource 2. 158 

Results  159 

     Seasonal and spatial variation of physicochemical parameters 160 

Seasonal and spatial variations in the main physicochemical parameters (temperature, salinity, dissolved oxygen, and 161 

pH) were monitored at the five sampling stations during the five sampling campaigns (Tab. 1). Water temperature 162 

exhibited a clear seasonal pattern, with minimum values recorded in winter and maximum values in summer. Salinity 163 

showed marked temporal and spatial variations among stations. Dissolved oxygen concentrations were highest in 164 

February 2022 and decreased during the summer period, whereas pH displayed moderate seasonal fluctuations. 165 
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 166 

 167 

Table 1 Seasonal variation of Temperature, Salinity, Dissolved oxygen and pH 168 

       Parameters      

Stations 

Temperature (°C) Salinity (psu) Dissolved oxygen (mg L-1) pH 

 Sep 

21 

Nov 

21 

Feb 

22 

May 

22 

Aug 

22 

Sep 

21 

Nov 

21 

Feb 

22 

May 

22 

Aug 

22 

Sep 

21 

Nov 

21 

Feb 

22 

May 

22 

Aug 

22 

Sep 

21 

Nov 

21 

Feb 

22 

May 

22 

Aug 

22 

S1 27.2± 

1.88 

18.8± 

0.16 

18.4± 

0.29 

22.56± 

1.38 

30.1± 

3.81 

242.8± 

7.63 

218.4± 

24.09 

246.5± 

25.02 

229.66± 

15.10 

231.6± 

16.73 

1.4± 

0.08 

1.13± 

0.12 

1.4± 

0.016 

1.46± 

0.033 

0.75± 

0.03 

8.45± 

0.038 

7.2± 

0.01 

7.8± 

0.02 

8.2± 

0.009 

7.6± 

0.016 

S2 25.8± 

1.47 

18.7± 

0.30 

17.6± 

0.08 

21.26± 

0.71 

30.46± 

3.79 

232.7± 

8.31 

215.5± 

3.44 

204.33± 

18.73 

255.66± 

15.62 

261.3± 

8.05 

3.95± 

0.13 

3.85± 

0.05 

3.98± 

0.09 

3.95± 

0.04 

0.85± 

0.04 

8.44± 

0.04 

7.4± 

0.021 

7.9± 

0.008 

7.7± 

0.012 

7.82± 

0.024 

S3 27.66± 

2.62 

19.2± 

0.71 

17.7± 

0.20 

23.23± 

2.15 

34.43± 

0.54 

336.6± 

26.24 

327.3± 

20.80 

305.83± 

39.5 

352.66± 

21.31 

368.7± 

21.40 

5.16± 

0.06 

5.35± 

0.17 

5.45± 

0.20 

5.41± 

0.22 

0.80 ± 

0.05 

7.96± 

0.014 

7.13± 

0.016 

7.4± 

0.01 

7.7± 

0.02 

7.87± 

0.03 

S4 28.1± 

2.80 

19.4± 

0.64 

17.7± 

0.35 

24.3± 

2.82 

34.83± 

0.30 

349.8± 

21.43 

349.6± 

2.62 

334.33± 

45.05 

357± 

5.09 

362± 

10.70 

1.18± 

0.012 

1.09± 

0.008 

5,41± 

0.22 

1.18± 

0.021 

0.97± 

0.02 

7.99± 

0.032 

7.14± 

0.03 

7.5± 

0.026 

7.8± 

0.029 

7.70± 

0.012 

S5 28.03± 

2.43 

18.7± 

0.24 

18.03± 

0.04 

23.33± 

2.21 

36.5± 

2.19 

176.2± 

5.93 

213.73± 

18.20 

178± 

15.57 

193.66± 

9.67 

191.6± 

6.23 

0.75± 

0.03 

0.85± 

0.04 

5.49± 

0.008 

0.85± 

0.063 

0.81± 

0.028 

8.59± 

0.008 

7.45± 

0.024 

7.8± 

0.021 

8.34± 

0.03 

7.79± 

0.029 
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  Seasonal and spatial variation of nitrogen nutrients 169 

   Seasonal and spatial variation of nitrogen nutrients 170 

Mean ammonium (NH4
+) concentrations showed marked spatial and seasonal variability throughout the study period (Fig. 171 

2a). In September 2021, concentrations ranged from 0.517 ± 0.02 to 5.016 ± 0.001 μmol L-1, with the highest value 172 

recorded at S5. Concentrations generally increased from November 2021 to May 2022, reaching their highest May values at 173 

S1 and S2 (4.760 ± 0.070 and 4.613 ± 0.001 μmol L-1, respectively). Concentrations subsequently decreased in August 174 

2022, with values ranging from 0.537 ± 0.008 to 1.403 ± 0.004 μmol L-1. 175 

Nitrite (NO2
-) concentrations were relatively low in September 2021, ranging from 0.130 ± 0.003 to 0.617 ± 0.001 μmol L-176 

1 (Fig. 2b). Concentrations increased in November 2021, followed by a decline in February 2022 and relatively low values 177 

in May 2022. A marked increase was observed in August 2022, with the highest concentrations recorded at S2 (2.194 ± 178 

0.005 μmol L-1) and S4 (2.335 ± 0.003 μmol L-1). 179 

Nitrate (NO3
-) concentrations ranged from 1.741 ± 0.002 to 6.512 ± 0.003 μmol L-1 in September 2021 (Fig. 2c). 180 

Concentrations increased in November 2021, declined in February 2022, and showed marked spatial variability in May 181 

2022. A pronounced increase was observed in August 2022, with the highest concentrations recorded at S2 (16.857 ± 0.005 182 

μmol L-1) and S4 (17.240 ± 0.020 μmol L-1). 183 

Mean total nitrogen (TN) concentrations ranged from 8.672 ± 0.001 to 14.980 ± 0.005 μmol L-1 in September 2021 (Fig. 184 

2d). Concentrations increased in November 2021, reaching the highest values at S4 (21.050 ± 0.005 μmol L-1) and S5 185 

(23.350 ± 0.004 μmol L-1), followed by a decline in February 2022. Moderate spatial variation was observed in May 2022, 186 

whereas TN concentrations increased again in August 2022, reaching their highest values at S2 (23.413 ± 0.004 μmol L-1) 187 

and S4 (24.955 ± 0.002 μmol L-1). 188 
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 189 

Fig. 2 Seasonal variation in nitrogenous nutrients (a) Ammonium (NH4
+); (b) Nitrite (NO2

-); (c), Nitrate (NO3
-); (d) Total 190 

Nitrogen (TN) 191 

    Seasonal and spatial variation of phosphorus nutrients and chlorophyll a 192 

Orthophosphate (PO4
3-) concentrations were generally low in September 2021, ranging from 0.159 ± 0.003 to 0.260 ± 193 

0.005 μmol L-1, with the lowest and highest values recorded at S3 and S5, respectively (Fig. 3a). Concentrations increased 194 

(a) 

(b) 

(c) 

(d) 
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markedly in November 2021, reaching 2.452 ± 0.001 μmol L-1 at S2 and 2.583 ± 0.004 μmol L-1 at S5. Concentrations 195 

subsequently declined in February 2022 and remained relatively low in May 2022, with values ranging from 0.240 ± 0.002 196 

to 0.735 ± 0.003 μmol L-1. A pronounced increase was observed in August 2022, particularly at S1 and S2, where 197 

concentrations reached 4.130 ± 0.004 and 3.672 ± 0.003 μmol L-1, respectively. 198 

Total phosphate (TP) concentrations also showed marked seasonal and spatial variability throughout the study period 199 

(Fig. 3b). In September 2021, concentrations ranged from 1.992 ± 0.003 to 2.855 ± 0.001 μmol L -1, with the lowest value at 200 

S3 and the highest at S1. Concentrations increased substantially in November 2021, reaching their highest values at S5 201 

(18.983 ± 0.006 μmol L-1) and S4 (11.321 ± 0.003 μmol L-1). In February 2022, TP concentrations remained relatively high, 202 

particularly at S5 (11.571 ± 0.007 μmol L-1) and S3 (9.992 ± 0.001 μmol L-1), followed by a decline in May 2022. In August 203 

2022, concentrations increased again, reaching their highest values at S2 (21.202 ± 0.005 μmol L-1) and S1 (18.54 ± 0.0012 204 

μmol L-1). 205 

Chlorophyll a concentrations showed comparatively moderate spatial and seasonal variability during the study period (Fig. 206 

3c). In September 2021, concentrations ranged from 2.050 ± 0.002 to 3.574 ± 0.003 mg m -3, with the highest value 207 

recorded at S3. Concentrations decreased in November 2021, reaching their lowest value at S2 (1.743 ± 0.001 mg m-3). In 208 

February 2022, chlorophyll a concentrations increased at most stations, with the highest value recorded at S5 (3.054 ± 209 

0.0033 mg m-3). In May 2022, concentrations ranged from 2.014 ± 0.002 to 2.708 ± 0.003 mg m -3, with the highest value at 210 

S1. A slight increase was observed at most stations in August 2022, with concentrations reaching 3.012 ± 0.005 and 2.992 ± 211 

0.006 mg m-3 at S1 and S2, respectively. 212 
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 213 

Fig. 3 Seasonal fluctuations in phosphorus nutrient and biomass (a) Orthophosphate (PO4
3-); ( b) Total Phosphorus (TP); 214 

(c) Chlorophyll a 215 

Seasonal and spatial distribution of plastic debris 216 

   Abundance 217 

Plastic debris abundance exhibited marked seasonal and spatial variations across the five sampling stations (Fig. 4). Plastic 218 

bottles, bags, and fragments were the dominant debris categories throughout the study period. Station S5 consistently 219 

exhibited the highest plastic debris abundance, ranging from 57.3 ± 3.01 items station-1 in February 2022 to 93.0 ± 1.77 220 

items station-1 in August 2022. In contrast, the lowest abundances were recorded at S3 and S4, where no plastic debris was 221 

detected in February and May 2022. Intermediate levels were observed at S1 and S2, whereas other plastic items, 222 

including yogurt packaging and PVC pipe fragments, occurred sporadically and in low quantities. 223 

One-way ANOVA showed no significant associations in the examined physicochemical parameters among groups defined 224 

by plastic bottle observations during most sampling periods (Table 7). An exception was observed for dissolved oxygen 225 

in August 2022 (F = 357.000, p = 0.039). Yogurt packaging was significantly associated with temperature in August 2022 226 

(F = 53.363, p = 0.018), salinity and pH (F = 44.367, p = 0.022; F = 182.416, p = 0.005 respectively) in September 2021. 227 

(a) 

(b) 

(c) 
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Plastic bags and fragments showed no significant associations with the examined physicochemical parameters. PVC 228 

observations likewise showed no significant associations with temperature (p = 0.473–0.766), pH (p = 0.165–0.786), 229 

salinity (p = 0.304–0.963), or dissolved oxygen (p = 0.054–0.607). The closest result to significance occurred for 230 

dissolved oxygen and PVC in February 2022 (F = 9.545, p = 0.054), but remained non-significant. Comparisons between 231 

temperature and plastic bottles could not be evaluated in November 2021 and February 2022 because no within-group 232 

variance was observed. Similarly, the comparison between temperature and yogurt packaging could not be evaluated in 233 

November 2021 for the same reason. Further statistical details are provided in Online Resource 234 

2.235 

236 

Fig. 4 Seasonal and spatial variation in plastic debris observations 237 

     Characterization of the components associated with the water surrounding plastic debris 238 

The components associated with the environment surrounding plastic debris exhibited marked spatial and seasonal 239 

variations (Fig. 5). Artemia-like forms and insect fragments were the dominant components at S1, S2, and particularly S5, 240 

where the highest numbers of Artemia-like forms ranged from 80.0 ± 4.10 to 98.56 ± 1.81 observations station-1 during the 241 

study period. Salt crystals predominated at the salt-pan stations (S3 and S4), with the highest numbers recorded in May and 242 

August 2022, reaching 90 and 95 observations station-1 at S3 and 95 and 97 observations station-1 at S4, respectively. In the 243 

surrounding water, Dunaliella-like microalgae were detected only at S1, whereas plant fibres occurred sporadically at S2 244 

and S3. Insect fragments were detected at all stations throughout the study period. 245 

One-way ANOVA showed significant associations in selected physicochemical parameters among groups defined by 246 

components observed in the water surrounding plastic debris (Table 8). For Artemia-like forms, significant associations 247 

were recorded with pH in September 2021 (F = 42.225, p = 0.023) and February 2022 (F = 23.032, p = 0.042) and with 248 

salinity in May 2022 (F = 28.081, p = 0.034). Insect fragments were significantly associated with pH in May 2022 (F = 249 

24.592, p = 0.039) and with dissolved oxygen in November 2021 (F = 21.408, p = 0.045) and August 2022 (F = 24.935, p 250 

= 0.039). Salt crystals showed significant associations with temperature in August 2022 (F = 53.363, p = 0.018) and with 251 

salinity (F = 44.367, p = 0.022) and pH (F = 182.416, p = 0.005) in September 2021. No significant associations were 252 

found for Dunaliella-like microalgae or plant fibres (p > 0.05). Comparisons between temperature and Artemia-like forms 253 
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could not be evaluated in November 2021 and February 2022, while the comparison between temperature and salt 254 

crystals could not be evaluated in November 2021, because no within-group variance was observed. Further statistical 255 

details are provided in Online Resource 256 

2.257 

258 

Fig. 5 Seasonal and spatial variation in biological and abiotic components associated with the water surrounding plastic 259 

debris 260 

   Composition of plastisphere-associated components 261 

The composition of plastisphere-associated components exhibited marked spatial and seasonal variations across the five 262 

sampling stations (Fig. 6). The number of observations of Artemia-like forms, insect fragments, salt crystals, and plant 263 

fibres were the dominant plastisphere-associated components. The highest numbers of Artemia-like forms and other 264 

plastisphere-associated components were recorded at S2 (24.2 ± 2.43–83.53 ± 1.79 observations per station) and S5 (24.5 265 

± 0.62–98.0 ± 2.82 observations per station). On plastisphere-associated components, Dunaliella-like microalgae were 266 

detected at S3 and S4, with the highest abundance recorded at S4 in August 2022 (88.3 ± 1.08 observations per station). 267 

One-way ANOVA revealed significant associations in selected physicochemical parameters among groups defined by 268 

plastisphere-associated components (Table 9). Significant differences in pH and salinity (F = 182.416, p = 0.005; F = 269 

44.367, p = 0.022 respectively) in September 2021 and temperature in August 2022 (F = 53.363, p = 0.018) were detected 270 

among groups defined by Artemia-like forms. For Dunaliella-like microalgae, a highly significant association with 271 

dissolved oxygen was detected in February 2022 (F = 160.000, p = 0.006), while plant fibres showed a significant 272 

difference in relation to salinity in August 2022 (F = 41.390, p = 0.024). In contrast, none of the examined 273 

physicochemical parameters differed significantly among groups characterized by salt crystals or insect fragments (p > 274 

0.05). In November 2021, ANOVA could not be performed to assess the association between temperature and the 275 

occurrence of Artemia-like forms and insect fragments because no within-group variance was observed. Further statistical 276 

details are provided in Online Resource 2. 277 
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278 

Fig. 6 Spatial and temporal distribution of plastisphere-associated components at the five sampling stations during the 279 

study period 280 

Detailed quantitative data supporting the results presented in Figs. 2–6 are provided in Online Resource 1. 281 

Representative microscopic observations of plastisphere-associated components and biological and mineral components in 282 

the water surrounding plastic debris are shown in (Fig. 7). 283 
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 284 

Fig. 7 Microscopic observations of plastisphere-associated components and biological and mineral components in the water 285 

surrounding plastic debris (a) plastic debris and salt crystals; (b) Artemia-like forms; (c) insect fragments; (d) plant fibres 286 

Artemia-like forms 

Salt crystals 
Plastic waste 

Insect 

Plastic waste 

Plant fibres Plastic waste 

(a) 

(b) 

(c) 

(d) 
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Relationships between environmental variables, plastic debris, components associated with the water surrounding 287 

plastic debris and plastisphere-associated components 288 

  Table 7 Summary of one-way ANOVA results for the relationships between plastic debris types and physicochemical 289 

parameters 290 

 291 

Variable Temperature         Salinity Dissolved oxygen pH 

Plastic bottles Ns+ Nc (Nov+ Feb) Ns * (Aug) Ns 

Plastic bags Ns Ns Ns Ns 

Plastic fragments Ns Ns Ns Ns 

Yogurt packaging * (Aug)+Nc (Nov) * (Sep) Ns ** (Sep) 

PVC Ns Ns Ns Ns 

Note: * = significant association detected in at least one sampling campaign p < 0.05  292 

         ** = significant association detected in at least one sampling campaign p< 0.01 293 

         Ns = no significant association detected in any sampling campaign / Nc= not calculable 294 

Table 8 Summary of one-way ANOVA results for the relationships between physicochemical parameters and  295 

 296 

Note: * = significant association detected in at least one sampling campaign p < 0.05  297 

         ** = significant association detected in at least one sampling campaign p<0.01 298 

         Ns = no significant association detected in any sampling campaign / Nc= not calculable 299 

Table 9 Summary of one-way ANOVA results for the relationships between physicochemical parameters and 300 

plastisphere-associated components 301 

Variable Artemia-like forms Dunaliella like-

microalgae 

Salt crystals Insect fragments Plant fibres 

Temperature Ns+ Nc (Nov+Feb) Ns * (Aug) + 

Nc (Nov) 

Ns Ns 

Salinity * (May) Ns * (Sep) Ns Ns 

Dissolved oxygen Ns Ns Ns * (Nov+Aug) Ns 

pH * (Sep+Feb) Ns ** (Sep) * (May) Ns 

Variable Temperature         Salinity Dissolved oxygen pH 

Artemia-like forms  * (Aug)+ Nc (Nov) * (Sep) Ns ** (Sep) 

Dunaliella-like  

microalgae 

Ns Ns ** (Feb) Ns 

Salt crystals  Ns Ns Ns Ns 

Insect fragments  Ns+ Nc (Nov) Ns Ns Ns 

Plant fibres Ns * (Aug) Ns Ns 

components associated with the water surrounding plastic debris 
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Note: * = significant association detected in at least one sampling campaign p < 0.05  302 

         ** = significant association detected in at least one sampling campaign p<0.01 303 

         Ns = no significant association detected in any sampling campaign / Nc= not calculable 304 

Complete results of the statistical analyses examining the relationships between environmental factors, plastic debris, 305 

biological components associated with plastic debris in the surrounding waters, and plastisphere-associated components are 306 

provided in Online Resource 2. 307 

Discussion 308 

Physicochemical conditions 309 

The Sahline Salt Marsh exhibited pronounced spatial and seasonal variability in its physicochemical and biological 310 

conditions, reflecting the dynamic characteristics of hypersaline ecosystems. Seasonal increases in temperature were 311 

accompanied by elevated salinity and reduced dissolved oxygen concentrations, whereas winter conditions were 312 

characterized by lower temperatures and greater oxygen availability. These patterns are consistent with the combined 313 

effects of intense evaporation, restricted water renewal, and the lower solubility of oxygen at higher temperatures, which 314 

are characteristic features of Mediterranean hypersaline wetlands. The physicochemical conditions recorded in the present 315 

study were generally consistent with those previously reported for Tunisian salt marshes. Temperature and pH values 316 

were comparable to those reported by Trigui et al. (2016), whereas the higher salinity values recorded in the present study 317 

support the highly hypersaline conditions prevailing in the Sahline Salt Marsh. In contrast, dissolved oxygen 318 

concentrations were lower than those reported for Sebkha El Adhibet in southern Tunisia (Ben Naceur et al., 2009), 319 

where lower salinity and higher phytoplankton biomass may have favoured greater oxygen availability. 320 

These environmental conditions are likely to influence the composition and distribution of hydrobiological communities. The 321 

occurrence of halotolerant microalgae, including Dunaliella-like forms, is consistent with the ability of this group to 322 

tolerate highly saline conditions. Similarly, Masmoudi (2014) reported that the photosynthetic activity of Dunaliella 323 

salina and the cyanobacterium Phormidium versicolor was less affected by high salinity and intense light than that of the 324 

diatom Cylindrotheca closterium, highlighting the ecological advantage of halotolerant microorganisms under 325 

hypersaline conditions. Such physiological adaptations may help explain the occurrence of Dunaliella-like microalgae in 326 

hypersaline environments such as the Sahline Salt Marsh, although the Dunaliella-like forms observed in the present 327 

study should not be interpreted as a confirmed identification of Dunaliella salina. 328 

Nutrient dynamics 329 

The relatively high concentrations of some nitrogen and phosphorus compounds observed during the study indicate that the 330 

Sahline Salt Marsh remains a nutrient-rich environment despite its hypersaline conditions. Seasonal fluctuations in 331 

nutrient concentrations are likely associated with changes in hydrological conditions, biological activity, and nutrient 332 

recycling within the salt marsh. The marked increases in nitrate, total nitrogen, and total phosphorus observed during 333 

specific sampling periods may reflect enhanced mineralization of organic matter and reduced biological uptake under 334 

unfavourable environmental conditions, whereas subsequent decreases may have resulted from increased assimilation by 335 

primary producers. 336 
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Overall, the nutrient dynamics observed in the present study are broadly consistent with those previously reported for the 337 

Sahline Salt Marsh by Trigui et al. (2016). The persistence of relatively high nutrient concentrations may contribute to 338 

sustaining the productivity of halophilic communities, including microalgae, which constitute important primary 339 

producers in the salt-marsh food web. This nutrient availability may also indirectly support the development of biological 340 

communities associated with plastic debris by providing resources for primary producers and microorganisms colonizing 341 

plastic surfaces. 342 

   Phytoplankton biomass 343 

The relatively high chlorophyll a concentrations recorded during the study indicate that the Sahline Salt Marsh supports 344 

relatively high phytoplankton biomass under hypersaline conditions. This relatively high biomass may be related to the 345 

availability of nitrogen and phosphorus compounds, which can provide favourable conditions for primary production. 346 

Seasonal fluctuations in chlorophyll a, characterized by increases during winter and late summer and lower 347 

concentrations during autumn, suggest that phytoplankton biomass may reflect seasonal variations in nutrient availability 348 

and physicochemical conditions. 349 

Compared with the lower chlorophyll a concentrations reported for the hypersaline Lake Urmia, Iran (0.46 ± 0.20–2.40 ± 350 

0.20 mg m-3, equivalent to μg L-1) by Dahesht et al. (2013), the concentrations observed in the present study were within a 351 

relatively elevated range compared with those reported for some other hypersaline systems. The relatively high 352 

phytoplankton biomass may be supported by nutrient availability and the presence of halotolerant microalgae, particularly 353 

Dunaliella-like microalgae, which were identified morphologically in the present study and resemble members of the 354 

genus Dunaliella. Members of this genus have been reported to dominate the phytoplankton community of Lake Urmia 355 

under hypersaline conditions (Dahesht et al., 2010). Consequently, phytoplankton production may contribute to 356 

maintaining ecosystem productivity and may indirectly support the development of biological communities associated 357 

with plastic debris and plastisphere-associated components. 358 

  Plastic debris distribution and physicochemical associations 359 

The spatial and seasonal distribution of plastic debris in the Sahline Salt Marsh suggests that plastic accumulation may result 360 

from the combined influence of local environmental conditions, hydrodynamic connectivity, and anthropogenic inputs. 361 

The predominance of plastic bottles, bags, fragments, caps, and yogurt packaging observed in the present study is broadly 362 

consistent with observations from Tunisian coastal environments, where plastic and packaging materials constitute major 363 

components of marine litter (Baccar-Chaabane et al., 2024). The highest accumulation recorded at station S5 may reflect 364 

the greater connectivity of this station with the marine environment and its potential exposure to externally transported 365 

debris. However, because hydrodynamic processes and direct plastic inputs were not measured in the present study, these 366 

mechanisms should be considered plausible explanations rather than demonstrated causes. In contrast, the absence of 367 

plastic debris at the salt-pan stations during winter and late spring may be related to differences in hydrological 368 

connectivity, local retention conditions, and seasonal variations in plastic inputs. Overall, these spatial and seasonal 369 

patterns indicate that plastic accumulation within the salt marsh is heterogeneous and may reflect interactions among 370 

environmental variability, transport and retention processes, and local anthropogenic inputs. 371 
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One-way ANOVA identified significant associations in selected physicochemical parameters among groups defined by the 372 

most plastic debris categories. Plastic bottles showed no significant associations with temperature, salinity, or pH, 373 

whereas a significant association with dissolved oxygen was detected in August 2022. This isolated result should be 374 

interpreted cautiously because it occurred during a single sampling campaign and does not demonstrate a causal influence 375 

of dissolved oxygen on plastic bottle occurrence. Yogurt packaging showed significant associations with temperature 376 

(August 2022), salinity and pH (September 2021) during selected sampling periods, suggesting that its occurrence varied 377 

under particular physicochemical conditions. However, these associations may also reflect the spatial and seasonal 378 

distribution of this plastic category within the salt marsh rather than a direct environmental influence. The absence of 379 

significant associations for plastic bags, plastic fragments, and PVC further indicates that no consistent relationship was 380 

observed across plastic types. Overall, the ANOVA results suggest that the distribution of most plastic debris categories 381 

was not consistently related to the measured physicochemical conditions. Their distribution may instead be related to 382 

external inputs, transport, and retention processes, which were not directly quantified in this study. Nevertheless, this 383 

interpretation remains tentative because hydrodynamic transport, residence time, and source-specific inputs were not 384 

directly assessed. 385 

The predominance of consumer-related plastic items observed in the present study is consistent with previous surveys 386 

conducted in Tunisia and neighbouring Mediterranean coastal environments. Chaabane and Chaabane-Baccar (2019) 387 

reported a substantial contribution of plastic debris, including consumer-related items, during surveys conducted on four 388 

Tunisian beaches. Similarly, field surveys conducted in the Kerkennah Islands in 2019 documented plastic as the 389 

dominant waste category, with bottles, caps, carrier bags, and fishing-related plastic items among the frequently observed 390 

debris (Chaabane, 2020). More recent monitoring of Tunisian coastal areas has likewise reported a high contribution of 391 

plastic and packaging materials to marine litter, with tourism and recreational activities identified as potential sources of 392 

contamination (Baccar-Chaabane et al., 2024). These observations are consistent with the present findings and suggest 393 

that consumer-related plastic waste represents an important component of plastic contamination along Tunisian coastal 394 

and wetland environments. Comparable observations have also been reported from the Gulf of Annaba, Algeria, where 395 

plastic packaging and bottles represented a major proportion of recorded macro-litter (Belabed et al., 2019). 396 

Taken together, these findings support the importance of anthropogenic plastic inputs in coastal and hypersaline 397 

environments, while also highlighting the potential role of spatial heterogeneity, hydrodynamic connectivity, transport, 398 

and retention processes in determining plastic accumulation. However, the relative contribution of individual sources and 399 

transport mechanisms could not be determined in the present study and requires further investigation using direct 400 

measurements of hydrodynamic processes, plastic residence time, and source-specific inputs. 401 

     Components associated with the water surrounding plastic debris 402 

The biological communities associated with the water surrounding plastic debris were dominated by halophilic organisms, 403 

particularly Artemia-like forms and insect fragments. The highest numbers of Artemia-like forms are consistent with the 404 

strong tolerance of this genus to hypersaline environments, where elevated salinity can limit the occurrence of many other 405 

aquatic organisms. The higher abundances observed during the warmer months further suggest that seasonal changes in 406 

temperature, together with salinity, may influence the development and distribution of these communities. Such seasonal 407 

patterns are also relevant to plastic-associated components in transitional environments. For example, a one-year study 408 
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conducted in a subtropical estuary showed that season had a stronger influence on plastisphere composition than polymer 409 

type or incubation time, with significant seasonal changes observed in bacterial, fungal, and eukaryotic communities 410 

(Sérvulo et al., 2023). 411 

The significant differences detected among groups characterized by the occurrence of Artemia-like forms in relation to pH in 412 

September 2021 and February 2022 and salinity in May 2022 suggest that Artemia-like forms varied across distinct 413 

physicochemical conditions. Given the strong tolerance of Artemia-like forms to hypersaline environments, these 414 

relationships are ecologically plausible; however, the present ANOVA results indicate statistical differences between 415 

groups rather than causal effects. These findings suggest that one-way ANOVA identified significant associations in 416 

selected physicochemical parameters among groups defined by some components associated with plastic debris in the 417 

surrounding water, particularly temperature, salinity, and pH, but these statistical associations should not be interpreted as 418 

evidence of direct effects. Insect fragments also showed significant associations in relation to dissolved oxygen in 419 

November 2021 and August 2022 and to pH in May 2022, suggesting that their occurrence varied under specific local 420 

physicochemical conditions. Salt-crystal groups showed significant associations in relation to temperature in August 2022 421 

and to salinity and pH in September 2021. These relationships are consistent with the strong influence of evaporation and 422 

physicochemical variability on salt precipitation in hypersaline environments, although causality cannot be established 423 

from the present analysis. In contrast, no significant associations were detected between the measured physicochemical 424 

variables and Dunaliella-like microalgae or plant fibres. Notably, Dunaliella-like microalgae were detected only at S1 in 425 

the surrounding water, whereas they were recorded on plastisphere-associated material mainly at S4, indicating that their 426 

distribution differed between the surrounding water and plastic surfaces. Overall, the results suggest component-specific 427 

associations between the physicochemical conditions of the surrounding water and the biological and mineral components 428 

observed around plastic debris. The relatively small number of observations available for some comparisons and the 429 

absence of within-group variance in selected analyses further limit the strength of ecological inference. Plastic surfaces 430 

may provide artificial substrates for the attachment and persistence of organisms originating from the surrounding 431 

environment. This process has also been documented in salt-marsh environments, where microorganisms from the 432 

surrounding sediment rapidly colonized different types of microplastics and the composition of the plastisphere changed 433 

dynamically over a one-year incubation period (Rosato et al., 2022). 434 

In contrast, the relatively limited occurrence of Dunaliella-like microalgae in the surrounding water should not necessarily be 435 

interpreted as evidence of a minor ecological role. Dunaliella-like microalgae are characteristic components of 436 

hypersaline environments and can become the main, or even the sole, primary producer at very high salinities (Oren, 437 

2014). Therefore, its relatively low abundance in the present samples may instead reflect spatial or temporal 438 

heterogeneity in its distribution, differences in local habitat conditions, or the availability of suitable substrates. Similarly, 439 

the absence of significant relationships between the measured environmental variables and Dunaliella-like microalgae 440 

and plant fibres suggests that their distribution may be influenced by additional ecological processes, including local 441 

habitat characteristics, hydrodynamic transport, substrate availability, or biological interactions. These factors were not 442 

investigated in the present study and should be considered in future investigations. 443 

Plastisphere-associated components 444 
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The plastisphere-associated components developing on the surface of plastic debris comprised a diverse assemblage of 445 

halophilic or halotolerant organisms, biological residues, and abiotic components. The highest abundances of Artemia-446 

like forms, insect fragments, salt crystals, and plant fibres, particularly at stations S2 and S5, indicate spatial variability in 447 

plastisphere-associated components under contrasting local environmental conditions. The occurrence of Artemia-like 448 

forms and other biological components at these stations may be related to the availability of organic matter and the 449 

physicochemical characteristics of the surrounding environment. In contrast, the more restricted presence of Dunaliella-450 

like microalgae, mainly at station S4, indicates that microalgal occurrence on plastic surfaces was spatially heterogeneous 451 

and may vary with local environmental conditions. Notably, Dunaliella-like microalgae showed contrasting distributions 452 

between the surrounding water and plastisphere-associated material, being detected mainly at S1 in the former and at S4 in 453 

the latter. This spatial difference suggests that their occurrence may vary between the surrounding-water compartment 454 

and plastic-associated surfaces. 455 

One-way ANOVA identified significant associations in selected physicochemical parameters among groups defined by 456 

plastisphere-associated components. As shown in Table 9, Artemia-like forms were significantly associated with 457 

temperature (August 2022) and salinity (September 2021) and showed a highly significant association with pH 458 

(September 2021). Dunaliella-like microalgae showed a highly significant association with dissolved oxygen (February 459 

2022), whereas plant fibres were significantly associated with salinity in August 2022. In contrast, no significant 460 

associations were detected between the measured physicochemical parameters and salt crystals or insect fragments. These 461 

results indicate that different plastisphere-associated components may respond differently to local physicochemical 462 

variability. The significant associations observed for Artemia-like forms are consistent with their ability to persist under 463 

broad fluctuations in hypersaline environments, although these statistical relationships do not demonstrate direct causal 464 

effects. Similarly, the association between dissolved oxygen and Dunaliella-like microalgae may indicate sensitivity to 465 

local environmental conditions, but cannot be interpreted as evidence of a direct effect. Because plastisphere-associated 466 

components were characterized primarily from morphological observations and the statistical analyses were based on a 467 

limited number of observations, these relationships should therefore be considered indicative. Further investigations using 468 

standardized plastic surface-area measurements and taxonomic or molecular approaches would help determine whether 469 

these patterns reflect environmental conditions or differences in colonization and retention on plastic surfaces. 470 

These findings are consistent with previous studies describing plastic debris as a novel ecological substrate that can support 471 

the development of biological communities and biofilms (Zettler et al., 2013; Bryant et al., 2016; Dussud et al., 2018a; 472 

Pinto et al., 2019; De Tender et al., 2017; Jacquin et al., 2019). Previous investigations have shown that plastisphere 473 

composition and structure vary according to geographical location, seasonality, habitat characteristics, and environmental 474 

conditions (Oberbeckmann et al., 2014; Amaral-Zettler et al., 2015; Basili et al., 2020). More recent studies have 475 

reinforced these observations, reporting spatial and temporal variability in plastisphere-associated components along 476 

environmental gradients, including in salt-marsh and saline environments (Rosato et al., 2022; Meng et al., 2024; Yuan et 477 

al., 2024; Frias et al., 2025; Philip et al., 2025; Pinheiro et al., 2026). Studies conducted along freshwater–brackish–478 

marine gradients have also identified salinity as an important factor associated with changes in plastisphere composition, 479 

while algae may contribute to the stability and functioning of plastic-associated communities under saline conditions 480 

(Chen et al., 2025). The spatial differences observed among the five sampling stations in the present study are consistent 481 

with these findings and suggest that local physicochemical conditions may contribute to variation in plastisphere-482 

associated components in the hypersaline Sahline Salt Marsh. The occurrence of Dunaliella-like microalgae, particularly 483 
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at station S4, is consistent with the capacity of halotolerant microalgae to persist under highly saline conditions. 484 

Experimental studies on Dunaliella salina have further shown that interactions with microplastics can influence algal 485 

growth and metabolic responses (Wang et al., 2023; Xiao et al., 2026). However, the occurrence of Artemia-like forms on 486 

plastic debris in the present study appears to be less documented in the plastisphere literature and may represent a 487 

noteworthy feature of hypersaline environments. Overall, the findings suggest that plastisphere-associated components 488 

are spatially variable and may be associated with local salinity, temperature, pH, dissolved oxygen, habitat characteristics, 489 

and biological colonization. 490 

The observed assemblage suggests that plastic debris can provide a substrate for a diverse set of organisms and inorganic 491 

materials under hypersaline conditions. However, plastisphere characterization in the present study was based on optical 492 

microscopy; therefore, the observed organisms should be regarded as morphologically identified forms, with Dunaliella-493 

like microalgae described at the morphotype level rather than as confirmed species-level identifications. In addition, the 494 

item-count approach provides a semi-quantitative assessment of plastisphere-associated components and does not allow 495 

direct comparison of abundance per unit plastic surface area or mass. Further molecular and quantitative approaches 496 

would therefore be useful to resolve the taxonomic and functional diversity of the plastisphere in this hypersaline 497 

environment. 498 

Ecological relevance of plastic debris 499 

Previous studies have demonstrated that microplastics can be ingested by planktonic organisms and may subsequently 500 

contribute to the transfer of plastic particles through aquatic food webs (Kedzierski, 2017; Chaabane and Chaabane-501 

Baccar, 2019; Chaabane, 2020). Plastic ingestion may also cause physical effects, including digestive obstruction, 502 

reduced growth and impaired mobility, depending on the type, size and quantity of particles ingested (Van Franeker, 503 

Law, 2015; Chaabane, 2020). 504 

Beyond these direct effects, plastic debris provides artificial surfaces that can be rapidly colonized by microorganisms and 505 

other organisms, resulting in the formation of a plastisphere-associated component. Biofilm formation may modify the 506 

chemical properties of plastic surfaces and influence their interactions with aquatic organisms. For example, plastic 507 

colonized by algae may produce chemical cues resembling natural food sources, potentially increasing plastic ingestion 508 

by fish (Chaabane and Chaabane-Baccar, 2019; Pösel et al., 2018). Thus, plastisphere-associated components may 509 

contribute to additional biological interactions beyond the physical persistence of plastic debris. 510 

In the Sahline salt marsh, the occurrence of Artemia-like forms, insect fragments, plant fibres, salt crystals and Dunaliella-511 

like microalgae associated with plastic debris indicates that plastic surfaces can serve as additional substrates for 512 

biological colonization under hypersaline conditions. The observed plastisphere-associated components therefore suggest 513 

potential interactions between plastic debris and the local biota, including possible effects on the distribution and 514 

transport of associated organisms. However, these observations do not demonstrate direct ecological impacts, and further 515 

taxonomic, molecular and functional investigations are required to determine the ecological significance of these plastic-516 

associated components. Although these findings highlight the potential ecological relevance of plastic-associated 517 

communities in the salt marsh, the present study did not directly demonstrate adverse effects of plastic debris on the 518 

organisms or ecosystem processes. 519 
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More broadly, the presence of plastic debris in aquatic environments may also raise concerns regarding the transfer of 520 

plastic-associated contaminants and potential exposure through aquatic food webs (Baechler et al., 2020). However, these 521 

pathways were not directly investigated in the present study. The ecological relevance of plastic pollution in the Sahline 522 

salt marsh should therefore be considered in relation to the observed plastic abundance and colonization patterns, while 523 

further studies are needed to assess trophic transfer, contaminant accumulation and potential consequences for ecosystem 524 

functioning. 525 

Study limitations and future perspectives 526 

Several methodological limitations should be considered when interpreting the present findings. First, plastic debris 527 

abundance was assessed using an item-count approach, which provides a semi-quantitative estimate of plastic occurrence 528 

but does not include standardized measurements of mass, size distribution, or abundance per unit area. This limitation 529 

restricts direct quantitative comparisons with studies using standardized protocols for plastic contamination assessment. 530 

Future investigations should therefore incorporate standardized measurements of the number, mass, size distribution, and 531 

spatial density of plastic items, together with polymer identification where possible. 532 

Second, the characterization of plastisphere-associated components was primarily based on morphological observations using 533 

optical microscopy. Although this approach allowed the main biological and abiotic components associated with plastic 534 

debris to be characterized, it does not provide sufficient taxonomic resolution to confirm the identity of all observed 535 

organisms or to assess their functional diversity. In particular, the designation of Dunaliella-like microalgae should be 536 

considered tentative in the absence of molecular or culture-based confirmation. Similarly, further taxonomic approaches 537 

would be required to confirm the identity and diversity of Artemia-like forms and other biological components associated 538 

with plastic surfaces. Despite these limitations, the methodology adopted in the present study was appropriate for the 539 

exploratory objectives of the investigation and enabled the identification of important spatial and seasonal patterns in 540 

plastic debris distribution and plastisphere-associated community composition within the Sahline Salt Marsh. 541 

Future investigations should extend the present approach to the sediment compartment, where plastic particles may 542 

accumulate through sedimentation and interactions with suspended particulate and organic matter. Investigating the 543 

sediment compartment would provide a more comprehensive understanding of the links between plastic debris, 544 

sedimentary processes, and benthic communities in hypersaline environments. In addition, the application of standardized 545 

quantitative approaches and higher-resolution analytical techniques, including polymer characterization and molecular 546 

analyses of plastisphere-associated components, would allow a more comprehensive assessment of their taxonomic 547 

diversity, ecological functions, and environmental drivers. Such integrated approaches would contribute to a better 548 

understanding of the fate and ecological dynamics of plastic pollution in Mediterranean hypersaline salt-marsh 549 

ecosystems. 550 

Conclusion  551 

This study demonstrated marked spatial and seasonal variability in plastic debris distribution and in the biological and 552 

inorganic components associated with plastic surfaces in the Sahline Salt Marsh. Plastic accumulation was highest at S5, 553 

while plastisphere-associated components were particularly abundant at S2 and S5. Statistical analyses revealed selective 554 

and campaign-dependent associations between physicochemical parameters and specific plastic types and plastisphere-555 
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associated components, involving temperature, salinity, dissolved oxygen, and pH. These relationships varied among 556 

components and should therefore be interpreted as associations rather than evidence of direct causal effects. Overall, the 557 

findings highlight the role of the hypersaline salt-marsh environment in shaping plastic-associated assemblages and 558 

support the need for standardized plastic quantification, polymer characterization, and higher-resolution taxonomic 559 

approaches in future studies. 560 
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